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CYSTATHIONINE BETA SYNTHASE ENZYME FOR TREATMENT OF
HOMOCYSTINURIA

CROSS-REFERENCE TO RELATED APPLICATIONS

[¥.]

This application claims the benefit of U.S. Provisional Application No: 617758138,
filed January 29, 2013, and U.S. non-provisional Application No:  13/803,804, filed March

14, 20613, the disclosures of each of which are incorporated by reference.

FIELD OF THE INVENTION

1o The present invention generally relates t© compositions suitable for enzyme
replacement therapy comprising forms of buman Cystathionine Beta-Syathase {CBS) which
can significantly reduce serum homocysteine (Hey) concentrations and increase the
production of the downstream metabolites such as cystathionine and cvsteine. Such

compositions can be used for treatment of conditions or diseases such as homocystinuria and

e
La

homocysteine remethylation disorders.

BACKGROUND OF THE INVENTION
UBS, a central enzyme in the {ranssulfuration pathway, plays an essential role in
homocysteine {Hey) metabolism in eukarvotes (Mudd er 2/, 2001, in THE METABOLIC AND
20 MorLecurar Bases oF INHeriTEDR Disvase, 8 Ed, pp. 2007-2056, McGraw-Hill, New York}
The CBS enzyvme catalyzes a pyridoxal-5-phosphate (PLP; Vitamin Bg)-dependent
condensation of serine and homocysteine fo form cystathionine, which is then used to
produce cvsteine by another PLP-dependent enzyme, cvstathionine y-fvase. When CBS

activity is dramatically reduced or absent, as a result of cerfain genetic mutations, Hey builds

L

up in tissues and blood. In manunalian cells that possess the transsulfuration patinway, CBS

[ 5]

occupies a key regulatory position between the re-methviation of Hey to metisonine or ifs
alternative use in the biosynthesis of cysteine.

In healthy normal individuals, CBS-mediated conversion of Hoy to cystathionine is

the rate-limiting mtermediate step of methionine (Mef) metabolism to cysteine {Cysh.

30 Vitamin Bg is an essential coenzyme for this process. In individuals with certain genetic

outations in the CBS enzyme. the conversion of Hey to cystathionine iy slowed or absent,

resulting in elevations i the serum concentrations of the enzymatic substrate (Hoyy and a

corresponding decrease m the serum concentrations of the enzymatic product {cystathionine;

Cthy. The clinical condition of an elevated serum level of Hey, and its concomitant excretion
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into the vrine, is collectively known as bomocystinuia.

The estimates on the prevalence of bomocystinuria vary widely. Data from newbom

L3 ¥4

screening and clinical ascertaiiunent provide a range of 1200000 1o 1:335.000 live births

{(Mudd e of.. 2001). Recent evidence from DNA screening studies of newborns in Denmark,

L

Germany. Norway and the Czech Republic found that the tmie incidence may be as high as
~1:6,000 (Gaustadnes of al.. 1999, N Engl J Med. 1340:1513; Linnebank ef «l., 2001, Thromb
Haemost., 85:986; Refsum er af., 2004, Ufin. Chem. 50:3; Sokelova e «f., 2001, Hum
Muear 18:548). Addinonally, recent work has indicated that CBS-deficient homocystinuria
{CBSDH)} individuals exist with either psychiatric or cardiovascular complications but are
1o currently undiagnosed due to a lack of the characteristic connective tissue defects that are
typically insoumental in diagnosis (L1 and Stewart, 1999, Parhel. 31:221; Linnebank er al.,
2003, J. Inherited Metabol Dis. 26 509, Maclean ef of., 2002, Hum Muat. 19:641). The
primary health problems assoctated with CBSDH include:  cardiovascular dizease with a
predisposition to thrombosis, resulling in a high rate of mortality in untreated and partially
15 treated individuals; connective tissue problens affecting the ocular system with progressive
mvopia and lens dislocation; connective tissue problems affecting the skeleton characterized
by marfanoid habitus, osteoporosis, and scoliosis; and central nervous system problems,
including mental retardation and seizures.
The therapeutic resolution of CBS-associated homocystimuria is dependent upon the
26 type of nmitations present in the UBS gene. Approximately 160 pathogenic paifations of the
"BS gene have been identified o date m humans. There is a functional richotomy it the
pature of pathogenic mutations associated with CUBSDH. One group of mutations is classified
as “pyridoxine-responsive,” where CBS enzyme function can be restored by high dose

Vitamin By therapy. This treatinent can be effective, i does not always mitigate the

[ ]
L

pathological events in these individuals. and some of the events occur even in these
individuals over time. The second group of functional nnuations is represented by the “C-
termiinal CBS mutants™ that are defective in their ability to respond to post-transiational up-
regulation by S-adenosylmethionine. Individuals with this class of mutations usually lack the
mental retardation and comptective tissue aspects of the plienotype. This class is detected after
30 meassurement of plasma Hey levels following an idiopathic thrombotic event before the age
of 44 vears {Maclean ef af., 2002, Hum Mutat 19 641-55). The final group of CBSDH
mutstions is “classical homecystimuria,” which represents the most severe form of the

disease. For these latter two groups of individuals, Vilamin By therapy in isolation does not

-3
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effectively lower serum Hey levels.
The pathophysiology of homozygous UBS deficiency is undoubtedly complex, but
there iy a consensus that the fundamental instigator of end-organ injwry is an exireme

elevation of serum Hcy., The toxicity of profound elevations in blood and tissue

[#.]

concentrations of Hey miay ensue from the molecular reactivity and biological effects of Hey
per se or from its metabolites (eg., Hev-thiolactone)y that affect a mumber of biological
processes {Jakubowski e o, 2008, FASER J 22: 4071-0). Abnormalities in chronic platelet
aggregation, changes in vascular parameters, and endothelial dysfunction have all been

described in individuals with homocystinuria.
1o Currently, three freatment options exist for the treatment of CBSDH:

1} Increase of residual activity of CBS activity using pharmacologic doses of Vitamin Bg

in Vitamin Be-responsive individuals;

%)
o

Lowering of serum Hey by a diet with a strict restriction of the intake of Met; and

o
L

3} Detoxification by betaine-mediated conversion of Hey mato Met, thus lowering serum
Hey concentration.

Each of these thuwee therapies is aimed at lowering serum Hey concentration. The standard
freatment for individuals affected with Vitamin By non-respounsive CBSDH cansists of a Met-
restricted diet supplemented with a metabolic formmla and Cys (which has become a
20 conditionally essenfial amine acid in this condition}. Infake of meat, dairy products and other
food high in natural protein is prohibited. Daily consumption of a poorly palatable, synthetic
metabolic formula containing amine acids and microputrients is required o prevent
secondary maalmutrition.  Supplementation with betaine {wradename: CYSTADANE™,

synonym: trimethylglycine) is also a standard therapy. Betaine serves as a methyl donor for

|3
Kh

the remethylation of Hey to Met catalyzed bv betamne-homocysteinemethyliransferase in the
liver (Wilcken er &f., 1983, N Engl J Mad 309, (8), 448-33). Dietary comphiance generally
has been poor, even in those medical centers where optimal care and resources are provided,
and this non-compliance has major implications on the development of life-threatening
complications of homocystinutia.

30 The evidence described in the above sections is sunwmarized in the following potids:

* Untreated homocystinmria has & high rate of complications in the vasculature,

connective tissue, and central nervous systen.

*  Treaunents that lower serum Hey, such as a severely Met-resiricted diet and betaine,

Lad
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lower the associated clinical problems if executed well. hmprovements in cognitive
perfirmance require treatment initiation in early infancy.

Compliance with diet is uniformly poor. In individaals initiating therapy in the
neonatal period, the loss of compliance occwrs in adolescence. In individuals
beginning therapy after the neonatal period, coppliance is abysmal at all ages. The
extreme difficolties of the cwrent ireatmient approach are most readily evident in
individuals who experience life-threatening symptoms preventable by diet, and vet are
unable to adhere to this treatmient.

Faihwe of dietary compliance causes increased serum Hey, reswrgence of
complications in the vascular and connective tissue including fatal and incapacitating
events, and risks severe side-effects such as cerebral edema {from excessive senun
Met concentration) or severe malnutrition {from lack of essential amino acids).

The maost effective therapentic strategy is 1o increase enzyme activity, as s evident
when given pyridoxine o Vitamin Bg responsive homocystinuria. This strategy is not
possible for Vitamin Bg non-responsive individuals due to the muiation status, and
increased enzyme activity in these individoals will depend on the delivery of
exazenous enzyme, f.e. enrynie replacement therapy (ERT) {a stratepy that has never
been attenipiad for ireating homocystinurial.

Of the three current weatment strategies with demonstrated efficacy: (1) increasing
enzyme activity with pyridoxine in Vitapin By responsive individuals; (2} reducing
accunwilating metabolites by a Met-restricted diet; and (3} detoxification by enzyme
activity of the betaine-homocysteine methyltransferase in betaine weatment, all have
in commmon a lowering of total Hey in plasma (Walter, of l., 1998, Fuw .J Pediatr
157¢(Suppl 2% S71-5).

In additdon, for all current weafiment strategies used in human patients {except B6

supplementation, which is appropriate for only a subset of homocystinurics), reduction in
bomwocysteine is not accompanied by increases i Cih or Cys. Because it has not been
established that excess Hey, rather than a deficiency of a downstremm metabolite, i3
responsible for clinical symptoms, current therapies that are limited fo reducing homocysteine

may be inadequate for providing robust and effective treatment options.

Thus, there remains a need in the art for piore effective eatmeni strategies for

individuals with homocystinwia.
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SUMMARY OF THE INVENTION
As set forth herein, the invention provides compositions, specifically compositions,
and methods for imter olic reducing serun Hey in individuals with homocystimwia.  Also

provided are compositions, specifically pharmaceutical compositions, which restore

L

substantially normal Ievels of metabelitey including but not limited to piethionine, such as
cysteine and cystathionine. As described more specifically herein, reagents and methods for
enzyme replacement therapy {ERT) for homocystimwia are provided wherein modified forms
of the natural enryme have been recombipanily engineered to improve its pharmaceutical
acceptability by inter afia providing inproved stability. activity. and medicinal utility in vive.
1o In a first aspect, the invention provides an tsolated CBS polypeptide comprising SEQ
ID NQ: 02, wherein the isolated UBS polypeptide comprises a chemical modification and is a
zenetically engineered truncation thereof of the fusll-length human CBS protein at the anuno
terminus, carboxyl terminus or both amine and carboxyl termini. In one embodiment, the

invention provides an engineered variant of human CBS that constitutes recombinant hman

o
L

CBS wherein the C-terninal regulatory region has been removed {for example, tThCBSAC -
the thCBSAC has truncated 138 residues af the carboxyl terminus and coniprises anvno acids
1-413 of the 551 amino acids of the full length protein} (SEQ ID NG 3). In some
embodiments, the species of the thUBSAC are mtated. in a preferred embodiment the
runcated mutant CBS 1s thUBSAC-CI5S (or as abbreviated "C158" - the C158 has fruncated
20 138 residues at the carboxyl ternsinus; same as thCBSAC) (SEQ ID NO: 13}, wherein 2
cysteine residue in position 15 in the CBS amino acid sequence is changed to a serine. In the
particular smbodiments disclosed berein include species of the truncated recombinant human
CBS that are chemically modified, particularly by covalent attachment of polyethvleneglycol

{PEG} moieties of the C-terminally fruncated recombinant hmuan CBS, in particular

|23
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thUBSAC. These PEGylated species will be referred to as PEG-+hUBSAC or PEG-CI35S,
respectively. These compositions {miodified recombinant enzymes) and methods of use,
particularly therapeutic use as set foith herein, enable individuals with homocystinwia to
enjoy a far less restrictive dietf {e.g.. daily intake of 2 g or more of protein per kg). and have
significantly decreased Hey plasma levels and substantially normalized pietabolite levels
30 including bt not limited to methionme, such as cyvsteine and cystathionine. leading in the
long-term to clinical improvement.

The invention advantageously enables individuals to achieve good control of serum

Hey levels without the use of an extremely restricted diet, which has an unacceptable

LA
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noncompliance rate. Usg of the said tuncated species, particularly species that are mutated,
in particlar said CI5S mmtants, PEGvlated or both moutated and PEGylated maybe
advantageously accompanied by unproved metabolism in an individual, and hence improved
clinical ouicomes as reflected in decreased incidence of morbidity and mortality, associated

inter alia with significantly reduced serun Hey concentrations.

L

As disclosed herein, the C158 mutated human CBS species advantageously adopis a
conformation having significantly enhanced medicinal wility in vive {(eg., no deteciable
levels of aggregation). The CI55 mutated buman CBS species alsg exhibits highly
reproducible expression, purification, and PEGylation patterns, and the CI58 putation

10 reduces formation of aggregates, thus unproving vields by linproving recovery, and enables
more consistent and reproducible PEGyvlation. These aspects can also be useful for quality
issues, which are particularly relevant for steps prior o i vwve usefulness.

As disclosed herein, the PEGvlated species advaniageously have an increased size
compared with the non-PEGylated wuncated variants, particularly said rthCBSAC or Ci58

15 species, wherein there is reduced or delaved clearance of the PEGylated species. In addition,
chemical modification with PEG masks poteatial inununogenic epitopes on the surface of a
protein and hinders access to the profein for proteolviic enzymes. PEGylation also
advantagepusly alters the physico-chemical properties of the rhCBSAC protein, thus
maoadifying its bio-distribution, stability, and solubility without significantly dewracting from

30 ifs pOtency.

These and other featmes and advantages of the present imvention will be more
fully understood from the following detailed description of the invention taken fogether
with the accompanying clatms. It is noted that the scope of the claums is defined by the

recitations therein and not by the specific discussion of features and advantages setf forth

[ ]
L

in the present description.
BRIEF DESCRIPTION OF THE DRAWINGS OF THE INVENTION

The following detailed description of the embodiments of the present invention
can be best understood when read in conpunction with the following drawings.

Figure 1 illastistes experimental evidence for enhancement in plasma enzyme
30 reiention thme in vivo following thCBSAC PEGylation. Figwwe | provides pharmacokinetic
profiles after single administration of rthCBSAC and PEGylated rhCBSAC and evidence for

their stability #» vive. Figure 1a is a bar graph showing the results of experiments wherein
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C37BL/AT mice were mjected with 5 mp'kg body weight of the human tmuncated CBS
{thCBSACY vip intra-peritoneal (IP), intra-vascular IV} or sub-cutaneous (83Q) routes. Two
experimental groups {(denoted 1 and 2} of & mice each were used for each injection route
{total n=30). For each injection route, blood was collected fromi group 1 at 0, 1, 8 and 24
howrs post injection and frome group 2 at 1, 4. 10, and 48 howrs post injection. Plasmia was
analyzed for CBSY activity using the radiometric activity assay (as described in Example 1}
Figure 1b is a photograph of the results of Western blot analysis of UBS in plasma from two
representative mice of each group as describad in Figure 1a to follow CBS clearance from
circulation. Following SDS-PAGE isolation of CBS on 12% gels and Western blotting to
polyvinviidene difluoride (PVDF) membrane, the membranes were probed with rabbit
polyclonal anti-hCBS antibody followed by secondary anti-rabbit antibody conjugated
horseradish peroxidase and the bands were visualized with SuperSignal West Pico
Chemilmninescent Substrate {Pierce cat# 34077) Figure 1c i1s a bar graph showing the
results of experiments where mice were injected with 5 mg'kg body weight of MEQ20MA- or
GLA-JOOMA-PEGylated thCBSAC or with non-PEGylated rhCBSAC via SQ route
MEG2OMA  rvepresenis 1thCBSAC enzyme PEGylated with MEO20MA, GL4-406MA
represenis thCBSAC enzyme PEGylated with GL4-400MA. and rhCBSAC represents
unmodified thCBSAC enzyme. Each treatment arm consisted of two groups of § mice which
were bled, at the indicated tine points, ax described in Example 2 and shown in Figure 1A
{total 30 mice}. Plasma was analyzed for CBS activity using the radiometric activity assay.

Figure 2 is a bar graph showing that a stable level of CBS activity is achieved after
repeated SQ adnunistrations. Injection with the PEGylated. but not with the non-PEGylated
thCBSAC, exhibits buildup of CBS activity #i wive., GL4-400MA represents thCBSAC
enzyvme PEGylsted with GL4-400MA. and thCBSAC represents ummodified rhCBSAC
enzyme. C537BL/6T inice were injected at G, 24, 48 hours {arrows) with 5 mg/'ke body weight
of non-PEGylated thUBSAC (=5} or with GL4-400MA thCBSAC (=5} and bled at the
mdicated time peints. Plasma was analyzed for CBS activity using the radiometric activity
assay described in Example ic.

Figure 3 illustrates experimental evidence that single injection of the PEGvlated
thCBSAC reduces homocysteine and increases cystathionine in plasma. Figure 3a is a graph
showing that PEG modification of rhCBSAC prolongs the systemic presence of CBS
enzymatic activity following a single SQ administration of thCBSAC modified with the

indicated types of activated PEG. The graph shows the resulis of experimenis wherein
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twenty seven CS7BL/GY mice were divided imto 9 experimental groups {(n=3). Each
experimental group was injected via SQ route with 5 mg'kg body weight of thCBSAC
PEGvylated with the indicated PEG miolecule, or injected with non-PEGylated enzyme.
MEGZOMA represents thCRBSAC enzyme PEGylated with MEQ2OMA, MEOS0GS represents
thCBSAC enryme PEGylated with MEDSOGS, ME20OOGS represents rhCBSAC enzyme
PEGylated with ME200GS. 200MAOB represents rhCBSAC enzyme PEGylated with
200MAOB, ME400MA  represents thCBSAC enzyme PEGylated with ME40OMA,
GL240G0MA  represents thCBSAC enzvine PEGviated with GL2400MA, GL44B0MA
represents rhCBSAC enzyme PEGvlated with GL4400MA, GL2800MA represents thCBSAC
enzyme PEGylated with GL2800MA, and rhCBSAC represents non-PEGylated thCBSAC
enzyme. Blood samples were drawn at the indicated timme points and CBS enzyme activity
was deterpined using radiomeiric activify assay as described in Example lc. Data is
presented as a histogram with standard destation (8TD), and as a scatter plot. Figure 3bis a
bar graph showing the natural divrnal variation in Hey, Cth, Cys, and Met levels in HO
mouse plasnia. The results are the average values of 6 HO mice {honwcystinwric HO mouse
maodel as described in Maclean er ¢f., 2010, Mol Genet Metwab, 1061 153-62) from which
blood was draws at the indicated time points throughont a 24-how cycle. Plasina aming acid
levels were determined by Siable-Isotope-Dilution Liguid Clromatography—Mass
Spectrometry for each tine point as described in Exanple e

Figure 3¢ is a photograph of the results of electrophoretic analysis of thCBSAC
PEGylated with ME-400MA (lane 1), GL4-400MA (lane 2) or ME-200MAQB (lane 3)
resolved by electrophoresis along with non-PEGylated enzyme (lane 43, and stained with
Coomassie blue (M indicates molecular weight standard). The specific activity (S A} fw
each of the PEGylated and non-PEGylated rhCRBSAC is indicated in the table.

Figures 3d and 3e are bar graphs showing the results of experiments wherein HO
mice were injected via SQ route, once af time 0 with rhCBSAC that had been PEGylated with
the indicated PEG molecuies, and bled at tirmes 0 {prios to injection), 24, 48 and 72 hours post
injection. Levels of plasma homocysieine {d) and cystathionine {e} for each of the groups
{8=53-6) are indicated. For Figures 3D and 3E, ME-Z00MAOB represents thCBSAC enzyme
PEGylated with ME-200MAOB, ME-460MA represents thCBSAC enzyme PEGylated with
ME-40G0MA, and GL4-400MA represents thCBSAC enzvme PEGylated with GL4-4006MA.

Figure 4 illustrates expertinental evidence that_discontimiing CBS treatment allows
amino acid levels to return to pretreatment levels and resuming repeated injection of the

PEGvlated rhCBSAC signticantly impacts homocysteine and cystathionine plasma levels,

[s]
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and restores pormal cysteine levels. S HO mice were injected with thCBSAC PEGvlated
with GL4-400MA PEG, on davs &, 1, 2, 3 and 4, followed by a washout period of 10 days
and then again injected on days 14, 15, 16, 17 and 18 (indicated by the amrows). Plasma
samples were drawn {always prior to injection) on the following days: €, 2. 4, §, 11, 4. 1§
18, 19, 24 and 31. For comparison, the same injection regiinen was carried out in 5 HO mice
injected with the non-PEGylated enzyme. Plasma metabolite levels were determined as
described in Example le. Figure 4a is a graph showing results for homocysteine, and Figure
4b is a graph showing results for cystathionine plasma concentrations for each individual HO
mouse.  Figure 4¢ iz a2 graph showing average concentrations of homocysteine and
cystathionine in plasma from the freated HO mice throughont this study. Figure 4d is &
graph showing_the effect of the PEGylated thCBSAC on plasmna homocysteine levels as
compared to non-PEGylated thCBSAC {presented as percentage of time 0) throughout this
study.  GL4-406MA represents thCBSAC enzyme PEGylated with GL4-400MA, and
thUBSAC represents unmodified thCBSAC enzyme. Figure de is 5 graph showing the effect
of PEGvlated thCBSAC on plasma cvsteine levels as compared to non-PEGylated thCBSAC
throughout this study, GL4-400MA represents thCBSAC enzyme PEGviated with GL4-
4000 A, and thCBSAC represents nnmodified rthCBSAC enzynie.

Figure 5 shows the variability in the degree of aggregation of human truncated UBS
preparations (thCBSAC). Figure SA is a Coomasste blue-stained 4-15% nafive gel with
different batches {112, 13, 7, 27 and 28} of thCBSAC. Note the different ratio between
teameric form of thCBSAC (T} and dimeric form of thCBSAC (D), and higher forms of
agoregated CBY as well. M, indicates molecular weight markers. Figure 5B is a native gel
in-gel CBS activity assay showing that the bands that appear on for thCBSAC batches 112
and 28 in FigSA, are indeed CRBS related. Again, note the different ratio between tetrameric
form of thCBSAC (T} and dimeric form of thiCRSAC (D), and higher forms of aggregated
CBS. Figure 5C iy a SDS PAGE gel (12%) showing PEGylation with ME-260MAOB {+) of
two differsnt thCBSAC batches showing different ratios between the two PEGyvlated species
{in PEGylated {+) lane) that are formed following PEGylation, while only the wnmodified
thUBSAC subunit is present when the PEG reagent was not added {in non-PEGylated (-}
lane).

Figure & shows that the human C1 58 smtant CBS only forms dimers. Figure 6A isa
native gel that demonstrates that €155 nwitant CBS forms only dimers, as opposed 1o the
recombinant human truacated CBS ThCBSACY that forms dimers (D) and tetvamers (T) and

higher oligomeric forms. TCEP, a reducing agent, does not affect the oligomeric status of

9
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1S5 amtant. M, indicates molecular weight marker. Figure 6B is a native gel that shows
different batches {51, 60 and 73) of the CI158 mutant UBS demonstrating that human C138
mutant CBS forms reproducibly only dimers as opposed to thCBSAC and recombinant
human double runcate (batch RC-2-76; a construct with an additional deletion of residues 2-

3% of thCBSACY without PEG (-jand following PEGylation with ME-200MAOGB {+}.

L

PEGylaticn of either C158 or the double tuncated construet gives rise to uniform and
reproducible bands, with similar ratios between the PEGylated bands in contrast to
thCBSAC. Figure 6C is the same as Fig 6B, only using a denatwring SDS PAGE. Ci3S
produces a reproducible PEGylation pattern which is different from the recombinant humnan

e truncated CBS (hCBSAC). This is also comparable 1o Fig 5C, showing non-reproducible
PEGylation patterns with thCBSAC.

Figure 7 shows size exclusion chromatography {SEC) analyses of thCBSAL (Figure
7A) and of the C13S nmiant (Figure 7B). Figure 7 provides additional indication that C155
mutant CBS exists solely as a dimer, as it gives a reproducible single peak from five different

15 purtlication batches {Fig7B}. Note the six different patterns of thCBSAC m Fig?4 and the
single peaks of the C158 CBS in Fig7B.

Figure 8 shows that continuous administration of C158 mutant over 20 days n two
HO mice results in a significant and snstained decrease in plasma homocysteine. The C158S
mutant enFyme was administrated using the ALZET® pumps o continnously deliver the

2 enFvime fo mice instead of repeated subcutaneous injections. ALZET® pmmp, Model 10602,
mean punping rate .21 scroliters per hour {of a stock concentration of 26.2mg/ml), mean
fill volume 106.6 ul. The mice were bled at the indicated time points, and following isolation
of plasma, Hey was measured by mass spectrascopy.

Figure 9 is a bar graph showing the results of experimments wherein HO mice were

[ ]
L

injected with a single dose (7.5 mg/kg) at time 0 with thCBSAC | C15S mutant (C158) and
the double truncated construct {double truncate} that bad been PEGylated with ME-
200MAGB. The mice were bled at times O (prior to injection), 24, 48 and 72 hours post

injection. Levels of plasma homocysteine for each of the groups (n=5-6} are indicated.

30 DETAILED DESCRIPTION
Provided herein are forms of human Cystathionine Beta-Synthase (CBS), specifically
suitable for pbarmaceutical composttions, and methods for treating mdividuals with

homocystinuria, for example, by enzyme replacement therapy (ERT).
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The mucleic acid sequence encodimg buman CBS and the anune acid sequence
encoded thereby are available through GenBank Accession Neo. L.19501, and these sequences
are also disclosed in US. Patent No. 5,523,225, which is incorporated herein by reference in
its entirety. The coding sequence for CBS is represented herein as SEQ ID NO: 1, and 15 5
mueleic acid sequence sacoding SEQ ID NO: 2, which is the anino acid sequence for full-
length human CBS, having 551 amino acid residues. The nucleic acid sequence of the
genomic DNA encoding UBS is also publicly available through sequence databases such as
GenBank and at University of Colorado-Denver webpage under Kraus Lab.

As used herein, an isolated truncated version of cystathionine P-synthase protein
(CBS protein), particularly buman CBS protein can include, but is not limited to, pwified
fruncated CBS protein, chemically cleaved and recombinantly produced tuncated CBS
protein, and isolated CBS protein associated with other proteins. More specifically, an
1solated protein, according fo the present invention, is a protein {including a polypeptide or
peptide) that has been removed from ifs natural milien {i.e.. that has been subject to human
manipulation} and can include purified proteins, partially purified proteins, recombinantly
produced proteins, and synthetically produced protetns, for example. As such, "isolated”
does not reflect the extent to which the protein has been purified. An isolated truncated CBS
protein of the present invention can be produced recombinantly in cells, for example bacterial
cells. In addition, and by way of example, a "lmuman truncated CBS protein” refers to a
truncated CBS protein (as set forth herein) from a human (Howme sapiens} or to a CBS protein
that has been otherwise produced from the lnowledge of the structure {e.g., sequence} and
perhaps the function of a naturally ocowring CBS protein from Howo sapiens. In other
words, 8 human tmancated CBS protein includes biologically active, timacated human CBS
protein as described in detail herein.

As used herein, the term “variant”™ or “mstant™ is used to refer to a protein or peptide
which differs from a nanwrally occurring protein or peptide (i.e., the “prototype” or "wild-
fype" protein} by changes o the naturally occurring protein or peptide, but which maintains
the basic protein and side chain structure of the natwally occurring form.  Such changes
inchade, but are not himited to: changes in one, few, or even several amino acid side chains;
changes in one, few or several amino acids {2.g., cysteine at posttion 15 fo serine; C158%
changes in stereochemistry of one or a few atoms; andfor nunor derivatizations, including,
st not limited to: methyiation, glveosylation, phosphoerylation, acetviation, mavristoviation,

prenvlation, palmitation, amidation andfor addifion of glycosylphosphatidyl inositel. A

11
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“variant” or “pudad” cap have enhanced, decreased, changed. or essentially sumalar
properties as compared to the natually occwring protein or peptide.  In particular
embodiments, the invention provides truncated CBS proteins having C-ferminal deletions of

the natrally occwring CBS protein.

L

As used berein, the term “homologue” or “orthologue™ refers to proteinn or DNA
sequences with shared ancestry, and can be essentially the same protein or DNA sequence in
a different species. Homologous and orthelogous proteins and genes often have similar
anune acid and nucleotide sequences, respectively, or high sequence similarity {for example,
bomologous profeins may have S0%, 60%, 7%, 80%, 9%, 95% or greater amino acid
1 sequence similarity}.

Methods fo measure protein expression levels of CBS according to the invention
include, but are not limitad to Coomasie blue or silver staining of proteint in a separation
media, such as gel electrophoresis, Western blotting, inununccytochemistry, other
immunologic-based assays: assays based on a property of the protein including but not

15 limited to, enzyvme assavs, ligand binding or interaction with other protein partners. Binding
assays are also well known in the art. For example, a BlAcore instruntent can be used to
determine the binding constant of a complex between two proteins. The dissociation constant
for the complex can be determined by monitoring changes in the refractive index with respect
o time as buffer is passed over the chip. Other suitable assays for measuring the binding of

20 one profein fo anctber include. for example, immuncassays such ax enryme linked

immunoabsorbent assays (ELISA) and radioinmmunoassays (RIAY. or determination of
binding by monitoring the change in the spectroscopic or optical properties of the proteins
through fluorescence, UV absorption, circular dichrosiin, or nuclear magnetic resonance

(NMR).

[ ]
72

In certain aspects, a CBS variant can mclude any combination of the N-ferminal
deletions or podifications {e g, deletion of N-erminal residues 2-3% or 1-70) and the C-
terminal deletions or moedifications (e.g., deletion of C-terpinal residues 383-331, 387-554,

414-551, 442-55F, 4895581, 497-551, 524-551. 534-551 or 544-551) described herein or in

4

5

!,

U.8. Patent No's. 7485307 and 8,007,787, both incorporated by reference herein. In

30 ancther embodument additional miodifications can be achieved by modification of other
amino acid residues o provide a given percent ideniity to the wild-type OBS sequence. In
particular embodiments, the hwman CBS variant of the invention is a runcated recombinant

buman CBS (thCBSAC) homodimernic enzyme wherein the C-terminal regulatory region has
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been removed {SEQ ID NO: 3).  In other embodiments, the human CBS variant of the
invention is 8 thCBSAC wherein the cysteine at amino acid position 15 has been mutated to
seripe {C138) (SEQ I NOG: 13}

In other embodiments of the invention, anv of the CBS variants described herein has

[#.]

o more than one or two non-CBS aming acid restdues at the N-terminus (fe., the variant
comprises no more than one or two anuno acid restdues at the N-terminus that isfare 1ot a
residue of the naturally ocowring human cystathionine B-synthase amino acid sequence at
that position). Such a variant can be produced, for example, using the novel method of
recombinant CBS production described below.

10 In further embodiments any of the above-described CBS varianis of the presemt
invention, inclading any truncated CBS protein, comprises an amino acid sequence that is at
feast abont 0% identical. or af least ghowut 3524 identical. or at least abowt 60% identical, or
at least about 65% identical. or at least abowt 70% identical, or at least abont 75% identical.

gr at least about 80% identical. or at least abowt H59% identical, or at least about 9%

o
L

identical, or at least about 95% identical. or at least about 96% identical, or at least abowt
§7%% identical, or at least about 98% identical, or af least about 99% identical, to the wild-
type anuno acid sequence represented by SEQ ID NO:2, or to a biologically active truncation
thereof, including fmter alia non-heme-binding or non-S-adencsyimethionine {AdoMet)
binding, wherein said variants remain catalytically active (for example. wherein certain
2o truncated forms of CBS can be even more active than the full length CBS in the presence of
AdoMet). In particular enthodiments, the buman CBS variant of the invention is a truncated
recompbinant human CBS hCBSAC) homodumeric enzvme wherein the C-fernusnal
regulatory region has been removed (SEQ ID NO: 3). In other embediments, the human CBS

vartant of the invention is a tuncated recombinant human CBS enzyme wherein the cysieine

|3
Kh

at amino acid position 13 has been mutated to sevine (SEQ IDND: 13)

In certain embodiments, a CBS protein of the present invention comprises an amino
acid sequence that is less than 100% identical to SEQ ID NO: 2. particularly truncated
embodiments thereof having an amino acid sequence of the truncation variants as set forth in
U.S. Patent No. 8,007,787 and particularly SEQ ID NO: 3 and SEQ 1D NO: 13 set forth
3¢ herein, and in specific embodiments having less than 99% sequence identity, less than 98%
sequence identity, less than 97% sequence identify, less than 96%% sequence identity, less
than 95% sequence identity, less than 94% sequence idemtity, less than 93% sequence

identity, lesy than 92% sequence identily, less than $1% sequence identify, less than 90%

bt
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sequence identity, and so on. in increments of the tnmcation variants as set forth in U.B,

Patent No. 8,007,787 and particularly SEQ ID NQ: 3 and SEQ ID NG: 13 set forth herein.
As nsed hereins, unless otherwise specified, reference to a percent {3} identity refers

to an evaluation of howwology which is performed using a sequence alignment tool or

program, including but pot linuted to (1) 3 BLAST 2.0 Basic BLAST homology search using

L

blastp for amino acid searches and blasin for nucleic acid searches with standard defanlt
parameters, wherein the query sequence is filtered for low complexity regions by default; {2}
a BLAST I alignment (using the parameters described below}); (3} andior PSI-BLAST with
the standard default parameters {Position-Specific Iterated BLAST. It is noted that due to

1o some differences in the standard parameters between BLAST 2.0 Basic BLAST and BLAST
2, two specific sequences might be recognized as having significant homology using the
BLAST 2 program, whereas a search performed in BLAST 2.0 Basic BLAST using one of
the sequences as the guery sequence may not identify the second sequence in the top matches.
In addition, PSI-BLAST provides an automated, easv-to-use version of a “profile” search,

15 which is a semsttive way to look for sequence homwologues. The program first performs a
gapped BLAST database search. The PSI-BLAST program uses the mformation from any
significant alignnients retiwned o construct a position-specific score matrix, which replaces
the guery sequence for the next round of database searching. Therefore, it is to be understood
that percent identitv can be determined by using anvone of these programs.

20 CBS derivatives are included in the scope of the present invention. Such derivatives
are chemically modified CBS polypeptide compositions in which CBS polypeptide is linked
to & polymer. The polviner selected is typically water-soluble so that the protemn to which &t
is attached does not precipitate in an agueous environmend and so that the CBS enzyme i3

biclogically active in biclogical fluids, such as a physiological environment. The polvmer

[ ]
L

may be of any molecular weight. and may be branched or unbranched. Included within the
scope of CBS polypeptide polymers is a mixture of polymers. In specific embodiments, for
therapeutic use of the end-product preparation, the polviner will be pharmacewtically
acceptable.

The water soluble polymer or mixture thereof may be selected from the gromp
30 consisting of, for exanwple, polvethylene glycol {PEG). monomethoxy-polvethvlene glveol,
dexiran {such as low mwlecular weight dexirvan, of, for example abowt 6 kDa), cellulose, or
other carbohydrate based polvmers, polyv-(IN-vinyl pyrrolidone} polyethvlene glycol,
propvlene glveol homopolymers, a polyvpropylene oxidelethylene oxide co-polvmer,

polvoxvethylatedpolvols {e.g.. glycerol). polvsalicylic acid, and polyvinvi alcohol. Also

14



L

10

e
La

20

WO 2014/120770 PCT/US2014/013602

enconpassed by the invention are bifunctional PEG cross-linking molecules that may be used
to prepare covalently attached CBS polypeptide multimers. In an embodiment, the
polyethylene glycol molecules are selected from usbranched and branched polvethvlene
glycol, wherein the polyethylene glveol molecules have a miolecnlar weight that equals or
exceeds 2000 Daltons. In another smbodiment, the polyethylene glycol molecules have a
molecnlar weight in the range of 2 — 100kDY, § — 80 kD or 10 — 40 kD, In yet another
embodiment, the polyethylene glycol molecnle is selected from ME-200MAOR. ME-O20MA,
ME-4G0MA, GL2-400MA, GL4-400MA, GLZ-B00MA, ME-030GS, ME-200GS., ME-
200AL or MEPA-20T.

In particnlar embodiments, the invention provides a fruncated recombinant numan
UBS {thCHSALC) homedimeric enryme wherein the C-terminal regulatory region has been
removed {(SEQ ID NO: 3) that has been chemically modified by covalent linkage with
polvethylene glycol (PEG). comprising the “"PEGylated species” set forth heremn. In other
embodiments of the invention, the hnmsn CBS wvariant of the imveption is a trmeated
recombinant human CBS enzyme wherein the cysteine at amino acid position 15 has been
mutated to serine {(SEQ ID WNQ: 13} and that has been chemically modified by covalent
linkage with polyethvlene glveol (PEG). comprising the “PEGylated species™ set forth
herein.

Specific embodiments of the various PEG reagents used in the PEGylation reactions

to generate the modified PEGylated species are identified in Table 1.

TABLE 1

PEG Designation Target groups Molecular weight (daltons)
ME-Z00MAOR -SH 20,000
ME-020MA -SH 2.000
ME-400MA -SH 40,000
GL2-400MA -SH 40,000
GLA4-400MA -SH 40,000
GL2-800MA -SH 80,000
ME-G50GS -NH;, -OH, -OH 5,000
ME-200GS -NH,, -OH, -SH 20,000
ME-200AL -NH, 20,000
MEPA-20T -COOH 20,000
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PEGvlation of CBS polvpeptides mav be carried ouwt by any of the PEGylation
reactions known in the art. PEGyviation may be carried ouf via an acylation reaction or an
alloviation resction with a reactive polyethylene glycol molecule {or an analogous reactive

water-soluble polvmer) as described below. For the acylation reactions. the polymer(s)

L

selected should have a single reactive ester group. For reductive allcvlation. the polymer(s}
selected should have a single reactive aldehyde group. A reactive aldehyde is. for example,
polvethylene elycol propionaldehyde. which is water stable, or mono (-Cyp alkoxy or
arvioxy derivatives thereof In an embodiment, the polyethylens glveol molecules are
attached to CBS via an attaclunent group selected from N-Hydroxysucecininude (NHS),
1o amine, and aldehyde consisting of a monocaldehvde, a monoester of a mwonoacid, a
mongamine, s monothicl, a wmonodisulfide. a  monobromophenyl carbonate, a
monochiorophenyl carbonate, a monofluorophenyl carbonate, a mononitrophenyl carbonate,
a monecarbonviimidazele, a pwonobydrazide, a monotodoacetamide, & monomaleimide, a
monoorthopyridyl disnlide, a monooxime, 8 monopheny! glvoxal, a monothiazolidine-2-
15 thione, a monothioester. a monotriazine and a monovinylsulfone.
{One water-soluble polvmer for use herein is polvethvlene glveol, abbreviated PEG.
As used herein, polvethylene glycol is meant to encompass any of the forms of PEG that
have been used 1o derivatize other proteins. such as mono-{C;-Cyg) alkoxy- or arvioxy-
pulvethylens glycol
20 In general, chemical derivatization may be performed under any suitable conditions
used to react a biologically active substance with an activated polymer molecule. Methods
for preparing PEGvlated CBS polypeptides will generally comprise the steps of {a) reacting
the polvpeptide with polvethylene glycol {such as a reactive ester, amine, aldebyde or

maletmide derivative of PEG) under conditions whereby CRS polypeptide becomes attached

[ ]
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to one or more PEG groups, and (b} obiaining the reaction product(s). In general, the optimal
reaction conditions for the acvlation reactions will be determiined based on known parameters
and the desired resuli. For example. the larger the tatio of PEG: protein. the greater the
percentage of poly-PEGylated product. In one particular aspect. the UBS polypeptide
derivative will have a single PEG moiety at the amino termimis. In particnlar emibodiments,
30 the PEGvlated CBS enzvme provided by the invention has an average of about 1 {o about 14,
more particilarly 2 to abowt § and move particularly 3 to 5 PEG molecules covalently
attached to each enzyvme subunit in the composition.

Proteins of the present invention are preferably refrieved. obtained, andfor used in

"substantially pure” form. As used herein, "substantially pure” refers to a pwity that allows
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for the effective use of the protein in vifro, sy wive Or in wyvo according to the presemt
invention. For a protein to be useful in an & vitre, ex vive or in vivo method according to the
present invention, it is substantially free of contaminants, other proteins and/or chemicals that
might interfere or that would interfere with ifs use in a method disclosed by the present
invention, or that at least would be undesirable for inchision with an CBS protein {inchiding
homologues) when it is used in a method disclosed by the present invention. Such methods
include enzymatic reactions {e.g., production of cystathionine), preparation of therapeutic
compostiions, administration in a therapeutic conposition, and all other methods disclosed
herein. A "substantially pure” protein, as referenced herein. i3 a profein that can be produced
by any method (ie. by direct purification fromi a natural source, recombinantly, or
synthetically}, and that has been purified from other protein components such that the protein
comprises at least about 8(% weight/weight of the total protein in a given composition {e.g.,
the OBS protein is about §0% of the protein in a solution/composition/buffer), and more
preferably, at least about 85%, and more preferably at least about 90+, and more preferably
at least about 91 %, and miore preferably at least about 92%., and more preferably at least
about 93%, and pwre preferably at least about 94%, and more preferably at least about 93%,
and more preferably at least about 96%, and more preferably at least about 97%. and wmore
preferably at least about 98%4, and more preferably at least about 99%. weight/weight of the
total protein in 8 given composition. In embodiments of the CBS proteins or truncated
variants thereof produced i recombinant bacteria, the terins “purified” or “substantially
pure” will be understond fo encompass purification from lipopolysaccharides and other
pyrogenic compounds.

It will be appreciated by one skilled in the art that uwse of recombinant DNA
technologies can improve confrol of expression of transfected mucleic acid molecules by
manipulating, for example, the nuniber of copies of the nucleic acid meolecules within the host
cell, the efficiency with which those nucleic acid molecules are transcribed. the efficiency
with which the resultant transcripts ave tramslated, and the efficiency of posttransiational
modifications.  Additionally, the promoter sequence might be genetically engineered to
improve the level of expression as compared to the native promoter.

Recombinant technigues usefil for controlling the expression of nucleic acid
molecules include, but are not limited to, integration of the nucleic acid molecules into one or
more host cell chromosomes, addition of vector stability sequences to plasmids, substitutions
or modifications of transcription confred signals {e.g., promoters, operators. ephancers),

substitutions or modifications of translational control signals {sg.. ribosome binding sites,

[
~



WO 2014/120770 PCT/US2014/013602

Shine-Dalgarmno sequences), modification of nucleic acid molecules to correspond to the
codon usage of the host cell, and deletion of sequences that destahilize transcripts.
In a further aspect. the present invention relates v & method to recombinantly produce

and purify a human cystathionine B-synthase. The method includes the step of cloning a

L

muecleic acid sequence encoding a huwman CBS enzyme or a truncated or nutated variant
thereof as set forth in US. Patent No. 8.007.787 and specifically in SEQ ID NO: 4 herein
1nf0 an expression vector. In certain embodiments the human (BS-encoding sequence has
been modified to utilize codons optimized for expression in a microorganism such as E. cofi.
In other embodiments the vecty includes: {a) a cloning site that will link a fusion partner
1w {eg. glutathione S-transferase, or GST) to the nucleic acid sequence to be expressed, and (b)
a protease cleavage recognition site for the human rhinovims 3C protease (eg.. available
fromn GE Healtheare as a fusion protein called PreScission protease} or for a protease using a
sipilar cleavage site, for cleaving the fusion partner from the CBS protein afler expression of
the recombinant fusion protein. As part of the invention, the expression vector is first
15 genetically modified for the specific introduction of a CBS-encoding nucleic acid sequence
which will result in expression of a CBS-fusion protein that can be cleaved by the human
rhinovirns 3C protease such that a CBS protein having only one additional non-CBS, N-
terminal amino acid residue is produced. This result is not possible using the uwnmodified
multiple cloning stte in the copmercially available vector. The CBS-encoding nucleic acid
26 sequence is introduced into the genetically modifiad vector, the recombinant fusion protein is
expressed and puwrified using conventional methods or those suitable for CBS production (see
eg. U8, Patent No. 3633375, supral, and finally, the fusion partner and all but one of the
non-CBS amino acid residues is cleaved from the CBS protein. leaving a highly purified,

nearly completely hwnan recombinant CBS protein which is ideal for use in human

[ ]
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therapeutic applications. In particularly advantageous embodiments, the nucleotide encoding
human CBS protemn is engineered o the codon usage frequency of the recombinant cell in
which it is recombinantly made. A son-limiting example of such an embodiment ix set fouth
herein a8 SEQ ID NO: 4, wherein the CBS-encoding nucleic acid has been adapted for
optimum recombinant expression in K. celi.

30 Swine aspects of the present ipvention include a compuosition comprising any of the
"BS variants dexcribed berein for in virro cystathionine or cysteine production, to remaove of
produce hydrogen sulfide /7 vitro, or for therapentic uses i vive (e.g., 0 weat or prevent
homocystimiria and conditions related therete).  Therefore, another embodiment of the

invention relates to a conwposition comprising an isolated CBS protein and in particular a

18
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truncated variant thereof as set forth in U8, Patent No. 8.007.787 and specifically in SEQ
ID NO: 3 or SEQ I NO: 13 as described herein. The composition typically alse mcludes a
pharmaceutically acceptable camrier. The compositions and thelr components can be used in

any of the in yifre or therapentic embodiments of the invention described herein.

L

As used berein, “HO” mice are a new mouse model of classical homocystinuia in
which the mouse cbs gene is inactivated and that exiubits low-level expression of the human
CBS wansgene under the control of the human CBS promoter. This mouse model exhibits
severe elevations in both plasma and tissue levels of Hey, methionine, S-adenosvimethionine,
and S-adenosylhomocysteine and a concomitant decrease in plasioa and hepatic levels of
10 cysteine. See Maclean er of., 2010 Mol Gener. Metfab. 101:153-62}.

Compositions of the present invention are useful for producing cystathionine and
gysteine fn vitro or for treating an individual that will bepefit from increased CBS activity
{e.g.. an mpdividual with homocystimuia).

According to the present invention, a “pharmaceuntically acceptable carrier” includes

15 phbarmaceutically acceptable excipients and/or pharmaceutically acceptable delivery vehicles,
which are suitable for use in admiinistration of the composition to a suitable in vitre, ax vive
or in vive site. A suitable im vitvo, in vive or ex vivo sile is preferably any site where it is
desirable to regulate UBS activity. Pharmaceutically acceptable camriers are capable of
maintaining a protein or recombinant nucleic acid molecule of the present invention in a form

2 that, upon arrival of the protein or recombinant pucleic acid molecule at the farget cell or

tissue in a cultwre or in an mdividual, the protein or recombinant mucleic acid molecule is
capable of interacting with ifs target {2.g., a subsirate for CBS).

Suitable excipients of the present invention inchide excipients or formularies that

transport or help wansport, but do not specifically target a composition 1o a cell (also referred

[ ]
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to herein as non-targefing carriers). Examples of pharmacewtically acceptable excipients
include, but are not limited to water, phosphate buffered saline. Ringet's solution, dexirose
solution. serum-containing sclutions. Hanld's solution, other aqueous physiologically balanced
sohstions, oils, esters and glycols. Aqueous carriers can contain suitable auxiliary substances
required o approximate the physiological conditions of the recipient, for example, by
30 enhancing chemical stalility and isotonictty. Conipositions of the present invention can be
sterilized by conventional aiethods andfor vophilized.

One type of pharmaceutically acceptable camier incihndes a controlled release
formulation that is capable of slowly releasing a composition of the present invention into an

individual or culture. As used herein, a controlled release formulation comprises a conpound

1%
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of the present invention {e g., & protein (including bomelogues), an antibody, a nucleic acid
molecule, or a mimetic) in a controlled release vehicle. Suitable controllad release vehicles
include, but are not limited to, biocompatible polymers, other polymeric mauwices, capsules.

microcapsules. microparticles, bolus preparations, osmotic pumps {e.g, ALZET® osmotic

L

pump), diffusion devices, Hposomes, lipospheres, and transdermal delivery systems. Other
carriers of the present invention include Hquids that, wpon administration o an individual,
form a solid or a gel /v sife  In specific embodiments, carriers are also biodegradable {ie.,
bicerodible). When the compound is a recombinant mucleic acid molecule. suitable carriers
include. but are not limited o liposoines, viral vectors or other carriers, including ribozymes,
10 gokl particles, poly-L-lysine/DNA-molecular conjugates, and atificial chromosones.
Nanwal lipid-containing carriers inchude cells and cellalar membranes. Artificial lipid-
containiag carriers include liposomes and micelles.
A carvier of the present invention cait be modified to target to a particular sife in an
individual. thereby targeting and making use of & protein of the present invention at that site.
15 A pharpisceutically acceptable carrier that is capable of targeting can also be referred to
berein as a "delivery vehicle" or "targeting camrier”. Suitable modifications include
manipulating the chemical fornmla of the lipid portion of the delivery vehicle andior
introducing into the vehicle a targeting agent capable of specifically tarzeting a delivery
vehicle to a preferred site or target site, for example, a preferred cell type. A “target site”
26 refers to a stte i ap individual to which one desires to deliver a composition.  Alternatively,
said pharmaceuntically acceptable carriers can comprise agents suitable for delivering said
UBS moteins to an animal. preferably a human, in blood plasina or serum. Suitable targeting
compounds inchade ligands capable of selectively (i e., specifically} binding another malecule

at a particular site. Examples of such lizands include antbodies. antigens, receptors and

[ ]
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receplor ligands. Manipulating the chemical formula of the lipid portion of the delivery
vehicle can modulate the extvacellular or intracellular targeting of the delivery vehicle. For
example. a chemical can be added to the lipid fornwla of a liposome that alters the charge of
the lipid bilayer of the liposome so that the liposome fuses with partcular cells having
particular charge characteristics. In specific embodiments, liposomes of the present invention
30 include those liposomes conunonly used i, for example. protein delivery methods known to
those of skill in the art. Complexing a liposonte with a protein of the present invention can
be achieved using methods standard in the art.

In vet another aspect, the present invention relates to a method to regulate biclagical

processes, including cystathionine production, by reguiating the expression and‘or activity of

20
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UBS. This embodimeitt can generally include the use (e.g.. administration} of therapeutic
compostiions comprising one or more of the UBS variants, particularly tuncated CBS
variants thereof as set forth in 118, Patent No. 8,007,787 and specifically in SEQ IDNO: 3

or SEQ ID NO: 13 as described herein that are useful in a method of regulating the

L

production of cystathionine that are mediated by or associated with the expression and
hiological activity of CBS.

Accordingly, in one embodiment, the method of the present invention regulates
cystathionine production in an animial or hwman individual, wherein the individual is
protected flom or treated for a disease that is amienable to regulation of cystathionine
10 production. such as homocystimiria and conditions/symptoms related thereto {e.g.. dislocated

optic lenses, skeletal disorders. iuental retardation and prematwe arteriosclerosis and
throntbosis}.  As used herein, the phivase "protected from a disease" refers to reducing the
symiptoms of the disease; reducing the occurrence of the disease, andfor reducing the severity
of the disease. Protecting an individual can refer to the ability of a therapeutic composition
15 of the present invention, when adnunpisiersd to an individual, to prevent a disease from
occutriitg andior to cure of to ireat the disease by alleviating disease syvmploms, signs or
causes. As such, to protfect an mndividual from a disease includes both preventing disease
occurrence {prophylactic treatment) and freating an individual that has a disease or that is
experiencing initial symptoms or later stage symptoms of a disease (therapeutic treatment).
26 The term, "disease” refers to anv deviation from the pormal health of an individual and
includes s state when disease symiptoms are present, as well as conditions in which a
deviation {eg., in non-limiting examples including infection, gene mufation, and geaetic
defect, etc.} has occurred, but sympioms are not yet manifested {e.g., a predisease condition).

More specifically. a therapentic composition as described herein, when administered

[ ]
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to an individual by the method of the present invention, preferably produces a resull which
can inchide alleviation of the disease {e.g., reduction of at least one sympiom or clingcal
manifestation of the disease}, elimination of the disease, alleviation of a secondary disease
resulting from the occwrence of & primary disease, or prevention of the disease. In an
additional aspect, administration of the therapeutic composition can produce a result that can
30 inclade increased accunwilation of downstream metabolites of transsulfuration in a mammal.
According to the presenmt ivention, an effective administration protocel (ie.,
aduiintstering a therapeutic composition in an effective manner) comprises suitable dose
parameters and modes of adpiinistration that result in the desired effect in the individual {e.g.,

an increase in the activity of cystathionine f-svnthase in the mdividual or an increase in the
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condensation of serine and homocysteine to form cystathionine, preferably so that the
individual is protected from the disease {e.g., by disease prevention or by alleviating one or
more syinptoms of ongoing disease}. Effective dose parameters can be defermined using

methods standard in the art for a particular disease. Such methods include, for example.

L

determination of survival rates, side effects {i e, toxicity) and progression or regression of
disease.

In accordance with the present invention. a suitable single dose size s a dose that
results in an increass of CBS activity or control of Hey levels for an individual with normal
protein infake or formation of cysiathionine or cysteine i an individusl, or in the
e amelioration of at least one symiptoimn of a condition in the individusal. when administered one

or miore thines over a suitable time period. Doses can vary depending upon the disease being

ireated. One of skill in the art can readily determine appropriate single dose sizes for a given
individual based on the size of an individual and the route of administration.

In cerfain embodiments of the invention., a suitable single dose of a therapentic

15 composition of the present invention is an amowmy that, when administered by any route of

adsministration, increases (UBS activity ax described above. as conwpared fo an mndividual

which has not been administered with the therapeutic composition of the present invention

{i.e., a pre-determiine control individual or measurement}. as compared to the individual prior

fo administration of the composition, or as compared to a standard established for the

26 particslar disease, individual type and composttion.  The administered therapeutic

composition 15 enzymatically active for an extended period of time. This period of time

preferably exceeds 24 hours. The chemically modified therapeutic conposition retains 70%

or more of the initial activity of the administered composition afler 24 hours. More

preferably the period of enzymatic effective activity of the adiinistered therapentic

[ ]
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composition exceeds 48 hows. Even more preferably the period of effective enzymatic
activity of the administered therapeutic composition excesds 72 howrs. I cerfain
smbodiments, the therapeutic compaosition may be adnunisterad several {e.g.. bwice or three
or more) tnes per day or less frequently, including but not limited to weekly, biweekly,
monthly. bimonthly or less frequently. In other embodiments, the therapeuntic composition
30 may be administered continuously over the course of days, weeks or months. In another
embodiment of the invention, a suitable dose of the therapeutic composition of the invention
can administered in conjunction with betaine {such as CYSTADANE®), a much relaxed

protein restricted diet, an anti-coagulant, or a statin

5y
e i
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As discussed above, a therapeutic composition of the present inveption is
adsministered to an individual in a manner effective to deliver the composition fo a cell. a
fissue, and/or systemically 1o the individual, whereby the desired result is achieved as a result

of the administration of the composition. Suitable administration protocols include any i

L

vive Of ex wive administration protocol. The preferred routes of administration will be

apparent 1o those of skill in the art, depending on the type of condition to be prevented or

treated; whether the composition is nucleic acid based, protein based. or cell based; andéor the
target cellftisue. For proteins, methods of i vivo administration inchide parenteral
admnnistration, spectfically including but not Hmited fo, osmwotic pupip administration,

10 infravenous administration. intraperitoneal administration. mtramuscular administration,
intranodal administration, intracoronary administration, infraarterial administration {e.g., Into
a carotid arterys, subcutaneous administration, inteaarticular adiinistration, intraventricuiar
adminisiration, and direct injection into a tissue. Combinations of routes of delivery can be
used and in some instances, may enhance the therapeutic effects of the composition.

15 Many of the above-described routes of administration, including imiravenous,
intraperttoneal, intradermal, intranwiscular administrations or through osmotic pumps can be
performed using methods standard in the art.

One method of local administration is by direct injection. Direct injection techniques
are particularly useful for administering a composition to a vell or tissue that is accessible by

26 surgery, and particularly, on or near the surface of the body. Administration of a composition

locally within the area of a target cell refers to injecting the composition centimeters and

preferably, millimeters from the target ceil or tissue.
Another methad of local administration ix through the use of one or more osmotic

pumps {e.g., ALZET® osmotic pump), which allow for a steady delivery of a diug for a

b

[ ]
72

prolonged period of time (g, weeks or months). Implanted osmotic pumps are particularly
useful for administering a composition to a cell, tissue or subject that 15 accessible by surgery,
and particuiarly. on or near the surface of the body. Adininistration of a composition locally
within the area of a target cell or tissue of a subject refers to unplanting the osmotic pump
containing the composition cenfimeters and preferably, millimeters from the target cell or
30 fissue.

In the method of the present tivvention, therapeutic compositions can be administered
to any member of the Vertebrate class, Mammalia. icluding, without lsyitation, primates,

rodents, livestock and domestic pets. Livestock include mammals to be consumed or that
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produce usefild products {e.g., sheep for wool production). Preferred individuals fo protect
inchude humans.

Some aspects of the present invention include use of the isolated CRS polvpeptide or
any of the CBS variants deseribed herein for the making non-aggregating CBS derivatives.

Each reference described andior cited herein is incorporated by reference i ifs
entirety.

The following examples are provided for the pwpose of illustration and are not

intended to linit the scope of the present invention.

EXAMPLES
Example 1: Production of Truncated CBS Protein in Bacteria
a. Recombinant Expression of Truncated CBS Protein in Bacteria

A tuncated homan CBS variaid lacking specific portions of the non-conserved
regions (ThCBSAC; SEQ ID Not 3} was consgucted and over-expressed using the
previously described E. celi based expression system {Kozich and Kraus, 1992, supra).
Constructs encoding the tmmcated humien CBS pmrotein variant thCBSAC (DNA
encoding thUBSAC is shown in SEQ ID NO: 4) were generated by a modification of the
previously described pHCS3 CBS expression construct {Kozich and Kyans, 1992, Hum,
Mhuggr. 1:113-123) which contains the CBS full-length coding sequence (SEQ ID NO: 1)
cloned inte pKK388.1. To gensrate C-terminal Jdelstion comstructs, CBS cDNA
fragments spanning the desired nucleotide residues were amplified using primers
incorporating Sph I and Kpuo 1 sites to the 3" and 3’ respective eads of the PCR product.
All PCR products were then cut with Sph I and Kpn T and cloned by ligation into the
pHCS3 vector digested with Sph I and Kpn I An Sph I site naturally occurs in the CBS
cDINA, just upstream of the antisense prituer hybridization site {base pair position 1012,
according to the CBS ¢DNA numbering SEQ ID NO: 1}, PCR products thus generated
were then digested with Neo T and Sph I and ligated into the pHCS3 plasmid cut with the
SRS SNZYIIes.

pEE CBS A414-551

Sense: 5"-CGTAGAATTCACCTTITGUCCGCATGCTGAT (SEQ ID NO: 5)

(Sphi restriction site in bold)

Antisense:  S-TACGGGTACCTCAACGGAGGTGCCACCACTCAGHGC {SEQ ID
NO:6)
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{Kpnl restriction site in boldy

Finally, the construct was wransformed into F.coli BL21 (Stratagene). The
authenticity of the construct was verified by DNA sequencing using a Themmo
Bequenase Cv3.5 sequencing ki {(Amersham Pharmacia Biotech) and the Visible
Genetics  Long-Read Tower Systemr-V3 1 DNA  sequencer according fo  the
manufacturer's instructions.

For bacterial expression analysis of CBS deletion mutanis, growth of £ colf
BL21 cells bearing the CBS truncation mutant construct, induction of expression and the
generation of crude cell lysates were performed as described previously {Maclean er ol
2002, Hum. Mhtar. 19:641-55),

An alterpative method was also employed to nwke a sequence-optimized, truncated
human CBS enryme {thCBSAC; SEQ ID No: 33 in a pET28a () vector. The full length {5351
aa} human CBS coding sequence was optimized for bacterial expression and cloned into the
pULS? vector following digestion with the FeoRV restriction enzyme, by GenScript USA
Inc. {NI, USA}. The CRS sequence was then amplified by PCR using primers Al and A2 to

generate a sequence coding for the truncated enzyme (aa 1-413)

Primers:
Al
3 ngtcgcCCATGGegicagaaaccrcgeag 37 (SEQ ID NG 73

Neol restriction site in UAPs. Bold G mutated o C {for proline).
A2
3" ategegCTCGAGHagegeaggtoccacear 37 {(S3EQ ID NG §)

Khal vestriceion site in CAFs, followead by TTA for stop codow

The PCR product was then digested with the restriction enzymes Neol and Yhol, and
ligated into the pET-28ai+) vector {commercially available from EMD Millipore, Billerica,
MAY that was digested with the same enzymes. Cloning into the optimal Neel site of pET-
28a(+) results in 2 G—=>C mutation as compared o the CBS wild-type sequence {coding for
alanine instead of proline). Accordingly, a Site-Directed Mufagenesis kit {Stratagene, CA,

USA) utilizing primers B and B2 was used to re-generate the wild type sequence to cade for

proline:

B1
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3" GGAGATATACCATGCCGTCAGAAACCCCGE 3" (SEQ IDND: 9)
B2
5T GCGGGGTTTCTGACGGUATGGTATATCTCC 3 {(SEQ ID NO: 1)

L

The same strategy was used to geperate the C15S mutard {T >4 mufation} by using
primers:

C1 5°- TGGGTCCGACGGGTAGCCCGCAC -3 {SEQ ID NO: 11 and

€2 5 - GTGCGGGCTACCCGTCGGACCCA — 3" (SEQ ID NO: 12).

The full sequences of both the optimized, hCBSAC and the CI58 mmtamt
1o polviucleotide constincts, were verified by sequencing.
Expression of the truncated CBS is confrolled by the upstream T7 promoter in the

pET-28a(+) vector, and requires transformation inte DES bacteria and induction by IPTG.

b. Expression of the sequence-opfimized, truncated human CBS enzvme
15 The pET-28a(+)} vector, harboring the sequence coding for the truncated humman CBS,
was fransformed into DE3 bacteria, ie, BMSIT4HDE3) or BL-21{DE3}, and kanamycin-
resistant clones were selected and maintamed as stock glycerol at -80°C for further use.
Bacteria from stock glyveerol was grown in 5 mi of Luria-Bertani (LB} medium,
containing 30 ug/ml kanamyvcin, overnight at 37°C on a rotational shaker at 275 RPM. The
20 next morning, § ol of the overnigit culture was added to a 100 mi Temific Broth (TB)
meditm confaining 30 ngdnl kanamyein and grown overnight as described above. 10 ml of
the overnight culture was then added fo a 1 Iter TB medivm containing the followmg
supplements:

. 0.001%% of thiamine-H{1 pH 8.0

L

. 4.0025% of pyridoxine-HCl pH 8 .3

. 0.3 mM S-{aminclevulinic acid} {(3-ALA) pH B0
. 150 uM ferric chloride
. 30 ug/ml of kanantyvcin

The | liter culture was then grown at 36°C on a rotational shaler af 275 RPM until

30 ODgge reached the value of ~0.6-0.7 and profein expression was induced by addition of 1 mM
IPTG. Fermentation was contintied for additional 16 howrs. Cells were then harvested by a

10 mimues, 6000 RCT cenirifgation at 4°C, washed with ice-cold 1.9% NaCl. re-centrifuged

as above, and froFen at -80°C.

26
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An aliquet, 4.45 mi of lysis buffer (20 mM NatLPO,, pH=7.2, 40 ;M NaCl. 0.1 oM
PLP} per 1 pram of pellet, was then added to the cell peliet and the lafier was homogenized in
a Dounce homogenizer unfil no cells aggregates were visible. The homogenate was then

treated with lysozyime {2 mg/ml final), incubated for 1 howr at 4°C on a rocking platform,

5 somicated to reduce viscosity, and centrifuged at 53,000 RCF. The supernatant, comprising
the soluble fraction was then stored at -80°C.
Expression levels were verified by gel-electrophoresis followed by Coomassie gel
staiping, and specific activity was determined by the radivactive activity assav.
10 €. CBS Assay

CBS activity was detenmined by a previously described radioisotope assay using [*C]
serine as the labeled subsirate {Kraus, 1987, Methods Enzymel. 143.388-394). Protein
concentrations were determined by the Bradford procadure {Bradford, 1976, Anal. Biochent.
72, 248-254) using bovine serum albumin (BSA} as a standard. One unit of activity is

15 defined as the amount of CBS that catalyzes the formation of 1 gimol of cystathionine in 1 h

at 37°C.
d. Denaturing and Native Peolvacrviamide Gel Electrophoeresis and
Western blotting
20 Western blot analysis of CBS samples under both denstwing and native

conditions was performed as described previously (Majtan er @f., 2016 .7 Biof Chem.

2010; 285(21):15866-73).

e Determination of plasma metabolites

|3
Kh

Stable-Isptope-Dilution Liguid Clwomatography—Mass Spectrometry method was
used to measwre levels of sulfir amino acid metabolism compounds in mouse plasma,
substantially as disclosed in Allen e of., 1993, Serum betaine N, N-dimethyvlglvcine and
N-methyiglycine levels in individuals with cobalamin and fulate deficiency and related

inborn errors of metabolism, Metabofism 47 14481460,

Example 2

Plasma retention time ## vive is enhanced following rhCBSAC PEGylation.

[ ]
~]
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In order to assess the retention time and activity of rhUBSAC in blood circulation,
experiments were performed where C57BL/ST mice were injected with § mg'kg body weight
of the thCBSAC g inira-peritoneal (1P}, infra-vascular {IV} or sub-cutaneous (SQ} routes.
To avoid excessive bleeding. two experimental groups {denoted 1 and 2} of five miice each
were used for each injection route {fotal p=38). For each injection route, blood was collected
from group 1 af 0, 1. 8 and 24 hours post injection and from group 2 at 1, 4, 10, and 48 hours
post injection.  Animals were bled by a single-use lancet for submandibular bleeding and
blood was collected into Capiject T-MLHG lithiun: beparin (12.5 T fubes with gel {Terunwe
Medical Corporation. NJ, TJSA). Tubes were then cendrifuged at 1200G for 10 min, followed

by collection of plasma to 1.5 mil tubes and storage at -80°C.

Plasina was analyzed for CBS activity using the radiometric activity assay sef fowth in
Example 1. UBS enzvine activity for the injected enzyiue at the indicated time-points is
shown in Figure la. For the IP and IV routes, the peak activiiy was recorded 1h post
injection, whereas for the S route, activity peaked at 4h post injection, due to the slower
release fromn the 8Q compartinent to the circulation. Interestingly, 8-10 howrs post injection,
the activity was comparable for all injection routes with almost no activity at 24-48 hows

post mjection.

To monitor whether thUBSAC clearance from cirendation may confribute fo the rapid
loss of activily in vive as shown above, plasma proteins from fwo represerdative mice fromy
each group described above were resolved by electrophoresis, transferred onto a PVDF
membrane and reacted with an anti-human CBS antibody fo follow UBS clearance from
circulation. As shown in Figure 1b, gradual clearance of the thURSAC from circulation
accurs as a function of time post injection, with no enzyme detected as esarly as 24h post
mjection. Accordingly, clearance of the thCBSAC contributes to the observed rapid loss of

activity in vivo.

In order fo prolong the retention time of thCRSAC, the enzvme was modified by
polyethylene glycol {PEG) molecules {PEGylated) with ME-020MA or GL4-400MA PEGs.
Activated PEG derivatives were purchased from the NOF Corporation {Tokvo, Japan).
PEGvlation was carried out according to the mapufacturer’s instructions. For exanple,
coupling of PEG maleimide derivatives to the SH groups of UBS {5 mg/ml) was carried out
i 8 100 mM phosphate buffer pH=6 overnight at 4°C. Molar ratic of PEG molecules 1o the

UBS protein was 18:1 or 5:1, depending on the activated PEG derivative.

28
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To evaluate the activity of the PEGviated rthCBSAC, CS57BL/AT mice were injected
with § mgfkg body weight of MEGZOMA- or GLA-400MA-PEGylated thCBSAC or with non-
PEGvlated thiCBSAC via 8Q route. Each treatment arm consisted of two groups of five mice

{total 30 mice) and bled as described in above. Plasma was analyzed for UBS activity using

L

the radiometric activily assay set forth in Example 1. Signiticant activity was detected foy the
two forms of the PEGylated enzyme 24h and 48h post injection. with GL4-400MA
PEGvlated thCBSAC activity peaking at 24h, as shown in Figure lc. This was in sharp
contrast to non-PEGviated thCBSAC, demonstrating low or no activity at these sapwe time
points, These results indicated that PEGvlation of the thCBSAC epzyme was effective in

10 prolonging its activity both in vifre and i vive.

Example 3
Repeated injection regimen with PEGylated, but nof with non-PEGylated rhCBSAC,
exhibited accumulation of CBS activity in vive.
Rapid clearance rate of a proteinn from the circulation may be bypassed by increasing
15 the number of injections to maintain higher plasma concentrations. Accordingly, a repeated
injection regimen was tested with both non-PEGylated and PEGylated thCBSAC. C37BL/6]
mice were injected at 0, 24, 48 hows (arvows in Figure 2) with 5 mg'kg body weight of nos-
PEGvlated thCBSAC {n=35} or with GL4-408MA thCBSALC (n=5) and bled at the indicated
fime points. Plasma was analyzed for CBS activity using the radiometric activity assav set
26 forth in Example 1. As shown i Figure 2, repeated injections of non-PEGylated enzyme did
pot lead fto accunwmiated enzyvme activity in circulation, resulting in nearly no activity 24h
afier each injection. In contrast, the activity of the PEGvlated enzvme peaked after two

injections, and reached a platean.

Example 4

[ ]
L

Single imjection of the PEGyviated rhCBSAC reduced homecysicine smdd increased
cystathionine in plasma.

The preceding Examples were carried out in wikd-type mice and were focused on
characterization of the clearance and activity of the injected rhCBSAC, and comparison
bhetween the PEGylated and the non-PEGylated enzyme. Omnce established that PEGylation
3¢ prolongs circulation fime, a varied repertoire of PEGvlated UBS enzyme molecules were first

tested in wild-tvype mice, and were then evaluated in 3 mouse model of bomocystinuria.

e
24
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A repertoire of thCBSAC enzymes modified with various PEG molecules were tested
in wild-type mice in order to determine the best PEGylation strategy. Twenly seven
{57BL/6T mice were divided into nine experimental groups {(n=3}. Each experimental group
was injected via 8Q route with § mig'kg body weight of thCBSAC PEGylated with the PEG

B

molecule indicated in Figure 3, or injected with non-PEGylated enzyme. Blood samples

L

were drawn at the time points indicated in Fienre 3 and the PEGylated rhCBSAC activity
determined using the radiometric activity assay set forth in Example 1. Data is presented in
Figure 3A as a histogram with standard deviation {(STD), and as a scatter plot. Generally,
PEGylation with PEGs of higher molecular weights {GL2800MA, 80 kDa; ME-460MA and

10 GLZ-400MA, 40 kDa: and MEZO0-MAQGB, 20 kDa) lead to greater exposwre than that
observed after PEGylation with molecules that were less than 20 kDa in size, and PEGylation
using chemistry that targeted cysteine residues {denoted by "MA" to indicate the use of a
maletinide reactive group) generally lead to greater exposure than that observed following
PEGylation wtilizing other chemisiries.

15 Befure proceeding with studies on HO mice, daily fluctuations in bomiocysteine,
cystathionine, cysteine and methionine in these nice were assaved to deternune the diurnal
fluctuation of these amino acids in these animals. Accordingly, blood from six HO mice was
drawn at the time points indicated in Figure 3B throughout a 24 howr cyele and plasms
metabolites levels were determined for each indicated time point. As shown in Figure 3B,

20 levels of cystathionine and cysteine were largely constant throughout 2 24 how cycle
Homocysteine and methionine levels tended fo decrease from 7:00 in the morning 1o late
morning — early afternoon hours. This was consistent for animals which eat at night and lack
the capacity for homwoeysteine metabolism via the trans-sulfuration patbway. Accordingly,

all injections and bleedings were perforimed at 15:00 (3PM), when the Hey levels were the

[ ]
L

lowest, to determine whether reatment resulted in a fiwther decrease of Hey and other
metabolites.

The molecular weight and specific activity (S.A ) of PEGvlated rhCBSAC are central
properties for characterization. Following PEGylation with ME-400MA (lane 1. Figure 30),
GLA-400MA (lane 2} or ME-200MAO0B {lane 3), the products were resolved by
30 electrophoresis on a 12% SDS-PAGE gel and compared with the non-PEGylated enzyims
{lane 4). The resulting gel was stained with Coomassie blua. The S A (Wmp) for each of the
PEGylated and non-PEGylated thCBSAC is indicated in the table accompanying Figare 3C.
Ax shown, PEGylation had no significant effect on S.A. values, and the enzyine remained as

active as it was mwior to PEGvlation.  According to the apparent molecular weights,

30
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PEGylation of thUBSAC under the conditions used in this experiment produced di- and tni-
PEGylated thCBBAC.
The overall goal of the experiments described herein was o assess pharmacodynanyic

parameters of administered PEGylated thUBSAC. Special emphasis was placed on lowering

L

of plasma homocysteine and increasing of plasma cystathionine in ap animial model of CBS
deficient homocystinuria. HO mice fed with a nornal murine diet were selected as the model
system for testing this type of enFyme replacement therapy (ERT). HO mice were injected
once at fime { with rhCBSAC that was PEGylated with the PEG molecules {GL4-40GMA,
ME-400MA, ME-200MAOB), and bled af times 0 (prior to injection}, 24, 48 and 72 hours.
10 Levels of plasma homocysteine (Figure 3D} and cystathionine {Figure 3E} for each of the
groups {p=3-6) are indicated. As shown i Figwre 3D, homocysteine levels decreased
significantly for each PEGylated form vsed. and cystathionine levels (Figure 3E) increased
about & to 7-fold compared to tine zero. Thus, administration of a PEGylated thCBSAC was

found fo significantly and positively impact homocysieine and cystathionine levels in vivo.

e
La

Example §
Repeated injection of the PEGylated rhCBSAC significantly impacted homocysteine
and cystathionine plasma levels, and vestored normal cysteine levels.
A repeated injection regimen with a washout period. comparing non-PEGyvlated and
20 PEGylated thCBRAC for the ability to reduce and maintain low levels of homocysteine as
well as to increase cystathionine and cysteine levels was conducted as follows. Six HO nuice
were imjected {arrows, Figwre 4) with the thCBSAC PEGylated with GL4-400MA PEG, on
days 0. 1. 2, 3 and 4, followed by a 10 day washout and then imjected again on days 14, 15,

16, 17 and 18. Plasma samples were drawn (abways prior o injection} at the time pous

|3
Kh

indicated in Figure 4. For comparison, same injection regimen was carried out in five HO
mice injected with the non-PEGvlated enzyme. The levels of plasma metabolites were
determined by Stable-Isotope-Dilution Liguid Chromatography—Mass Spectromefry as
described in Example le. Homocysteine {results shown in Figure 4a) and cystathionine
(Figure 4b} plasma concentrations for each mouse are indicated.  Average values for
3¢ homocysteine and cystathionine for each experimental group are presented as well {in Figure
4c). As shown in Figures 4a-4c, average homocysteine concentrations decreased in 48 hows
from 182 uM to 38 uM and stayed low for the sotire week. Cystathionine reached a

concentration of 42 uM at 48 howrs, from the inttial 4.7 M at time 0. and remained high
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during the first week. During the washout period, metabolites returned & their initial values.
Subsequent CBS injections led again & a sharp drop in homocysteine levels and a rise in
cystathionine levels. Thereafter, discontinmation of trestment again resulted in return of these

parameters to untreated levels.

L

The effects of PEGviated rhCBSAC on plasma homocysteine levels as comypared fo
noit-PEGylated thCBSAC was also determined, as presented in Figure 4d as percentage of
time Q. Figure 4d illustrates that, in contrast to PEGylated thCBSAC, the non-PEGylated
enzyvne had no apparent effect ont boniocysteine concentration when blood samples were 24
bours or more after injection. This is in agresment with the resulis shown in Examples 2 and
10 3 showing that the non-PEGylated enzyme is rapidly cleared from circulation with no

significant activily present 24 howrs and 48 hours post injection.

The effects of PEGyiated thCBSALC on plasma cysteine levels as compared to the
non-PEGylated thCBSAC was also determined using the same experimental methods. As
shown in Figure 4E, cysteine levels normalized {doubled as compared to tine 0} during the

15 imjection period of the PEGylated enzyine, while no change in cvsteinie levels was observed
using the non-PEGyviated enzyme.

These results showed that PEGylated thUBSAC enzyme admunistered SQ to HO
mice, significantly and positively impacted homocysteine and cystathicnine concentrations,
and at the same fime restored cysteine levels o their normal values. The latter experimental

20 result is an indication that the intracellular wanssulfuration pathway was activated {ollowing

admmistration of thCBSAC.

Example 6
Variability in the degree of aggregation of human truncated CBS preparations

{rhCBSAC).

[ ]
L

Native PAGE gels {4-15% je., without the addition of denaturants such as sodium
dodecyl sulfate) were run with different bhatches {112, 13, 7, 27 and 28) of thCBSAC. The
results portraved in Figure SA illustrate the different preparations hawve varving ratios of
tetramers (T} and dimers (D). and higher forms of aggregated CBS. In-gel CBS activity

30 {Figure 5B) was determined in the native polyacrylamide gel (by activity staining) by
performing electrophoresis on the protein sapiples at 4°C. Then, the gel was submerged in an
activity staining solution (see Table A} and was incubated at 37°C for about 15 minutes.

After about 15 minutes dark gray bands {(~45kDa dimers of the 1-413 UBS species) appeared,

Lt
k
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depending on the amount loaded. Tetramers became visible after much longer time; up to
one hour of overnight at room temperature. Analvzing pative gels with this m-gel activity
method, as exemplified in Figure 5B. confinns that bands of tetramers {T). dimers (D}, and

other higher aggregated forms of thCBSAC appearing in batches 112 and 28 in FighA were

[#.]

{BS related.

Table A. Activity staining solutions.

Activiny staining proceduve;
Cemponent Final Ceonc. Stock Ameount of steck
fia M solution soln.
Tris-HCL pH 8.0 100 IM 10mi
L-~cysteine 20 IM 2l
2-mercaptoethanni 50 14.2M 352 tul
PLP (.1 10nadd iml
Lead nitrate 0.2 100mM 200l
Total volume 150ml
Stop solution: 7 % acetic Prepared
acid as 7%

SDS PAGE analysis of batches 28 and 112 and thewr PEGvlated products showed that
PEGylation with ME-200MAOB of thCBSAC batches showed different ratios between the
10 two PEGylated bands {P) that are formed following PEGviation (see Fig. SC). Thus, means to

reduce ageregation and increase reproducibility were sought.

Example 7

Human C1538 mutant CBS only forms dimers.

15 The cysteine, at the position 15 of thCBSAC, s uncoupled, so it was considered a
possible factor that lead to aggregate formation. Therefore, a new recombinant plasmid was
prepared for producing the rthCBSAC pnitant protein, herein referred 0 as C158. The same
strategy that was used in Example 1bh to make thCRSAC was used to generate the €158
mutant CBS enzyme (T to A aucleotide mutation) by using primers:

20 C153- TGGGTCCGACGGGTAGCCCGCAC — 3 {(SEQ IDNQ: 11) and
C2 53 - GTGCGGGOTACCCGTCGGACCCA — 3 {SEQ IDNO: 12).

The entire mucleotide sequence (SEQ ID NO: 14) of the CI55 agwiant CBS tmuncate
enzyime, was verified by nuclestide sequencing. The sane methods described in Example }

for the recombinant human CBS fruncate were used for expression and isolation of the C158

La

mwtant CBS enzyvine.

93]
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Native PAGE of isolated C15S CBS enrymes demonsirated that €158 CBS existed
only as dinters (see Figure 6A), unlike the resuits cbiained for recomnbinant human truncated
RS FhCBSAC) that formned dimers {D) and tetramers (T} as well as higher oligomeric

forms. Multiple barches (31, 60 and 73} of the C158 mutant CBS and recombinant human

L

double truncate (hatch RC-2-76) demonstrated that they both form only dimers as opposed o

the recombinant human truncated CBS (thCBSAC) (see Figure 6B). PEGylaton of €158

with ME-2000MAOB gave rise to uniform and reproducible bands, with similar ratios hetween

the PEGylated bands. A denaturing SDS PAGE showed that C138 produced a reproducible

PEGylation pattern which was similar to recombinant hupan double truncate (bateh RC-2-

1 76} and both were different from the patiern obtained using recombinant haman truncated

CRBS {hCBSAC) {(Figure o). This was also comparable to Fig 5C. showing non-
reproducibiie PEGylation patterns with thCBSAC.

HPLL size exclusion chromatography of the CBS preparations was performed. Both

recombinant human tiuacated CBS (thUBSAC) (Figwre 7A) and C158 mutant (Figure 7B)

15 were separated on Yarra SEC-3000, 300 x 7.8 mm size exclusion colmmn (Phenomenex, CA,

UISA}. The colupm was calibrated and operated m 100 M sodivm phosphate pH=6.5, at a

flow rate of 1 mi/minute at room temperatwe.  Figwwe 7 shows size exclusion

chromatography {SEC) analyses of thCBSAC {Figure 7A) and C158 mutant (Figure 7B).

These analyses provide additional evidence that the C15S mutant CBS existed solely as a

26 dimer. as it gave a reproducible single peak from five different batches {see Fig7B). For

compariscn, note the six different patternis of thCBSAC in Fig7A and the single peaks of the

0158 mutant CBS in Fig7B.

Example 8
Continnous administration of PEGylated C158 over 26 days in two HO mice resulied in

[ ]
L

a decrease in plasma homocysteine,

The ALZET® osmotic pumps permitted steady controlled delivery of the CI5S
enzyme for a prolonged period of time. The €155 CBS enzyme was administrated using the
ALZET® pumps {Micro-osmotic ALZET® Pump. Model 1002, Lot 1026%-12} w

30 contimuously deliver the CI5S CBS enzyvme to mice instead of repeated subcutaneous
injections. In these experiments, mean pumiping rate was (.21 ulhr; mean il vohune was
106.6 ul: the pumps were loaded with approximately 106 ul of the PEGylated C158 CBS

enzyvine af a concendration of 26.2 ugiul. Continuous adminisiration of C13S CBS over 20
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days in two HQO mice resulied i an initial significant and subsequently sustained decrease in
plasma homocysteine (ses Figure 8)

For pain relief pre- and post-operatively, animals received TYLENOL® {2mg/ml} in
water bottles ad libinan for 48 hours before and after swrgery for implantation of ALZETE
pump. In addition the animals received Carprofen 3 mg/kg, subeuntaneously, every 24 houss,
for 48 hours postoperatively.

For animal anesthesia and swgery. isoflurane was administered by inhalaton. Mice
werg induced with 5% Iscflurane and maintained at 2-3%. While pice were anesthetized,
they each received a medical grade ALZET® osmotic pump implanted under sterile
conditions i a Biological Safety Cabinet. Pumps were implanted subcwtanecusly in the
loose skin area on the venwal side of the neck. Prior to implanting the pump, the mice were
shaved and the skin area was prepped with BETADINE®. Pump imnplantation required a
small surgical incision {Snun) nwde with sterile scissors. The incision was closed with a
wound clip. Clips were remioved afier 1 week when the skin had fully healed. Just prior to
punyp implantation and at the times imdicated in Fig. 8, blood samples were taken for
meastring homocysteine fevels. The results indicate that this mode of administration lowers
homocysteine levels in a manner similar achieved by daily hURBSAC administration. A
similay experiment carried owl using non-PEGylated €138 mutant CBS resulted in no

apparent decrease in Hey plasma levels (results not shown).

Example 9
Comparison of three PEGylated truncated human CBS enzvmes.

Figure ¢ is a bar graph showing the resulis of experiments wherein HO mice were
injected with a single dose (7.5 mg/lg) at time § with thCBSAC, CI13S mwtant {C158) and
the double wruncated comstruct {double tuncate) that had been PEGylated with ME-
200MAOB. The mice were bled at times O (prior o injection), 24. 48 and 72 hours post
injection. Levels of plasma bonmiocysteine for =ach of the groups {p=35-6) are indicated.
Results show that all three enzvme forns lead o a comparable decrease in Hey plasma

concentrations.

95
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CBS Sequences

Table 2:
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Molecule

Sequence

Human CBS
polvpeptide
Sequence

{full length enzvine
with C138
mutation}

SEQ IBNO:s 16

Having described the invention in detail and by reference io specific

embodiments thereof, 1t will be apparent that modifications and variations are possible

without departing from the scope of the invention defined in the appended claims. More

specifically, although some aspects of the present invention are identified herein as

particulatly advantageous, it is conteniplated that the present invention is not necessarily

limited o these particular aspects of the invention.




L

10

[ ]
L

30

WO 2014/120770 PCT/US2014/013602
What is claimed:
1. An isolated cystathionine-PB-synthase (CBS) polvpeptide comprising SEQ ID

NO: 02 or homologue. variant or iitant thereof, wherein the isclated CRBS polypeptide s
chemically modified and comprises a trancation of the full-length numan CBS protein at the
ampino termimis, carboxy! terniinis or both amine and carboxyl termint.

2. The isclated CBS polypeptide of claim 1. wherein the isolated CBS
polvpeptide is a genetically engineered truncation that is a deletion of C-terminal residues
383-551, 397-551, 414-551, 442-551, 489-531, 497-351, 524-351, 534-33} or 544-551.

3. The isolated CBS polypeptide of claim 2, wherein the isolated UBS
polypeptide comprises a deletion of C-terminal residues 414-551.

4 The isolated CBS polypeptide of any of claims 1-3, wherein the isolated CBS
polypeptide is a genetically engineered truncation selected from a deletion of N-terminal
residues 2-39 or 1-700

5. The isclated CBS polypeptide of claim 1, wherein the isolated CBS
polvpepiide comprizes a change of a cysteine at amino acid position 13 to serine.

6. The isolated CBS polypeptide of claim 5, wherein the isolated CBS
polypeptide comprising a change of & cysteine af amino acid position 15 to serine is a
genetically engineered tnmeation selected from a deletion of C-terminal residues 383-551,
397-551, 414-551, 442-551, 489-551, 497-551, 324-551, 334-551or 544-551.

7 The isolated CBS polypeptide of claim 6, wherein the isolated CBS
polvpeptide comprising a change of a cysteine at amino acid position 15 to serine also
comprises a deletion of C-terminal residues 414-551 (SEQ IDNO: 13},

8. An isolated CBS polypeptide comprising SEQ ID NO: 02 or homologue
thereof, wherein the isplated CBS polvpeptide comprises a change of a cysteine at amino acid
position 15 to serine, and wherein the isolated CBS polypepiide is chemically modified.

9. The isolated CBS polypeptide of any of claims 1-8, wherein the CBS
polypeptide is covalently linked to one or a plurality of polvethviene glycol molecuies.

10, The isolated CBS polypeptide of claim 9. wherein the polyethylene glycol
molecnles are selected from unbranched and branched polyvethylene glycol

11, The isolated CBS polypeptide of claim 10, wherein the polvethylene glyveol
mdecules have a molecular weight that equals or exceeds 20060 Daltons.

12, The isolsted CBS polvpeptide of claim 11, wherein the polvethylene glycol

molecules have a molecular weight i the range of 5 — 84 kD.
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13,  The isolated CBS polypeptide of claim 1}, wherein the polvetliviene glycol
molecules preferably have a molecular weight in the range of 10 - 40 kD,

4. The isolsted CBS polvpeptide of claimn 11, wherein the polyethylene glycol
molecule is ME-200MAOB, ME-020MA, ME-400MA, GL2-400MA, GL4-400MA, GL2-
BOOMA, ME-050GS, ME-200GS, ME-200AL or MEPA-20T.

L

15.  The isolated CBS polypeptide of any of claims #-14, wherein the polyethylene
ghyeol molecules are atiached to UBS via an sttachment group selected from the group
consisting of: NHS, antine, and aldebyde consisting of a monoaldebyde, a monoester of a
menoacid, 3 monoamine, a monothiol, a moenodisulfide, a monobromopheny! carbonate, a

1o monochlorophenyl carbonate, a monoflucrophenyl carbonate, s mononitrophenyl carbonate,
a monocarbonyvlimidazole, 2 monchydrazide, a monoiodoacetamide. a monomaleimide, a
monoorthopyridyl disulfide. & moncoxime, 3 monophenyl glyoxal, a monotluazolidine-2-
thione, a monothioester, 8 monodriazine and a monovinylsulfons.

1« The isolated CBS polypeptide of any of claims 1-15, wherein the CBS

15 polvpepiide is active in the absence of S-Adenosyimethionine {AdoMaet}.

17. A pharmaceutical composition conprising the isolated CBS polypeptide of
any of claims 1-16 comprising a therapeutically effective amount of the polypeptide,
homologue. variant or mutant thereof and a pharmaceutically accepiable carrier, diluent or
axcipient.

20 18,  The pharmacentical composition of claim 1-17 that retains 7(1% or more of the
initial activity of the administered composition after 24 howrs.

19,  The pharmaceutical composition of claim 17 that retainy 70% or more of the
initial activity of the administered composition after 24 howrs.

26, The pharmaceuntical composition of any of claims 17-19, wherein the UBS

[ ]
L

polypeptide is covalently linked o one or a phuslity of polyethylene glycol molecules.

2}, A method for reducing homocysteine in an individual in peed thereof
comprising administration of the isplated CBS polypeptide of any of claims 1-20.

22, The method of claim 21, wherein the isolated CBS polypeptide is administered
by an implanted osmofic pump, inravenous injection. subcnfanecus inmjection, or
3¢ infraperitoneal injection.

23.  The method of claim 21, wherein the isolated CBS polypeptide is administered
by subcutaneons injection.

24, The method of claim 21, wherein the isolated CBS polypeptide is administered

bv an implanted osmotic pumyp.

40
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23 The method of any of claims 21-24, wherein the isolated CBS polypeptide
comprises ait amount of the isolated UBS polypeptide wherein 0.1 mg'kg — 26 mgike s
aduninistered.

25, A method for elevating cystathionine or cysteinte, in an individual in need
thereof comprising adounistration of the isolated CBS polypeptide of any of claims 1-20.

27, The method of claim 26, further comprising the administration of one or more
of an anti-coagulant, a statin, or a relaxed protein restricted diet, anethole dithiclethione or
betaine.

28,  The method of claim 26, wherein the isolated CBS polypeptide is administered
by an implanted osmeotic pumyp, infravencus injection, subcuataneous injection, or
intraperitoneal injection.

25, The method of claim 26, wherein the isolated CBS polypeptide is administered
by intravenous injection.

30, The method of claim 26, wherein the isolated CBS polypeptide is administered
by osmotic pump.

31.  The method of any of clatms 26-30, wherein the isclated CBS polvpeptids
comiprises an amownt of the isolated CBS polypeptide wherein up to 20 mg'kg is
adnunistered to an individual in need thereof

32. A method for treating or ameliorating a disease, disorder, or condition,
associated with elevated homocysteine, wmethionine, S-adenosvimethionine and 5-
adenosylhomocysteine and low cystathionine and cysteine levels comprising admunistering to
an inpdividual in peed thereof a pharmacentically effective amount of the isolated UBS
polvpeptide of any of claims 1-20.

33. The method of claim 32, whereint the disease, disorder, or condition sssociated
with elevated homocysteine is  mental retardation, osteoporosis, ectopia  lentis,
kvphoscoliasis, stroke, myocardial infarction, or pulmonary embolism.

34,  The method of claim 32, wherein the isolated CBS polypeptide comprises an
amowyt of the isolated CBS polypeptide wherein up to 20 mg'kg is administered by

parenteral ijection.

)

3 The method of claim 32, wherem the isolated UBS palypeptide comprises an
amowt of the isolated CBS polypeptide wherein up to 20 mg'kg is adnunistered by an
implanted osmetic pump.

35. The method of clayp 32, further comprising adpunistration of ansthole

dithiolethione or betaine.

41
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37 The method of claim 32, wherein betaine administrafion occurs twice daily.
3R A method for preventing a disease, disorder, or condition associated with

elevated homocysteine, comprising sdministering to an individual in need thereof s
pharmaceutically effective amount of the isolated CBS polypeptide of any of claims 1-20.

38, The method of claim 38, wherein the disease, disorder, or condition associated

L

with elevated homocysteine 15 mental retardation. osleoporosis.  eciopia  lentis,
kyvphoscoliosis, stroke, myocardial infarction, or pulmonary embolism.

40, The method of claim 38, wherein the isolated CBS polypeptide comprises an
amowt of the isolated CBS polypeptide wherein up to 20 mgkg is administered o an

10 individual in need thereof.

41, The method of claim 38, further comprising adumnistration of anetiole
dithiolethione or betaine.

42 The method of claun 38, wheremn betaine adpuinistration occurs twice daily.

43, The use of the isolated CBS polypeptide of any of claims 1-20, for the

15 mapufacture of a2 medicament for ireating or ameliorating a disease, disorder. or condition
associated with elevated homocysteine.

44 The use of clatm 43 wherein the disease, disorder, or condition associated with
elevated homocysteine is mental retardation, osteoporosis, ectopia lentis, kyphoscoliosis,
stroke, myocardial infarction, or pulmonary embolism.

20 45 The use of claimt 43, wherein the medicament further comprises anethole
dithiolethione or befaine.

46, The use of claim 43 further comprising resiriction to a relaxed protein

restricted diet,

[ ]
72



WO 2014/120770

Figure 1

160 -

b b el
[ o
o O O

CBS activity (mU/ul plasma)
[00]
o

20

1117

PCT/US2014/013602

0 1 4 8 10
Hours post injection

Mouse #1 Mouse #2

fo 1 8 2800 1 8 24|

50 —
37 —

50 ==
37

Mouse #3 Muouse #4

f

1 4 10 481 4 10 48}

SUBSTITUTE SHEET (RULE 26)



WO 2014/120770

Figure 1

O

CBS activity (mU/ul plasma)

. ©MED20MA
70 -
60 -

50 -

40
30
20

10

2117

PCT/US2014/013602

0 1 4 8 10 24 48

Hours post injection

SUBSTITUTE SHEET (RULE 26)



WO 2014/120770

Figure 2

3117

L 3 L2 e &3 P
ﬁ - o $3 = 0

{ewsepd pi/nw) Alnnoe sg)

SUBSTITUTE SHEET (RULE 26)

PCT/US2014/013602

*

Hou



WO 2014/120770 PCT/US2014/013602

\\ 8y

s (3L 2400 A
v (L AG00MA
o 34 FRDOMA

@ rhCBSAC

+ MEOS0GS
+ ME200GS

o FOBAADE
o BAELOIONM A

B

\;\\\ f '\\W\

;N\\

Figure 3A
Hours post injection (histogram]

145
A

e ] o] o
N &3 i3 ¥

{ewsepd pl/nw) Aynioe s

SUBSTITUTE SHEET (RULE 26)



WO 2014/120770 PCT/US2014/013602

5117

Figure 3
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Figure 7A
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Figure 78
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