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GENE THERAPY FOR COMBINED
METHYLMALONIC ACIDEMIA/ACIDURIA
AND

HYPERHOMOCYSTEINEMIA/HOMOCYSTINURIA,

COBALAMIN C TYPE, AND DEFICIENCY
OF MMACHC

CROSS-REFERENCE TO RELATED
APPLICATIONS

[0001] This patent application 1s a divisional application
of U.S. patent application Ser. No. 16/061,091, filed Jun. 11,
2018, which 1s a U.S. National Phase application of Inter-
national Patent Application No. PCT/US2016/029512, filed
Apr. 27, 2016, which claims the benefit of U.S. Provisional
Patent Application No. 62/266,352, filed Dec. 11, 20135, and
U.S. Provisional Patent Application No. 62/279,283, filed
Jan. 15, 2016, each of which 1s incorporated herein by
reference in 1ts entirety.

STATEMENT REGARDING FEDERALLY
SPONSORED RESEARCH AND
DEVELOPMENT

[0002] This mnvention was made with Government support
under project number Z01 HG-200318-11 by the National
Institutes of Health, National Human Genome Research
Institute. The Government has certain rights in the mmven-
tion.

INCORPORATION-BY-REFERENCE OF
MATERIAL SUBMITTED ELECITRONICALLY

[0003] Incorporated by reference 1n 1ts entirety herein 1s a
computer-readable nucleotide/amino acid sequence listing
submitted concurrently herewith and i1dentified as follows:

one 50,902 Byte XML file named “765006.xml,” dated Nov.
3, 2022.

BACKGROUND OF THE INVENTION

[0004] Patients with combined methylmalonic acidemia/
aciduria and hyperhomocysteinemia/homocystinuria coba-
lamin C type (cobalamin C deficiency; cblC) are at risk for
metabolic decompensation, thromboembolic events, mani-
fest multisystemic disease and require lifelong daily intra-
muscular mjections of cobalamin (vitamin B12) as well as
treatment with other expensive medications such as carni-
tine, folinic acid, and betaine. Because they cannot synthe-
s1ze adequate levels of methionine, the patients also require
constant dietary and metabolic monitoring. Despite medical
management, most children with cblC become legally blind
by the age of 10 and have other neurological complications
such as developmental delay, cognitive impairment, behav-
ioral disorders, psychosis, thromboembolic stokes, and neu-
ropathy.

[0005] There 1s a need for the development of more
cllective treatments of cblC, including those that are less
burdensome to patients, especially those that treat the neu-
rological and ocular mamiestations of the disorder.

BRIEF SUMMARY OF THE INVENTION

[0006] In one embodiment, the present mnvention provides
a synthetic methylmalonic acidemia cblC type with homo-
cystinuria (MMACHC) polynucleotide comprising, consist-
ing essentially of, or consisting of a polynucleotide encoding

Sep. 7, 2023

MMACHC that 1s codon-optimized for expression in a
human. In another embodiment, the present invention pro-
vides a composition comprising, consisting essentially of, or
consisting of a synthetic MMACHC polynucleotide and a
pharmaceutically acceptable carrier.

[0007] In another embodiment, the present invention pro-
vides a polypeptide encoded by a synthetic MMACHC
polynucleotide. In another embodiment, the present inven-
tion provides a composition comprising, consisting essen-
tially of, or consisting of a MMACHC polypeptide and a
pharmaceutically acceptable carrier.

[0008] In another embodiment, the present invention pro-
vides an expression vector comprising a MMACHC gene
sequence under the control of a chicken beta actin (CBA)
promoter. In another embodiment, the present invention
provides an expression vector comprising a synthetic
MMACHC polynucleotide. In another embodiment, the
present invention provides a composition comprising, con-
sisting essentially of, or consisting of an expression vector
and a pharmaceutically acceptable carrier.

[0009] In another embodiment, the present invention pro-
vides a method of treating or preventing at least one con-
dition of methylmalonic acidemia, hyperhomocysteinemia/
homocystinuria, cobalamin C type and deficiency of
MMACHC, and low levels of MMACHC 1n a subject, the
method comprising, consisting essentially of, or consisting
of administering to a subject 1n need thereof a therapeuti-
cally effective amount of (1) a synthetic MMACHC poly-
nucleotide described herein; (1) a composition described
herein; (111) a polypeptide described herein; or an expression
vector described herein; wherein the administration treats
the condition in the subject.

[0010] In another embodiment, the present invention pro-
vides a method for detecting or tracking exogenous
MMACHC 1n a subject comprising, consisting essentially
of, or consisting of: (a) administering to the subject exog-
enous MMACHC 1n the form of (1) a synthetic MMACHC
polynucleotide described herein, or (11) an expression vector
described herein; (b) obtaining a sample of tissue, biospeci-
men, or body fluid from the subject; and (c) determining the
expression level of the exogenous MMACHC 1n the sample.

BRIEF DESCRIPTION OF THE DRAWINGS

[0011] FIGS. 1A and 1B depict the BLASTN alignment
between the wild-type MMACHC gene (top sequence; SEQ
ID NO: 1) and the codon-optimized allele (bottom sequence;
SEQ ID NO: 2). The genes have only 77% 1dentity at the
nucleotide level and widespread incomplete alignment.

Score: 499 bits (270); Expect: 3e-145; Identities: 656/848
(77%); Gaps: 4/484 (0%); Strand: Plus/Plus.

[0012] FIG. 2 1s a line graph showing Mmachc and
Mmachc®*** mice exhibit reduced survival (**%* p<0.
0001, compared to +/+).

[0013] FIG. 3 is a line graph showing Mmachc®*'*> mice

exhibit reduced growth. Weight 1s average weight of pup(s)
of the Mmachc™*'*® genotype from a given litter compared

to heterozygotes and wild-type controls from the same litters
on a given day (**** p<t0.0001).

[0014] FIGS. 4A-4C are dot plots showing Mmachc”*'4>
mice display a characteristic biochemical phenotype of
cblC. FIG. 4A shows methylmalonic acid levels. FIG. 4B
shows homocysteine levels. FIG. 4C shows methiomine

levels. p<t0.05-0.001 for all metabolites.

A3/A3



US 2023/0277688 Al

[0015]
(OH-Cbl) treatment improves survival of Mmachc
(F**%* n<0.001, log-rank test, compared to A3/A3).

[0016] FIG. 6 1s a line graph showing OH-Cbl treatment
improves growth of Mmachc®*® mice, compared with
A3/A3 (*** p<0.001) compared with untreated Mmachc™”
a3 mice (** p<0.005) but does not normalize (*** p<0.001)
compared to controls.

[0017] FIGS. TA-7C are dot plots showing OH-Cbl
improves biochemical phenotype in Mmachc™*® mice.
FIG. 7A shows methylmalonic acid levels. FIG. 7B shows
homocysteine levels. FIG. 7C shows methionine levels.
*p<0.05, ** p<<0.01, *** p<0.001, “NS” 1s not significant.
[0018] FIGS. 8A-8D show the expression of various
MMACHC constructs. FIG. 8A shows the codon-optimized
(MMACHC cod. op.), MMACHC-HA (MMACHC cod.
op.-HA) tagged and MMACHC-3xFLAG-tagged
(MMACHC cod.op.-FLAG) protein levels compared to the
wild-type mouse Mmachc after transfection of expression
constructs mto 293T cells and probing the cellular extracts
with an anti-MMACHC antibody (AB1). An increased
expression level of the codon-optimized alleles compared to
the wild-type mouse gene can be easily appreciated. FIG. 8B
shows the codon-optimized MMACHC and tagged alleles
compared to the wild-type mouse Mmachc after transfection
into 2931 cells and probing with a second anti-MMACHC
antibody (AB2). An increased expression level of the codon-
optimized alleles compared to the wild-type mouse gene can
be easily appreciated.

[0019] FIG. 8C shows the codon-optimized MMACHC
and tagged alleles compared to the wild-type mouse
Mmachc after transfection into 2937 cells and probing with
an anti-HA antibody. A single allele containing the HA tag
1s recognized. FIG. 8D shows the codon-optimized and
tagged MMACHC alleles compared to the wild-type mouse
Mmachc after transfection into 29371 cells and probing with
an ant1-FLAG antibody. A single allele containing the FLAG
tag 1s recognized.

[0020] FIGS. 9A-9F are diagrams showing AAV (Adeno-
Associated Virus) vector maps. FIG. 9A shows an AAV
vector with the wild-type human MMACHC. FI1G. 9B shows
an AAV vector with the wild-type mouse Mmachc. FIG. 9C
shows an AAV vector with a codon-optimized, synthetic
human MMACHC. FIG. 9D shows an AAV vector with a
codon-optimized, synthetic human MMACHC tagged with
hemagglutinin (HA). FIG. 9E shows an AAV vector with a
codon-optimized, synthetic human MMACHC tagged with
3XFLAG.

[0021] FIG. 10 1s a line graph showing neonatal treatment
with AAVrh10-CBA-Mmachc or AAV9-CBA-coMACHC
improves survival of Mmachc®**? mice, in accordance with
embodiments of the invention (**** p<0.0001, compared to
untreated Mmachc®*’*?). The treated mice have about 80%
survival at 100 days after a single neonatal 1njection com-
pared with the untreated mice which do not survive.

[0022] FIG. 11 1s a line graph showing that the AAVrh10-
CBA-Mmachc treated Mmachc®*”® mice (group 4) have
improved weight gain 1n the first month of life compared
with untreated mice (group 35). AAVrh10-CBA-Mmachc
treated Mmachc”**> mice are essentially identical in weight
to those that receive OH-Cbl 1-2 times per week (group 3)
but remain smaller than wild-type and heterozygous mice.

[0023] FIG. 12 1s a line graph showing the weights of the
Mmachc?®*2? mice treated with OH-Cbl, AAVrh10-CBA -

FIG. § 1s a line graph showing hydroxocobalamin
A3/A3 mice
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Mmachc or AAVI9-CBA-coMMACHC over time.
Mmachc®*#? mice treated with a single injection of AAV in
the neonatal period are essentially identical in weight to
those that receive OH-Cbl 1-2 times per week. All
Mmachc®**® mutant mice remain smaller than wild-type
and heterozygous mice.

DETAILED DESCRIPTION OF TH.
INVENTION

(Ll

[0024] Cobalamin C deficiency 1s the most common
inborn error of intracellular cobalamin metabolism (Lerner-
Ellis et al. Nat. Genet., 38: 93-100 (2006)) and 1s caused by
mutations 1n MMACHC (GenBank NM_015506.2), a gene
responsible for the processing and trathcking of intracellular
cobalamin. Mutations in MMACHC mmpair the activity of
two cobalamin-dependent enzymes: methylmalonyl-CoA
mutase (MUT) and methionine synthase (MTR). Without
wishing to be bound to any theory, MMACHC transports
and processes intracellular cobalamin into 1ts two active
cofactors, 5'-adenosylcobalamin and methylcobalamin, nec-
essary for the enzymatic reactions of MUT and MTR,
respectively. Patients display methylmalonic acidemua,
hyperhomocysteinemia, and hypomethionemia and variably
manifest intrauterine growth retardation, anemia, heart
defects, failure to thrive, white matter disease, neuropathy,
neurocognitive impairment, and a progressive maculopathy,
pigmentary retinopathy, and retinal degeneration that causes

blindness, despite standard of care metabolic therapy (Car-
rillo-Carrasco et al., J. Inherit. Metab. Dis., 35: 103-14

(2012)).

[0025] Cobalamin deficiency type C (cblC) 1s often diag-
nosed based on newborn screening. While the true preva-
lence of the disorders of intracellular cobalamin metabolism
1s unknown, the historical incidence of cblC has been
estimated at 1:200,000 births with about 400 cases reported
in the literature; recently, data from newborn screening
suggested a higher incidence closer to 1:100,000 1n New
York state and 1:60,000 in California, where an incidence of
1:37,000 was estimated in the Hispanic population. In one
study of a Chinese population in Shangong province, 1t was
claimed that 1:3920 births were affected (Han et al., Clinical
presentation, gene analysis and outcomes in young patients
with early-treated combined methylmalonic acidemia and
homocysteinemia (cblC type) in Shandong province, China,
Brain Dev., pi1: 50387-7604(15)00228-4 (2015)).

[0026] Previous eflorts to develop a viable animal model
of cblC have proven unsuccessiul. A knockout mouse gen-
crated from an Mmachc gene trap resulted 1n embryonic
arrest by day E3.5 (Moreno-Garcia et al.,, Mol. Genet.
Metab., 112: 198-204 (2014)). As shown 1n the Examples
below, viable mouse models (Mmachc®*** and Mmachc®”’
a3) were developed and are described herein. The mouse
models exhibit the phenotypic and biochemical features of
patients with cblC. When ftreated using a conventional
treatment (hydroxocobalamin), Mmachc®**? mice dis-
played 1mprovement 1n disease characteristics, and
Mmachc”®**® mice have been used in developing treatments
for patients with cblC, as described herein.

[0027] In one embodiment, the present invention provides
a synthetic MMACHC polynucleotide comprising, consist-
ing essentially of, or consisting of a polynucleotide encoding

MMACHC that 1s codon-optimized for expression in a
human. FIG. 1 shows a comparison of SEQ ID NO: 1

(wild-type MMACHC) with SEQ ID NO: 2 (codon-opti-
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mized MMACHC). In another embodiment, the polynucle-
otide encoding MMACHC comprises, consists essentially
of, or consists of the sequence of SEQ ID NO: 2. In another
embodiment, the polynucleotide encoding MMACHC has at
least about 90% sequence homology with SEQ ID NO: 2. In
another embodiment, the polynucleotide encoding
MMACHC has at least about 95% sequence homology with
SEQ ID NO: 2. The codon-optimized MMACHC gene or
homologous gene can be associated with any suitable stop
codon, for example the stop codon of TAA or TGA or
together as two contiguous codons (TAATGA).

[0028] A polynucleotide 1s a nucleic acid. “Nucleic acid”
as used herein includes “polynucleotide,” “oligonucleotide,”
and “nucleic acid molecule,” and generally means a polymer
of DNA or RNA, which can be single-stranded or double-
stranded, synthesized or obtained (e.g., 1solated and/or puri-
fied) from natural sources, which can contain natural, non-
natural or altered nucleotides, and which can contain a
natural, non-natural or altered internucleotide linkage, such
as a phosphoroamidate linkage or a phosphorothioate link-
age, 1nstead of the phosphodiester found between the
nucleotides of an unmodified oligonucleotide. In some
embodiments, the nucleic acid does not comprise any inser-
tions, deletions, inversions, and/or substitutions. However, 1t
may be suitable 1 some instances, for the nucleic acid to
comprise one or more insertions, deletions, inversions, and/
or substitutions, such as with codon optimization.

[0029] The nucleic acids may be recombinant. As used
herein, the term “recombinant” refers to (1) molecules that
are constructed outside living cells by Joining natural or
synthetic nucleic acid segments to nucleic acid molecules
that can replicate 1n a living cell, or (11) molecules that result
from the replication of those described in (1) above. For
purposes herein, the replication can be 1n vitro replication or
in vivo replication.

[0030] A recombinant nucleic acid may be one that has a
sequence that 1s not naturally occurring or has a sequence
that 1s made by an artificial combination of two otherwise
separated segments of sequence. This artificial combination
1s often accomplished by chemical synthesis or, more com-
monly, by the artificial manipulation of 1solated segments of
nucleic acids, e.g., by genetic engineering techniques, which
are well known 1n the art. The nucleic acids can be con-
structed based on chemical synthesis and/or enzymatic liga-
tion reactions using procedures known in the art. For
example, a nucleic acid can be chemically synthesized using
naturally occurring nucleotides or variously modified
nucleotides designed to increase the biological stability of
the molecules or to increase the physical stability of the
duplex formed upon hybridization (e.g., phosphorothioate
derivatives and acridine substituted nucleotides). Examples
of modified nucleotides that can be used to generate the
nucleic acids include, but are not limited to, S-fluorouracil,
S-bromouracil, 5-chlorouracil, 5-1odouracil, hypoxanthine,
xanthine, 4-acetylcytosine, 5-(carboxyhydroxymethyl) ura-
cil, 5-carboxymethylaminomethyl-2-thiouridine, 5-car-
boxymethylaminomethyluracil, dihydrouracil, beta-D-ga-
lactosylqueosine, 1nosine, N°-isopentenyladenine,
l-methylguanine, 1-methylinosine, 2,2-dimethylguanine,
2-methyladenine, 2-methylguamine, 3-methylcytosine,
5-methylcytosine, N°-substituted adenine, 7-methylguanine,
S-methylaminomethyluracil, S-methoxyaminomethyl-2-
thiouracil,  beta-D-mannosylqueosine,  5'-methoxycar-
boxymethyluracil, 5-methoxyuracil, 2-methylthio-N°-iso-

Sep. 7, 2023

pentenyladenine, uracil-3-oxyacetic acid (v), wybutoxosine,
pseudouracil, queosine, 2-thiocytosine, S-methyl-2-thioura-
cil, 2-thiouracil, 4-thiouracil, 5-methyluracil, uracil-5-oxy
acetic acid methylester, 3-(3-amino-3-N-2-carboxypropyl)
uracil, and 2,6-diaminopurine. Alternatively, one or more of
the nucleic acids can be purchased from companies.

[0031] Contemplated herein are any 1solated or purified
nucleotide sequence described herein. Alternatively, the
nucleotide sequence can comprise a nucleotide sequence
which 1s degenerate to any of the sequences or a combina-
tion of degenerate sequences or which 1s complementary to
the nucleotide sequence of any of the nucleic acids described
herein or a nucleotide sequence which hybridizes under
stringent conditions to the nucleotide sequence of any of the
nucleic acids described herein.

[0032] The nucleotide sequence that hybridizes under
stringent conditions may hybridize under high stringency
conditions. By “high stringency conditions™ 1s meant that
the nucleotide sequence specifically hybridizes to a target
sequence (the nucleotide sequence of any of the nucleic
acids described heremn) i an amount that 1s detectably
stronger than non-specific hybridization. High stringency
conditions include conditions that would distinguish a poly-
nucleotide with an exact complementary sequence, or one
containing only a few scattered mismatches from a random
sequence that happened to have a few small regions (e.g.,
3-10 bases) that matched the nucleotide sequence. Such
small regions of complementarity are more easily melted
than a full-length complement of 14-17 or more bases, and
high stringency hybridization makes them easily distin-
guishable. Relatively high stringency conditions would
include, for example, low salt and/or high temperature
conditions, such as provided by about 0.02-0.1 M NaCl or
the equivalent, at temperatures of about 50-70° C. Such high
stringency conditions tolerate little, 1f any, mismatch
between the nucleotide sequence and the template or target
strand. It 1s generally appreciated that conditions can be
rendered more stringent by the addition of increasing
amounts of formamide.

[0033] The terms “complementary” and “complementar-
1ity”” refer to the ability of a nucleic acid to form hydrogen
bond(s) with another nucleic acid sequence by either tradi-
tional Watson-Crick base-paring or other non-traditional
types of pairing. The degree of complementarity between
two nucleic acid sequences, 1.e., the homology, can be
indicated by the percentage of nucleotides 1n a nucleic acid
sequence which can form hydrogen bonds (e.g., Watson-
Crick base pairing) with a second nucleic acid sequence
(e.g., 50%, 60%, 70%, 80%, 90%, and 100% complemen-
tary). Two nucleic acid sequences are “perfectly comple-
mentary” 1f all the contiguous nucleotides of a nucleic acid
sequence will hydrogen bond with the same number of
contiguous nucleotides 1n a second nucleic acid sequence.
Two nucleic acid sequences are “substantially complemen-
tary” 1f the degree of complementarity between the two
nucleic acid sequences 1s at least 60% (e.g., 65%, 70%, 75%,
80%, 85%, 90%, 95%. 97%, 98%, 99%, or 100%) over a
region of at least 8 nucleotides (e.g., 9,10, 11,12, 13, 14, 15,
16, 17, 18, 19, 20, 21, 22, 23, 24, 25, 30, 335, 40, 45, 50, or
more nucleotides).

[0034] A codon-optimized polynucleotide 1s a polynucle-
otide, for example a naturally-occurring polynucleotide, that
has been altered to improve expression 1n an organism, for
example, a human or a cell line derived from a human.
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[0035] In another embodiment, the polynucleotide further
comprises a tag, wherein the tag can be an epitope tag. In
another embodiment, the polynucleotide further comprises a
polynucleotide encoding at least one of a hemagglutinin tag,
and a 3XFLAG tag. A tag facilitates detection, and epitope
tags are protein regions that can be i1dentified using 1immu-
noassay techniques. For example, an epitope tag can be
recognized by an antibody or a binding portion thereof (e.g.,
scEFv). In another embodiment, the polynucleotide encoding
the hemagglutinin tag comprises, consists essentially of, or
consists of the sequence of SEQ ID NO: 3. In another
embodiment, the polynucleotide encoding the hemaggluti-
nin tag has at least about 90% sequence homology with SEQ
ID NO: 3. In another embodiment, the polynucleotide
encoding the hemagglutinin tag has at least about 93%
sequence homology with SEQ ID NO: 3. In another embodi-
ment, the polynucleotide encoding the 3xFLAG tag com-
prises, consists essentially of, or consists of the sequence of
SEQ ID NO: 4. In another embodiment, the polynucleotide
encoding the 3xXFLAG tag has at least about 90% sequence
homology with SEQ ID NO: 4. In another embodiment, the
polynucleotide encoding the 3xFLAG tag has at least about
95% sequence homology with SEQ ID NO: 4. In yet another
embodiment, the tag can include others recogmized by
practitioners of the art, including His, c-myc, GST, Protein
A, CD, Strep-tag, MBP, CBD, S-tag, Avitag, CBP, TAP,
SF-TAP or others that would allow facile detection, purifi-
cation, assay and biodistribution of the tag aflixed to a
codon-optimized MMACHC protein or nucleic acid.

[0036] In another embodiment, the present invention pro-
vides a polypeptide encoded by a synthetic MAACHC
polynucleotide. The polypeptide can be altered so long as
the polypeptide has substantially the same activity as wild-
type MMACHC and can include a functional portion of
MMACHC. The term “functional portion” refers to any part
or fragment of MMACHC, which part or fragment retains
the biological activity of MMACHC. Functional portions
encompass, for example, those parts of MMACHC that
retain the ability of processing and trafhicking intracellular
cobalamin. In reference to MMACHC, the functional por-

tion can comprise, for instance, about 10%, 25%, 30%, 50%,
68%, 80%, 90%, 95%, or more, of MMACHC.

[0037] The functional portion can comprise additional
amino acids at the amino or carboxy terminus of the portion,
or at both termini, which additional amino acids are not
found 1n the amino acid sequence of MMACHC. Desirably,
the additional amino acids do not interfere with the biologi-
cal Tunction of the functional portion. More desirably, the
additional amino acids enhance the biological activity, as
compared to the biological activity of MMACHC.

[0038] Contemplated herein are functional variants of
MMACHC. The term “functional variant” as used herein
refers to a polypeptide or protein having substantial or
significant sequence identity or similanty to MMACHC,
which functional vanant substantially retains the biological
activity of MMACHC. Functional varants encompass, for
example, those variants of MMACHC that retain the ability
of processing and traflicking intracellular cobalamin to a
similar extent, the same extent, or to a higher extent, as
MMACHC. In reference to MMACHC, the functional vari-
ant can, for instance, be at least about 30%, 50%, 75%, 80%,
90%, 98% or more 1dentical 1n amino acid sequence to

MMACHC.
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[0039] A functional variant can, for example, comprise the
amino acid sequence of MMACHC with at least one con-
servative amino acid substitution. Alternatively or addition-
ally, the functional varniants can comprise the amino acid
sequence of MMACHC with at least one non-conservative
amino acid substitution. In this case, it 1s preferable for the
non-conservative amino acid substitution to not interfere
with or inhibit the biological activity of the functional
variant. The non-conservative amino acid substitution may
enhance the biological activity of the functional variant,
such that the biological activity of the functional variant 1s
increased as compared to MMACHC.

[0040] Amino acid substitutions are preferably conserva-
tive amino acid substitutions. Conservative amino acid
substitutions are known in the art, and include amino acid
substitutions 1n which one amino acid having certain physi-
cal and/or chemical properties 1s exchanged for another
amino acid that has the same or similar chemical or physical
properties. For instance, the conservative amino acid sub-
stitution can be an acidic amino acid substituted for another
acidic amino acid (e.g., Asp or Glu), an amino acid with a
nonpolar side chain substituted for another amino acid with
a nonpolar side chain (e.g., Ala, Gly, Val, Ile, Leu, Met, Phe,
Pro, Trp, Val, etc.), a basic amino acid substituted for another
basic amino acid (Lys, Arg, etc.), an amino acid with a polar
side chain substituted for another amino acid with a polar
side chain (Asn, Cys, Gln, Ser, Thr, Tyr, etc.), etc.

[0041] The MMACHC polypeptide can consist essentially
of the specified amino acid sequence or sequences described
herein, such that other components e.g., other amino acids,
do not materially change the biological activity of the
functional variant.

[0042] The MMACHC polypeptide (including functional

portions and functional variants) can be of any length, 1.e.,
can comprise any number of amino acids, provided that the
MMACHC (or functional portions or functional variants
thereol) retain their biological activity, e.g., of processing
and traflicking intracellular cobalamin. For example, the

polypeptide can be about 50 to about 5000 amino acids long,
such as 50, 70, 75, 100, 125, 150, 175, 200, 300, 400, 500,

600, 700, 800, 900, 1000 or more amino acids 1n length. In
this regard, the polypeptides also include oligopeptides.

[0043] The MMACHC polypeptide (including functional

portions and functional varants) can comprise synthetic
amino acids in place of one or more naturally-occurring
amino acids. Such synthetic amino acids are known in the
art, and 1nclude, for example, aminocyclohexane carboxylic
acid, norleucine, o-amino n-decanoic acid, homoserine,
S-acetylaminomethyl-cysteine, trans-3- and trans-4-hy-
droxyproline, 4-aminophenylalanine, 4-nitrophenylalanine,
4-chlorophenylalanine, 4-carboxyphenylalanine, p-phenyl-
serine [3-hydroxyphenylalanine, phenylglycine, a-naphthyl-
alanine, cyclohexylalanine, cyclohexylglycine, indoline-2-
carboxylic acid, 1,2,3,4-tetrahydroisoquinoline-3-
carboxylic acid, aminomalonic acid, aminomalonic acid
monoamide, N'-benzyl-N'-methyl-lysine, N',N'-dibenzyl-ly-
sine, 6-hydroxylysine, ornithine, c.-aminocyclopentane car-
boxvylic acid, a-aminocyclohexane carboxylic acid, c.-ami-
nocycloheptane carboxylic acid, c.-(2-amino-2-
norbornane)-carboxylic acid, o, y-diaminobutyric acid, o, [3-
diaminopropionic acid, homophenylalanine, and o-tert-
butylglycine.

[0044] The MMACHC polypeptide (including functional
portions and functional variants) can be glycosylated, ami-
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dated, carboxylated, phosphorylated, esterified, N-acylated,
cyclized via, e.g., a disulfide bridge, or converted into an
acid addition salt and/or optionally dimerized or polymer-
1zed, or conjugated.

[0045] The MMACHC polypeptide (including functional
portions and functional variants thereol) can be obtained by
methods known in the art. Suitable methods of de novo
synthesizing polypeptides and proteins are described 1n
references, such as Chan et al., Fmoc Solid Phase Peptide
Synthesis, Oxiord University Press, Oxtord, United King-
dom, 2000; Peptide and Protein Drug Analysis, ed. Reid, R.,
Marcel Dekker, Inc., 2000; Epitope Mapping, ed. Westwood
et al., Oxtord University Press, Oxford, United Kingdom,
2001; and U.S. Pat. No. 5,449,752. Also, polypeptides and
proteins can be recombinantly produced using the nucleic
acids described herein using standard recombinant methods.
See, for mstance, Sambrook et al., Molecular Cloning: A
[aboratory Manual, 3™ ed., Cold Spring Harbor Press, Cold
Spring Harbor, N.Y. 2001; and Ausubel et al., Current

Protocols 1n Molecular Biology, Greene Publishing Associ-
ates and John Wiley & Sons, N Y, 1994,

[0046] Further, MMACHC (including functional portions
and functional variants thereol) can be 1solated and/or
purified from a source, such as a plant, a bactertum, an
insect, a mammal, e.g., a rat, a human, etc. Methods of
1solation and purification are well-known 1n the art. Alter-
natively, the MMACHC (including functional portions and
functional variants thereof) can be commercially synthe-
s1ized by companies. In this respect, the MMACHC can be
synthetic, recombinant, 1solated, and/or purified.

[0047] The term “1solated” as used herein means having
been removed from 1ts natural environment. The term “puri-
fied” or “isolated” does not require absolute purity or
1solation; rather, it 1s intended as a relative term. Thus, for
example, a purified (or 1solated) protein preparation 1s one 1n
which the protein 1s more pure than the protein in its natural
environment within a cell. Such proteins may be produced,
for example, by standard purnfication techniques, or by
recombinant expression. In some embodiments, a prepara-
tion of a protein 1s purified such that the protein represents
at least about 50%, for example at least about 70%, of the
total protein content of the preparation. For example, the
purity can be at least about 50%, can be greater than about

60%, about 70% or about 80%, or can be about 100%.

[0048] An embodiment provides recombinant expression
vectors comprising any of the nucleic acids described herein.
For purposes herein, the term “recombinant expression
vector” means a genetically-modified oligonucleotide or
polynucleotide construct that permits the expression of an
mRNA, protein, polypeptide, or peptide by a host cell, when
the construct comprises a nucleotide sequence encoding the
mRNA, protein, polypeptide, or peptide, and the vector 1s
contacted with the cell under conditions suflicient to have
the mRNA, protein, polypeptide, or peptide expressed
within the cell. The vectors of the invention are not natu-
rally-occurring as a whole. However, parts of the vectors can
be naturally-occurring. The recombinant expression vectors
can comprise any type of nucleotides, imncluding, but not
limited to DNA and RNA, which can be single-stranded or
double-stranded, synthesized or obtained 1n part from natu-
ral sources, and which can contain natural, non-natural or
altered nucleotides. The recombinant expression vectors can
comprise naturally-occurring or non-naturally-occurring
internucleotide linkages, or both types of linkages. Prefer-
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ably, the non-naturally occurring or altered nucleotides or
internucleotide linkages do not hinder the transcription or
replication of the vector.

[0049] In an embodiment, the recombinant expression
vector can be any suitable recombinant expression vector,
and can be used to transform or transiect any suitable host.
Suitable vectors include those designed for propagation and
expansion or for expression or both, such as plasmids and
viruses. The vector can be selected from bacterial expression
systems such as PET or one that can direct expression in
yeast such as pYES or even used to make a mammalian cell
line for overproduction of MMACHC 1n such cells as
Chinese hamster ovary or others know to practitioners of the
art.

[0050] In another embodiment, the codon-optimized
MMACHC gene and tagged alleles can be used, in combi-
nation with genome editing and homologous recombination,
to create cell lines that over express MMACHC and/or
tagged alleles from a specific endogenous genomic location,
such as 1n the albumin gene, or from a safe-harbor. Inducible
and regulatable control of the recombinant MMACHC
alleles 1s also envisioned.

[0051] The terms ‘‘transfection,” “‘transformation,” or
“transduction,” as used herein, refer to the introduction of
one or more exogenous polynucleotides 1into a host cell by
using physical or chemical methods. Many transiection
techniques are known 1n the art and include, for example,
calcium phosphate DNA co-precipitation (see, e.g., Murray
E. 1. (ed.), Methods 1n Molecular Biology, Vol. 7, Gene
Transfer and Expression Protocols, Humana Press (1991));
DEAE-dextran; electroporation; cationic liposome-medi-
ated transfection; tungsten particle-facilitated microparticle
bombardment (Johnston, Nature, 346: 776-777 (1990)); and

strontium phosphate DNA co-precipitation (Brash et al.,
Mol. Cell Biol., 7: 2031-2034 (1987)).

[0052] In an embodiment, the recombinant expression
vectors of the mvention can be prepared using standard
recombinant DNA techniques described 1n, for example,
Sambrook et al., supra, and Ausubel et al., supra. Constructs
ol expression vectors, which are circular or linear, can be
prepared to contain a replication system functional 1 a
prokaryotic or eukaryotic host cell. Replication systems can
be derived, e.g., from ColE1, 2u plasmid, A, SV40, bovine

papilloma virus, and the like.

[0053] The recombinant expression vector may comprise
regulatory sequences, such as transcription and translation
initiation and termination codons, which are specific to the
type of host (e.g., bacterium, fungus, plant, or animal) or
tissue 1nto which the vector 1s to be introduced, as appro-
priate, and taking into consideration whether the vector 1s

DNA- or RNA-based.

[0054] The recombinant expression vector can include one
or more marker genes, which allow for selection of trans-
formed or transfected hosts. Marker genes include biocide
resistance, e.g., resistance to antibiotics, heavy metals, etc.,
complementation 1n an auxotrophic host to provide proto-
trophy, and the like. Suitable marker genes include, for
instance, neomycin/G418 resistance genes, hygromycin
resistance genes, histidinol resistance genes, tetracycline
resistance genes, and ampicillin resistance genes.

[0055] The recombinant expression vector can comprise a
native or nonnative promoter operably linked to the
MMACHC nucleotide sequence (including functional por-
tions and functional variants thereof), or to the nucleotide

2 &
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sequence which 1s complementary to or which hybridizes to
the nucleotide sequence encoding MMACHC. The selection
of promoters, e.g., strong, weak, inducible, tissue-specific
and developmental-specific, 1s within the ordmary skill of
the artisan. Similarly, the combining of a nucleotide
sequence with a promoter 1s also within the skill of the
artisan. The promoter can be a non-viral promoter or a viral
promoter, €.g., a cytomegalovirus (CMV) promoter, an
SV40 promoter, an RSV promoter, or a promoter found 1n
the long-terminal repeat of the murine stem cell virus. In
another embodiment, the present invention provides an
expression vector comprising a MMACHC gene sequence
under the control of a chicken beta actin (CBA) promoter. In
another embodiment, the present invention provides an
expression vector comprising a synthetic MMACHC poly-
nucleotide. In another embodiment, the synthetic
MMACHC polynucleotide 1s under the control of a chicken
beta actin (CBA) promoter.

[0056] In addition to the nucleic acid sequence encoding
the MMACHC, the vector preferably comprises expression
control sequences, such as promoters, enhancers, polyade-
nylation signals, transcription terminators, internal ribosome
entry sites (IRES), and the like, that provide for the expres-
s1ion of the nucleic acid sequence 1n a host cell. Exemplary
expression control sequences are known in the art and
described 1n, for example, Goeddel, Gene Expression 1ech-
nology: Methods in Enzymology, Vol. 185, Academic Press,
San Diego, Calif. (1990). The recombinant expression vec-
tors can be designed for either transient expression, for
stable expression, or for both. Also, the recombinant expres-
s10n vectors can be made for constitutive expression or for
inducible expression.

[0057] The recombinant expression vector may be a viral
vector, €.g., a retroviral vector. In another embodiment, the
expression vector 1s a viral vector. In another embodiment,
the vector 1s an adenovirus, or a helper-dependent adenovi-
rus. In another embodiment, the vector 1s a herpes viral
vector. In yet another embodiment, the vector 1s an integrat-
ing vector, such as a lentiviral vector.

[0058] In another embodiment, the viral vector 1s a single-
stranded adeno-associated viral (AAV) vector. The AAVs
can be derived from serotypes well-known to practitioners
of the art, including AAV 1, 2,3, 4, 3, 6,8, 9, rh8, rh10, rh33,
and rh34. Chimeras between these serotypes and point
mutations of said serotypes are contemplated, such as tyro-
sine mutants of serotypes 2, 5, 6, 8 and 9, as are mutants 1n

surface exposed tyrosine (Y ) and threonine (1) residues on
the capsids (Bogner et al., PLoS One, 10(6):e0128759

(20135); Kay et al., PLoS One, 8(4):¢62097 (2013), erratum
in: PLoS One, 8(9) (2013); Qiao et al.,, Hum. Gene Ther.
Methods, 23(1):29-37 (2012); Ryalsv et. al.., Mol Vis.,
17:1090-102 (2011); Markusic et al., Mol. Ther., 18(12):
2048-56 (2010); Qiao et al., Hum. Gene Ther., 21(10):
1343-8 (2010); Petrs-Silva et al., Mol. Ther., 17(3):463-71
(2009); each of which are individually incorporated by
reference herein 1n 1ts entirety). Also considered are capsids
derived by 1n vitro evolution and selection, such as 7m8
(Dalkara et al., Sci. Transl. Med., 5(189):189ra76 (2013),
incorporated by reference herein 1n 1ts entirety) and those
derived by phylogenetic reconstruction such as Anc80 and
relatives (Santiago-Ortiz et al., Gene Ther., 22(12):934-46
(2013), incorporated by reference herein in 1ts entirety). The
vector can be, for example, Anc80 and others as described
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in Zinn et al., Cell Rep., 12(6):1056-1068 (2013), incorpo-
rated by reference herein in 1ts entirety.

[0059] In another embodiment, the viral vector 1s con-
structed 1n the self-complimentary (sc) configuration as 1s
well known to practitioners of the art. sSCAAVs designed to
express the codon-optimized MMACHC gene or tagged
alleles may have increased potency and can be encapsidated
with any of the alorementioned serotypes.

[0060] The AAVs expressing MMACHC and variants can
be purified after transfection methods using 293 cells of an
equivalent, produced in msect cells or using herpes-based
systems. Such methods are well known to practitioners of
the art.

[0061] Using an AAV expressing MMACHC or one con-
figured to correct an MMACHC patient cell line, hema-
topoietic stem and progenitor cells can be transduced with
an AAV6 donor and homologous recombination can be used
to correct the mutant allele using genome editing (Wang et
al., Nat. Biotechnol., 33(12):1256-1263 (2015), incorpo-
rated by reference heremn in its entirety). This can be
accomplished with mRNA expressing ZFNs, TALENS or
the CAS-CRISPR system. The corrected or transduced
MMACHC cells can then be used as a source of cellular
therapy.

[0062] In another embodiment, an AAV vector can be
designed to enable promoterless correction, either at a safe
harbor location 1n the genome or into predetermined cellular
target gene, ex vivo or 1n vivo (Barzel et al., Nature,
517(7534):360-364 (2015), incorporated by reference herein
in its entirety).

[0063] The AAV may be selected such that there 1is
improvement ol infection of a target tissue. In another
embodiment, the AAV 1s pseudotyped with at least one of
rh10, type 9, or type 8 capsid. Further examples include the
AAVs of U.S. Patent Publication No. 2014/0364338, incor-
porated by reference herein in its entirety, which have
altered capsid proteins for greater infectivity of retinal cells.

[0064] In another embodiment, the present invention pro-
vides an expression vector comprising, consisting essen-
tially of, or consisting of any one of SEQ ID NOS: 3-9. In
another embodiment, the present invention provides an
expression vector comprising, consisting essentially of, or
consisting of at least about 90% sequence homology with
any one of SEQ ID NOS: 5-9. In another embodiment, the
present mnvention provides an expression vector comprising,
consisting essentially of, or consisting of at least about 95%
sequence homology with any one of SEQ ID NOS: 5-9.

[0065] In another embodiment, the present invention pro-
vides a method of treating or preventing at least one con-
dition of methylmalonic acidemia, homocystinuria, cobala-
min C type and deficiency of MMACHC, and low levels of
MMACHC 1n a subject, the method comprising, consisting
essentially of, or consisting of administering to a subject 1n
need thereol a therapeutically effective amount of (1) a
synthetic MMACHC polynucleotide described herein; (11) a
composition described herein; (111) a polypeptide described
herein; or an expression vector described herein; wherein the
administration treats the condition in the subject.

[0066] In another embodiment, the present invention pro-
vides a method of treating or preventing a disorder associ-
ated with MMACHC deficiency such as congenital heart
defects (CHD), neural tube defects (NTD), combined meth-
ylmalonic acidemia and homocystinuria X type (cblX),
HCFC1 spectrum defects, hyperhomocystinuria, and vita-




US 2023/0277688 Al

min B12 deficiency (including recalcitrant vitamin B12
deficiency) 1n a subject, the method comprising, consisting
essentially of, or consisting of administering to a subject 1n
need thereol a therapeutically eflective amount of (1) a
synthetic MMACHC polynucleotide described herein; (11) a
composition described herein; (111) a polypeptide described
herein; or an expression vector described herein; wherein the
administration treats the condition in the subject. As an
example, patients with cblX deficiency caused by HCFCI1
mutations are also deficient in the expression of MMACHC
and suffer from combined methylmalonic acidemia and
hyperhomocystinemia (Yu et al., Am. J. Hum. Gen., 93;
506-314 (2013), incorporated by reference herein in its
entirety) and would benefit from increased MMACHC.

[0067] In another embodiment, the subject has vision loss
and the administration 1s to the eye(s) of the subject. Most
patients with cblC develop a bulls’ eye maculopathy during,
infancy despite early identification by newborn screening
and treatment with hydroxocobalamin and other cofactors.
In early childhood, retinal degeneration progresses and optic
nerve atrophy develops resulting 1n progressive vision loss
until most children are legally blind by the end of the first
decade of life. Prior to the present invention, there was no
treatment for the eye disease of cobalamin C deficiency or
deficiency of MMACHC, or the vision loss that accompa-
nies it. A specific form of AAV mediated ocular gene therapy
1s envisioned using the invention described herein. The AAV
can be delivered by subretinal mjection, intravitreal injec-
tion, and/or retinal artery or vein injection.

[0068] In another embodiment, the present invention pro-
vides a method for detecting or tracking exogenous
MMACHC 1n a subject comprising, consisting essentially
of, or consisting of: (a) administering to the subject exog-
enous MMACHC 1n the form of (1) a synthetic MMACHC
polynucleotide described herein, or (1) an expression vector
described herein; (b) obtaining a sample of tissue, biospeci-
men, or body fluid from the subject; and (¢) determining the
expression level of the exogenous MMACHC 1n the sample.
Determining the expression level can be achieved by, for
example, detecting or tracking RNA or protein levels of
MMACHC. Detecting or tracking protein levels can involve,
for example, detecting an expression tag associated with the
MMACHC (e.g., using Western blot techniques), as

described herein.

[0069] Further, the activity of MMACHC and 1its distri-

bution can be detected or tracked using nucleic acid probes
and nucleic acid detection methods. Because the codon-
optimized MMACHC and tagged alleles share only 77% or
less 1dentity with wild-type at the nucleotide level, a facile
detection using nucleic acid methods 1s envisioned. This
includes qPCR, droplet PCR, RT-PCR as well as hybridiza-
tion and polymerase amplification methods. In another
embodiment, mass spectrometry and MALDI-TOF methods
can be used to detect the codon-optimized nucleic acid 1n
solution, tissues samples, biospecimens, and body fluids.

[0070] A biospecimen may include any tissue or cells,
including white and red blood cells, saliva and salivary
DNA, cell shed 1n the urine or feces, or any other organ that
requires more mnvasive assessment by biopsy, such as liver,
eye, retina, kidney, bone or skeletal muscle. A body fluid
might include urine, plasma, serum, cerebrospinal fluid,
aqueous humor, or feces.

[0071] In another embodiment, the present invention pro-
vides a composition comprising, consisting essentially of, or
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consisting of a synthetic MMACHC polynucleotide and a
pharmaceutically acceptable carrier. In another embodiment,
the present invention provides a composition comprising,
consisting essentially of, or consisting of a MMACHC
polypeptide and a pharmaceutically acceptable carrier. In
another embodiment, the present mnvention provides a com-
position comprising, consisting essentially of, or consisting
ol an expression vector and a pharmaceutically acceptable
carrier.

[0072] In certain embodiments, pharmaceutical composi-
tion are contemplated, comprising any of the nucleic acids,
polypeptides, proteins, functional portions, functional vari-
ants, and expression vectors described herein and a phar-
maceutically acceptable carrier. The pharmaceutical com-
positions can comprise more than one material, e.g., a
polypeptide and a nucleic acid. Alternatively, the pharma-
ceutical composition can comprise a combination with other
pharmaceutically active agents or drugs.

[0073] With respect to pharmaceutical compositions, the
pharmaceutically acceptable carrier can be any of those
conventionally used and 1s limited only by chemico-physical
considerations, such as solubility and lack of reactivity with
the active agent(s), and by the route of administration. The
pharmaceutically acceptable carriers described herein, for
example, vehicles, adjuvants, excipients, and diluents, are
well-known to those skilled in the art and are readily
available to the public. It 1s preferred that the pharmaceu-
tically acceptable carrier be one which 1s chemically 1nert to
the active agent(s) and one which has no detrimental side
ellects or toxicity under the conditions of use.

[0074] Methods for preparing administrable (e.g., paren-
terally admimistrable) compositions are known or apparent
to those skilled 1n the art and are described 1n more detail 1n,
for example, Remington: The Science and Practice of Phar-
macy, Lippincott Willhlams & Wilkins; 21st ed. (May 1,
2005).

[0075] The following formulations for oral, aerosol, par-
enteral (e.g., subcutaneous, intravenous, portal, intraarterial,
intramuscular, mntradermal, interperitoneal, and intrathecal),
and rectal, and vaginal administration are merely exemplary
and are 1n no way limiting. More than one route can be used
for administration, and 1n certain instances, a particular route
can provide a more immediate and more effective response
than another route. The delivery of codon-optimized
MMACHC wvia subretinal, intravitreal, transcranial, or epi-
dural routes can also be used.

[0076] Formulations suitable for oral administration can
comprise or consist of (a) liquid solutions, such as water,
saline, or orange juice; (b) capsules, sachets, tablets, loz-
enges, and troches, each contaiming a predetermined amount
of the active ingredient, as solids or granules; (c¢) powders;
(d) suspensions in an appropriate liquid; and (e) suitable
emulsions. Liquid formulations may include diluents, such
as water and alcohols, for example, ethanol, benzyl alcohol,
and the polyethylene alcohols, either with or without the
addition of a pharmaceutically acceptable surfactant. Cap-
sule forms can be of the ordinary hard or softshelled gelatin
type containing, for example, surfactants, lubricants, and
inert fillers, such as lactose, sucrose, calcium phosphate, and
corn starch. Tablet forms can include one or more of lactose,
sucrose, manmtol, corn starch, potato starch, alginic acid,
microcrystalline cellulose, acacia, gelatin, guar gum, colloi-
dal silicon dioxide, croscarmellose sodium, talc, magnesium
stearate, calcium stearate, zinc stearate, stearic acid, and
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other excipients, colorants, diluents, buflering agents, dis-
integrating agents, moistening agents, preservatives, tlavor-
ing agents, and other pharmacologically compatible excipi-
ents. Lozenge forms can include a flavor, usually sucrose
and acacia or tragacanth, as well as pastilles comprising the
material 1n an inert base, such as gelatin and glycerin, or
sucrose and acacia, emulsions, gels, and the like containing,
in addition to, such excipients as are known 1in the art.

[0077] Formulations suitable for parenteral administration
include aqueous and nonaqueous isotonic sterile injection
solutions, which can contain antioxidants, buflers, bacte-
riostats, and solutes that render the formulation 1sotonic with
the blood of the intended recipient, and aqueous and non-
aqueous sterile suspensions that can include suspending
agents, solubilizers, thickening agents, stabilizers, and pre-
servatives. Admuinistration can be in a physiologically
acceptable diluent in a pharmaceutical carrier, such as a
sterile liquid or mixture of liquids, including water, saline,
aqueous dextrose and related sugar solutions, an alcohol,
such as ethanol or hexadecyl alcohol, a glycol, such as
propylene glycol or polyethylene glycol, dimethylsulfoxide,
glycerol, ketals such as 2,2-dimethyl-1,3-dioxolane-4-
methanol, ethers, poly(ethylenegly col) 400, oils, fatty acids,
fatty acid esters or glycerides, or acetylated fatty acid
glycerides with or without the addition of a pharmaceuti-
cally acceptable surfactant, such as a soap or a detergent,
suspending agent, such as pectin, carbomers, methylcellu-
lose, hydroxypropylmethylcellulose, or carboxymethylcel-

lulose, or emulsitying agents and other pharmaceutical adju-
vants.

[0078] Oils, which can be used 1n parenteral formulations
include petroleum, animal, vegetable, or synthetic oils.
Specific examples of oi1ls include peanut, soybean, sesame,
cottonseed, corn, olive, petrolatum, and mineral. Suitable
fatty acids for use in parenteral formulations include oleic
acid, stearic acid, and 1sostearic acid. Ethyl oleate and
1sopropyl myristate are examples of suitable fatty acid
esters.

[0079] Suitable soaps for use i parenteral formulations
include fatty alkali metal, ammonium, and triethanolamine
salts, and suitable detergents include (a) cationic detergents
such as, for example, dimethyl dialkyl ammonium halides,
and alkyl pyridinium halides, (b) anionic detergents such as,
for example, alkyl, aryl, and olefin sulfonates, alkyl, olefin,
cther, and monoglyceride sulfates, and sulfosuccinates, (c)
nonionic detergents such as, for example, fatty amine
oxides, fatty acid alkanolamides, and polyoxyethylenepoly-
propylene copolymers, (d) amphoteric detergents such as,
for example, alkyl--aminopropionates, and 2-alkyl-imida-
zoline quaternary ammonium salts, and (¢) mixtures thereof.
[0080] In order to minimize or eliminate 1rritation at the
site ol 1njection, such compositions may contain one or more
nonionic surfactants having a hydrophile-lipophile balance
(HLB) of from about 12 to about 17. The quantity of
surfactant 1 such formulations will typically range from
about 5% to about 15% by weight. Suitable surfactants
include polyethylene glycol sorbitan fatty acid esters, such
as sorbitan monooleate and the high molecular weight
adducts of ethylene oxide with a hydrophobic base, formed
by the condensation of propylene oxide with propylene
glycol. The parenteral formulations can be presented 1n
unit-dose or multi-dose sealed containers, such as ampoules
and vials, and can be stored in a freeze-dried (lyophilized)
condition requiring only the addition of the sterile liquid
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excipient, for example, water, for imjections, immediately
prior to use. Extemporaneous injection solutions and sus-
pensions can be prepared from sterile powders, granules,
and tablets of the kind previously described.

[0081] Injectable formulations are contemplated. The
requirements for eflective pharmaceutical carriers for inject-
able compositions are well-known to those of ordinary skill
in the art (see, e.g., Pharmaceutics and Pharmacy Practice,
I.B. Lippincott Company, Philadelphia, Pa., Banker and
Chalmers, eds., pages 238-250 (1982), and ASHP Handbook
on Injectable Drugs, Toissel, 4th ed., pages 622-630 (1986)).

[0082] Topical formulations, including those that are use-

tul for transdermal drug release, are well known to those of
skill 1n the art and are suitable for application to skin.

[0083] The gene and alleles can also be formulated as
nucleic acids and encapsulated into lipid nanoparticles, or
prepared as peptide nucleic acids and delivered in this

fashion.

[0084] An “effective amount” or “an amount eflective to
treat” or “therapeutically eflective amount™ refers to a dose
that 1s adequate to prevent or treat cobalamin C disease or
MMACHC deficiency in an individual. Amounts effective
for a therapeutic or prophylactic use will depend on, for
example, the stage and severity of the disease or disorder
being treated, the age, weight, and general state of health of
the patient, and the judgment of the prescribing physician.
The size of the dose will also be determined by the active
selected, method of administration, timing and frequency of
administration, the existence, nature, and extent of any
adverse side-eflects that might accompany the administra-
tion of a particular active, and the desired physiological
cllect. For example, the dosing may range from a single
systemic AAV injection at a dose of 2.5x10” genome copies/
kilogram to a higher dose, on the order of 1x10'“"'* genome
copies per eye, delivered by intravitreous or subretinal
injection.

[0085] Additionally, the use of MMACHC, as a treatment
for other forms of hyperhomocysteinemia, 1s encompassed
herein.

[0086] The terms “‘treat,” and “prevent” as well as words
stemming therefrom, as used herein, do not necessarily
imply 100% or complete treatment or prevention. Rather,
there are varying degrees ol treatment or prevention of
which one of ordinary skill 1n the art recognizes as having
a potential benefit or therapeutic effect. In this respect, the
inventive methods can provide any amount of any level of
treatment or prevention of cblC in a mammal. Furthermore,
the treatment or prevention provided by the inventive
method can include treatment or prevention of one or more
conditions or symptoms of cblC being treated or prevented.
Also, for purposes herein, “prevention” can encompass

delaying the onset of the disease, or a symptom or condition
thereof.

[0087] The subject can be any mammal. As used herein,
the term “mammal” refers to any mammal, including, but
not limited to, mammals of the order Rodentia, such as mice
and hamsters, and mammals of the order Logomorpha, such
as rabbits. It 1s preferred that the mammals are from the
order Carnivora, including Felines (cats) and Canines
(dogs). It 1s more preferred that the mammals are from the
order Artiodactyla, including Bovines (cows) and Swines
(pigs) or of the order Perssodactyla, including Equines
(horses). It 1s most preferred that the mammals are of the
order Primates, Ceboids, or Stmoids (monkeys) or of the
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order Anthropoids (humans and apes). An especially pre-
ferred mammal 1s the human.

[0088] It shall be noted that the preceding are merely
examples of embodiments. Other exemplary embodiments
are apparent from the entirety of the description herein. It
will also be understood by one of ordinary skill 1n the art that
cach of these embodiments may be used 1n various combi-
nations with the other embodiments provided herein.

[0089] The ifollowing examples further illustrate the
invention but, of course, should not be construed as 1n any
way limiting its scope.

Example 1

[0090] This example demonstrates the development of
mouse models of human cblC.

[0091] To create a viable animal model of cblC deficiency,
TALEN-mediated genome editing (Transposagen Biophar-
maceuticals, Lexington, Ky., USA) was used to edit exon 2
of Mmachc 1n mice, near the location of the common
mutation seen in humans—c.271dupA p.R91KisX14. This
technique 1s known to practitioners of the art (Qiu et al.,
Nucleic Acids Res., 41:€120 (2013), incorporated by refer-
ence herein in its entirety). Eleven founder mice harboring
10 different alleles were generated. Two mutations were
turther mvestigated: an early frameshiit null allele [cDNA
mutation c¢.165_166delAC giving protein mutation
p.P356CIsX4 (A2)] and another [cDNA mutation ¢.162_
164delCAC giving protein mutation p.S34_T355delinsR
(A3)] that results 1n a deletion-1nsertion predicted to produce
an 1ntact but mutant enzyme. Founder mice harboring
mutant alleles were bred to make stable transmitting lines,
which were then intercrossed to produce homozygote
allected animals with Mmachc deficiency.

[0092] At birth, an expected 1:2:1 Mendelian segregation
was observed for the Mmachc™® allele (n=30 litters, 218
mice, ¥> p>0.1) but not for Mmachc®* (n=19 litters, 134
mice, ¥~ p<0.001), in which the proportion of Mmachc™**?
mice was decreased, suggesting partial embryonic lethality
caused by this mutation (Table 1).

TABLE 1

Mmachc parental Offspring Mmachc

genotype genotype distribution Number
Dam Sire ++  +/- /- oflitters x> df p-value
+/A3 +/A3 54 120 44 30 313 2 p>0.1
(n = 218)
+/A2 +/A2 39 81 14 19 15.18 2 p <0.001

(n = 134)

All mice have FVB/N C57/B6 mixed background

[0093] Mmachc®*** and Mmachc”®*’*® mice were growth

retarded and displayed decreased survival with 100% lethal-
ity by 32 days (FIGS. 2 and 3). Survival of heterozygote
mice does not differ significantly from wild-type mice for
either allele. The survival curves for Mmachc and Mmachc
mice do not differ significantly.

[0094] Compared with wild-type controls (n=7),
Mmachc*?4? (n=4) and Mmachc®**® (n=6) mutants dis-
played sigmificantly elevated plasma methylmalonic acid
(FIG. 4A), homocysteine (FIG. 4B), and decreased methio-
nine (FIG. 4C). Also, Mmachc®**® mice display hepatic

lipidosis and eye pathology similar to human cblC, includ-
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ing thinner outer nuclear layer with fewer nucler and reduc-
tion 1n photoreceptor outer segments.

[0095] These mouse models represent viable mammalian
models of ¢cblC deficiency and recapitulate the phenotypic
and biochemical features of the human disorder. The models
presented with cblC-related biochemical perturbations
(methylmalonic acidemia, hyperhomocysteinemia, and
hypomethioninemia), exactly as present i the human
patient population. In addition, both mutants showed
hypopigmentation.

Example 2

[0096] This example demonstrates treatment of ¢blC 1n
Mmachc®*2? mice using hydroxocobalamin (OH-Cb]).

[0097] Mice received prenatal treatment via maternal
injections of 25-50 ug two times per week and postnatal
treatment via injection of the same dose of 25-50 ug two to
three times per week.

[0098] Mmachc®**® mice treated with OH-Cbl display
significantly increased survival compared to non-treated

Mmachc®**? mice (FIG. 5). Survival of Mmachc®**> mice
treated with OH-Cbl does not differ significantly from

treated Mmachc'* mice.

[0099] Mmachc®**® mice treated with OH-Cbl display
increased growth compared to non-treated Mmachc™>'A?
mice (FIG. 6).

[0100] Mmachc®**? mice treated with OH-Cbl also dis-
play 1mprovement in biochemical phenotype (FIGS.
7A-T7C). Methylmalonic acid and methionine were found to
be more dependent on diet, where a larger sample size 1s
needed.

[0101]
hypopigmentation in Mmachc

Also, 1t was found that OH-Cbl treatment reverses
A3I/A3Z mice.

Example 3

[0102] This example demonstrates the development of
improved expression of MMACHC by codon optimization.

[0103] Adeno-associated viruses (AAVs) were con-
structed that were designed to broadly express either (1) the
wild-type human MMACHC (SEQ ID NO: 1, and having
stop codon TAA); (11) the wild-type mouse Mmachc (SEQ)
ID NO: 10, and having stop codon TAA); (111) a codon-
optimized, synthetic human MMACHC (SEQ ID NO: 2, and
having stop codons TAA and TGA; (1v) a codon-optimized,
synthetic human MMACHC tagged with hemagglutinin
(HA) (SEQ ID NO: 11, and having stop codons TAA and
TGA; or (v) a codon-optimized, synthetic human
MMACHC tagged with 3xFLAG (SEQ ID NO: 12, and
having stop codons TAA and TGA. All constructs were
under the control of the enhanced chicken beta actin pro-
moter (CBA). Each plasmid at 2.5 micrograms was trans-
fected 1into 293T cells, the cells were harvested and immu-
noreactive MMACHC was detected with two distinct
MMACHC antibodies by Western blotting. FIGS. 8A and
8B show increased expression of the codon-optimized
alleles compared to the wild-type Mmachc. FIG. 8C shows
the specificity of the HA tag, and FIG. 8D shows the
specificity of the FLAG tag.

Example 4

[0104] This example demonstrates the development of
gene therapies for cblC.
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[0105] Adeno-associated viruses (AAVs) were con-
structed that were designed to broadly express either (1) the
wild-type human MMACHC (SEQ ID NO: 1, and having
stop codon TAA); (1) the wild-type mouse Mmachc (SEQ
ID NO: 10, and having stop codon TAA, in rh10 serotype;
vector termed AAVrh10-CBA-Mmachc); (111) a codon-opti-
mized, synthetic human MAACHC (SEQ ID NO: 2, and
having stop codons TAA and TGA, mm AAV9 serotype;
vector termed AAV9-CBA-coMMACHC); (1v) a codon-
optimized, synthetic human MMACHC tagged with hemag-
glutinin (HA) (SEQ ID NO: 11, and having stop codons
TAA and TGA; or (v) a codon-optimized, synthetic human
MMACHC tagged with 3xFLAG (SEQ ID NO: 12, and

having stop codons TAA and TGA. All constructs were
under the control of the enhanced chicken beta actin pro-
moter (CBA). The recombinant AAVs were pseudotyped
with an rh10 or type 9 capsid and delivered to mice 1n the
carly natal period by direct liver injection. The AAV
sequences corresponding to (1)-(v) are at SEQ ID NOS: 5-9,
respectively, and are diagrammatically shown at FIGS.
9A-9E, respectively.

[0106] AAVSs based on the vectors (11) and (111) above were
produced 1n vitro, and mice received a single intrahepatic
injection of 1x10'' genome copies of AAV (ii) or (iii) per
mouse at postnatal day 0-2 using previously described
methods (Chandler et al., Mol. Ther., 18(1):11-16 (2010),
incorporated by reference herein 1n its entirety).

[0107] Adfter one month, when 100% of untreated mice
had perished, greater than 75% of the treated Mmachc®**>
mice were alive and the long term survival (6 months) was
greater than 50% (FIG. 10). Of note, the mice treated with
the AAV 9 vector that expresses the codon-optimized
MMACHC, 100% were alive greater than 60 days, with
improved clinical appearance. Mmachc™’** mice treated
with AAV vectors (AAVrh10 n=11, AAV9 n=3) displayed
dramatically improved clinical appearance with improved
growth (p=0.0568), and increased survival (p<t0.0001 for
both vectors), with the oldest treated mutants living beyond
9 months.

[0108] The gene therapies appear more ellective than

OH-cbl 1njections 1n terms of survival. FIG. 10 also shows
the OH-Cbl treatment of Mmachc®*** mice.

[0109] Gene therapy (GT) treated Mmachc®*® mice
remain small (FIG. 11), and hypopigmentation in a gene
therapy treated mouse increases over time, but achieve the
same growth parameters as those treated by tri-weekly
OH-cbl 1njections.

[0110] Mmachc mice were treated with OHcbl 1-2 times
per week or a single injection of AAVI-CBA-coMMACHC
or AAVrh10-CBA-Mmachc and weighed monthly (FIG. 12).
For this study, the animals were maintained on a high {fat,
fruit, and enterocal enriched diet because of previous work
suggesting that such a diet may aid in the survival of animals
with 1solated methylmalonic acidemia (Chandler et al,
FASEB I, 23:1252-61 (2009)). The prolonged intake of such
a high fat, carbohydrate enriched diet can cause unafiected
or Mmachc carriers to develop increased weight gain and
obesity, which explains why the control and heterozygous
mice (Group 1, FIG. 12) in this specific study are much
larger than the treated mutants or other controls after 7
months ingesting this diet, as compared to the 40 day old
mice control mice presented 1n FIG. 11 (Group 1).

[0111] A small number of mice treated with gene therapy
were sacrificed for ocular studies. The mice display thinming,
of the outer segments and a retinopathy that 1s similar to
what has been described 1n humans. Specifically, there was
a loss of mner and outer photoreceptors and thinming of the
outer nuclear layer, with a reduced number of cells 1n the
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outer nuclear layer and shortening of photoreceptor outer
segments. Hence, gene therapy was used to create cblC mice
that then survive long enough to display the eye disease,
which can then be further treated by the invention described
herein.

[0112] All references, including publications, patent appli-
cations, and patents, cited herein are hereby incorporated by
reference to the same extent as i1f each reference were

individually and specifically indicated to be incorporated by
reference and were set forth 1n 1ts entirety herein.

[0113] The use of the terms “a” and “an’” and “the” and “at
least one” and similar referents in the context of describing
the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the
plural, unless otherwise indicated herein or clearly contra-
dicted by context. The use of the term “at least one”
followed by a list of one or more 1tems (for example, “at
least one of A and B”) 1s to be construed to mean one 1tem
selected from the listed items (A or B) or any combination
of two or more of the listed items (A and B), unless
otherwise indicated herein or clearly contradicted by con-
text. The terms “comprising,” “having,” “including,” and
“containing’” are to be construed as open-ended terms (i.e.,
meaning “including, but not limited to,”) unless otherwise
noted. Also, everywhere “comprising” (or its equivalent) 1s
recited, the “comprising” 1s considered to incorporate “con-
sisting essentially of” and “consisting of.” Thus, an embodi-
ment “comprising” (an) element(s) supports embodiments
“consisting essentially of” and “consisting of” the recited
clement(s). Everywhere “consisting essentially of” 1s recited
1s considered to incorporate “consisting of” Thus, an
embodiment “consisting essentially of”” (an) element(s) sup-
ports embodiments “consisting of” the recited element(s).
“Consisting essentially of”” limits the scope of a claim to the
speciflied materials or steps and those that do not materially

allect the basic and novel characteristic(s) of the claim.

[0114] Recitation of ranges of values herein are merely
intended to serve as a shorthand method of referring indi-
vidually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value 1s
incorporated into the specification as 1t 1t were individually
recited heremn. All methods described herein can be per-
formed 1n any suitable order unless otherwise indicated
herein or otherwise clearly contradicted by context. The use
of any and all examples, or exemplary language (e.g., “such
as’’) provided herein, 1s intended merely to better 1lluminate
the invention and does not pose a limitation on the scope of
the mnvention unless otherwise claimed. No language in the
specification should be construed as indicating any non-
claimed element as essential to the practice of the invention.

[0115] Preferred embodiments of this i1nvention are
described herein, including the best mode known to the
inventors for carrying out the invention. Variations of those
preferred embodiments may become apparent to those of
ordinary skill in the art upon reading the foregoing descrip-
tion. The mventors expect skilled artisans to employ such
variations as appropriate, and the inventors intend for the
invention to be practiced otherwise than as specifically
described herein. Accordingly, this mvention includes all
modifications and equivalents of the subject matter recited in
the claims appended hereto as permitted by applicable law.
Moreover, any combination of the above-described elements
in all possible variations thereof 1s encompassed by the
invention unless otherwise indicated herein or otherwise
clearly contradicted by context.
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11

SEQUENCE LISTING

Sequence total quantity: 12

SEQ ID NO:
FEATURE

1

misc_feature

SOuUrce

SEQUENCE :

atggagccga
ttcgaggttt
ctaccgcetgc
cgggccctca
cagtgtgtgg
atcattgctyg
gcccatgtag

gggaaccagc
cgaggggtag
gactgtgtac
cgtgattgga
gcctacttcet
gagaagccta
gggaatccca
ggccct

SEQ ID NO:
FEATURE

aagtcgcaga
accectteca
caggacctac
agcccttett
cctaccatct
actacgaggt
ctggggcetgce
gcatatcagyg
tgctgctgcec
ctacaagagc
cttaccggga
ccactccacc
gttcteecte

gcagagcccy

2

misc_feature

SOUrce

SEQUENCE :
atggaaccta
ttcgaggtgt
ttgccactgce
cgcgcecctcea
cagtgcegtgg
atcatcgcygyg
gcgcacgtgg
ggcaatcaga
cggggegtgg
gactgcgtgc
cgcgactgga
gcctactttt
gagaagccta
ggcaacccta
ggccct

SEQ ID NO:
FEATURE

aagtcgcaga
accctttceca
ccggtoecgac
agccgttcect
cctaccacct
attacgaagt
ctggcgecgc
gaatctctgyg
tgctgctygcec
caactagagc
cctaccecggga
caactccgcec
gctceccecoccecte

gccgyygccay

3

misc_feature

SOuUrce

SEQUENCE :

moltype =

DNA length

Location/Qualifiers

1..846

= 846

note = wild-type human MMACHC

1..84¢6
mol type
organism

gctgaagcag
ggtggcatgyg
cctggecttce
gcagagctgc
gggccgtgtt
gcaccccaac
ttactactac
tgtgtgcata
agggatagag
tgaccgtatc
tgctgtgaca
tgcccaacga
ccocggaccett

gagctggctc

moltype =

genomic DNA
Homo sapiens

aagatcgagyg
tacaatgaac
ctggtactca
cacctccgaa
agagagagcc
cgacgcoccca
caacgacaag
cacccccgat
gtgccagatc
gccctactceg
ccccaggagc
ttggccectat
ccctttaccea

agccccaggy

DNA length

Location/Qualifiers

1..846

acacgctatyg
tcttgectec
gcacgcctgce
tgctgactga
tcccagaget
agatcctggc
atgtggaggce
ttgggggctyg
tgccacccag
aaggcttcaa
gctactcaga
tgggcettggce
cacgccgeccc
tctcaccacc

= 846

tccttttgge
agccttcecac
catgtttgac
cccagtggac
gcagatagaa
ccagacagca
tgacccatgy
gtttgccatc
aaaacctcat
tttccactgy
agagcagaag
tcagccctca
caagaagcct
tgcatcccect

note = codon optimized human MMACHC

1..84¢6
mol type
organism

actcaagcag
agtggcctgg
tctcogegttt
gcaatcatgt
gggtcgcegte
gcacccaaac
ctattactac
agtgtgcatc
gggaatcgag
cgatagaatt
cgctgtgact
ggcccagcegc
gcecggactty
gtcctggcty

moltype =

other DHNA
synthetic

aagatcgagy
tacaacgagc
cttgtgetgt
catctgcgga
agggaatccc

cggcoggecca
cagcgccagy
cacccacggt
gtgccagact
gccctgetgy
cctcaagaac
ctggcactcc
ccctteaccea

tccccgaggy

DNA length

Location/Qualifiers

1..27

note = hemagglutinin

1..27
mol type
organism

tacccgtatg atgtgcccga ctacgcece

SEQ ID NO:
FEATURE

4

misc_feature

SOUrce

SEQUENCE :

moltype =

other DHNA
synthetic

DNA length

Location/Qualifiers

1..81

note = 3XFLAG tag

1..81
mol type
organism

other DNA
synthetic

construct

acaccctgtyg
tcctgeccecec
cgaccaccgce
tgctgaccga
tgccggagcet
agattctcgce
acgtcgaggce
tcgggggatg
tgcctecteg

aagggttcaa
gctacagcga

tgggactggc
ccoecggecec

tgtccecgec

= 27

(HA) tag

construct

= 81

construct

ccegttegga
tgctttecat
gatgttcgac
tccggtcegat
tcagatcgag
ccaaaccgcce
ggacccttgy
gttcgcaatt
aaagccccac
cttccattygg
agaacagaag
ccagccectec
caaaaagccc
tgccteoccec

gactacaaag atgacgacga caagggagac tataaggacg acgacgataa gggagattac
aaggatgacg atgacaaggg ¢

SEQ ID NO:
FEATURE

5

misc_feature

SOuUrce

moltype =

DNA length

Location/Qualifiers

1..6037

= 6037

note = AAV with wild-type human MMACHC

1..6037

60

120
180
240
300
360
420
480
540
600
660
720
780
840
846

60

120
180
240
300
360
420
480
540
600
660
720
780
840
846

277

60
81
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SEQUENCE :

gctgcgegcet
tggtcgcccyg
taggggttcc
gatcctctag
ttacggggtc
atggcccgcc
ttcccatagt
aaactgccca
tcaatgacgg
ctacttggca
cgttcetgett
CCLLtttaatt

gggcgygggygcy
agagcggcgc
aaaagcgaag
ccgccocgocgc
gcgyggcegygyga
CCCCcLLLttcCt
ggagcggctc
cgctgecoccygyg
tgcgcgaggy
acaaaggctg
tcgggctgca
gtgcggggcet
aggtgggggt
geggcggcecc
tatggtaatc
aatctgggag
gcaggaaggdga
ctctceccagcec
cggggttegy
cCcttcttctt
ttggcaaaga
ggagccgaaa
cgaggtttac
accgctgcca
ggccctcaag
gtgtgtggcc
cattgctgac
ccatgtagct
gaaccagcgc
aggggtagtg
ctgtgtacct
tgattggact
ctacttctcc
gaagcctagt
gaatcccagc
ccctacgegt
tccctetgcec
ataaaggaaa
aagcaattcg
agcatggcgg
ctctgcgecgce
ttgcccgggc
ccgtegtttt
cagcacatcc
cccaacagtt
cggcegggtgt
ctcectttege

taaatcgggy
aacttgatta
ctttgacgtt
tcaaccctat
ggttaaaaaa
ttacaattta
ctaaatacat
atattgaaaa
tgcggcattt
tgaagatcag
ccttgagagt
atgtggcgceg
ctattctcag
catgacagta

cgctcgctcea
gcctcagtga
ttgtagttaa
aactatagct
attagttcat
tggctgaccy
aacgccaata
cttggcagta
taaatggccc
gtacatctac
cactgctccecc
attttgtgca
gggcgagggy
gctccgaaag
cgegeggegy
ctcgecgcocgce
cggcccttcet
gtggctgegt
ggggggtgceg
cggetgtgag
gagcgcggcc
cgtgeggggt
accccccctg
ccgtacgggy
gccgggceggy
ccggagcgcc
gtgcgagagg
gcgeocgoeogc
aatgggcggy

tcggggetgt
cttctggegt

tttcctacag
attcgtcgac
gtcgcagagc
ceettecagy
ggacctaccc
ccettettge
taccatctygy
tacgaggtgc
ggggctgett
atatcaggtyg
ctgctgceccayg
acaagagctyg
taccgggaty
actccacctyg
tcteoectecec
agagcccgga
acgcggecgc
aaaaattatyg
CLtattttca
ttgatctgaa
gttaatcatt
tcgctegetc

ggcctcagtyg
acaacgtcgt

ccetttegec
gcgcagcectyg

ggtggttacyg
CCCLcCcttcect

gctcececttta
gggtgatggt
ggagtccacyg
ctcggtctat
tgagctgatt
ggtggcactt
tcaaatatgt
aggaagagta
tgccttectyg
ttgggtgcac
tttcgccecceg
gtattatccc
aatgacttgg
agagaattat

mol type
organism

ctgaggccgc
gcgagcgagc
tgattaaccc
agtcgacatt
agcccatata
cccaacgacc
gggactttcc
catcaagtgt
gcctggecatt
gtattagtca
atctccceccce

gcgatggggy
cggggcyggydy
CCCcctttta
gcgggagtceyg
ccgecocceggc
cctececgggcet
gaaagccttg
tgcgtgtgty
cgctgegggc
gggggcggtyg
gtgtgcgtgyg
cacccceectce
cgtggcgcgg
gcggggccgc
ggcggcetgtce
gcgcagggac
accccectceta
gagggccttce
ccygcyggygdgyd
gtgaccggceg
ctcctgggcea
tggatccggt
tgaagcagaa
tggcatggta
tggccttect
agagctgcca
gccgtgttag
accccaaccy
actactacca
tgtgcataca
ggatagaggt
accgtatcgc
ctgtgacacc
cccaacgatt
cggaccttcec

gctggctcag
tcgaggacgg
gggacatcat
ttgcaatagt
tttcgaccac
aactacaagg
actgaggccg
agcgagcgag
gactgggaaa
agctggcgta
aatggcgaat
cgcagcgtga
tccttteteg
gggttccgat
tcacgtagtg
Ctctttaata
Ccttttgatt

taacaaaaat
ttcggggaaa
atccgcetcat
tgagtattca
tttttgctca
gagtgggtta
aagaacgttt
gtattgacgc
ttgagtactc
gcagtgctgce

other DNA
synthetic

ccgggcaaag
gcgcagagag
gccatgctac
gattattgac
tggagttccy
ccecgeccatt
attgacgtca
atcatatgcc
atgcccagta
tcgctattac
cctcoccecacc

CYYYg9gYgggyy
cgaggcggay
tggcgaggcey
ctgcgegcetyg
tctgactgac
gtaattagcg

aggggctccg
tgtgcgtggg
gcggcgcgygd
ccocecgeggtyg
gggggtgagc
cccgagttge
ggctcgccgt
ctegggecgy
gagygcgcggc
ttccoctttgte
gcgggcygcyy
gtgcgtcgcc
acggctgect
gctctagagc
acgtgctggt
accgaggaga
gatcgaggac
caatgaactc
ggtactcagc
cctccgaatg
agagagcctc
acgccccaag
acgacaagat
ccocecgattt
gccagatctyg
cctactcgaa
ccaggagcgc
ggccctattyg
ctttaccaca
ccccagggtce
ggtgaactac
gaagcccctt
gtgttggaat
ccataatacc
aacccctagt
ggcgaccaaa
cgcgcagect
accctggegt
atagcgaaga
gggacgcgcc
ccgctacact
ccacgttcge

ttagtgcttt
ggccatcgcc
gtggactctt
tataagggat
ttaacgcgaa
tgtgcgcgga
gagacaataa
acatttccgt
cccagaaacg
catcgaactg
tccaatgatg
cgggcaagag
accagtcaca
cataaccatg

12

-continued

construct

cccgggcegtc
ggagtggcca
ttatctacca
tagttattaa
cgttacataa
gacgtcaata
atgggtggag
aagtacgccc
catgacctta
catggtcgag
cccaattttg
gggggggcgc
aggtgcggcg
gcggeggcgyg
CCttGgCCCC
cgcgttactc
cttggtttaa

ggagggccct
gagcgccgcyg
gctttgtgeg
Cgggggygyygce
agggggtgtyg
tgagcacggc
gcecgggcegygy
ggagggctcg
gagccgcagc
ccaaatctgt
gygcgaagcygy
gcgccgecgt
tcggggggga
ctctgctaac
tattgtgctg
tctgececgecy
acgctatgtc
ttgcctcecag
acgcctgcca
ctgactgacc
ccagagctgc
atcctggcecc
gtggaggctg
gggggcetggt
ccacccagaa
ggcttcaatt
tactcagaag
ggcttggctc
cocogoccccea
tcaccacctyg
gcctgaggat
gagcatctga
tttttgtgtc
cattaccctyg
gatggagttyg
ggtcgcccga
taattaacct
tacccaactt
ggcccgcacce
ctgtagcggc
tgccagcgcec
cggcetttecce
acggcacctce
ctgatagacy
gttccaaact
tttgccgatt
ttttaacaaa
acccctattt
ccctgataaa

gtcgccctta
ctggtgaaag
gatctcaaca
agcactttta
caactcggtce
gaaaagcatc
agtgataaca

gggcgacctt
actccatcac

gggtaatggg
tagtaatcaa
cttacggtaa
atgacgtatyg
tatttacggt
cctattgacy
tgggactttc
gtgagcccca
Catttattta
gcgccaggcy
gcagccaatc
cggccctata
gtgccccgcet
ccacaggtga
tgacggcttyg
ttgtgcgggy
tgcggctcecy
ctcegcagty
tgcgagggga
ggcgegtegyg
ccggettegy
gggtggcegge
g4gg99aggggyc
cattgccttt
gcggagcecga
tgcggcgcecy
cccecttetec
cggggcagygygy
catgttcatyg
Cctcatcatt
cgatcgcecat
cttttggett
cctteocaccet
tgtttgaccy
cagtggacca
agatagaaat
agacagcagc
acccatgggyg
ttgccatccy
aacctcatga
tccactggcy
agcagaaggc
agccctcaga
agaagcctgyg
catcccctgy
ccgatctttt
cttctggcta
tctcactcgy
gtagataagt
gccactccect
cgcceccocggget
aattcactgyg
aatcgccttyg
gatcgccctt
gcattaagcg
ctagcgcccy
cgtcaagcetce
gaccccaaaa
gtttttcegec
ggaacaacac
tcggcoctatt
atattaacgc
gtttattttt
tgcttcaata
CCcecectttett

taaaagatgc
gcggtaagat
aagttctgcet
gccgcataca
ttacggatgyg
ctgcggccaa

60
120
180
240
300
360
420
480
540
600
660
720
780
840
500
560
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1280
2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2760
2820
2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540

3600
36060
3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380
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cttacttctyg
ggatcatgta
cgagcgtgac
cgaactactt
tgcaggacca
agccggtgag
ccgtatcgta
gatcgctgag
atatatactt
cctttttgat
agaccccgta
ctgcttgcaa
accaactctt
tctagtgtag
cgctctgcta
gttggactca
gtgcacacag
gctatgagaa
cagggtcgga
tagtcctgtc
ggggcggagc
ctggceetttt
taccgccttt
agtgagcgag
gattcattaa
cgcaattaat
ggctcgtatyg
ccatgattac

SEQ ID NO:
FEATURE

acaacgatcyg
actcgccttyg
accacgatgc
actctagctt
cttctgecgcet
cgtgggtctc
gttatctaca
ataggtgcct
tagattgatt
aatctcatga
gaaaagatca
acaaaaaaac
tttccgaagy
ccgtagttag
atcctgttac
agacgatagt
cccagcettgy
agcgecacgc
acaggagagc
gggtttcgcc
ctatggaaaa
gctcacatgt
gagtgagctyg
Jaagcgdgaay
tgcagctggc
gtgagttagc
ttgtgtggaa
gccagattta

6

misc_feature

SOUrce

SEQUENCE :
gctgegegcet
tggtcgccceg

taggggttcc
gatcctctag

ttacggggtc
atggccecgcec

ttcccatagt
aaactgccca
tcaatgacgy
ctacttggca
cgttcetgett
CCLLtttaatt

JY99gcyggygcy
agagcggcgc
aaaagcgaag
ccgecgecgc
gcgggcyggyga
CCCctLttct
ggagcggctc
cgctgeccgy
tgcgegaggy
acaaaggctyg

tcgggctgcea
gtgcggggcet
aggtgggggt
geggcggcecc
tatggtaatc
aatctgggayg
gcaggaagda
ctctcecagec
cggggttcgg
cCcttcttctt
ttggcaaaga
gtcgcagagc
ccettecagy
ggacctaccc
ccecttettaa
taccacctga
tatgaggtac

cgctegetcea
gcctcagtga
ttgtagttaa
aactatagct
attagttcat
tggctgaccyg
aacgccaata
cttggcagta
taaatggccc
gtacatctac
cactctcccce
attttgtgca
gdgcgagygdygy
gctccgaaag
cgcgcgygceydy
ctcgecgecgce
cggccecttet
gtggctgegt
ggggggtgcg
cggctgtgag
gagcgcggcc
cgtgceggggt
accececcectyg
ccgtacggygyg
gecggygcygyy
ccggagegcec
gtgcgagagg
gcgocgecgc
aatgggcggg

tcggggcetgt
cttctggegt

tttcctacag
attcgccctt
tgaagcagaa
tggcgtggta
tggccttect
agagctgcca
ggagtgttac
accccaatcg

gaggaccgaa
atcgttggga
ctgtagcaat
cccggcaaca
cggcccttcec
gcggtatcat
cgacgyggyyggay
cactgattaa
taaaacttca
ccaaaatccc
aaggatcttc
caccgctacce
taactggctt
gccaccactt
cagtggctgc
taccggataa
agcgaacgac
ttcccgaagyg
gcacgagdga
acctctgact
acgccagcaa
tcttteoctge
ataccgctcg
agcgcccaat
acgacaggtt
tcactcatta
ttgtgagcgg
attaaggcct

moltype =

ggagctaacc
accggagctg
ggcaacaacyg
attaatagac
ggctggcetgyg
tgcagcactg
tcaggcaact
gcattggtaa
CCCttaattt
ttaacgtgag
ttgagatcct
agcggtggtt
cagcagagcg
caagaactct
tgccagtggce
ggcgcagcyy
ctacaccgaa
gagaaagdcyd
gcttccaggy
tgagcgtcga
cgcggecttt
gttatcccct
ccgceagcecga
acgcaaaccg
tccecgactygyg
ggcaccccag
ataacaattt
taattag

DNA

Location/Qualifiers

1..6007
note =
1..6007
mol type
organism

ctgaggccgc
gcgagcgagc
tgattaaccc
agtcgacatt
agcccatata
cccaacgacc
gggactttcc
catcaagtgt
gcctggcecatt
gtattagtca
atctccecccc

gcgatggggy

CYYYygcyyggy
tttcctttta

gcgggagtcg
cocgocaecggc
cctcocgggcet
gaaagccttyg
tgcgtgtgtyg
cgctgogggc
gggggcggtyg
gtgtgcgtgg
caccccecectce
cgtggcegcegy
geggyggcecyc
ggcggcetgtce
gcgcagggac
accccctceta
gagggccttce
cCyCcgyggygyy
gtgaccggcg
ctcctgggca
agcccoggga
gattgaggac
caatgaactc
ggtactcagc
cttccaaaca
agagaagttt
gcgacctaag

ADV

with wild-

other DNA
synthetic

ccgggcaaag
gcgcagagag
gccatgctac
gattattgac
tggagttccy
ccocgeccatt
attgacgtca
atcatatgcc
atgcccagta
tcgctattac
cctoccecacc

CYYg9g99999yy
cgaggcggay
tggcgaggceg
ctgcgagcetyg
tctgactgac
gtaattagcg

aggggctccg
tgtgcegtyggyg
gcggcgcgyy
ccocecgeggtyg
gggggtgagc
cccgagttge
ggctcgccgt
ctcgggecgy
gaggcgcggc
CtCcCctttgtc
gcgggcgcyd
gtgcgtcgcc
acggctgect
gctctagagc
acgtgctggt
gatctttcag
accttgtgtce
ctgcctecag
acacctgcta
ctgagagacc
ccagaagtgc
attctcgeccc

length

13

-continued

gecttttttge
aatgaagcca
ttgcgcaaac
tggatggagyg
tttattgctyg
gggccagatg
atggatgaac
ctgtcagacc
aaaaggatct
ttttegttec
CCCLLLtctgc
tgtttgccgy
cagataccaa
gtagcaccgc
gataagtcgt
tcgggctgaa
ctgagatacc
gacaggtatc
ggaaacgcct
tttttgtgat
ttacggttcc
gattctgtgg
acgaccgagce
cctecteccecy
aaagcgggca
gctttacact
cacacaggaa

= 6007

type mouse

construct

ccegggegte
ggagtggcca
Ctatctacca
tagttattaa
cgttacataa
gacgtcaata
atgggtggag
aagtacgccc
catgacctta
catggtcgag
cccaattttg
gggggggeygc
aggtgcggceg
gcggeggcgy
Cﬂttﬂgﬂﬂﬂﬂ
cgcgttactc
cttggtttaa

ggagggccct
gagcgccgceg
gctttgtgeg
cgggggggge
agggggtgtg
tgagcacggc
gccygggcgyy
ggagggctceyg
gagccgcagce
ccaaatctgt
gygcgaagcygy
gcgccgcecgt
tcggggggga
ctctgctaac
tattgtgctg
cgtgcgttat
cttttggett
cctteocactt
tgtttgacag
cggtggatca
atatggaagt
agacagcagc

acaacatggyg
taccaaacga
tattaactgyg
cggataaagt
ataaatctgyg
gtaagccctce
gaaatagaca
aagtttactc
aggtgaagat
actgagcgtc
gcgtaatctyg
atcaagagct
atactgttct
ctacatacct
gtcttaccgyg
cggggggttc
tacagcgtga
cggtaagcdgyg
ggtatcttta
gctcecgtcagyg
tggccttttyg
ataaccgtat
gcagcgagtc
cgcgttggec
gtgagcgcaa
ttatgcttecc
acagctatga

Mmachc

gggcgacctt
actccatcac

gggtaatggyg
tagtaatcaa
cttacggtaa
atgacgtatyg
tatttacggt
cctattgacy
tgggactttc
gtgagcccca
tatttattta
gegcecaggdced
gcagccaatc
cggccctata
gtgccccgcet
ccacaggtga
tgacggcttyg
ttgtgcgggy
tgcggctccy
ctcecgcagtyg
tgcgagggga
ggcgcgtegyg
ccggettegy
gggtggceggce
g9g99aggggyc
cattgccttt

gcggagcocga
tgcggcgecyg
ccocttetec
cyggggcagyy
catgttcatg
Cctcatcatt
ggagccgcga
cgaagtttat
gccecttecca
agccctcaaa
atgtgtgtcc
cattgctgac
ccatgtggca

4440
4500
4560
4620
4680
4740
4800
4860
4920
4980
5040
5100
5160
5220
5280
5340
5400
5460
5520
5580
5640
5700
5760
5820
5880
5940
6000
6037

60
120
180
240
300
360
420
480
540
600
660
720
780
840
500
960
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
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ggtgctgctt
atagcaggtg
ttgctgccag
acaagagctg
taccgtgatg
accccacctg
actacatctg
agctggctga
ggtgaactac
gaagcccectt
gtgttggaat
ccataatacc
aacccctagt
ggcgaccaaa
cgcgcagcect
accctggcegt
atagcgaaga
gggacgcgcc
ccgctacact
ccacgttcgc
ttagtgcttt
ggccatcgcc
gtggactctt
tataagggat
ttaacgcgaa
tgtgcgcgga
gagacaataa
acatttccgt
cccagaaacyg
catcgaactg
tccaatgatg
cgggcaagag
accagtcaca
cataaccatg
ggagctaacc
accggagcetyg
ggcaacaacyg
attaatagac
ggctggcetgg
tgcagcactg
tcaggcaact
gcattggtaa
CCCttaattt
ttaacgtgag
ttgagatcct
agcggtggtt
cagcagagcg
caagaactct
tgccagtggce
gygcgcagcygy
ctacaccgaa
gagaaaggycyd
gcttccaggy
tgagcgtcga
cgcggcecttt
gttatccecct
ccgcagcocga
acgcaaaccg
tcccgactygg
ggcaccccag
ataacaattt
taattag

SEQ ID NO:
FEATURE

attactacca
tgtgcataca
ggattgaagt
gccgcatcac
ctgtgactcc
cccaacgctt
agcttcctcet
gtccaagtgt
gcctgaggat
gagcatctga
tttttgtgtc
cattaccctg
gatggagttg
ggtcgcccga
taattaacct
tacccaactt
ggcccgcacc
ctgtagcggc
tgccagcgcc
cggctttccce
acggcacctce
ctgatagacg
gttccaaact
tttgccgatt
ttttaacaaa
acccctattt
ccctgataaa
gtcgccctta
ctggtgaaag
gatctcaaca
agcactttta
caactcggtc
gaaaagcatc
agtgataaca
gocttttttge
aatgaagcca
ttgcgcaaac
tggatggadgg
tttattgetyg
gggccagatg
atggatgaac
ctgtcagacc
aaaaggatct
ttttegttec
CECCLLCtgcC
tgtttgccygg
cagataccaa
gtagcaccgc
gataagtcgt
tcgggctgaa
ctgagatacc
gacaggtatc
ggaaacgcct
tttttgtgat
ttacggttcc
gattctgtgy
acgaccgagc
cctectececeg
aaagcgggca
gctttacact
cacacaggaa

7
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SOUrce

SEQUENCE :

gctgegegcet
tggtcgccceg
taggggttcc
gatcctctag

ttacggggtc

cgctegcetcea
gcctcagtga
ttgtagttaa
aactatagct
attagttcat

acgacaagat
ccccocgattt
gccaaatttg
tctgcttgaa
tgaagaacgyg
ggccctatta
ttcettgett
ctcaccacct
ccgatctttt
cttctggcta
tctcactcecgy
gtagataagt
gccactccct
cgcccgggcet
aattcactgyg
aatcgccttyg
gatcgccctt
gcattaagcyg
ctagcgcccy
cgtcaagctc
gaccccaaaa
gtttttegece
ggaacaacac
tcggcectatt
atattaacgc
gLttattttt
tgcttcaata
CCcccttttt
taaaagatgc
gcggtaagat
aagttctgcet
gccgcataca
ttacggatgyg
ctgcggccaa
acaacatggyg
taccaaacga
tattaactgy
cggataaagt
ataaatctgy
gtaagccctc
gaaatagaca
aagtttactc
aggtgaagat
actgagcgtc
gcgtaatctyg
atcaagagct
atactgttct
ctacatacct
gtcttaccgyg
cggggggttc
tacagcgtga
cggtaagegg
ggtatcttta
gctcecgtcagyg
tggcctttty
ataaccgtat
gcagcgagtc
cgcegttggcec
gtgagcgcaa
ttatgcttec
acagctatga

moltype =

gtggatgcag
gggggcetggt
ccacccagaa
ggtttcaatt
tactccgaag
ggcttagccc
actaaacctc
gtatccccag
tccecctetgec
ataaaggaaa
aagcaattcg
agcatggcgg
ctctgcgege
ttgcccecgggce
ccgtegtttt
cagcacatcc
cccaacagtt
cggcgggtgt
ctcectttege
taaatcgggyg
aacttgatta
ctttgacgtt
tcaaccctat
ggttaaaaaa
ttacaattta
ctaaatacat
atattgaaaa
tgcggcattt
tgaagatcag
ccttgagagt
atgtggcgceg
ctattctcag
catgacagta
cttacttctg
ggatcatgta
cgagcgtgac
cgaactactt
tgcaggacca
agccggtgag
ccgtatcgta
gatcgctgag
atatatactt
cctttttgat
agaccccgta
ctgcttgcaa
accaactctt
tctagtgtag
cgctcectgceta
gttggactca
gtgcacacag
gctatgagaa
cagggtcgga
tagtcctgtc
gdgggygcggagc
ctggcctttt
taccgccttt
agtgagcgag
gattcattaa
cgcaattaat
ggctcecgtatyg
ccatgattac

DNA

Location/Qualifiers

1..6005
note =
1..6005
mol type
organism

ctgaggccygc
gcgagcgagc
tgattaaccc
agtcgacatt

agcccatata

ADV

with human codon optimized MMACHC

other DNA
synthetic

ccgggcaaag
gcgcagagag
gccatgctac
gattattgac

tggagttccyg

length

14

-continued

acccatgggyg
ttgccatccg

agccccecctga
tccattggeg
aacagaagat
aaccctcaga
agaattccag
gcccttgatc
aaaaattatg
CCLtattttca
ttgatctgaa
gttaatcatt
tcgctaogetce
ggcctcagtyg
acaacgtcgt
ccetttegece
gcgcagcoctyg
ggtggttacyg
CCCcttccect
gctcccttta
gggtgatggt
ggagtccacyg
ctcggtcectat
tgagctgatt
ggtggcactt
tcaaatatgt
aggaagagta
tgccttectyg
ttgggtgcac
tttcgeccecy
gtattatccc
aatgacttgg
agagaattat
acaacgatcg
actcgcecttyg
accacgatgc
actctagctt
cttctgeget
cgtgggtctce
gttatctaca
ataggtgcct
tagattgatt
aatctcatga
gaaaagatca
acaaaaaaac
tttccgaagyg
ccgtagttag
atcctgttac
agacgatagt
cccagcecttgyg
agcgccacgc
acaggagagc
gggtttcgcc
ctatggaaaa
gctcacatgt
gagtgagctyg
gaagcgyaay
tgcagctggce
gtgagttagc
ttgtgtggaa
gccagattta

= 6005

construct

ccegggegte
ggagtggcca
Ctatctacca
tagttattaa

cgttacataa

gacccagcac
aggggttatg
ctgtgtgcct
ggactggact
ctacttttcc
acaccctagc
gagagctcga
tcgaggacgg
gggacatcat
ttgcaatagt
tttcgaccac
aactacaagyg
actgaggccy
agcgagcgag
gactgggaaa
agctggcgta
aatggcgaat
cgcagcgtga
tccttteteg
gggttccgat
tcacgtagty
CCctttaata
CCcttttgatt
taacaaaaat
ttcggggaaa
atccgctcat
tgagtattca
tttttgctca
gagtgggtta
aagaacgttt
gtattgacgc
ttgagtactc
gcagtgctgce
gaggaccgaa
atcgttggga
ctgtagcaat
cccggcaaca
cggeccttec
gcggtatcat
cgacygggdygay
cactgattaa
taaaacttca
ccaaaatccc
aaggatcttc
caccgctacc
taactggctt
gccaccactt
cagtggctgc
taccggataa
agcgaacgac
ttccecgaagy
gcacgaggga
acctctgact
acgccagcaa
tctttectge
ataccgctcy
agcgcccaat
acgacaggtt
tcactcatta
ttgtgagcgy
attaaggcct

gggcgacctt
actccatcac

gggtaatggg
tagtaatcaa
cttacggtaa

2400
2460
2520
2580
2640
2700
2760
2820
2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540
3600
3660
3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380
4440
4500
4560
4620
4680
4740
4800
48060
4920
4980
5040
5100
5160
5220
5280
5340
5400
5460
5520
5580
5640
5700
5760
5820
5880
5940
6000
6007

60

120
180
240
300
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atggcccgcec
ttcccatagt
aaactgccca
tcaatgacgyg
ctacttggca
cgttetgett
CCLLtttaatt

gdggcggdgcy
agagcggcgc
aaaagcgaag
ccgecocgecgc
gcdgdcdgda
CCCcttttct
ggagcggcetc
cgctgeccygy
tgcgcgaggy
acaaaggctyg
tcgggctgca
gtgcggggcet
aggtgggggt
geggcggcecc
tatggtaatc
aatctgggayg
gcaggaagda
ctctecagec
cggggttcgg
CcCcttcttctt
ttggcaaaga
agatcgagga
acaacgagct
ttgtgectgtc
atctgcggat
gggaatccct

ggcggcccaa
agcgccagga
acccacggtt
tgccagactt
cceetgetgga
ctcaagaacyg
tggcactcct
ccttcaccac
cceccecgagggt
tgaactacgc
agccceccttga
gttggaattt
ataataccca
ccectagtga
cgaccaaagyg
cgcagcectta
cctggegtta
agcgaagagy
gacgcgccct
gctacacttg
acgttcecgcecyg
agtgctttac
ccatcgecct
ggactcttgt
taagggattt
aacgcgaatt
tgcgcggaac
gacaataacc
atttcegtgt

cagaaacgct
tcgaactgga
caatgatgag
ggcaagagca
cagtcacaga
taaccatgag
agctaaccgc
cggagctgaa
caacaacgtt
taatagactyg
ctggctggtt
cagcactggy
aggcaactat
attggtaact

tggctgaccy
aacgccaata
cttggcagta
taaatggccc
gtacatctac
cactctcccc
attttgtgca
gggcygadgggy
gctccgaaag
cgcgceyggeygy
ctcgecgecgc
cggcccttet
gtggctgegt
ggggggtgcey
cggctgtgag
gagcgceggcec
cgtgeggggt
acccccectyg
ccgtacgggy
gecgygcgyy
cocggagegcoc
gtgcgagagyg
gcgcecogocgce
aatgggcggy

tcggggetgt
cttctggegt

tttcctacag
attcgatatc
caccctgtgce
cctgeccecect
gacccoccgcoyg
gctgaccgat
gccggagcett
gattctcgcc
cgtcgaggcg
cgggggatgg
gcctcectcega
agggttcaac
ctacagcgaa
gggactggcc
ccocggeoccc
gtccccecgect
ctgaggatcc
gcatctgact
CEtCgtgtctc
ttaccctggt
tggagttggc
tcgcceccgacy
attaacctaa
cccaacttaa
ccocgceaccyga
gtagcggcegce
ccagcgccct
gctttceccceceyg
ggcacctcga
gatagacggt
tccaaactygg
tgccgatttce
ttaacaaaat
ccctatttgt
ctgataaatg
cgccecttatt
ggtgaaagta
tctcaacagce
cacttttaaa
actcggtcgc
aaagcatctt
tgataacact
ttttttgecac
tgaagccata
gcgcaaacta
gatggaggcg
tattgctgat
gccagatggt
ggatgaacga
gtcagaccaa

cccaacgacc
gggactttcc
catcaagtgt
gcctggcatt
gtattagtca
atctcceecccec

gcgatggggy
cggggcyggyggy
CCLtcctttta
gcgggagtcg
ccgecceecggc
cctecgggcet
gaaagccttyg
tgcgtgtgtg
cgctgecgggc
gggggcggtyg
gtgtgcegtgg
caccccecectce
cgtggegegy
gcegygggcecgc
ggcggcetgtce
gcgcagggac
accccectceta
gagggccttc
cCcygcygyyggyy
gtgaccggceg
ctccectgggcea
gccgccacca
ccgttceggat
gctttecatt
atgttcgacc
ccggtcegatce
cagatcgaga
caaaccgccg
gacccttggy
ttcgcaattce
aagccccacyg
ttccattggce
gaacagaagg
cagccctcecg
aaaaagcccg
gcctccecccecy
gatcttttte
tctggctaat
tcactcggaa
agataagtag
cactccctcet
ccegggettt
ttcactggcce
tcgcecttgea
tcgccecttec
attaagcgcg
agcgcccgcet
tcaagctcta
ccccaaaaaa
ttttegecct
aacaacactc
ggcctattgy
attaacgctt
Ctatttcttct
cttcaataat
ccctttttty
aaagatgctg
ggtaagatcc
gttctgctat

cgcatacact

acggatggca
gcggccaact

aacatggggg
ccaaacgacg
ttaactggcyg
gataaagttyg
aaatctggag
aagccctcecce
aatagacaga
gtttactcat

ccecgeccatt
attgacgtca
atcatatgcc
atgcccagta
tcgctattac
cctcoccecacc

Cy4g9999999
cgaggcggayd
tggcgaggcy
ctgcgegcety
tctgactgac
gtaattagcyg

aggggctcecg
tgtgcgtggg
gcggcgcgyy
ccecegeggtyg
gggggtgagce
cccgagttge
ggctcgccgt
ctcgggcecgg
gaggcgcggc
ttcetttgtc
gcgggcgcyd
gtgcgtcgcc
acggctgect
gctctagagc
acgtgctggt
tggaacctaa
tcgaggtgta
tgccactgcec
gcgccctcaa
agtgcgtggc
tcatcgcgga
cgcacgtggc
gcaatcagag
ggggcegtggt
actgcgtgcc
gcgactggac
cctacttttc
agaagcctag
gcaaccctag
gcccttaatyg
cctctgccaa
aaaggaaatt
gcaattcgtt
catggcgggt
ctgcgecgcetce
gcccggycyy
gtegttttac
gcacatcccc
caacagttgc
gcgggtgtgg
cctttegett
aatcgggggce
cttgattagg
ttgacgttygg
aaccctatct
ttaaaaaatg
acaatttagg
aaatacattc
attgaaaaag
cggcattttg

aagatcagtt
ttgagagttt
gtggcgceggt
attctcagaa
tgacagtaag
tacttctgac
atcatgtaac
agcgtgacac
aactacttac
caggaccact
ccggtgageyg
gtatcgtagt
tcgctgagat
atatacttta

15

-continued

gacgtcaata
atgggtggag
aagtacgccc
catgacctta
catggtcgag
cccaattttg
gggggggcygc
aggtgcggceg
gcggeggcgyg
CCttchCCC
cgcgttactc
cttggtttaa

ggagggccct
gagcgccgcy
gctttgtgeg
Cggggygygyge
agggggtgtyg
tgagcacggc
gccygggcggy
ggagggctcyg
gagccgcagce
ccaaatctgt
gdgcgaagcydd
gcgccgcecgt
tcggggggda
ctctgctaac
tattgtgctyg
agtcgcagaa
ccctttecaa
cggtccgact
gccgttectyg
ctaccacctyg
ttacgaagtyg
tggcgccegec
aatctctgga
gctgetgecy
aactagagcc
ctaccgggac
aactccgccy
ctccecectey
ccyggygcecagy
aaagcttctc
aaattatggyg
tattttcatt
gatctgaatt
taatcattaa
gctcgctcac
cctcagtgag
aacgtcgtga
ctttcgccag
gcagcctgaa
tggttacgcyg
Ccttccectte
tccectttagyg
gtgatggttc
agtccacgtt
cggtctattc
agctgattta
tggcactttt
aaatatgtat
gaagagtatg
ccttectgtt
gggtgcacga
tcgccccgaa
attatcccgt
tgacttggtt
agaattatgc
aacgatcgga
tcgccttgat
cacgatgcct
tctagettec
tctgegetcey

tgggtctcgce
tatctacacg
aggtgcctca

gattgattta

atgacgtatyg
tatttacggt
cctattgacy
tgggactttc
gtgagcccca
tatttattta
gcgccagdcey
gcagccaatc
cggccctata
gtgcccecceget
ccacaggtga
tgacggctty
ttgtgcgggy
tgcggctcecy
ctcecgcagty
tgcgagggga
ggcgcgtcegg
ccggcettcegy
gggtggcggc
gYgg9gagygggyc
cattgcecttt
gcggagcecga
tgcggcgcecy
ccocttetec
cggggcagygygy
catgttcatyg
Cctcatcatt
ctcaagcaga
gtggcctggt
ctcgegtttce
caatcatgtc
ggtcgcgtca
cacccaaacc
tattactacc
gtgtgcatcc
ggaatcgagyg
gatagaattg
gctgtgactce
gcccagcegcec
ccggacttgce
tcctggetgt
gaggacygggygy
gacatcatga
gcaatagtgt
tcgaccaccc
ctacaaggaa
tgaggccggy
cgagcgagcyg
ctgggaaaac
ctggcgtaat
tggcgaatgyg
cagcgtgacc
ctttctegec
gttccgattt
acgtagtggy
Ctttaatagt
CCttgattta
acaaaaattt
cggggaaatg
ccgcetcatga
agtattcaac
tttgctcacc

gtgggttaca
gaacgttttc
attgacgccyg
gagtactcac
agtgctgcca
gygaccgaagy

cgttgggaac
gtagcaatgyg

cggcaacaat
gceccecttocygy
ggtatcattg
acggggagte
ctgattaagc
aaacttcatt

360

420

480

540

600

660

720

780

840

900

560

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2760
2820
2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540
3600
36060
3720
3780
3840
3900
3960
4020

4080
4140
4200
4260
4320
4380
4440
4500
4560
4620
4680
4740
4800
4860
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tLtaatttaa
aacgtgagtt
gagatccttt
cggtggtttg
gcagagcgca
agaactctgt
ccagtggcga
cgcagcggtc
acaccgaact
gaaaggcdgga
ttccaggggy
agcgtcgatt
cggecttttt
tatcccctga
gcagccgaac
gcaaaccgcc
ccgactggaa
caccccaggc
aacaatttca
attag

SEQ ID NO:
FEATURE

aaggatctag
ttcgttccac
ttttctgege
tttgccggat
gataccaaat
agcaccgcct
taagtcgtgt
gggctgaacg
gagataccta
caggtatccg
aaacgcctygg
tttgtgatgce
acggttcctg
ttctgtggat
gaccgagcgc
tctcecceccegeg
agcgggcagt
CLtacacttt
cacaggaaac

8

misc_feature

SOuUrce

SEQUENCE :
gctgcgcegcet
tggtcgcecccy

taggggttcc
gatcctctag

ttacggggtc
atggccecgcec

ttcccatagt
aaactgccca
tcaatgacygg
ctacttggca

cgttectgett
ttttttaatt

g99gcyggygcey
agagcggcedc
aaaagcgaag
ccgecgecge
gcggygceyggyga
CCLtcttttct
ggagcggctc
cgctgeccgy
tgcgcgaggy
acaaaggctyg

tcgggctgcea
gtgcggggcet
aggtgggggt
geggceggecc
tatggtaatc

aatctgggag
gcaggaagga
ctcteccagec

cggggttcegyg
ccttettett

ttggcaaaga
agatcgagga
acaacgagct
ttgtgctgte
atctgcggat
gggaatccct

ggcggcccaa
agcgccagga
acccacggtt
tgccagactt
ccetgetgga
ctcaagaacg
tggcactcct

ccttcaccac
ccecgagggt

cgctcgctca
gcctcagtga
ttgtagttaa
aactatagct
attagttcat
tggctgaccy
aacgccaata
cttggcagta
taaatggccc
gtacatctac
cactgctccecc
attttgtgca
gggcgagggy
gctccgaaag
cgegeggegy
ctcgegcecgce
cggcccttcet
gtggctgegt
ggggggtgceg
cggctgtgag
gagcgcggcc
cgtgcggggt
accccccctg
ccgtacgggy
gccgggceggy
ccggagcgcc
gtgcgagagg
gcgcecocgoeagc
aatgggcggy

tcggggcetgt
cttctggegt

tttcctacag
attcgatatc

caccctgtge
cctgeccecect
gacccccgcyg
gctgaccgat
gccggagcett
gattctcgcc
cgtcgaggcg
cgggggatgg
gcctectega
agggttcaac
ctacagcgaa
gggactggcce
ccocggeoccc
gtccccecgect

gtgaagatcc
tgagcgtcag
gtaatctgct
caagagctac
actgttcttc
acatacctcyg
cttaccgggt

gggggttcgt
cagcgtgagc
gtaagcggca
tatctttata
tcgtcecagggy
gccttttget
aaccgtatta
agcgagtcag
cgttggccga
gagcgcaacyg
atgcttccygg
agctatgacc

moltype =

tttttgataa
accccgtaga
gcttgcaaac
caactctttt
tagtgtagcc
ctctgctaat
tggactcaag
gcacacagcc
tatgagaaag
gggtcggaac
gtcctgtcgy
ggcggagcect
ggccttttgc
ccgectttga
tgagcgagga
ttcattaatyg
caattaatgt
ctcgtatgtt
atgattacgc

DNA

Location/Qualifiers

1..6044
note =
1..6044
mol type
organism

ctgaggccgc
gcgagcgagc
tgattaaccc
agtcgacatt
agcccatata
cccaacgacc
gggactttcc
catcaagtgt
gcctggecatt
gtattagtca
atctccceccce

gcgatggggyg
Cggggcygyy
CCCcctttta
gcgggagtceg
ccgecceacgygce
cctcececgggcet
gaaagccttyg
tgcgtgtgtyg
cgctgeggygce
gggggcggtyg
gtgtgcgtgyg
cacccecectce
cgtggcgcgg
gcggggcecgc
ggcggctgtc
gcgcagggac
accccectceta
gagggccttc
cCcygcygyyggyy
gtgaccggcey
ctcctgggcea
gcecgecacca
ccgtteggat
gctttecatt
atgttcgacc
ccggtcegatce
cagatcgaga
caaaccgccg

gacccttggy
ttcgcaattc
aagccccacyg
ttccattggc
gaacagaagqg
cagccctecyg
aaaaagcccyg
gcctcocoecy

other DNA
synthetic

ccgggcaaag
gcgcagagag
gccatgctac
gattattgac
tggagttccy
ccecgeccatt
attgacgtca
atcatatgcc
atgcccagta
tcgctattac
cctcoccecacc

CYY99999999
cgaggcggay
tggcgaggcey
ctgcgagcetyg
tctgactgac
gtaattagcg

aggggctccg
tgtgcgtggyg
gceggcgcegyy
ccocecgeggtyg
gggggtgagc
cccgagttge
ggctcgccgt
ctcgggocgyg
gagygcgcggc
ttccotttgte
gcgggcgcyy
gtgcgtcgcc
acggctgect
gctcetagagce
acgtgctggt
tggaacctaa
tcgaggtgta
tgccactgcec
gcgccctcaa
agtgcgtggc
tcatcgcgga
cgcacgtggc
gcaatcagag
ggggcgtggt
actgcgtgcec
gcgactggac
cctacttttce
agaagcctag
gcaaccctag
gcecetggggy

length

16

-continued

tctcatgacc
aaagatcaaa
aaaaaaacca
tccgaaggta
gtagttaggc
cctgttacca
acgatagtta
cagcttggag
cgccacgcett
aggagagcgc
gtttcgccac
atggaaaaac
tcacatgttc
gtgagctgat
agcggaagag
cagctggcac
gagttagctc
gtgtggaatt
cagatttaat

= 6044

AAYV with human MMACHC HA

construct

cccgggcegtc
ggagtggcca
ttatctacca
tagttattaa
cgttacataa
gacgtcaata
atgggtggag
aagtacgccc
catgacctta
catggtcgag
cccaattttg
gggggggcgc
aggtgcggcg
gcggeggcgyg
CCtthCCCC
cgcgttactc
cttggtttaa

ggagggccct
gagcygccged
gctttgtgceyg
CY9999Y9ggc
agggggtgtyg
tgagcacggc
gecgygygcegydy
ggagggctceg
gagccgcagc
ccaaatctgt
ggcdaagcygy
gcgcecgecgt
tcggggggga
ctctgctaac

tattgtgctg
agtcgcagaa
ccectttecaa
cggtccgact
gccgttectyg
ctaccacctyg
ttacgaagtyg
tggcgccogcec
aatctctgga
gctgctgecy
aactagagcc
ctaccgggac
aactccgccy
ctcceecteyg

ccgggccagyg
aagctcgtac

aaaatccctt
ggatcttett
ccgctaccag
actggcttca
caccacttca
gtggctgcetg
ccggataagyg
cgaacgacct
cccgaaggga
acgagggygadc
ctctgacttyg
gccagcaacy
tttcectgegt
accgctcegec
cgcccaatac
gacaggtttc
actcattagyg
gtgagcggat
taaggcctta

gggcgacctt
actccatcac

gggtaatggg
tagtaatcaa
cttacggtaa
atgacgtatyg
tatttacggt
cctattgacy
tgggactttc
gtgagcccca
Catttattta
gcgccaggdcy
gcagccaatc
cggccctata
gtgccccgcet
ccacaggtga
tgacggcttyg
ttgtgcgggy
tgcggctcecy
ctcegecagty
tgcgagggga
ggcgcgtegyg
ccggettcogyg
gggtggceggce
g4gg99aggggyc
cattgccttt
gcggagcecga
tgcggcgcecy
cccecttetec
cgggygygcaygygy
catgttcatyg
tCctcatcatt
ctcaagcaga
gtggcctggt
ctcgegtttce
caatcatgtc
ggtcgcgtca
cacccaaacc
tattactacc
gtgtgcatcc

ggaatcgagyg
gatagaattg
gctgtgactce
gcccagcegcec
ccggacttgce
tcctggetgt
ccgtatgatyg

4920
4980
5040
5100
5160
5220
5280
5340
5400
5460
5520
5580
5640
5700
5760
5820
5880
5940
6000
6005

60
120
180
240
300
360
420
480
540
600
660
720
780
840
500
560
1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1280

2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2760
2820
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tgcccgacta
atctttttcc
ctggctaata
cactcggaag
gataagtagc
actccctctce
ccgggcetttg
tcactggccg
cgccttgcag
cgcccttece
ttaagcgcgyg
gcgecegetce
caagctctaa
cccaaaaaac
tttcegecctt
acaacactca
gcctattggt
ttaacgctta
Catttttcta
ttcaataata
cettttttge
aagatgctga
gtaagatcct
ttctgetatyg
gcatacacta

cggatggcat
cggccaactt

acatggggga
caaacgacga
taactggcga
ataaagttgc
aatctggagc
agccctcecceg
atagacagat
ttLtactcata
tgaagatcct
gagcgtcaga
taatctgctyg
aagagctacc
ctgttcttet
catacctcgc
ttaccgggtt

ggggttcgtyg
agcgtgagcet
taagcggcag
atctttatag
cgtcecaggggy
ccttttgetyg
accgtattac
gcgagtcagt
gttggccgat
agcgcaacgc
tgcttccecggce
gctatgacca

SEQ ID NO:
FEATURE

cgcctaatga
ctctgccaaa
aaggaaattt
caattcgttyg

atggcgggtt
tgcgcegceteg
cccygyggeggce
tcgttttaca
cacatccccc
aacagttgcg
cgggtgtggt
ctttegettt
atcgggggct
ttgattaggg
tgacgttgga
accctatctce
taaaaaatga
caatttaggt
aatacattca
ttgaaaaagg
ggcattttgc
agatcagttg
tgagagtttt
tggcgcggta
ttctcagaat
gacagtaaga
acttctgaca
tcatgtaact
gcgtgacacc
actacttact
aggaccactt
cggtgagcgt
tatcgtagtt
cgctgagata
tatactttag
ttttgataat
ccccecgtagaa
cttgcaaaca
aactcttttet
agtgtagccg
tctgctaatc
ggactcaaga
cacacagccc
atgagaaagc
ggtcggaaca
tcctgtegygg
gcggagcecta
gccttttget
cgccetttgag
gagcgaggaa
tcattaatgc
aattaatgtg
tcgtatgttyg
tgattacgcc

5

misc_feature

sOource

SEQUENCE :

gctgcgcegcet
tggtcgceccocy
taggggttcc
gatcctctag
ttacggggtc
atggccecgcec
ttcccatagt
aaactgccca
tcaatgacgyg
ctacttggca
cgttetgett
CCLCLttaatt

gg9gcygggycy

cgctcecgcetcea
gcctcagtga
ttgtagttaa
aactatagct
attagttcat
tggctgaccy
aacgccaata
cttggcagta
taaatggccc
gtacatctac
cactctcccce
attttgtgca

gg9gcygagyyy

aagcttctcg
aattatgggg
attttcattyg
atctgaattt
aatcattaac
ctcgctcact
ctcagtgagc
acgtcgtgac
tttcgccagce
cagcctgaat
ggttacgcgc
ctteccecettec
ccetttagygg
tgatggttca
gtccacgttc
ggtctattct
gctgatttaa
ggcacttttc
aatatgtatc
aagagtatga
cttcctgttt
ggtgcacgag
cgccoccgaag
ttatcccecgta
gacttggttyg
gaattatgca
acgatcggag
cgccttgatce
acgatgcctg
ctagcttccc
ctgcgctcygyg
gggtctcgceg
atctacacga
ggtgcctcac
attgatttaa
ctcatgacca
aagatcaaag
aaaaaaccac
ccgaaggtaa
tagttaggcc
ctgttaccag
cgatagttac
agcttggagc
gccacgcttc
ggagagcgca
tttcgccacc
tggaaaaacg
cacatgttct
tgagctgata
gcgdgaagagc
agctggcacyg
agttagctca
tgtggaattg
agatttaatt

moltype =

aggacggggt
acatcatgaa

caatagtgtyg
cgaccaccca
tacaaggaac
gaggccggyc
gagcgagcgc
tgggaaaacc
tggcgtaata

ggcgaatggg
agcgtgaccyg
tttctegeca
ttccgattta
cgtagtgggc
tttaatagtyg
Cttgatttat
caaaaattta
ggggaaatgt
cgctcatgag
gtattcaaca
ttgctcaccce
tgggttacat
aacgttttcce
ttgacgccgg
agtactcacc
gtgctgccat
gaccgaagga
gttgggaacc
tagcaatggc
ggcaacaatt
ccecttecgge
gtatcattgc
cggggagtcea
tgattaagca
aacttcattt
aaatccctta
gatcttetty
cgctaccagce
ctggcttcag
accacttcaa
tggctgctgce
cggataaggc
gaacgaccta
ccgaagyggyay
cgagggagct
tctgacttga
ccagcaacgc
ttccotgegtt
ccgetegecyg
gcccaatacy
acaggtttcc
ctcattaggc
tgagcggata
aaggccttaa

DNA

Location/Qualifiers

1..6098
note =
1..6098
mol type
organism

ctgaggccgc
gcgagcgagc
tgattaaccc
agtcgacatt
agcccatata
cccaacgacc
gggactttcc
catcaagtgt
gcctggecatt
gtattagtca
atctccecccce

gcgatggggy
CY999cyg9gygy

ADV

length

17

-continued

gaactacgcc
gccccttgag
ttggaatttt
taatacccat
ccctagtgat
gaccaaaggt
gcagccttaa
ctggcgttac
gcgaagaggc
acgcgceccty
ctacacttgc
cgttegecgy
gtgctttacg
catcgccctyg
gactcttgtt
aagggatttt
acgcgaattt
gcgcggaacc
acaataaccc
tttcegtgte
agaaacgctyg
cgaactggat
aatgatgagc
gcaagagcaa
agtcacagaa
aaccatgagt
gctaaccgcet
ggagctgaat
aacaacgttyg
aatagactgyg
tggctggttt
agcactgggyg
ggcaactatg
ttggtaactyg
ttaatttaaa
acgtgagttt
agatcctttt
ggtggtttgt
cagagcgcag
gaactctgta
cagtggcgat
gcagcggtceg
caccgaactyg
aaaggcggac
tccaggggga
gcgtcecgattt
ggccttttta
atcccctgat
cagccgaacyg
caaaccgcct
cgactggaaa
accccaggcet
acaatttcac
ttag

= 6098

tgaggatccyg
catctgactt
ttgtgtctet
taccctggta
ggagttggcc
cgcccgacgc
ttaacctaat
ccaacttaat
ccgcaccgat
tagcggcgca
cagcgcccta
ctttcocecegt
gcacctcgac
atagacggtt
ccaaactgga
gccgattteg
taacaaaata
cctatttgtt
tgataaatgc
gcccttattce
gtgaaagtaa
ctcaacagcy
acttttaaag
ctcggtegec
aagcatctta
gataacactg
tttttgcaca
gaagccatac
cgcaaactat
atggaggcgyg
attgctgata
ccagatggta
gatgaacgaa
tcagaccaag
aggatctagyg
tcgttcecact
tttctgcgcey
ttgccggatc
ataccaaata
gcaccgccta
aagtcgtgtc
ggctgaacgyg
agatacctac
aggtatccgyg
aacgcctggt
ttgtgatgcet
cggttcctgy
tctgtggata
accgagcgca
ctccececgege
gcgggcagtyg
Ctacacttta
acaggaaaca

with human MMACHC 2xFLAG

othexr DNA

synthetic

ccgggcaaag
gcgcagagag
gccatgctac
gattattgac
tggagttccyg
ccecgeccatt
attgacgtca
atcatatgcc
atgcccagta
tcgctattac
cctoccecacc

CY99999999Y
cygaggcedgygay

construct

cccgggegtc
ggagtggcca
Ctatctacca
tagttattaa
cgttacataa
gacgtcaata
atgggtggag
aagtacgccc
catgacctta
catggtcgag
cccaattttg
gggggggcgc
aggtgcggceg

gggcgacctt
actccatcac

gggtaatggg
tagtaatcaa
cttacggtaa
atgacgtatyg
tatttacggt
cctattgacy
tgggactttc
gtgagcccca
tatttattta
gcgccaggdcy
gcagccaatc

2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540
3600
3660
3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380
4440
4500
4560
4620
4680
4740
4800
4860
4920
4980
5040
5100
5160
5220
5280
5340
5400
5460
5520
5580
5640
5700
5760
5820
5880
5940
6000
6044

60

120
180
240
300
360
420
480
540
600
660
720
780
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agagcggcedge
aaaagcgaag
ccgecgecgc
gcgggcdggda
CCCCcLtLttct
ggagcggcete
cgctgeccygy
tgcgegaggy
acaaaggctyg
tcgggctgca
gtgcggggcet
aggtgggggt
gcggcggcecc
tatggtaatc
aatctgggayg
gcaggaaggda
ctctcecagec
cggggttcgg
CCCLTcttctt
ttggcaaaga
agatcgagga
acaacgagct
ttgtgctgte
atctgcggat
gggaatccct

ggcggcccaa
agcgccagga
acccacggtt
tgccagactt
ccetgetgga
ctcaagaacyg
tggcactcct
ccttcaccac
ccocgagggt
acgacgacaa
acaagggcta
ttcectetge
aataaaggaa
gaagcaattc
tagcatggcy
tctetgegey
tttgccecggy
gccgtogttt
gcagcacatc
tcccaacagt
gcggcegggty
gctcoccecttteg
ctaaatcggy
aaacttgatt
cctttgacgt
ctcaacccta
tggttaaaaa
cCtacaattt
tctaaataca
aatattgaaa
ttgcggcatt
ctgaagatca
tccttgagayg
tatgtggcgc
actattctca
gcatgacagt
acttacttct
gggatcatgt
acgagcgtga
gcgaactact
ttgcaggacc
gagccggtga
ccegtatcegt
agatcgctga
catatatact
tcctttttga
cagacccecgt
gctgcttgca
taccaactct
ttctagtgta
tcgectetget

gcteccgaaag
cygcycygygeygy
ctecgegecgc
cggcecttet
gtggctgegt
ggggggtgcyg
cggctgtgag
gagcycdgcco
cgtgcggggt
acceeeecty
ccgtacggygyg
geogyygcygdydy
ccggagegcec
gtgcgagagg
gcgecgeage
aatgggcggyg

tcggggcetgt
cttctggegt

tttcctacag
attcgatatc
caccctgtgce
cctgecccect
gacccecgoyg
gctgaccgat
gccggagcett
gattctcgcc
cgtcgaggcg
cgggggatgg
gcctcectcecga
agggttcaac
ctacagcgaa
gggactggcece
ccocggecoccc
gtcccegect
gggagactat
atgaaagctt
caaaaattat
atttatttcc
gttgatctga
ggttaatcat
ctcgectegcet
cggcctcagt
tacaacgtcg
ccocetttege
tgcgcagcect
tggtggttac
CCLCCcLttcCccce
ggctcccttt
agggtgatgg
tggagtccac
tctcecggtcta
atgagctgat
aggtggcact
ttcaaatatg
aaggaagagt
ttgccttect
gttgggtgca
ttttcgeccce
ggtattatcc
gaatgacttyg
aagagaatta
gacaacgatc

aactcgcectt
caccacgatg
tactctagct
acttctgcgce
gcgtgggtet
agttatctac
gataggtgcc
ttagattgat
taatctcatg
agaaaagatc
aacaaaaaaa
ttttccgaag
gccgtagtta
aatcctgtta

CCLtcctttta
gcgggagtceg
ccgeccecgygce
cctceccgggcet
gaaagccttyg
tgcgtgtgtyg
cgctgcecggygc
gggggcggtyg
gtgtgcgtgyg
cacccececte
cgtggcgcdgg
gcggggcecdgc
ggcggcetgtce
gcgcagggac
accccectcta
gagggccttc
cCcygcygygyggyy
gtgaccggceg
ctcctgggcea
gccgcecacca
ccgtteggat
gctttecatt
atgttcgacc
ccggtcegatce
cagatcgaga
caaaccgccg
gacccttggy
ttcgcaattc
aagccccacyg
ttccattggce
gaacagaagg
cagccctceceg
aaaaagcccg
gcctccoccecy
aaggacgacg
ctcgaggacy
ggggacatca
attgcaatag
atttcgacca
taactacaag
cactgaggcc
gagcgagcga
tgactgggaa
cagctggcgt
gaatggcgaa
gcgcagcegty
CCCcCctttcCctc
agggttccga
ttcacgtagt
gttctttaat
Ctcttttgat
ttaacaaaaa
tttcggggaa
tatccgctcea
atgagtattc
gtttttgcte
cgagtgggtt
gaagaacgtt
cgtattgacg
gttgagtact
tgcagtgctg
ggaggaccga
gatcgttggy
cctgtagcaa

tcccecggcaac
tcggcececttce
cgcggtatca
acgacgyggya
tcactgatta
ttaaaacttc
accaaaatcc
aaaggatctt
ccaccgctac
gtaactggct
ggccaccact

ccagtggctyg

tggcgaggceg
ctgcgegcetyg
tctgactgac
gtaattagcg

aggggctccg
tgtgcegtyggyg
gcggcgcgyy
ccocecgeggtyg
gggggtgagc
cccgagttge
ggctcgccgt
ctcgggecgy
gagygcgcggc
ttcetttgtc
gcgggcygcyy
gtgcgtcgcc
acggctgect
gctctagagc
acgtgctggt
tggaacctaa
tcgaggtgta
tgccactgcc
gcgceccectcaa
agtgcgtggc
tcatcgecgga
cgcacgtggc
gcaatcagag
ggggcgtggt
actgcgtgcc
gcgactggac
cctacttttc
agaagcctag
gcaaccctag
gcecetggggy
acgataaggyg

gggtgaacta
tgaagcccct

tgtgttggaa
cccataatac
gaacccctag

gggcgaccaa
gcgcgcagcc
aaccctggcy
aatagcgaag
tgggacgcegce
accgctacac
gccacgttcyg

tttagtgcett

gggccatcgc
agtggactct

ttataaggga
tttaacgcga
atgtgcgcgg
tgagacaata
aacatttccyg
acccagaaac
acatcgaact
ttccaatgat

ccgggcaaga
caccagtcac

ccataaccat
aggagctaac
aaccggagcet
tggcaacaac
aattaataga
cggcetggcetyg
ttgcagcact
gtcaggcaac
agcattggta
atttttaatt
cttaacgtga
cttgagatcc
cagcggtggt
tcagcagagc
tcaagaactc
ctgccagtygg

18

-continued

gceggcegygegy
ccttegeccec
cgcgttactce

cttggtttaa

ggagggccct
gagcgccgceg
gctttgtgcg
cgggggggge
agggggtgtg
tgagcacggc
gcecygggcgygy
ggagggctcg
gagccgcagc
ccaaatctgt
gygcgaagcyy
gcgccecgecgt
tcggggggga
ctctgctaac
tattgtgctg
agtcgcagaa
ccectttecaa
cggtccgact
gcecgttectyg
ctaccacctyg
ttacgaagtyg
tggcgccogcec
aatctctgga
gctgctgcecyg
aactagagcc
ctaccgggac
aactccgccy
ctccecectey
ccyggygcecagy
ttcctceggac
agattacaag
cgcctgagga
tgagcatctyg
ttttttgtgt
ccattaccct
tgatggagtt
aggtcgcccyg
ttaattaacc
ttacccaact
aggcccgceac
cctgtagcegy
ttgccagcgc
ccggetttec
tacggcacct
cctgatagac
tgttccaaac
ttttgccgat
attttaacaa
aacccctatt
accctgataa
tgtcgccectt
gctggtgaaa
ggatctcaac
gagcactttt
gcaactcggt
agaaaagcat
gagtgataac
cgctttttty
gaatgaagcc
gttgcgcaaa
ctggatggag
gtttattgcet
ggggccagat
tatggatgaa
actgtcagac
taaaaggatc
gttttegtte
CCCLCCCtLCctyg
ttgtttgeeg
gcagatacca
tgtagcaccyg
cgataagtcyg

cggccctata
gtgccccgcet
ccacaggtga
tgacggcttyg
ttgtgcgggy
tgcggctccy
ctcecgcagty
tgcgagggga
ggcgcgtegyg
ccggettegy
gggtggcgge
gdggaggggc
cattgccttt
gcggagcecga
tgcggcgcecy
ccecttetec
cgggygcagygygy
catgttcatyg
Cctcatcatt
ctcaagcaga
gtggcctggt
ctcgegtttce
caatcatgtc
ggtcgcgtca
cacccaaacce
tattactacc
gtgtgcatcc
ggaatcgagg
gatagaattg
gctgtgactc
gcccagcegcec
ccggacttgce
tcctggetgt
tacaaagatyg
gatgacgatg
tccgatettt
acttctggcet
ctctcactcy
ggtagataag
ggccactccc
acgcccgggc
taattcactyg
taatcgcctt
cgatcgcecct
cgcattaagc
cctagcgcecc
ccgtcaaget
cgaccccaaa
ggtttttege
tggaacaaca
ttcggcctat
aatattaacyg
Cgtttatttt
atgcttcaat
attccectttet
gtaaaagatg
agcggtaaga
aaagttctgc
cgccgcatac
cttacggatyg
actgcggcca
cacaacatgyg

ataccaaacg
ctattaactg
gcggataaag
gataaatctyg
ggtaagccct
cgaaatagac
caagtttact
taggtgaaga
cactgagcgt
cgcgtaatcet
gatcaagagc
aatactgttc
cctacatacc
tgtcttaccyg

840

500

960

1020
1080
1140
1200
1260
1320
1380
1440
1500
1560
1620
1680
1740
1800
1860
1920
1980
2040
2100
2160
2220
2280
2340
2400
2460
2520
2580
2640
2700
2760
2820
2880
2940
3000
3060
3120
3180
3240
3300
3360
3420
3480
3540
3600
3660
3720
3780
3840
3900
3960
4020
4080
4140
4200
4260
4320
4380
4440
4500

4560
4620
4680
4740
4800
4860
4920
4980
5040
5100
5160
5220
5280
5340
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ggttggactc
cgtgcacaca
agctatgaga
gcagggtcgg
atagtcctgt
gdgggcggay
gctggecttt
ttaccgcecctt
cagtgagcga
cgattcatta
acgcaattaa
cggctcegtat
accatgatta

SEQ ID NO:
FEATURE

aagacgatag
gcccagcettyg
aagcgccacyg
aacaggagag
cgggtttcgc
cctatggaaa
tgctcacatyg
tgagtgagct
ggaagcyggaa
atgcagctygy
tgtgagttag
gttgtgtgga
cgccagattt

10

misc_feature

SOuUurce

SEQUENCE :
atggagccgc
ttcgaagttt
ttgcccttec
agagccctca
caatgtgtgt
gtcattgctyg
gcccatgtgy
gggacccagc
cgaggggtta
gactgtgtgc
cgggactgga
atctactttt
gaacacccta
aggagagctc
t

SEQ ID NO:
FEATURE

10

gagtcgcaga
atcccttccea
caggacctac
aacccttcett
cctaccacct
actatgaggt
caggtgctgc
acatagcagg
tgttgctgcc
ctacaagagc
cttaccgtga
ccaccccacce
gcactacatc

gaagctggct

11

misc_feature

SOuUurce

SEQUENCE :

atggaaccta
ttcgaggtgt
ttgccactgce
cgcgcecctcea
cagtgcgtgg
atcatcgcgg
gcgcacgtgy
ggcaatcaga
cggggcgtgyg
gactgcgtgc
cgcgactgga
gcctactttt
gagaagccta
ggcaacccta
ggccctgggy

SEQ ID NO:
FEATURE

11

aagtcgcaga
acccttteca
ccggtecgac
agccgttect
cctaccacct
attacgaagt
ctggcgcecgc
gaatctctgg
tgctgctgcec
caactagagc
cctaccggga
caactccgcec
gctcccocecte

gccegggocag
gaagctcgta

12

misc_feature

SOuUrce

SEQUENCE :

atggaaccta
ttcgaggtgt
ttgccactgce
cgcgcecctcea
cagtgcegtgg
atcatcgcygyg

12

aagtcgcaga
acccttteca
ccggtccogac
agccgttect
cctaccacct
attacgaagt

ttaccggata
gagcgaacga
cttcceccgaag
cgcacgaggyg
cacctctgac
aacgccagca
ttctttecty
gataccgctc
gagcgcccaa
cacgacaggt
ctcactcatt
attgtgagcg
aattaaggcc

moltype =

aggcgcagcyg
cctacaccga
ggagaaaggc
agcttccagg
ttgagcgtcg
acgcggcectt
cgttatcccc
gccgcagcecy
tacgcaaacc
ttcceccgactyg
aggcacccca
gataacaatt
ttaattag

DNA

Location/Qualifiers

1..841
note =
1..841
mol type
organism

gctgaagcag
ggtggcgtgyg
cctggectte
aaagagctgc
gaggagtgtt
acaccccaat
ttattactac
tgtgtgcata
agggattgaa
tggccgcatc
tgctgtgact
tgcccaacgc
tgagcttcct
gagtccaagt

moltype =

length

19

-continued

gtcgggctga
actgagatac
ggacaggtat

gggaaacgcc
atttttgtga

tttacggtte
tgattctgtyg
aacgaccgag
gcctcecteccc
gaaagcgdggc
ggctttacac
tcacacagga

= 841

wild-type mouse Mmachc

genomic DNA
Mugs musculus

aagattgagg
tacaatgaac
ctggtactca
cacttccaaa
acagagaagt
cggcgaccta
caacgacaag
cacccccgat
gtgccaaatt
actctgcttg
cctgaagaac
ttggccctat
ctttecttge
gtctcaccac

DNA

Location/Qualifiers

1..885
note =
1..885
mol type
organism

actcaagcag
agtggcctgg
tctogegttt
gcaatcatgt
gggtcgcegtc
gcacccaaac
ctattactac
agtgtgcatc
gggaatcgag
cgatagaatt
cgctgtgact
ggcccagcgc
gccggacttyg

gtcctggcety
cccgtatgat

moltype =

othexr DNA

synthetic

aagatcgagy
tacaacgagc
cttgtgetgt
catctgcgga
agggaatccc

cggcggcecca
cagcgccagyg
cacccacggt
gtgccagact
gccectgetgy
cctcaagaac
ctggcactcc
ccectteacca

tcceccgagyy
gtgcccgact

DNA

Location/Qualifiers

1..939
note =
1..939
mol type
organism

actcaagcag
agtggcctgg
tctegegttt
gcaatcatgt

gggtﬂgﬂgtﬂ
gcaccCaadac

othexr DNA

synthetic

aagatcgagg
tacaacgagc
cttgtgetgt
catctgcgga
agggaatccc

cggcggecca

length

length

acaccttgtyg
tcctgectec
gcacacctgce
cactgagaga
ttccagaagt
agattctcgc
atgtggatgc
ttgggggctyg
tgccacccag
aaggtttcaa
ggtactccga
taggcttagce
ttactaaacc
ctgtatcccc

= 885

construct

acaccctgtyg
tcctgecccec
cgaccceecge
tgctgaccga
tgccggagcet
agattctcgc
acgtcgaggc
tcgggggatyg
tgcctectcy
aagggttcaa
gctacagcga
tgggactggce
ccooggeccec
tgtcccecgec
acgcc

= 939

construct

acaccctgtyg
tcctgeccecce
cgaccccocgc
tgctgaccga

tgccggagcet
agattctcgce

acggggggtt
ctacagcgtyg
ccggtaagcey
tggtatcttt
tgctcgtcag
ctggcctttt
gataaccgta
cgcagcgagt
gcgegttggce
agtgagcgca
tttatgcttc
aacagctatyg

tccttttgge
agccttcecac
tatgtttgac
cccggtggat
gcatatggaa
ccagacagca
agacccatgyg
gtttgccatc
aaagccccct
tttccattygg
agaacagaag
ccaaccctca
tcagaattcc
aggcccttga

cccgttegga
tgctttccat
gatgttcgac
tccggtcegat
tcagatcgag
ccaaaccgcc

ggacccttgyg
gttcgcaatt

aaagccccac
cttccattygyg
agaacagaag
ccagccectec
caaaaagccc
tgccteccecec

ccegttegga
tgctttecat
gatgttcgac
tccggtcogat
tcagatcgag
ccaaaccgcc

5400
5460
5520
5580
5640
5700
5760
5820
5880
5940
6000
6060
6098

60

120
180
240
300
360
420
480
540
600
660
720
780
840
841

human codon-optimized MMACHC with linker and HA

60

120
180
240
300
360
420
480
540
600
660
720
780
840
885

human codon-optimized MMACHC with linker and 3xXFLAG

60

120
180
240
300
360
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20
-continued
gcgcacgtgg ctggcgccge ctattactac cagcgcecagg acgtcgaggce ggacccttgg 420
ggcaatcaga gaatctctgg agtgtgcatc cacccacggt tcgggggatg gttcgcaatt 480
cggggcgtgyg tgctgctgcecce gggaatcgag gtgceccagact tgcecctectcecg aaagccccac 540
gactgcgtgce caactagagc cgatagaatt gceccecctgcectgg aagggttcaa cttceccattgg 600
cgcgactgga cctaccggga cgctgtgact cctcaagaac gctacagcga agaacagaag 660
gcctactttt caactccgcce ggcccagcgce ctggcactcce tgggactggce ccagccctcecce 720
gagaagccta gctcceccececcte gccggacttg cecttcacca ccceccecggeccce caaaaagceccce 780
ggcaacccta gccgggccag gtcctggctg tceccccgaggg tgtccccecgcece tgcectcecceccecce 840
ggccctgggyg gttcecctcecgga ctacaaagat gacgacgaca agggagacta taaggacgac 900
dJgacgataagg gagattacaa ggatgacgat gacaagggc 939

1.-13. (canceled)

13. A polypeptide encoded by a synthetic methylmalonic
aciduria cblC type with homocystinuria (MMACHC) poly-
nucleotide comprising a polynucleotide encoding
MMACHC that 1s codon-optimized for expression in a
human.

14. (canceled)

15. An expression vector comprising a MMACHC gene
sequence under the control of a chicken beta actin (CBA)
promoter.

16.-17. (canceled)

18. The expression vector of claim 15, wherein the
expression vector 1s a viral vector.

19. The expression vector of claim 18, wherein the viral
vector 1s an adeno-associated viral (AAV) vector.

20. The expression vector of claim 19, wherein the AAV
1s pseudotyped with at least one of rh10, type 9, type 8, and
Tm8 capsid.

21.-24. (canceled)

25. A method of treating or preventing at least one
condition of methylmalonic acidemia, hyperhomocysteine-
mia, homocystinura, cobalamin C type and deficiency of
MMACHC, and low levels of MMACHC 1n a subject, the
method comprising administering to a subject in need
thereol a therapeutically eflective amount of a synthetic
methylmalonic aciduria c¢blC type with homocystinuna
(MMACHC) polynucleotide comprising a polynucleotide
encoding MMACHC that 1s codon-optimized for expression
in a human, wherein the administration treats the condition

in the subject.
26.-29. (canceled)

30. The method of claim 25, wherein the condition
includes vision loss.

31. A method of treating or preventing at least one
condition of congenital heart defects (CHD), neural tube
defects (NTD), combined methylmalonic acidemia and
homocystinuria X type (cblX), HCFCI1 spectrum defects,
hyperhomocystinuria, and vitamin B12 deficiency 1n a sub-
ject, the method comprising administering to a subject in
need thereof a therapeutically effective amount of a syn-
thetic methylmalonic aciduria cblC type with homocystin-
urta (MMACHC) polynucleotide comprising a polynucle-
otide encoding MMACHC that 1s codon-optimized for
expression 1 a human, wherein the administration treats the
condition 1n the subject.

32.-37. (canceled)

38. A method of detecting or tracking exogenous
MMACHC 1n a subject comprising (a) administering to the
subject exogenous MMACHC 1n the form of a synthetic
methylmalonic aciduria ¢blC type with homocystinuria
(MMACHC) polynucleotide comprising a polynucleotide
encoding MMACHC that 1s codon-optimized for expression
in a human; (b) obtaining a sample of tissue, biospecimen,
or body fluid from the subject; and (¢) determining the
expression level of the exogenous MAACHC 1n the sample.

39. The method of claim 38, wherein the expression
vector 15 Anc80.

40. The method of claim 38, wherein the expression

vector 15 an AAV vector pseudotyped with at least one of
rh10, type 9, type 8, and 7m8 capsid.

G o e = x
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