(19)

DANMARK (10 DK/EP 2986722 T3

(12) Oversaettelse af
europeeisk patentskrift

Patent-og
Varemaerkestyrelsen

(51)
(45)

(80)

(73)

(72)

(74)
(54)

(56)

Int.Cl.: C12N 9/88(2006.01)
Overseaettelsen bekendtgjort den: 2019-05-13

Dato for Den Europaeiske Patentmyndigheds
bekendtgorelse om meddelelse af patentet: 2019-04-03

Europaeisk ansggning nr.: 14784792.5

Europaeisk indleveringsdag: 2014-04-17

Den europaeiske ansggnings publiceringsdag: 2016-02-24

International ansagning nr.: US2014034500

Internationalt publikationsnr.: WO2014172541

Prioritet: 2013-04-18 US 201361813586 P 2013-10-31 US 201361897932 P

Designerede stater: AL AT BE BG CH CY CZ DE DK EE ES FI FR GB GR HR HU IE IS IT LI LT LU LV
MC MK MT NL NO PL PT RO RS SE SI SK SM TR

Patenthaver: Codexis, Inc., 200 Penobscot Drive, Redwood City, CA 94063, USA

Opfinder: HUISMAN, Gjalt, W., 200 Penobscot Drive, Redwood City, California 94063, USA
AGARD, Nicholas, J., 200 Penobscot Drive, Redwood City, California 94063, USA

MIJTS, Benjamin, 200 Penobscot Drive, Redwood City, California 94063, USA

VROOM, Jonathan, 200 Penobscot Drive, Redwood city, California 94063, USA

ZHANG, Xiyun, 200 Penobscot Drive, Redwood City, California 94063, USA

Fuldmaegtig i Danmark: Plougmann Vingtoft A/S, Strandvejen 70, 2900 Hellerup, Danmark

Benaevnelse: MANIPULEREDE PHENYLALANINAMMONIAK-LYASEPOLYPEPTIDER

Fremdragne publikationer:

WO-A2-03/018759

US-A- 5753 487

US-A1- 2008 008 695

US-A1- 2013 039 898

US-B2- 7 560 263

KANG T S ET AL: "Converting an injectable protein therapeutic into an oral form: Phenylalanine ammonia lyase
for phenylketonuria”, MOLECULAR GENETICS AND METABOLISM, ACADEMIC PRESS, AMSTERDAM, NL, vol.
99, no. 1, 1 January 2010 (2010-01-01), pages 4-9, XP026802464, ISSN: 1096-7192 [retrieved on 2009-09-11]
MOFFITT M C ET AL: "Discovery of two cyanobacterial phenylalanine ammonia lyases: Kinetic and structural
characterization”, BIOCHEMISTRY, AMERICAN CHEMICAL SOCIETY, US, vol. 46, no. 4, 1 January 2007 (2007-
01-01), pages 1004-1012, XP002501766, ISSN: 0006-2960, DOI: 10.1021/BI061774G

C. N. SARKISSIAN ET AL: "Preclinical evaluation of multiple species of PEGylated recombinant phenylalanine
ammonia lyase for the treatment of phenylketonuria”, PROCEEDINGS OF THE NATIONAL ACADEMY OF
SCIENCES, vol. 105, no. 52, 30 December 2008 (2008-12-30), pages 20894-20899, XP055306442, US ISSN: 0027-
8424, DOI: 10.1073/pnas.0808421105

Fortsaettes ...



DK/EP 2986722 T3

Anonymous: "UNIPROT:K9TV53", , 6 March 2013 (2013-03-06), XP055306438, Retrieved from the Internet:
URL :http //ibis.internal.epo.org/exam/dbfe tch.jsp?id=UNIPROT:K9TV53 [retrieved on 2016-09-29]


URL:httpy/ibis.internal.epo.org/exam/dbfe

10

15

20

25

30

35

40

45

50

55

DK/EP 2986722 T3

Description
FIELD OF THE INVENTION

[0001] The present invention relates to engineered phenylalanine ammonia-lyase (PAL) polypeptides and composi-
tions thereof, as well as polynucleotides encoding the engineered phenylalanine ammonia-lyase (PAL) polypeptides. In
some embodiments, the engineered PAL polypeptides are optimized to provide enhanced catalytic activity, as well as
reduced sensitivity to proteolysis and increased tolerance to acidic pH levels. In some embodiments, the engineered
PAL polypeptides are deimmunized. The invention also relates to the use of the compositions comprising the engineered
PAL polypeptides for therapeutic and industrial purposes.

BACKGROUND OF THE INVENTION

[0002] Phenylalanine ammonia-lyase (PAL) along with histidine ammonia-lyase (HAL) and tyrosine ammonia-lyase
(TAL) are members of the aromatic amino acid lyase family (EC 4.3.1.23-1.25 and 4.3.1.3). More specifically the enzymes
having PAL activity (EC 4.3.1.23-1.25 and previously classified as EC4.3.1.5) catalyze the nonoxidative deamination of
L-phenylalanine into (E)-cinnamic acid. PAL is a non-mammalian enzyme that is widely distributed in plants and has
also been identified in fungi and a limited number of bacteria. PAL enzymes may be used as a therapeutic protein for
the treatment of the metabolic disorder, phenylketonuria (PKU). PKU is an autosomal metabolic genetic disorder in
which the hepatic enzyme phenylalanine hydroxylase (PAH) or one or more of the enzymes involved in the synthesis
or recycling of the co-factor tetrahydrobiopterin, is nonfunctional due to a mutation in one of the corresponding genes.
This lack of functionality results in high levels of phenylalanine in the bloodstream. The phenylalanine is converted into
phenylpyruvate (phenylketone) and other derivatives. In humans, if PKU is not treated early, high levels of phenylalanine
and some of its breakdown products can cause significant medical problems including intellectual disability, microcephaly
and seizures. Numerous studies have focused on the use of PAL in the treatment of PKU by enzyme substitution (Ambrus
et al., Science 201:837-839 [1978]; Bourget et al., Appl. Biochem. Biotechnol., 10:57-59 [1984]; and Sarkissian et al.,
Proc. Natl. Acad. Sci. USA 96:2339-2344 [1999]).

[0003] One method of detoxifying phenylalanine in the blood stream is the use of injectable recombinant PAL and
PAL variants modified by pegylation (PEG-PAL). Pegylation has been shown to improve enzyme half-life and reduce
subject antigenic response (See e.g., WO 2008/153776, WO 2011/097335, and US Pat. No. 7,531,341). PAL variants
useful in PEG-PAL compositions have been described as variants of wild-type Nostoc punctiforme (NpPAL); Anabaena
variabilis (AvPAL) and Rhodosporidium toruloides (RtPAL). In particular, variants of wild-type AvPAL have been described
wherein the cysteine residues at positions 64, 318, 503 and 565 have been substituted with serine (See e.g., US Pat
Nos: 7,790,433, 7,560,263; and 7,537,923).

[0004] An alternative route of PAL administration as a means of reducing plasma concentration of L-phenylalanine in
PKU subjects is a non-invasive formulation such as an oral formulation (Sarkissian et al., Proc. Natl. Acad. Sci. USA
96:2339-2344 [1999]). A key advantage of oral delivery of PAL is the reduced exposure of the enzyme to the immune
system thereby minimizing the immune response which is observed with injectable PEG-PAL. However, a major limitation
for the oral formulation of PAL is loss of enzyme activity in the stomach and intestinal lumen. In order to be effective and
functional PAL must resist degradation by acidic pHs and proteases such as trypsin, chymotrypsin, carboxypeptidases
and pepsin that normally degrade proteinaceous foods to oligopeptides and amino acids. In some previous studies
(Sarkissian, supra) in order to achieve a significant effect for the oral administration of PAL, a large amount of the enzyme
was required partly due to enzymatic degradation by proteases and partly due to relatively low specific activity at pH
7.0. Various means have been explored to suppress PAL degradation upon digestion (Kim et al., Molec. Therap., 10:220
- 224 [2004]; and Shah et al., Int. J. Pharmaceut., 356:61-68 [2008]).

[0005] One approach to increase the effectiveness of PAL under the harsh conditions of the digestive tract is to provide
engineered PAL polypeptides thatare tolerant to the inherent harsh conditions. Kang et al. used site directed mutagenesis
of a chymotrypsin cleavage site and pegylation of surface lysines of an AvPAL to reduce proteolytic inactivation (See,
Kang et al., Mol. Gen. Metabol., 99:4-9 [2010]). In these studies ten cleavage sites were specifically mutated and all but
two of these resulting mutants (F18A and R94G) lost more than 50% of the original enzyme activity. None of the mutants
showed increased activity and the F18A mutant showed a slight increase in trypsin resistance (Kang et al., supra).
Further studies with PAL, while effective, generally have not resulted in a longer lived enzyme. Therefore, oral admin-
istration of previously described PAL mutants and derivatives thereof does not result in effective treatment of PKU.
[0006] Despite the progress made with various formulations of PAL there remains a need for PAL polypeptides having
improved properties for oral administration. These improved properties include without limitation a greater half-life,
increased catalytic activity, improved stability to the conditions in the digestive track and reduced aggregation.

[0007] In addition to therapeutic applications PAL enzymes may also be used in the industrial synthesis of L-pheny-
lalanine and other substituted L-phenylalanine derivatives. These derivatives may then be used as pharmaceutical



10

15

20

25

30

35

40

45

50

55

DK/EP 2986722 T3

precursors (Gloge etal., Chem., 6: 3386-3390 [2000]; Bartsch et al., Prot. Eng. Des. Sel., 23:929-933 [2010]; and Turner,
Curr. Opin. Chem. Biol., 234-240 [2011]).

[0008] PAL enzymes may also be used in agricultural applications. PAL plays a significant role in biosynthesis of
phenylpropanoids (such as flavonoids and lignin) in plants, fungi and bacteria and can act as a defense related enzyme
(Bate et al., Proc. Natl. Acad. Sci. USA 91:7608-7612 [1994]). Modulation of PAL activity by using recombinant polypep-
tides having PAL activity could potentially lead to effective herbicides.

[0009] Cyanobacterial PAL polypeptides from Anabaena Variabilis and Nostoc punctiforme have been kinetically and
structurally characterized (Moffitt M C et al., Amer. Chem. Soc., Biochemistry, 2007, 46 (4), pp 1004-1012).

[0010] Multiple speciesof PEGylated recombinant phenylalanine ammonia lyase have been evaluated for the treatment
of phenylketonuria by Sarkissian et al. (Sarkissian et al., Proc. Natl. Acad. Sci. USA, 105:20894-20899 [2008]).

[0011] Compositions of prokaryotic phenylalanine ammonia-lyase and methods of their use have been described in
the patent US 2008/0008695 A1.

[0012] US 5,753,487 describes a method for the chemical modification of phenylalanine ammonia lyase enzymes to
stabilise them against proteolytic degradation.

SUMMARY OF THE INVENTION

[0013] The present invention relates to engineered phenylalanine ammonia-lyase (PAL) polypeptides and composi-
tions thereof, as well as polynucleotides encoding the engineered phenylalanine ammonia-lyase (PAL) polypeptides. In
some embodiments, the engineered PAL polypeptides are optimized to provide enhanced catalytic activity, as well as
reduced sensitivity to proteolysis and increased tolerance to acidic pH levels. In some embodiments, the engineered
PAL polypeptides are deimmunized. The invention also relates to the use of the compositions comprising the engineered
PAL polypeptides for therapeutic and industrial purposes. In some embodiments, the present invention relates to engi-
neered phenylalanine ammonia-lyase (PAL) polypeptides and biologically active fragments and analogs thereof having
improved properties such an increased tolerance to acidic pH and/or reduced sensitivity to proteolysis.

[0014] The present invention relates to engineered PAL polypeptides and biologically active fragments and analogs
thereof having improved properties when compared to a wild-type PAL enzyme or a reference PAL polypeptide under
essentially the same conditions. The invention is further related to methods of using the engineered PAL polypeptides
and biologically active fragments and analogs thereof in therapeutic and/or industrial compositions and methods of using
such compositions for therapeutic and/or industrial purposes.

[0015] The presentinvention provides an engineered polypeptide having phenylalanine ammonia-lyase (PAL) activity
comprising: a) an amino acid sequence having at least 85% sequence identity to reference sequence SEQ ID NO:4 or
a functional fragment thereof; and b) a polypeptide sequence comprising at least one amino acid residue difference as
compared to SEQ ID NO:4 or the functional fragment thereof at one or more amino acid positions; and c) which exhibits
an improved property selected from i) enhanced catalytic activity, ii) reduced sensitivity to proteolysis, iii) increased
tolerance to acidic pH, iv) reduced immunogenicity, or a combination of any of i), ii), iii), or iv), as compared to the
reference sequence SEQ ID NO:4, wherein at least one amino acid residue difference is at position 307, and wherein
the amino acid positions are numbered with reference to SEQ ID NO:4.

[0016] The present invention also provides a polynucleotide sequence encoding at least one engineered polypeptide
of the invention, optionally wherein:

(i) said sequence is operably linked to a control sequence; and/or
(ii) said polynucleotide is codon-optimized.

[0017] The present invention also provides an expression vector comprising at least one polynucleotide sequence of
the invention, and at least one control sequence, optionally wherein said control sequence is a promoter, for example
wherein said promoter is a heterologous promoter.

[0018] The present invention also provides a host cell transformed with at least one polynucleotide sequence of the
invention, and/or the vector of the invention, optionally wherein said host cell is E. coli.

[0019] The present invention also provides a method of producing an engineered PAL polypeptide in a host cell
comprising culturing a host cell comprising a at least one polynucleotide encoding at least one engineered polypeptide
having phenylalanine ammonia-lyase (PAL) activity of the invention, and/or at least one polynucleotide sequence of the
invention, and/or at least one vector of the invention, under suitable culture conditions, such that at least one engineered
PAL polypeptide is produced, optionally wherein said method is further comprising recovering at least one engineered
polypeptide having phenylalanine ammonia-lyase (PAL) from the culture and/or host cells, for example wherein said
method further comprises the step of purifying said at least one engineered polypeptide having phenylalanine ammonia-
lyase (PAL) produced.

[0020] The present invention also provides a composition comprising at least one engineered polypeptide having
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phenylalanine ammonia-lyase (PAL) activity, of the invention, optionally wherein said composition:

(i) is a pharmaceutical composition, optionally wherein said pharmaceutical composition is further comprising at
least one pharmaceutically acceptable excipient and/or carrier, and/or
(i) is suitable for the treatment of phenylketonuria.

[0021] The presentinvention also provides a polypeptide according to the invention or a composition according to the
invention for use in therapy

[0022] The present invention also provides the pharmaceutical composition of the invention for use in treating and/or
preventing the symptoms of phenylketonuria in a subject.

[0023] In afirstaspect, there are disclosed engineered phenylalanine ammonia-lyase (PAL) polypeptides wherein the
engineered PAL polypeptide has an improved property selected from the group of i) enhanced catalytic activity, ii)
reduced sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv) reduced aggregation, or a combination of any
of i), ii), iii) or iv) as compared to the reference sequence when measured under essentially the same conditions. In
some specific embodiments, the engineered PAL polypeptides have two improved properties. In other specific embod-
iments, the improved property is reduced sensitivity to proteolysis and in yet other specific embodiments, the improved
property is increased tolerance to acidic pH.

[0024] In a second aspect of the disclosure, the engineered PAL polypeptides include proteins comprising at least
85% amino acid sequence identity to SEQ ID NO:4, or a functional fragment thereof and an amino acid residue difference
at a position corresponding to positions X39; X91; X158; X180; X195; X243; X245; X256; X257; X270; X290; X307;
X308; X326; X349; X364; X394; X399; X400; X404; X407; X443; X453; X459; X460; X463; X474; X522; X524; and
X528, when optimally aligned with the polypeptide of SEQ ID NO:4.

[0025] Insome specificembodiments of the firstand second aspects of the disclosure, the engineered PAL polypeptides
comprise at least an amino acid residue difference of one or more amino acid residue positions corresponding to A39;
A91; Y158; S180; K195; T243; 1245; A256; L257; N270; N290; H307; E308; 1326; L349; L364; A394; S399; N400;
P404; L407; F443; N453; Y459; T460; T463; N474; K522; T524; and P528, when optimally aligned with the polypeptide
of SEQ ID NO:4. In some specific embodiments, the engineered PAL polypeptides comprise at least 2, at least 3, at
least 4, at least 5, at least 6, at least 7, at least 8, at least 9, at least 10, at least 15, and at least 20 amino acid residue
differences from the reference polypeptide comprising the amino acid sequence of SEQ ID NO:4.

[0026] Inotherspecific embodiments of the first and second aspects of the disclosure, the engineered PAL polypeptides
comprise at least 90%, (at least 91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99%) amino acid sequence identity to
SEQ ID NO:4. In yet further specific embodiments, the engineered PAL polypeptides comprise at least 90%, (at least
91%, 92%, 93%, 94%, 95%, 96%, 97%, 98% or 99%) amino acid sequence identity to SEQ ID NO:4, and comprise one
or more of the following substitutions A39V; A91V; Y158H; S180A; K195E; T243I/L; 1245L; A256G; L257W/A; N270K;
N290G; H307G/Q/M; E308Q; I326F; L349M; L364Q; A394V; S399N; N40OK; P404A; L407V; F443H; N453G; Y459F;
T460G; T463N; N474Q; K522Y/F/N; T524S; and P528L.

[0027] In other specific embodiments, the engineered PAL polypeptides are derived from a wild-type Anabaena var-
iabilis PAL (such as ATCC29413; NCBI protein reference sequence YP_324488.1; SEQ ID NO:4).

[0028] In a third aspect of the disclosure, the engineered polypeptides having phenylalanine ammonia-lyase (PAL)
activity disclosed herein comprise an amino acid sequence having at least 99% sequence identity to SEQ ID NO: 10,
or a functional fragment thereof.

[0029] In a fourth aspect, the engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity disclosed
herein comprise an amino acid sequence having at least 95% sequence identity to SEQ ID NO: 10, or a functional
fragment thereof and further comprising an amino acid residue difference as compared to SEQ ID NO: 10, at one, two,
three, four, five, or six more amino acid positions.

[0030] Inafifth aspect, thereis disclosed a polynucleotide sequence encoding any one of the engineered PAL polypep-
tides as described herein.

[0031] In a sixth aspect, there is disclosed a pharmaceutical composition or an industrial composition comprising any
one of the engineered PAL polypeptides as described herein.

[0032] In some embodiments, there are disclosed engineered polypeptides having phenylalanine ammonia-lyase
(PAL) activity comprising a) an amino acid sequence having at least 85% sequence identity to reference sequence SEQ
ID NO:4 or a functional fragment thereof; b) an amino acid residue difference as compared to SEQ ID NO:4 or the
functional fragment thereof at one or more amino acid positions; and c) which exhibits an improved property selected
from i) enhanced catalytic activity, ii) reduced sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv) reduced
aggregation or a combination of any of i), ii), iii) or iv) as compared to the reference sequence. In some embodiments,
one or more amino acid positions are selected fromX39; X54; X59; X73; X91; X158; X112, X134, X180; X195; X240;
X243; X245; X256; X257; X270; X290; X304, X305; X307; X308; X326; X349; X353; X364; X394; X399; X400; X404,
X407; X443; X453; X459; X460; X463; X474; X509; X521; X522; X524; X528; X546; X564 ; and/or combinations thereof
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when optimally aligned with the amino acid sequence of SEQ ID NO: 4. In some additional embodiments, the improved
property is selected from reduced sensitivity to proteolysis and/or increased tolerance to acidic pH. In yet additional
embodiments, the reference sequence is awild-type PAL derived from Anabaena variabilis. In some furtherembodiments,
the amino acid residue of the reference sequence of SEQ ID NO:4 corresponds to A39; T54; G59, S73; A91; Y158;
S180; K195; A112; R134; Q240; T243; 1245; A256; L257; N270; N290; Y304; R305; H307; E308; 1326; L349; D353;
L364; A394; S399; N400; P404; L407; F443; N453; Y459; T460; T463; N474; E509; Q521; K522; T524,; P528; S546;
and/or P564. In some embodiments, the amino acid residue difference as compared to SEQ ID NO:4 is selected from
one or more of the following substitutions A39V; T54K; G59R; S73K; A112C; R134Q; A91V; Y158H; S180A; K195E;
Q240R/W; T243l/L; 1245L; A256G; L257W/A; N270K; N290G; Y304H; R305M; H307G/Q/M; E308Q; 1326F; L349M,;
D353A/N; L364Q; A394V; S399N; N4OOK; P404A; L407V; F443H; N453G; Y459F; T460G; T463N; N474Q; E509L;
Q521K/S; K522Y/F/N; T524S;P528L; S546R; and P564 G/L/M; when optimally aligned with the polypeptide of SEQ ID
NO:4. In some further embodiments, the engineered polypeptide has at least about 90%, at least about 91%, at least
about 92%, at least about 93%, at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least
about 98%, at least about 99%, or about 100% sequence identity to reference sequence SEQ ID NO:4. In some further
embodiments, the engineered polypeptide has at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at
least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% sequence identity to reference sequence
SEQ ID NO:4. In some additional embodiments, the engineered polypeptide has at least about 90% sequence identity
to reference sequence SEQ ID NO:4. In some additional embodiments, the engineered polypeptide has at least about
95% sequence identity to reference sequence SEQ ID NO:4. In some further embodiments, the engineered polypeptide
has at least about 90% sequence identity to SEQ ID NO:4; and an amino acid residue difference at position H307. In
some further embodiments, the engineered polypeptide has at least 90% sequence identity to reference sequence SEQ
ID NO:4. In some additional embodiments, the engineered polypeptide has at least 95% sequence identity to reference
sequence SEQ ID NO:4. In some further embodiments, the engineered polypeptide has at least 90% sequence identity
to SEQ ID NO:4; and an amino acid residue difference at position H307. In some additional embodiments, the amino
acid residue difference is H307G/Q/M. In some further embodiments, the amino acid residue difference is selected from
a combination of one or more of A39; A91; Q240; A256; N290; Y304; R305; H307; D353 A394; S399; P404; L407;, Q521;
K522; and T524.

[0033] There are also disclosed engineered polypeptides having phenylalanine ammonia- lyase (PAL) activity com-
prising an amino acid sequence having at least about 90%, at least about 91%, at least about 92%, at least about 93%,
at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%,
or at least about 100% sequence identity to SEQ ID NO:6, 8, 10, 12, and/or 14, or a functional fragment thereof. In some
embodiments, the engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity comprise an amino acid
sequence having at least about 95% sequence identity to SEQ ID NO:6, 8, 10, 12, and/or 14, or a functional fragment
thereof.

[0034] Insome further embodiments, the engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity
comprise an amino acid sequence having at least about 99% sequence identity to SEQ ID NO:6, 8, 10, 12, and/or 14,
or a functional fragment thereof.

[0035] There are also disclosed engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity com-
prising an amino acid sequence having at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least
95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% sequence identity to SEQ ID NO:6, 8, 10, 12,
and/or 14, or a functional fragment thereof. In some embodiments, the engineered polypeptides having phenylalanine
ammonia- lyase (PAL) activity comprise an amino acid sequence having at least about 95% sequence identity to SEQ
IDNO:6, 8,10, 12, and/or 14, or a functional fragment thereof. In some further embodiments, the engineered polypeptides
having phenylalanine ammonia-lyase (PAL) activity comprise an amino acid sequence having at least about 99% se-
quence identity to SEQ ID NO:6, 8, 10, 12, and/or 14, or a functional fragment thereof. In some embodiments, the
engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity comprise an amino acid sequence having
at least 95% sequence identity to SEQ ID NO:6, 8, 10, 12, and/or 14, or a functional fragment thereof. In some further
embodiments, the engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity comprise an amino acid
sequence having at least 99% sequence identity to SEQ ID NO:6, 8, 10, 12, and/or 14, or a functional fragment thereof.
[0036] The re are also disclosed engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity com-
prising an amino acid sequence having at least about 90%, at least about 91%, at least about 92%, at least about 93%,
at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%,
or at least about 100% sequence identity to SEQ ID NO:4, or a functional fragment thereof, wherein the engineered
polypeptide is deimmunized. There are also disclosed engineered polypeptides having phenylalanine ammonia-lyase
(PAL) activity comprising an amino acid sequence having at least 90%, at least 91%, at least 92%, at least 93%, at least
94%, at least 95%, at least 96%, at least 97%, at least 98%, at least 99%, or 100% sequence identity to SEQ ID NO:4,
or a functional fragment thereof, wherein the engineered polypeptide is deimmunized. In some embodiments, the engi-
neered polypeptides having phenylalanine ammonia-lyase (PAL) activity comprise an amino acid sequence having at
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least 95% sequence identity to SEQ ID NO:4, or a functional fragment thereof, wherein the engineered polypeptide is
deimmunized. In some additional embodiments, the engineered polypeptide having phenylalanine ammonia-lyase (PAL)
activity is a variant PAL provided in any of Tables 9-1 through 9-7. In some embodiments, the deimmunized engineered
polypeptide having phenylalanine ammonia-lyase (PAL) activity comprises an amino acid sequence having at least 95%
sequence identity to SEQ ID NO:6, 8, 10, 12, and/or 14.

[0037] There are also disclosed polynucleotide sequences encoding the engineered polypeptides having PAL activity
disclosed herein. In some embodiments, the polynucleotide sequence is operably linked to a control sequence. There
are further disclosed vectors comprising at least one polynucleotide sequence encoding at least on engineered polypep-
tide having PAL activity. There are also disclosed host cells transformed with at least one polynuclecotide sequence
encoding an engineered polypeptide having PAL activity, as disclosed herein.

[0038] There are further disclosed methods of producing an engineered PAL polypeptide in a host cell, comprising
culturing a host cell comprising at least one polynucleotide encoding at least one engineered PAL polypeptide under
suitable culture conditions. There are further disclosed methods of producing an engineered PAL polypeptide in a host
cell, comprising culturing a host cell comprising a polynucleotide encoding the engineered PAL polypeptide under suitable
culture conditions. In some embodiments, the methods further comprise recovering the engineered PAL polypeptide
from the culture and/or host cells.

[0039] There are also disclosed compositions comprising at least one engineered polypeptide having PAL activity, as
disclosed herein. In some embodiments, the composition is a pharmaceutical composition further comprising a phar-
maceutically acceptable carrier. There are further disclosed uses of these compositions.

[0040] There are also disclosed engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity com-
prising: @) an amino acid sequence having at least about 85%, at least about 86%, at least about 87%, at least about
88%, at least about 89%, at least about 90%, at least about 91%, at least about 92%, at least about 93%, at least about
94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or greater
sequence identity to a reference sequence having phenylalanine ammonia-lyase (PAL) activity, or a functional fragment
thereof; b) a polypeptide sequence comprising at least one amino acid residue difference as compared to a reference
sequence having phenylalanine ammonia-lyase (PAL) activity, or the functional fragment thereof at one or more amino
acid positions; and c¢) which exhibits an improved property selected from i) enhanced catalytic activity, ii) reduced
sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv) reduced aggregation, v) reduced immunogenicity, or a
combination of any of i), ii), iii), iv), or v), as compared to the reference sequence having phenylalanine ammonia-lyase
(PAL) activity. In some embodiments, the reference sequence is a prokaryotic PAL, while in some other embodiments,
the reference sequence is a eukaryotic PAL. In some embodiments, the reference sequence is a bacterial PAL (e.g.,
Anabaena variabilis PAL), while in some other embodiments it is a human or other PAL. In some further embodiments,
thereference sequence is a wild-type sequence (e.g., wild-type A. variabilis PAL), while in some alternative embodiments,
the reference sequence is a variant enzyme (e.g., an engineered polypeptide having PAL activity).

[0041] In some embodiments, the engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity dis-
closed herein comprise: a) an amino acid sequence having at least about 85%, at least about 86%, at least about 87%,
at least about 88%, at least about 89%, at least about 90%, at least about 91%, at least about 92%, at least about 93%,
at least about 94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%,
or greater sequence identity to reference sequence SEQ ID NO:4 or a functional fragment thereof; b) a polypeptide
sequence comprising at least one amino acid residue difference as compared to SEQ ID NO:4, or the functional fragment
thereof at one or more amino acid positions; and c) which exhibits an improved property selected from i) enhanced
catalytic activity, ii) reduced sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv) reduced aggregation, v)
reduced immunogenicity, or a combination of any of i), ii), iii), iv), or v), as compared to the reference sequence SEQ
ID NO:4.

[0042] In some additional embodiments, the engineered polypeptides having phenylalanine ammonia-lyase (PAL)
activity comprise: a) an amino acid sequence having at least 85%, at least 86%, at least 87%, at least 88%, at least
89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%, at
least 98%, at least 99%, or greater sequence identity to reference sequence SEQ ID NO:4 or a functional fragment
thereof; b) a polypeptide sequence comprising at least one amino acid residue difference as compared to SEQ ID NO:4
or the functional fragment thereof at one or more amino acid positions; and c) which exhibits an improved property
selected from i) enhanced catalytic activity, ii) reduced sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv)
reduced aggregation, v) reduced immunogenicity, or a combination of any of i), ii), iii), iv), or v), as compared to the
reference sequence SEQ ID NO:4.

[0043] In some embodiments, the engineered polypeptides having phenylalanine ammonia-lyase activity (PAL) com-
prise at least one substitution(s) at one or more of the following amino acid positions: 20, 24, 27, 39, 43, 45, 47, 54, 58,
59, 62,70, 73, 80, 82, 91, 94, 98, 104, 105, 110, 112, 115, 117, 118, 119, 121, 123, 124, 125, 126, 127, 128, 129, 130,
131, 133, 134, 135, 139, 140, 141, 142, 143,144,145, 146, 147,149, 150, 151, 153, 154, 156, 157, 158, 159, 172, 174,
175,176,177,178, 180, 187, 191, 195, 199, 205, 206, 210, 212, 213, 214, 232, 240, 243, 245, 247, 248, 250, 256, 257,
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266, 270, 275, 278, 279, 285, 286, 289, 290, 292, 304, 305, 307, 308, 309, 319, 321, 326, 331, 332, 334, 349, 353, 355,
364, 365, 369, 370, 371,372, 374, 375, 377,378, 379, 381, 382, 383, 384, 385, 387, 389, 394, 396, 399, 400, 403, 404,
407,417,418,425,431,432,433, 434, 435,436,437,438,439, 443,446, 447,453, 456, 459, 460, 461, 463,471,472,
473,474,475,476,477,478, 479, 482, 483, 503, 507, 509, 521, 522, 524, 525, 528, 538, 546, 547, 551, 558, 560, 564,
565, and/or any combinations thereof, wherein the amino acid positions are numbered with reference to SEQ ID NO:4.
In some embodiments, the amino acid residue of the reference sequence of SEQ ID NO:4 corresponds to A39, T54,
G59, S73,A91,Y158, S180, K195, A112, R134, Q240, T243, 1245, A256, L257, N270, N290, Y304, R305, H307, E308,
1326, L349, D353, L364, A394, S399, N400, P404, L407, F443, N453, Y459, T460, T463, N474, E509, Q521, K522,
T524, P528, S546, and/or P564. In some additional embodiments, the amino acid residue difference as compared to
SEQ ID NO:4 is selected from one or more of the following substitutions A39V, T54K, G59R, S73K, A112C, R134Q,
A91V, Y158H, S180A, K195E, Q240R/W, T243I/L, 1245L, A256G, L257W/A, N270K, N290G, Y304H, R305M,
H307G/Q/M, E308Q, 1326F, L349M, D353A/N, L364Q, A394V, S399N, N400OK, P404A, L407V, F443H, N453G, Y459F,
T460G, T463N, N474Q, E509L, Q521K/S, K522Y/F/N, T524S,P528L, S546R, and P564 G/L/M, when optimally aligned
with the polypeptide of SEQ ID NO:4. In some further embodiments, the engineered polypeptide has at least about 90%
sequence identity to SEQ ID NO:4; and an amino acid residue difference at position H307. In some embodiments, the
amino acid residue difference is H307G/Q/M. In some still further embodiments, the amino acid residue difference is
selected from a combination of one or more of A39, A91, Q240, A256, N290, Y304, R305, H307, D353, A394, S399,
P404,L407, Q521, K522, and T524. In some additional embodiments, the improved property of the engineered polypep-
tides having phenylalanine ammonia-lyase activity (PAL) is selected from reduced sensitivity to proteolysis and/or in-
creased tolerance to acidic pH.

[0044] There are also disclosed engineered polypeptides having phenylalanine ammonia-lyase (PAL) activity com-
prising: @) an amino acid sequence having at least about 85%, at least about 86%, at least about 87%, at least about
88%, at least about 89%, at least about 90%, at least about 91%, at least about 92%, at least about 93%, at least about
94%, at least about 95%, at least about 96%, at least about 97%, at least about 98%, at least about 99%, or greater
sequence identity to reference sequence SEQ ID NO:10 or a functional fragment thereof; b) a polypeptide sequence
comprising at least one amino acid residue difference as compared to SEQ ID NO:10 or the functional fragment thereof
at one or more amino acid positions; and c) which exhibits an improved property selected from i) enhanced catalytic
activity, ii) reduced sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv) reduced aggregation, v) reduced
immunogenicity, or a combination of any of i), ii), iii), iv), or v), as compared to the reference sequence SEQ ID NO:10.
[0045] Insome embodiments, there are also disclosed engineered polypeptides having phenylalanine ammonia-lyase
(PAL) activity comprising: a) an amino acid sequence having at least 85%, at least 86%, at least 87%, at least 88%, at
least 89%, at least 90%, at least 91%, at least 92%, at least 93%, at least 94%, at least 95%, at least 96%, at least 97%,
at least 98%, at least 99%, or greater sequence identity to reference sequence SEQ ID NO:10 or a functional fragment
thereof; b) a polypeptide sequence comprising at least one amino acid residue difference as compared to SEQ ID NO:10
or the functional fragment thereof at one or more amino acid positions; and c) which exhibits an improved property
selected from i) enhanced catalytic activity, ii) reduced sensitivity to proteolysis, iii) increased tolerance to acidic pH, iv)
reduced aggregation, v) reduced immunogenicity, or a combination of any of i), ii), iii), iv), or v), as compared to the
reference sequence SEQ ID NO:10.

[0046] Insome embodiments, there are also disclosed engineered polypeptides having phenylalanine ammonia-lyase
(PAL) activity comprising: a) an amino acid sequence having at least 85% sequence identity to reference sequence
SEQ ID NO:10 or a functional fragment thereof; b) a polypeptide sequence comprising at least one amino acid residue
difference as compared to SEQ ID NO:10 or the functional fragment thereof at one or more amino acid positions; and
c) which exhibits an improved property selected from i) enhanced catalytic activity, ii) reduced sensitivity to proteolysis,
iii) increased tolerance to acidic pH, iv) reduced aggregation, v) reduced immunogenicity, or a combination of any of i),
i), iii), iv), or v), as compared to the reference sequence SEQ ID NO:10.

[0047] Insome embodiments, there are also disclosed engineered polypeptides having phenylalanine ammonia-lyase
(PAL) activity comprising an amino acid sequence having at least 85% sequence identity to reference sequence SEQ
ID NO:10 and at least one amino acid residue difference as compared to SEQ ID NO:10 and that exhibits at least one
improved property selected from enhanced catalytic activity, reduced sensitivity to proteolysis, increased tolerance to
acidic pH, reduced aggregation, and/or reduced immunogenicity, as compared to the SEQ ID NO:10.

[0048] Insome embodiments, the re are also disclosed engineered polypeptides having phenylalanine ammonia-lyase
(PAL) activity, wherein the amino acid residue difference as compared to SEQ ID NO: 10, is selected from one or more
of the following substitutions or substitution sets: 127E/V39A;
I127E/V39A/R43L/V105C/A153R/L214E/P266H/L278D/C503Q; I27E/V39A/R43L/L214E/A547D;

I127E/V3 9A/V105C/A112C/R134Q/L214E/L278D/C503Q/A547D/C565N,;
127E/V39A/NV105C/A112C/R134Q/A153R/IQ205T/L214E/P266H/L278D/C503Q/A551D;
I27E/V39A/N105C/A112C/Q205T/P210C/P266H/C503Q/A547D;
I27E/V39A/NV105C/A112C/Q205T/P266H/I285E/C503Q/A551D;
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I127E/V39A/NV105C/A112C/L214E/1285E/C503Q/A547D;
I27E/V39A/NV105C/S131N/R134Q/Q205T/L214E/C503Q/A547D/C565N;
127E/V39A/NV105C/R134Q/A153R/P210C/L278D/1285E/C503Q/A547D/A551D;
I127E/V39A/NV105C/R134Q/Q205T/P210C/L278D/C503Q/A547D;
I27E/V39A/N105C/R134Q/Q205T/L214E;
I127E/V39A/NV105C/R134Q/Q205T/L214E/A551D/C565N;
I127E/V39A/NV105C/R134Q/Q205T/L278D/1285E/C503Q/A547D/A551D/C565N;
I127E/V39A/NV105C/R134Q/P210C; 127E/V39A/N105C/R134Q/P210C/L214E;
I127E/V39A/NV105C/R134Q/P210C/L214E/1285E/A547D;
127E/V39AN105C/RI34Q/P210C/L214E/C503Q/A551D/C565N;
I127E/V39A/NV105C/R134Q/L214E/L278D/A547D/A551D;
I127E/V39A/NV105C/R134Q/L214E/1285E/C503Q/A547D/A551D;
I27E/V39A/N105C/R134Q/P266H/C503Q;
I127E/V39A/105C/R134Q/P266H/C503Q/A547D/A551D;
I27E/V39A/N105C/R134Q/L278D/C503Q/C565N;
I27E/V39A/NV105C/R134Q/L278D/I1285E/C503Q; 127E/V39A/NV105C/R134Q/L278D/A551D;
I127E/V39A/V105C/R134Q/1285E/A547D/AS51D; 127E/V39A/N105C/R134Q/C503Q/A551D;
I127E/V39A/V105C/A153R/Q205T/L278D/C503Q/A547D/A551D;
I127E/V39A/NV105C/A153R/L214E; 127E/V39A/V105C/A153R/I285E;
I127