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Abstract
Phenylalanine ammonia lyase (PAL) has long been recognized as a potential enzyme replacement
therapeutic for treatment of Phenylketonuria. However, various strategies for the oral delivery of
PAL have been complicated by the low intestinal pH, aggressive proteolytic digestion and circulation
time in the GI tract. In this work, we report 3 strategies to address these challenges. First, we used
site-directed mutagenesis of a chymotrypsin cleavage site to modestly improve protease resistance;
second, we used silica sol-gel material as a matrix to demonstrate that a silica matrix can provide
protection to entrapped PAL proteins against intestinal proteases, as well as a low pH of 3.5; finally,
we demonstrated that PEGylation of AvPAL surface lysines can reduce the inactivation of the enzyme
by trypsin.

Introduction
Phenylketonuria (PKU) is an autosomal recessive metabolic disorder leading to the impairment
of phenylalanine hydroxylase (PAH). The consequent accumulation of phenylalanine can in
turn result in severe irreversible neurological complications [1]. Despite the fact that PKU is
one of the best studied metabolic disorders, a specific and effective therapeutic for the treatment
of classical PKU is unavailable. Noting the fact that the defect or deficiency of PAH is the
underlying cause of PKU, recombinant forms of PAH from various origins were previously
examined as potential candidates for use as an enzyme replacement therapeutic. However, due
to the obligatory requirement of a tetrahydrobiopterin cofactor for the activity of PAH, as well
as the complex regulatory properties of the enzyme, further development of PAH as a potential
therapeutic appeared to be challenging [2–3]. In contrast, phenylalanine ammonia lyase (PAL)
enzymes derived from bacterial or yeast origins proved to be comparatively robust enzymes
that are capable of degrading phenylalanine to the metabolically harmless trans-cinnamic acid
and small quantities of ammonia [3]. For this reason, PAL has been intensively examined over
the past few decades as a potential lead enzyme for the development of an enzyme substitution
therapy for PKU [4–7]. We have recently shown that injection of a PEGylated form of PAL is
capable of significantly reducing plasma phenylalanine levels while exhibiting favorable
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pharmacokinetic and pharmacodynamic properties [8–9]. This PEG-PAL molecule has since
entered phase 2 clinical trials for the treatment of PKU.

As protein therapeutics become more common, and as PKU patients require lifelong enzyme
replacement, a non-invasive or oral formulation of PAL would be highly desirable. Taking
advantage of the enterorecirculation of phenylalanine in the intestine, it is appropriate to focus
on developing oral formulations of entrapped PAL that would allow phenylalanine to diffuse
from the blood stream into the GI tract, and be metabolized before being reabsorbed [4,7,10].
Measures to inhibit the degradation of PAL protein by digestive enzymes have resulted in
activity retention, permitting a metabolic response of phenylalanine pools to the enzyme, in
vivo. Such efforts revealed the potential for intestinal PAL to act as a therapeutic in PKU.
Herein, we report an engineered mutant of Anabaena variabilis PAL (AvPAL) aimed at
improving the enzyme’s resistance to chymotrypsin, as well as two chemical modification
strategies to confer protease resistance to AvPAL for possible oral delivery.

Materials and Methods
Mutagenesis, expression and purification of an AvPAL triple mutant

AvPAL variants (triple mutant; TM-AvPAL) were derived through point mutations on the
AvPAL double mutant (DM-AvPAL) clone reported previously [8]. The mutations were
introduced using a QuikChange site-directed mutagenesis kit (Strategene, CA, USA). Variants
of the AvPAL gene were cloned into a pET28a vector and expressed in E. coli BL21 (DE3)
host cells (Novagen, NJ, USA). The cell culture was grown in LB broth with 30 μg/ml
Kanamycin at 37 °C, agitated at 250 rpm to achieve a turbidity of 0.8 OD600 before being
induced with 1 mM IPTG at 18 °C for 16 h. The cell pellet was then harvested by centrifuging
at 5000 g for 10 min at 4 °C. The pellet was then lysed by suspending in 150 mM NaCl, 25
mM Tris-Cl, and EDTA-acid-free protease inhibitor cocktail tablets (Roche Diagnostics
GMbH, Mannheim, Germany) pH 8.0 before passing through a microfluidizer set at 18 000
psi process pressure. After cell-disruption, the lysate was ultracentrifuged at 45 000 rpm for
45 min, and the supernatant was applied to a Ni-NTA agarose resin for affinity purification of
the His-tagged protein using 200 mM Imidazole, 150 mM NaCl, 25 mM Tris-Cl, pH 8.0.
Ammonium sulfate was then added to the eluent to a final concentration of 2 M and stirred for
30 min at 4 °C. The precipitated protein was isolated by ultracentrifugation before
solubilization in 150 mM NaCl, 25 mM Tris-Cl, pH 8.0 and solvent exchang with the same
buffer.

Activity Assay
The PAL activity assay was performed by adding 50 μl of protein solution of appropriate
concentration into 950 μl of 22.5 mM phenylalanine in 100 mM Tris-Cl pH 8.5. Activity of
the PAL was monitored through the observation of trans-cinnamic acid formation at absorption
of 290 nm at room temperature.

Protease digestion
Resistance to proteolytic digestion of TM-AvPAL was demonstrated as per the limited
proteolysis digestion protocol previously reported [8], using 40 μg/ml of chymotrypsin or
trypsin in 0.1 M Tris and 150 mM NaCl pH 8.5 at 37 °C. The concentration of TM-AvPAL
used for these protease resistance studies was 0.10 mg/ml. The data points present are the
average of triplicate sets done concurrently (Figure 1B).

PEGylated TM-AvPAL and TM-AvPAL-silica particles were examined for protease resistance
by incubating with a significantly higher concentration of chymotrypsin and trypsin in USP
pH 6.8 solutions. The 4 sets of assay conditions include: (1) Control conditions involving USP
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pH 6.8, (2) 5 mg/ml Trypsin in USP pH 6.8 solution, (3) 5 mg/ml Chymotrypsin in USP pH
6.8 solution, and (4) Acidic conditions involving USP pH 3.5 solution. . The deliberate increase
in protease concentration is to demonstrate the protection conferred in the elevated protease
concentrations of 5 mg/ml, as well as to facilitate possible diffusion of the protease into the
silica matrix. Protease resistance studies for PEG-TM-AvPAL were conducted at TM-AvPAL
concentrations of 0.10 mg/ml. Protease digestion was performed at 37 °C for 4 h and PAL
activity was assayed at regular intervals.

Parallel to incubation with proteases, TM-AvPAL-silica particles were also incubated with
USP pH 3.5 or USP pH 6.8 buffers to verify for possible protection against low pH [11]. TM-
AvPAL-silica particles prepared in accordance to the protocol described in the next section
were resuspended in appropriate volumes of protease or buffer solutions to give a final
concentration of 0.5 mg/ml encapsulated TM-AvPAL and incubated at 37 °C, agitated at 250
rpm. At appropriate time intervals, the TM-AvPAL-silica particles were removed from the
protease or buffer solutions by centrifugation at 5000 rpm, and washed with USP pH 6.8 buffer
solution before resuspending in 22.5 mM phenylalanine in 100 mM Tris-Cl pH 8.5 to make
up a final encapsulated TM-AvPAL concentration of 0.2 mg/ml. The reactions were allowed
to incubate for an additional 15 min at 37 °C before terminating by the addition of 5 % v/v
glacial acetic acid. PAL activity of the encapsulated TM-AvPAL was determined by assaying
for amounts of trans-cinnamic acid at 280 ± 10 nm. All assays were performed in triplicates.

Thermal Stability Studies
The thermal stability of TM-AvPAL was examined using the method reported earlier by Wang
et al. [8]. Briefly, 5 μl of 1:250 diluted SYPRO Orange was added to 2 μg of protein and made
up to volume with 50 mM Tris, 150 mM NaCl, pH 8.0. Thermal stability studies were then
performed using a Bio-Rad MyIQ iCylcer real-time polymerase chain reaction instrument over
a temperature range of 20 – 95 °C at a scan rate of 0.5 °C/min. Samples containing additive
ligands (Phenylalanine or trans-cinnamic acid) were prepared by incubating the protein
samples with 5 mM concentrations of the ligands for 10 min prior to initiation of the stability
studies.

Formulation of TM-AvPAL-Silica particles
Silica sol was freshly prepared from sodium silicate solutions using a protocol modified from
that previously described by Bhatia et al [12]. Briefly, 2.875 g of sodium silicate solution was
mixed with 7 ml of deionized water. Eight grams of Dowex 50WX8-100 ion-exchange resin
was then added to the resulting solution and stirred for 5 min. The resin was removed from the
solution by vacuum filtration, and the final pH of the filtrate was adjusted to pH 1.8. From the
resulting sol, 765 μl was combined with 73 μl of 0.2 M NaOH to bring the pH of the sol above
pH 4, and immediately followed by addition of the protein solution of the desired concentration.
The final mixture was then rapidly transferred into a stirring solution of liquid paraffin with 1
% w/w Span 80 to disperse the protein-sol mixture before gelation occurred. The emulsion was
allowed to stir for 30 min at room temperature before storing at 4 °C overnight without stirring.
The protein-silica particles were harvested by centrifugation at 5000 rpm for 10 min, and
washed twice with deionized water. Loading efficiency of the gelation process was shown to
be close to 100 % due to the transition from sol to gel, and was evaluated by assaying for protein
content of wash using Bradford assay.

Images of the protein-silica particles were captured through a QImaging Retiga 2000R camera
mounted on a Nikon eclipse 50i laboratory light microscope at 10 × magnification.
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PEGylation of TM-AvPAL
PEGylation of TM-AvPAL was performed using Sunbright ME-050HS N-
hydroxysuccinimide activated 5 kDa polyethylene glycol (PEG; NOF America Corporation,
NY, USA). The amount of PEG to be used was added at a 3:1 ratio to the total number of lysine
molecules present on each subunit of TM-AvPAL. The protein solution was added dropwise
to a stirring solution of PEG dissolved in 200 mM potassium phosphate buffer pH 8.0, with
the final protein concentration of the reaction set at 8 mg/ml. The PEGylation reaction was
then allowed to proceed for 4.5 h before stopping by transferring the reaction mixtures to ice.
The solution was then dialyzed against 0.5 M Tris-Cl solution pH 8.5 overnight to remove
excess PEG molecules. Completion of the PEGylation reaction was verified by analyzing the
samples on SDS-PAGE using 10% Bis-Tris gels and 4–12% Tris-Glycine native gels
(Invitrogen, CA, USA). The final PEGylated protein was concentrated to appropriate
concentrations using 100 kDa centrifugal filters, and assayed for PAL activity, before storing
at −20 °C until ready to use.

Results and Discussion
In our previous work, we established that C503S and C506S mutations to AvPAL (henceforth
termed DM-AvPAL) are necessary to reduce aggregation while maintaining the catalytic
efficiency of the enzyme. In an attempt to improve the protease resistance of AvPAL, we also
reported the limited proteolysis of DM-AvPAL with chymotrypsin and trypsin [8]. Candidate
sites identified to be amenable for additional protein engineering include those with susceptible
protease cleavage sites, such as residues F18, R94, and R305, as well as surface exposed
residues Y158, Y160, Y237, W279, Y304, Y492, and W531 (Figure 1A). Through
conservative substitution of these residues, it was found that only the F18A variant (henceforth
termed TM-AvPAL) exhibited activity comparable to the native enzyme (Figure 2). Thermal
stability of TM-AvPAL was examined as reported in our earlier work on DM-AvPAL [8]. TM-
AvPAL was shown to exhibit a slightly lower thermal stability as compared to DM-AvPAL,
but had a stability that is still significantly higher than RtPAL (Table 1). Compared to the DM-
AvPAL reported in our earlier work, TM-AvPAL exhibits modest improvements in resistance
against chymotrypsin digestion (Figure 1B). As noted previously, it is important not to focus
on any one specific enzyme characteristic when developing a therapeutic and a broader view
must be taken incorporating the fact that half life, stability, activity, and pharmacokinetic/
pharmacodynamic factors are all important.

The first chemical modification strategy explored to further improve the protease resistance of
TM-AvPAL utilized the silica sol-gel matrix for entrapping the enzyme. Silica matrix was
originally created to assay a variety of enzymes by entrapping the proteins in optically
transparent matrices while preserving their biochemical properties [13]. This has since been
applied to solid-phase assays for a variety of protein targets, as well as drug delivery systems
of chemicals and, to some extent, protein therapeutics [14–15]. Additional work also suggested
that silica matrices may preserve the activity of entrapped enzymes against extremes of pH
[11]. Corollary to these observations, the silica matrix appears to be useful as a potential
delivery system for entrapping and delivering TM-AvPAL to the intestines.

TM-AvPAL-silica particles were prepared based on the strategy by Bhatia et al. [12] and further
dispersed into liquid paraffin to form discrete microspheres (Figure 3). Formulation of the TM-
AvPAL-silica particles, using sol with an initial pH of 1.8, achieved a final formulation pH of
~6 as estimated with pH indicator strips. The rapid gelation rate of the silica matrix upon raising
the sol pH precluded accurate determination of formulation pH. These TM-AvPAL-silica
particles were then viewed using a light microscope under 10 × magnification. Unlike BSA-
silica particles that formed transparent and discrete particles (Figure 3A), TM-AvPAL-silica
particles were translucent, and maintained discrete microspheres up to a protein load of
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approximately 13.8 mg/ml (Figure 3B and 3C). Any further increase in final formulation pH
or protein load resulted in particles of poor morphology and protease protection (data not
shown).

In order to demonstrate the protective effect of the silica matrix, TM-AvPAL-silica particles
were deliberately incubated with a higher protease concentration of 5 mg/ml chymotrypsin or
trypsin solution pH 6.8 for up to 4 h. Silica particles containing protein load of up to 13.8 mg/
ml TM-AvPAL exhibited resistance to inactivation upon incubation with low pH of 3.5 for up
to 1 h, or incubation in 5 mg/ml chymotrypsin or trypsin solution pH 6.8 for up to 2 h (Figure
4A). In contrast to free TM-AvPAL which was inactivated within 15 min of incubation at these
raised protease concentrations, TM-AvPAL-silica particles retained over 50 % of their activity
even after 120 min (Figure 4B). While silica matrix had been previously examined for use as
a matrix for sustained release of therapeutics, our findings suggest that silica matrix may also
be utilized for providing protection for encapsulated proteins against intestinal proteases.

PEGylation with 5-kDA monofunctional linear polyethylene glycol (PEG) was examined as
an alternative provider of protease resistance to TM-AvPAL. PEGylation is a strategy that has
been established for reducing immunogenicity of proteins formulated for parenteral
administration, as well as for extending circulating half-life of injectable protein therapeutics
[16–17]. In the current context of developing orally administered protein therapeutics,
immunogenicity of the protein is typically not relevant. Instead, the bulky N-
hydroxysuccinimide activated PEG molecules that were reacted and cross-linked with TM-
AvPAL through the ε-amino group of lysine’s side chain were utilized to effectively block
potential trypsin cleavage sites and the consequent inactivation of the protein (Figure 5).

Substrate affinity of TM-AvPAL and PEG-TM-AvPAL were shown to be largely unaffected
by the point mutation and PEGylation, and exhibited Km comparable to the wild-type AvPAL
and DM-AvPAL. However, incorporation of TM-AvPAL in silica resulted in a lower specific
activity of the TM-AvPAL-silica formulation as compared to the other species (Table 2) and
further optimization may be needed.

In conclusion, we have shown that point substitution of TM-AvPAL resulted in a modest
improvement in the enzyme’s in vitro resistance against two prevalent intestinal enzymes. Such
improvement in resistance may be further augmented through the innovative utilization of two
established modalities of protein derivatization to overcome one of the classic challenges in
protein drug delivery. The distinct advantages of using PEGylation and silica matrix
preparations for protein delivery are the established safety and extensive applications of these
reagents, as well as absence of organic solvents in the formulation process. PEGylation has
been widely utilized for numerous FDA-approved protein therapeutics since the 1980s [9,17–
18], and the biocompatibility of silica matrix is being increasingly proven as a suitable delivery
system [19].
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Figure 1.
(A) Tetrameric structure of AvPAL (PDB 2NYN). Surface-exposed potential trypsin and
chymotrypsin cleavage sites on one out of the four monomers are represented by red spheres.
(B) Comparison of protease resistance between TM-AvPAL and DMAvPAL incubated with
chymotrypsin or trypsin (40 μg/ml) solutions at pH 8.0. The various plots were normalized at
time zero to facilitate comparison.
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Figure 2.
Summary of activity for DM-AvPAL variants. Protein concentration used was 0.07mg/ml
enzyme. Unmodified DM-AvPAL had an activity rate of ~0.1 dAbs/min (data not shown).
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Figure 3.
BSA-silica and TM-AvPAL-silica particles. 10× magnification of (A) 13.8 mg/ml BSA, (B)
7 mg/ml TM-AvPAL, and (C) 13.8 mg/ml TM-AvPAL in silica matrix.
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Figure 4.
(A) Formulation parameters of TM-AvPAL silica particles. Different concentrations of TM-
AvPAL were loaded into silica matrix at various pH formulations before incubation with pH
6.8 buffer (control), acidic buffer (pH 3.5) for 1 h, or solutions containing chymotrypsin or
trypsin (5 mg/ml), pH 6.8 for 2 h. “High pH” conditions referred to the final formulation pH
of approximately 9 as estimated by pH indicator. (B) Incubation of TM-AvPAL-silica particles
(13 mg/ml) with 5 mg/ml chymotrypsin or trypsin solutions pH 6.8.
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Figure 5.
Assay of 5 kDa PEG-TM-AvPAL. PEGylated TM-AvPAL was incubated with USP pH 3.5
buffer for 1h, or USP pH 6.8 buffer, 5 mg/ml chymotrypsin solution, or 5 mg/ml trypsin solution
for 2h before assaying for catalytic activity.
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Table 1

Comparison of Tm (°C) shifts of PAL variants.

PAL species Tm

DM-AvPAL[8] 78.4 ± 0.5

+ Phe 85.0 ± 0.0

+ tCA 84.6 ± 0.5

TM-AvPAL 75.7 ± 0.7

+ Phe 78.7 ± 0.1

+ tCA 79.3 ± 0.2

RtPAL 66.4 ± 0.2

+ Phe 67.1 ± 0.1

+ tCA 66.8 ± 0.3
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