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Abstract
We have recently observed promising success in a mouse model at treating the metabolic disorder
phenylketonuria (PKU) with phenylalanine ammonia lyase (PAL) from R. toruloides and A.
variabilis. Both molecules, however, required further optimization in order to overcome problems
with protease susceptibility, thermal stability and aggregation. We reduced aggregation of the A.
variabilis PAL by mutating two surface cysteine residues (C503 and C565) to serines. Here we report
the structural and biochemical characterization of the A. variabilis PAL C503S/C565S double
mutant. Unlike previously published PAL structures, significant electron density is observed for the
two active site loops in the A. variabilis C503S/C565S double mutant, yielding a complete view of
the active site. Docking studies and NHS-biotin binding studies support a proposed mechanism in
which the amino group of the phenylalanine substrate is attacked directly by the 4-methylidene-
imidazole-5-one (MIO) prosthetic group. We propose a helix-to-loop conformational switch in the
helices flanking the inner active site loop that regulates accessibility of the active site. Differences
in loop stability among PAL homologs may explain the observed variation in enzyme efficiency
despite the highly conserved structure of the active site. A. variabilis C503S/C565S PAL is shown
to be both more thermally stable and more resistant to proteolytic cleavage than R. toruloides PAL.
Additional increases in thermal stability and protease resistance upon ligand binding may be due to
enhanced interactions among the residues of the active site, possibly locking the active site structure
in place and stabilizing the tetramer. Examination of the A. variabilis C503S/C565S PAL structure
combined with analysis of its physical properties provides a structural basis for further engineering
of residues that could result in a better therapeutic molecule.
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Introduction
Phenylketonuria (PKU, OMIM 261600) is an inherited metabolic disorder where loss or
impairment of phenylalanine hydroxylase (PAH, EC 1.14.16.1), an enzyme that metabolizes
phenylalanine (L-Phe), leads to a buildup of L-Phe in the body. Excess L-Phe is damaging to
tissues and can impair cognitive development, resulting in irreversible intellectual and
developmental disabilities.1 Phenylalanine ammonia lyase (PAL, EC 4.3.1.5) is an enzyme
that catalyzes the conversion of L-Phe to trans-cinnamic acid (tCA) and ammonia. Deamination
of L-Phe is dependent upon a 4-methylidene-imidazole-5-one (MIO) prosthetic group that is
produced by the post-translational condensation of a sequential Ala-Ser-Gly triad in the
enzyme. The ability of PAL to catalyze the conversion of L-Phe into non-toxic compounds (at
the levels generated) in the absence of additional cofactors has led to investigations into its use
as a therapeutic agent for the treatment of PKU.2; 3

In rodent models of PKU, PAL has been shown to lower blood L-Phe levels.2; 4; 5 However
the pharmacokinetic properties of the enzyme render it unsuitable for therapeutic purposes - it
is rapidly cleared from the system through its susceptibility to proteases and it is immunogenic.
We have already shown that we can increase in vivo residence times by the covalent addition
of polyethylene glycol (PEG) to the surface of the Rhodosporidium toruloides PAL.3; 6
PEGylation of the enzyme presumably increases the in vivo protein half-life by restricting
access to epitopes and protease sites. In the PKU mouse model, PEGylated R. toruloides PAL
displays lower immunogenicity, higher efficacy and a longer half-life than the unPEGylated
enzyme.3; 6

In our continuing search for a more therapeutically effective form of PAL – high catalytic
activity and long systemic half-life – we have screened wild-type and mutant PAL proteins
from a variety of organisms using the PKU mouse model (manuscript in preparation). We find
that in long-term in vivo dosing studies, subcutaneously delivered PEGylated forms of PAL
derived from the bacteria Anabaena variabilis display an even higher efficacy and a slower
clearance rate than PEGylated R. toruloides PAL. The A. variabilis PAL used in these studies
was a C503S/C565S double mutant we designed to eliminate the problems with aggregation
displayed by the wild-type A. variabilis protein.7

In order to better understand the differences in the pharmacokinetic behavior of the A.
variabilis and R. toruloides PAL enzymes, and to increase our general knowledge of how
structure-function relationships affect pharmacokinetic behavior, we determined the crystal
structure of the A. variabilis C503S/C565S PAL mutant and analyzed in vitro its kinetic
properties as well as its protease and thermal stabilities. We compared these results to the
existing data on wild-type R. toruloides PAL and wild-type A. variabilis PAL. Here we present
the first structure of a PAL enzyme from any organism where the active site is fully ordered.
Previous PAL structures, including the structure of the wild-type A. variabilis PAL,7 contain
an active site with two disordered loop regions.3; 7; 8 In our structure, these two regions are
ordered, and their structure provides insight into the enzyme’s catalytic mechanism. We believe
that the C503S/C565S mutations do not negatively perturb or impair the structure of the active
site, as our kinetic measurements show that the C503S/C565S mutations do not significantly
alter the activity of the enzyme.
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Our analysis of the active site structure provides new insights into the catalytic mechanism of
PAL and furthers our understanding of the architecture of proteins in the PAL/histidine
ammonia lyase (HAL) enzyme family. Our ability to rationally alter the aggregation properties
of a protein, and to compare stability, structure and function across a broad protein sequence
space, provides a foundation for a protein engineering program for the design and construction
of an effective protein-based treatment for PKU. This work has already enabled us to embark
on the first stages of therapeutic development – the execution of animal studies with the
potential for moving on to clinical trials using the A. variabilis PAL C503S/C565S mutant –
and points the way to future engineering that can be done to further optimize catalytic activity
and in vivo enzyme stability.

Results and Discussion
The C503S/C565S double mutation reduces aggregation of A. variabilis PAL

Wild-type A. variabilis PAL has been shown to aggregate upon purification.7 SDS-PAGE of
the resulting aggregate in the presence and absence of reducing agent led Mofitt, et al. 7 to
suggest that free sulfhydryls may be involved in the aggregation process. In order to identify
surface cysteines that may contribute to A. variabilis PAL aggregation, we treated wild-type
A. variabilis PAL with N-ethylmaleimide (NEM), an alkylating agent that reacts with the
sulfhydryl group of free cysteines. Proteolysis of the modified PAL followed by LC/MS
analysis identified residues C503 and C565 as potential surface cysteines. Mutation of both
these residues to serine (C503S/C565S) resulted in a protein with reduced aggregation
properties as measured by native and denaturing SDS-PAGE as well as HPLC (data not shown).
Unlike wild-type A. variabilis PAL, in the absence of reducing agent, the C503S/C565S double
mutant migrates as a single, monomer-sized band via SDS-PAGE.

The C503S/C565S double mutation does not alter kinetic behavior of the enzyme
We measured the kinetic properties of the R. toruloides wild-type PAL, the A. variabilis wild-
type PAL, and the A. variabilis C503S/C565S PAL double mutant (Table 1). Our
measurements for the two wild-type proteins are consistent with previously published
measurements of Km and kcat.7; 9; 10 The similarity in the kinetic properties of the wild-type
A. variabilis PAL and the C503S/C565S double mutant demonstrate that these stabilizing
mutations do not affect the catalytic behavior of the molecule. Thus, we were successful in our
attempt to engineer a non-aggregating version of A. variabilis PAL.

pH-dependent activity profile of both A. variabilis C503S/C565S PAL and R. toruloides PAL
indicate suitability for therapeutic development

Under standard enzymatic assay condition, the pH-dependent activity profile for the A.
variabilis PAL double mutant shows an optimal pH range between 7.5 and 8.5 (Figure 1); R.
toruloides PAL has a comparable pH-dependent activity profile, with an optimal pH of 8.0.
pH stability studies show that both A. variabilis C503S/C565S PAL and R. toruloides PAL
retain their activity after a ten minute exposure to environments in the pH range of 4 to 12
(Figure 1), indicating that they are both stable within a broad pH range. We have found that
levels of activity after a ten minute exposure to different pHs is a good indicator for overall
pH tolerance of the enzyme. The broad pH range tolerance of A. variabilis C503S/C565S PAL
and R. toruloides PAL suggests that these two enzymes could survive the conditions present
in the gastro-intestinal tract immediately after a meal and still retain activity. Although the pH
in the stomach in the fasting state is ~1.8, it rises to a range of 5.4–6.2 immediately after a
meal.11 In addition, recent successful attempts at encapsulating Rhodotorula glutinis PAL
demonstrated retention of significant activity12, thus providing an approach to help shield the
enzyme from the harsh environment in the stomach. These results, therefore, open the
possibility of using A. variabilis C503S/C565S PAL for oral administration in PKU treatment.
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Limited proteolysis of A. variabilis C503S/C565S and R. toruloides PAL suggest that the A.
variabilis enzyme is more amenable to further engineering for greater protease resistance

We performed limited proteolysis experiments with a variety of proteases to identify candidate
sites for future engineering attempts to increase protease resistance. The first two proteases in
Table 2 are primarily found in the stomach and provide insight into the potential for oral
administration of the protein, whereas the other two enzymes are present in the blood stream
and provide insight into the potential for intravenous administration. We found that the A.
variabilis C503S/C565S PAL is more resistant to proteases than R. toruloides PAL. The most
accessible protease cleavage sites in both the A. variabilis PAL double mutant and R.
toruloides PAL are located in the two active site loops, suggesting a feasible way to reduce
their protease susceptibility by protein engineering and chemical modification. The protease
resistance differences between these two PALs suggest that the A. variabilis PAL double
mutant could be more tolerant to rational design than R. toruloides PAL – engineering
chymotrypsin resistance into the R. toruloides PAL would require disruption of Y110, a residue
that is crucial for catalysis. In contrast, the location of chymotrypsin sensitivity in the A.
variabilis enzyme does not overlap with residues known to be critical for catalysis.

Thermal stability mediated by a ligand acting as a “keystone” reveals potential targets for
engineering more thermally stable therapeutic molecules

We used a fluorescence-based assay 13; 14 to measure thermal stability of the A. variabilis
PAL double mutant and R. toruloides PAL, in the presence and absence of ligands. This
approach makes use of binding of a hydrophobic fluorescent dye to hydrophobic patches in
the protein. As the protein unfolds, more hydrophobic patches are available for dye-binding,
resulting in increased fluorescence relative to a standard control. Thermal stabilities are
summarized in Table 3. The observed melting temperature (Tm) of the A. variabilis PAL double
mutant (78.4 °C) is about 14 °C higher than that of R. toruloides PAL (64.7 °C), indicating a
higher global stability which is consistent with previous observations that shorter PAL enzymes
are more stable than those with the additional insertion domain 15 (residues 541–655 in R.
toruloides PAL). Pilbak et al. used results from molecular dynamics studies to hypothesize
that the C-terminal extension destabilizes the enzyme and that this might be important for the
rapid responses in the regulation of phenylpropanoid biosynthesis15.

The Tm of the A. variabilis PAL double mutant shifts upward by 0.6 °C, 7.1 °C and 6.2°C after
pre-incubation with its substrates L-Tyr, L-Phe, and product tCA, respectively, indicating a
ligand-binding related increase in thermal stability. Similarly, the Tm of R. toruloides PAL also
increases when L-Tyr, L-Phe, and product tCA are present, although the magnitude of the
change is less for the R. toruloides enzyme (4 °C versus 7 °C). In contrast to the A.
variabilis C503S/C565S PAL, the R. toruloides enzyme is not stabilized by tCA.

We had previously proposed that in R. toruloides PAL, the active site loops are immobilized
in a stable conformational state upon L-Tyr binding leading to a reduction in conformational
flexibility and an increase in stability.3 This hypothesis implied that differences in active-site
loop mobility alone would be the determining factor in measured Tm differences between
ligand-bound and unbound enzyme. In retrospect, this proposal does not appear to be sufficient
as it suggests that the overall stability of a molecule the size of PAL is determined solely by
the conformational state of the active site loops. We now hypothesize that stability of the entire
active site, in which five segments from three separate chains converge around the MIO group
to form the active site cavity, is an important determinant in the unfolding of the enzyme as
temperature is increased. These segments consists of the active site inner loop, 74–96, and the
segment 436–458 from one chain, the active site outer loop, 291–311, from a second chain, a
loop consisting of residues 394–419 from a third chain, and finally the loop containing the
MIO which forms the back wall of the active site. These residues participate in a network of
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interactions across three domains per active site. Our results appear to indicate that bound
ligand provides additional stabilizing interactions in which the ligand acts as a keystone that
has to be removed for unfolding and tetramer dissociation to occur. As there are four binding
sites, two at each end of the molecule, it is possible that only after these interactions are
disrupted will significant unfolding take place. These hypotheses will have to be tested with
further experiments to verify the actual unfolding pathway and to better understand the role of
the residues in the active site on stability. However, our observations indicate that protein
engineering in this region of PAL may result in more thermally stable and thus more
therapeutically tractable molecules.

Structure of the A. variabilis PAL double mutant
The overall structure of the A. variabilis PAL C503S/C565S double mutant is similar to the
wild-type structure (Figure 2).7 Superposition of Cα coordinates of all residues in the wild-
type tetramer with those in the double mutant showed an overall rmsd of 0.604 Å. Significant
deviations of up to 5.8 Å are observed between residues in segments immediately adjacent to
the inner active-site loop (residues 74–96) and residues 302–309 of the outer active-site loop
(residues 281–314). In the crystal structure of the wild-type enzyme, these loops were observed
to be disordered; in the double mutant crystal structure, significant density was observed for
these loops allowing the construction of a complete model for the A. variabilis PAL active site.
Thus, this study provides the first ever complete picture of the PAL active site.

The A. variabilis PAL double mutant formed crystals where the asymmetric unit (asu) contains
two dimers, requiring a two-fold symmetry operation to generate a complete tetrameric
enzyme. This is in contrast to the wild-type structure, where the crystallographic asu is a
complete tetramer. This difference in crystal packing may play an important role in crystallizing
a PAL molecule with an ordered active site. As in the wild-type structure, the first 25 residues
of the double mutant are not visible.

The PAL active site
Previous structures of the PAL active site (R. toruloides,3 A. variabilis and Nostoc
punctiforme,7 R. toruloides,8 Petroselinum crispum16) show an open mouthed cavity with the
electrophile MIO at its back wall (Figure 3). In five of these six structures (structures from two
crystal forms are reported in ref. 8), the inner and outer active site loops were disordered and
in the sixth, that of parsley (P. crispum) PAL,16 the inner loop is drawn away from the cavity
with Tyr110 (the equivalent of Tyr78 in A. variabilis PAL) pointing towards solvent regions.
In the parsley PAL structure, a DL-dithiothreitol (DTT) molecule is covalently linked to the
MIO methylidene carbon, potentially stabilizing the active site in the loop-out conformation.
In the structurally and functionally similar H89F mutant of tyrosine ammonia lyase (TAL)
from Rhodobacter sphaeroides, which has a shifted substrate preference for L-Phe instead of
L-Tyr, these loops are also ordered.

We were able to locate the active site cavities of the PAL double mutant using the protein
cavity searching program, CastP,17 showing that they are completely sequestered from solvent.
Residues from the inner loop act like a lid, closing off the active site in a manner similar to the
corresponding loop in the active site structures of HAL (PDB: 1B8F) and the TAL H89F mutant
(PDB: 2O78). Clearly this loop must be displaced or disordered for substrate to enter and
product to exit the active site cavity. Given that the length and stability of this loop varies in
PAL from different organisms, it seems likely that the efficiency of opening and closing of the
active site cavity, as well as the stability of the closed conformation relative to the open one
will influence Km and kcat. For example, in the R. toruloides PAL structure, which is assumed
to have more flexible active site loops, the Km is significantly higher than that in the A.
variabilis PAL double mutant, which appears to have a less flexible active site loop. It would
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be interesting to pursue further studies to investigate if there is indeed a correlation between
Km and loop flexibility. A similar search should be made for the case of kcat to see if a higher
kcat indicates higher degree of flexibility in these loops.

Superposition of the Cα atoms from the various PAL homolog tetramers to the structure of
the A. variabilis PAL double mutant provides a clear picture of a highly conserved active site

We used AutoDock18 to dock L-Phe into the A. variabilis double mutant PAL structure. The
docked L-Phe molecule was used as a center to view the active sites from the different PAL
homologs after structural alignment, and we identified residues from all these crystal structure
that have atoms within 5.0 Å of atoms of the docked L-Phe (Figure 4). Equivalent residues in
the cavity localize quite closely to each other, with their side chains pointing in the same
direction. Exceptions include Tyr78 and Phe84 in the plant PAL structure (PDB: 1W27) which
are part of the inner loop and which point away from the cavity. The location of equivalent
residues from all active sites examined are close enough to each other that they could be
considered as a distribution of allowable conformations in solution as normally observed in
NMR structure determination studies. Also noteworthy is the location of His137 of R.
toruloides PAL (PDB: 1Y2M, 1T6J, 1T6P) which is coincident with Phe107 of A. variabilis
PAL, as well as the H89F mutation in TAL. These appear to be involved in an edge-on
interaction with the docked L-Phe substrate ring. Leu108 in A. variabilis PAL, which
corresponds to Gln138 in R. toruloides PAL and a leucine in the other PAL structures, appears
to be in a good position to interact with the ring of the docked L-Phe in a charge-pi type of
interaction. It would be interesting to see if activity is retained or improved if further
modification in the TAL H89F mutant is carried out in which the TAL Leu90 is replaced with
glutamine, thus producing an environment similar to R. toruloides PAL.

Equivalent atoms in residues within the inner loop of the A. variabilis PAL double mutant and
the TAL H89F mutant, the only two views of the loop for an enzyme with significant PAL
activity, superimpose quite well with each other. In the H89F TAL structure, the tyrosine
equivalent to Tyr314 in A. variabilis C503S/C565S PAL is offset by less than 1.0 Å and with
its hydroxyl group within interacting distance of the amine group of the docked Phe substrate.
The aromatic rings in corresponding tyrosines in the other ammonia lyase structures are co-
planar with the A. variabilis C503S/C565S PAL. The hydroxyl groups of these tyrosine
residues are also within 3.0 Å of the methylidene carbon of the MIO. Finally, all the MIO
groups superimpose with their methylidene group pointing towards the Cβ of the L-Phe
substrate. Clearly, the active site of ammonia lyases contains high structural conservation. This
suggests that kinetics parameters such as Km and kcat (Table 4) are not solely determined by
the structure or chemistry of the residues lining the active site.

Unassigned electron density within the A. variabilis C503S/C565S PAL active site is
consistent with the presence of tCA

We observed unassigned electron density approximately 1.7 Å away from the methylidene
carbon of the prosthetic MIO in the A. variabilis C503S/C565S PAL active site. It is possible
that this unidentified molecule contributes to the stabilization of the disordered loops in the A.
variabilis PAL double mutant, in a manner similar to the proposed DTT-mediated stabilization
of Tyr110 in the loop-out conformation in the parsley PAL structure.16 TAL structures (PDB:
2O6Y, 2O7B, 2O7D, 2O78, 2O7F, and 2O7E) which also have ordered active site loops also
show extra electron density (an ammonium group) near the MIO, although a covalently
attached amine at the MIO in the R. toruloides crystal structures does not seem to have stabilized
the structure of the active site in these molecules. The recently published structure of tyrosine
ammonia mutase also reported the existence of unexpected density which they assumed was
from a reaction between the MIO group and β-mercaptoethanol that was used in sample
preparation.19 Regardless of whether the extra electron density in the active site contributes
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to stabilization of the active site, the presence of covalent modifications and stable excess
electron density within this region highlight the reactive nature of the electrophile within the
active site cavity.

We believe that the extra electron density we see in the active site of the A. variabilis double
mutant is from tCA product that remains bound to the enzyme during purification. When we
measured the kinetic properties of A. variabilis C503S/C565S PAL, we were surprised to
discover that we could only recover half of the tCA product that we had measured
spectroscopically (Figure 5), leading us to suspect that a portion of the tCA remains tightly
bound in the active site. This tightly bound tCA was only recoverable upon addition of L-Phe.
We modeled tCA into the extra density in active site of the A. variabilis PAL double mutant
monomer B (Figure 6) and found an excellent fit, especially in the phenyl ring region.
Moreover, the position of the modeled tCA is consistent with the positions of coumarate in the
TAL-product complex structure,20 and that in the tCA docking study (see below). As in the
TAL-product complex structure, the position of tCA in this A. variabilis PAL double mutant
does not directly support any of the proposed enzyme mechanisms, unless one assumes that
the observed conformation of the side chains of the active site residues represent a product-
bound enzyme conformation, and that either on or prior to L-Phe binding, these residues adopt
a different conformation.

It is unclear why, unlike the other PAL structures including that of the wild-type A.
variabilis PAL, the A. variabilis C503S/C565S PAL structure contains a fully ordered active
site. It is possible that the putative tCA present in the active site helps order the external loops,
although why it is only seen in the double mutant but not the wild-type structure is unclear.
Other likely possibilities include differences in sample handling, differences in the
crystallographic asu, and stabilization of global protein structure from the C503S and C565S
mutations. Further experimentation would need to be done in order to fully understand if any
or all of these factors contribute to stabilization of the active site.

Docking studies position tCA in the active site in a manner similar to the TAL H89F co-crystal
structure

Further characterization of the active site was carried out by molecular docking studies, probing
the region around the active site with L-Phe, L-Tyr, and tCA. Using AutoDock’s 18 novel
global-local evolutionary algorithm, we searched for sites with the lowest free-energy of
binding between the ligand and the enzyme. All three ligands show binding sites clustered
around the MIO in a location and orientation similar to that observed for tCA in the H89F TAL
co-crystal structure 20. Positioning of tCA in our docking studies is consistent with our models
of tCA as the source of the observed extra electron density in the active site (Figure 6). Docking
results show that the docked molecule bisects the active site cavity into a region containing
aromatic and hydrophobic residues adjacent to the aromatic ring and a region containing
charged and hydrophilic residues adjacent to the hydrophilic tail of L-Phe. Lastly, the Cβ of
L-Phe is within 3 Å of the methylidene group of the MIO. Both Tyr78 and Tyr314 are within
hydrogen bonding distance of the L-Phe, with Tyr78 interacting with the carboxylate group
and Tyr314 to the amine group. The carboxylate group of the substrate is also within hydrogen-
bonding distance of the guadininium group of Arg317 from an adjacent monomer. Thus, the
picture that emerges from these docking studies replicates what was experimentally observed
in the crystal structure of TAL complexes.
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The structure of the A. variabilis C503S/C565S active site is most consistent with an enzyme
mechanism that proceeds through a carbanion intermediate rather than a carbocation
intermediate

Consistent with the similarities between the structure presented here and the partially modeled
active site presented in Calabrese, et al.,8 our structure supports an enzyme mechanism that
occurs via a carbanion intermediate and not a Friedel-Crafts-type mechanism that occurs via
a carbocation intermediate (see Scheme 1 and Scheme 2 in ref. 8). In this reaction scheme, the
methylidene of the MIO group reacts with the NH2 of the substrate. As pointed out by Louie
et al.,20 a rotation by the substrate from its observed position will be required to bring the
amino group of the substrate into close proximity to the methylidene group of the MIO.
Interestingly, preliminary studies using AutoDock’s facility to allow flexibility in receptor side
chains shows that movement of just one residue, Arg317 of an adjacent monomer, is enough
to produce an energy landscape in which the L-Phe amino group moves from being at a distance
of 4.42 Å to 2.74 Å (Figure 7). Additionally, in the A. variabilis PAL double mutant crystal
structure Tyr314 is 2.78 Å from the methylidene carbon, which is close enough to act as a
general acid to generate product ammonia. Finally, in the flexible docking run, Tyr78 is 2.94
Å from the Cβ of the Phe substrate; this close proximity to this group will allow Tyr78 to act
as a general base, abstracting a proton from the L-Phe methylene carbon.

The ability of Tyr78 to act as a general base is further supported by our finding that Tyr78 can
react with NHS-biotin to form a covalent Tyr78-biotin adduct (data not shown). Given that the
pKa for tyrosine is normally 10, under our reaction conditions Tyr78 should be protonated and
therefore nonreactive with NHS-biotin. However, we find that upon NHS-biotin treatment, a
significant portion of the Tyr78 becomes biotinylated, indicating that this active-site residue
is deprotonated. Biotinylation at Tyr78 inactivates the enzyme (data not shown), but activity
is slowly regained over time in a manner consistent with resumption of activity upon hydrolysis
of the Tyr78-biotin bond. The ability for Tyr78 to act as a general base is further support for
an enzyme mechanism that proceeds through a carbanion intermediate. How Tyr78 is
deprotonated is unclear, although the backbone amide of an invariant Gly85 lies within 2.78
Å of Tyr78 OH and can potentially abstract the proton from the Tyr78 hydroxyl group.

The inner loop may control access to the active site by undergoing a conformational switch,
making it a potential target for engineering a better therapeutic molecule, between helix and
loop that could control access to the active site

Careful examination of the superposition of PAL structures shows an interesting variability in
the position of ordered residues at both ends of the helices adjacent to the inner active site loop.
In the A chain of the R. toruloides PAL structure (PDB: 1Y2M), the helix starting at residue
88 terminates at residue 102 and is disordered after residue 103. In the B chain of this structure,
the same helix starts at residue 88 but terminates at residue 108 and is disordered after residue
109; thus, two additional turns of the helix are observed in this chain. In chains C and D of this
structure the helix ends at residue 103 and is disordered after residue 104 (Figure 8a). In another
R. toruloides PAL structure (PDB: 1T6P), the helix flanking the C-terminal end of the inner
loop starts at residue 125 in chain A, while in the B chain it starts at residue 121 with the first
ordered residue at 119. In the wild-type A. variabilis PAL, the equivalent helix at the N-
terminus of the loop ends at residue 72 with loop disorder starting after residue 74. In the A.
variabilis PAL double mutant, this helix ends at residue 73 with the rest of the loop in a coil
conformation until residue 96 followed by a helix starting at residue 97 (Figure 8b). In the
wild-type A. variabilis PAL, the loop is disordered until residue 92 and is helical starting at
residue 94. Similar variability in the position of helix termini can be found in other PAL
structures. We did not observe any correlation in the thermal vibration parameters in the
residues along these helices indicating that this variability is not due to a moving helix but is
more likely the result of helix unwinding, rewinding, or transitioning from helix to coil and/or
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coil to helix. Thus, there is evidence for a conformational switch at the ends of the inner loop
similar to that observed in a number of other structures. We suggest that in the A. variabilis
PAL double mutant, the helix at residues 125–134 uncoils from Phe131 to Gln134 and the
helix from residues 139–143 becomes disordered, perhaps to allow access to or egress from
the active site. If these residues do behave as a conformational switch affecting access to the
enzyme active site, then factors which affect the stability and fluidity of these structures should
affect the kinetic properties of this enzyme, making these residues potential targets for future
protein engineering attempts.

Structural alignment of eukaryotic and prokaryotic PAL C-terminal domains suggest gene
duplication event

One common feature of prokaryotic aromatic ammonia lyases that has been characterized is
the absence of the insertion domain that exists in the longer eukaryotic yeast R. toruloides PAL
(residues 541–655) and plant P. crispum PAL (residues 527–648). Previous studies suggested
that phosphorylation of the insertion domain could possibly play a regulatory role by
modulating substrate access to the active site.16; 21 An additional role of this insertion domain
was proposed by Pilbak and colleagues, who hypothesized that this insertion domain may be
an important factor in the destabilization of eukaryotic PAL as a response to a regulation signal
eventually leading to a decrease in its lifetime.15 However, to date, there is no clear
experimental evidence to support either hypothesis.

In an attempt to understand the relationship between the C-terminal domains of eukaryotic and
prokaryotic PALs and to identify its possible functional role, we superimposed the A.
variabilis PAL double mutant structure with the R. toruloides PAL structure using the program
FATCAT.22 A rigid superposition of the two structures (rmsd 1.73 Å) clearly shows that the
A. variabilis PAL double mutant has no corresponding region to the insertion domain present
in yeast R. toruloides PAL (Figure 9a). However, using the option to flexibly align structures
through the introduction of conformational changes, we found that adding a twist to the very
end region of the C-terminus (residues 498–563) of the A. variabilis PAL double mutant
structure aligns that segment with a portion of the insertion domain of R. toruloides PAL
structure (residues 546–612) with an overall rmsd of 2.12 Å (Figure 9b). In contrast, rigid
alignment shows that this region of the A. variabilis PAL double mutant (residues 498–563)
overlapped with the very end of C-terminus of R. toruloides PAL (residues 652–716). This
leads to the possibility that the insertion domain may have arisen by gene duplication, fusion
and followed by divergence to optimize their structural biological roles. Although this analysis
provides some clues as to the possible origins of this domain, its functional role remains a
mystery.

Biochemical and structural characterization of the A. variabilis PAL C503S/C565S double
mutant has led to the development of testable new hypotheses on the enzyme’s mechanism and
demonstrates how aspects of the enzyme’s structure potentially affect its mechanism. Our
structural and biochemical characterization of this enzyme elucidate regions of the enzyme
that are likely targets for future optimization and engineering efforts for the development of a
therapeutic compound to treat PKU. Based on docking studies as well as NHS-biotin binding
studies, we now propose that Tyr314/Tyr78 act as general acid/base extracting and donating
protons during catalysis. Furthermore, these data and analysis support an enzyme mechanism
described first by Peterkofsky,23 and later by Calebrese,8 where the prosthetic MIO group
reacts with the NH2 of the substrate L-Phe. Our biochemical study results show that the A.
variabilis PAL double mutant is more thermally stable and more resistant to proteases than R.
toruloides PAL, possibly due to more rigid or constrained active site loops and/or the existence
of the insertion domain in R. toruloides PAL. Of particular therapeutic importance, ligands
that bind to the enzyme such as L-Phe, L-Tyr, and tCA lead to a more thermally stable molecule,

Wang et al. Page 9

J Mol Biol. Author manuscript; available in PMC 2009 July 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



possibly through the creation of a kinetic barrier that helps to stabilize the tetramer with the
ligand serving the role of a “keystone”. Such stabilization is more pronounced on the A.
variabilis PAL double mutant than on R. toruloides PAL, which could be due to the higher
substrate affinity of the A. variabilis PAL double mutant. The proposed conformational switch
in the inner active site loop and its role in determining enzyme kinetics, if successfully validated
by follow-on studies, should contribute significantly to attempts at engineering an enzyme
more suitable for use as a therapeutic.

Materials and Methods
Wild-type A. variabilis PAL surface cysteine identification

Final concentration of 10 mM DTT was added to A. variabilis PAL (0.1 M Tris, pH 7.5
containing 140 mM NaCl) to remove potential surface cysteine adducts and intermolecular
disulfides. Following 30 min incubation at 37 °C, the freshly reduced A. variabilis PAL was
desalted to remove excess DTT (0.1 M potassium phosphate, pH 7.0). N-ethylmaleimide
(NEM) was immediately added to the desalted-reduced A. variabilis PAL at a final
concentration of 10 mM to modify surface cysteines (free sulfhydryls). The reaction mixture
was incubated for 30 min at 37 °C, and excess NEM was removed by a desalting column after
the reaction was completed. The NEM modified A. variabilis PAL was concentrated by
precipitation (tCA/Acetone). The protein pellet was denatured in 8 M urea, reduced by DTT
(20 mM for 30 min at 37 .C), followed by alkylation (40 mM iodoacetamide (IAM) for 30 min
at 37 °C) in order to block the remaining free sulfhydryls that were either buried or in
intramolecular disulfides. After that, the NEM/IAM modified A. variabilis PAL was digested
by trypsin and the digested fragments were assayed by LC/MS to map surface cysteines, and
buried or partially buried cysteines, by mass change of each fragment compared to unmodified
A. variabilis PAL. The mass gain from each NEM and IAM modification is 124 Da and 57 Da
per cysteine, respectively.

Molecular cloning and mutagenesis
The full-length A. variabilis PAL gene was cloned into the same pIBX vector used for R.
toruloides PAL.2 Point mutations C503S and C565S were introduced in A. variabilis PAL by
a QuikChange site-directed mutagenesis kit (Stratagene, La Jolla, CA). The full-length R.
toruloides PAL expression construct has been described previously.2 Planned future use of the
protein as a therapeutic precluded the use of affinity tags for expression and purification
purposes.

Protein expression, purification and activity assay
The non-tagged selenomethionine-A. variabilis PAL double mutant was expressed in the
methionine-auxotroph E. coli B834 (DE3) (Novagen) host cell using selenomethionine-
containing medium. The cell culture was grown at 37 °C to an OD600nm of 0.8, and was then
induced by 1 mM IPTG at 20 °C for 14 hr. The cell pellet was lysed in buffer [100 mM Tris
(pH 7.8), 10 mM NaCl, 1 mM MgCl2, 5% glycerol, 3 mM methionine, 0.01% β-
mercaptoethanol, EDTA-free protease inhibitor cocktail (Roche diagnostics GmbH,
Mannheim, Germany)] and was then sonicated. After ultracentrifugation, the soluble extract
was applied onto a Poros HQ (Applied Biosystems, Foster City, CA) column equilibrated with
25 mM Tris, pH 8.0 and flow-through was collected. Ammonium sulfate was added in the
flow-through from the HQ column to a final concentration of 1.45 M followed by a
centrifugation and filtration step. The supernatant was applied onto a Poros HP (Applied
Biosystems) column equilibrated with 25 mM Tris, 1.45 M ammonium sulfate, pH 8.0, and
was eluted using 25 mM Tris, pH 8.0 with a 20 column volume gradient. The A. variabilis
PAL fraction was diluted using 25 mM Tris, pH 8.0 to a final 50× volume, and then was applied
onto a second HQ column using 25 mM Tris, pH 8.0 as running buffer and 25 mM Tris, 250
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mM NaCl, pH 8.0 as elution buffer, using a 20 column volume gradient. The final active A.
variabilis PAL double mutant fraction was concentrated to 12 mg/mL with a buffer exchange
into 25 mM Tris, pH 8.0, 150 mM NaCl for crystallization trials.

The PAL activity assay was started by the addition of 50 µL protein sample into 950 µL 100
mM Tris, pH 8.5, with 22.5 mM Phe. The formation of tCA was monitored by optical
absorption at 290 nm at 25 °C and activity was calculated in a standard fashion 24.

Crystallization, data collection and structure determination
The selenomethionine-A. variabilis PAL double mutant crystals were grown at 25 °C in 96-
well plate by sitting drop vapor diffusion. The reservoir solution contained 70 µL 12–20%
PEG1500 and 100 mM SPG (succinic acid, sodium dihydrogen phosphate, glycine), pH 7.0.
The drops were made with 0.3 µL protein sample and 0.3 µL reservoir solutions. A.
variabilis PAL double mutant crystals were cryo-protected in 25% glucose and mother liquor
before being flash-cooled in liquid nitrogen. Diffraction data sets were collected at the SSRL
beam line 11-1. The crystals belong to space group C2 with four monomers per asymmetric
unit and a solvent content of 45.5%. Diffraction data were indexed, integrated, and scaled using
HKL2000 and Scalepack.25 Data collection and refinement statistics are given in Table 4. The
structure of the A. variabilis PAL double mutant was determined by molecular replacement by
program Phaser26 and used the wild-type A. variabilis PAL monomer structure as a search
model (2NYN). Model rebuilding was carried out with the program Coot.27; 28
REFMAC29; 30 was used for final model refinement.

Limited proteolysis and protease cleavage site mapping
The trypsin and chymotrypsin limited digestion of R. toruloides PAL and cleavage sites
mapping has been previously reported.3 In this study, the reaction temperature was 37 °C.
Limited proteolysis was carried out by incubating the purified A. variabilis PAL double mutant
with trypsin (40 µg/mL); chymotrypsin (40 µg/mL) in 0.1 M Tris, 150 mM NaCl, pH 8.5, at
37 °C; 0.01U thrombin; or 0.2U factor Xa in 50 mM Tris pH 8.0, 100 mM NaCl and 2 mM
CaCl2. At various time points, a digested sample was withdrawn for activity assay and SDS-
PAGE analysis. The two major protein fragments obtained from proteolytic digestion were
blotted onto FVDF membrane and analyzed by protein sequencing via standard methods.

Thermal stability assay
All thermal stability studies were performed using an iCycler iQ real-time PCR instrument.
Temperature-dependent Sypro orange binding was measured at a 0.5 °C/min scan rate from
20 °C to 95 °C. The unfolding temperature Tm was defined as the midpoint temperature of the
protein-unfolding transition and determined by program MyiQ. All samples contained 5 µL
1:250 diluted sypro orange and were prepared by same buffer (50 mM Tris, 150 mM NaCl,
pH 8.0) to a final volume of 50 µL. There was 2 µg of protein in all protein-containing samples.
All samples were divided into groups and the samples in each group are listed below. Group
1: sypro orange only, Group 2: A. variabilis PAL double mutant only, A. variabilis PAL double
mutant plus 5 mM tyrosine; plus 5 mM phenylalanine; plus 5 mM tCA. The samples in Groups
3 are equivalent to the ones in groups 2 with R. toruloides PAL substituted for the A.
variabilis PAL double mutant. Samples containing tyrosine or phenylalanine were prepared
by incubation of the protein and the corresponding amino acids for 10 min.

pH stability assay and pH profile
The pH stability assay and optimal pH profile study were carried out by incubating the A.
variabilis PAL (0.07 mg/mL) in different buffers with pH ranging from 1–13 in 0.5 unit
increments for 10 min. For the pH stability studies, the samples were then subjected to a
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standard activity assay, measured at pH 8.5. For the pH activity profile studies, the activity
assays were carried out in buffers at the corresponding pH.

NHS (N-hydroxysuccinimide)-ester modifications
All NHS-ester labeling studies were performed according to the general procedure as outlined
in the Pierce catalog using NHS-Biotin. Reactions were quenched with a 10× molar excess of
Tris, pH 7.5 and split into two microcentrifuge tubes, one to be stored at 4 °C and the other to
be stored at −80 °C. Specific activity determinations were made immediately after the NHS
modification (T=0) and 2 weeks later. Prior to tryptic digestion, samples were denatured in the
presence of 8 M Urea. A 10 µL aliquot of the denatured samples (~100 µg) was digested in 50
mM Tris, pH 8.2 containing 25 µg/ml trypsin (100 µL final volume) and incubated overnight
(~16 hr) at 37 °C. Digests were then reduced by the addition of DTT (20 mM final) and
incubated an additional hour at 37 °C. The reaction was quenched by the addition of 2 µL of
15% formate and injected onto a C18 reverse-phase column equipped with an ESI-MSD.
Unmodified and biotin-labeled peptides were quantified by mass spectroscopy using a
differential peptide mapping technique and compared to the specific activity data for the same
sample set.

Determination of bound tCA
A 0.6 mL volume of A. variabilis PAL (6.4 mg/mL) in 10 mM Tris, pH 7.5 containing 210
mM NaCl were incubated in the presence of 0, 25, 100 or 1000 µM Phe (final concentration)
for 1 hr at 37 °C. The samples were stored overnight at 4 °C. The next morning, samples were
desalted in TBS buffer. The protein concentration after gel filtration for all samples was 0.8
mg/mL as determined by the extinction coefficient at 280 nm for A. variabilis PAL (1 mg/mL
= 0.75 absorbance). A 100 µL aliquot was injected onto a C4-RP column. tCA and protein was
eluted from the column using an increasing acetonitrile/water gradient containing 0.05% TFA.
A tCA standard curve was run to determine the concentration of tCA bound to protein. tCA
was monitored by absorbance at 280 nm and quantified by measuring the area under the curve.
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Figure 1.
Activity profiles of A. variabilis PAL double mutant and R. toruloides PAL at different pH
conditions. (a) pH stability of A. variabilis PAL double mutant and R. toruloides PAL. (b)
Optimal pH profiles of A. variabilis PAL and R. toruloides PAL. All data are mean value from
three parallel measurements.
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Figure 2.
Superimposed monomer structures of wild-type A. variabilis PAL (light brown) and the A.
variabilis PAL C503S/C563S double mutant (blue). Highlighted are the two loops that are
observed in an ordered conformation only in the A. variabilis PAL double mutant structure.
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Figure 3.
Solvent accessible surface of the A. variabilis PAL double mutant around the active site
showing the inner active site loop 74–96 (shown in green colored ribbon and surface
representation) acting as a door to the cavity. MIO is shown in red, Tyr78 in green, and a docked
Phe molecule in magenta. Analysis with CastP shows that the active site cavity in this structure
does not have a solvent accessible opening.
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Figure 4.
Superposition of residues in published PAL active sites (PDB code 1Y2M, 1W27, 1T6J, 1T6P,
2NYN and 2NYF) with atoms within 5.0 Å of a Phe substrate molecule docked using AutoDock
shows a highly conserved active site. Residues shown in red are from the active site loop 74–
96 of the A. variabilis PAL double mutant.
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Figure 5.
Percentage tCA bound to the A. variabilis PAL double mutant as a function of L-Phe loaded.
The indicated concentration of Phe was incubated in the presence of 13 µM A. variabilis PAL
double mutant for a sufficient period of time to convert all substrate to product. Samples were
then desalted to remove excess L-Phe and unbound tCA and injected on a C4-RP column for
analysis. Results appear to show that two PAL active sites remain occupied with the product
tCA which is not easily dislodged.
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Figure 6.
Close-up view of active site residues that have direct interaction with the MIO and modeled
tCA in the A. variabilis PAL double mutant monomer B, the only monomer that has clear
electron density for the phenyl ring of tCA. Extra electron density are also observed in the other
monomers, but none could be modeled as a ring. The electron density map (2Fo-Fc) is contoured
at 1σ level
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Figure 7.
Loops from three different monomers located around each active site of A. variabilis PAL
double mutant. (a) The bottom view of A. variabilis PAL with loop 74–96 (monomer A, green),
436–458 (monomer A, green), 291–311 (monomer B, orange) and 394–419 (monomer C,
magenta) are highlighted. (b) Networking among residues from three monomers in each active
site with MIO (red) and docked Phe (yellow).
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Figure 8.
Helix-loop conformational switch of aromatic ammonia lyases. (a) Superimposed monomer
A, B, C and D of R. toruloides PAL (1Y2M) shows helix-loop switch in helix 88–108 region
in monomer B. Monomer B: magenta; monomer A: pale cyan; monomer C: bright orange;
monomer D: chartreuse. (b) Superimposed monomers of wild-type A. variabilis PAL (sky blue)
and its double mutant (orange) presents disordered and well-ordered conformations of residues
75–91 region. (c) Three conformational forms of the active site loop 74–91 in A. variabilis
PAL (loop-in position, orange) and its corresponding region in P. crispum PAL (loop-out
position, slate) and R. toruloides PAL (disordered, cyan). In all figures, MIO, Tyr78 in A.
variabilis PAL and Tyr110 in P. crispum PAL are shown in sticks.
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Figure 9.
Structural alignment of R. toruloides PAL (blue) and the A. variabilis PAL double mutant
(salmon) monomer. (a) Rigid alignment. The C-terminal residues 498–563 in the A.
variabilis PAL double mutant are aligned with C-terminal residues 652–716 in R. toruloides
PAL (b) Flexible alignment. The C-terminal region of residues 498–563 in the A. variabilis
PAL double mutant makes a twist and is overlapped with the region of residues 546–612, which
is a part of the insertion domain in R. toruloides PAL.
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Table 1
Comparison of activity and kinetic constants of wild-type R. toruloides PAL, wild-type A. variabilis PAL and A.
variabilis PAL double mutant

Specific activity (IU/mg) Km (mM) kcat (s
−1) kcat/Km (mM−1s−1)

wt R. toruloides PAL 4.5 1.1 16 15
wt A. variabilis PAL 7 1.7 0.06 4.6 77
A. variabilis PAL double mutant 2.2 0.05 4.0 80
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Table 2
Residues shown to be susceptible to protease cleavage in PAL molecules

Protease A. variabilis C503S/C565S PAL R. toruloides PAL
chymotrypsin F18 Y110 (inner loop, highly conserved in ammonia lyases and important for catalysis and

binding of substrate)
trypsin R94 (inner loop), R305 (outer loop) R123 (inner loop)

neither are susceptible to Thrombin or FactorX
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Table 3
Tm (°C) shift of the A. variabilis PAL double mutant and R. toruloides PAL

Molecular Species and ligand bound Tm
A. variabilis PAL 78.4±0.5
  + Tyr 79.0±0.6
  + Phe 85.±0.0
  +tCA 84.6±0.5
R. toruloides PAL 64.7±0.6
  + Tyr 66.3±0.3
  + Phe 68.1±0.3
  +tCA 64.1±0.3
The Tm values and the standard deviation shown in this table are calculated based on four parallel experiments.
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Table 4
Crystallographic statistics for the A. variabilis PAL (C503S/C564S) double mutant

Data collection

  Wavelength (Å) 0.9183
  Resolution range (Å) 134.84-1.87
  No. of observations 421,119
  No. of unique observations 122,951
  R unmerge (%) 11
  I/σ(I) 9.0
  Space group C2
  Cell dimensions (a,b,c,β) 195.1, 78.1, 156.8, 120.4

Refinement

  Resolution range (Å) 134.84-2.2
  Reflections 90,926
  Completeness (%) 92.56 (89.9)
  R work (%) 19.6
  R free (%) 27.3
  R.m.s. deviations
   Bond length (Å) 0.017
   Bond angles (°) 1.556
  Average B of overall 25.82
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