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ABSTRACT

Phenylalanine hydroxylase (PAH) is an
allosteric enzyme responsible for maintaining
phenylalanine (Phe) below neurotoxic levels; its
failure results in phenylketonuria. Wild type
(WT) PAH equilibrates among long-lived
conformations, including resting-state (RS-PAH)
and activated (A-PAH), whose equilibrium
position depends upon allosteric Phe binding to
the A-PAH conformation. The RS-PAH
conformation of WT rat PAH (rPAH) contains a
stabilizing cation-n sandwich between Phe80,
Arg123, and Arg240, which cannot exist in the A-
PAH conformation. We report intrinsic protein
fluorescence, enzyme kinetics, native PAGE, size
exclusion chromatography, limited proteolysis,
and ion exchange behavior for F80A, F80D,
F80L, and F80R. These data indicate that amino
acid substitution at Phe80 affects both RS-PAH
and A-PAH conformations so that intermediate,
on-pathway conformations are longer lived. For
all variants, Phe addition promotes accumulation
of the A-PAH conformation. Kinetic
characterization of F80A and F80D shows
allosteric activation while F80L and F80R are
constitutively active. The reaction rates of all
Phe80 wvariants suggest relief of a rate-

determining conformational change present in the
wild type protein. Limited proteolysis of WT
rPAH in the absence of Phe reveals facile
cleavage within a C-terminal 4-helix bundle,
reflecting dynamic dissociation of the PAH
tetramer in the RS-PAH conformation. Under
these conditions, the Phe80 variants show
proteolytic hypersensitity in a linker that
repositions in the RS-PAH to A-PAH
conformational interchange; this cleavage is
protected by addition of Phe. We conclude that
manipulation of  Phe80  perturbs  the
conformational space sampled by PAH,
increasing the population of conformationally
dynamic intermediates in the RS-PAH and A-
PAH interchange.

Mammalian phenylalanine hydroxylase
(PAH, E.C. 1.14.16.1) is a ~453 amino acid,
multi-domain, multimeric protein that catalyzes
the conversion of phenylalanine (Phe) to tyrosine
using tetrahydrobiopterin (BH4), O, and a non-
heme iron (1). The role of PAH in human biology
is to maintain Phe levels below the threshold for
neurotoxicity and sufficient for normal
metabolism (e.g. protein, pigment and
neurotransmitter biosynthesis). Failure in this
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role results in the most common inborn error of
amino acid metabolism, phenylketonuria (PKU)
(~1:10,000 births worldwide). Without treatment,
PKU has severe neurologic consequences (2). To
ensure Phe homeostasis, PAH populates alternate
conformations, which include a tetrameric resting
state PAH (RS-PAH) conformation and a
tetrameric activated PAH (A-PAH) conformation
(3). Although their role in PAH allostery remains
speculative (e.g. (4)), dimeric conformations are
also part of the equilibrium of PAH assemblies.
Figure 1A shows PAH segments that
reflect known PAH structures as well as the RS-
PAH < A-PAH interconversion. The sequences
of rat and human PAH are compared in Fig S1.
The transition between RS-PAH and A-PAH
conformations minimally involves a dramatic
reorientation of protein domains within each
protomer of the multimers (compare Figs 1B and
1C). The reorientation has been proposed to
involve the N-terminal 25 — 30% of each
protomer (residues 1-117 or residues 1-128;
segments 1-4) (4,5). Specific to the RS-PAH
conformation is an intra-subunit auto-inhibitory
interaction at residue ~23 (in segment 2), which
partially occludes the enzyme active site (within
segment 6), presumably dictating low activity.
The A-PAH conformation does not have the
autoinhibitory interaction, but contains an inter-
subunit interface involving residues ~43-77
(within segment 3, a.k.a. the ACT domain),
which can be stabilized by allosteric Phe binding
through a conformational selection mechanism
(4,6). ACT domains serve as ligand sensors in
many proteins (7-9). The A-PAH conformation
has a more accessible active site, presumably
dictating high activity. The Phe-modulated
equilibrium among alternate PAH conformations
allows PAH to respond to protein intake or
catabolism and regulate blood Phe with a more
nuanced sensitivity than would be possible for
Kwm-dependent substrate level control. An
individual’s basal Phe level can simplistically be
thought of as the equilibrium tipping point
between the RS-PAH and A-PAH conformations
(3). The tipping point for most humans is in the
range of ~50 — 120 uM Phe, while individuals
living with PKU can exhibit significantly higher
Phe levels (300 uM — 2.5 mM). PKU is a highly
heterogeneous recessive disorder, with more than
1000 disease-associated alleles (10). PKU
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treatment is further complicated by the fact that
the neurologic consequences of a given Phe level
can vary considerably among individuals.
Treatment strategies under development are
diverse (11), many of which would benefit from
a deeper understanding of the conformational
space available to PAH.

The tetrameric RS-PAH conformation is
well described for full-length mammalian PAH
(Fig 1B), with the exception of disorder in the N-
terminal ~20 amino acids (segment 1), the
enzyme active-site lid (within segment 5), and a
few C-terminal residues (e.g. PDB: 5DEN, 5FGJ,
6N1K) (5,12,13). Alternate models exist for the
A-PAH conformation, some of which are
supported by small angle X-ray scattering
(SAXS) data, and a crystal structure of allosteric
Phe bound to a portion of the protein (residues 34-
111, segment 3, the ACT domain, PDB: 5FII)
(4,5,12-15). One such SAXS-supported A-PAH
conformation model is illustrated (Fig 1C) (5); it
places the dimerized regulatory domain
considerably farther from the protein’s center of
mass relative to our original, other previous, and
contemporary models (12-15).

There is precedent for single amino acid
variants that dramatically alter a protein’s
multimeric equilibrium and allow crystal
structure determination for a physiologically
relevant but low-mole fraction assembly in the
wild type protein (e.g. (16,17)). Crystal structure
determination for the A-PAH conformation has
proven elusive and can potentially be revealed
using single amino acid substitutions. In the
inborn error of metabolism known as ALAD
porphyria, such single amino acid variants
revealed a structural basis for the disease (18).
We have proposed that disease-associated single
amino acid variants of PAH can contribute to
PKU by shifting the equilibrium between the RS-
PAH and A-PAH conformations, thus altering the
Phe concentration required to promote activation
(i.e. raising the tipping point) (3). To potentially
allow A-PAH structure determination, herein we
characterize variants designed to destabilize the
RS-PAH conformation by disrupting a single
intra-subunit interaction. The targeted interaction
is a cation-r sandwich, which, depending on the
environment, has been estimated to introduce
between -45 and +30 kcal/mole to protein
stability, with stabilization enhanced by
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neighboring residues that neutralize the repulsion
between the two cations (19). Figure 2A
illustrates the targeted cation-m interaction
between Phe80 in the ACT domain, and Arg123
and Arg420, which are near the N- and C- termini
of the catalytic domain (see Fig 1A). In this
interaction, charge neutralization is potentially
provided by Glu66, with Arg68 likely involved in
stabilizing the hydrogen bonding network (12).
Substantial domain repositioning in the transition
from RS-PAH to A-PAH (see Fig 1C), dictates
that this intra-subunit cation-n interaction at
Phe80 cannot be present in any of the proposed
A-PAH conformations (Fig 2B). Although
various models for the A-PAH conformation
differ in their details, all contain the ACT domain
dimer and all place the Phe80 side chain as
available for intra-subunit interactions with the
catalytic domain and inter-subunit interactions
with C-terminal residues.

Herein we describe the results of
substituting Phe80 with alanine, leucine,
arginine, and aspartic acid. These substitutions all
remove the RS-PAH-specific cation-n sandwich,
which might be predicted to destabilize the RS-
PAH conformation and favor formation of the A-
PAH conformation. Substitution with alanine
largely removes side chain interactions.
Substitution with leucine retains the hydrophobic
side chain character. Substitution with arginine
imposes a charge repulsion in the RS-PAH
conformation. Substitution with aspartic acid
potentially adds an RS-PAH-stabilizing salt
bridge. We cannot yet predict how these
substitutions impact the A-PAH conformation,
where we do not know the molecular interactions
of Phe80, as an atomic resolution structure is
lacking. We can however predict, based on all A-
PAH models, that Phe80 is expected to extend
from the inner surface of the ACT-domain dimer
towards the rest of the protein (see Fig 1C).
Herein we present characterization of the F80A,
F80D, F80L and F80R variants as a function of
Phe using a variety of tools that probe the
conformation of mammalian PAH. These include
intrinsic protein fluorescence, enzyme Kkinetics,
size exclusion chromatography (SEC), ion
exchange chromatography (IEC), and limited
proteolysis. Although the results provide
significant insight into PAH conformational
dynamics, and point to the power of using
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multiple complementary approaches, these Phe80
variants have not proven promising toward a
crystal structure of PAH in the A-PAH
conformation.

The PAH conformational landscape
minimally includes the RS-PAH <& A-PAH
equilibrium; any short-lived intermediate
conformations/assemblies are largely
uncharacterized. However, it has long been
realized that PAH activation minimally involves
releasing autoinhibition through movement of the
N-terminal 24 — 30 amino acids (segment 2,
which would by necessity drag along segment 1)
(20,21). A recent report on a constitutively active
rPAH model of a disease-associated hPAH
variant, R68S, suggests the existence of
conformations wherein autoinhibition is relieved
but ACT domain dimerization is not present, thus
uncoupling these phenomena (22). One
interpretation of a variety of biochemical and
biophysical data is that the R68S variant may be
“undocked” such that the entire regulatory
domain does not have an intra-subunit interaction
with the catalytic domain nor an intersubunit
interaction with a neighboring ACT domain, and
may sample considerable conformational space.
The undocked interpretation is consistent with
high thermal instability for R68S (22), studies
showing that this amino acid substitution
interferes with allosteric Phe binding (23), and in
vivo studies indicating protein degradation
(24,25). In the following description of the Phe80
variants, we find it useful to consider RS-PAH,
A-PAH, as well as putatively undocked
intermediate conformations. Two new models of
such undocked conformations are illustrated in
Fig 1D.

Results
Resolution of conformational isoforms for
rPAH and the Phe80 variants

Whether purified using the classic phenyl
Sepharose affinity method (26), or cleaved from
the N-terminal 6-His-SUMO construct, the
resulting SDS-pure rPAH (or Phe80 variants)
could be resolved into conformationally distinct
isoforms using preparative IEC (4). The IEC
fractionation profiles provide novel information
on the different multimerization properties of
Phe80 variants. As reported previously for wild
type rPAH, SDS-pure PAH fractionates on IEC
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into distinct conformations as determined by
native PAGE (and confirmed by SEC and/or
SEC-SAXS) (12). The order of elution at
increasing ionic strength is dimer, a faster
migrating tetramer, and a slower migrating
tetramer. Nearly all of our published work on the
RS-PAH conformation of rPAH has used
fractions containing predominantly the faster
migrating tetramer (4,6,12). Addition of 1 mM
Phe to a sample comprised predominantly of a
faster migrating tetramer generally results in loss
of dimer (if present), migration to a position
similar (on both IEC and native PAGE) to the
slower migrating tetramer, and accumulation of
higher order multimers (4). Although the
structural ~ similarities/differences  between
different rPAH tetramers observed in the absence
of Phe remains unclear, IEC effectively
discriminates the behaviors of the Phe80 variants
relative to wild type. Below we present native
PAGE and analytical IEC as a method to compare
preparative IEC fractions from the final
purification step of each of the Phe80 variants. A
later section presents the use of analytical IEC to
explore how the multimeric equilibrium of each
of the Phe80 variants responds to the presence of
different concentrations of Phe.

IEC behavior of Phe80 variants in the absence
of Phe analyzed by native PAGE and SEC.

The preparative IEC behavior of the
studied proteins fell into two categories. The first,
including rPAH, F80A, and F80D, are resolved to
show dimer, and two different tetramer
conformations as confirmed by native PAGE (Fig
3A). The tetramers appear less well resolved for
the F80A and F80D variants relative to WT
rPAH. The second category, comprised of F80L
and F80R, show a single tetrameric band with
little to no evidence for dimer in the preparative
IEC fractions (Fig 3B). All variants show
evidence of higher order multimers that elute at
the higher ionic strength end of the peak. Western
blots (not shown) demonstrate these higher order
forms to be PAH. The proportion of higher order
multimers was variable among preparations. A
remarkable property of WT rPAH is the stable
composition of the preparative IEC fractions
wherein the multimeric components do not re-
equilibrate upon lengthy storage at either 4 °C or
-80 °C. This implies a high activation energy to
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the multimeric interconversion process. The same
stability could not be demonstrated for F80A or
F80D. The second category of variants comprised
of F80L and F80R show an (apparent) single
tetrameric conformation in the preparative IEC
fractions, consistent with the hypothesis that
these variants may be in the A-PAH
conformation. It is well established that activated
PAH is less prone to tetramer dissociation (e.g.
(5)), presumably due to the presence of additional
inter-subunit interactions (e.g. the ACT domain
dimer interface). To more fully characterize the
conformational equilibrium of rPAH and the
Phe80 variants in the absence of Phe, analytical
IEC was carried out for one or more fractions that
had eluted from the preparative IEC columns and
analyzed by native PAGE (Fig S2). Taken
together with the SEC data in Fig 3, these
experiments confirm that the order of elution
from the IEC column in the absence of Phe is
dimer, faster migrating tetramer, and slower
migrating tetramer.

Some of the IEC fractions illustrated in
Figs 3A and 3B were also subjected to analytical
SEC (see Figs 3C and 3D), where the positions of
tetramer and dimer were previously established
(4,5). An SEC comparison of WT rPAH and the
Phe 80 variants (Fig 3C) shows variations in
tetramer size, with F80L being largest, followed
by F80R, then F80D, and F80A, which elutes at
the same size as WT rPAH. We posit that the
average size may reflect contributions from the
different conformations, with contributions from
the A-PAH or undocked conformations causing
an apparent size increase. The selected
chromatographic fractions also have different
dimeric content. The WT rPAH fraction was
specifically chosen to contain dimer. However,
for the F80L sample, the high dimer content
appears to be a result of the freeze/storage/thaw
process (compare with Fig S2C). For rPAH and
F80L, Fig 3D shows the effect of 1 mM Phe on
the SEC profile. As we had previously
demonstrated, addition of 1 mM Phe in the SEC
column buffer causes the WT rPAH peak to shift
to a slightly larger size (4), consistent with our
newest model for the A-PAH conformation (Fig
1C) (5). Addition of Phe also results in a
diminished population of WT rPAH dimer and
slight accumulation of larger components. For
F80L, addition of Phe causes the tetrameric
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component to convert to the same size as WT
rPAH. This is consistent with F80L containing a
considerable population of  undocked
conformations, which can be drawn to the A-
PAH conformation through interaction with Phe.
Consistent with this, addition of Phe also causes
the F80OL variant to lose nearly all of its dimer
content. Notably, in the presence of Phe, F80L
gains in population of higher order multimers.
We have posited that the appearance of such
multimers are Phe-stabilized species wherein
PAH tetramers are tethered together by formation
of inter-assembly ACT domain dimers (4).
Formation of such inter-tetramer interactions
could be facilitated by the transient undocking
ACT domains.

PAH intrinsic protein fluorescence as a
measure of PAH conformational change.

A dramatic change in the PAH intrinsic
protein fluorescence upon addition of Phe was
one of the first indications that an activated form
of PAH had a significantly different
conformation relative to its resting state (27). A
red-shift of ~ 10 - 15 nm in the tryptophan
emission profile is routinely observed for
mammalian PAH following addition of 1 mM
Phe, which is sufficient to fully activate WT
PAH. This change, illustrated in Fig 4A, has been
used both as an assay for PAH conformational
change and to better understand the structural
basis of PAH activation (27-31). Intrinsic
fluorescence is a readout of the environment of
the three tryptophan residues at positions 120,
187, and 326. Trp120 (noted in Figs 1B-D) is in
the linker region (segment 4) between the ACT
domain and the catalytic domain; its environment
will change in the RS-PAH <& A-PAH
conformational transition (3,4). A detailed study
using human PAH concluded that Trpl20
contributes ~ 61% to the total fluorescence
emission changes that are Phe-stabilized, while
Trp326 and Trpl87 (both in segment 6) are less
influential (at ~26% and ~13%, respectively)
(29). The WT rPAH intrinsic fluorescence in the
absence of Phe reflects tryptophan residues that
are largely buried in nonpolar environments. In
the presence of Phe, the spectra reflects the
tryptophans moving to more polar environment,
with at least one becoming largely solvent
accessible (fluorescence at 350 nm). In addition
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to illustrating the intrinsic fluorescence of WT
rPAH (+/- 1 mM Phe), Fig 4A shows the intrinsic
fluorescence of the Phe80 variants in the absence
of Phe; there is a remarkable similarity in the
spectra of F80L and F80R to that of WT rPAH
plus 1 mM Phe. In the absence of Phe, the spectra
of F80D and F80A look similar to WT rPAH.
Addition of 1 mM Phe (Fig 4B) does not
dramatically alter the fluorescence spectra of
F80L and F80R, but changes the spectra of FS0A
and F80D to match that of WT rPAH + Phe.

The intrinsic fluorescence results suggest that
F80L and F80R are in an A-PAH conformation
while F80A and F80D are in an RS-PAH
conformation. We might also conclude that
addition of Phe allows each of the Phe80 variants
to achieve the A-PAH conformation, as for WT
rPAH. Note however that each of these
interpretations of the fluorescence data reflects
the assumption that the observed red shift reports
on a gain of the A-PAH population. If, instead,
the red shift reports on a loss of the RS-PAH
population, these results are also consistent with
the possibility that the Phe80 variants populate
conformations intermediate between RS-PAH
and A-PAH, where Trp120 is solvent accessible.
The suggested conformations have the ACT
domain undocked from the intra- and inter-
subunit interactions characteristic of either the
RS-PAH or A-PAH conformations; two
modelled examples are illustrated in Fig 1D.

Enzyme Kinetics

For determination of apparent Kyv and
Vmax values for WT rPAH and Phe80 variants,
we capitalize on the sensitivity of PAH activity to
pre-incubation with Phe as a proxy for the
position of the RS-PAH <& A-PAH
conformational equilibrium. For example, the
initial velocity of WT rPAH is higher when the
enzyme is incubated with Phe prior to starting the
assay relative to when the enzyme is not
preincubated with Phe. This phenomenon arises
from preincubation stabilizing the A-PAH
conformation and increasing its population. For
the Phe80 variants, Kkinetic parameters were
determined for one fraction off the preparative
IEC column, as noted in Fig 3. Table 1 includes
the fitted Kinetic values; Figure S3 shows the fits
of the experimental data. A classic approach to
evaluating PAH variants is to quantify the fold
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activation observed when the protein is
preincubated with Phe. Here we see the expected
~5-fold activation (reported as comparison of
Vmax) for WT rPAH. F80D and F80A show
lower fold activation 3.2 and 1.8 respectively,
consistent with the notion that these amino acid
substitutions destabilize the RS-PAH
conformation, making it easier to attain the A-
PAH conformation upon addition of Phe. F80L
and F80R are constitutively active, showing fold
activations of ~1. Although this is consistent with
F80L and F80R as constitutively in the A-PAH
conformation, a closer look at the kinetic
parameters for all the Phe80 variants can also be
interpreted as supporting constitutively active
undocked conformations.

The Kw values for PAH reflect a complex
function of Phe binding both to the active site and
to the allosteric site at the ACT domain dimer
interface. Table 1 shows that the Kw values, like
the native PAGE and SEC data, fall into two
groups. For WT rPAH, F80D, and F80A, the K
values are all within experimental error of one
another, both without preincubation (~250 uM)
and with preincubation (~155 puM). In contrast,
the Km values for F80L and F80R are
significantly lower (~70 uM) and insensitive to
the preincubation step. We also note that all of the
Phe80 variants show Vmax values larger than
wild type (under comparable conditions). One
way to compare such values is to calculate a
simple V/K ratio. Because the kinetics of PAH is
a function of a complex allosteric activation by
substrate, the numerical values of the V/K ratio
are not mechanistically meaningful. However,
Table 1 shows a dramatic variation in V/K
suggesting that the rate-limiting step for WT
rPAH, which is likely a conformational change,
is relieved in the Phe80 variants. The expected
conformational flexibility of undocked PAH is
consistent with relief of a rate limiting
conformational change, perhaps involving
breaking the Phe80 cation-n sandwich. Finally,
we note that the Hill coefficients for WT rPAH,
F80D, and F80A are not significantly different
from one another (~2), and likely reflect the
formation of two ACT domain dimers per
activated tetramer. Our published computational
analysis of Phe binding to an isolated ACT
domain dimer established the independent (non-
cooperative) binding of two Phe molecules (6);
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thus binding of one Phe to each ACT domain
dimer of a tetramer will afford full activation.

Analytical IEC as a function of Phe.

We had previously established that
addition of 1 mM Phe to rPAH results in a change
in an analytical IEC profile using 100 pg protein
onalmlHiTrap Q column, and that ~50 uM Phe
shows a profile containing peaks consistent with
both the RS-PAH conformation (no Phe) and the
A-PAH conformation (1 mM Phe) (4). Herein we
use a slightly different procedure (see Fig 5) to
compare and contrast the conformational
sensitivity of rPAH and the Phe80 variants to
Phe. This study provides additional evidence that
all the Phe80 variants are neither fully RS-PAH-
like nor fully A-PAH-like in the absence of Phe,
notably Fig 5A shows that the IEC
chromatographic behavior of all the studied
proteins responds to the addition of Phe. Fig 5B
shows the progressive change for WT rPAH as
Phe is varied from 0 to 1 mM in ~half-log
increments. The chromatograms reflect a
decrease in the amount of dimer present (first
notable at 30 uM Phe), a transition to the A-PAH
conformation (the dominant species at 100 uM
Phe), and accumulation of higher order multimers
(significant by 300 uM Phe). For the F80A and
F80D proteins, shown respectively in Fig 5C and
5D, the chromatograms show similar effects, with
the  exception that intermediate  Phe
concentrations (e.g. 30 uM) show the mixture of
isoforms less well resolved. For WT rPAH,
F80A, and F80D, the predominant peak in the
absence of Phe elutes at 30.8, 31.0, and 31.2 min,
respectively, while the predominant peak at 100
uM Phe elutes at 32.0, 31.8, and 32.0 min
respectively (see Fig 5A). In the absence of Phe,
F80L and F80R show single peaks, whose elution
times are at intermediate values, 31.6 and 31.3
min respectively (see Fig 5A). Addition of Phe
alters these elution times to 31.9 and 31.8 min
respectively. Notably for both F80L (Fig 5E) and
F8OR (Fig 5F), this effect is seen at Phe
concentrations much lower than their Ky values,
which are ~70 uM, and likely reflect Phe binding
to the allosteric site on the ACT domain dimer.
For F80L, the effect saturates at 10 uM Phe; by
30 uM Phe F80L shows about 50% formation of
other assemblies (eluting at 32.8 min).
Independent data show that the other assemblies
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are likely higher order multimers. In contrast, for
F80R, the change in elution time saturates at 30
uM  Phe and there is little evidence for
accumulation of alternate assemblies at 100 uM
Phe. From these results, we feel confident in
concluding that F8OL and F80R are not fully A-
PAH-like in the absence of Phe, in support of the
hypothesis that Phe80 side chain interactions are
important to both the RS-PAH and A-PAH
conformations.

Limited Proteolysis

Limited proteolysis is a classic approach
to monitoring conformational change and was
first applied to PAH by S. Kaufman and
coworkers in the 1980s (32). Herein, we probe the
conformations of WT rPAH and the Phe80
variants using trypsin and AspN protease,
monitoring limited proteolysis under native
conditions at various concentrations of Phe. The
results provide the strongest evidence that the
Phe80 variants sample conformations are
different from either RS-PAH or A-PAH and are
highly susceptible to proteolysis in the linker
region between the regulatory and catalytic
domains (segment 4), as would be predicted for
undocked conformations. In addition, proteolysis
reveals facile hydrolysis within the C-terminal 4-
helix bundle when PAH is in the RS-PAH
conformation, consistent with transient tetramer
dissociation. Proteolytic cleavage sites are
included in the sequence alignment illustrated in
Fig S1.

Trypsinolysis of WT rPAH and the
Phe80 variants is shown in Fig 6, which reveals
that the most susceptible site for WT rPAH in the
absence of Phe is Lys431. Lys431 is within the
C-terminal helix (residues 426-453) and largely
inaccessible in the tetrameric RS-PAH crystal
structures (e.g. PDB: 5DEN). Proteolysis within
this C-terminal 4-helix bundle provides
extremely strong evidence that tetramer
dissociation (to dimers or monomers) is facile in
the resting state. Under these conditions,
proteolysis is relatively slow. Furthermore, native
PAGE suggests that cleaved chains are
unavailable for tetramer reformation; Fig S4
illustrates that the accumulation of dimer
parallels cleavage at Lys431. In contrast, at 1 mM
Phe, where WT rPAH is in the A-PAH
conformation, Lys113 is the primary cleavage
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site, and cleavage is more rapid. Lys113 is within
a highly basic region identified to have increased
proteolytic susceptibility in Kaufman’s original
studies (33). In the RS-PAH conformation
Lys113, though on the protein surface, is
involved in intra-subunit interactions with the
carboxyl groups of Asp315 and Asp27, tethering
segments 2, 4, and 6 (see Fig 1A). Because the
equilibrium of PAH conformations is dynamic, it
is not surprising that in the absence of Phe we also
observe minor products indicating cleavage at
Lys113 as well as products showing cleavage at
both Lys113 and Lys431. Likewise, in the
presence of Phe, we observe minor products
indicating cleavage at Lys431. The N-terminal
peptide identified as cleavage at Arg111 for WT
rPAH at 1 mM Phe is due to the RDK sequence
from 111-113. That Phe-stabilized activation
results in rapid cleavage at Lys113 is consistent
with an extended structure for segment 4 (see Fig
1A) in the A-PAH conformation (Fig 1C).

In keeping with the intrinsic fluorescence
data, all four Phe80 variants show trypsinolysis
patterns at 1 mM Phe that are qualitatively
indistinguishable from WT rPAH (Fig 6),
consistent with the hypothesis that all can reach
the A-PAH conformation in the presence of
sufficient Phe. However, unlike WT rPAH in the
absence of Phe, Lys431 is not a primary cleavage
site for any of the Phe80 variants; though it is
evident as a minor site in the FBOA sample. From
this, we might conclude that the F80A variant is
most like WT rPAH in its ability to populate the
RS-PAH conformation (see also Fig 4A).
However, all of the Phe80 variants are cleaved at
Lys113 in the absence of Phe, and this cleavage
occurs more rapidly relative to WT rPAH in the
presence of Phe. This hypersensitivity of
cleavage at Lys113 is consistent with the Phe80
variants sampling conformations that are neither
RS-PAH nor A-PAH, as would be expected for
undocked conformations. In all cases of the
Phe80 variants, addition of Phe protects the
hypersensitivity of Lys113 to tryptic cleavage. To
titrate the sensitivity of the Phe80 variants to
protection at Lys113, trypsinolysis was carried
out at intermediate Phe concentrations (Fig 6).
For F80D, F80A, F80L, and F80R protection
becomes apparent at > 100 uM Phe, ~100 uM
Phe, 30 uM Phe, and < 30 uM Phe, respectively.
These Phe concentrations are consistent with the
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analytical IEC data (Fig 5) and further supports
the hypothesis that all of the Phe80 variants, in
the absence of Phe, can sample an open
conformation wherein segment 4 (the linker
between the ACT domain and the catalytic
domain) is hyper-susceptible to trypsinolysis, as
might be predicted for undocked conformations.
The F80R variant, in the absence of Phe, reveals
two additional cleavage sites by the appearance
of minor products; these are Lys42 and Lys320.
Lys42 is at the edge of a mobile loop that allows
the allosteric Phe to bind to the ACT domain
dimer interface in the A-PAH conformation (6).
In the RS-PAH conformation, its neighbor Glu43
is buried and hydrogen bonded to Tyr204 and
His208 of a neighboring subunit. This suggests
that FBOR contains some population that contains
the ACT domain dimer. We cannot comment on
the susceptibility of Lys320 at this point.

Digestion with AspN protease (Fig S5)
shows SDS gel patterns that are fully consistent
with the conclusions drawn from the trypsinolysis
studies (Fig 6). Although the AspN protease
generated peptides were not identified by mass
spectroscopy, side-by-side comparison of the
cleavage patterns suggests that WT rPAH without
Phe is susceptible to cleavage at Asp425 and
Asp435, again  suggesting  considerably
instability in the 4-helix bundle that secures the
RS-PAH tetramer. In the presence of 1 mM Phe,
AspN protease appears to cleave WT rPAH at
Aspll2, consistent with the exposed linker
region (segment 4 in Fig 1A) expected for the A-
PAH conformation. Again, in the absence of Phe,
all of the Phe80 variants are more susceptible to
cleavage in this linker region, showing
hypersensitivity (least so for F80A) that can be
protected by addition of Phe. With the exception
of F80D, where peptides resulting from AspN
protease were not identified, all variants achieve
a cleavage pattern expected for the A-PAH
conformation at 100 uM Phe. Nevertheless, F8OD
achieves the expected A-PAH-like cleavage
pattern at 1 mM Phe.

The limited proteolysis data uniformly
support the hypothesis that substitution at Phe80
destabilizes both the RS-PAH conformation and
the A-PAH conformation and promotes
population of intermediate states for which the
regulatory domain is undocked. Prior limited
trypsinolysis studies uniformly focused on
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differential cleavage within a “hinge region”
between the regulatory and catalytic domains
(residues 111-117) (e.0. (22,34,35)).
Interestingly, we could not identify a previous
report of cleavage within the C-terminal helices
(Lys431 in Fig 6; Asp 425 & 435 in Fig S5),
despite one study wherein this cleavage is present
in the illustrated SDS gels (22). Here we report
prominent C-terminal helix cleavage for WT
rPAH in the absence of Phe, which is protected in
the presence of Phe. This observation is
consistent with many reports that Phe stabilizes
tetrameric PAH (e.g. (4)). Nevertheless, the
observation of proteolysis within the C-terminal
helices, which should be a fully protected 4-helix
bundle in the tetramer, argues that tetramer
dissociation is facile and raises the question as to
the physiologic relevance of dimers or monomers
in PAH allostery. Our original proposal that
activation of PAH was accompanied by ACT
domain dimerization also proposed that tetramer
dissociation might be part of the allosteric
mechanism, consistent with the morpheein model
of protein allostery (4). Although the mechanistic
significance of monomers or dimers in PAH
allostery remains unclear, tetramer dissociation
and reassociation can contribute to interallelic
complementation seen in PKU patients who are
compound heterozygotes (e.g. (36,37)).

Discussion

Herein we report the effects of altering a
cation-t sandwich that we had identified as
stabilizing the RS-PAH conformation in the first
crystal structure of full-length mammalian PAH
(WT rPAH, PDB: 5DEN) (12), which remains
the highest resolution of all structures determined
to date for full length mammalian PAH proteins.
Phe80, the aromatic component of this interaction
was replaced by alanine, leucine, aspartic acid,
and arginine. Notably, all of the Phe80 variants
could be isolated in large quantities, stored stably,
and used for extensive  biochemical
characterizations. Working with these proteins
did not reveal grossly aberrant behavior, with the
exception that F80OL showed a higher than normal
propensity to form discrete higher order
multimers. Some of the reported
characterizations, if taken in isolation, could be
simplistically interpreted as indicating that F80A
and F80D are RS-PAH-like in the absence of Phe,


https://doi.org/10.1101/2020.02.28.969873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969873; this version posted March 5, 2020. The copyright holder for this preprint

(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

while F80L and F80R are A-PAH-like under
these conditions. However, the sum of many
different types of analyses, most notably limited
proteolysis, show that all of the Phe80 variants, to
some extent, also sample conformations that are
neither RS-PAH-like nor A-PAH-like, but rather
more likely reflect intermediates in the allosteric
regulation of PAH. Like the reported behavior of
human porphobilinogen synthase, this is another
example where single amino acid substitutions
dramatically alter the conformational space
sampled by a medically relevant protein and
unmask structural conformers that are, in the wild
type protein, too short-lived for extensive
characterization (38,39). These variants can also
provide a glimpse into the aberrant
conformational sampling of disease-associated
variants.

Identification of intermediates in the RS-PAH to
A-PAH transition

The current work expands our
understanding of PAH allostery to include
undocked intermediates, simplistically described
in Scheme 1.

Scheme 1: Phe
RS-PAH <> undocked-PAHs < A-PAH <> Phe-stabilized A-PAH

As per the established conformational selection
mechanism (6), first suggested by us in 2013 (4),
the population of the A-PAH conformation is
increased through stabilization by allosteric Phe
binding at the ACT dimer interface (circle in Fig
1C). Interestingly, for WT rPAH, the cation-n
sandwich at Phe80 appears to act like a lock on
the RS-PAH conformation. All  tested
perturbations lead to an increase in the population
of undocked conformers. Possible undocked
PAH conformations were recently introduced in
a study of the rPAH variant R68S, which is a
model for an hPAH disease-associated variant
(22). The reported rPAH R68S intrinsic
fluorescence, activity, and trypsinolysis results
are remarkably similar to what we report herein
for the F8OL and F80R variants, though the
tryptic peptides were not identified and cleavage
within the C-terminal helix went unnoted (22).
Included in the characterization of R68S was a
small angle X-ray scattering study that was
evaluated as an ensemble of undocked structures
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that allowed flexibility in a linker comprised of
residues 110-118. Fitting the data to the undocked
conformational ensemble was reported as inferior
to an admixture comprised of 33% in the RS-
PAH conformation (from crystal structures) and
67% in an A-PAH conformation that held the
ACT-domain dimer 8 — 10 A closer to the
tetramer center-of-mass relative to that illustrated
in Fig 1C (22). Our ongoing SEC-SAXS studies
of rPAH and the Phe80 variants with and without
intermediate concentrations of Phe will continue
to address undocked models. One such best-fit
undocked model is included in Fig 1D (Gupta et
al, in preparation); the alternative undocked
model in Fig 1D was prepared in conjunction
with our ongoing molecular dynamics studies of
PAH (Ge, Voelz, et al. in preparation).

Refining A-PAH models

The current work contributes to our
building improved models of the A-PAH
conformation and provides an improved roadmap
towards how to engineer PAH as a structural
biology target that is more amenable for study
using X-ray crystallography and/or single particle
reconstruction using cryo-EM. We initiated this
study with a simple model of the PAH quaternary
structure equilibrium consisting only of the RS-
PAH and A-PAH conformations, positing that
destabilizing the former would increase the mole
fraction of the latter, thus improving our ability to
obtain an A-PAH crystal structure. In designing
variants to destabilize the RS-PAH conformation,
we focused on disrupting the RS-PAH-specific
cation-r interaction. Unexpectedly our data show
that the chosen alterations to Phe80 destabilize
both RS-PAH and A-PAH conformations
increasing the population of intermediate
undocked conformations. Thus, we might
conclude that Phe80 is important to the stability
of both RS-PAH and A-PAH conformations. A
maturing model for the A-PAH conformation
considers whether disordered segments in the RS-
PAH crystal structures become ordered in the A-
PAH conformation, and how such disorder <
order transitions might include interactions with
Phe80. Two suggested models are described
below.

One model proposes that disordered C-
terminal basic sequences in RS-PAH become
ordered in A-PAH through cation-n interactions
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with Phe80. To date, all full-length PAH crystal
structures are in the RS-PAH conformation and
all are disordered in the C-termini, where the
sequence is QKIK(S) (see Fig S1). Each of the
proposed A-PAH models (e.g. those shown in
Figs 1C and 2B) include juxtaposition of Phe80,
on the inner surface of an ACT domain dimer
with the C-termini. In the trans conformation, the
predicted cation-x interaction is inter-subunit; in
the cis conformation, it is intra-subunit (5).
Arguing against this model is the A-PAH-like
character of F8OR, where only 10 puM Phe
appears to be required to reach the A-PAH
conformation. If Phe80 in the A-PAH
conformation is interacting with the basic C-
terminal residues, F80R should introduce charge
repulsion and thus not be A-PAH-like.

An alternative model considers a
disorder to order transition within the N-terminal
~20 residues (segment 1 of Fig 1A). This segment
might move into the space between the ACT
domain dimers and the rest of the tetramer. As
shown in Fig 1C, this is a fairly large space with
an 8 - 10A distance between the surfaces of the
catalytic domains and the ACT domains. The N-
terminal sequence of rPAH is
AAVVLENGVLSRKLS, where the residues
conserved with human PAH are in boldface. Such
a relocation of the N-terminal residues could
potentially be stabilized by hydrophobic
interactions with Phe80. The proposed model
would have residues ~1-15 threaded into the
space between the ACT domain dimer and the
rest of the tetramer with residues ~18-32 as a
potentially disordered linker. We note that Ser16
(italic) is a phosphorylation site and
phosphorylation is known to reduce the Phe
concentration required for full activation (40,41).
It is possible that phosphorylation of Ser16 might
facilitate the relocation of segment 1 through
interaction with Asp112. In support of the notion
that the positioning of segment 1 is important to
the A-PAH conformation is the reported failure
of A1-26rPAH to yield an A-PAH crystal
structure (13).

Conclusion

The current study provides a deeper
understanding of the dynamic behavior of
mammalian PAH and the profound effect of
Phe80 variants on the conformational equilibrium
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among RS-PAH, A-PAH and undocked
intermediate  structures. If such undocked
structures are relatively more common among
disease-associated human PAH variants, this
would contribute to the oft-cited generalization
that disease-associated proteins are highly
susceptible to  degradation (e.g. (25)).
Nevertheless, Phe80 variants are not among the
~1000 different documented PKU-associated
alleles (42). The sum of studies presented herein
argues that Phe80 plays a pivotal role in locking
PAH into the RS-PAH conformation, potentially
providing the rate-determining step in PAH
activation. It has long been known that PAH
activation is relatively slow and dependent upon
the order of addition of reaction components in
vitro (4,43). Our original interpretation of the
unusual kinetic properties of PAH included
intermediate dimeric (or monomeric) structures
in the pathway between tetrameric RS-PAH and
A-PAH conformations, in part to account for the
slow timescale of the transition, though this
remains only a hypothesis (4). The limited
proteolysis studies of WT rPAH in the RS-PAH
conformation provide strong evidence that
tetramer dissociation is facile, consistent with our
proposal that multimerization could be a
significant part of PAH regulation. As of yet,
there has been no systematic inspection of the
dynamic oligomerization properties of PKU-
associated variants of PAH. Similar to the case of
the Phe80 variants reported here, single-residue
variants of the wild-type sequence of other
proteins, such as a PBGS, have served to
successfully predict the behavior and structures
of disease-associated and single-residue variants
(17,18,39).

Experimental procedures
Protein production and purification methods
Proteins were overexpressed
heterologously in an E. coli system using using a
cleavable N-terminal His-SUMO affinity tag as
previously described (5,44). WT rPAH was also
expressed and purified using the Shiman method
as previously described (4,5,12,26). The plasmids
encoding the variants were produced by
Genewiz. The resultant PAH contains no non-
PAH residues at either end of the full-length PAH
protein. The classic two-step purification on Ni-
Sepharose using a Tris-HCI buffer as previously
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described (5) yielded nearly homogeneous PAH
per SDS PAGE. The final purification step uses
IEC fractionation (either a 1-mL or 5-mL HiTrap
Q column) in 30 mM Tris-HCI, pH 7.4, 15%
glycerol, and a 30 column volume linear gradient
to 400 mM KCI. IEC fractionation of SDS-pure
rPAH is established to separate quaternary
structure isoforms (4,12). Two-mL fractions were
collected, analyzed by SDS and native PAGE,
flash frozen and stored at -80 °C. The preparative
IEC column on Phe80 variants (~15 — 50 mg per
1 mL column run) yielded 5 — 7 two-ml fractions
at ~0.5 - ~6 mg/ml giving a final overall yield of
~ 7 mg purified protein/g cells, for each variant .
In some instances, where the HiTrap Q column
had been heavily loaded (e.g. >~25 mg for the 1-
mL column), fractions were pooled, diluted with
elution buffer to a final salt concentration of <20
mM KCI, and the column was re-run in an
attempt to isolate fractions containing only one
guaternary structure isoform. PAH is routinely
stored (either at 4 °C or -80 °C) as the preparative
Hi-Trap Q fractions; once brought to room
temperature, PAH is generally allowed to
equilibrate at RT for ~1 h prior to experimental
observations.

Analytical ion exchange chromatography

For each of the PAH proteins, one or
more fractions was chosen from the preparative
IEC column and used for an analytical IEC
investigation of the effect of Phe on the separable
conformations. For these studies, 100 pg of
protein is diluted to 5 ml of 30 mM Tris-HCI, pH
7.4, 20 mM KClI, the sample is pumped onto a 1
ml HiTrap Q column (0.5 ml/min), followed by a
40 min wash of the same buffer containing a set
concentration of Phe (0, 10, 30, 100, 300, and
1000 pM). Elution used a 30 ml linear gradient to
the same column buffer at 400 mM KCI. Blank
gradients (one or more) were performed at each
Phe concentration prior to each protein injection.

Intrinsic PAH fluorescence methods

Intrinsic fluorescence of PAH at a
concentration of 0.5 uM subunit is measured at
25 °C by exciting the protein solution with a light
of wavelength 295 nm and collecting the
emission spectrum between 305 and 400 nm.
Intrinsic ~ fluorescence measurements  were
obtained for each of the Phe80 variants and for
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WT rPAH in the absence and presence of 1 mM
Phe.

PAH enzyme kinetics

PAH activity was determined at 25 °C by
continuously monitoring tyrosine fluorescence
intensity after initiating the assay by addition of
PAH, which was at a concentration between 0.1
and 0.4 mg/mL (i.e. ~ 2-8 uM subunit). Prior to
addition to the assay mixture, the protein was
preincubated with or without Phe, at the assay
concentration, for 1 minute at room temperature.
The continuous fluorescence-based assay is
based on that of Gersting et al. (45) with
modifications introduced by Bublitz (46).
Tyrosine fluorescence measurements use an
excitation wavelength of 275 nm and an emission
wavelength of 305 nm on a PTI Fluorescence
System spectrophotometer equipped with an
USHIO Xenon Short Arc Lamp and Felix™ for
Windows Software. The standard reaction is
performed in a final volume of 2 mL containing
20 mM bis-tris propane (pH 7.3), Phe (at
concentrations between 10 pM and 1 mM), 10
MM ammonium iron (Il) sulfate, 40 pg/mL
catalase (800 — 3200 units), 75 uM BH,4 and
75 UM DTT. Initial velocity reflects the first 50
sec. The initial velocity data were fitted to a 3-
parameter Hill equation using the SigmaPlot v.
10.0 (Systat Software, San Jose, CA). Calibration
curves of standard tyrosine concentrations (10,
20, 30, 40 pM in the assay solution) were
obtained on the day of the activity analysis.

Native proteolytic digestion

WT rPAH and the Phe80 variants were
subjected to trypsinolysis at 25 °C, at 1 mg/ml
and various concentrations of Phe (0, 30 uM, 100
uM, 1 mM), 30mM Tris-HCI pH 7.4, and 150
mM KCI using a PAH:trypsin ratio of 200:1. The
digestions were monitored for 1 hour at RT,
taking samples at 1, 15, 30, 45, and 60 min;
stopping the reaction by addition of 100 uM
PMSF. AspN protease digestions used a 1:250
protease:PAH ratio and were monitored at
various concentrations of Phe (0, 100 uM, 1 mM).
AspN digestion was stopped by exposure to 100
°C for 5 min. Proteolytic digestion was monitored
by SDS PAGE using 12.5% PhastGels. Peptides
were identified in select digests by separation
using BioRad gels and submission to the Wistar
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Proteomics Facility. For WT rPAH, without Phe,
proteolysis was also monitored using native
PAGE and quantified using Image-J software
47).

Analytical SEC
SEC analyses were performed using a calibrated
Superdex 200 10/300 GL column (GE
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Healthcare) in 30 mM Tris-HCI, pH 7.4, 150 mM
KCI, without or with 1mM Phe at a flow rate of
0.5 ml/min at RT. Samples were from individual
preparative IEC fractions, containing 15%
glycerol, flash frozen, stored at -80 °C, defrosted
at 25 °C, and allowed to sit for an hour. Samples
were adjusted to a protein concentration of ~ 1.5
mg/ml when injected onto the pre-equilibrated
column.


https://doi.org/10.1101/2020.02.28.969873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969873; this version posted March 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Phe80 variants of phenylalanine hydroxylase

Acknowledgements:

The authors acknowledge our colleagues Dr. Vincent Voelz of the Temple University Chemistry
Department, and Yun-hui Ge for the coordinates illustrated in Fig 1D (right). We also thank Dr. Patrick
Loll for his kind gift of the parent plasmid for production of His-SUMO tagged proteins.

Conflict of interest: The authors declare that they have no conflicts of interest with the contents of this
article.

13


https://doi.org/10.1101/2020.02.28.969873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969873; this version posted March 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Phe80 variants of phenylalanine hydroxylase

References

1. Kaufman, S. (1964) Studies on Structure of Primary Oxidation Product Formed from
Tetrahydropteridines during Phenylalanine Hydroxylation. Journal of Biological Chemistry 239,
332-&

2. NPKUA. (2014) http://www.npkua.org/.

3. Jaffe, E. K. (2017) New protein structures provide an updated understanding of phenylketonuria.
Mol Genet Metab 121, 289-296

4, Jaffe, E. K., Stith, L., Lawrence, S. H., Andrake, M., and Dunbrack, R. L., Jr. (2013) A new

model for allosteric regulation of phenylalanine hydroxylase: implications for disease and
therapeutics. Arch Biochem Biophys 530, 73-82

5. Arturo, E. C., Gupta, K., Hansen, M. R., Borne, E., and Jaffe, E. K. (2019) Biophysical
characterization of full-length human phenylalanine hydroxylase provides a deeper understanding
of its quaternary structure equilibrium. J Biol Chem 294, 10131-10145

6. Ge, Y., Borne, E., Stewart, S., Hansen, M. R., Arturo, E. C., Jaffe, E. K., and Voelz, V. A. (2018)
Simulations of the regulatory ACT domain of human phenylalanine hydroxylase (PAH) unveil its
mechanism of phenylalanine binding. J Biol Chem 293, 19532-19543

7. Lang, E. J. M., Cross, P. J., Mittelstadt, G., Jameson, G. B., and Parker, E. J. (2014) Allosteric
ACTion: the varied ACT domains regulating enzymes of amino-acid metabolism. Curr. Opin.
Struct. Biol. 29, 102-111

8. Grant, G. A. (2006) The ACT domain: a small molecule binding domain and its role as a common
regulatory element. J Biol Chem 281, 33825-33829

9. Chipman, D. M., and Shaanan, B. (2001) The ACT domain family. Curr Opin Struct Biol 11,
694-700

10. Blau, N. (2016) Genetics of Phenylketonuria: Then and Now. Hum Mutat 37, 508-515

11. Cross, R. (2019) PKU, a once-neglected disease, is now a proving ground for new drugs. Chem

Eng News 97, 25-30

12. Arturo, E. C., Gupta, K., Heroux, A., Stith, L., Cross, P. J., Parker, E. J., Loll, P. J., and Jaffe, E.
K. (2016) First structure of full-length mammalian phenylalanine hydroxylase reveals the
architecture of an autoinhibited tetramer. Proc Natl Acad Sci U S A 113, 2394-2399

13. Meisburger, S. P., Taylor, A. B., Khan, C. A., Zhang, S., Fitzpatrick, P. F., and Ando, N. (2016)
Domain Movements upon Activation of Phenylalanine Hydroxylase Characterized by
Crystallography and Chromatography-Coupled Small-Angle X-ray Scattering. J Am Chem Soc
138, 6506-6516

14, Patel, D., Kopec, J., Fitzpatrick, F., McCorvie, T. J., and Yue, W. W. (2016) Structural basis for
ligand-dependent dimerization of phenylalanine hydroxylase regulatory domain. Scientific
reports 6, 23748

15. Tome, C. S., Lopes, R. R., Sousa, P. M. F., Amaro, M. P., Leandro, J., Mertens, H. D. T.,
Leandro, P., and Vicente, J. B. (2019) Structure of full-length wild-type human phenylalanine
hydroxylase by small angle X-ray scattering reveals substrate-induced conformational stability.
Scientific reports 9, 13615

16. Breinig, S., Kervinen, J., Stith, L., Wasson, A. S., Fairman, R., Wlodawer, A., Zdanov, A., and
Jaffe, E. K. (2003) Control of tetrapyrrole biosynthesis by alternate quaternary forms of
porphobilinogen synthase. Nat Struct Biol 10, 757-763

17. Tang, L., Breinig, S., Stith, L., Mischel, A., Tannir, J., Kokona, B., Fairman, R., and Jaffe, E. K.
(2006) Single amino acid mutations alter the distribution of human porphobilinogen synthase
quaternary structure isoforms (morpheeins). J Biol Chem 281, 6682-6690

18. Jaffe, E. K., and Stith, L. (2007) ALAD porphyria is a conformational disease. American Journal
of Human Genetics 80, 329-337

19. Pinheiro, S., Soteras, I., Gelpi, J. L., Dehez, F., Chipot, C., Luque, F. J., and Curutchet, C. (2017)
Structural and energetic study of cation-pi-cation interactions in proteins. Physical chemistry
chemical physics : PCCP 19, 9849-9861

14


http://www.npkua.org/
https://doi.org/10.1101/2020.02.28.969873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969873; this version posted March 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Phe80 variants of phenylalanine hydroxylase

20. Knappskog, P. M., Flatmark, T., Aarden, J. M., Haavik, J., and Martinez, A. (1996)
Structure/function relationships in human phenylalanine hydroxylase. Effect of terminal deletions
on the oligomerization, activation and cooperativity of substrate binding to the enzyme. Eur J
Biochem 242, 813-821

21. Jennings, I. G., Teh, T., and Kobe, B. (2001) Essential role of the N-terminal autoregulatory
sequence in the regulation of phenylalanine hydroxylase. Febs Lett 488, 196-200

22. Khan, C. A., Meisburger, S. P., Ando, N., and Fitzpatrick, P. F. (2019) The phenylketonuria-
associated substitution R68S converts phenylalanine hydroxylase to a constitutively active
enzyme but reduces its stability. J Biol Chem 294, 4359-4367

23. Gjetting, T., Petersen, M., Guldberg, P., and Guttler, F. (2001) Missense mutations in the N-
terminal domain of human phenylalanine hydroxylase interfere with binding of regulatory
phenylalanine. Am J Hum Genet 68, 1353-1360

24, Erlandsen, H., Pey, A. L., Gamez, A., Perez, B., Desviat, L. R., Aguado, C., Koch, R., Surendran,
S., Tyring, S., Matalon, R., Scriver, C. R., Ugarte, M., Martinez, A., and Stevens, R. C. (2004)
Correction of kinetic and stability defects by tetrahydrobiopterin in phenylketonuria patients with
certain phenylalanine hydroxylase mutations. Proc Natl Acad Sci U S A 101, 16903-16908

25. Pey, A. L., Perez, B., Desviat, L. R., Martinez, M. A., Aguado, C., Erlandsen, H., Gamez, A.,
Stevens, R. C., Thorolfsson, M., Ugarte, M., and Martinez, A. (2004) Mechanisms underlying
responsiveness to tetrahydrobiopterin in mild phenylketonuria mutations. Hum Mutat 24, 388-399

26. Shiman, R., Gray, D. W., and Pater, A. (1979) A simple purification of phenylalanine
hydroxylase by substrate-induced hydrophobic chromatography. J Biol Chem 254, 11300-11306

217. Phillips, R. S., Parniak, M. A., and Kaufman, S. (1984) Spectroscopic investigation of ligand
interaction with hepatic phenylalanine hydroxylase: evidence for a conformational change
associated with activation. Biochemistry 23, 3836-3842

28. Parniak, M. A., Davis, M. D., and Kaufman, S. (1988) Effect of alkaline pH on the activity of rat
liver phenylalanine hydroxylase. J Biol Chem 263, 1223-1230

29. Knappskog, P. M., and Haavik, J. (1995) Tryptophan fluorescence of human phenylalanine
hydroxylase produced in Escherichia coli. Biochemistry 34, 11790-11799

30. Khan, C. A., and Fitzpatrick, P. F. (2018) Phosphorylation of Phenylalanine Hydroxylase
Increases the Rate Constant for Formation of the Activated Conformation of the Enzyme.
Biochemistry 57, 6274-6277

31. Zhang, S., Hinck, A. P., and Fitzpatrick, P. F. (2015) The Amino Acid Specificity for Activation
of Phenylalanine Hydroxylase Matches the Specificity for Stabilization of Regulatory Domain
Dimers. Biochemistry 54, 5167-5174

32. Phillips, R. S., Iwaki, M., and Kaufman, S. (1983) Ligand effects on the limited proteolysis of
phenylalanine hydroxylase: evidence for multiple conformational states. Biochem Biophys Res
Commun 110, 919-925

33. Abita, J. P., Parniak, M., and Kaufman, S. (1984) The activation of rat liver phenylalanine
hydroxylase by limited proteolysis, lysolecithin, and tocopherol phosphate. Changes in
conformation and catalytic properties. J Biol Chem 259, 14560-14566

34. Solstad, T., Stokka, A. J., Andersen, O. A., and Flatmark, T. (2003) Studies on the regulatory
properties of the pterin cofactor and dopamine bound at the active site of human phenylalanine
hydroxylase. Eur J Biochem 270, 981-990

35. Leandro, J., Leandro, P., and Flatmark, T. (2011) Heterotetrameric forms of human phenylalanine
hydroxylase: Co-expression of wild-type and mutant forms in a bicistronic system. Biochim
Biophys Acta 1812, 602-612

36. Djordjevic, M., Klaassen, K., Sarajlija, A., Tosic, N., Zukic, B., Kecman, B., Ugrin, M.,
Spasovski, V., Pavlovic, S., and Stojiljkovic, M. (2013) Molecular Genetics and Genotype-Based
Estimation of BH4-Responsiveness in Serbian PKU Patients: Spotlight on Phenotypic
Implications of p.L48S. JIMD Rep 9, 49-58

15


https://doi.org/10.1101/2020.02.28.969873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969873; this version posted March 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Phe80 variants of phenylalanine hydroxylase

37. Heintz, C., Cotton, R. G., and Blau, N. (2013) Tetrahydrobiopterin, its mode of action on
phenylalanine hydroxylase, and importance of genotypes for pharmacological therapy of
phenylketonuria. Hum Mutat 34, 927-936

38. Jaffe, E. K. (2020) Chapter Three - Porphobilinogen synthase: An equilibrium of different
assemblies in human health. in Progress in Molecular Biology and Translational Science
(Giraldo, J., and Ciruela, F. eds.), Academic Press. pp 85-104

39. Jaffe, E. K. (2016) The Remarkable Character of Porphobilinogen Synthase. Acc Chem Res 49,
2509-2517

40. Doskeland, A. P., Martinez, A., Knappskog, P. M., and Flatmark, T. (1996) Phosphorylation of
recombinant human phenylalanine hydroxylase: effect on catalytic activity, substrate activation
and protection against non-specific cleavage of the fusion protein by restriction protease.
Biochem J 313 ( Pt 2), 409-414

41. Fitzpatrick, P. F. (2012) Allosteric regulation of phenylalanine hydroxylase. Arch Biochem
Biophys 519, 194-201

42, Garbade, S. F., Shen, N., Himmelreich, N., Haas, D., Trefz, F. K., Hoffmann, G. F., Burgard, P.,
and Blau, N. (2019) Allelic phenotype values: a model for genotype-based phenotype prediction
in phenylketonuria. Genet Med 21, 580-590

43. Kaufman, S. (1993) The phenylalanine hydroxylating system. Adv Enzymol Relat Areas Mol Biol
67, 77-264

44, Weeks, S. D., Drinker, M., and Loll, P. J. (2007) Ligation independent cloning vectors for
expression of SUMO fusions. Protein Expr Purif 53, 40-50

45, Gersting, S. W., Staudigl, M., Truger, M. S., Messing, D. D., Danecka, M. K., Sommerhoff, C.
P., Kemter, K. F., and Muntau, A. C. (2010) Activation of phenylalanine hydroxylase induces
positive cooperativity toward the natural cofactor. J Biol Chem 285, 30686-30697

46. Bublitz, C. (1969) A direct assay for liver phenylalanine hydroxylase. Biochim Biophys Acta 191,
249-256

47. Schneider, C. A., Rasband, W. S., and Eliceiri, K. W. (2012) NIH Image to ImageJ: 25 years of
image analysis. Nature methods 9, 671-675

48. Liu, X., and Vrana, K. E. (1991) Leucine zippers and coiled-coils in the aromatic amino acid
hydroxylases. Neurochem Int 18, 27-31

49, Perkins, S. J., Wright, D. W., Zhang, H., Brookes, E. H., Chen, J., Irving, T. C., Krueger, S.,
Barlow, D. J., Edler, K. J., Scott, D. J., Terrill, N. J., King, S. M., Butler, P. D., and Curtis, J. E.
(2016) Atomistic modelling of scattering data in the Collaborative Computational Project for
Small Angle Scattering (CCP-SAS). J Appl Crystallogr 49, 1861-1875

16


https://doi.org/10.1101/2020.02.28.969873
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2020.02.28.969873; this version posted March 5, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Phe80 variants of phenylalanine hydroxylase

FOOTNOTES
This work was supported by National Institutes of Health Grant 5R01-NS100081 (to E. K. J. and K. G.)

and a grant from the National PKU Alliance (to E. K. J.) and in part by the National Institutes of Health
NCI Cancer Center Support Grant P30 CA006927. The content is solely the responsibility of the authors
and does not necessarily represent the official views of the National Institutes of Health.

The abbreviations used are: IEC, ion exchange chromatography; Phe, phenylalanine; PAH, phenylalanine
hydroxylase; rPAH, rat PAH; PKU, phenylketonuria; PAGE, polyacrylamide gel electrophoresis; SDS,
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Table 1: Kinetic Parameters for WT rPAH and Phe80 variant in the absence or presence

of a 1 min preincubation with Phe (at the assay concentration).

Km (uM) VMAX Hill Fold VIK
(nmol coefficient | Activation
Tyr/min/mg)

WT rPAH (-Phe) 203+ 45 465+ 46 22+0.8 2.2
F80D (-Phe) 327 £ 107 1,210 + 230 1.6+£05 3.7
F80A (-Phe) 229 + 18 3,470 £ 141 1.8+£0.2 15.1
F80L (-Phe) 50+ 3 7,600 + 147 1.3+£0.1 129.0
F8OR (-Phe) 78+ 8 4,100 £ 151 1.6+0.3 52.6

WT rPAH (+Phe) 158 + 58 2,560 + 337 26117 55 16.2
F80D (+Phe) 142 + 12 3,890 + 164 3.2+£0.7 3.2 27.4
F80A (+Phe) 180+ 15 6,310 + 208 22+0.2 1.8 35.1
F80L (+Phe) 65+ 6 8,130 + 282 1.2+£0.1 1.1 125.0
F8OR (+Phe) 79+ 7 3,880 + 142 1.4+0.2 0.9 49.1
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Figure 1. The structures of phenylalanine hydroxylase (PAH). (A) The domain structure of mammalian
PAH is comprised of eight segments. Segment 1 (red) is disordered in RS-PAH crystal structures. Segment
2 (orange) contains the autoinhibitory interaction specific to the RS-PAH conformation. Segments 1 + 2
have previously been called the autoinhibitory region. Segment 3 (yellow) is the ACT domain. Segments 1
— 3 are commonly called the regulatory domain. Segment 4 (green) is a linker region, some or all of which
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repositions during the RS-PAH <& A-PAH conformational interchange. Segment 5 (blue) contains the
active site lid (residues ~136 — 142 are disordered in crystal structures of the RS-PAH conformation).
Segments 5 & 6 (blue & cyan) comprise the catalytic domain. Segment 7 (pink) is a hinge whose
conformation differs among the four chains in all documented RS-PAH tetramer structures (5,12,13).
Segment 8 (purple) is a C-terminal helix, which has been seen as both bent and straight, and which forms
a 4-helix bundle; it does not contain the classic pattern of leucine residues found in other aromatic amino
acid hydroxylases (48). The last three to six C-terminal amino acids are disordered in all crystal structures
of the RS-PAH conformation, with chain-to-chain variation within each structure. (B) The X-ray crystal
structure of WT rPAH in the tetrameric RS-PAH conformation (PDB: 5DEN (12)) is shown. One subunit,
colored as part A, is enlarged on the left. Three orthogonal illustrations of the tetramer are shown on the
right with three subunits faded. In this conformation, the ACT domain of each subunit is docked to the
catalytic domain of a neighboring subunit. On the left image, we show in sticks the side chains of residues
Phe80, Trp120, Lys113, Lys431, Lys43, and Lys320, which are discussed in this paper. (C) An A-PAH
model is shown in the “trans” conformation, as previously described (5); one subunit is enlarged on the left
with the same residues depicted. Three orthogonal illustration of the tetramer are shown on the right with
three subunits faded. In this conformation, the ACT domain of one subunit is docked to the ACT domain
of another subunit (red circle). This is where the allosteric Phe binds (14). The RS-PAH and A-PAH
conformations differ in the position of the regulatory domain relative to the rest of the protein, but both
conformations contain ACT domains that are docked. Only the A-PAH conformation includes dimerized
ACT domains, docked to each other across the diagonal of the tetramer. All proposed A-PAH
conformations have uncertainty in the position of segments 1 + 2. (D) Two models of “undocked” tetrameric
PAH conformations are illustrated. The model on the left was prepared using the program SASSIE (49) and
is part of a detailed SEC-SAXS analysis of the Phe80 variants (Gupta et al, in preparation). The model on
the right is the result of a molecular dynamics investigation of tetrameric PAH (Ge, et al, in preparation),
expanding methods we previously applied to a Phe-bound ACT domain dimer (6).
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Figure 2: The juxtaposition of Phe80, Arg123, and Arg420 of one PAH protomer in alternate
conformations. (A) The cation-t sandwich first identified in the rPAH crystal structure (12), with
potential charge neutralization provided by Glu66 and involvement of Arg68. (B) Alternate positioning of
residues Phe80, Arg123, and Arg420 (shown in space filling) in different PAH conformations. The RS-
PAH crystal structure is left and shows the cation-n sandwich. The commonly assumed A-PAH trans
conformation is in the center, while the recently proposed A-PAH cis conformation is right (5). The A-
PAH conformations cannot include cation-r interactions between Phe80, Arg420, and Argl23.
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Figure 3. Individual fractions from the preparative IEC purification step were analyzed using 12.5% native
PhastGels and analytical SEC. The white dots indicate fractions used for determination of enzyme kinetic
parameters. (A) WT rPAH, F80A, and F80 D show multiple quaternary structure isoforms. WT rPAH
fractionates into a dimeric and two tetrameric components. Shown right is a 3.5x enlargement of fraction
A5. F80A and F80D behave similarly, though the tetramer bands are less sharply resolved. (B) Preparative
IEC fractions F80L and F80R show only one tetramer band and no significant dimer. (C) Analytical SEC
on preparative IEC fractions of WT rPAH and all the Phe80 variants following storage at -80. (D) WT
rPAH and F80L chromatograms are compared in the presence (dashed lines) and absence (solid lines) of 1
mM Phe in the column buffer.
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Figure 4. Comparative intrinsic fluorescence of rPAH and the Phe80 variants. (A) Emission spectra are
shown for rPAH and the Phe80 variants in the absence of Phe. The dashed black line shows WT rPAH in
the presence of 1 mM Phe. (B) Emission spectra are shown for rPAH and the Phe80 variants in the presence
of 1 mM Phe.
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Figure 5: Analytical IEC on rPAH and Phe80 variants as a function of [Phe]. For all separations, 100 pg
of protein was diluted into 5 ml start buffer (no Phe) and applied to a 1 ml HiTrap Q column that had been
pre-equilibrated with the set concentration of Phe (10 min). The column was washed with is starting buffer
for 40 min and protein isoforms were eluted with a linear gradient to 400 mM KCI at the set Phe
concentration. Part A provides a comparison of peak positions in the absence of Phe and at the Phe
concentrations that corresponds to the predominant peak in the A-PAH conformation. For WT rPAH, F80A,
and F80D, this is 100 uM Phe; for F8OL it is 10 uM Phe; for F8OR it is 30 uM Phe. Parts B-F illustrate the
progression of chromatographic changes for each variant as the Phe concentration is increased. To facilitate
comparison, the chromatogram at 30 uM Phe is shown in red.
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Figure 6: PhastGel analysis of tryptic digests as a function of time and [Phe]. SDS PAGE analysis of a
tryptic digest time course for WT rPAH and the Phe80 variants. Circled numbered bands for WT rPAH no
Phe, WT rPAH + 1 mM Phe, and F80R no Phe were identified by submission to the Wistar Proteomics
Facility using standard mini-gels. For all other bands numbered in italics, identification is by inference. A
similar study using AspN protease is shown in Fig S3. The annotated PAH sequence is in Fig S1.
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