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Abstract

Phenylalanine hydroxylase (PAH) is activated by its substrate phenylalanine, and through phosphorylation
by cAMP-dependent protein kinase at Ser16 in the N-terminal autoregulatory sequence of the enzyme. The
crystal structures of phosphorylated and unphosphorylated forms of the enzyme showed that, in the absence
of phenylalanine, in both cases the N-terminal 18 residues including the phosphorylation site contained no
interpretable electron density. We used nuclear magnetic resonance (NMR) spectroscopy to characterize this
N-terminal region of the molecule in different stages of the regulatory pathway. A number of sharp
resonances are observed in PAH with an intact N-terminal region, but no sharp resonances are present in a
truncation mutant lacking the N-terminal 29 residues. The N-terminal sequence therefore represents a
mobile flexible region of the molecule. The resonances become weaker after the addition of phenylalanine,
indicating a loss of mobility. The peptides corresponding to residues 2–20 of PAH have different structural
characteristics in the phosphorylated and unphosphorylated forms, with the former showing increased
secondary structure. Our results support the model whereby upon phenylalanine binding, the mobile N-
terminal 18 residues of PAH associate with the folded core of the molecule; phosphorylation may facilitate
this interaction.
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Phenylalanine hydroxylase (PAH) is a metabolic enzyme
that converts phenylalanine to tyrosine using molecular
oxygen, enzyme-bound iron, and a 6R-tetrahydrobiopterin
(BH4) cofactor (Kaufman 1993; Hufton et al. 1995; Kap-
pock and Caradonna 1996; Fitzpatrick 2000). PAH is a
member of the aromatic amino acid hydroxylase family,
together with tyrosine hydroxylase (TH) and tryptophan hy-
droxylase (TPH). TH and TPH are involved in the biosyn-
thesis of the neurotransmitters, dihydroxyphenylalanine (L-

DOPA) and serotonin, respectively. The aromatic amino
acid hydroxylases share a similar enzyme mechanism, and
have a common three-domain structure consisting of an N-
terminal regulatory domain, a catalytic domain, and a C-
terminal tetramerization domain; the highest sequence and
structural similarity is found in the catalytic domain (Flat-
mark and Stevens 1999). Over 300 different mutations in
the PAH gene have been found to be associated with the
disease phenylketonuria (PKU) (Nowacki et al. 1997).

The regulatory domains of the aromatic amino acid hy-
droxylases are not highly conserved, reflecting the different
modes of regulation required by these enzymes. PAH con-
trols the level of phenylalanine, an essential amino acid,
which is subject to large fluctuations due to dietary intake.
On the one hand, the levels of PAH in the liver are such that
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if uncontrolled, the enzyme would rapidly deplete the phe-
nylalanine stores; on the other hand, the metabolites of phe-
nylalanine are toxic to the developing brain. PAH is there-
fore tightly controlled by a variety of mechanisms. The
major regulatory mechanisms include activation by phenyl-
alanine, inhibition by BH4, and additional activation by
phosphorylation (Hufton et al. 1995). Activation by the sub-
strate phenylalanine is considered the major regulatory
event; phenylalanine binds to a proposed allosteric site on
PAH (here referred to as the activation site), and induces
large conformational changes (Shiman et al. 1979; Hufton
et al. 1995; Fitzpatrick 2000). The natural cofactor tetrahy-
drobiopterin (BH4) acts as a negative regulator, by blocking
phenylalanine activation (Shiman and Gray 1980; Hufton et
al. 1995; Fitzpatrick 2000).

cAMP-dependent protein kinase phosphorylates PAH at
Ser16 (Wretborn et al. 1980). Although phenylalanine is the
overriding factor in activation of PAH, phosphorylation acts
as a mediator of phenylalanine activation by decreasing the
phenylalanine concentration required to activate the enzyme
(Shiman et al. 1982; Doskeland et al. 1984; Hufton et al.
1995; Fitzpatrick 2000). Thirty to 40% less phenylalanine is
required for the half-maximal activation of the phosphory-
lated enzyme when compared to the unphosphorylated pro-
tein (Doskeland et al. 1984). Substitution of Ser16 with
negatively charged amino acids, glutamate, or aspartate re-
sults in activation of the enzyme (Citron et al. 1994; Kow-
lessur et al. 1995). The phosphorylation at Ser16 is consid-
ered a physiologically relevant regulatory mechanism of
PAH (Donlon and Kaufman 1978).

Several crystal structures of fragments of PAH and TH
have recently been determined (Flatmark and Stevens
1999). The crystal structure of the dimeric rat PAH lack-
ing the C-terminal, 24-residue tetramerization domain
(PAH1–428) represents the only available structure of an aro-
matic amino acid hydroxylase that contains the regulatory
domain (Kobe et al. 1999). This structure revealed that the
N-terminal sequence comprising amino acids 19–29 reaches
into the active site of the catalytic domain (Fig. 1), acting as
an intrasteric autoregulatory sequence (Kobe et al. 1999;
Kobe and Kemp 1999; Jennings et al. 2001; Wang et al.
2001). Remarkably, the structures of both the phosphory-
lated and unphosphorylated forms of PAH1–428 were iden-
tical, with no electron density evident for the 18 N-terminal
residues containing the phosphorylation site Ser16 (Kobe
et al. 1999).

To elucidate the structural basis of PAH activation, we
here complement the crystallographic results with the
method of nuclear magnetic resonance (NMR). It has pre-
viously been demonstrated that NMR can be used to char-
acterize mobile regions of larger proteins that would not
ordinarily be expected to yield useful information in an
NMR experiment (Landry et al. 1993). We show here that
the NMR spectrum of the dimeric PAH1–428 (∼98 kD) con-

tains sharp peaks, corresponding to the N-terminal region of
the molecule, superimposed on an envelope of broad, over-
lapping resonances. The addition of phenylalanine resulted
in a decrease of the intensity of the peaks. The NMR spec-
trum of the peptide corresponding to residues 2–20 of PAH
revealed a stabilization of secondary structure in the phos-
phorylated form when compared to the unphosphorylated
form. Our results support the model for regulation of PAH
activity whereby the mobile N-terminal 18 residues of PAH
bind to the folded core of the molecule upon the addition of
phenylalanine, with phosphorylation facilitating this inter-
action.

Results

Assignment of resonances in the
N-terminal sequence of PAH1–428

PAH
1–428

is a dimeric protein of ∼98 kD. In this form and
under normal solution conditions for NMR spectroscopy,

Fig. 1. A ribbon diagram of the crystal structure of phosphorylated PAH1–

428 monomer (Protein Data Bank code 1PHZ; Kobe et al. 1999) is shown
with the autoregulatory region (residues Gly19 to Gln30) in dark gray. For
orientation purposes only, the proposed positions of the substrate phenyl-
alanine (Phe), and the pterin inhibitor, 7,8-dihydrobiopterin (BH2) are
shown based on the model of Teigen et al. (1999).
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crosspeaks in two-dimensional 1H homonuclear spectra
would not be expected to be observed. The NH to aliphatic
region of the two-dimensional 1H,1H TOCSY spectra of
phosphorylated PAH1–428 (Fig. 2A), however, contains
crosspeaks of approximately 25 spin systems indicating that
there are regions within the molecule that are substantially
more mobile. The crystal structure of PAH1–428 (Kobe et al.
1999) suggests that the N-terminal region is disordered; we
therefore acquired the analogous spectra of PAH lacking the
first 29 residues (PAH30–428). The TOCSY spectra of
PAH30–428 (data not shown) do not show any crosspeaks
between NH to aliphatic residues, supporting the conclusion
that the N-terminal region of PAH1–428 is significantly mobile.

In the TOCSY spectrum of phosphorylated PAH1–428

(Fig. 2A), a number of spin system topologies can be iden-
tified corresponding to residues in the N-terminal region.
Three Val, two Ala, two Ser, one Gly, one Glu or Gln, three
AMX systems (characteristic of residues such as Asn and
Phe), and several “long-chain” systems typical of Leu, Lys,
or Arg are identifiable. 2D NOESY spectra of PAH1–428

were also acquired, and while corresponding intraresidue
NOEs are observed, no unambiguous sequential NOE as-
signments could be identified, partly due to overlapping and
broad crosspeaks from the bulk of the protein.

To obtain further data to assist the assignment of these
residues we acquired TOCSY and NOESY spectra of a
synthetic peptide corresponding to residues 2–20 of PAH1–428

(Fig. 3). TOCSY spectra of the phosphorylated peptide
PAH2–20 showed 23 spin systems, indicating there was
some degree of heterogeneity. However, the chemical shifts

of several systems are extremely similar to those present in
PAH1–428. The most up-field NH at 7.78 ppm shows char-
acteristic connectivities of a Val residue, and the NOESY
spectrum shows NH to NH and NH to C�H NOEs to a Gly
residue and to a Leu residue, assigning these residues to
Gly9, Val10, Leu11 (there is only one Gly-Val-Leu se-
quence motif present in PAH; peptide numbering is accord-
ing to the PAH sequence; therefore, the first peptide residue
is numbered 2). The NH to NH NOEs for this region show
that the peptide spends some of the time in a turn-like struc-
ture, and as the chemical shifts are similar in the spectra of
PAH1–428, this conformation may be conserved. The most
down-field NOEs at 8.53 and 8.66 ppm show two NH-
CH�–CH� systems with chemical shifts typical of Ser.
Comparison to the nonphosphorylated peptide shows that
both of these systems are absent, indicating they belong to
Ser16, and that the residue is in two distinct conformations.
As the most downfield system (8.66 ppm) in PAH1–428 also
appears to be a Ser, we have assigned this system to the
phosphorylated Ser16. Further support for this assignment
was provided by the absence of an analogous downfield
signal in spectra of unphosphorylated PAH1–428 (data not
shown). In these spectra resonances at similar chemical
shifts to phosphorylated PAH1–428 were observed for three
Val, two Ala, Gly, and a possible Glu.

Effect of phenylalanine activation
of PAH as assessed by NMR

The addition of phenylalanine (200 mM) to the samples of
phosphorylated PAH1–428 resulted in a decrease in intensity

Fig. 2. The NH to aliphatic region of the 2D 1H-1H TOCSY spectrum of ∼0.1 mM phosphorylated PAH1–428 without phenylalanine
(A) and with 200 mM phenylalanine (B). Assigned spin systems are indicated.
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of a number of sharp resonances (Fig. 2B). Most notably,
the resolved resonances of Val10 and Ser16 are clearly at-
tenuated, but to different extents. The signals near 8.1 and
8.3 ppm also decrease in intensity with the addition of phe-
nylalanine. On the other hand, resonances that are assigned
to Ala2, Ala3, Val4, Val5, and tentatively to Glu7 do not
appear attenuated. Similar attenuation of signals was ob-
served for unphosphorylated PAH1–428 (data not shown; for
technical reasons, we were unable to follow the effect of
increasing concentrations of phenylalanine on phosphory-
lated and unphosphorylated enzyme). Addition of phenyl-
alanine to PAH2–20 had no effect on the spectra; we there-
fore conclude that the effects observed on PAH1–428 are due
to phenylalanine binding and not due to dynamic range or
other spurious effects.

Discussion

PAH is activated by its substrate phenylalanine, and through
phosphorylation by cAMP-dependent protein kinase at
Ser16 in the N-terminal autoregulatory sequence of the en-
zyme. The crystal structure of PAH1–428 (Kobe et al. 1999)

and deletion mutagenesis (Jennings et al. 2001; Wang et al.
2001) revealed an autoinhibitory role for the N-terminal 29
residues of the enzyme. Intriguingly, no interpretable elec-
tron density was observed for the residues 1–18 containing
the phosphorylation site (residue Ser16), in both the phos-
phorylated and unphosphorylated forms. The structural ba-
sis of the activation by phenylalanine and phosphorylation
therefore remained elusive.

In the present study, we used NMR spectroscopy to ad-
dress some questions not amenable to crystallographic
analysis, in particular the structural behavior of the N-ter-
minal sequence of PAH in the different stages of the regu-
latory pathway. In a context of a large protein such as PAH,
only the mobile regions were expected to produce sharp
peaks in the NMR spectra, overlayed onto the background
of broad overlapping resonances. A similar approach has
previously been used to study the mobile regions of the
cochaperonin GroES (Landry et al. 1993, 1996). Although
sequential assignment proved difficult in our system, we
confirmed that the N-terminal sequence was responsible for
the sharp resonances, based on the following evidence: (1)
the peaks were present in the spectra of PAH1–428, but not

Fig. 3. The NH to aliphatic region of the 2D 1H-1H TOCSY spectrum of phosphorylated (A) and unphosphorylated (B) peptide
PAH2–20 and the NH to NH region of the 1H-1H NOESY spectrum of phosphorylated (C) peptide PAH2–20. Assigned spin systems are
indicated.
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PAH30–428; (2) several spin systems present in the N-termi-
nal 18 residues of the protein could be identified in the
spectrum; (3) a serine spin system considerably shifted
downfield was present in the phosphorylated sample; and
(4) a serine spin system with similar characteristics was
present in the phosphorylated peptide PAH2–20, but not in
the unphosphorylated peptide.

Studies with the peptide PAH2–20 indicated an influence
of phosphorylation upon solution behavior; the addition
of the phosphate group resulted in a higher degree of sec-
ondary structure. Although the consequences, within
the context of the enzyme, of the effect of the phosphate
group on the structure and dynamics of the local sequence
are not clear, this effect may play an important role in the
mechanism of activation of PAH activity by phosphoryla-
tion.

In PAH1–428, it is more difficult to determine the specific
effects of phosphorylation on the N-terminal sequence for
two reasons: (1) the concentration of the protein is lower to
prevent aggregation, limiting the observable signals; and
(2), the tethering of the N-terminus increases the correlation
times, resulting in a reduction of signal intensity.

Both the crystallographic results (Kobe et al. 1999) and
the NMR studies reported here suggest that the N-terminal

18 residues containing Ser16 are mobile in absence of phe-
nylalanine, in both phosphorylated and unphosphorylated
forms; the structures of the phosphorylated and unphos-
phorylated enzymes differ only locally at the sequence sur-
rounding Ser16. Importantly, we show here that upon the
addition of phenylalanine, the mobility of a portion (resi-
dues 10–16, but not residues 1–7) of the N-terminal se-
quence decreases significantly, presumably through the as-
sociation with the folded core of the protein. Large confor-
mational changes are known to occur in PAH upon
phenylalanine binding (Shiman et al. 1979; Hufton et al.
1995; Fitzpatrick 2000), and it is reasonable that a binding
site is created for the N-terminal sequence in the phenylal-
anine-induced conformation. It is possible that the N-termi-
nal sequence is directly involved in phenylalanine binding.
Phosphorylation could stabilize the binding of the N-termi-
nal sequence to the core of PAH, through direct electrostatic
interaction (Citron et al. 1994; Kowlessur et al. 1995) and/or
by affecting the structural properties of the local sequence
surrounding the phosphorylation site. Our working model
for the regulation of PAH enzyme activity by phosphoryla-
tion is schematically shown in Figure 4.

Although phosphorylation is the major mechanism of cel-
lular regulation, its consequences have been structurally

Fig. 4. Schematic diagram of the regulation of PAH by phenylalanine, BH4, and phosphorylation. The large object represents a
monomer of PAH, with the large protrusion as the catalytic domain and the small protrusion as the regulatory domain. The dashed
ellipse with Fe is the active site, and the thick curved line is the N-terminal autoregulatory sequence. The dashed line represents mobile
regions, and the solid line represents ordered regions. Little is currently known about the locations of phenylalanine and BH4 binding
sites; they are shown in arbitrary locations in the model. The right column represents active forms of PAH, and the left column
autoinhibited forms of PAH. Phosphorylation (bottom row) facilitates the phenylalanine-induced conversion from autoinhibited to
active form.
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elucidated in very few systems (Johnson and O’Reilly
1996). In PAH, phosphorylation only has an effect concur-
rently with the binding of another effector, phenylalanine.
Although other examples of concerted action of regulatory
events exist, for example, the combination of cyclin binding
and phosphorylation in cyclin-dependent protein kinase
CDK2 (Pavletich 1999), and dual phosphorylation in MAP
kinase ERK2 (Canagarajah et al. 1997), the lack of nonlo-
calized structural consequences of phosphorylation in PAH
in absence of phenylalanine is rather unique. In yeast gly-
cogen phosphorylase, where an N-terminal regulatory se-
quence similarly blocks the active site of the adjacent mono-
mer in the unphosphorylated form, phosphorylation at
Thr10 within this sequence is able on its own to cause
movement from the active site (Lin et al. 1997).

Materials and methods

Protein expression, purification, and phosphorylation

PAH1–428, corresponding to residues 1–428 of rat PAH (lacking
residues 429–452), was expressed in insect cells and purified using
phenyl-Sepharose and DE-52 cellulose chromatography (Kobe et
al. 1997). PAH1–428 has been shown to have similar catalytic prop-
erties to the full-length PAH and to be similarly activated by
phenylalanine (Hufton et al. 1998) and phosphorylation (Kobe et
al. 1997), but has a defined dimeric structure, in contrast to full-
length PAH, which is a mixture of dimers and tetramers (Hufton et
al. 1998). The purified PAH1–428 was phosphorylated using the
purified catalytic subunit of cAMP-dependent protein kinase or
dephosphorylated using alkaline phosphatase (Boehringer-Mann-
heim) and then repurified using anion-exchange chromatography
on a DE-52 cellulose column (Kobe et al. 1997). The phosphory-
lation state was assessed by electrospray mass spectrometry (Kobe
et al. 1997).

PAH30–428, corresponding to residues 30–428 of rat PAH was
expressed in Escherichia coli and purified by ammonium sulfate
fractionation, ion exchange chromatography on DE-52 (Whatman)
cellulose, and affinity chromatography on a Biogel HTP hydroxy-
apatite (Biorad) (Jennings et al. 2001).

Peptide synthesis and purification

The peptide corresponding to amino acids 2–20 of rat PAH (AAV-
VLENGVLSRKLSDFGQ) (PAH2–20) was synthesized using the
Applied Biosystems 433A peptide synthesizer, purified by cation
exchange chromatography followed by reverse-phase chromatog-
raphy, and analyzed by quantitative amino acid analysis using a
Beckman 6300 amino acid analyzer and electrospray mass spec-
trometry (Sciex API 111, Perkin-Elmer) (Michell et al. 1996).

PAH2–20 was phosphorylated as described above for PAH1–428,
with the peptide purified through a Sepak cartridge followed by
drying under vacuum. Analysis of the phosphorylated peptide by
MALDI/TOF mass spectrometry confirmed that the peptide was
fully phosphorylated on a single residue.

NMR spectroscopy

Immediately prior to NMR measurements, the proteins were con-
centrated to at least 5 mg/mL (>0.1 mM) in a final volume of 0.5

mL using a Centricon-30, followed by dialysis into 50 mM
KH2PO4/K2HPO4 (pH 6.5), containing 50 mM KCl. Phenylala-
nine activation was carried out in the NMR tube by the addition of
solid phenylalanine to a concentration of 200 mM (to push the
equilibrium as far as possible towards the activated form). The
addition of phenylalanine resulted in no apparent change in pH.
Both the unphosphorylated and phosphorylated forms of the
PAH2–20 peptide were dissolved in 50 mM KH2PO4/K2HPO4 (pH
6.5) containing 50 mM KCl at a concentration of 1.5 mM for NMR
experiments.

Clean two-dimensional (2D) total correlated (TOCSY) spectra
(Cavanagh and Rance 1992) were acquired for both protein and
peptide samples using 65-msec mixing times. 2D nuclear Over-
hauser effect (NOESY) spectra of the peptide were acquired with
mixing times of 200 to 400 msec. Water signal was suppressed
using WATERGATE methods (Liu et al. 1997). Data were col-
lected at 25°C with spectral widths of 7500 Hz in both dimensions
and as matrices of 2048 × 256 complex points. The field strength
was 600 MHz. Spectra were processed using NMRPipe (Delaglio
et al. 1995), typically with cosine bell apodization and zero-filling
prior to Fourier transformation followed by base-plane correction,
and analyzed in XEASY (Bartels et al. 1995).
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