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Abstract Phenylalanine hydroxylase (PAH) catalyzes the

hydroxylation of L-Phe to L-Tyr. Dysfunctional PAH

results in phenylketonuria and mammalian PAH is there-

fore highly regulated and displays positive cooperativity

for L-Phe (Hill coefficient (h) = 2). L-Phe does not bind to

the regulatory ACT domain in full-length tetrameric human

PAH and cooperativity is elicited by homotropic binding

to the catalytic site (Thórólfsson et al. in Biochemistry

41:7573–7585, 2002). PAH from Caenorhabditis elegans

(cePAH) is devoid of cooperativity for L-Phe (h = 0.9),

and, as shown in this work, structural analysis reveal an

additional L-Phe binding site at the regulatory domain of

full-length cePAH. This site involves the GA(S)L/ISRP

motifs, which are also found in ACT domains of other

L-Phe binding proteins, such as prephenate dehydratase.

Isothermal titration calorimetry further demonstrated

2 binding sites per subunit for cePAH versus *1 for hPAH.

Steric occlusion of the regulatory site, notably by residues

Lys215/Tyr216 from the adjacent catalytic domain,

appears to hinder regulatory binding in full-length hPAH.

Accordingly, the humanized mutant Q215K/N216Y of

cePAH binds *1.4 L-Phe/subunit. This mutant also dis-

plays high catalytic activity and certain positive coopera-

tivity for L-Phe (h = 1.4). Our results support that the

acquisition of positive cooperativity in mammalian forms

of PAH is accompanied by a closure of the regulatory

L-Phe binding site. Concomitantly, the function of the

regulatory ACT domain appears to be adapted from amino

acid binding to serving the communication of conforma-

tional changes among catalytic subunits.
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Abbreviations

AAAH Aromatic amino acid hydroxylases

BH4 (6R)-L-erythro-5,6,7,8-tetrahydrobiopterin

cePAH Phenylalanine hydroxylase from C. elegans

hPAH Human phenylalanine hydroxylase

ITC Isothermal titration calorimetry

MD Molecular dynamics

PAH Phenylalanine hydroxylase

PDT Prephenate dehydratase

TH Tyrosine hydroxylase

Tm Midpoint melting temperature

TPH Tryptophan hydroxylase

wt Wild type
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Introduction

Phenylalanine hydroxylase (phenylalanine 4-monooxy-

genase, PAH), tyrosine hydroxylase (TH) and tryptophan

hydroxylase 1 and 2 (TPH 1 and TPH2) constitute the iron-

and tetrahydrobiopterin (BH4)-dependent aromatic amino

acid hydroxylase (AAAH) enzyme family (Fitzpatrick

1999; Teigen et al. 2007). Eukaryotic AAAHs are tetra-

meric and each subunit includes an N-terminal regulatory

ACT domain, a catalytic domain and a C-terminal oligo-

merization domain (Flatmark and Stevens 1999). Phylo-

genetic analysis places a protozoan PAH close to the

ancestor sequence of the AAAHs, thus aiding to define

the evolutionary history of this enzyme family (Siltberg-

Liberles et al. 2008). PAH catalyzes the hydroxylation of

L-phenylalanine (L-Phe) to L-tyrosine (L-Tyr), the first

step in the human L-Phe catabolism leading to complete

degradation of L-Phe, mostly in liver (Fitzpatrick 2003).

Dysfunction of human PAH (hPAH) results in accumula-

tion of L-Phe in blood, which is the pathogenic factor in the

genetic disease phenylketonuria (PKU) (Scriver and

Kaufman 2001). If untreated, PKU leads to brain damage

and mental retardation. On the other hand, L-Phe is an

essential amino acid and hence a well-functioning physio-

logical regulation is required to maintain L-Phe homeo-

stasis. The activation by the substrate L-Phe (Flatmark and

Stevens 1999; Kaufman 1993) and phosphorylation at

Ser16 (Døskeland et al. 1984; Phillips and Kaufman 1984)

are main regulatory mechanisms of mammalian PAH

activity, and these mechanisms are synergistically rein-

forced (Døskeland et al. 1984; Kaufman 1993). The natural

cofactor 6R-tetrahydrobiopterin (BH4) negatively regulates

the activation by the substrate (Pey et al. 2004; Solstad

et al. 2003).

The activation of mammalian PAH by L-Phe is associ-

ated to positive cooperativity in the binding of L-Phe

(Kaufman 1993; Thórólfsson et al. 2002). The affinity for

L-Phe increases with the substrate concentration in a sig-

moidal manner (Hill coefficient (h) & 2), and this regu-

latory mechanism is absent in many mutants of PAH

associated with PKU (Erlandsen et al. 2004; Gersting et al.

2008). The cooperativity reflects a transition from a

low-activity and low-affinity ‘‘T’’ to a high-activity and

high-affinity ‘‘R’’ state, with large accompanying conforma-

tional changes (Kappock et al. 1995; Shiman et al. 1979;

Stokka and Flatmark 2003; Thórólfsson et al. 2003). The

molecular basis for the activation in mammalian PAH, and

notably the stoichiometry of L-Phe binding and the initial

site for the global conformational changes elicited by the

substrate have long been matters of discussion. Thus, the

cooperative binding has been proposed to occur either to an

allosteric/regulatory binding site different to the distant

catalytic site (Gjetting et al. 2001; Shiman and Gray 1980;

Shiman et al. 1994) or to the catalytic site itself (Martı́nez

et al. 1990, 1993). As a verification of the latter proposal,

detailed differential scanning calorimetry investigations

demonstrated that L-Phe only binds to the catalytic domain

in full-length tetrameric hPAH (Thórólfsson et al. 2002).

Accordingly, the activation of mammalian PAH would

result from homotropic cooperative binding of L-Phe to the

active sites, where allosteric conformational changes are

triggered (Stokka et al. 2004; Thórólfsson et al. 2003).

However, the regulatory domain of hPAH, when trun-

cated from the catalytic domain, in fact binds L-Phe

(Gjetting et al. 2001). Moreover, though little sequence

identity remains between the regulatory ACT domain of

mammalian PAH and its distant homolog prephenate

dehydratase (PDT) (i.e. 20% over 80 residues) (Siltberg-

Liberles and Martinez 2009), it is noteworthy that both

enzymes contain the motifs GA(S)L/IESRP (Fig. 1). The

binding of L-Phe to the isolated regulatory domain of

hPAH involves these motifs (Gjetting et al. 2001) and for

PDT their role in L-Phe binding has been crystallo-

graphically proven (Tan et al. 2008). We recently noticed

that comparison of the crystal structures of rat PAH and

C. tepidum PDT reveals a region in the catalytic domain

of PAH (residues 204–216) that might hinder the access

of the amino acid to the GA(S)L/IESRP region in the

regulatory domain (Siltberg-Liberles and Martinez 2009).

In PAH from lower eukaryotes, the L-Phe binding motifs

GAL/IESRP are conserved, but the region 204–216 that

contacts the regulatory domain presents non-conservative

substitutions with respect to the mammalian enzymes

(see sequence alignment in Figure S1, supplemental

information).

Caenorhabditis elegans PAH (cePAH) is expressed in

the hypodermis underlying the cuticle of the nematode

(Loer et al. 1999) and we have recently shown that cePAH

is involved in the synthesis of a melanin-like pigment

(Calvo et al. 2008). CePAH resembles hPAH with respect

to most functional and molecular properties but, like PAH

form other lower eukaryotes (Bel et al. 1992; Siltberg-

Liberles et al. 2008), it lacks the activation and positive

cooperative response for L-Phe (Calvo et al. 2008). Com-

parative sequence and structural analysis of hPAH, cePAH

and PDT performed in this work have uncovered a

potential binding site for L-Phe (in addition to the catalytic

site) in cePAH, involving the GAL/IESRP motifs. This site

is not revealed for hPAH. Further, binding analyses in fact

showed that the wild-type (wt) cePAH binds a superstoi-

chiometric amount of the substrate (*2 L-Phe/subunit)

compared with stoichiometric binding for the human

enzyme. The structural comparisons also revealed that

residues 215/216 might be involved in the functional

divergence between nematode and mammalian PAH, as

also supported by diverge analysis. We, therefore, prepared
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a mutant of cePAH, where residues Gln215 and Asn216 are

changed to the residues in hPAH (Q215K/N216Y-cePAH).

This mutant was stable, displayed some positive coopera-

tivity and bound only *1.4 L-Phe. Our results provide

insights on the allosteric regulation of mammalian PAH by

its substrate and aid to understand the different results

obtained on the stoichiometry of binding based on mea-

surements with full length enzymes or isolated regulatory

subunits. More importantly, our results support that the

emergence of positive cooperativity and activation by

L-Phe along evolution is accompanied by occlusion of

the regulatory L-Phe binding site operative in lower

eukaryotes.

Materials and methods

Homology modelling of full-length tetrameric hPAH

and cePAH and evaluation of potential binding sites

We have previously constructed structural models of tet-

rameric hPAH (residues 19–452) by aligning the dimeric

crystal structure of rat PAH (comprising residues 19–427,

PDB 1PHZ) with the crystal structure of a truncated tet-

rameric model of hPAH (comprising residues 118–452,

PDB 2PAH) (Thórólfsson et al. 2002). These structures do

not have resolution for the flexible loop 137–142 which we

modeled into the initial chimeric structure based on the

loop coordinates in the structure of the catalytic domain of

hPAH (PDB 1PAH). Structural alignments were performed

based on the complete sequence alignment used for

homology modelling considering the positions of Ca atoms

of each residue, with the superimpose functionality of

Discovery Studio Visualizer v2.5 (Accelrys). The amino

acids of the regulatory domain in the chimeric model were

then mutated to the corresponding residues in the human

sequence using WhatIf (Vriend 1990). Calculation of most

probable histidine protonation states, orientation of the

asparagine and glutamine side chains to the most energet-

ically favorable orientation and addition of hydrogen atoms

to the entire model were performed using the ICM software

(ICM, version 3.6. (Molsoft LLC, San Diego, CA)). The

initial hPAH model (residues 19–452) was then refined by

energy minimization in Amber10 (Case et al. 2008) and

the quality of the final structural model was considered

satisfactory according to WhatCheck (Hooft et al. 1996).

A structural model of tetrameric cePAH was then pre-

pared by using Swiss-Model (Schwede et al. 2003) based

upon the refined hPAH model as template. cePAH and

hPAH have an overall sequence identity of 56% (Fig. S1).

The high sequence identity simplifies the preparation of

the alignment for homology modelling, which includes

very few short gaps, all in the regulatory domain up to

residue 113, where the numeration of residues gets sim-

ilar for both proteins (Fig. S1). The model returned from

SwissModel was protonated and subjected to side-chain

optimization by using ICM and energy minimization by

Amber10 (Case et al. 2008). The structural quality of the

resulting model was confirmed by WhatCheck. The

structural models of tetrameric hPAH and cePAH were

analyzed by the ICM Pocket Finder (An et al. 2005) in

order to search the entire protein surface for potential

ligand-binding pockets.

Expression and purification of hPAH, cePAH

and Q215K/N216Y-cePAH

The double mutation Q215K/N216Y was introduced in

cePAH cDNA on the pMALc2 expression vector (Loer

et al. 1999) by site-directed mutagenesis using the Quik-

Change kit (Stratagene, La Jolla, CA, USA). The primers

used for mutagenesis (50-CATATTCCCACTCCTCC

AGAAATATTGTGGTTTTGGACCTGACC-30 (mutated

bases italicized) and sequencing were provided by MWG

Biotech AG (Ebersberg, Germany). Expression and puri-

fication of tetrameric hPAH, cePAH and Q215K/N216Y-

cePAH were performed essentially as described (Calvo

et al. 2008). Protein concentration was measured spectro-

photometrically using e280nm (1 mg/ml) = 1.0 for hPAH

and 1.02 and 1.05 cm-1 for wt-cePAH and the mutant

protein, respectively. The molecular sizes were determined

by analytical size exclusion chromatography using a

Fig. 1 Sequence alignment of ACT domains. Homo sapiens PAH

(SWISS PROT accession code P00439; residues 34–115), C. elegans
PAH (code P90925; residues 29–115) and Chlorobium tepidum PDT

(code Q8KBW6; residues 197–280). The GA(S)L and IESRP motifs

are underlined
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calibrated 10/30 Superdex 200 column (Amersham

Biosciences).

Enzyme kinetic analysis

At standard assay conditions, PAH enzyme activity was

measured at 25�C for 1 min using 1–2 lg of the purified

tetrameric forms of the enzymes, which were incubated in

100 mM Na-Hepes, pH 7.0, containing catalase (0.04 mg/

ml) and 1 mM L-Phe. After 4-min incubation at 25�C,

ferrous ammonium sulfate (100 lM) was added, and the

reaction was triggered after 1 min by adding BH4 (75 lM;

from Dr. B. Schircks Laboratories) and 5 mM dithiothreitol

(DTT). In some experiments aimed to analyze the L-Phe

induced activation of the enzyme, activity including the

preincubation step with L-Phe was compared with the

activity without preincubation, where L-Phe was added

together with BH4. The reaction was stopped after 1 min

(standard reaction time) by adding 1% (by vol.) acetic acid

in ethanol, ensuring linearity conditions for the determi-

nation of the specific activity. To determine the steady-

state kinetic parameters for BH4 and L-Phe, BH4 was used

at 0–200 lM (at 1 mM L-Phe) and L-Phe at 0–2 mM (at

75 lM BH4). L-Tyr formed was quantified by HPLC and

fluorimetric detection. The saturation curves were fitted to

hyperbolic (for BH4) or sigmoidal (for L-Phe) models with

Sigma Plot v.9.0 (SPSS Inc., Chicago, IL, USA).

Circular dichroism

Circular dichroism (CD) spectra were collected on a

JASCO J-810 spectropolarimeter with 5 lM of either wt-

cePAH or Q215K/N216Y-cePAH in degassed Na-Hepes,

200 mM NaCl, pH 7.0 and stoichiometric amounts of

ferrous ammonium sulfate. Far-UV (200–260 nm; 1-mm

path length) spectrum was acquired at 25�C and thermal

denaturation was performed by following the changes in

ellipticity at 222 nm in the temperature range 25–70�C

with a heating rate of 1�C/min.

Isothermal titration calorimetry

Isothermal titration calorimetry (ITC) was performed in a

VP-ITC titration calorimeter (MicroCal Inc.). Enzyme and

L-Phe solutions were prepared in 20 mM Na-Hepes,

200 mM NaCl, pH 7.0 and filtered and degassed prior to

titration. hPAH (28 lM subunit fusion protein), cePAH

(42 lM subunit) or Q215K/N216Y-cePAH (30 lM sub-

unit) were added to the sample cell and titrated with L-Phe

(0.9–2 mM stock solutions). The enzymes were subjected

to 30–50 injections (5 ll) of L-Phe with a 240-s interval

between each injection at 25�C. The final ratio of [L-Phe]/

[enzyme subunit] was[5:1. The mean of the heat from the

last 5 injections was subtracted from the raw data to correct

for experimental heat dilution. Analysis of the binding

isotherms by fitting to models for either one or two types of

binding sites was performed using the Origin v7 software

(OriginLab). Chi-square minimization was performed

iteratively to obtain the best-fit parameters.

Functional divergence analysis

Diverge 2.0 (Gu 2001, 2006) was applied to identify type II

divergence sites potentially involved in functional changes

between the nematode and mammalian clades using stan-

dard physicochemical amino acid classification (positively

charged, negatively charged, hydrophilic non charged and

hydrophobic amino acids) (Gu 2006). Sequence changes in

physicochemical character from one clade to another

constitute type II divergence sites, and were divided into

2 classes: class 1—radical change in physicochemical

character, which is clade specific, and class 2—radical

clade specific change, but with some variance within one or

both clusters. Class 1 has the highest probability of being

involved in a functional change.

Results

The modeled structure of cePAH

There is so far no crystal structure for any of the full-length

AAAHs, most probably due to the complex and dynamic

nature of their multidomain, tetrameric structure. But sat-

isfactory models can be prepared by combination of the

available crystal structures of the different domains, opti-

mization and energy minimization (see ‘‘Materials and

Methods’’ and Fig. 2a). The modeled structures of cePAH

and hPAH are very similar (RMSD for Ca = 0.9 Å after

refinement). We searched for putative ligand-binding sites

in the tetrameric structures by using ICM Pocket Finder. As

expected, the catalytic binding pockets were found in the

catalytic domains and these were ranked highest according

to size (*780 Å3) in both structural models. Moreover, in

cePAH, but not in hPAH, an additional pocket (*151 Å3)

was found close to the interface between the regulatory

and catalytic domains lined by the GAL/IESRP motifs

(Fig. 2b). The volume increased to 551 Å3 after docking

L-Phe based on a structural alignment with the ACT

domain of PDT with L-Phe bound (Tan et al. 2008) and

further energy minimization. High structural similarity was

seen for the L-Phe binding site in the model of cePAH and

PDT (Fig. 3) and in both the structures an optimal orien-

tation of residues around the GA(S)L/IESRP motifs to

accommodate the aromatic ring of L-Phe is observed.

Thus, Tyr240 in PDT (Fig. 3a) and Tyr72 in cePAH
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(Fig. 3b) have similar positions with respect to bound

L-Phe. Phe242 (PDT) and Tyr208 (cePAH) also create

optimal interactions with the ligand ring. The latter residue

is substituted by a histidine (His208) in hPAH (Fig. 3c),

but the most remarkable difference between cePAH and

hPAH close to the GAL/IESRP motifs are residues 215/216

at the solvent-exposed area (visualized with green trans-

parent surface in Fig. 3). The substitutions in hPAH

(Lys215/Tyr216) are larger than that in cePAH (Gln215/

Asn216) and notably Tyr216 obtrudes the accessibility to

the site, providing an explanation for the inability of

Pocket Finder to detect a binding site in this area of

hPAH. Thus, these analyses further support our earlier

prediction that the expected L-Phe site in the regulatory

domain (at the GAL/IESRP motifs) might be blocked by

residues from the catalytic subunit (Siltberg-Liberles and

Martinez 2009). In order to probe the implication of

residues 215/216 in regulatory L-Phe binding we set off to

prepare and characterize a humanized variant of cePAH at

these positions.

Expression and purification of Q215K/N216Y-cePAH:

comparative characterization of the catalytic

and regulatory properties of hPAH, cePAH

and Q215K/N216Y-cePAH

The mutant Q215K/N216Y-cePAH was successfully

expressed and purified to homogeneity at comparable yield

as wt-cePAH and hPAH. On the basis of analytical size

exclusion chromatography at pH 7.0 and protein concen-

tration 0.2–10 mg/ml, the three enzymes eluted with esti-

mated hydrodynamic radii of 55 Å (hPAH), in agreement

to previous measurements (Kleppe et al. 1999), 61 Å

(cePAH) and 70 Å (Q215K/N216Y-cePAH). These mea-

surements confirm a tetrameric structure for all the pro-

teins, but also indicate that the double mutation increases

the hydrodynamic volume of cePAH.

With respect to the enzyme kinetic properties only

hPAH seems to require preincubation with the substrate to

obtain maximal activity (Table 1). The saturation curves

for the PAH activity of the three enzymes as a function of

Fig. 2 The modeled structure

of cePAH and detection of

ligand-binding pockets. a Two

different views of the ribbon

representation of the modeled

structure of tetrameric cePAH

based on the modeled structure

of hPAH (see main text for

details). Both backbone

structures superimpose with a

RMSD for Ca = 0.9 Å. The

subunits are colored red at the

N-terminal regulatory ACT

domain, green at the catalytic

domain with the non-heme iron

atom as a yellow sphere at the

active site and blue at the

C-terminal oligomerization

domain. b Putative ligand

binding sites in cePAH at the

interface between the regulatory

(by the GAL/IESRP motifs) and

catalytic domains from adjacent

subunits (orange) and at the

active site (white) as detected by

ICM-pocket finder (color figure

online)
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the concentration of substrate and cofactor (Fig. 4 and data

not shown) provided the Km-values (referred to as [S0.5] in the

case of cooperativity; Table 1). CePAH completely lacks the

characteristic positive cooperativity for L-Phe seen in hPAH

(h ^ 0.9 and ^2 for cePAH and hPAH, respectively) and

Q215K/N216Y-cePAH displays some positive cooperativity

(h ^ 1.4) (see the alternative hyperbolic and sigmoidal

fittings in Fig. 4, inset). On the other hand, hyperbolic satu-

ration curves were obtained for the activity as a function of

cofactor BH4 concentration for all enzyme forms. Q215K/

N216Y-cePAH showed decreased [S]0.5 (increased apparent

affinity) for L-Phe and higher Km for the cofactor (Table 1).

Circular dichroism

Circular dichroism (CD) experiments were performed in

order to investigate the structural integrity of the Q215K/

N216Y mutant compared with wt-cePAH and to obtain

information about the thermal stability of the enzymes. The

CD spectra of hPAH (Thórólfsson et al. 2003), cePAH and

Q215K/N216Y-cePAH (Fig. 5a) show minima at 209 and

222 nm, indicating a high helical content, in agreement

with the modeled structure (Fig. 2a) which includes *38%

a-helix. Thermal denaturation experiment monitored by

CD (ellipticity changes at 222 nm) (Fig. 5b) revealed

similar thermal dependence for the wt and the mutant and

further confirmed that the mutation Q215K/N216Y did not

significantly perturb the conformational stability of the

protein.

Isothermal titration calorimetry (ITC)

The binding of L-Phe to wt and mutant cePAH enzymes

comparatively to hPAH was measured by ITC. Good

Fig. 3 The regulatory L-Phe binding site in PDT and the putative

L-Phe binding site in cePAH. a Details of the crystal structure of

L-Phe-bound PDT from C. tepidum (PDB 2QMX). L-Phe located at

the interface between two ACT regulatory domains is shown in ball
and stick representation, GSL/IESRP residues from one domain are

shown as red sticks and close residues from the same domain in blue
while those from the adjacent domain in green. b Detail of the

putative L-Phe binding site in cePAH with L-Phe (in ball and stick
representation) docked in the putative binding site (Fig. 2b) with

further energy minimization of the docked structure. Residues from

the regulatory domain are shown in red (motifs GAL/IESRP) or blue,

and from the adjacent catalytic domain in green. c The corresponding

region in hPAH, with same color code as in b. The atoms in the

mutated motif (positions 215/N216 in cePAH (b) and hPAH (c)) are

shown with green transparent surfaces representing atomic van der

Waals radius. See also Fig. S1 (Supplemental information for

sequence alignment) (color figure online)
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signal-to-noise ratios were obtained at a protein concen-

tration of 30–40 lM subunit. Representative thermograms

and isotherms for L-Phe binding at 25�C are shown in

Fig. 6. While the binding of the cofactor BH4 to hPAH at

this temperature is strongly exothermic (DH = -11.8 ±

0.4 kcal/mol), DH is small (still negative) for the binding

of L-Phe to cePAH and hPAH, and large for the mutant

Q215K/N216Y-cePAH (Fig. 6). Fitting to one type of

binding sites is satisfactory for the three binding isotherms.

In the case of cePAH (but not the mutant Q215K/N216Y-

cePAH and hPAH) the fittings of the ITC data also con-

verge to a model for two sequential binding sites with

somehow different binding constants (Table 2). The

mutant shows a high affinity for L-Phe, with Kd-values that

are lower than for cePAH or hPAH. This is in agreement

with the lower [S]0.5 obtained in the kinetic measurements

for the mutant (Table 1). More interestingly, the values of

the stoichiometry (n of L-Phe bound/subunit) for cePAH,

Table 1 Steady-state kinetic parameters for cePAH, Q215K/N216Y-cePAH and hPAH

Specific activity (lmol L-Tyr/min�mg) L-Phec BH4
c

Enzyme ?L-Phea -L-Pheb Ratio

(?L-Phe/-L-Phe)

Vmax

(lmol L-Tyr/min mg)

h [S]0.5

(lM)

Km

(lM)

cePAH 2.6 ± 0.03 2.1 ± 0.2 1.2 1.9 ± 0.1 0.9 ± 0.1 188 ± 41 29 ± 4

Q215K/N216Y-cePAH 6.5 ± 0.1 4.9 ± 0.1 1.3 6.6 ± 0.2 1.4 ± 0.1 109 ± 9 94 ± 11

hPAHd 3.0 ± 0.1 0.7 ± 0.1 4.3 3.5 ± 0.2 1.9 ± 0.2 154 ± 20 33 ± 5

Data are mean ± SEM obtained from nonlinear regression analysis from 3 independent experiments, each performed in duplicate
a Measured at standard conditions (1 mM L-Phe and 75 lm BH4) with L-Phe preincubated enzyme
b Measured at standard conditions (1 mM L-Phe and 75 lm BH4) with non-L-Phe preincubated enzyme
c Obtained with L-Phe preincubated enzyme
d From (Calvo et al. 2008)

Fig. 4 Substrate dependence of the PAH activity. a The activity of

hPAH as a function of the concentration of L-Phe, with fitting of the

data to the Hill-equation (triangle), cePAH, with fitting to the

Michaelis–Menten equation (filled circle) and Q215K/N216Y-

cePAH, with fitting to the Hill-equation (open circle). Inset the

substrate dependence of the activity of Q215K/N216Y-cePAH with

fitting of the data to either the Hill equation (h = 1.42) (dashed
line) or to the hyperbolic Michaelis–Menten equation (continuous
line)

Fig. 5 Conformational stability of the cePAH proteins. The exper-

iments were performed with cePAH (filled circle) and Q215K/

N216Y-cePAH (open circle) in 20 mM Hepes, 200 mM NaCl, pH 7.0

using 5 lM subunit. a Far-UV CD spectra acquired at 25�C. b CD-

monitored thermal denaturation at 222 nm, at 60�C/h scan rate
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Q215K/N216Y-cePAH and hPAH were calculated to be

2.0, 1.4 and 1.2, respectively (Table 2).

Diverge analysis

Residues Lys215 and Tyr216 are conserved in all mam-

malian forms of PAH and TPHs and present a high degree

of similarity in TH (Fig. 7). TH and the TPHs are not

known to be regulated by amino acids, and secondary

regulatory binding sites for their substrates have not been

inferred. Lys215 and Tyr216 are not conserved in PAH of

lower eukaryotes, which shows less voluminous substitu-

tions at the corresponding positions. In fact, detailed

diverge analyses clearly show functional divergence

between nematode and mammalian PAH for these residues

(Fig. 8a). Moreover, (KY)CG motif, where Lys215 and

Tyr216 are included in mammals, is not present in the

bacterial forms of PAH, which do not contain the regula-

tory ACT domain (Fig. 7). Thus, the (KY)CG motif is an

indel in the catalytic domain located at the structural

interface between the interacting regulatory and catalytic

domains (see Fig. 8b for structural location), where it

appears to be correlated with domain communication.

Discussion

The function of mammalian PAH has been investigated

over many years due to its important role in the aromatic

amino acid metabolism. The PAH reaction serves two main

purposes. First, it is not only the initial and rate-limiting

step in the L-Phe catabolism; it is also the only metabolic

pathway by which L-Phe can be completely catabolized to

carbon dioxide and water (Hufton et al. 1995; Scriver and

Kaufman 2001). Second, it provides a continuous supply of

tyrosine, which makes tyrosine a non-essential dietary

amino acid (Hufton et al. 1995). The PAH catabolic

pathway, which also includes the biosynthetic and regen-

erating enzymes of BH4 (Thöny et al. 2000), accounts for

more than 75% of the disposal of dietary phenylalanine. In

order to avoid the neurological damage accompanying

hyperphenylalaninemia, as seen in PKU, and to control the

L-Phe levels in blood despite fluctuations in either L-Phe or

L-Tyr levels due to diet (Scriver and Kaufman 2001), the

mammalian enzymes rely on sophisticated regulatory

mechanisms, such as the activation by L-Phe and a coop-

erative response of hPAH to substrate concentration.

Structural determinants for positive cooperativity:

L-Phe binding at the regulatory domain

Despite the fact that the regulatory domain of hPAH con-

tains the L-Phe binding motifs (GAL/IESRP) (Fig. 1) and

that the substrate binds to the isolated regulatory ACT

domain (Gjetting et al. 2001), detailed DSC titrations

unequivocally demonstrated that full-length hPAH binds

the substrate only at the catalytic domain, where it elicits

the cooperative allosteric response (Thórólfsson et al.

Fig. 6 Binding of L-Phe to PAH enzymes studied by ITC. Upper
panels show thermograms for the binding of L-Phe to cePAH (a),

Q215K/N216Y-cePAH (b) and hPAH (c) at 25�C and pH 7.0.

Tetrameric cePAH (42 lM subunit), Q215K/N216Y-cePAH (30 lM

subunit) and hPAH (28 lM subunit) were titrated with stock solutions

of 0.9–2.0 mM L-Phe. Lower panels show the corresponding binding

isotherms where each point represents the integrated heat of the

associated peak in the thermogram. Fitting to one set of independent

sites is shown. See also Table 2
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2002). The present ITC results further confirm the stoi-

chiometric binding of L-Phe to hPAH. On the other hand

cePAH binds *2 L-Phe per subunit, while in the human-

ized mutant Q215K/N216Y-cePAH the binding is reduced

to n ^ 1.4. This n-value seems to point to some L-Phe

(*0.4 mol/mol subunit) still binding in regulatory binding

sites which are not totally occluded by Lys and Tyr at the

catalytic domain in the mutant. Nevertheless, Q215K/N216Y-

cePAH shows a significant reduction in binding stoichiometry

and approaches the n-value (=1.2) obtained by ITC for hPAH

(Table 2). This result, combined with the structural analysis

(Figs. 2, 3), supports that the residues Lys215/Tyr216 at the

catalytic subunit in mammalian PAH act as closed gates

and thereby inhibit L-Phe binding at the GAL/IESRP motifs

in the regulatory domain from the adjacent subunit.

It is reasonable to assume that the mutant Q215K/

N216Y-cePAH binds a stoichiometric amount of L-Phe at

the catalytic site, and this binding certainly occurs with

higher affinity than for wt-cePAH (Tables 1, 2; see also

below). The higher affinity for L-Phe and the higher spe-

cific activity of the mutant indicate that this enzyme form is

in an activated state compared with wt-cePAH. Interest-

ingly, mutations that stabilize the interactions between

regulatory and catalytic domains at adjacent subunits—as

is the case for the Q215K/N216Y-cePAH mutant with respect

to wt-cePAH—also activate hPAH (Thórólfsson et al. 2003).

For mammalian PAH activation is also associated to an

increase in the apparent size of the tetramer (Kappock et al.

1995; Kleppe et al. 1999) and, accordingly, the mutant shows

an increased size compared with the wt-cePAH.

Like PAHs from other lower eukaryote organisms (Bel

et al. 1992; Siltberg-Liberles et al. 2008), cePAH is not

activated by preincubation with L-Phe and shows hyper-

bolic response to L-Phe concentration (h ^ 0.9) (Calvo

et al. 2008). The modest, but significant cooperative

response exhibited by Q215K/N216Y-cePAH (h ^ 1.4)

indicates that the mutant has approached hPAH with regard

to this important regulatory mechanism. Our results sup-

port that blocking L-Phe binding to the regulatory site

might be related to the gain of positive cooperativity and

allosteric communication between catalytic domains.

Regulation of hPAH and the cePAH enzymes

The differences in regulation of PAH activity between

higher and lower eukaryotes are most likely a result of

differences in requirements for L-Phe homeostasis. In the

human body it is crucial to have a highly functional PAH

system that responds promptly to increased levels of L-Phe

to avoid damage of the brain (Scriver and Kaufman 2001).

This system must also be inactivated at low L-Phe levels to

maintain a minimum level of this essential amino acid for

protein synthesis. Positive cooperativity serves all these

needs. On the other hand, and although a catabolic function

has been associated to PAH in C. elegans (Fisher et al.

2008), careful phenotype investigations on the knockout

pah-1 nematode have shown that cePAH has a major

function related to the synthesis of a melanin-like pigment

(Calvo et al. 2008). This also appears to be a main function

in bacteria and other lower eukaryotes (Infanger et al.

2004; Leiros et al. 2007; Wiens et al. 1998). The evolu-

tionary adaptation of PAH function from mainly anabolic

in lower eukaryotes to highly regulated catabolic in

mammals could derive from a progressive adaptation to a

higher physiological—notably neurological—complexity.

ACT domains that bind amino acids often perform

sophisticated allosteric regulation by cross talking from

one ACT monomer to another in a higher oligomeric

context (Kobe et al. 1999; Siltberg-Liberles and Martinez

2009). The amino acid binding capacity at the GAL/IESRP

region in PAH (and PDT (Fig. 1)) might have been regu-

lated by concerted changes at the interacting catalytic

domain (KYCG) (Fig. 8). With these changes, the L-Phe

binding function of the ACT domain of lower eukaryotes

Table 2 Thermodynamic parameters obtained by ITC for the binding of L-Phe to cePAH, Q215K/N216Y–cePAH and hPAH at 25�C

Enzyme n Ka

(M-1)

Kd

(lM)

DH
(kcal/mol)

-TDS
(kcal/mol)

cePAHa

One set of binding sites 2.1 ± 0.05 (9.4 ± 1.0) 9 104 10.6 -1.1 ± 0.1 -5.7

Two sequential binding sites 1 K1 = (1.2 ± 0.1) 9 105 8.2 -1.8 ± 0.07 -5.0

1 K2 = (6.7 ± 0.4) 9 104 15.0 -1.3 ± 0.07 -5.2

Q215K/N216Y-cePAHb 1.4 ± 0.01 (17.4 ± 0.7) 9 104 5.7 -8.8 ± 0.1 1.7

hPAHb 1.2 ± 0.10 (7.4 ± 1.8) 9 104 13.6 -1.3 ± 0.2 -5.3

Data are mean ± SEM from fitting to representative experiments. Three or more independent experiments were performed with each enzyme
a Very similar fitting error (as measured by chi-square/degrees of freedom (v2/dof) values) was obtained for the fitting of the data for cePAH to

either the model of one set of binding sites (v2/dof = 910–940) or two sequential binding sites (v2/dof = 900–1,000)
b One set of binding sites
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may adapt in mammals to a role in which the domain

participates in transmission of cooperative conformational

changes, as indicated by mutagenesis and molecular

dynamics simulations (Thórólfsson et al. 2003). While

positive cooperativity appears as an optimal mechanism to

maintain homeostasis in mammals in parallel to the

development of a complex mammalian nervous system

which should be protected from elevated L-Phe concen-

trations and PKU (Kappock and Caradonna 1996; Kaufman

1993; Scriver and Kaufman 2001), the need for a secondary

regulatory binding site in cePAH—and most probably in

other lower eukaryotes (Fig. 7)—does not appear so clear.

One might speculate that binding of L-Phe to the non-

catalytic site might preserve a threshold value of L-Phe for

protein synthesis, ensuring that it is not completely

depleted by conversion to L-Tyr at the active site, and/or

would safeguard a correct catalytic conformation for the

cePAH tetramer. These functions would require a binding

site with a higher affinity for L-Phe than the catalytic site.

The regulatory site could thus very well correspond to the

site with a Kd = 8.2 lM revealed by the fitting of the

binding data to a two-binding sites model, while the site

with Kd = 15 lM (very similar to the value for hPAH

(Table 2)) would correspond to the catalytic site.

In conclusion, this work has revealed significant dif-

ferences between PAH from human and C. elegans with

regards to the stoichiometry of L-Phe binding and allosteric

regulation. Our results point to two different regulatory

mechanisms which appear to accompany eukaryote PAH

function: (i) L-Phe binding at a regulatory site different to

the catalytic site, and (ii) allosteric-positive cooperativity.

These mechanisms would, respectively, correspond to the

regulation of functions that are mainly anabolic (in lower

eukaryotes) (Calvo et al. 2008) or catabolic (in mammals)

(Scriver and Kaufman 2001). Our results, thus, contribute

to the understanding of the evolutionary adaptation of

PAH.
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Fig. 8 Diverge prediction of type II functional divergence. a Diverge

analysis between PAH from the nematode clade (blue) and mamma-

lian clade (green) of the area surrounding the residues mutated in this

study. Sites with clade-specific radical changes (red) and sites with

radical changes between the clade allowing some within-cluster

variation (turquoise) are marked on the alignment. The nematode

clade included C. brenneri (gb_ABEG010099771), C. remanei
(gb_AAGD020003811), C. briggsae (gi|39597500) and C. elegans
(gi|17531391). The mammalian clade included rat (gi|6981330),

mouse (gi|6679203), bovine (gi|114051455), Rhesus macaque

(gi|109098481), human (gi|4557819) and chimpanzee (gi|1146-

46573). b Detailed view of the ACT regulatory domain of rat PAH,

in blue, with the residues in the GAL/IESRP motifs in stick

representation. The catalytic domain of the adjacent subunit in the

dimer is shown in light brown, with the region E214-KYCG-F219 in

black. The residues KYCG (corresponding to the insertion found

in hPAH comparative to bacterial PAHs (Fig. 7) and to QNCG in

cePAH) are shown in ball and stick representation. Note that the

insertion constitutes a turn at the end of the a-helix, with Tyr216

blocking the putative binding site for L-Phe at the GAL/IERSP motifs

in the regulatory domain (color figure online)

Fig. 7 The (KY)CG motif in the AAAH superfamily context. Sequence

alignment around Lys215 and Tyr216 (numeration in hPAH) prepared

with Muscle (Edgar 2004) and rendered in JalView (Clamp et al. 2004).

The motif is located in an area with fairly conserved amino acid sequence.

Most vertebrate PAH sequences have the KY residues in the (KY)CG

motif (within the black box), which is changed to (Q/E/D,N)CG in most

metazoan invertebrates and protozoan. The (KY)CG motif is absent in the

bacterial PAHs, which only contain the catalytic domain. The (KY)CG

motif is rather conserved in the TPH sequences, but not in the THs.

The following sequences were used gi|71980736, gi|115533973,

gi|119471173, gi|77457726, gi|54295485, gi|34498635, gi|108757987,

gi|71279120, gi|4557819, gi|149742972, gi|114051455, gi|158262033,

gi|73978257, gi|126339754, gi|149637901, gi|47604920, gi|73853802,

gi|41054599, gi|24660393, gi|91092806, gi|198437597, gi|156552627,

gi|170031082, gi|193591716, gi|221119662, gi|17531391, gi|126332093,

gi|47604924, gi|31795563, gi|126339369, gi|119907190, gi|149585793,

gi|4759248, gi|158186610, gi|30231266, gi|149719489, gi|148237026,

gi|27753970, gi|126352616, gi|125630300, gi|153791957, gi|241034174,

gi|66815885, gi|91079871, gi|66512299, gi|6981652, gi|47550885,

gi|88900503, gi|24654994, gi|169234748, gi|45382205, gi|17136774,

gi|149588788, gi|193652543, gi|66501322, gi|158294628, gi|147904126,

gi|224050838, gi|219493294, gi|71553713 and gi|219427784

b
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