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Summary. An important sequence motif identified by sequence analysis
is shared by the ACT domain family, which has been found in a number of
diverse proteins. Most of the proteins containing the ACT domain seem to
be involved in amino acid and purine synthesis and are in many cases
allosteric enzymes with complex regulation enforced by the binding of
ligands. Here we explore the current understanding of the ACT domain
function including its role as an allosteric module in a selected group of
enzymes. We will further describe in more detail three of the proteins
where some understanding is available on function and structure: i) the
archetypical ACT domain protein E. coli 3PGDH, which catalyzes the first
step in the biosynthesis of L-Ser, ii) the bifunctional chorismate mutase/
prephenate dehydratase (P-protein) from E. coli, which catalyzes the
first two steps in the biosynthesis of L-Phe, and iii) the mammalian
aromatic amino acid hydroxylases, with special emphasis on phenylala-
nine hydroxylase, which catalyzes the first step in the catabolic degrada-
tion of L-phenylalanine (L-Phe). The ACT domain is commonly involved
in the binding of a small regulatory molecule, such as the amino acids L-
Ser and L-Phe in the case of 3PGDH and P-protein, respectively. On the
other hand, for PAH, and probably for other enzymes, this domain appears
to have been incorporated as a handy, flexible small module with the
potential to provide allosteric regulation via transmission of finely tuned
conformational changes, not necessarily initiated by regulatory ligand
binding at the domain itself.
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1 Introduction

The ACT domain is a sequence motif that was first iden-
tified as a regulatory module found in a number of diverse
proteins (Aravind and Koonin, 1999). The name origi-
nates from three of the proteins in the domain family:
aspartokinase, chorismate mutase, and TyrA (prephenate
dehydrogenase) (Aravind and Koonin, 1999). Most of the
proteins containing the ACT domain seem to be involved
in amino acid and purine synthesis and are in many cases
allosteric enzymes with complex regulation enforced by
the binding of ligands (Aravind and Koonin, 1999;
Chipman and Shaanan, 2001). By using the crystal struc-
ture of E. coli 3-phosphoglycerate dehydrogenase (3PGDH)
as a framework, the ACT domain was suggested to be an
evolutionarily mobile ligand binding regulatory module
that has been fused to different enzymes at various times
(Aravind and Koonin, 1999; Anantharaman et al., 2001).
Thus, the ACT domain might be a provider of allosteric
regulation in these otherwise very different enzymes
(Aravind and Koonin, 1999). Allosteric cooperativity' is
a very important and extended regulatory mechanism op-
erating in metabolic and signal pathways. Direct control

! Allosteric effects generated from identical molecules, e.g. an enzyme
substrate altering the consecutive binding of other substrates, are termed
homotropic vs heterotropic, which are effects generated by effectors
altering the binding of different molecules (Monod et al., 1965). The
result of both allosteric effects is usually a cooperative response, which
may be positive as well as negative, resulting in an increase or decrease,
respectively, of affinity and/or activity.
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of enzyme function via allosteric regulation is usually and similar proteins seem to have adapted individual
achieved through ligand-induced conformational changes mechanisms (Perutz, 1990), including the allosteric en-
of a given protein structure. There seems to be no com- zymes containing the ACT domain. In fact all dynamic
mon structural explanation for the cooperative response proteins seem to have a potential for allosterism
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Fig. 1. Domain organization and reactions of P-protein, PAH and 3PGDH. a Schematic representation of the domain structure, oligomeric
organization, and sequence alignment of the ACT domains. CM, chorismate mutase; PDT, prephenate dehydratase; RD, regulatory domain; A,
autoregulatory sequence; CD, catalytic domain; OD, oligomerization domain; SD, substrate binding domain; ND, nucleotide binding domain.
The sequence alignment was constructed using a combination of T-Coffee (Notredame et al., 2000) for sequence alignment and combinatorial
extension (CE) (Shindyalov and Bourne, 1998) for structural alignment. The secondary structure elements are shown in italic (a: alpha helix,
b: beta sheet) and were obtained from the crystal structures of PAH (PDB code 1PHZ), marked above, and 3PGDH (PDB code 1PSD), marked
below the alignment. Strictly conserved residues are marked with yellow, pair-wise conserved are marked with green for a conservation
between the P-protein and PAH, blue for PAH and 3PGDH, and grey for the P-protein and 3PGDH. b Enzyme reactions and respective
regulatory amino acid ligands

Fig. 2. Ribbon model of monomeric (a) and tetrameric (b) 3PDGH based on the crystal structure of the enzyme from E. coli (PDB code
IPSD). a Color code as in Fig. la. ND, nucleotide binding domain; SD, substrate binding domain; RD, regulatory domain. Bound NAD and
serine are in stick representation. b The arrows point at the C-terminal regulatory (ACT) serine binding domains. Bound serine is in stick
representation

Fig. 3. Ribbon model of monomeric (a) and tetrameric (b) PAH. Composite model using the structure of rat PAH (PDB code 2PHM) and human PAH
(PDB code 2PAH). a Color code as in Fig. la. A, autoregulatory sequence; RD, regulatory domain; CD, catalytic domain; OD, oligomerization
domain. The catalytic iron is shown in yellow. b The arrows point at the N-terminal regulatory (ACT) domains

Fig.4. Schematic illustration of the model for the activation of PAH by L-Phe. The modeled full-length dimer is shown, with one subunit in wire
frame (gray) and the other in schematic representation (color code for domains as in Figs. la and 3a). The loop Arg68-Asp75 and the hinge region
Argl11-Thr117 are shown in green and important residues are shown as ball and stick representations. Steps (i), (if) and (iii) leading to the activation
of PAH are described in the text
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Fig. 1a
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(Gunasekaran et al., 2004). Here we review the current
understanding on the regulatory function of the ACT
domain and we analyze its role as an allosteric module
in a selected group of enzymes. Most of the proteins that
contain an ACT domain have not been studied in detail
and structural information remains scarce. We have cho-
sen to consider in more detail three of the proteins where
some understanding is available on function and structure:
i) the archetypical ACT domain protein 3PGDH, which
catalyzes the first step in the biosynthesis of L-Ser (Grant
et al., 1996), ii) the bifunctional chorismate mutase/
prephenate dehydratase (P-protein) from E. coli, which
catalyzes the first two steps in the biosynthesis of L-Phe
(Zhang et al., 1998), and iii) the aromatic amino acid
hydroxylases (AAAH), with special emphasis on phenyl-
alanine hydroxylase (PAH), which catalyzes the first step
in the catabolic degradation of L-phenylalanine (L-Phe)
(Flatmark and Stevens, 1999; Fitzpatrick, 2000). Figure 1a
shows a sequence alignment of the ACT domain of
3PGDH and P-protein from E. coli with PAH from rat.
The catalytic and regulatory properties of these enzymes
are discussed in a structural perspective, seeking to get
some insights on the putative role of the ACT domain as a
truly regulatory module involved in allosteric regulation
at the structural level, either by specific ligand binding
and/or by transmission of conformational changes. We
have also explored a potential evolutionary relationship
between P-protein and PAH.

2 D-3-phosphoglycerate
dehydrogenase (3PGDH) from E. coli

3PGDH (EC 1.1.1.95) is an enzyme that belongs to the D-
isomer specific 2-hydroxyacid dehydrogenase family and
catalyzes the oxidation of D-3-phosphoglycerate to 3-
phosphohydroxypyruvate, which is the first step in the
biosynthesis of L-Ser, using NAD™" as the oxidizing agent
(Grant et al., 1996; Achouri et al., 1997) (Fig. 1b). In
bacteria, 3PGDH is feedback controlled by the end prod-
uct L-Ser in an allosteric manner (Grant et al., 1996) and
the C-terminal regulatory domains of the enzymes from
lower plants, yeast and bacteria belong to the ACT
domain family (see Pfam database, http://www.sanger.
ac.uk/Software/Pfam/). On the other hand, mammalian
3PGDHs do not appear to be regulated by L-Ser and their
C-terminal domains do not correspond to an ACT domain
(Pind et al., 2002). It is common for small molecule bind-
ing domains, such as the ACT domain, to be linage spe-
cific, and analogs, not homologs, commonly perform the
same function (Anantharaman et al., 2001). Moreover,

there is very little information available on the enzyme
from eukaryotic origin and the catalytic and the regulatory
properties remain unknown. However, the enzyme from
E. coli has been thoroughly examined in the last decade
and Grant and coworkers have presented a structural
explanation for the function and mechanism of the
enzyme (Schuller et al., 1995; Al-Rabiee et al., 1996;
Grant et al., 1996; Grant et al., 1999). Hereafter, we will
focus on the properties of the E. coli enzyme.

2.1 Structural organization

E. coli 3PGDH is organized into three functional domains:
i) an N-terminal nucleotide binding domain (residues
108-294), ii) a middle substrate binding domain (residues
7-107, 295-336), and iii) a C-terminal regulatory domain
which corresponds to the ACT domain (residues 337-410),
and includes the L-Ser binding site (Figs. la and 2).

As seen in the crystal structure of the L-Ser inhibited E.
coli 3PDGH (Fig. 2) the enzyme is arranged into a tetra-
meric toroidal structure (Schuller et al., 1995). The dimer
is formed through the nucleotide binding domains of two
subunits while two dimers interact by the regulatory
domains forming the tetramer with four binding sites for
L-Ser (Schuller et al., 1995) (Fig. 2). The four active sites
in the tetramer lie in a cleft between the substrate binding
domain and the nucleotide binding domain in each sub-
unit (Schuller et al., 1995). According to Grant and
coworkers the binding of L-Ser stabilizes the regulatory
domain interface in the tetramer and imparts rigidity to
the enzyme structure leading to the inhibition of the cat-
alytic activity (Grant et al., 2003). The recent crystal
structure of the mutant W139G 3PGDH (Bell et al.,
2004), which is a low activity form of the enzyme respon-
sive to L-Ser but not in a cooperative manner, has pro-
vided additional information on the structure of the non-
inhibited enzyme and on the inhibiting conformational
change induced by L-Ser (see below).

2.2 Regulation of 3PGDH involving
the ACT domain module

3PGDH displays normal Michaelis-Menten kinetics with
respect to substrate (D3-phosphoglycerate), product
(3-phosphohydroxypyruvate), and cofactor (NAD™), while
L-Ser is a heterotropic allosteric negative effector of the
enzyme activity. The binding of L-Ser shows characteris-
tics of both positive and negative cooperativity. Thus, in
the absence of NADH the two first L-Ser molecules are
bound with positive cooperativity and the two last bind
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with negative cooperativity (Grant et al., 1996). When
NADH is present the negative cooperativity is reduced sig-
nificantly (Grant et al., 2002). The positively cooperative
inhibition of enzymatic activity is completely dependent
on the positive cooperative binding of the two first L-Ser
molecules (Grant et al., 2004). By using asymmetric
hybrid tetramers of 3PGDH it has been shown that those
two L-Ser binding sites are placed at diagonally opposite
interfaces at the regulatory domains (Fig. 2). Although
binding to all four sites takes place, the negative coopera-
tivity of L-Ser binding to the remaining two binding sites
was not of functional importance (Grant et al., 2004).

At the subunit level there are important regions for the
transmission of the inhibitory effect between the regula-
tory and substrate binding domains. One of these is an a-
helix connecting the nucleotide binding domain to the
regulatory domain, and which has important contacts with
residues in the substrate binding domain (Fig. 2). The
helix is flanked on each side by Gly—Gly motifs that
create hinge regions crucial for allosteric control, i.e.
Gly294—-Gly295 on the nucleotide binding domain and
Gly336—Gly337 on the regulatory domain (Grant et al.,
2001a; Bell et al., 2004). In addition, there are important
contacts between three arginine residues in the regulatory
domain and side chain carbonyls in the substrate binding
domain, and mutations of these residues reduced the
cooperativity of inhibition and increased the sensitivity
to L-Ser concentration (Grant et al., 2001b). The residue
Trp139 is located close to the subunit interface and the
active site cleft and the structure of the W139G-3PGDH
mutant has provided important insights into the allosteric
mechanism of the enzyme (Bell et al., 2004). Thus, the
structure has revealed another important hinge, the
Pro105-Thr109, which connects the substrate binding
and nucleotide binding domains and has manifested the
unusual flexibility of this allosteric enzyme. The binding
of L-Ser induces the rotation of the nucleotide binding
domain around the hinges and the disruption of several
hydrophobic subunit contacts in the tetramer, while new
subunit-to-subunit contacts are created. The allosteric reg-
ulation of 3PGDH appears to be mediated mainly by
changes occurring at the regulatory (ACT) domain inter-
face and the active site cleft, but the structure of the ACT
domain itself does not seem to be significantly changed
upon L-Phe binding (Bell et al., 2004).

3 The bifunctional P-protein of E. coli

The P-protein of E. coli is a bifunctional chorismate
mutase-prephenate dehydratase that catalyzes the conver-

sion of chorismate to prephenate and then the decarbox-
ylation and dehydration to form phenylpyruvate (Zhang
et al., 1998). These are the first two steps in the biosyn-
thesis of L-Phe and L-Tyr via the shikimate pathway in
microorganisms and plants (Herrmann and Weaver, 1999).

3.1 Structural organization

The E. coli P-protein has a three domain structure with 1)
an N-terminal domain with chorismate mutase (CM; EC
5.4.99.5) activity (residues 1-109), ii) a middle domain
with prephenate dehydratase (PDT; EC 4.2.1.51) activity
(residues 110-285), and iii) a regulatory C-terminal do-
main (residues 286-386), which belongs to the ACT
domain family (Zhang et al., 1998) (Fig. 1a). This latter
domain is essential to elicit the negative allosteric regula-
tion by L-Phe binding (Zhang et al., 1998). L-Phe binds
with positive cooperativity and the binding shifts the pro-
tein from dimeric to less active tetrameric and higher
oligomeric forms (Baldwin et al., 1981; Pohnert et al.,
1999), rather similar to the effect of L-Ser on 3PGDH
(Schuller et al., 1995). The dimerization motif has been
located in the CM domain while tetramerization appears
to involve the regulatory domain (Zhang et al., 1998).
Nevertheless, structural information is scarce since the
only available crystal structure of the E. coli P-protein
corresponds to a truncated form containing the CM
domain (Lee et al., 1995), and the 3D structure of its
ACT domain has not been determined yet.

3.2 Regulation of the P-protein involving
the ACT domain module

The activities of both the CM and the PDT domains are
negatively regulated by L-Phe, which is a feed-back inhib-
itor regulating the activities by heterotropic allosterism.
L-Phe appears to affect the activities towards chorismate
and prephenate differently, and only 10% inhibition for
the CM domain activity was observed in comparison to
over 90% inhibition of the PDT domain activity (Zhang
etal., 1998). Also, calorimetric binding studies with deletion
mutants have shown that the CM domain has little effect
on the binding of L-Phe (Pohnert et al., 1999). In the same
study it was also shown that a truncated form represent-
ing the regulatory domain spontaneously assembled into
dimers in the absence of L-Phe and the binding of L-Phe
to this fragment occurred with negative cooperativity con-
trary to the full-length P-protein (Pohnert et al., 1999).
The lack of 3D structural information for the full-length
protein hampers the elucidation of the regulatory
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mechanism and how the inhibitory effect is propagated be-
tween the domains. However, based on sequence similar-
ity with the regulatory domains of PAH and 3PGDH and by
mutational analyses, two short candidate regions, i.e. resi-
dues 309-312 (GALV) and 329-332 (ESRP), were pre-
dicted to be involved in L-Phe binding (Pohnert et al.,
1999) (Fig. 1a and Appendix 1). Mutants in the GALV
region show significantly decreased binding of L-Phe and
diminished negative regulation of the prephenate dehy-
dratase activity while mutations in the ESRP region only
showed some reduction in binding of L-Phe and conse-
quent feedback inhibition (Pohnert et al., 1999). Muta-
tional studies also indicated that residue Cys374 is linked
to the cooperative inhibition process and the propagation
of conformational changes (Pohnert et al., 1999). The
mutation of Trp338 abolished almost completely the L-
Phe binding but had little effect on the feedback inhibi-
tion, which could pinpoint this residue as critical in the
binding of L-Phe (Pohnert et al., 1999). The sequence
similarity with PAH (Fig. 1a) and the location of a pos-
tulated allosteric L-Phe binding site in the regulatory
domain of PAH will be discussed further (see below).

4 The aromatic amino acid hydroxylases
(AAAH)

Phenylalanine hydroxylase (PAH, EC 1.14.16.1), tyrosine
hydroxylase (TH, EC 1.14.16.2) and tryptophan hydroxy-
lase (TPH, EC 1.14.16.4) constitute the family of non-
heme iron-dependent AAAH. Recently, it has been recog-
nized that the TPH activity in fact corresponds to two
gene products, i.e. the peripheral TPHI and the neuronal
TPH2 (Walther et al., 2003). The enzymes share a number
of physical, structural and catalytic properties (for review
see (Kappock and Caradonna, 1996; Flatmark and
Stevens, 1999; Martinez et al., 2001)).

4.1 Structural organization

The mammalian AAAH have a multi-domain structure
with a common organization in an N-terminal regulatory
domain, a middle catalytic domain and an oligomerization
domain, with a dimerization motif and a helical tetramer-
ization motif at the C-terminus (Figs. la and 3). The
sequence segment that belongs to the ACT domain family
corresponds to the N-terminal domain. For PAH and the
TPHs the ACT domain identity was easily established
(Aravind and Koonin, 1999; Chipman and Shaanan,
2001), while TH was not originally recognized as an
ACT domain containing protein. It is clear, however, that

TH is a homolog of PAH and the TPHs (Appendix 1), and
its regulatory domain is therefore regarded as an ACT
domain (from residues 78 to 162 in human THI). The
subunits are organized in the tetramer as a dimer of
dimers and the interaction between dimers only takes
place through the tetramerization motifs of the four sub-
units which are arranged in a bundle of a-helixes in anti-
parallel orientation (Goodwill et al., 1997; Fusetti et al.,
1998). Only the structure of the N-terminal regulatory
domain of PAH from rat has been determined (Kobe
etal., 1999). The main core of the regulatory domain (resi-
dues 35-110 in human PAH) has the same Saf8as fold
and topology as the ACT domain in 3PGDH (Figs. 1-3).
The very N-terminus (up to residue 33) is shaped in an
extended conformation that reaches and covers the active
site; this sequence has been referred to as the autoregula-
tory sequence (A in Fig. 1a) (Kobe et al., 1999) and reg-
ulates the enzyme by intrasteric regulation (Kobe and
Kemp, 1999). This N-terminal sequence is shorter in
TPHI and longer in human TH1-TH4 (the isoforms of
TH generated by alternative splicing) and human TPH2,
but the actual folding and function of these N-terminal
segments in these other hydroxylases are not known. In
PAH, the ACT domain has contacts with the catalytic
domain of the adjacent subunit in one dimer, suggestive
for a role of this regulatory domain both for the modula-
tion of the activity of the catalytic domain in the same
subunit and for the transmission of activating conforma-
tional changes.

4.2 Functional properties of PAH and regulation
involving the ACT domain module

PAH catalyzes the hydroxylation of L-Phe to L-Tyr, the
first step in the catabolic degradation of L-Phe, which in
mammals takes place mainly in liver (Kaufman, 1993;
Kappock and Caradonna, 1996; Flatmark and Stevens,
1999). The reaction mechanism includes two additional
substrates, molecular oxygen and tetrahydrobiopterin
(BH,). Tetrameric mammalian PAH responds with posi-
tive cooperativity to increased concentration of the
substrate (Parniak and Kaufman, 1981; Kaufman, 1993;
Thoérolfsson et al., 2002). The positive cooperativity of
PAH in response to L-Phe concentration is believed to be
of physiological significance as a mechanism controlling
L-Phe homeostasis in blood (Kaufman, 1993; Scriver
and Kaufman, 2001). It appears that the activation by L-
Phe induces a conformational change that converts the
enzyme to a high-affinity and high-activity state. How-
ever, the molecular basis for the cooperative activation
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process is still not fully understood, partly due to the so
far unsuccessful task to crystallize the tetrameric full-
length enzyme (Flatmark and Stevens, 1999; Kobe et al.,
1999).

Activation of the enzyme appears to require the
removal of the N-terminal autoregulatory sequence away
from the active site (Jennings et al., 2001; Wang et al.,
2001; Thérdlfsson et al., 2003). In addition, there are
important residues in hinge regions and loops that are
involved in the activation process. The sequence GIn31-
Ala34 at the end of the autoregulatory sequence is in close
proximity to the hinge Argl11-Thrl17, which bridges
the regulatory and catalytic domains and is likely to be
involved in any domain movements leading to the activat-
ing conformational change (Kobe et al., 1999). Another
hinge region is the Asp425-Gln429, which lies at the start
of the tetramerization helix and is the only contact
between the dimer of dimers that forms the tetrameric
structure (Fusetti et al., 1998). Moreover, the area around
the loop Arg68-Asp75 has important contacts both intra
and inter-subunit, notably with Cys237 on the neighbor-
ing subunit in the dimer and the hinge Asp425-Gln429
(Thordlfsson et al., 2003).

The exact mechanism for this conformational change
has long been debated. The most common interpretation
of the cooperative substrate induced activation of PAH
has been that it results from the binding of L-Phe to a
putative allosteric/regulatory site, different from the cat-
alytic site and located in the regulatory domain (Tourian,
1971; Shiman, 1980; Parniak and Kaufman, 1981;
Kaufman, 1993; Kappock and Caradonna, 1996). An alter-
native explanation for the activation mechanism is that
it results from the homotropic binding of L-Phe at the
active site (Martinez et al., 1990; Martinez et al.,
1993). We have recently presented further experimental
evidence in favor of this proposed model of the L-Phe
activation of PAH by binding to the catalytic site
(Thérdlfsson et al., 2002) and put forward a structural
explanation of the activation mechanism using a com-
bination of site-directed mutagenesis and molecular
dynamic simulations (Thoérélfsson et al., 2003): i) The
binding of L-Phe to the active site would trigger the
displacement of the autoregulatory sequence and con-
sequently domain movements around the hinge region
Argl11-Thrl17; ii) this would further induce changes
in the loop Arg68-Asp75, influencing the activation of
the adjacent subunit in the dimer through interactions
with Cys237 and neighboring residues; iii) the confor-
mational changes would also result in changes in the
orientation of the oligomerization domain through inter-

actions between the loop Arg68-Asp75 and residues of
the dimerization motif and/or the hinge Asp425-Gln429,
as a way to transfer the cooperative activating conforma-
tional change from one dimer to the other dimer in the
tetramer (Fig. 4). Recent mutational studies of hinge-
bending regions have revealed further evidence that glob-
al activating conformational changes caused by L-Phe
binding have the epicenter at the active site, and the
changes are transmitted throughout the enzyme through
hinge-bending motions (Stokka et al., 2004).

4.3 Functional properties of tyrosine hydroxylase (TH)
and tryptophan hydroxylase (TPH)

TH catalyses the hydroxylation of L-Tyr to 3,4-dihydroxy-
phenylalanine (L-DOPA), the rate limiting step in the bio-
synthesis of catecholamines (dopamine, noradrenaline and
adrenaline), functioning as hormones and neurotransmit-
ters. The enzyme is not regulated by its amino acid sub-
strate, but instead by phosphorylation at several serine resi-
dues located at the region N-terminal from the ACT
domain, and by feedback inhibition by catecholamines
(Flatmark and Stevens, 1999; Fitzpatrick, 2000). The cate-
cholamines interact directly with the iron at the catalytic
domain by bidentate coordination blocking the enzymatic
activity (Andersson et al., 1988; Erlandsen et al., 1998).

TPH catalyses the hydroxylation of L-Trp to 5-hydroxy-
tryptophan. This is the rate limiting step in the biosynthesis
of 5-hydroxytryptamine (serotonin) and the first reaction in
the synthesis of melatonin. TPH is the least known member
of the AAAH family of enzymes, probably due to it being
scarce and unstable (Cash, 1998; Martinez et al., 2001).
Based on sequence comparisons with the other hydroxy-
lases (Appendix 1) the ACT domain would correspond to
residues 18-94 in human TPHI and 66-142 in human
TPH2. As for TH, very little is known about the role of
the ACT domain in TPH, which also appears to be regulated
by phosphorylation but not by its substrate or cofactor
(Fitzpatrick, 2000; Martinez et al., 2001).

5 Common motifs and evolutionary insights

PAH of eukaryotic origin and the bacterial P-protein share
two short sequence motifs in their regulatory (ACT)
domains (see Fig. la and Appendix 1), the GAL and
ESRP (Aravind and Koonin, 1999), which have been
shown by mutational analysis to have important roles in
binding of L-Phe and the consequent allosteric regulation
of the P-protein (see above) (Pohnert et al., 1999). By
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analogy, Gjetting et al. proposed that this motif also
located the regulatory binding site for L-Phe in PAH,
and found support from binding and mutational analysis
on the isolated regulatory ACT domain (Gjetting et al.,
2001). The protein utilized in the study by Gjetting et al.
formed homodimers in solution and L-Phe was found to
bind to these dimers. This behavior resembled that of
the isolated regulatory ACT domains of the P-protein
(see above) (Pohnert et al., 1999). Based on similarity to
3PGDH, for which a sandwich-like conformation of the
ACT domains results in the formation of the amino acid
binding site (Fig. 2) (Schuller et al., 1995; Chipman and
Shaanan, 2001), formation of an L-Phe binding site at
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the dimer interface of the ACT domains of the P-protein
may be envisioned. However, based on the crystal struc-
tures of truncated forms (Fusetti et al., 1998; Kobe et al.,
1999) and the modeled full length tetrameric enzyme
(Flatmark and Stevens, 1999; Thérélfsson et al., 2002),
dimerization of the regulatory domain within the qua-
ternary structure of PAH (Fig. 3b) does not seem possi-
ble. Nevertheless, as pointed out by both Pohnert et al.
(1999) and Gjetting et al. (2001), the high conservation
of the motifs GAL and ESRP between the P-protein and
PAH is in fact strikingly (Figs. 1 and Appendix 1) which
lead to the proposal that “the common progenitor for the
three vertebrate AAAH was formed by juxtaposition of

TYH DROSOPHILA
1.00 TYH C.ELEGANS
0.99
TPH C.ELEGANS

Fig.5. The evolutionary relationships between
the members of the AAAH family and P-proteins.
The sequences where recruited by blasting the
NCBI server (Altschul et al., 1997). A multiple
sequence alignment was generated by T-Coffee
(Notredame et al., 2000), and the tree was calcu-
lated using MrBayes (Ronquist and Huelsenbeck,
2003). MrBayes was run for 1500000 generations
with 4 parallel chains. The tree is unrooted, and
visualized with TreeView (Page, 1996). The un-
derlying sequence alignment for the tree is shown
in Appendix 1. TYH refers to TH
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bacterial PAH with the regulatory domain of the P-
protein, and that evolutionary changes in this domain
have conferred at least some of the regulatory properties
of the different hydroxylases” (Gjetting et al., 2001).
However, the motif has only slightly diversified in the
other AAAH, although each and every one of the hydro-
xylases has their own conserved motif (see Appendix 1).
As no regulatory role for their aromatic amino acid sub-
strates is known for TH and TPH, we believe that the
motifs GAL and ESRP may have another important, yet
unknown, function.

To further investigate the relationship between the ACT
domains of the AAAH and of the P-protein, we generated
a phylogenetic tree using MrBayes (Fig. 5). In the
obtained tree, where the posterior probabilities for nodes
are over 69% in 86% of the cases, the AAAHs form a
monophyletic group, and although the quality of the tree
is low, PAH does not stand out to be the most common
ancestor to the P-protein and no distinction can be made
as to which one of the AAAH is more closely related to
the P-protein. For the non-vertebrates the sequence for the
ACT domain has diverged severely and one may ask if
their function is conserved. Activation of L-Phe has not
been found in PAH for lower eukaryotes e.g. C. elegans
(Loer et al., 1999) and D. melanogaster (Bel et al., 1992)
although at least the former contains the identical GAL
and ESRP motifs (the motifs are GAL and ESRS in D.
melanogaster PAH). Judging from the divergence in the
part of the sequence corresponding to the ACT domain
(Appendix 1) these proteins may function by different
regulation mechanisms than their vertebrate homologs.

6 Concluding remarks

Several common features appear to characterize the allo-
steric regulation of 3PDGH and P-protein from E. coli by
their amino acid effectors: the regulatory ACT domain is
located at the C-terminal of the subunit sequences
(Fig. 1a) and is involved in tetramerization of both enzymes;
the enzymes operate at the committed step for the L-Phe
(P-protein) and L-Ser (3PDGH) biosynthetic pathways;
the regulatory amino acids (L-Phe and L-Ser) operate as
feed-back heterotropic inhibitors (Fig. 1b) reducing the
Viax for the reaction; the amino acids appear to shift
the equilibrium from the more active to the less active
conformation of the oligomer, the R (relaxed) and T
(tense) conformations, respectively, in the allosteric
nomenclature; at least for 3PDGH there is crystallo-
graphic evidence that the amino acid effector binds at
the subunit interface created by two adjacent regulatory

ACT subunits (Fig. 2) (Schuller et al., 1995), inducing
both quaternary and tertiary inhibiting conformational
changes that are communicated to the active site; for the
P-protein there is also biochemical evidence that the bind-
ing of L-Phe at the interface between two regulatory sub-
units is essential for the correct allosteric regulation
(Pohnert et al., 1999). Thus, truncation mutagenesis of the
middle PDT domain compromises the L-Phe-induced olig-
omeric changes and leads to enzyme forms (containing
the CM and regulatory domains) that exhibit allosteric
activation of the CM activity by L-Phe, not the natural
inhibition (Zhang et al., 2003).

On the other hand, the role of the ACT domain in PAH,
as well as the characteristics of the allosteric regulation by
the amino acid substrate in this enzyme, appear to be dif-
ferent to those encountered in 3PDGH and P-protein: the
regulatory ACT domainislocated at the N-terminal (Fig. 1a);
the enzyme operates at the first step for the catabolic
degradation of L-Phe; L-Phe is a positive activator of ca-
talysis (Fig. 1b), mainly reducing the K,,, for the binding of
successive L-Phe molecules (Kaufman, 1993; Kappock and
Caradonna, 1996); the amino acid shifts the equilibrium
from the T to the R conformations; there is no crystallo-
graphic or clear biochemical evidence that in the full-
length enzyme L-Phe binds at the regulatory ACT domain
in addition to the catalytic site; in fact, according to the
crystal structures of truncated forms of human (Fusetti et al.,
1998) and rat PAH (Kobe et al., 1999), the enzyme does
not contain binding interfaces implying two regulatory
domains where L-Phe might bind in a similar way to L-
Ser in 3PDGH (Figs. 2 and 3). Actually, the accumulated
data on the cooperative activation by L-Phe (Kaufman,
1993; Kappock and Caradonna, 1996; Flatmark and
Stevens, 1999) fit better with typical allosteric mechanisms
found in other metabolic enzymes exhibiting positive coop-
erativity for their substrates than with mechanisms defend-
ing the binding of the substrate at two sites in the same
subunit. Thus, in the common allosteric enzymes such as
the prototypic aspartate transcarbamoylase the binding of
the substrate at one active site increases the affinity for the
substrate at the other active sites in the oligomer by homo-
tropic effects — first described for the binding of dioxygen to
hemoglobin-, while the other heterotropic effectors, dif-
ferent from the substrates, bind at the regulatory subunits
(Perutz, 1990; Helmstaedt et al., 2001). So far no other
allosteric physiologically relevant effectors that might
regulate positively or negatively the activity of PAH, or
the other AAAH, by binding at the ACT domain have
been unquestionably put forward
(Kappock and Caradonna, 1996).

in the literature
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The joint specificity of the P-protein and PAH for L-
Phe as a regulatory ligand and the conserved GAL and
ESRP motifs in the sequences of their ACT domains have
lead to the suggestion that these enzymes would have a
closer relationship to each other than to any other ACT
domain family member (Pohnert et al., 1999; Gjetting
et al., 2001), but our preliminary phylogenetic analyses
do not show a closer relationship between the P-protein
with PAH than with the other AAAH (Fig. 5). Accord-
ingly, this domain appears to participate in the allosteric
regulation of the AAAH by the transmission of activating
conformational changes (Thérdlfsson et al., 2003) without
providing a binding site for the regulatory amino acid
substrate. In the case of TH and TPH the activating
changes might be related to phosphorylation and interac-
tion with 14.3.3 proteins (Fitzpatrick, 2000). In this
context it also seems interesting that the 3PGDH of
Arabidopsis thaliana, although it contains the ACT regu-
latory domain at the C-terminal, does not shown inhibi-
tion by L-Ser (Ho and Saito, 2001). The ACT domain
could thus have been incorporated to these and other
enzymes, as a handy, flexible, small module that provides
allosteric regulation via transmission of finely tuned con-
formational changes, which are not necessarily initiated
by ligand binding at the domain itself. In fact allostery
appears to be associated to very specific interactions and
subtle conformational changes in dynamic proteins
(Gunasekaran et al., 2004). There are a number of studies
showing that a single point mutation can turn an allosteric
activation into inhibition and viceversa (Van Vliet et al.,
1991; Muneyuki et al.,, 1997). In agreement with this
notion, one of the residues in the catalytic domain inter-
acting with the Arg (Arg68 in human PAH) in the ESRP
motif at the regulatory domain is a strictly conserved Cys
in all PAHs (C237 in human PAH), while all TPHs and
THs sequences have an Arg (except golden hamster TPH
that has a Cys). Interestingly, the mutant C237R of PAH is
not activated by L-Phe (Thérdlfsson et al., 2003). Another
example on the fact that correct allosteric regulation
requires a fine tuning of ligand induced changes in tertiary
and quaternary structure is the change from negative to
positive allosteric regulation of CM activity by L-Phe
encountered upon deletion of the PDT domain in the
E. coli P-protein (Zhang et al., 2003). Thus, the regulatory
effect of the ACT domain appears to be set by its fine
interactions with the partner domains.
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Appendix 1. T-Coffee alignment used to generate the free shown in Fig. 5. The secondary structure (E = beta strand, H = alpha helix) are given for
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the rat PAH structure, PDB 1PHZ
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