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Abstract High sequence divergence, evolutionary mob-
ility, and superfold topology characterize the ACT domain.
Frequently found in multidomain proteins, these domains
induce allosteric effects by binding a regulatory ligand
usually to an ACT domain dimer interface. In mammalian
phenylalanine hydroxylase (PAH), no contacts are formed
between ACT domains, and the domain promotes an
allosteric effect despite the apparent lack of ligand binding.
The increased functional scenario of this abundant domain
encouraged us to search for distant homologs, aiming to
enhance the understanding of the ACT domain in general
and the ACT domain of PAH in particular. The PDB was
searched using the FATCAT server with the ACT domain
of PAH as a query. The hits that were confirmed by the
SSAP algorithm were divided into known ACT domains
(KADs) and potential ACT domains (PADs). The FAT-
CAT/SSAP procedure recognized most of the established
KADs, as well 18 so far unrecognized non-redundant PADs
with extremely low sequence identities and high diver-
gence in functionality and oligomerization. However,
analysis of the structural similarity provides remarkable
clustering of the proteins according to similarities in ligand
binding. Despite enormous sequence divergence and high
functional variability, there is a common regulatory theme
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among these domains. The results reveal the close rela-
tionships of the ACT domain of PAH with amino acid
binding and metallobinding ACT domains and with
acylphosphatase.
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Abbreviations

AAAH Aromatic amino acid hydroxylase
ACYP Acylphosphatase

AHAS Acetoacetate synthase isozyme 111

small subuint
AK Aspartokinase

ALY Transcriptional coactivator

ASR Ancestral sequence reconstruction

Atx1 Metallochaperone

CCS Metallochaperone of superoxide dismutase

CE Combinatorial extension

CutAl Periplasmic divalent cation tolerance protein

Duf190 Domain unknown function

GCVR Glycine cleavage transcriptional repressor

HisG_C ATP phophoribosyl transferase

KADs Known ACT domains

LPRA Leucine-responsive regulatory protein A

MSCS Small-conductance mechanosensitive
channel

NikR Nickel binding regulatory protein

PADs Potential ACT domains

PAH Phenylalanine hydroxylase

PheA Prephenate dehydratase

PII A-B P-II-like signaling protein, nitrogen

regulatory protein A-B
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RMSD Root mean square deviation

Rpia Ribose-5-phosphate isomerase

SGUF 1-7  Structural genomics target with unknown
function 1-7

SMBD Small molecule binding domain

S6 A-B 30S ribosomal protein S6 A-B

TD Threonine deaminase

TH Tyrosine hydroxylase

TPH Tryptophan hydroxylase

VAO Vanillyl-alcohol oxidase

V-ATPase Head domain of subunit C

Znta Zinc, (lead, cadmium, and mercury)
transporting ATPase

3-PGDH p-3-Phosphoglycerate dehydrogenase

Introduction

The N-terminal regulatory domain of phenylalanine
hydroxylase (PAH), an important enzyme which catalyzes
the conversion of L-Phe to L-Tyr has been classified as an
ACT domain (Aravind and Koonin 1999). The ACT domain
is one of many different small molecule-binding domains
(SMBDs) characterized by high sequence divergence and
evolutionary mobility (Anantharaman et al. 2001). For an
illustration of the ACT domain 3D structure see Fig. 1.
Originally, the functional link between the established
ACT domains—found in many metabolic enzymes—
appeared to be a regulatory role promoted by binding a
regulatory ligand (Aravind and Koonin 1999; Chipman and
Shaanan 2001; Liberles et al. 2005). The ACT domain is
generally incorporated in multidomain protein contexts
where allosteric regulation appears to be provided by a
transmission of finely tuned conformational changes
(Liberles et al. 2005). The archetypical ACT domain forms
dimers (or higher order oligomers), generating a ligand-
binding site at the interface (Chipman and Shaanan 2001;
Liberles et al. 2005). The ligand is often an amino acid or
pyrimidine. The details of the regulation provided by the
ACT domain in the AAAHs are unknown. Currently, the
ACT domain of PAH is the only structural representative
of all regulatory domains of the aromatic amino acid
hydroxylases (AAAHs), which also includes tyrosine
hydroxylase (TH) and tryptophan hydroxylases 1 and 2
(TPH1 and TPH2). PAH differs from other established
ACT domain containing proteins since there are no con-
tacts between the ACT domains in tetrameric PAH
(Flatmark and Stevens 1999). Moreover, mammalian PAH
is allosterically regulated by its own substrate but in spite
of reports about L-Phe binding both to the active site as a
substrate and at the regulatory domain as an activator
(Gjetting et al. 2001; Shiman 1980; Shiman et al. 1994), we
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Fig. 1 A guide to the ACT domain structure. The ACT domain
displays a ferredoxin-like fold, 1 (blue), al (cyan), p2 (green), 3
(vellow), 02 (orange), and 4 (red). Here 3-PGDH (PDB id 1YBA) is
shown. ACT domain ligands frequently bind on the odd loop side
(Aravind and Koonin 1999; Chipman and Shaanan 2001). The
remaining figures of ACT domain structures in this article will be
from a similar view, unless otherwise noted. This and remaining
figures are made in PyMol (DeLano 2002)

have previously shown that the ACT-domain of human
PAH does not bind L-Phe, which exclusively binds at the
active site (Martinez et al. 1993; Thorolfsson et al. 2002).
This property is most probably extended to the ACT
domain of other mammalian forms of the enzyme
((Liberles et al. 2005) and references therein). To our
knowledge, binding of amino acids or substrate analogs at
the regulatory domain of TH or the TPHs has not been
reported or suggested. This is unlike other established
homologs in the ACT domain family, such as the regula-
tory domains of D-3-phosphoglycerate dehydrogenase
(3-PGDH) and prephenate dehydratase (PheA) [or the
bifunctional chorismate mutase-prephenate dehydratase
(P-protein)], where binding of regulatory amino acids has
been established (Chipman and Shaanan 2001; Pohnert
et al. 1999). The ACT domain of PheA presents two amino
acid motifs (GAL and I/LESRP), separated by 17 residues,
which were shown to be involved in L-Phe binding and feed
back inhibition in the P-protein from E. coli (Pohnert et al.
1999). These motifs are conserved in PAH and only
slightly mutated in the other mammalian AAAHS, i.e.
SS/AL, I/LETRP in TH; GGL and IESRK/R in the TPHs
which suggest that the amino acid-binding function of
these ACT domains might have adapted to another function
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at an early stage of the AAAH evolution. Elucidation of the
evolutionary relationships of the ACT domains in PAH and
in other ACT domains in general is a challenging task that
may provide insights into the function of the domain itself
and the regulation of the AAAHs.

The Pfam database, which classifies domain families
upon sequence homology (Bateman et al. 2004), includes
several ACT domain proteins originally sampled by
(Aravind and Koonin 1999) using a PSI-BLAST (position-
specific iterating-BLAST) sequence database search
(Table 1). The database for structural classification of pro-
teins, SCOP (Murzin et al. 1995), classifies 3-PGDH, PAH
and GCVR within the ferredoxin-like fold, fafifaf, as
members of the ACT-like superfamily (Table 1). This
SCOP superfamily also includes the regulatory domain of
threonine deaminase (TD; an ACT-like domain by Pfam),
which is involved in the metabolism of L-Ile, and the C-
terminal domain of the nickel responsive regulator (NikR)
(Table 1). In the other commonly used database for classi-
fication of protein domain structures, CATH (Orengo et al.
1997; Pearl et al. 2000, 2005 ) (Version 3.0.0), 3-PGDH is
classified as a 2-layer o/f-plaits sandwich—also known as
the ferredoxin-like fold—with two structural homologs,
GCVR and Dp-ribose-5-phosphate isomerase (Rpia)
(Table 1). The ferredoxin-like fold constitutes a superfold,
which is a fold with at least three different homologous
superfamilies that do not seem to be related, as first recog-
nized by Orengo et al. (1994) who identified 10 superfolds
when comparing folds and superfamilies in the CATH
database. This particular superfold, the two-layer o/f-plaits
sandwich, is shared by >70 different superfamilies accord-
ing to CATH. Surprisingly, the ACT domain of PAH is not
classified as one of these. Instead, the whole multidomain
PAH protein has its own fold category despite having three
functional, evolutionary units (Flatmark and Stevens 1999).
For the remaining of this article the term ferredoxin-like fold
will also implicitly designate the two-layer off-plaits
sandwich. In addition to these ACT-domains already clas-
sified in the structural databases, coordinates for several of
the proteins originally described by Aravind and Koonin
have recently been deposited to the PDB database (see
recent review, Grant 2006) (Table 1). Further, the leucine-
responsive regulatory protein A (LRPA) and the regulatory
domain of ATP-PRTASE (HisG_C) which both have been
associated with the ACT domains (Ettema et al. 2002; Grant
20006), are also included in Table 1.

To summarize, there is a lack of consensus in the clas-
sification of the ACT domain in the above databases, which
perhaps can be explained by the high evolutionary mobility
of the ACT domains, their high sequence divergence, its
presence in multidomain proteins, and the abundance of the
ferredoxin-like fold (Anantharaman et al. 2001). Addi-
tionally, multi-domain proteins often arise by fusion of a

domain at the N or C terminal of e.g. an enzyme, altering
enzyme specificity or regulation (Bjorklund et al. 2005).
Given this and our interest to increase our understanding of
the regulatory function of the ACT domain in PAH and the
other AAAHs within an evolutionary context, we initiated
the search for so far unrecognized putative ancient homo-
logs of this domain. PAH has low but noticeable sequence
similarity with the regulatory domains of PheA and 3-
PGDH (Aravind and Koonin 1999; Gjetting et al. 2001;
Liberles et al. 2005), but in general there is far too low
sequence identity to attempt the investigations of evolu-
tionary relationships on the basis of sequence alignments
among ACT domain proteins. We here present the results
using a combination of the FATCAT server (Ye and
Godzik 2003), which is a flexible protein structure com-
parison algorithm, and the SSAP server (Taylor and
Orengo 1989), which is based on a rigid body protein
structure comparison algorithm.

Methods
Searching the PDB

A consensus approach of the FATCAT (Flexible structure
AlignmenT by Chaining Aligned fragment pairs allowing
Twists) bioinformatic server (Ye and Godzik 2003; Ye and
Godzik 2004, 2005) and the SSAP algorithm (Taylor and
Orengo 1989) used to annotate homologs in the CATH
database (Orengo et al. 1997; Pearl et al. 2000, 2005) was
utilized. As a first step, the ACT domain of PAH (residues
30-112 of PDB id 1PHZ) was submitted to the FATCAT
server and searched against the PDB database (10 January
2007, 40% non-redundant set with 9,553 chains). A P value
of <0.001 (which means that such a similarity could have
happened by chance once in 1,000) or a P value of <0.05
and a FATCAT similarity score (FATCAT score) >100
were the criteria for statistically significant matches.

The FATCAT server used in the initial PDB search was
originally developed to identify homologous flexible
structures with different conformations (Ye and Godzik
2003), and when compared with two different rigid struc-
ture alignment programs, DALI and CE, it performed
better. DALI stopped at hinge positions, where FATCAT
inserted a twist, while CE continued and thereby aligned
non-homologous residues (Ye and Godzik 2003). Given
these properties FATCAT was selected even though we did
not apply twisted alignments in this work.

Confirming the results of the PDB search

The SSAP algorithm (Taylor and Orengo 1989), used when
assigning homologs in the CATH database (Orengo et al.
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Table 1 Proteins with ACT and ACT-like domain proteins (known ACT domains; KADs) for which the 3D structures are presently available

Family representative PDB id PFAM? SCOP*  CATH*

3-PGDH; p-3-phosphoglycerate dehydrogenase, regulatory C-terminal domain IPSD, 1SC6, X X X
(E. coli; Mycobacterium tuberculosis) 1YGY, 1YBA®

AHAS; acetoacetate synthase isozyme IIT small subunit® (E. coli) 2F1F X

AK; aspartokinase® (Arabidopsis thaliana) 2CDQ

GCVR; putative glycine cleavage system transcriptional repressor® (Vibrio cholerae) 1U8S X X X

HisG_C; ATP phosphoribosyltransferase (Mycobacterium tuberculosis) INH7

LRPA; transcriptional regulator (Pyrococcus furiosus) G

NikR; nickel responsive regulator, C-terminal regulatory domain (E. coli) 1Q5Y, 2BJ1° X

PAH; phenylalanine hydroxylase, N-terminal regulatory domain (Rattus norvegicus) 1PHZ, 2PHM X X

PheA; putative prephenate dehydratase (Staphylococcus aureus) 21Q8

Rpia; p-ribose-5-phosphate isomerase, C-terminal lid domain (E. coli) 108B X

SGUF1; hypothetical protein af1403° (Archaeoglobus fulgidus) 1Y7P X

SGUEF2; structural genomics unknown function (Streptococcus pneumoniae) 1ZPV X

SGUF3; protein BT0572° (Bacteroides thetaiotaomicron) 2F06 X

TD; allosteric threonine deaminase®, C-terminal domains (E. coli) 1TDJ X® X

YbeD (E. coli) IRWU

YkoF° (Bacillus subtilis) ISBR

This table includes the proteins originally described by Aravind and Koonin (1999) with coordinates at the PDB database, and/or recently
recognized as such (Grant 2006). Rpia was also included since it is classified in CATH as structural homolog of 3-PGDH and GCVR
Reference (if published) and residue range used (within parenthesis) for those part of this study, for PDB: 1PSD (Schuller et al. 1995), 1SC6 (Bell
et al. 2004), IYGY (Dey et al. 2005), 1YBA (336-410) (Thompson et al. 2005), 2F1F (1-69) (Kaplun et al. 2006), 2CDQ (338-418) (Mas-Droux
et al. 2006), 1U8S (3-83), INH7 (210-284) (Cho et al. 2003), 111G (64-135) (Leonard et al. 2001), 1Q5Y (Schreiter et al. 2003), 2BJ1 (53-133)
(Chivers and Tahirov 2005), 1PHZ (30-112) (Kobe et al. 1999), 2PHM (Kobe et al. 1999), 21Q8 (179-264) replaced in PDB by PDB id 2QMW,
108B (127-198) (Zhang et al. 2003), 1Y7P (2-82), 1ZPV (—2-83), 2F06 (4-64), 1TDJ (336-423) (Gallagher et al. 1998), IRWU (13-87)
(Kozlov et al. 2004), and 1SBR (9-86) (Devedjiev et al. 2004)

* The sequential database Pfam includes eight gene families for which the structure has been determined and the proteins have been classified as
ACT domain (PF01842) or ACT-like domain (PF00585). SCOP has five members in the ferredoxin-like fold classified as ACT-like superfamily
(55021). CATH classifies the ACT domain of 3-PGDH, GCVR and Rpia as the two-layer a/f-plaits sandwich (3.30.70.260). CATH does not
handle the ACT domain of PAH as a self-standing domain, but integrates it with the catalytic domain of the enzyme in a unique fold
(1.10.800.10)

® The actual PDB id that was detected in the FATCAT search and used in this study

¢ These proteins have ACT domain repeats. The first ACT domain was used in this study

9 This is a structural representative of the RAM domains. It has been proposed that the ACT and the RAM domains might have a common
ancestor (Ettema et al. 2002)

¢ TD is not classified as an ACT domain, but as an ACT-like domain (PF00585)

1997; Pearl et al. 2000, 2005) was used to confirm the
structures identified by FATCAT as potential ACT

distance, assuming that high SSAP score equals a shorter
evolutionary distance. Therefore, we used the negative

domains, given the domain boundaries from the FATCAT
search. The CATH criteria for assigning homologs at the
superfamily level is SSAP score > 80, sequence iden-
tity > 20%, and at least 60% overlap, or SSAP score >70,
>60% overlap and related functions, as described in the
literature or Pfam. Here, the criterion of a SSAP score >80
was used. The FATCAT results that were confirmed by the
SSAP algorithm were divided into known ACT domains
(KADs) and potential ACT domains (PADs). Further,
pairwise SSAP comparisons—extracting scores and RMSD
values—were performed for all ACT domain candidates
that met both the FATCAT and SSAP criteria when com-
pared to PAH. SSAP scores are inversely correlated to
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pairwise SSAP scores as distances for building a UPGMA
distance tree using Phylip (Felsenstein 1989) to show the
relationships due to the SSAP comparisons.

Alignments

Multiple structurally based sequence alignments were built
using Mustang (Konagurthu et al. 2006). For the analysis of
the results, pairwise structural alignments were built using
CE, where a z score of >3.9 equals a P value of <0.001
(Shindyalov and Bourne 1998, 2001), and visualized using
PyMol (DeLano 2002), as implemented and provided by
STRAP (Gille and Frommel 2001).
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Results and discussion

The FATCAT/SSAP search provides putative ACT
domain candidates

In the FATCAT search (Ye and Godzik 2004) with PAH as
a query, 76 hits of potential ACT domains with a statisti-
cally significant P value < 0.001 and 50 hits ranging from
P value > 0.001 to 0.05 and with a score of >100 were
obtained. For all, the requirement of untwisted alignments
(Ye and Godzik 2003) was met. These were further com-
pared to PAH by SSAP (Taylor and Orengo 1989), using
the same domain boundaries that had been identified by

FATCAT in the initial search. The SSAP comparisons
reduced the hit sampling to 32 structures that in addition to
the FATCAT criterion also matched the criteria of SSAP
score >80. However, if there were more than one hit from
the same protein family with >30% sequence identity to
each other, solely one entry was kept. Accordingly, five
redundant hits were removed, resulting in a list of 28
structures. This list contained 10 (including the query
PAH) of the already known ACT or ACT-like domains
(KADs) (Table 1) and 18 potential ACT domain (PADs)
candidates (Table 2). The detected KADs are 3-PGDH,
AHAS, AK, GCVR, HisG_C, NikR, PheA, SGUF 1, and
SGUF 2, although for AK the P value for the structural

Table 2 The ensemble of potential ACT domain (PADs) containing proteins, identified in the structural search by FATCAT and SSAP

Name; description PDB id P value FATCAT Alignment Sequence
score Length identity
(residues) (%)
ACYP; acylphosphatase (Bacillus subtilis)* 2FHM"® 4.72e-05 111.80 71 10.47
ALY transcriptional coactivator (Mus musculus) 1INO8 5.11e-04 94.41 70 11.11
Atx1; metallochaperone (Saccharomyces cerevisiae) 1CC7 2.16e-05 114.73 71 6.17
CCS; metallochaperone of superoxide dismutase 1JK9 5.07e-03 114.85 71 6.17
(Saccharomyces cerevisiae)
CutAl; periplasmic divalent cation tolerance protein 1PIL 5.45e-06 139.97 75 3.26
(Archaeoglobus fulgidus)
Duf190; putative nitrogen regulatory protein/ PlI-like signaling 1051 2.22e-05 115.89 76 3.37
protein (Thermotoga maritima)
MSCS; small-conductance mechanosensitive channel (E. coli) 20AU 6.81e-03 113.94 73 4.82
PIIA; nitrogen regulatory protein P-1I 2 (E. Coli) 2NS1 1.53e-05 138.15 76 4.90
PIIB; hypothetical protein TTHAO0516 (Thermus thermophilus) 2CZ4 1.01e-06 142.61 76 6.12
S6A; 308 ribosomal protein S6 (Thermus thermophilus) 1CQM* 9.86e-05 113.90 76 8.60
S6B; 30S ribosomal protein S6 (Aquifex aeolicus) 2J5A 4.96e-05 119.95 82 9.38
SGUF4; hypothetical protein (Thermotoga maritime) 2NZC 4.22e-06 125.35 80 14.63
SGUFS5; hypothetical protein TTHA1053 (Thermus thermophilus) 2CVE 2.13e-03 107.79 68 11.69
SGUF6; unknown protein® (Galdieria sulphuraria) 2NYI 2.19e-04 131.06 81 5.68
SGUF7; hypothetical protein, function unknown (Helicobacter pylori) 2ATZ 5.93e-04 128.14 71 5.88
V-ATPase; head domain of subunit C (Saccharomyces cerevisiae) 1U7L 1.14e-02 128.27 75 7.14
VAQO; vanillyl-alcohol oxidase® (Penicillium simplicissimum) 1AHU 4.64e-02 129.43 77 3.26
Znta; zinc (lead, cadmium, and mercury) transporting ATPase (E. IMWY 1.37e-04 104.49 71 7.41

coli)

These domains, not previously classified as ACT domains, meet the criteria of (i) either a P value < 0.001 or a P value < 0.05 and a FATCAT
score > 100, and (ii) a SSAP score > 80 (see Table 3 for SSAP-scores) for the domain boundaries identified in the FATCAT search in
comparison to the ACT domain of PAH (PDB 1PHZ, residues 30-112)

* The structural similarity of another ACYP domain to the ACT domain has been noted elsewhere (Rosano et al. 2002)

° PDB id 2FHM was substituted with another ACYP (PDB id 1V3Z), since the latter was published at the time of writing while the former was
not

¢ PDB id 1CQM (Otzen et al. 2000) corresponds to a mutated sequence, and was therefore substituted with PDB id 1G1X (Agalarov et al. 2000)
4 This protein has ACT domain repeats. The second ACT domain was used in this study

Reference (if published) and residue range used (within parenthesis) for those part of this study, for PDB: 2FHM, 1V3Z (3-91) (Miyazono et al.
2005), INO8 (105-182) (Perez-Alvarado et al. 2003), 1CC7 (2-73) (Rosenzweig et al. 1999), 1JK9 (B: 3-74) (Lamb et al. 2001), 1P1L (1-87),
1051 (—1-100) (Schwarzenbacher et al. 2004), 20AU (180-262) (Bass et al. 2002), 2NS1 (B:0.97), 2CZ4 (1-92), ICQM (Otzen et al. 2000),

1G1X (1-98) (Agalarov et al. 2000), 2J5A (3-108) (Olofsson et al. 2007), 2NZC (2-81), 2CVE (124-191), 2NYI (90-176), 2ATZ (71-151),
1U7L (189-263) (Drory et al. 2004), 1AHU (419-507) (Mattevi et al. 1997), and IMWY (2-74) (Banci et al. 2002)
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Table 3 Pairwise RMSD values (above the diagonal) and SSAP score (beneath the diagonal)

lahu lecc7 Iglx lilg 1jk9 1mwy 1nh7 1no8 1051 1o8b 1pll 1phz 1lrwu 1sbr Itdj lu7l  1u8s
VAO?! 0 32 3.8 4.1 35 29 2.8 5.4 3.0 2.8 34 26 31 31 33 29 29
Atx1* 80.4 0 4.5 3.4 1.7 19 5.0 3.4 2.4 3.0 22 29 29 37 26 32 23
S6A* 784 722 0 2.8 53  3.00 4.2 5.4 55 2.8 33 3.7 3.0 42 33 30 26
Lrpa 75.1 821 815 0 3229 3.1 39 4.0 2.5 27 40 29 34 35 41 41
Ccs* 78.1  91.1 722 79.0 0 1.7 4.9 3.7 34 39 24 35 3.5 33 27 28 48
Znta* 803 888 778 816 85 0 2.7 3.6 34 3.8 25 34 2.9 41 29 30 29
HISG_C* 798 762 80.8 819 750 80.1 0 43 3.0 35 26 27 3.4 6.7 4.7 30 25
ALY® 682 80.7 715 792 788 789 76.1 0 3.1 4.9 44 34 4.2 48 42 39 31
Duf190* 81.1 821 771 764 78.6 798 813 80.5 0 3.5 26 27 29 35 59 30 32
Rpia 76,5 81.0 787 862 758 782 78.6 729 711 0 29 43 29 51 3.00 28 42
CutAl* 77.1 827 80.7 80.00 804 81.2 824 784 847 719 0 32 3.0 34 400 26 33
PAH 829 824 780 768 81.0 822 835 808 821 743 810 O 32 42 32 30 28
YbeD 787 789 78.6 79.1 740 777 765 765 715 719 764 717 0 4.1 3.6 25 34
YkoF 794 789 726 776 751 779 739 760 792 703 781 786 752 0 3.8 45 33
TD 716 788 783 783 793 80.1 76,7 750 768 751 779 798 769 731 O 34 40
VATPase® 813 830 772 765 812 818 85.1 749 789 834 823 829 787 742 776 0 33
GCVR 824 84.0 830 793 781 80.7 80.5 805 816 791 813 84 773 785 7186 805 O
ACYP* 81.6 81.7 81.1 823 762 758 794 727 825 748 80.1 808 815 805 785 772 842
SGUF1 78.6 846 84.1 82.1 80.4 81.8 84.0 757 798 813 816 841 774 713 816 820 857
3-PGDH 80.6 849 83.1 84.1 79.3 834 80.2 792 775 777 768 813 803 763 810 763 86.0
SGUF 2 799 825 826 780 774 803 763 787 793 792 787 819 776 756 754 808 89.7
SGUF 7" 783 79.8 769 777 78.0 80.1 795 759 795 794 737 810 780 742 68.8 767 80.5
NikR 820 837 815 830 800 79.0 783 760 81.7 753 789 837 775 808 758 812 854
AK 79.8 820 824 822 79.0 809 789 809 800 779 750 841 775 768 814 T77.6 837
SGUF 5 774 854 770 81.0 835 822 8.1 744 81.1 818 826 835 756 805 779 875 83.0
PIIB* 829 797 790 713 772 8.6 827 797 877 73.6 842 829 791 780 774 805 84.0
SGUF 3 777 814 760 76.6 825 809 780 770 782 772 774 770 738 72.6 788 813 815
AHAS 790 850 826 832 817 833 83.1 799 800 808 803 834 799 742 826 827 86.0
PheA 79.1 817 812 802 803 81.2 792 774 795 744 774 835 812 761 811 81.0 845
S6B* 782 765 875 773 73.0 710 773 729 789 738 754 79.1 751 768 783 738 824
PIIA® 715 80.6 781 766 76.6 747 804 745 833 747 850 805 757 738 77.0 794 794
SGUF 6*  78.7 827 842 738 79.6 813 791 739 772 772 813 821 800 750 802 81.0 90.1
SGUF 4* 81.7 84.0 842 842 809 38l1.7 855 828 823 751 780 857 758 81.8 823 84.0 86.7
MSCSs* 83.6 812 79.7 781 80.6 83.2 712 750 715 797 774 805 810 762 763 794 8l1.1

1v3z  1y7p lyba 1zpv 2atz 2bjl 2cdq 2cve 2cz4 2f06 2fl1f 2iq8 2j5a 2nsl 2nyi 2nzc 2oau
VAO* 3.1 39 29 3.6 42 34 32 3.7 2.6 2.9 28 41 32 34 34 33 29
Atx1?* 2.5 2.5 2.8 2.7 32 28 34 24 29 3.0 22 32 3.6 24 2.5 3.0 2.8
S6A* 45 22 2.4 3.0 42 34 25 32 3.7 2.8 22 30 2.5 32 4.0 32 2.5
Lrpa 2.6 34 33 4.0 34 31 3.1 29 43 3.9 33 32 35 32 5.1 3.8 32
Cccs* 34 3.1 44 4.5 34 41 3.6 2.9 33 2.8 28 43 4.0 32 3.0 3.7 3.0
Znta* 4.6 33 2.8 33 30 40 3.6 3.1 33 2.7 25 35 32 3.8 29 3.7 2.1
HISG_C* 3.6 32 33 4.2 4.1 35 3.7 2.5 2.6 35 25 33 3.4 34 3.1 2.7 3.8
ALY? 4.9 4.6 3.7 33 43 52 3.1 4.2 35 3.1 35 38 4.2 53 6.6 35 3.9
Duf190* 3.7 43 32 4.2 34 30 4.0 2.6 2.5 3.0 36 33 4.2 2.5 5.2 3.0 29
Rpia 3.8 3.0 4.0 3.8 3.0 44 35 3.1 4.1 3.9 3.0 48 4.0 3.6 39 49 2.5
CutAl® 29 3.0 32 3.7 47 33 3.7 22 53 2.8 24 35 3.6 2.8 5.0 45 44
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Table 3 continued

1v3z  1ly7p lyba 1zpv 2atz  2bjl 2cdq 2cve 2cz4 206 2flf 2iq8 2j5a  2nsl 2nyi 2nzc 2oau
PAH 3.1 3.4 3.0 35 37 27 2.9 2.3 2.6 2.4 2.3 3.1 34 27 3.1 2.6 3.4
YbeD 2.5 32 3.0 35 39 32 39 2.7 42 3.8 29 40 3.7 3.1 35 4.5 3.1
YkoF 3.1 3.4 3.0 42 6.6 29 49 2.6 3.7 4.0 6.7 34 3.1 32 35 32 5.1
TD 53 3.0 2.8 3.8 50 4.6 2.8 2.8 39 2.1 2.1 3.4 34 32 29 2.9 5.4
VATPase® 3.9 29 3.5 3.4 40 33 3.5 2.1 2.7 2.8 26 34 35 29 29 33 35
GCVR 2.6 2.5 2.1 2.0 38 25 32 23 2.8 2.1 1.7 30 21 3.7 1.3 2.5 35
ACYP* 0 35 2.3 42 38 39 3.1 3.0 3.7 3.1 27 25 34 31 34 28 2.6
SGUF1 81.1 0 1.7 3.1 39 33 2.5 2.6 2.9 2.3 1.5 26 3.8 3.4 3.7 3.0 2.8
3-PGDH 822 886 0 2.6 3.1 29 1.9 3.4 35 2.1 1.7 24 25 28 2.1 2.3 32
SGUF 2 80.1 832 836 O 37 38 2.8 35 35 33 22 30 3.1 44 1.9 31 3.0
SGUF 7 788 78.6 821 804 0 43 42 32 42 32 32 36 34 46 39 42 2.7
NikR 790 840 794 792 763 0 4.1 2.4 29 3.1 22 31 4.1 32 3.0 1.9 4.0
AK 815 839 865 845 788 795 0 3.6 3.7 2.5 26 3.1 32 37 32 32 35
SGUF 5" 785 81.0 772 78.1 804 827 821 O 2.9 3.0 25 37 3.1 2.1 29 23 4.0
PIIB* 80.8 809 785 786 754 804 787 819 0 2.8 35 46 39 20 4.1 32 3.8
SGUF 3 744 819 824 790 758 767 814 820 763 O 22 22 30 29 2.5 2.9 32
AHAS 81.0 887 894 8.0 790 847 838 8.0 772 864 0 2.1 24 3.0 1.9 3.0 3.0
PheA 82.0 850 8.3 833 804 820 89 796 756 806 8.5 0 3.5 3.1 33 31 4.1
S6B* 797 766 797 794 752 774 787 766 747 750 786 777 O 35 40 35 2.7
PIIA® 764 776 780 751 734 785 752 818 849 759 745 715 752 O 40 29 3.0
SGUF 6" 789 828 854 892 785 796 843 822 8l.1 790 840 821 792 795 0 2.6 35
SGUF 4" 803 873 872 840 77.7 886 855 857 8l4 784 873 857 804 809 822 0 4.1
MSCS* 80.5 809 8.0 81.1 815 792 819 789 798 759 825 765 785 751 808 806 O

The first column gives the abbreviation and the first row gives the corresponding PDB id

# Potential ACT domains (PADs)

similarity detected by FATCAT to the ACT domain of
PAH is at the limit of significance (P value < 0.05). For 3-
PGDH and NikR the FATCAT search selected a different
PDB id than in the previous annotations (1YBA and 2BJ1,
respectively). LRPA, TD, and YkoF were all selected by
the FATCAT search procedure, but did not pass the
selection criterion of SSAP score >80 (i.e., the values were
76.78, 79.78, and 78.60 for LRPA, TD, and YkoF,
respectively), while Rpia, SGUF 3, and YbeD were not
present in the FATCAT hit sampling. Except for SGUF 3,
these proteins are in fact known for having structures
which do not conform to the archetypical ACT-domain
architecture (see references in Table 1). Moreover, LPRA
is a structural representative of the RAM domain, which is
found to be fused to a DNA-binding domain of prokaryotic
transcriptional regulator proteins. Structural and functional
associations between the ACT and RAM domains have
been previously highlighted (Ettema et al. 2002), but the
firm identification of LPRA, and also of HisG_C, as ACT
domains have not been performed yet.

The sequence identities are often very low (Table 2),
and these potential ACT domain homologs would be

difficult to identify without a structural approach. Pairwise
SSAP calculations were performed for all KADs (Table 1)
and all PADs selected by the FATCAT/SSAP procedure
(Table 2) and the resulting SSAP score and RMSD outputs
are shown in Table 3. For a complete list of pairwise
sequence identity and length of alignments see Table S1 in
Supplementary material. An UPGMA distance tree (Phylip
software, Felsenstein 1989) based on the negative SSAP
score as distance is shown in Fig. 2. The second column in
the tree shows the Pfam classification and the third column
shows the ligand if known. The tree shows that the negative
SSAP scores appear as good distance measurements since
it is noteworthy that the protein relations correlate well
with the Pfam classification of the proteins. The amino
acid-binding domains form one cluster, while the domains
containing metallobinding motifs form another cluster,
which also includes SGUF3. PAH, which has lost the ACT
domain dimerization and amino acid-binding function, and
NikR, which is a metallobinding domain that uses a dif-
ferent metallobinding motif than Atxl, CCS, and ZntA,
form a cluster together with SGUF4. This cluster is located
between the metallobinding domains and the amino
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3-PGDH ACT-like L-Ser
AHAS ACT-like L-Val
SGUF1 ACT-like
Phea ACT-like L-Phe
AK ACT-like L-Lys
SGUF6* unknown function
GCVR ACT-like Gly
SGUF2 ACT-like
NikR transcription Nickel
SGUF4* unknown function
PAH ACT-like L-Phe?
Atxl* heavy-metal associated Metal
CCs* heavy-metal associated Metal
Znta* heavy-metal associated Metal
po SGUF3 ACT-like
Cuta* GlnB-like
PIIA* GlnB-like
Dufl90%* GlnB-like
PIIB* GlnB-like
1 SGUF5* unknown function
V-ATPase* flexible stator
HisG C GlnB-like L-His
ACYP* acylphosphatase acylphosphate
YbeD YBED-like
VAO* FAD linked oxidase Flavin
MSCs* mechanosensitive channel
[ LRPA dimeric a/b barrel L-Val
Rpia phosphoriboisomerase A phosphoribose
— SGUF7* unknown function
S6A* ribosomal protein $6 RNA
S6B* ribosomal protein S$6 RNA
ALY* RRM-like RNA
| YkoF YkoF-related thiamin

TD ACT-like L-Ile/L-Val

Fig. 2 Distance tree generated with the SSAP-scores as distances.
Phylip software (Felsenstein 1989) (UPGMA) was utilized to reveal
the relationships between the proteins from SSAP-scores in Table 3.
The tree was visualized using TreeView (Page 1996). The first
column is the abbreviated name, the second column refers to their
Pfam domain family classification (TD and the rest of the ACT
classified as ACT-like), and the third column gives the ligand (if
known)

acid-binding domains (Fig. 2), suggesting a bridge between
the two clusters. The homology between the regulatory
domains of 3-PGDH, AHAS, AK and PheA (Aravind and
Koonin 1999; Chipman and Shaanan 2001), all allosteri-
cally regulated by an amino acid, was confirmed by this
approach. Also the GInB-like and the RNA-binding pro-
teins form separate clusters. With respect to the SGUF
proteins, the grouping pattern suggests amino acid-binding
capabilities for SGUF 1, SGUF 2, and SGUF 6, while
metallobinding seems plausible for SGUF 3 and SGUF 4.

Structure-based multiple sequence alignment:
detecting similarities at extreme functional
and sequence divergence

The total sampling of PADs and KADs were joined in a
multiple structure-based sequence alignment prepared by
Mustang (Konagurthu et al. 2006) (Fig. 3). Known ligand-
binding positions are highlighted in the alignment (Fig. 3).
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There are no strictly conserved positions but there are
semi-conserved positions, mostly of a hydrophobic char-
acter. Most ACT domain proteins for which the ligand
bound structures are known use loop 1 for ligand binding,
i.e. 3-PGDH (Schuller et al. 1995), YkoF where tiamin
binds to first of the two tandem ACT domains (Devedjiev
et al. 2004), and AK (Mas-Droux et al. 2006) (Fig. 3).
Also, the metallobinding proteins Znta, CCS, and Atxl,
with the motif CXXC (Banci et al. 2002; Lamb et al. 2001;
Rosenzweig et al. 1999) and ACYP (Rosano et al. 2002)
use loop 1 for ligand binding (Fig. 3). Further, Asn4l,
located in the third loop, is critical for the enzymatic
activity of ACYP (Stefani et al. 1997). The ACT domain of
NikR, which also is a metallobinding protein, does not use
the same metallobinding motif in loop 1, but instead the
end of the second and beginning of the third f-strands, plus
the end of the first o-helix from an adjacent chain (Chivers
and Tahirov 2005). The GAL motif in PAH, which is part
of the original ACT domain consensus, is located in the
same area as the metallobinding motif and the G is present
in Atx1 (Figs. 3, 4a, c). This loop is highly similar in PAH
and Atx1, and this entire alignment has a CE z score of 4.2,
and a RMSD of 2.64 A over 70 residues. Further, the
second a-helix in these metallobinding domains is rather
peculiar looking. Despite that, five residues in this helix are
conserved between PAH and CCS (Fig. 4b, d). The PAH
motif IESRP (in the second f-strand) seems to be specific
to the ACT in the AAAHS in addition to PheA, and is not
detected in the ACT-domain candidates. There is however
a motif that resembles IESR in GCVR, namely, IDSR,
although shifted two residues towards the N-terminus in the
alignment (Fig. 3). The N-terminals of most sequences,
and several of the semi-conserved positions in the loop
regions (Fig. 3), are relatively Gly rich. Most structures
have at least one Gly or one Pro in most loops; these res-
idues are frequently involved in forming specific loop
structures. Interestingly, in ACYP several conserved Gly
residues have been found to simply prevent aggregation,
which also is an important driving force for the evolution
of proteins (Parrini et al. 2005).

The metallobinding domains provide regulation, which
is a common theme among the ACT-domains. Together, the
RMSD and the SSAP-scores (Table 3, Fig. 2) suggest that
the metallobinding domains are strong ACT domain can-
didates and distant homologs of the amino acid-binding
ACT domains. Reinforcing this idea is the similarities in the
ligand-binding sites, which also point to ACYP as a distant
homolog. ACYP is a small enzyme—it basically consists of
a ferredoxin-like fold with one extra pf-strand—that
hydrolyses the carboxyl-phosphate bond of acylphosphates
(Stefani et al. 1997), the only enzyme among the PADs
(Table 2). The substrate, e.g. 1,3-bisphosphoglycerate,
carbamoylphosphate, succinylphosphate, acetylphosphate,
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Fig. 3 Sequence alignment. a
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3-PGDH ---GGR.
A multiple structural/sequence o ——
alignment was prepared for the v
known ACT domains (KADs) e
and selected potential ACT o
domains (PADs)*. The e
alignment was generated using LEes
Mustang (Konagurthu et al. n
2006). The secondary structure et
elements, i.e. f-strands (yellow) i
and a-helices (green), are shown e
for each corresponding PDB prie S —
structure (Tables 1, 2). Ligand- e,
binding residues are shown in oo
turquoise, and in the case of two seusT
ACT domains contributing to v BIPASE®
one binding site, the ligand- oeD
binding residues from the other Znta*
chain are marked in purple
(Banci et al. 2002; Chivers and R
Tahirov 2005; Devedjiev et al. e
2004; Lamb et al. 2001; Mas- e
Droux et al. 2006; Mattevi et al. aeet
1997; Rosano et al. 2002; e
Rosenzweig et al. 1999; it c
Schuller et al. 1995; Stefani o
et al. 1997). The ligand-binding i
residues for PheA are the e
equivalent residues that bind L- pnon
Phe in PheA2 (PDB id 2QMX) aen

SGUF1
SGUF2
SGUF3
SGUF4*
SGUF5*
SGUF6*
SGUF7*
D
V-ATPASE*
VAO*
YbeD
YkoF
Znta*

or f-aspartylphosphate (Stefani et al. 1997), binds at the end
of the first f-strand and the following loop 1 (Fig. 3)
(Corazza et al. 2006). The structural similarity of HypF
ACYP-like domain with both the metallobinding domain
Atx1 and 3-PGDH has been noted previously by Rosano
et al. (2002). ACP also shows relatively high sequence
identity (19% SSAP id, see Supplementary material) with
the ribosomal protein S6 1. S6 does not bind small ligands,
but RNA and other proteins. Analysis of the residue com-
position for all proteins in Table 3, comparatively with the
folding nucleus of ribosomal proteins S6 1 and S6 2 (V6, I8,
126, L30, V65, V72, L75, and L79) (Lindberg et al. 2006;
Olofsson et al. 2007) shows a high degree of conservation
(Fig. 3). The residues in the folding nucleus (the foldons)
are believed to be evolutionary conserved (Mirny and
Shakhnovich 2001) even at extreme sequence divergence,
further supporting that these domains might share a com-
mon ancestry.

Another interesting cluster with high structural similar-
ity is the one formed by the PAD GInB-like proteins
CutAl, Duf190, PIIA (also known as GInK), and PIIB;

--P-QG-YFLWYQVEM- - P
A-RYFLVQF]
AL-IYFE- - IE
--Y-FT-AVVS--SDE--K
----DE-GILR--GIV--§
--N-AI-IFLV--LKT--D:
-EG-VRFA--LLL-

FTLF) F--

----GH-LHLY--VHK--GHT'
-KN-AC-IFVG--VRLSRG
¥-VLEN--VHL-

- -EKLV--VDA-

HisG_C is also close (Fig. 2). Duf190 is a domain with
unknown function but CutAl provides divalent cation
tolerance in microorganisms, and binding Cu(Il) has been
shown to have an impact on its multimerization (Tanaka
et al. 2004) and eukaryote CutAl has been assigned a
potential role in signal transduction (Arnesano et al. 2003).
The PII proteins are encoded by the g/nB gene, hence the
name of this superfamily. The PII proteins, which basically
consist of a ferredoxin-like fold with an extended loop 3
(Fig. 3), interact with many different proteins in the
nitrogen regulatory pathway. PII proteins bind ATP and 2-
ketoglutarate (Kamberov et al. 1995). They are uridylated
by GInD to increase L-Gln synthesis (Kamberov et al.
1994). GInD was part of the original ACT domain sampling
by Aravind and Koonin (1999), but no structures of the
GInD domain are available yet. HisG is a multidomain
enzyme that synthesizes L-His in some bacteria, plants, and
fungi (Bond and Francklyn 2000). The regulatory domain of
HisG, HisG_C, controls the feed-back regulation of HisG
by switching the conformation from the active dimer to
the inactive hexamer upon L-His binding (Cho et al. 2003).
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Fig. 4 Representative
superimpositions with
metallobinding domains. (a, b)
Structural and (c, d)
corresponding sequence
alignments of Atx1 and PAH (a,
¢), and CCS and PAH (b, d).
PAH (blue, PDB id 1PHZ),
Atx1 (pink, PDB id 1CC7), and
CCS (sand, PDB id 1JK9). Atx1
(pink) in (a) has the G in the
GAL motif conserved, inside
the metallobinding motif,
located in loop 1. CCS (sand) in
(b) has five residues in the
second o-helix in common with
PAH (blue), shown as a side
view since these conserved
residues are more or less buried.
(a, ¢) Atx1 (PDB id 1CC7) and
PAH (PDB id 1PHZ); CE z
score 4.2, RMSD 2.64 A over
70 residues. (b, d) CCS (PDB id
1JK9) and PAH (PDB id

1PHZ); CE 7 score 4.2, RMSD C
2.65 A over 65 residues. All A1
conserved residues are shown in PAH
yellow in the structural

alignments (a, b) Abc1

LFEEN SRPSHL #1

1 AE IKHYQFNVVMTCSBCSBAVNBVLTKLEPBVERIB 1SLER- 41
1NGAISLIFSL- KEEVBALAKYL INLTHI

42————ﬁLVDVYTI——LP——YDFIEEK{IKTGKEVESGKQL 72
PAH 42 NKDEYEFFTYLBKRTKPVLGSIIKSL

N-DIGATVHELS 79

PAH 1 AIBLIFSLKEEVGALAKVLRLFEEND INLTHIESRPSRLN 40
CCS 1 YEATYA|PMHCENCVNDIKACLKNVPG | - NSLNFDIE@- - 37

PAH 41 KDE_YEFFTYLDKRTKPVLGEI |

D | GATVHE 75

ccS 38 ---@IMSVES--SVA- -PSTLINTLEMCceKkDAl IR 65

This conformational flexibility and regulation upon amino
acid binding is typical for the ACT domains, and this
domain is indeed very similar to the ACT domain of PAH.
A pairwise structural alignment made using CE (Shindyalov
and Bourne 1998, 2001) has a z score of 4.4 and a RMSD of
2.16 A over 66 aligned positions (Fig. 5a, c). Further, as
both CutAl and HisG_C are part of the highly diverse
GInB-superfamily, a pairwise CE structural alignment of
HisG_C and CutAl (Fig. 5b, d) has a z score of 4.1, and a
RMSD of 2.54 A over 69 residues, which indeed is com-
parable to the alignment of HisG_C and PAH (Fig. 5a, c),
which might indicate an ancient link between the GInB and
the typical ACT domains. Nevertheless, the lack of
functional binding similarities between the amino acid
binding ACT domains and the GInB- and the RNA-binding
proteins renders the identification of these proteins as
ancient homologs of the ACT domain of PAH as very
speculative.

The FATCAT/SSAP approach thus contributes to the
identification proteins with relevant structural (and par-
tially functional) similarity to the ACT domains and
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which would not have been detected with basic sequence
searches, as also observed by Ettema et al. (2002) on their
comparative studies of the RAM- and ACT-domains.
Still, this structural superimposition approach failed to
detect other proteins which have been associated with the
ACT and ACT-like domains (LRPA, TD, YkoF, Rpia,
SGUF 3, and YbeD). This is most probably an effect of
the choice of query structure and strict cut-offs. The use
of several other ACT domain proteins through a structural
consensus as query structure, as well as less stringent
selection criteria would have aided to capture other
ACT-like domain proteins. However, with the use of less
strict selection criteria the number of non-homologous
proteins would increase even further beyond functional
significance.

Implications for the regulation of PAH
Emerging from the clustering around PAH in the distance

tree (Fig. 2) is an ancestral-binding functionality for the
ACT domain in this enzyme, i.e. a role as a metallobinding
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Fig. 5 Representative
superimpositions with GInB-
like domains. (a, b) Structural
and (¢, d) corresponding
sequence alignments of PAH
and HisG_C (a, ¢), and CutAl
and HisG_C (b, d). HisG_C
(red) in (a, ¢) and CutAl
(magenta) in (b, d) have the P in
the IESRP motif in PAH
conserved, located at the end of
the third fstrand, adjacent to
loop 3. Loop 3 in CutAl
(magenta) in (b) is extended as
in many other GInB-like
domains, although not in
HisG_C (red). (A,C) PAH (blue,
PDB id 1PHZ) and HisG_C
(PDB id 1NH7); CE z score 4.4,
RMSD 2.16 A over 66 residues.
(b, d) HisG_C (PDB id INH7)
and CutAl (PDB id 1P1L); CE z
score 4.1, RMSD 2.54 A over
69 residues. All conserved
residues are marked in yellow in
the structural alignments (a, b)

C ”

HisG_C 1 EMEDYDCPRS - - %KIcTA?IFTP ----- GLSPTIAPL-AIP"N34
PAH 1 ISk | FSLKEEVGA LREFEEND INLTHIESRPSRLEKHEE 42
HisG_C 35 VAIRALV---P IRDVNG{MDE!AAlGAKAILAsm 66
PAH 43 YEEFTYLDKRTHMP VLGS IKSERND |BATVHELSR 77

D

HisG_C 1 BYLMEDYBCPR- SALI1ATAITP-- -BLSPElIAPEA- - - - - - - - 2
CuwA 1 MHNELY|TAPSLEEAER | AKRLLEKKLAACVILFPIKSF FWNEGK 45
HisG_C - - DPDWVAIRALVPRRDVNG IMBBEAA | GAK - - AIEASD IRFC 71
CutA 46 |EAAT- EFAM | VKTRSEKFAEVREBVKAMHEY TTPCIICA IP IER 88

domain (see above). For PAH and the rest of the AAAHs
this premise leads to the interesting hypothesis that an
ancient function of their ACT domains might have been to
store and provide iron to their catalytic domains, which
require non-heme iron for catalysis (Fitzpatrick 2003). The
structural alignment of PAH and metallochaperone Atxl
(Fig. 4a, c) reveals a stunningly similar loop 1, where the
metallobinding site is located.

In the light of this work it is also interesting to discuss
functional and structural differences between the ACT
domain in PAH and in the other amino acid-binding pro-
teins. PAH clusters with amino acid-binding proteins in the
distance tree (Fig. 2) and the strong evolutionary relation-
ships between PAH and PheA (Pohnert et al. 1999) support
an original L-Phe-binding function for the ACT domain of
PAH (as found for PheA). Despite this, PAH appears to
have derived enough to miss the perfect clustering obtained

for the other amino acid-binding proteins (Fig. 2), a find-
ing that it is maybe associated with the fact that the
ACT domains in PAH do not dimerize (Heil et al. 2002;
Kobe et al. 1999). In the active PAH tetramer there would
be no contact between ACT domains which interact with
the catalytic domain of the adjacent subunit in the dimer
(Flatmark and Stevens 1999). On the other hand, in the
structures of ACTs complexed with amino acids the binding
site is often generated at the dimer interface (Chipman and
Shaanan 2001; Liberles et al. 2005; Schuller et al. 1995).
Moreover, for human PAH it has been shown that only 1
mol L-Phe binds per mol subunit at the active site in the
catalytic domain (Thorolfsson et al. 2002). Discussions
regarding a putative ability of PAH to bind L-Phe in the
regulatory domain have been centered on the GAL-IESRP
motifs (Gjetting et al. 2001) which are also involved in the
binding of L-Phe in PheA and P-Protein (Pohnert et al.
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Fig. 6 Interdomain interactions in rat PAH compared to the L-Phe
binding site in PheA2. A comparison of the L-Phe binding site in
PheA (PDB id 2QMX) and the equivalent region of PAH (PDB id
2PHM, Kobe et al. 1999). a The dimeric structure of PheA2 shown as
ribbon. The ACT domains are shown in grey and blue, respectively.
The dimer interface provides two identical binding sites for L-Phe
(green). The residues involved in coordination of L-Phe are shown in
stick. b The truncated dimeric structure of PAH from rat (PDB id
1PHM) is shown as cartoon. The catalytic domain of chain A (brown)
interacts with the regulatory domain of chain B (orange), while the
catalytic domain of chain B (yellow) interacts with the regulatory

1999). In PAH, the motif is at the interface between the
interacting regulatory and catalytic domains. A recent
structure of PheA2 from Chlorobium tepidum TLS shows L-
Phe bound to its regulatory ACT domain (PDB id 2QMX).
L-Phe is coordinated by Asn206 (Asp in PheA), Leu2ll,
Tyr240, and Phe242, plus Asp224 (Asn in PheA) and
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domain of chain A (red). No contacts are formed between the two
regulatory ACT domains (a red, b orange). ¢ A close-up view of one
ACT domain (orange) superimposed with PheA2 (blue) and the
interaction to the adjacent catalytic domain (sand) in PAH. d A close-
up view of one ACT domain (orange) and the interaction to the
adjacent catalytic domain (sand) in PAH. The residues corresponding
to those involved in L-Phe binding in PheA2, and other residues from
the adjacent a-helix involved in important interactions in this region,
are shown in stick. e Same as in d, with L-Phe (green) the
superimposed PheA2 structure (not shown)

Leu225 from the adjacent ACT domain (Fig. 3). Only
Leu2l11 is part of the GAL-IESRP motif that has earlier
been involved in L-Phe binding, but the GAL-IESRP motif
is in the ligand-binding region. The conservation of these
ligand-binding residues among PheA, PheA2, and PAH is
high (Fig. 3).



Amino Acids (2009) 36:235-249

247

The ligand-binding region of PheA2 is located at the
dimer interface between two ACT regulatory domains
(Fig. 6a), and the amino acid-binding site is similar to that
in 3-PGDH. There are no contacts between the different
ACT domains in PAH (Fig. 6b), but a superimposition of
PAH and PheA?2 reveals that a «-helix from the catalytic
domain in the adjacent chain in PAH is located in a similar
position to that in the second ACT domain in PheA2
(Fig. 6¢). However, the a-helix from the adjacent catalytic
domain that interacts in PAH with the homologous region
to the ligand-binding site in PheA2, only spans halfway up
the ligand-binding region as seen in PheA2 (Fig. 6c¢).
Therefore, the chance of L-Phe being able to bind to the
equivalent of the upper binding site (Asn61 and Leu62 in
PAH, equivalent to Asp224 and Leu225 in PheA2)
(Fig. 6a) is excluded simply because the adjacent chain is
missing (Fig. 6d). Binding L-Phe to an Asp and Leu solely
is not likely. For the lower binding site (Fig. 6a), the
equivalent of Asp224 and Leu225 are missing from PAH.
The a-helix from the adjacent domain is flanked by Tyr204
and Tyr216 which occupy the amino acid-binding region
preventing access for L-Phe (Fig. 6d). The interface is rich
in aromatic stacking interactions as well as hydrogen
bonds. Tyr77, equivalent to Tyr240 that stacks L-Phe in the
PheA2-binding site, forms a hydrogen bond with 11209 of
the adjacent catalytic domain, which probably causes it to
reach further into the ligand-binding site. In fact, a super-
imposition of PheA2 with L-Phe and the ACT domain of
PAH shows how the hydroxyl group on Tyr77 reaches
straight through the aromatic ring in L-Phe (Fig. 6e). Thus,
it seems plausible that the amino acid-binding capacity in
this region of PAH might have been lost along evolution. In
mammalian PAH changes would have occurred in concert
with the interacting catalytic domain, instead of with
another ACT domain as is the case in PheA.

Conclusion

There are as expected additional distant homologs of the
ACT domain within the ferredoxin-like superfold and our
work has highlighted some putative potential candidates.
Studies of other superfolds have found evidence for
homologous relationships between several different
superfamilies (Kiel and Serrano 2006; Qi and Grishin
2005). Energetic and structural genomics considerations
have shown that the superfolds can support a much
broader repertoire of sequences than other folds (Orengo
and Thornton 2005; Shakhnovich et al. 2003). The
potential distant ACT domain homologs detected here
show a conserved regulatory theme among them. Analysis
of these additional domains led us to an improvement of
the hypotheses regarding the ancestral function of the

ACT domain to include metallobinding or chaperone-like
properties.

There is a limited set of superfolds, although their total
contribution to the domain pool is very large (Orengo and
Thornton 2005); the methodological approach presented
here may contribute to improve functional annotation and
to understand the evolutionary relationships of superfami-
lies and superfolds.
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