Alteration of oligomeric state and domain
architecture is essential for functional
transformation between transferase and
hydrolase with the same scaffold

Ryotaro Koike,!? Akinori Kidera,?>** and Motonori Ota

1 12*

'Graduate School of Information Science, Nagoya University, Nagoya 464-8601, Japan

2Institute for Bioinformatics Research and Development, Japan Science and Technology Agency, Tokyo 102-0081, Japan
SGraduate School of Nanobioscience, Yokohama City University, Yokohama 230-0045, Japan
“Research Program for Computational Science, Riken, Wako 351-0198, Japan

Received 7 April 2009; Revised 24 June 2009; Accepted 29 July 2009

DOI: 10.1002/pro.218
Published online 7 August 2009 proteinscience.org

Abstract: Transferases and hydrolases catalyze different chemical reactions and express different
dynamic responses upon ligand binding. To insulate the ligand molecule from the surrounding
water, transferases bury it inside the protein by closing the cleft, while hydrolases undergo a small
conformational change and leave the ligand molecule exposed to the solvent. Despite these
distinct ligand-binding modes, some transferases and hydrolases are homologous. To clarify how
such different catalytic modes are possible with the same scaffold, we examined the solvent
accessibility of ligand molecules for 15 SCOP superfamilies, each containing both transferase and
hydrolase catalytic domains. In contrast to hydrolases, we found that nine superfamilies of
transferases use two major strategies, oligomerization and domain fusion, to insulate the ligand
molecules. The subunits and domains that were recruited by the transferases often act as a cover
for the ligand molecule. The other strategies adopted by transferases to insulate the ligand
molecule are the relocation of catalytic sites, the rearrangement of secondary structure elements,
and the insertion of peripheral regions. These findings provide insights into how proteins have
evolved and acquired distinct functions with a limited number of scaffolds.
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Introduction

Each enzyme catalyzes its specific chemical reaction
on the unique three-dimensional (3D) structure to
play essential roles in biological systems." However,
this does not necessarily mean that onefold corre-
sponds to only one function. During evolution, some
enzymes were modified to acquire novel functions
while keeping their folds unaltered. In other words,
many homologous enzymes catalyze different chemical
reactions.?™® In fact, more than a quarter of the super-
families containing enzymes in the SCOP (Structural
Classification of Proteins) database’ catalyze multiple
reactions, if enzyme reactions differing in the first
three digits of the Enzyme Commission (EC) number®
are regarded as distinct. As the mechanisms to alter
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Table 1. Fifteen Superfamilies Analyzed in This Study and Strategies Employed by the Transferases to Insulate the

Ligand Molecules

Transferase” (PDB code;

Hydrolaseb (PDB code;

Superfamily (sces®) oligomeric state) oligomeric state) Strategy

Glycoside hydrolase/ 4-alpha-glucanotransferase (1kiy; Golgi alpha-mannosidase 11 Unidentified
deacetylase (c.6.2) homo dimer) (1gqwn; homo dimer)

Class I glutamine Imidazole glycerol phosphate synthase =~ Gamma-glutamyl hydrolase Oligomerization
amidotransferase-like subunit hisH (1gpw; hetero dimer) (1lox; homo dimer)
(c.23.16)

DHS-like NAD/FAD-binding  Deoxyhypusine synthase (1rqd; homo Silent information regulator 2 Oligomerization

tetramer)
Rhodanese (1orb; monomer)

domain (c.31.1)
Rhodanese/cell cycle control
phosphatase (c.46.1)
Ribonuclease H-like (¢.55.3)
(2ido; hetero dimer)

Zn-dependent exopeptidases  Glutaminyl cyclase (2afw; homo

(c.56.5) hexamer)
Alpha/beta-hydrolases Antigen 85C (1dqy; monomer)
(c.69.1)

Periplasmic binding Thiaminase I (4thi; monomer)
protein-like II (c.94.1)
NagB/RpiA/CoA

transferase-like (c.124.1)

Succinyl-CoA:3-ketoacid CoA

Cysteine proteinases (d.3.1) Arylamine N-acetyltransferase
(1w6f; homo dimer)
HIT-like (d.13.1)
(1hxp; homo dimer)
Ribosomal protein S5 domain
2-like (d.14.1)
Pentein (d.126.1)
(8jdw; homo dimer)
Polyphosphate kinase (1xdp;
homo tetramer)

Phospholipase D/nuclease
(d.136.1)

N-terminal nucleophile
aminohydrolases (d.153.1) amidotransferase

(1ecg; homo tetramer)

DNA polymerase III epsilon subunit

transferase (100y; homo dimer)

Galactose-1-phosphate uridylyltransferase
4-diphosphocytidyl-2C-methyl-D-

erythritol kinase (10j4; homo dimer)
L-arginine:glycine amidinotransferase

Glutamine phosphoriboxylpyrophosphate Penicillin V acylase (2pva;

(1m2k; monomer)

M-phase inducer phosphatase 2
(1gbo; -)

Oligoribonuclease (1yta;

Domain fusion

Rearrangement of

homo dimer) SSE
Carboxypeptidase A (2ctc; Oligomerization
monomer)
Carboxylesterase bioH (1m33; Unidentified
monomer)

Relocation of
catalytic sites
Hybrid/Mixture

Lactoferrin (1lcf; monomer)

Glucosamine-6-phosphate
deaminase (1ne7; homo
hexamer)

Cathepsin S (2h7j; monomer) Insertion of
peripheral

Fragile histidine triad protein Oligomerization
(5fit; homo dimer)

Lon protease (1rre; homo

hexamer)

Domain fusion

N-succinylarginine dihydrolase =~ Unidentified
(1ynh; homo dimer)
Tyrosyl-DNA phosphodiesterase ~ Hybrid/Mixture

(1rff; monomer)
Domain fusion
homo tetramer)

# SCOP concise classification string.

b For several superfamilies, we analyzed many protein structures. However, in this shortened Table, only a protein was shown.

the enzymatic functions, Todd et al. proposed six
kinds of modifications, and reported that functional
diversities are commonly generated by gene duplica-
tion and incremental mutations.®

Not only 3D structures, but also conformational
changes are important in molecular functions.®™**
Recently, we found that transferases and hydrolases
undergo different motions upon ligand binding to
achieve their functions.”® Transferases often exhibit
large rigid-body domain motions upon ligand binding,
to insulate the ligand molecule from the surrounding
water. By contrast, hydrolases change their structures
to a small extent and keep the ligand molecule
exposed to water on the protein surface. The distinc-
tive responses to ligand binding suggest that the key
difference between transferases and hydrolases lies in
the ligand binding mode: the ligand molecule is insu-
lated from water in the former, while it is exposed in
the latter."

Although enzymatic functions evolve, it is extraor-
dinary that such disparate ligand binding modes oper-
ate in the same scaffold. The ligand insulation in

Koike et al.

transferases frequently results from domain move-
ment, while hydrolases often have a single domain
structure,'® suggesting that, in the course of evolution,
interconversion of the two enzymatic reactions in one-
fold is difficult. In this research, we scrutinized homol-
ogous pairs of transferases and hydrolases whose
structures were assigned to the same SCOP superfam-
ily from the viewpoint of ligand binding modes, or the
insulation of ligand molecules,® and elucidated how
these different binding modes required for distinct en-
zymatic functions are accomplished within the same
scaffold.

Results and Discussion

Strategies to insulate ligand molecules

in transferases

In the SCOP database,” 15 superfamilies contain both
types of catalytic domains categorized as transferases
and hydrolases. Their oligomeric states were assessed
by the UniProt,** PQS,"> and PiQSi databases,® as well
as in the literature. Catalytic residues were identified
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Figure 1. Strategies adopted by the transferases of 15
SCOP superfamilies to insulate ligand molecules. The two
major strategies, “oligomerization” and “domain fusion,”
were colored by black and dark gray, respectively. In the
superfamilies classified into “hybrid/mixture” (gray), both
oligomerization and domain fusion were found in the
transferases. The three miner strategies, insertion of
peripheral regions, relocation of catalytic sites, and
rearrangement of secondary structures, were compiled into
one strategy, “others” (light gray).

by the UniProt annotations (Materials and Methods).
In the analysis, we focused on how the representative
transferases insulated the ligand molecules from the
surrounding water, in comparison to the corresponding
hydrolases. All results are provided in Table S1 of the
Supporting Information, and summarized in Table 1.
Figure 1 shows the ligand insulation strategies
employed by the transferases in the 15 superfamilies.
The two major strategies are oligomerization and do-
main fusion. This implies that the additional subunit
or domain acts as a cover for the crevice containing the
ligand molecule. These alterations are adopted in nine
superfamilies. In three superfamilies, the insertion of a
peripheral region, the relocation of the catalytic site,
and the rearrangements of the secondary structures
were observed. In total, the insulation mechanisms
were identified in 12 superfamilies, while the mecha-
nisms for the remaining three were not clearly inter-
pretable (see Supporting Information). We will discuss
each of the strategies in the following sections.

Oligomerization

In the four superfamilies, “DHS-like NAD/FAD-bind-
ing domain” [SCOP concise classification string
(SCCS): c.31.1], “HIT-like” (d.13.1), “class I glutamine
amidotransferase-like” (c.23.16) and “Zn-dependent
exopeptidases” (c.56.5), the transferases insulate the
ligand molecules by oligomerization. The “DHS-like
NAD/FAD-binding domain” superfamily contains the
transferase, deoxyhypusine synthase,'”” and the hydro-
lase, silent information regulator 2,® which are both
single-domain proteins [Fig. 2(a)]. The difference
between them is in the oligomeric state: The transfer-
ase forms a homotetramer, while the hydrolase is
monomeric. The solvent accessibility of the ligand
molecule in the transferase is reduced upon oligomeri-
zation [the right panel of Fig. 2(a)], and the complex
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structure clearly shows that the three additional subu-
nits cover the ligand molecule [Fig. 2(a)].

The hydrolase belonging to the “HIT-like” super-
family, fragile histidine triad protein,* is a single-
domain protein that forms a homodimer, in which the
ligand molecule is located on the dimeric interface,
but is fully exposed to water. The transferase in the
same superfamily, galactose-1-phosphate uridylyltrans-
ferase,”® consists of two homologous domains resem-
bling the dimeric form of the hydrolase. Although in
this form the ligand molecule is still exposed on the
surface, the transferase forms a homodimer to cover
the ligand molecule. Another hydrolase in this super-
family, mRNA decapping enzyme,?® forms a homo-
dimer. However, it cannot be simply compared with
the transferase, because this hydrolase would be under
allosteric control, to realize two different stages of the
catalytic cycle on each protomer.2%27

The transferase in the “Zn-dependent exopepti-
dases” superfamily, glutaminyl cyclase,?® was also clas-
sified as those utilizing oligomerization. Although the
accessibility of the ligand molecule is not necessarily
low, the transferase forms oligomers, in which the
subunit interfaces insulate the ligand molecule. On
the other hand, in the corresponding hydrolases,
carboxypeptidase A®*° and carboxypeptidase D3° are
monomeric.

In the “class I glutamine amidotransferase-like”
superfamily, 3D structures of transferases with the
ligand molecules bound at the catalytic residues have
not been determined yet. In this case, we estimated
the accessibility to the catalytic region, defined by cat-
alytic residues and their neighbors, instead of the
accessibility of the ligand molecule (See Materials and
Methods in detail). The accessibility of the catalytic
region in the transferase, imidazole glycerol phosphate
synthase subunit hisH,3' decreased upon oligomeriza-
tion. This means that the ligand molecules in the
transferase are likely to be insulated by the recruited
subunit. On the contrary, the accessibility of the ligand
molecule in the hydrolase, gamma-glutamyl hydro-
lase,* was unchanged upon oligomerization.

Domain fusion

In the three superfamilies, “ribosomal protein S5 do-
main 2-like” (d.14.1), “rhodanese/cell cycle control
phosphatase” (c.46.1), and “N-terminal nucleophile
aminohydrolases” (d.153.1), the transferases insulate
the ligand molecules by recruiting additional domains.
The “ribosomal protein S5 domain 2-like” superfamily
contains the hydrolase, Lon protease.” Although the
N-terminus of the catalytic domain is linked with two
noncatalytic domains, whose structures were deter-
mined independently, these domains are likely to be
on the opposite side of the catalytic sites.®* On the
other hand, the transferase, 4-diphosphocytidyl-2C-
methyl-p-erythritol kinase,*® has an additional domain
near the catalytic site, and the solvent accessibility of

Functional Transformation Between Enzymes
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Figure 2. Structures of the representative transferases (left panels) adopting the three major strategies (a, oligomerization; b,
domain fusion; c, hybrid), the corresponding structures of the hydrolases (middle panels) and the relative solvent accessibility
of the ligand molecules (right panels). (@) The “DHS-like NAD/FAD-binding domain” (c.31.1) superfamily. The homotetrameric
form of the transferase, deoxyhypusine synthase [Protein Data Bank (PDB) code: 1rqd, chain A, B, C, D],"” is shown in the
left panel. The monomeric form of the hydrolase, silent information regulator 2 (PDB: 1m2k, chain A),'® is in the middle panel.
Their ligand molecules are depicted by blue CPK models. Ribbon models were drawn by MOLSCRIPT.' In the right panel,
the relative solvent accessibility of the ligand molecules for the hydrolase and the transferase are shown by blue and red
bars, respectively, where “S” stands for the addition of a subunit, and thus “+3S” means a change from monomer to
homotetramer. The domain architectures are drawn schematically at the bottom. (b) The “ribosomal protein S5 domain 2-like
(d.14.1) superfamily. The structure of the transferase, 4-diphosphocytidyl-2C-methyl-d-erythritol kinase (PDB: 10j4, chain A),%°
is in the left panel, with the recruited domain in red. The structure of the hydrolase, Lon protease (PDB: 1rre, chain A),?" is in
the middle panel. The relative solvent accessibility of the ligand molecules of the transferase decreases with the addition of a
recruited domain (+1D) (right panel). (c) The “phospholipase D/nuclease” (d.136.1) superfamily. The monomeric form of the
transferase, polyphosphate kinase (PDB: 1xdp, chain A),22 is shown in the left panel. The two recruited domains are colored
red and orange, respectively. The structure of the hydrolase, tyrosyl-DNA phosphodiesterase (PDB: 1rff, chain A),% is in the
middle panel. The relative solvent accessibility of the ligand molecule of the transferase is reduced with the addition of the
two recruited domains (+2D), and decreases further upon homotetramer formation (+3S) (right panel).
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the ligand molecules is lower [Fig. 2(b)]. In the Sup-
porting Information section, we discuss the influence
of the missing part of the chain in the crystal struc-
ture, as shown in the case of this superfamily, and
concluded that it may not contribute to the insulation
of the ligand molecule to a large extent. Throughout
this work, we focused only on the regions with struc-
tures that have been determined.

In the “rhodanese/cell cycle control phosphatase”
superfamily, the hydrolase®® is a single-domain pro-
tein, while the corresponding transferase®* contains an
additional domain at the N-terminus, which covers the
ligand molecule. The transferases3®3° in the “N-termi-
nal nucleophile aminohydrolases” superfamily insulate
the ligand molecules by the additional domains at the
C-termini. The hydrolase, penicillin V acylase,®” is a
single-domain protein and forms a homo tetramer, but
the recruited subunits do not affect the accessibility of
the ligand molecule.

Hybrid/mixture

In the “phospholipase D/nuclease” (d.136.1) superfam-
ily, both oligomerization and domain fusion are
adopted in the transferase. The hydrolase belonging to
the superfamily, tyrosyl-DNA phosphodiesterase,® is a
monomeric protein consisting of two homologous
domains. In contrast, the transferase, polyphosphate
kinase,>* contains two additional domains at the N-
terminus in addition to the two homologous catalytic
domains, and forms a homotetramer. The domain
architectures and the accessibilities of the ligand mole-
cules shown in Fig. 2(c) indicate that the two addi-
tional domains and the three subunits concertedly
function to insulate the ligand molecules.

In the “NagB/RpiA/CoA transferase-like” (c.124.1)
superfamily, the two transferases adopt two different
strategies for the insulation, that is, domain fusion in
succinyl-CoA:3-ketoacid CoA transferase3® and oligo-
merization in glutaconate CoA transferase.>® Succinyl-
CoA:3-ketoacid CoA transferase consists of two
domains, and the N-terminal domain covers the cata-
Iytic site on the C-terminal domain. Glutaconate CoA
transferase is an octamer of single-domain subunits,
and their interfaces cover the ligand molecule. Inter-
estingly, the two domains of succinyl-CoA:3-ketoacid
CoA transferase are homologous to the two subunits of
glutaconate CoA transferase, respectively.

Other strategies

The transferases in the “cysteine proteinases” (d.3.1),
“ribonuclease H-like” (c.55.3) and “periplasmic binding
protein-like II” (c.94.1) superfamilies each employ
unique strategies to insulate the ligand molecules. In
the “cysteine proteinases” superfamily, the transferase,
arylamine N-acetyltransferase,** uses a peripheral
region to insulate the ligand molecule. The counterpart
of the hydrolase, cathepsin S,*' lacks the correspond-
ing peripheral region [Fig. 3(a)]. In the “ribonuclease
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0.212

Figure 3. The structures of the transferases adopting
strategies other than those in Figure 2, in comparison with
the structures of the hydrolases. (a) The structures of the
transferase, arylamine N-acetyltransferase (PDB: 1w6f,
chain A),*° and the hydrolase, cathepsin S (PDB: 2h7j,
chain A),*' belonging to the “cysteine proteinases” (d.3.1)
superfamily. The peripheral region (186-275) inserted within
the transferase (red) covers the ligand molecule (blue). The
values at the bottom indicate the relative solvent
accessibility of the ligand molecule. (b) The structures of
the transferase, DNA polymerase Il epsilon subunit (PDB:
2ido, chain A),*? and the hydrolase, oligoribonuclease (PDB:
1yta, chain A), of the “ribonuclease H-like” (c.55.3)
superfamily. The two helices shown in red (59-67, 144-152)
in the transferase cover the ligand molecules. (c) The
structures of the transferase, thiaminase | (PDB: 4thi, chain
A),*® and the hydrolase, lactoferrin (PDB: 1Icf, chain A),** of
the “periplasmic binding protein-like 1I” (c.94.1) superfamily.
In the transferase, the catalytic sites (C113 and E241, blue
CPK) are in the middle (red circle) of the two sub-domains
(9-113 and 270-354 in green, 114-269 and 355-370 in
cyan). On the other hand, in the hydrolase, the catalytic
residues are located at K73 and S259, shown in the red
circle. The peripheral domain is colored gray. The relative
accessibility for the hydrolase is not given, because the
ligand-bound form is not available.
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H-like” superfamily, a subtle rearrangement of the hel-
ices plays a key role to insulate the ligand molecule. In
the transferase, DNA polymerase III epsilon subunit,**
two helices (residues 59—67 and 144-152) interact
with the ligand molecule to shield it, whereas the cor-
responding two helices are far from the ligand mole-
cule in the hydrolase, oligoribonuclease [Fig. 3(b)].

In the “periplasmic binding protein-like II” super-
family, the catalytic site of the transferase is located at
a completely different position from that of the hydro-
lase. In the transferase, thiaminase 1,3 the ligand mol-
ecule is packed at the cleft between two sub-domains,
while the hydrolase, lactoferrin,** is supposed to bind
the ligand on the surface of one sub-domain, located
far from the cleft [Fig. 3(c)]. The other domain in the
hydrolase does not affect the insulation.

Materials and Methods

Dataset construction

Proteins in the SCOP 1.73” and UniProt 13.3 data-
bases' were combined with 95% sequence identity to
integrate the SCOP classification and the UniProt
annotation of the EC number,® the catalytic residues
and the oligomeric state. Fifteen SCOP superfamilies,
each containing both kinds of catalytic domains, trans-
ferase and hydrolase, were identified. Complex struc-
tures were also assessed by the PQS database'® to con-
firm the UniProt annotations. In the case of a
discrepancy between UniProt and PQS, we referred to
the PiQSi database’® and the literature. Homologous
proteins were grouped together if they shared the do-
main architectures, oligomeric states, and EC num-
bers, and were further classified with the criterion of
2.5 A RMSD for Ca atoms, using MATRAS.#5 The rep-
resentative proteins were selected by referring to the
resolution, the number of missing residues and the
ligand molecules (Table S1). In this study, we excluded
a superfamily containing both transferases and hydro-
lases, “(trans)glycosidases” (c.1.8), because it was
reported that the two selected transferases also have
hydrolase activity.*®47

Accessibility analysis

Accessibilities of the ligand molecules were calculated
by NACCESS.*® When there is no ligand molecule at
the catalytic residues, we calculated the accessibility of
the catalytic region, instead of the accessibility of the
ligand molecule. Here, the catalytic region means the
set of catalytic residues and their neighboring residues
located within 4.5 A distance from any atoms in the
catalytic residues. The accessibility of catalytic region
was calculated for three transferases and a hydrolase
denoted in the parenthese of ACC column in Table S1.

Conclusions
We investigated 15 SCOP superfamilies, each contain-
ing both transferases and hydrolases, and revealed
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that oligomerization and domain fusion play important
roles in the insulation of the ligand molecule required
for the transferase activity. These findings provide
insights into how proteins evolved to acquire distinct
functions® 4° with a limited number of scaffolds.5°
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