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Abstract

The pentein superfamily is a mechanistically diverse superfamily encompassing both noncatalytic
proteins and enzymes that catalyze hydrolase, dihydrolase and amidinotransfer reactions on
guanidine substrates. Despite generally low sequence identity, they possess a conserved structural
fold and display common mechanistic themes in catalysis. The structurally characterized catalytic
penteins possess a conserved core of residues that include a Cys, His and two polar, guanidine-
binding residues. All known catalytic penteins use the core Cys to attack the substrate’s guanidine
moiety to form a covalent thiouronium adduct and all cleave one or more of the guanidine C-N
bonds. The mechanistic information compiled to date supports the hypothesis that this superfamily
may have evolved divergently from a catalytically promiscuous ancestor.
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1. Introduction

The pentein superfamily consists of functionally diverse proteins grouped together based on
their similar p/a propeller structural fold. This superfamily contains numerous enzymes that
modify guanidines, including hydrolases, dihydrolases and amidinotransferases. They fulfill
diverse biological roles in gene regulation, translation, cell-cell signaling, metabolism,
natural product biosynthesis and cell survival, in organisms ranging from bacteria to
humans.

Assigning structure and function to penteins has proven difficult because many of them do
not share significant sequence similarity to one another. It was believed for a time that this
superfamily contained only enzymes that modify guanidines, but X-ray crystallography has
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unexpectedly revealed that the catalytic penteins contain the same overall fold as the
ribosome anti-association factors alF6 and elF6 [1], despite very poor sequence identity [2].
The catalytic members of the superfamily have collectively been referred to as the
guanidino-modifying superfamily. However, the broader term pentein can be used to refer to
all proteins, both noncatalytic and catalytic, that contain the unifying pentein structural fold
[3,4].

The fold of the non-catalytic proteins alF6 and elF6 is the simplest known form of the
pentein fold. The structures contain five “quasiidentical” a/p subdomains which are
positioned about a five-fold axis of pseudosymmetry forming a p/a propeller [5]. A large
hollow is present where the domains intersect in the center of the protein. In the case of
elF6, small loops surrounding this central hollow facilitate binding to the ribosomal
interaction partner rpL23 [6]. Catalytic members of the pentein superfamily are typically
decorated with more elaborate loop inserts and extensions [7] (Fig. 1).

Part of the central hollow is used to bind substrates in the catalytic penteins. These enzymes
share a similar active site, with changes in the extra loops altering the substrate specificity of
these enzymes to recognize a variety of natural guanidines, including c-arginine [8], N®-
methylated arginine [9,10],N“-succinylarginine [11,12], .-canavanine [13], agmatine [14],
N-amidino scyllo-inosamine phosphate [13] and peptidylarginine [15]. Although most
catalytic residues are conserved throughout the superfamily, the guanidino-modifying
penteins catalyze different reactions. Three functional classes of guanidino-modifying
penteins are known: hydrolases, which convert guanidines to urea derivatives;
amidinotransferases, which transfer an amidine group from one amine to another; and
dihydrolases, which formally hydrolyze guanidines twice to produce carbon dioxide or
bicarbonate, ammonia and a primary amine.

This review will explore the common and divergent features of substrate binding and
catalysis present in the pentein superfamily. The common activesite scaffold is modified
slightly in each enzyme to allow recognition of a wide variety of substrates while
maintaining a similar catalytic core. It has also become increasingly clear that the catalytic
penteins are marked by a unifying mechanistic thread, a similar first reaction intermediate.
These observations suggest that the penteins may have undergone divergent evolution from
a common ancestor, and that changes to substrate specificity and intermediate partitioning
may have provided these enzymes with a path for the evolution of new functions.

catalytic families

The catalytic penteins have been subdivided into three families according to the reaction
type [7] (Fig. 2). Hydrolases catalyze the attack of a guanidine by water to form a urea
derivative. The most well-characterized hydrolases include arginine deiminase (ADI), which
converts L-arginine to citrulline and ammonia; dimethylarginine dimethylaminohydrolase
(DDAH), which converts N®, N®-methyl-.-arginine to citrulline and dimethylamine;
peptidylarginine deiminase (PAD), which converts arginine residues in peptides and proteins
to citrulline residues and ammonia; and agmatine deiminase (AgD), which converts
agmatine to N-carbamoyl putrescine.
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The second family, amidinotranferases, catalyzes the transfer of a one carbon amidine (-
C(=NH)NH,) from a guanidine compound donor to an amine acceptor. The mechanistically
characterized amidinotransferases include arginine:glycine amidinotransferase (AGAT),
which transfers the amidino group from c-arginine to glycine forming .-ornithine and
guanidinoacetate; arginine:inosamine-phosphate amidinotransferase (AIAT), which uses .-
arginine as an amidine donor and various amino compounds as acceptors to form c-ornithine
and a corresponding guanidine; and arginine:lysine amidinotransferase, which uses -
arginine to donate an amidine to .-lysine to form -ornithine and .-homoarginine.

The third family, dihydrolases, formally catalyzes two hydrolysis reactions on a guanidine,
breaking all three C—N bonds and freeing the guanidine carbon as CO, (or HCO3). No
dihydrolase has been mechanistically characterized, although the structure of N°-
succinylarginine dihydrolase (SADH, also labeled AstB by genetic studies) has provided
some mechanistic insight. This enzyme converts N®-succinylarginine to N°-
succinylornithine, two ammonia molecules and one carbon dioxide or bicarbonate molecule.
No other dihydrolases have been purified or characterized, but several have been
functionally annotated based on the substitution of an Asn residue for one of the active-site
carboxylate residues conserved in the hydrolases and amidinotransferases (see below).

3. Substrate recognition

The interactions of penteins with their cognate substrates include those that directly bind the
guanidino group and those that bind its substituents. A set of core residues are mostly
conserved and facilitate binding of the guanidino group, while residues responsible for
binding its substituents are more diverse. Several conserved and semiconserved binding
motifs in each enzyme subfamily account for the binding and exclusion of ligands.

3.1. Specificity is governed by non-guanidine-binding residues

Most guanidine-containing substrates of the pentein superfamily members are derivatives of
arginine, with substitutions possible at either the guanidine or amino acid moieties. The
exception is AIAT, which uses arginine as an amidine donor and a variety of substrates that
include scyllo-inosamine phosphate and glycine as acceptors. Since arginine is the most
common pentein substrate and is recognized across all three catalytic families, we will
discuss it as an exemplar substrate.

The aliphatic chain portion of the substrate arginine side chain is accommodated by a
hydrophobic region. In arginine deiminase and dimethylarginine dimethylaminohydrolase,
the key residue in this region is a Phe [16—20], and in peptidyl-arginine deiminase 4,
agmatine deiminase and succinylarginine dihydrolase, this residue is a Trp [12,14,15,21,22].

There are three distinct modes for recognizing substrate carboxyl or carbonyl groups [7]. In
the first, used by ADI and DDAH, Arg residues on the second and third subdomain repeats
make mono- and bidentate interactions, respectively, with the substrate carboxyl group. In
the second, used by PAD, the peptide substrate carbonyl forms a hydrogen bond directly
with one Arg residue on the second subdomain repeat and indirectly through a water
molecule hydrogen bonded to a second Arg residue on the second subdomain. In both of
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these cases, the substrate carbonyl or carboxyl is oriented between the second and third
subdomains. Arg:gly amidinotransferase, in contrast, binds its arginine substrate with the
carboxyl group oriented between the fourth and fifth subdomains, representing a shift of
approximately 120° pivoted around the guanidino carbon relative to the hydrolases such as
ADI and DDAH. The carboxyl group forms a bidentate interaction with an Arg residue on
the fourth subdomain. The catalytic implications of this rotated binding mode will be
discussed further in Section 4.3.

AgD is specific to agmatine, the decarboxylated form of arginine. The crystal structure of
AgD demonstrates the use of a bulky residue to exclude carboxyl-containing substrates. The
active-site cleft where the substrate’s carboxyl or carbonyl binds in other penteins is
narrowed in AgD [14], presumably preventing the binding of free and peptidyl arginine
substrates. One residue in particular, Trp106, likely excludes L-arginine and peptidylarginine
substrates by introducing additive steric bulk at this position. This is in contrast to PADA4,
which uses a wider active site pocket to bind its larger peptidyl arginine substrates. AIAT
also makes use of a larger active-site cleft to bind a wide variety of guanidine and amino
substrates as amidine donors and acceptors, respectively, conferring the enzyme with
promiscuous activity. .-arginine, .-canavanine, streptidine 6-phosphate, 2-
deoxystreptidine-6-phosphate, and N-amidino-scyllo-inosamine 4-phosphate function can
serve as amidino donor substrates for AIAT, while scyllo-inosamine 4-phosphate, N1-
amidinosreptamine 6-phosphate, 3-amino-3-deoxy-scyllo-inosamine 4-phosphate, 2-
amino-2-deoxy-neo-inositol 5-phosphate, -ornithine, .-canaline, glycylglycine, 1,4-
diaminobutyl-1-phosphonate and hydroxylamine can serve as acceptors [13].

Penteins have two different binding motifs for recognizing the substrate’s a nitrogen, one
for substrates containing N-amides and another for those with free amino groups. Free
amino substrates, such as .-arginine, .-canavanine, N®, N®-dimethyl-.-arginine and
agmatine, are recognized by an Asn or Asp residue in addition to two backbone carbonyl
groups which provide hydrogen bond connections to the positively charged substrate amine.
N-amide-linked pentein substrates, such as peptidyl arginine and N®-succinylarginine, are
recognized by hydrogen bonds with a His residue (SADH) or a backbone carbonyl,
accompanied by expansion of the active-site pocket to accommodate the larger substrate
molecule.

The hydrolases contain a small channel that overlaps with the binding site of the arginine’s
alkyl side chain in the amidinotransferases (see Section 5). The channel’s size and properties
may help protect the reactive intermediate from unwanted side reactions. Amine
nucleophiles have been shown to be excluded in a size- and sterics-dependent manner from
the channel in DDAH [23], demonstrating that the channel may allow small nucleophiles
such as water to enter the active site and react, while isolating the reaction from larger more
reactive nucleophiles. The water molecule used in the second half reaction of the hydrolases
is oriented through a hydrogen bond the conserved active-site His. Another residue, located
in the channel near the substrate, is also believed to orient the nucleophilic water through a
hydrogen bond. ADI [19,20], DDAH [16,17,24] and AgD from Helicobacter pylori [14] use
a Ser or Thr in this position, but other hydrolases differ. For example, the residue is an Glu
in PAD4 [15], an Asp in AgD from Enterococcus faecalis [21], and an Asn in AgD from
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Arabidopsis thaliana [14]. N®-succinylarginine dihydrolase has a Val residue in this
position, which cannot form hydrogen bonds to water, but may still interact with reaction
intermediates. However, the function of this residue has not been experimentally
established.

3.2. Core binding residues

4. Pentein

The substrate’s guanidine is held in place in a very polar environment bounded by four
residues. Most penteins, including AGAT, AgD, PAD and ADI, bind the guanidine moiety
through bidentate interactions with the side chain carboxylates of two conserved acidic
residues. Typically an Asp in the hydrolases or Asn residue in the dihydrolases is located
lateral to the axis formed by the N8~C% bond of arginine substrates and binds to N& and N©.
The carboxylate side chain of a second residue positioned anterior to the N5~C% bond binds
to N® and N¢’. Since the amidinotransferases use a rotated binding mode relative to the
other penteins, the lateral residue in these enzymes interacts with N® and N®’ of arginine
amidinotransferase substrates and the anterior residue interacts with N® and N®. These two
residues have been proposed to play a large electrostatic role in ADI catalysis [8]. DDAH
and SADH, though, bind the guanidine using different means. DDAH uses a Glu residue
anterior to the N~C% bond to make a monodentate interaction with the unsubstituted N® of
the N®-methyl-.-arginine or asymmetric N®,N®-dimethyl-.-arginine substrates and an Asp
residue in the lateral position, similar to other penteins [18]. DDAH also contains a Lys
residue which forms an ion pair with one oxygen of the anterior Glu. The aliphatic carbon
side chain of this Lys may facilitate binding of the methylated substrates by providing a
hydrophobic pocket. In contrast, SADH possesses the anterior Asp residue but has an Asn
residue located lateral to the N®~C% bond. Conserved Cys and His residues sandwich the
planar guanidine’s si and re faces, and are essential for catalysis. In most penteins (DDAH,
AgD, ADI, AGAT and SADH), an Asp or Glu residue stabilizes the core His, but in PAD4,
a Ser is present in this location. To avoid confusion based on differences in amino acid
numbering across the superfamily, the two polar active-site guanidine-binding residues will
be referred to as the “lateral” and “anterior” residues, as defined using the orientation of
hydrolase substrates. The conserved, catalytic active-site Cys and His residues will be
referred to as the “core” Cys and His. The locations of major guanidine-binding residues are
shown generically in Fig. 3 and specifically in Fig. 4. Important substrate-binding residues
are listed in Table 1.

catalysis

The pentein hydrolases, dihyrolases and amidinotransferases all use similar catalytic
machinery and form a thiouronium covalent adducts in their first respective half reactions.
Depending on the catalysis, this reactive intermediate then partitions into hydrolysis,
dihydrolysis, or amidinotransfer reaction pathways. The proposed mechanisms for the
different families of penteins discussed in this section are summarized in Fig. 5.

4.1. Formation of S-alkyl thiouronium adduct

In all known catalytic penteins, the first step of catalysis is generally proposed to be
nucleophilic attack by the active-site Cys to form a tetrahedral adduct, followed by cleavage

Biochim Biophys Acta. Author manuscript; available in PMC 2014 July 21.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Linsky and Fast

Page 6

of a C—N bond of the guanidine to form an S-alkyl thiouronium adduct. When the substrate
binds, the active site positions the substrate such that the core Cys and His are on opposite
faces of the bound guanidine. Electrostatic interactions with the guanidine-binding pocket of
the active site stabilize the guanidine in its cationic form to enhance the electrophilicity of
C° for attack by the core Cys. Presumably, a tetrahedral adduct results from this attack.
Donation of a proton by the core His residue, assisted by electrostatic interactions with the
guanidine-binding pocket, is proposed to stabilize the tetrahedral intermediate and
subsequent leaving group, promaoting cleavage of the scissile C—N bond and loss of an
amino compound to form a planar thiouronium adduct. After this point in the catalytic
mechanism, the different families of catalytic penteins diverge.

The proposed nucleophilic role of the core Cys in the hydrolases is supported by numerous
X-ray crystallography, site-directed mutagenesis and thiol-modification studies in ADI
[8,19,20,25,26], DDAH [9,10,23,27], PAD [15,28-30] and AgD [14,31]. One possible
exception is A. thaliana AgD, where a core Cys mutation reduces activity by less than 10-
fold, which suggests a possible alternative role for the core Cys or a different nucleophile
[32]. The role of the core His as an acid-base catalyst is also supported by structural and
mutagenic studies in ADI [8,20,26], DDAH [9,23], PAD4 [15] and AGAT [33] Solvent
isotope and pH rate profiling studies with PAD4 inactivators have suggested that proton
donation is important for stabilization of the tetrahedral intermediate during inactivation,
implying that a similar mechanism could occur during normal catalysis [34].

Computational studies with ADI have suggested that the catalytically active state of the
enzyme with substrate bound consists of the Cys thiolate anion and His imidazolium cation
[35]. However, there is evidence in some penteins, notably DDAH and ADI, that the core
Cys is predominantly protonated in the resting state of the unliganded enzyme [27,35,36].
This Cys has an elevated pKa value of 9.6 in ADI [35], and 8.9 in DDAH [27] apoenzymes,
yet ADI and DDAH remain active down to pH 5 and 6.1, respectively.

Three protonation state models for the core Cys are proposed to explain these results. In the
first model, coined the “substrate-assisted” mechanism, the core Cys is predominantly
protonated in free enzyme, but binding of protonated substrate lowers the pKa of the core
Cys. The resulting deprotonation of the core Cys is supported by UV difference
spectroscopy of DDAH with positively charged ligands [27]. In this case, binding of the
positively charged guanidinium appears to shield the core Cys from the electrostatic effects
of the nearby Asp side chains and induce deprotonation of the Cys into an active thiolate
nucleophile, shifting its pKa to 6.9 in ADI and 6.1 in DDAH [27,35].

In the second model, only the minor fraction of enzyme with the core Cys in the thiolate
form at physiological pH is active, while the major fraction in the thiol form is inactive. This
is termed a reverse protonation mechanism. pKa measurements of the core Cys in PADs 1, 3
and 4 by inactivation with the neutral iodoacetamide and positively charged 2-
chloroacetamidine suggest that positive charge does not significantly affect the pKa of the
core Cys, altering it from 8.3 with iodoacetamide to 7.9 with 2-chloroacetamidine in PADA4,
and from 8.8 t0 9.5 in PAD1 [28,37]. In addition, a large inverse deuterium solvent isotope
effect has been observed with PAD4 during both normal catalysis and haloacetamidine
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inactivation, consistent with existence of a thiolate-imidazolium ion pair [28,34]. These
results suggest that at least some substrate binds to apoenzyme which contains a core Cys
thiolate anion forming a salt bridge with the core His in its resting state, stabilizing these
residues in their reactive forms. Interestingly, the overlap of the titration curves for these
residues imply that only about 15% of the enzyme would exist in this active state at the pH
optimum.

In the third model, the protonated thiol form of the core Cys is reactive. In this model,
deprotonation of the core Cys occurs in concert with nucleophilic attack on the guanidine
carbon. Computational studies with PAD4 have suggested that a protonated Cys is
energetically more favorable than a Cys thiolate in the Michaelis complex [38,39]. In
addition, the core Cys residue in AGAT is also proposed to be predominantly protonated in
the resting state, possibly activated by Asp305 for attack [33]. These three proposals for Cys
protonation state can be summarized and linked by a thermodynamic box (Fig. 6) [28],
although the Kinetically preferred pathway for the reaction of substrate with the core Cys has
not yet been firmly established in any pentein.

4.2. Hydrolase mechanism

In the hydrolases, the N®—C% bond of arginine substrates is cleaved to free the N substituent
and form the S-alkylthiouronium adduct. The adduct is retained by the covalent link and
positioned through bidentate interaction with the conserved lateral Asp residue. However, at
this step in catalysis, the anterior carboxylate is generally proposed to make only a single
interaction with the N® of the substrate. In ADI, PAD and AgD, the switch of the anterior
Asp from bidentate to monodentate interactions allows the second oxygen in the Asp’s
carboxylate side chain to form a hydrogen bond to the hydrolytic water molecule. DDAH,
which uses an anterior Glu residue to form a monodentate interaction with the substrate,
maintains this interaction with the thiouronium adduct. A nearby Thr in Pseudomo-nas
aeruginosa DDAH or Ser in human DDAH-1 instead uses its hydroxyl group to form a
hydrogen bond with the nucleophilic water [16-18].

The core His, generally proposed to be in its neutral form following formation of the S-alkyl
thiouronium adduct, activates the bound nucleophilic water by deprotonation. The resulting
hydroxide ion attacks the thiouronium carbon to form a second tetrahedral adduct. This
intermediate collapses, and the core Cys leaves to free an uriedo product and regenerate
apoenzyme.

The essential role of the core His in activating water for hydrolysis of the covalent
thiouronium has been demonstrated by mutagenesis. In ADI, mutation of the core His to Ala
and incubation with -arginine results in buildup of the thiouronium adduct, suggesting it is
essential for nucleophilic attack by water [20]. A similar study with a core His mutant of
DDAH and a modified substrate also showed buildup of the thiouronium adduct [9,23].

4.3. Amidinotransferase mechanism

Unlike the hydrolases which cleave the N®—C°¢ bond, the amidinotranferases cleave the
N®—Ct bond of arginine substrates to free the N® substituent and form an alternate S-
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alkylthiouronium adduct. This thiouronium contains only one carbon, the arginine
substrate’s CS carbon. The amidinotransferases provide an example of how similar catalytic
machinery can select for cleavage of a different N—C bond by reorienting the substrate.

The amidine donor substrate leaves as a free amino compound (e.g. c-ornithine in AGAT)
following donation of the amidino group to the core Cys to form the thiouronium adduct. An
amidine acceptor substrate (e.g. glycine in AGAT) then enters and binds to the active site,
where its amino group is positioned for attack on the thiouronium. The amino group of the
acceptor substrate is then deprotonated by the core His and attacks the thiouronium carbon
in a manner analogous to the nucleophilic attack by water in the hydrolases. This
presumably results in formation of a second tetrahedral adduct, which collapses to release
the guanidine product and regenerate free enzyme.

A direct acceptor-to-donor amidine transfer mechanism has been ruled out in favor of a
covalent intermediate due to ping pong kinetics [40,41], ligand-bound structures showing
overlap between the arginine and glycine substrates [42,43], and intermediate trapping
experiments [44,45].

It is notable that the thiouronium adduct formed during amidinotransferase catalysis appears
to be significantly more stable against hydrolysis than the analogous intermediate formed
during hydrolase catalysis. Despite the presence of the same core residues, the
amidinotransferases can somehow stabilize the adduct until a suitable amidine acceptor
substrate can be bound. One possible explanation is a subtle reorganization of the active site;
in an overlay of the arginine-bound structures of ADI and AGAT, a slightly different
orientation of the core residues relative to one another can be observed. Such reorganization
is feasible because the active sites of both AGAT and AIAT are flexible, supported by the
induced-fit mechanism those enzymes use for substrate binding [13,42]. However, the basis
for the stability of the thiouronium adduct in the amidinotransferases has not yet been
studied in detail.

4.4. Dihydrolase mechanism

In the dihydrolase reaction, the S-alkyl thiouronium adduct formation is followed by two
hydrolysis reactions, which cleave all three C-N bonds in the guanidine and free the
guanidine carbon as carbon dioxide or bicarbonate. The dihydrolases are not as well
characterized as the hydrolases or amidinotranferases, and consequently only limited
mechanistic information is available. Work with Pseudomonas cepacia and P. aeruginosa
lysates supports the proposed role of SADH as a dihydrolase. These crude lysate studies
demonstrated both consumption of N“-succinylarginine and production of N°-
succinylornithine and two equivalents of ammonia [11,46]. This activity was abolished by
disruption of the SADH gene [47], implying that SADH is responsible for the observed
activity. Furthermore, purified SADH has been shown to produce ammonia from synthetic
N“-succinylarginine, and cocrystallization experiments with N®-succinylarginine substrate
have resulted in electron density matching the expected N®-succinylornithine product [12].
SADH does not appear to recognize urea or N®-succinylcitrulline as substrates in lysates
[11]. No urea appears to be produced, but low levels of succinylcitrulline were identified in
crude cell extracts, suggesting that it could be a reaction intermediate or byproduct [46].
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Although SADH has not been mechanisticallycharacterizedindepth, it seems likely that
SADH operates with a mode of catalysis similar to that of the other catalytic penteins, based
on the presence of the core catalytic machinery in the crystal structure of SADH [12]. The
active site of SADH contains a lateral Asn residue, in contrast to the lateral Asp residues that
appear in the hydrolases and amidinotransferases. It has been proposed that this change
alters the electrostatic environment of the Michaelis complex and any reaction
intermediates, which may facilitate formation of a second covalent enzyme intermediate and
attack by a second water molecule [12]. The presence of an Asn residue in the lateral
position has been sufficient for some successful functional annotations of dihydrolase
activity [7]. However, it may be oversimplistic to suggest that this single substitution is
responsible for so large a change in catalytic mechanism without more detailed experimental
evidence, as there are likely other differences that account for the mechanistic divergence of
the dihydrolases.

5. Discussion

Apparent divergent evolution of enzyme superfamilies from a common promiscuous
ancestor has been hypothesized in other mechanistically diverse superfamilies, especially
those in which a portion of the catalytic mechanism (here, the formation of a thiouronium
adduct) is conserved [48-53]. This hypothesis suggests that enzymes with promiscuous but
not necessarily optimized activity serve as the ancestors of enzymes optimized for a single
function. At least one member of the pentein superfamily, AIAT, displays a significant
amount of substrate promiscuity [13]. In addition, catalytic promiscuity has also been
observed in the pentein superfamily. For some examples, small amounts of hydrolysis have
been observed in hog kidney AGAT in the absence of the acceptor substrate glycine.
However, this hydrolysis activity is much slower (0.01-fold) than the corresponding
amidinotransfer reaction [54]. In DDAH, the “activated” substrate S-methylthiocitrulline has
been used in combination with a core His mutation to study the S-alkylthiouronium adduct
[23] and its partitioning into amidinotransfer and hydrolysis reactions. Unlike the primary
amino leaving group in the natural substrate N®-dimethyl-.-arginine, the methanethiol
leaving group of S-methylthiocitrulline does not require protonation by the core His in the
first half reaction leading up to formation of the adduct. This adduct is chemically analogous
to the one proposed for the penteins. Using DDAH as a catalyst, the adduct reacts with
exogenous amines in a manner similar to the amidinotransferases, underscoring the catalytic
similarity that exists among the penteins.

Covalent inactivation of Bacillus cereus ADI by -canavanine results in buildup of an
irreversible oxythiocarbamate adduct, the result of one additional hydrolysis of the
oxythiouronium [55]. This oxythiocarbamate could be analogous to a potential
thiocarbamate intermediate in the dihydrolase mechanism (not shown).

Finally, it is evident from the crystal structures that many penteins contain two channels
leading to the active site (Fig. 7). The donor substrate for the amidinotransferases binds in a
channel that is also present in the hydrolases but is believed in hydrolases to allow water
access to the active site and provide an exit for the ammonia or methylamine leaving groups.
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It is possible that this channel in the hydrolases is a vestigial substrate binding channel for
the amidinotransfer substrates that is retained from a common promiscuous ancestor.

Together, the slow hydrolytic activity found in an amidinotransferase, the recapitulation of
amidinotransfer activity in DDAH [23], and the two hydrolysis steps involved in
canavanine’s inactivation of B. cereus ADI provide examples of catalytic promiscuity. This
evidence is consistent with the hypothesis that an ancestral enzyme may have once fulfilled
both hydrolase and amidinotransferase roles and evolved separately after a gene duplication
event. In this scenario, the ancestor enzyme would have used the superimposable pentein
catalytic core and conserved mechanistic features to form the thiouronium adduct upon
reaction with guanidines, but accepted both amines and water as the second nucleophile. The
low sequence similarity and various oligomerization states found in the superfamily suggest
that the enzymes diverged far in the past [53], and the similar core machinery suggests a
gene duplication event [48]. Following this proposed ancient gene duplication event, the
promiscuous activity would have reduced as each enzyme evolved higher specificity for
hydrolase, amidinotransferase or dihydrolase activity.

6. Conclusion

The pentein superfamily is a mechanistically diverse superfamily containing enzymes that
modify guanidines. They display hydrolase, dihydrolase and amidinotransferase activities,
but share common structural and catalytic features. They possess the same p/a propeller
structure and although they use different residues to recognize a wide variety of substrates,
they contain a similar set of conserved catalytic core residues. All known catalytic penteins
begin the reaction with nucleophilic attack by the core Cys residue, assisted by the core His
as a general acid catalyst, to form a thiouronium adduct, which is followed in the different
catalytic families by breakage of one or more of the C—N guanidine bonds. Although the
amidinotransferases and hydrolases cleave different C—N bonds, they are able to reuse the
same catalytic machinery by reorienting the substrate by approximately 120°. The
mechanistic information that has been gathered on the penteins is consistent with proposing
their divergent evolution from a catalytically promiscuous ancestor [48]. A further
understanding of how the various activities present in the catalytic penteins have evolved
will not only be useful for learning about the history of the superfamily, but will also
provide new insight for drug discovery and directed enzyme evolution of novel enzyme
activities.
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Fig. 1.

Tt?e pentein fold consists of five affaf subdomains symmetrically arranged around
afivefold axis of pseudosymmetry. A) Top-down viewofribosome anti-association factor
elF6 (PDB ID: 1G61). B) Side view of elF6. C) Side view of arginine deiminase (PDB ID:
2A9G). D) Side view of succinylarginine dihydrolase (PDB ID: 1YNI). E) Side view of
arginine: glycine amidinotransferase (PDB ID: 4JDW). F) Side view of PAD4 (PDB ID:
1WDA). In C-F, the conserved pentein core is colored gray, while additional inserts and
loops are colored by amino acid residue number.
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+2H20

Dihydrolases
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Reactions catalyzed by penteins. The guanidine substrate binds and reacts with the core Cys
residue to form a thiouronium intermediate, which is used in the hydrolase,
amidinotransferase and dihydrolase reactions. It is assumed in this figure that the active-site
Cys is deprotonated prior to formation of the alkylthiouronium adduct. However, the

protonation model at work is unclear (see Fig. 6).
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Generic active-site diagram. Residues not conserved are shown in gray. R1=N® of arginine
substrate in hydrolases, R,=N® of arginine substrate in amidinotransferases.
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Active-site diagram showing core catalytic residues for A) ADI, AgD and PAD, B) AGAT

and AIAT, C) DDAH and D) SADH. Note that the terms “lateral” and “anterior” refer to the
position of the residue relative to the substrate arginine’s N>—C¢ bond in the hydrolases and

dihydrolases.
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C
Hydrolase Amidinotransferase
substrate substrate

Lateral
Asp

l (

Anterior Asp
Core Cys (Ala)

Fig. 7.

St?uctures of A) hydrolase (Green) and B) amidinotransferase (Orange) active sites, and C)
an overlay of the two active sites. The hydrolase is ADI from P. aeruginosa (PDB ID: 2a9q)
and the amidinotransferase is human AGAT (PDBID: 4jdw). Substrate is positioned at
different relative angles, presumable to facilitate cleavage of a different C—N bond. In both
structures, the core Cys is mutated to Ala to enable formation of a stable substrate complex.
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