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ABSTRACT

The Reactive intermediate deaminase (Rid) protein family is a group of enzymes widely
distributed in all Kingdoms of Life. RidA is one of the eight known Rid subfamilies, and its
members act by preventing the accumulation of 2-aminoacrylate, a highly reactive enamine
generated during the metabolism of some amino acids, by hydrolyzing the 2-iminopyruvate
tautomer to pyruvate and ammonia. RidA members are homotrimers exhibiting a remarkable
thermal stability. Recently, a novel subclass of RidA was identified in teleosts, which differs
for stability and substrate specificity from the canonical RidA. In this study we structurally and
functionally characterized RidA from Apis mellifera (amRidA) as the first example of an
invertebrate RidA to assess its belonging to the canonical RidA group, and to further correlate
structural and functional features of this novel enzyme class. Circular dichroism revealed a
spectrum typical of the RidA proteins and the high thermal stability. anRidA exhibits the 2-
imino acid hydrolyze activity typical of RidA family members with a substrate specificity
similar to that of the canonical RidA. The crystal structure confirmed the homotrimeric
assembly and confirmed the presence of the typical structural features of RidA proteins, such
as the proposed substrate recognition loop, and the 3-sheets $1-89 and $1-32. In conclusion,
our data define amRidA as a canonical member of the well-conserved RidA family and further

clarify the diagnostic structural features of this class of enzymes.
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substrate specificity.



INTRODUCTION

Reactive intermediate deaminase A (RidA) proteins are one of the eight groups of the large Rid
(formerly YigF/YERO57¢c/UK114) protein family and, differently from Rid1-7, are present in
all domains of life [1-3]. These enzymes are crucial for metabolic homeostasis by removing
intermediates responsible for cellular damage, primarily for their deaminase activity [4,5]. In
particular, RidA is important to prevent 2-aminoacrylate (2AA) accumulation in cells. 2AA is
produced by serine/threonine dehydratase and by cysteine desulfhydrase (Fig. S1). Its
accumulation results in reduced cell fitness and alteration of metabolic pathways [1,6]. The
exact mechanism of 2AA toxicity is still poorly understood, but it has been proposed that it
may irreversibly inactivate pyridoxal-5’-phosphate-dependent enzymes and as yet unknown
enzymes directly or through its stable 2-iminopyruvate (2IP) tautomer [7]. However, the
variety of phenotypes observed for RidA mutants in different species suggests that RidA may
function to prevent metabolic damage caused by reactive species other than 2AA/2IP.

The first mammalian RidA was extracted under native conditions from a perchloric acid-
soluble fraction from Capra hircus (goat) liver (chRidA), and it was initially investigated for
its immunomodulatory activity against tumors [8]. Later, in vitro studies of the recombinant
protein revealed its extraordinary thermal stability, and explored, on a quantitative basis, the
catalytic efficiency of the enzyme with the respect to the hydrolysis of 2-imino acids (21A)
other than 2IP providing reference values. While the enzyme exhibits the highest catalytic
efficiency with 2IP, i.e., the only known physiological substrate, it can only hydrolyze to
different extents 2IA carrying neutral and polar side chains, end even aromatic groups [9]
suggesting that, indeed, RidA may protect cells from toxicity due to 21A, other than 2IP, which
may form in the cell.

All known RidA members share a homotrimeric fold. Three identical monomers possess a

chorismate synthase-like fold and are assembled in a barrel-like structure with a central cavity



delimitated by the B-sheets, and the a-helices exposed to the solvent. The active site lays at the
interface between two adjacent monomers [10-18].

RidA is usually present as a single copy gene, except for Saccharomyces cerevisiae and teleost
fishes [19,10]. In the bony fish Salmo salar, the two RidA isoforms (ssRidAl and ssRidA2)
exhibit a different substrate specificity and conformational stability, which can be correlated
with a specific set of structural differences [10]. Interestingly, the comparison of such isoforms
revealed the existence of a novel sub-class of RidA. Indeed, while ssRidAl displays
biochemical properties typical of canonical RidA family members, as exemplified by chRidA,
some properties were specific for ssRidA2. Compared to previously characterized RidA
orthologues, ssRidA2 shows a generally lower catalytic efficiency with imino acids carrying
neutral and polar side chains (including 21P), but a marked activity with 21A derived from
aromatic amino acid and, unique among characterized RidA, from L-Glu. Furthermore, it
unfolds at a significantly lower temperature compared to other RidA members [10]. All these
differences could be explained by the structural analysis of the two salmon RidAs. Different
inter- and intra-monomeric secondary structure interactions have been proposed to define the
different conformational stability of the two salmon RidA and opposite conformations of the
loop facing the catalytic site are responsible for distinct substrate specificity [10].

To clarify the molecular features that characterize canonical RidA, exemplified by chRidA and
ssRidA1, as opposed to the sub-class defined by ssRidA2, we selected the RidA from Apis
mellifera, as model RidA from invertebrates, and we report its biochemical and structural

characterization.

MATERIAL AND METHODS

AmRidA protein expression and purification



To identify invertebrate RidAs we carried out a BLASTP similarity search, applying default
parameters, in the entire protein database using the human RidA (nsRidA, 136 amino acids).
Two putative proteins (XP_003251902 3 and XP_016772925 2) were identified in Apis
mellifera, the former of 137 amino acids (amRidA) shares 50% identity with nsRidA and the
latter of 114 residues (amRidA-v1) lacks residues from 78 to 101 and likely originated from the
skipping of the fourth exon during ridA transcript maturation. In Apis florea, the same two
forms were detected suggesting the existence of a single copy ridA gene and a common pattern
of alternative splicing in Apis genera. The amRidA and amRidA-v1 DNA coding sequences
were codon optimized for expression in E. coli, synthetized by GENEWIZ GmbH (Leipzig,
Germany) and cloned into a pET15b expression vector (Novagen) between Ndel and Xhol
restriction sites. The fusion recombinant protein carries N-terminal 6XHis-tag and thrombin
protease recognition sequence. anRidA and amRidA-v1 were overexpressed and purified in
Rosetta(DE3)pLysS E. coli cells as described in Degani et al. [9]. Both proteins were produced
but amRidA-v1 was insoluble and no further work was done on it.

Analytical size exclusion

Superdex 75 Increase 10/300 GL (GE Healthcare, USA) column equilibrated with 154 mM
NaCl, which had been previously calibrated with proteins of known molecular mass, was used
to analyze an aliquot of amRid.

Circular dichroism

Circular dichroism (CD) spectroscopy and CD-monitored thermal denaturation were carried
out as described in Digiovanni et al. [10]. The melting temperature (Tm) values were calculated
as the first-derivative minimum of the traces.

Protein sequences comparison

amRidA (UniProt KB: AOA7TM7GBQO), chRidA (UniProt KB: P80601), ssRidA1 (UniProt KB:

AOA1S3KNQ3) and ssRidA2 (UniProt KB: COHS8I4) sequences were aligned using



ClustalOmega [20]. Protein alignment was then analyzed and visualized by ESPript 3.0[21].
Sequences were also compared using BLAST-P [22].

RidA activity assay

Activity assays were carried out as detailed in Digiovanni et al. [23]. Since 2IA are unstable
species undergoing spontaneous hydrolysis, they must be generated in situ by the action of an
amino acid oxidase in the presence of a given amino acid. Semicarbazide is included in the
assay in order to monitor the generation of the 21A spectrophotometrically at 248 nm as the
spontaneous formation of the corresponding semicarbazone. Thus, 150 ul reaction mixtures
containing 5 mM semicarbazide, 1 pg catalase, varying RidA concentrations, and an amount
of commercial L-amino acid oxidase able to generate the 2IA at an initial rate yielding 0.2-0.4
AAz4g/min in the absence of RidA, in 50 mM sodium pyrophosphate buffer, pH 8.7, were
equilibrated at 25 °C. The reaction was started by adding the L-amino acid solution ata 5 mM
final concentration. To assay for activity with 2-iminoglutarate, L-glutamate oxidase was used
with L-Glu. Due to the high absorption of L-Trp in the UV region, its concentration was
lowered to 0.5 mM. The values of the percental residual initial velocity (v, %) measured in the
presence of varying RidA concentration with respect to that measured in the absence of RidA
are fitted with Eq 1 where Kso is the concentration of RidA that halves the initial velocity of
the reaction observed in the absence of RidA. It has been shown [9] that 100/Ksg is an estimate
of the catalytic efficiency of RidA (Kca/Km) with the given 21A. Given the type of coupled
assay, no information on individual values of keat and Ky values can be obtained. In the
presence of 21A that are poor substrates of RidA, the v, % values obtained at varying RidA can
be fitted to a straight line. Its slope provides the 100/Kso value [9]. The indole pyruvate product
of the hydrolysis of the 21A produced from L-Trp exhibits detectable absorbance at 248 nm

leading to a non-zero value of the reaction velocity at high RidA concentrations. Thus, residual



activity values (v, %) as a function of RidA concentration were fitted to Eq 2, in which C is the

constant v, % value reached at infinite RidA concentration.

100
Eql v, % = 1 [Rida]

K50

100-C
Eq2 v,% = W+C

K50

Protein crystallization and structure determination

Purified amRIdA (9 mg/ml) in 154 mM NaCl was subjected to crystallization trials using an
Oryx4 crystallization robot (Douglas Instruments, UK). Crystallization screening experiments
were performed in sitting drop and crystallization plates were incubated at 20 °C. Single
crystals suitable for X-ray diffraction experiments grew overnight from PACT screen
(Molecular dimensions, USA) condition B10. Crystals were cryo-protected adding 25%
glycerol and flash-frozen in liquid nitrogen.

X-ray diffraction data were collected at cryogenic temperature (100 K) at the European
Synchrotron Radiation Facility (ESRF, Grenoble, France) on 1D23-1 beamline equipped with
a Pilatus 6M (Dectris) detector.

amRidA structure was determined by molecular replacement by MOLREP [24] using the
coordinates of the human hpl14.5 protein (PDB: 10NI) as search model. Initial molecular
replacement solutions were subjected to subsequent cycles of manual building in Coot [25] and
refinement with phenix.refine [26]. Models were inspected and validated using Molprobity
[27]; processing and refinement statistics are reported in Table S1. Coordinates and structure
factors have been deposited in the PDB under the accession code 7ZS6. Structural images were

generated using CCP4mg [28].

RESULTS AND DISCUSSION



amRidA purification, and characterisation

Recombinant amRidA was expressed in Rosetta(DE3)pLysS E. coli cells and purified to
homogeneity as previously reported for goat and salmon RidAs [9,23]. To assess the oligomeric
state of amRidA in solution, analytical size exclusion chromatography was performed. Purified
AamRIidA eluted in a symmetric single peak at 14.7 ml, compatible with an apparent mass of 43.0
kDa (Fig. 1A), i.e., a homotrimeric assembly (theoretical molecular mass 46.1 kDa)
analogously to what observed for other RidA family members [9-14,16]. Far UV CD was then
performed to investigate the secondary structure content. As reported in Figure 1B, amRIidA
showed a typical o/B-spectrum with an estimated 41% of a-helixes and 39% of 3-sheets, well
matching data reported for other RidA family members [9,10]. Then, to establish amRIidA
thermostability, molar ellipticity at 220 nm was monitored between 20 and 98 °C (Fig. 1C).
The estimated Tn is 82 °C, in line with the stability previously reported for other canonical
members of the RidA family (chRidA: 104 °C and ssRidA-1: 100.2 °C) [9,10], whereas ssRidA2
has a Tm of 65 °C [10].

AmRIdA enzymatic activity

In order to evaluate amRIJA enzymatic activity, the ability to hydrolyze selected 21A was
monitored using the previously established enzymatic assay [23]. Figure 2 shows that asmRIdA
exhibits the same order of substrate preference as that previously reported for chRidA and
ssRidA1. As shown in Table 1 and Figure 2, it stands out among RidA members exhibiting the
highest catalytic efficiency for 2P, derived from L-Ala. The activity with L-Trp is also half of
that of chRidA, while it is poorly active with L-Phe and L-Glu derivatives and fully inactive
with the 21A derived from L-His like chRidA and ssRidAl. Thus, the low activity with the
derivatives of L-Ala and L-Leu compared to the activity with 2-iminoglutarate is confirmed to
be distinctive feature of the novel non-canonical ssRidA2. On the other hand, the canonical

RidA enzymes show the highest catalytic activity for 21P, supporting the concept that it is the



physiological substrate of this class of enzymes. However, the ability to accept 21A with
hydrophobic or aromatic side chains like L-Leu and L-Trp derivatives suggests that it may also
serve other (yet unknown) functions in the cell.

AmRidA sequence analysis

The sequence of amRIdA was aligned to those of chRidA, ssRidAl and ssRidA2 (Fig. 3A). This
comparison is focused on the sequences of RidA proteins for which comparable biochemical
and structural characterization is available [9,10,13]. amRidA shares high sequence identity
with these RidA family members: most of the sequence variability is localized in the N-
terminal stretch; indeed, after the 17 initial residues, the degree of identity is about 50% (Fig.
3A). The insect protein, compared to goat or salmon ones, exhibits an extension of 2 amino
acids at the N-terminus. BLAST-P analysis reported a total score of alignment of 153, 150 and
142 when amRidA sequence was compared to ssRidA1, chRidA and ssRidA2, respectively, with
a query coverage of 91%, 94% or 89%, respectively. These data indicate that, even though the
sequence identity is comparable among the proteins, anRidA homology is higher with ssRidAl
and chRidA than with ssRidA2.

AmRiIdA crystal structure determination

The crystal structure of amRidA was determined to 1.31 A resolution. The homotrimeric
assembly of amRidA was confirmed (Fig. 3B). Each monomer presents a chorismate mutase-
like fold and consists of a six-stranded 3-sheet packed against two a-helices (Fig. 3C).
Therefore, the typical fold of the RidA family is maintained [11-18,23,29]. The three active
sites are at the interface between subunits with a geometry reminiscent of that of other RidA
family members [12,16]. amRidA structure was compared to other RidA crystal structures
available: chRidA (PDB: 1NQ3) resulted in a r.m.s.d. of 0.77 over 398 Ca,; ssRidAl (PDB:

6TCC) with an r.m.s.d. of 0.82 over 400 Ca,; and ssRidA2 (PDB: 6TCD) with r.m.s.d. value of

0.89 over 377 Ca. Thus, it is confirmed that RidA are overall structurally very similar.



However, inspection of the N-terminal regions provides valuable information on the structure-
function relation. Indeed, compared to ssRidAl and chRidA, the non-canonical ssRidA2
displays specific local features that were proposed to correlate with thermal stability and
substrate specificity of the enzymes [10]. The loop connecting R-strand 1 and 2 and facing the
catalytic residue Arg109 (Argl07 in goat and salmon RidA) has been proposed to be crucial
for substrate recognition [10]. This loop in amRidA shows several differences compared to goat
and salmon RidA: a Lys is present at position 18 in place of an Ala or Gly residue. Even though
this is not a conservative substitution, the side chain of Lys18 is exposed to solvent and not
toward the inner cavity, thus not affecting the chemical and steric properties of the active site.
Moreover, a Pro in position 19 in place of an Ala does not affect the loop conformation, while
Ile 20 is conservatively substituted to a Val (Fig. 3A and D). Crucially, the Prol7 that locks the
loop in a specific conformation in chRidA and ssRidA1 is conserved. Opposite to the salmon
RidA structures, this loop displays two different conformations in the amRidA structure where
Pro19 and Val20 side chains flip. This indicates the plasticity of this loop. However, the overall
loop conformation and active site cavity are reminiscent of the ones observed in chRidA and
ssRidAl. The distinct geometry and the wealth of positive charges present in ssRidA2
recognition loop are not found in amRidA (Fig. 3E). Thus, these observations well explain the
fact that amRidA substrate specificity is more comparable to that of chRidA or ssRidA1, than to
ssRidA2. The replacement of Alal5 of chRidA and ssRidA1 with a Pro residue likely decreases
the conformational flexibility of the loop and may explain the higher catalytic efficiency with
2IP of amRidA with respect to those of cnRidA and ssRidAl. Indeed, despite an overall
conservation of general geometry, the cavity delimitating the active site of amRidA shows a
reduced hydrophobicity compared to goat and salmon RidA, well matching with observed

substrate preference.
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A second compelling difference between ssRidAl and ssRidA2 structures is the R-structure
content: compared to ssRidA2, ssRidA1 has an extended f2-strand, interacting with R1-strand,
and an additional C-terminal B9-strand which interacts with Bl-strand of the adjacent
monomer. The presence of such additional B-interactions was suggested to account for the
significantly higher thermal stability of ssRidAl compared to ssRidA2 [10]. amRIdA B-sheets
resemble the specific traits of ssRidAl. Indeed, the formation of R-sheet between 31-strand at
the N-terminal region of a monomer and 39-strand at the C-terminal of the neighboring subunit
was observed (Fig. 3F). These B-interactions contribute to anRidA protein stability.
Moreover, the extent of intra-monomeric R-interactions between strands 1 and 2 may play a
relevant role in determining protein stability. In amRidA B1 ranges from residue 7 to 11 and 32
from residue 26 to 30, analogously to what was observed in ssRidAl and chRidA (Fig. 3G).
Conversely in ssRidA2 Proll, instead of an lle residue, shortens Bl and decreases its
stabilization effect.

In conclusion, the structural and biochemical data presented in this work demonstrate that RidA
from Apis mellifera, chosen as a model of invertebrate RidAs, is more closely related to the
canonical members of the RidA family than with the non-canonical sub-class recently found in
teleost. Therefore, the present study, beside demonstrating the presence of a RidA activity also
in invertebrates, further clarifies the structural features that help defining the conformational

stability and substrate specificity of RidA members.
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FIGURE LEGENDS

Figure 1. AsmRidA characterization. (A) amRidA analytical size exclusion chromatography on
a Superdex 75 10/300. (B) Far-UV CD spectrum of anRidA (0.2 mg/ml) recorded at 20 °C in
154 mM NaCl in a 0.1 cm path length cuvette. (C) CD-monitored thermal denaturation of

AmRiIdA while heating at 1°C/min.

Figure 2. Substrate specificity of amRidA. (A) The percental residual activity (v, %)
measured at varying amRidA concentrations was calculated with reference to that measured in
the absence of amRidA in assays containing L-Leu (empty circles), L-Ala (empty squares), L-
Trp (empty triangles), L-Phe (inverse triangles), L-Glu (diamonds) or L-His (stars) as the L-
amino acid oxidase substrate in 50 mM sodium pyrophosphate buffer, pH 8.7, as described in
the Methods section. Curves are the best fit of the data to Eq 1 except for data obtained with
L-Glu and L-Phe that were fitted to a straight line and those obtained with L-Trp that were
fitted to Eq 2. No significant decrease of reaction velocity was obtained in the presence of the
21A generated with the L-His/LAAO couple. The calculated Kso and 100/Kso values are in
Table 1. (B) Catalytic efficiencies of chRidA (blue), ssRidAl (orange), ssRidA2 (grey) and
amRidA (yellow) expressed as 100/Kso with respect to the hydrolysis of the 1A derived in situ
from the indicated L-amino acids upon reaction with L-amino acid oxidase. When no vertical

bar is observed, no activity with the given imino acid was detected.

Figure 3. Comparison of amRidA to other canonical RidA proteins. (A) Primary structures
of amRIdA, chRIdA, ssRIdAL and ssRidA2 were aligned with ClustalOmega. The result of
alignment was analyzed by ESPript3 software. Identical residues are represented in white
lettering against a red background; similar residues are indicated in red and blue frames indicate

sequence stretches with globally high similarity. (B-C) amRidA is an homotrimer (B) composed
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of three monomers with a chorismate synthase-like fold (C). (D) Representation of the loop
connecting R1 and R2 strands. (E) Structural superposition of the recognition loop of RidA from
different species. (F-G) Stick representation of inter-monomeric B-sheet formed between 31
and R9 strands of adjacent monomers (F) and of the intra-monomeric R-sheet between 31 and

R2 strands (G).
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Table 1. Specificity of amRidA

chRidA ssRidA1? ssRidA2a AmRIdA
Amino acid
Kso, uM | 100/Ksp, uM™? | Kso, uM 100/Kso, pMt | Kso, uM | 100/Kso, pM | Kso, pM 100/Ksp, uM™

L-Leu 0.45+0.03" 222 +13 0.89+0.07° 112+9 52.6+4.2° 1.9+0.15 0.9+0.04° 109.6+4.3
L-Ala 0.29+0.02° 34524 0.2+0.01° 489+23 2.6£0.15° | 38.9+2.2 | 0.16+0.01° | 628.5+33.6
L-His 52.6+27.7 1.9+1° NA 102+10.4° | 0.98+0.1° NA

L-Phe 40+3.2 2.5+0.2° 71.4+10.2° 1.4+0.2 11.5%1.22 8.7+0.9 38.9+2.1 2.57+0.14°
L-Trp 0.98+0.12¢ 102+84 5.8+0.3" 17.2+0.9 5.75+0.5° 17.4+15 | 1.86+0.21¢ 53.7+6.0
L-Glu 10.9+0.3° 9.1+0.3 2.48+0.2° 40.4+3.3 | 0.48+0.06° 210425 178.9+44.8 | 0.56+0.14°

NA, no activity detected. ®Data from Di Giovanni et al. [10]. ®Data fitted with Eq 1 that yields the Kso value from which 100/Kso is calculated.

°Data were fitted to a straight line, the slope of which is 100/Kso from which Kso was calculated. “Data were fitted with Eq 2. C was 16.4 + 2.8

for chRidA and 15.2+3.1 for amRidA.
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HIGHLIGHTS
e amRIdA is the reactive intermediate deaminase from Apis mellifera.
e amRIdA biochemical and structural properties resemble the ones of canonical RidAs.
e amRIdA acts as deiminase.

e The crystal structure of amRidA was determined at 1.31 A resolution.
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