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Abstract

Metallo-B-lactamases (MBLs) hydrolyze a wide range of B-lactam antibiotics. While all
MBLs share a common af/Ba-fold, there are many other proteins with the same folding pat-
tern that exhibit different enzymatic activities. These enzymes, together with MBLs, form the
MBL superfamily. Thermotoga maritima tRNase Z, a tRNA 3’ processing endoribonuclease
of MBL-superfamily, and IMP-1, a clinically isolated MBL, showed a striking similarity in ter-
tiary structure, despite low sequence homology. IMP-1 hydrolyzed both total cellular RNA
and synthetic small unstructured RNAs. IMP-1 also hydrolyzed pre-tRNA, but its cleavage
site was different from those of T. maritima tRNase Z and human tRNase Z long form, indi-
cating a key difference in substrate recognition. Single-turnover kinetic assays suggested
that substrate-binding affinity of T. maritima tRNase Z is much higher than that of IMP-1.

Introduction

Antibiotic-resistant bacteria, particularly Gram-negative strains, have developed a major
defense mechanism against B-lactam-based antibiotics by producing B-lactamases (EC 3.5.2.6)
that hydrolyze B-lactam rings. There are two groups of B-lactamases that exhibit different cata-
lytic mechanisms: serine B-lactamases, which employ a serine as a catalytic residue, and
metallo-B-lactamases (MBLs), which use one or two zinc ion(s) for catalysis. MBLs present a
particular threat as they exhibit activity toward wide range of B-lactams including carbape-
nems, which are a class of B-lactams that are generally stable against serine -lactamases. In
addition, MBLs cannot be inhibited by mechanism-based inhibitors of serine B-lactamases
[1,2].

MBLs are further divided into three subclasses (B1, B2, and B3) based on their sequence
similarities and structural features. More recent sequence- and structure-based phylogeny
studies have indicated that subclass B1 + B2 and subclass B3 should be considered as separate
MBL classes [3, 4]. With respect to substrate specificities, the B1 and B3 enzymes possess
broad spectrums of activity, whereas the B2 enzymes act on a narrower substrate range. This
difference in activity profiles may be associated with Zn>* coordination differences at their cat-
alytic sites as B1 and B3 enzymes exhibit maximum activity when two Zn** ions are bound to
their active sites, but B2 enzymes are inhibited by the binding of more than one Zn** ion [1].
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Subclass B1 includes the clinically important and transferable di-Zn MBLs. IMP-1, a sub-
class B1 enzyme, was first identified from Serratia marcesens in Japan in 1991, and since then,
it has been found in several Gram-negative pathogenic bacteria [5, 6]. It was followed by the
identification of variants, and now there are more than 50 IMP-type enzymes [7]. IMP-pro-
ducing pathogens have spread throughout the world and threaten the clinical efficacy of B-lac-
tam antibiotics [5, 8, 9]. The analysis of kinetic property revealed a broad substrate specificity
of IMP-1, and its tertiary structure has been studied in detail [10, 11].

A wealth of structural data has revealed that many other proteins that share the characteris-
tic MBL af/Bo sandwich fold also exist, despite their highly diverged primary sequences.
These are classed as members of the MBL superfamily. They include RNA processing proteins,
DNA-uptake proteins, and hydrolases such as the MBLs and glyoxalase II [12, 13]. Having a
conserved motif, they bind up to two metal ions in their active site, which are generally zinc,
but some enzymes are reported to contain other ions such as iron and manganese ions [12, 14,
15]. tRNase Z (EC 3.1.26.11) is a MBL-superfamily enzyme that is expressed in almost all cells
and catalyzes one of the reactions involved in tRNA maturation: the removal of a 3'-extension
from pre-tRNA [16]. There are two forms of tRNase Z: a short form tRNase Z of 280-360
amino acids in length that is present in all three domains of life, and a long form that is found
only in eukaryotes and is 750-930 amino acids in length [16]. Generally, a tRNase Z enzyme
cleaves pre-tRNA immediately downstream of a discriminator nucleotide, which then
becomes a substrate for tRNA nucleotidyltransferase-catalyzed CCA-addition reactions to
generate mature tRNA. However, Thermotoga maritima tRNase Z (TmRZ) characteristically
cleaves pre-tRNAs containing a ,4CCA ¢ sequence precisely after A4 to create mature 3’ CCA
termini in a single step [16, 17]. Furthermore, TmRZ and some other tRNase Z enzymes can
cleave unstructured RNAs (usRNAs) in addition to pre-tRNA. Two crystallographic studies
have indicated that TmRZ binds one or two Zn?" in its active site [18, 19]. However, catalytic
analysis revealed that its activity was inhibited in the presence of Zn*", while it was activated in
the presence of Mn>* or Mg®* [20]. Hence the role of the metal ions in TmRZ is not totally
understood.

Such a diversity of MBL enzymes, together with the fact that the MBL-superfamily enzymes
exhibit a range of catalytic activities, prompted us to examine if MBLs could have other activi-
ties in addition to hydrolyzing B-lactam antibiotics. In this study, we analyzed IMP-1 hydro-
Iytic activity toward RNA and DNA, and found that IMP-1 has an RNase activity. We
discussed possible correlation between catalytic activities and structures of IMP-1 and TmRZ.

Materials and methods
Expression and purification of IMP-1

IMP-1 without its signal sequence and with a C terminal (His)s-tag was expressed in E. coli
BL21(DE3)pLysS (Promega) harboring the plasmid pET28a-IMP-1Cth. This plasmid encodes
the mature IMP-1 (UniProt ID: P52699) with a C-terminal (His)s-tag connected by a linker
containing the thrombin recognition sequence. Transformed E. coli cells were grown in 100
mL aerated 2 X TY medium at 37°C to an ODgg, of approximately 0.4-0.5, and the protein
expression was induced with 0.1 mM isopropyl B-p-1-thiogalactopyranoside for 12 h at 18°C.
Cells were then harvested by centrifugation, resuspended in 7 mL of 50 mM sodium phosphate
buffer, pH 7.0, containing 500 mM NaCl, and disrupted by sonication. The supernatant
obtained after centrifugation was loaded onto a 1 mL HisTrap FF column (GE Healthcare)
pre-equilibrated with 50 mM sodium phosphate buffer containing 500 mM NaCl and then
bound proteins were eluted with a 0-500 mM linear imidazole gradient. For salt removal and
buffer exchange, the purified protein was loaded onto a PD-10 column (GE Healthcare)
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equilibrated with 20 mM HEPES buffer (pH 7.5) containing 50 pM ZnCl, and eluted using the
same buffer. To cleave the (His)s-tag, 3 U of thrombin (GE Healthcare) was added to every 1
mg of purified protein and the mixture was incubated at 10°C for 24 h. The thrombin was
removed with a HiTrap Benzamidine FF column (GE Healthcare) equilibrated with 50 mM
Tris-HCl buffer (pH 8.0) containing 500 mM NaCl. The eluate was then loaded onto a HisTrap
FF column equilibrated with 50 mM sodium phosphate buffer (pH 7.0) and 500 mM NacCl to
separate cleaved proteins from uncleaved (His)s-tagged proteins. The unbound protein was
applied to a PD-10 column equilibrated with 20 mM HEPES buffer (pH 7.5) for buffer
exchange and then concentrated with an Amicon Ultra 3K centrifugal filter to a final concen-
tration of 5 mg/mL. The size and purity of the protein were confirmed by sodium dodecyl sul-
fate (SDS)-polyacrylamide gel electrophoresis (PAGE) on a 15% polyacrylamide gel. We also
prepared a sample from the same E. coli strain harboring the pET-28a plasmid without any
insert DNA by performing exactly the same steps as above, to rule out the possibility of con-
tamination of any other nucleases.

Preparation of tRNase Zs

The (His)s-tagged TmRZ and the (His)s-tagged human A30 tRNase Z long form (hTLA30)
were prepared as described previously [17, 21]. The latter enzyme lacks the N-terminal 30
amino acids of the full-length tRNase Z, which are thought to correspond to the mitochondrial
transport signal. TmRZ and hTLA30 used in this study were all (His)s-tagged.

Total cellular RNA preparation and RNA-hydrolyzing assay

Total cellular RNA was prepared from the human multiple myeloma cell line KMM-1 using
an RNAiso Plus kit (Takara Bio, Otsu, Japan). RNA (0.3 ug) was treated with 10 or 30 ug of
IMP-1 in the presence of 10 mM MgCl, or 10 mM MnCl,. After incubation at 37°C for 60
min, the solution was treated with an equal volume of phenol/chloroform to remove the
enzyme, and the RNA was precipitated with ethanol and redissolved in distilled water. The
RNA sample was then analyzed with an Agilent 2100 Bioanalyzer.

In vitro usRNA and usDNA cleavage assay

RNA and DNA substrates were prepared as follows: a 24-nt RNA, usRNA1 (5'-GAGUGACU
ACCUCCAAGGCCCUUU-3'); a 22-nt RNA, usRNA9 (5'-GCCUGGCUGGCUCGGUGUAUU
U-3'); and a 24-nt DNA, usDNA1 (5'-GAGTGACTACCTCCAAGGCCCTTT-3') labeled with
5'-6-carboxyfluorescein were chemically synthesized and purified using high-performance lig-
uid chromatography by JBioS (Saitama, Japan). Basically, 10 pg of enzyme was incubated with
10 pmol substrate and 10 mM MgCl, at 37°C for 60 min. The enzyme concentration, the sub-
strate concentration, the MgCl, or MnCl, concentration, the reaction time, and the reaction
temperature were changed depending on the assay used. All experimental conditions are speci-
fied in the relevant figure legends. After the completion of the reactions, the mixtures were
treated with an equal volume of phenol/chloroform to remove the enzymes, and the RNA or
DNA was precipitated with ethanol, redissolved in distilled water, and mixed with an equal
volume of sample buffer containing 10 mM Tris-HCI (pH 7.5), 1 mM EDTA, and 8 M urea.
The reaction products were resolved on a 20% polyacrylamide-8 M urea gel. In reaction con-
ditions where MgCl, was replaced with MnCl,, electrophoresis was performed using a 20%
polyacrylamide native gel. The gel was analyzed with a Gel Doc™ EZ Gel Documentation Sys-
tem (Bio-Rad).
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In vitro pre-tRNA 3’ processing assay

This assay was performed according to a previously described protocol [17]. Briefly, an 84-nt
human pre-tRNA*"8 R-11TUUU (5'-GGGCCAGUGGCGCAAUGGAUAACGCGUCUGACUAC
GGAUCAGAAGAUUCCAGGUUCGACUCCUGGCUGGCUCG|GUGUAAGCUUU-3'; the arrow
denotes the cleavage site by hTLA30) was synthesized with T7 RNA polymerase (Takara Bio)
from a corresponding synthetic DNA template and labeled with fluorescein at the 5" end. This
pre-tRNA sequence is originated from one of the human tRNA*"8 genes [22]. Next, 10 ug IMP-
1 was incubated with 10 pmol substrate and 10 mM MgCl,. TmRZ and hTLA30 were used as
positive controls. All reactions were incubated at 37°C for 60 min for IMP-1 and TmRZ and for
30 min for hTLA30. Following the completion of the reactions, the mixtures were treated as
described above and analyzed by electrophoresis on an 8 M urea/20% polyacrylamide large gel.

Kinetic analysis

To determine ke (rate constant) and Ky (dissociation constant) for the RNase activity of IMP-1
and TmRZ, single-turnover assays were performed, in which ks (apparent rate constant) was
measured at different enzyme concentrations [23]. usRNA9 and usRNA1 were used to determine
the constants for IMP-1 and TmRZ, respectively. IMP-1 at a final concentration of 4, 10, or 20 uM
was incubated with 0.5 M usRNA9 in the presence of 10 mM MgCl, at 37°C for 10-30 min.
TmRZ in a final concentration of 0.1, 0.15, 0.2, or 0.4 pM was incubated with 0.05 uM usRNA1 in
the presence of 10 mM MnCl, at 37°C for 3-9 min. The band of the single cleaved product was
quantified by the analysis tool of Gel Doc™ EZ Gel Documentation System, to calculate the con-
centration of the product in each condition. The ks was calculated from the following equation:

P=35,(1—etmt),

where P is the concentration of the cleaved product at time t, S is the initial concentration of the
used substrate, and ¢ is time (min). The ks value was plotted against the enzyme concentration,
and the graph was fitted with the following equation using Kaleida Graph (Synergy Software) to

obtain kg,em, and Ky:

kobs = kchem : EO/(EO + Kd)’

where E, is an enzyme concentration (uM).

Structural comparison between IMP-1 and TmRZ

The crystal structures of IMP-1 and TmRZ were compared using the Dali web server pairwise
comparison tool (http://ekhidna2.biocenter.helsinki.fi/dali/) [24]. The IMP-1 amino acid resi-
dues were designated according to the standard numbering scheme for MBLs [25, 26].

Results and discussion

Hydrolytic activity of IMP-1 against total human cell RNA and
unstructured RNAs

Structural similarity between IMP-1 and TmRZ led us to analyze the RNase activity of IMP-1.
First, we examined the hydrolysis activity of purified IMP-1 against total human cell RNA (S1
Figin S1 File). IMP-1 was observed to hydrolyze both 18S and 28S rRNAs into smaller RNAs.
TmRZ and some other tRNase Zs are known to cleave small unstructured RNAs (usRNAs)
in addition to pre-tRNA [27]. Therefore, we investigated the hydrolytic activity of IMP-1
against two 5'-6-carboxyfluorescein-labeled usRNAs: 24-nt usRNA1 and 22-nt usRNA9. IMP-
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1 was able to cleave both usRNAs, but it did not show any hydrolyzing activity toward
usDNA1 (Fig 1A). We performed further usRNA cleavage assays to specify which sites were
cleaved by TmRZ and IMP-1 (Fig 1B and 1C). Analysis of the digestion patterns revealed that
IMP-1 tended to cleave substrates after U or C nucleotides and preferentially between U/C
and A nucleotides (Fig 1D).

We investigated the optimal conditions for IMP-1-mediated usRNA cleavage by perform-
ing assays using varied enzyme concentrations, reaction times, reaction temperatures, and
Mg** or Mn** concentrations (Fig 2). Although RNA hydrolysis was observed under most of
the conditions tested, DNA hydrolysis was not detected at all, indicating that IMP-1 does not
have any DNase activity. The final yields of cleaved usRNAs were dependent upon the enzyme
concentration used (Fig 2A). The total yields of cleavage products were observed to increase in
a time-dependent manner (Fig 2B), and they also increased as the reaction temperature was
increased up to 50°C (Fig 2C). The RNA substrates were barely hydrolyzed at 80°C, and no
products were detected for usDNA1 (data not shown). This observation is consistent with the
known thermal stability of IMP-1. The IMP-1 B-lactamase activity was maintained even at
60°C, but it decreased gradually at temperatures above 60°C and was lost completely by a 30
min incubation of the enzyme at 80°C (unpublished data).

The effect of Mg”** was substrate-dependent (Fig 2D). IMP-1 was able to hydrolyze usRNA1
even in the absence of Mg**, and the quantities and sizes of the generated fragments were simi-
lar throughout a range of MgCl, concentrations (0-20 mM). However, the usRNA9 cleavage
pattern was different in the absence of Mg®* compared with when Mg>" was present. For the
both substrates, IMP-1 activity was inhibited in the presence of 50 mM Mg*".

The RNase activity of IMP-1 was also examined in the presence of a range of Mn** concen-
trations. For these particular assays, we omitted the phenol/chloroform treatment step to
remove enzymes from the reaction mixtures as the RNAs were not well recovered by this treat-
ment. It suggests that strong complexes are formed between the enzyme and its substrates in
the presence of Mn**. This presumption is supported by the fact that addition of Mn** to a
reaction mixture caused the input RNA to migrate more slowly on a gel, which was predomi-
nantly observed when usRNA9 was used as the substrate (Fig 2E). usRNA1 was cleaved in the
presence of 5 and 10 mM Mn**, and usRNA9 was cleaved in the presence of 5 mM Mn**, but
the IMP-1 activity was inhibited in the presence of higher concentration of Mn**. Mg** and
Mn?" jons have been reported to activate TmRZ over a concentration range of 0.02-10 mM
[20]. This report suggested that Mg** or Mn** could be coordinated near the catalytic center
to induce an active-enzyme/substrate conformation, and that the Zn** ions in the catalytic
center of TmRZ could be replaced with Mg>" or Mn®" upon substrate binding to establish
such a conformation. The RNase activity of IMP-1 was not detected in the presence of 50 uM
Zn**, which is the concentration used for the analysis of B-lactamase activity, indicating the
difference in metal ion requirement between of RNA and B-lactam hydrolysis. In this condi-
tion, no RNA was recovered by the phenol/chloroform extraction, as in the condition with
Mn** (data not shown). In a common reaction scheme for subclass B1 MBL, it is suggested
that two zinc ions are mandatory for the hydrolysis of B-lactams, while the scheme for tRNase
Z and the role of the metal ions are not completely understood (S2 Fig in S1 File) [2, 20, 28].
As for TmRZ, their roles may be such that endogenous Zn** ion(s) is essential for catalysis and
that supplemental Mg>" ions strengthen the enzyme/substrate interaction. Though the effects
of these metal ions were different between TmRZ and IMP-1, our results show that the metal
ions do affect the RNase activity of IMP-1 by changing the binding state between the enzyme
and the substrates. The B-lactamase activity of IMP-1 was not largely affected by addition of
50 uM Zn>", Mn** or Mg®*, and slightly increased by the addition of higher concentration (10
mM) of any metal ion (data not shown).
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Fig 1. Cleavage assay of unstructured RNA and DNA substrates. (A) Cleavage of usRNAs in the absence (-) and
presence of IMP-1. Each substrate (10 pmol) was incubated with 10 ug IMP-1 and 10 mM MgCl, at 37°C for 60 min
and then analyzed on a denaturing gel. Lane M: 30- and 20-nt markers and bromophenol blue (BPB) that migrates at
an approximate 8-nt position. In the reaction for the lane “blank”, the enzyme was replaced with the sample prepared
from the E. coli cells harboring the empty plasmid pET-28a. Determination of cleavage sites in (B) usRNA1I and (C)
usRNAY. In the TmRZ reaction, MnCl, (10 mM) was added instead of MgCl, (10 mM). The IMP-1 reaction was
performed for 60 min at 37°C, and the TmRZ reaction was carried out for 30 min at 50°C. (B) usRNA1 cleavage
products and (C) usRNA9 cleavage products are shown on denaturing gels. Lane L: ladder marker; lane I: input
substrate RNA. (D) Summary of the cleavage sites estimated from the cleavage product electrophoretic migration
patterns. The IMP-1 and TmRZ cleavage sites are shown above and below the nucleotide sequences, respectively.
Major cleavage sites are shown by arrows, and minor sites are indicated by arrowheads.

https://doi.org/10.1371/journal.pone.0241557.9001

Hydrolytic activity of IMP-1 against pre-tRNA*"8

We assessed the hydrolytic activity of IMP-1 against pre-tRNA”" (Fig 3). hTLA30 and TmRZ
were used as positive controls as hTLA30 is known to cleave this pre-tRNA after the G at nt 73
and TmRZ cleaves it after the U at nt 75 [17, 22]. IMP-1 was observed to cleave pre—tRNAArg
into two fragments, and the larger product was generated by its cleavage after the U at nt 77
(Fig 3). The smaller fragment migrated on a gel between the 30-nt and 40-nt markers, suggest-
ing that a cleavage occurred in the UA sequence in the anticodon-loop to generate a 33-nt frag-
ment (Fig 3B and 3C). This is consistent with our usRNA cleavage assay data that indicated
that IMP-1 cleaves substrate RNAs preferentially between U/C and A (Fig 2).

Kinetic analysis of the IMP-1 RNase activity

Steady state kinetic analysis of the IMP-1 RNase activity needs to quantitate the substrate/
product at low enzyme concentrations, which was difficult here due to the detection limit of
the assay method. As an alternative, we performed single-turnover assays and determined
kchem and Ky values (Table 1). Though the error of the IMP-1 k.., was large, the kcpen values
of IMP-1 and TmRZ were within the same order of magnitude, showing that these enzymes
catalyze the cleavage of the substrate molecules with comparable rate. On the other hand, the
K4 value of IMP-1 was > 200-fold higher than that of TmRZ, indicating that the affinity of
IMP-1 toward the substrate was much lower than that of TmRZ. However, we should note
that the substrate of IMP-1 was usRNA9 and that the substrate of TmRZ was usRNALI, for the
reason that each enzyme generated a single major cleavage product for the selected substrate.
This difference of substrate could be a cause of the observed difference in Ky values.

Structural comparison of IMP-1 and TmRZ

To further investigate differences between IMP-1 and TmRZ, we compared their structures.
The coordinate files for the crystal structures of IMP-1 (PDB ID:1DDK) [11] and TmRZ
(2E7Y, chain A) [19] contained data for 220 and 269 residues, respectively, and the RMSD
value between these two structures was 3.3 A for the Ca atoms of the 141 residues structurally
aligned by Dali program. The core of/Bo. domains of these enzymes can be superimposed,
though there are some mismatched secondary structure elements (Fig 4A). TmRZ also pos-
sesses a protruding flexible arm, which does not exist in IMP-1. Comparison of catalytic sites
of MBL superfamily enzymes indicates that the positions of metal ions are analogous, though
the position of metal ions corresponding to Zn2 of IMP-1 is a little diverse (Fig 4B). The posi-
tions and the orientations of the metal-coordinating residues are also reasonably conserved,
with some exceptions. In IMP-1 and TmRZ, most of the Zn>*-coordinating residues were in
MBL superfamily conserved regions, but His222 and His244 of TmRZ are located outside of
these regions (Fig 4C).
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Fig 2. IMP-1 RNA cleavage activities under various reaction conditions. In each panel, three gel images are shown
for usRNAI, usRNA9, and usDNAL (from left to right). The assays were performed to investigate the effects of (A)
enzyme concentration, (B) reaction time, (C) reaction temperature, (D) Mg2+ concentration, and (E) Mn**
concentration. Lane M: 30- and 20-nt markers and BPB that migrates at an approximate 8-nt position. Lane I: input
substrate RNA.

https://doi.org/10.1371/journal.pone.0241557.g002

Evolutionary aspects of the dual function of IMP-1

IMP-1 possessed a reasonably strong hydrolytic activity toward RNA substrates, revealing that
it has an additional catalytic function that had not been previously defined. Baier et al.
reported that several MBL-superfamily enzymes can possess multiple catalytic activities. These
include several non-native MBL reactions that have never been catalyzed by MBL-superfamily
enzymes [29]. PNGM-1, which was isolated from a functional metagenomic library from
deep-sea sediments from Edison Seamount, was recently reported to exhibit both B-lactamase
and endoribonuclease activities, even though the k., values of its B-lactamase activity were
10°-10*-fold lower than those of usual clinically identified MBLs [30]. It seems plausible that a
basic catalytic mechanism is conserved in the MBL-superfamily enzymes and that each
enzyme is customized for a certain substrate by a particular arrangement of the residues sur-
rounding the active site, the addition of extra loops or domains, and through a specific metal
ion-binding mode. We measured the B-lactamase activity of TmRZ with several substrates in
the presence of Zn>*, Mg**, or Mn", but no hydrolysis was detected (data not shown). This
implies narrower substrate specificity of TmRZ, and/or difference in the metal requirement
between MBL and TmRZ.

Our results suggest that IMP-1 produced by antibiotic-resistant bacteria will not only
hydrolyze B-lactams but may also cause unexpected pathological effects through its RNase
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Human pre-tRNAA® R-11TUUU

Fig 3. Cleavage of human pre-tRNA*8 by IMP-1, TmRZ, and hTLA30. A partly enlarged gel image (A) and the
whole gel image (B) are shown. All reactions were performed at 37°C for 60 min for TmRZ and IMP-1 and 30 min for
hTLA30. Lane I: input substrate R-11TUUU; lane M: size markers. In panel B, fragments produced by IMP-1 cleavage
are indicated with arrowheads. (C) Secondary structure of human pre-tRNA*" R-11TUUU. Arrows indicate the
enzyme cleavage sites.

https://doi.org/10.1371/journal.pone.0241557.g003
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TmRZ

IMP-1
TmRZ

IMP-1
TmRZ

IMP-1
TmRZ

Table 1. Kinetic parameters obtained from single-turnover assay.

Enzyme (Substrate) IMP-1 (usRNA9) TmRZ (usRNA1)
Kechem (sec™) 0.015 + 0.0005 0.0038 + 0.0015

Kq (M) 5.9x107° + 2.7x107° 2.1x1077 + 1.7x1077
Kehem/Kq (sec™M™) 2.5x10% + 1.5x10% 1.8x10% + 1.6x10*

https://doi.org/10.1371/journal.pone.0241557.t001

activity in patients suffering from a bacterial infection. We are currently investigating how the
RNase activity of IMP-1 affects bacterial cells and human cells physiologically and patholog-
ically. In addition, we are planning to conduct detailed investigations of the catalytic and struc-
tural properties of more MBL-superfamily members with a view to their future utilization as
de novo catalysts.
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Fig 4. Comparison of the tertiary structures of IMP-1 and TmRZ, and structure-based alignment. (A) Overall structures of IMP-1 (left) and TmRZ (right) in the
same orientation. (B) Comparison of metal-binding active sites of MBL superfamily enzymes: IMP-1 with Zn>" (violet), TmRZ with Zn** (blue), quinolone signal
response protein PqsE with Fe** (2QUL, cyan), rubredoxin oxygen:oxidoreductase with Fe,O (1E5D, orange), and FAD photoproduct diphosphatase with Mn** (6B9V,
green). Metal ions and an oxygen of Fe,O are shown as spheres. The amino acids involved in the coordination of Zn*" are labeled with and without parentheses to
indicate residues from TmRZ and IMP-1, respectively. (C) Alignment of primary structures based on a structural comparison using the Dali algorithm [24]. Secondary
structures are indicated by black arrows (B-strands) and white bars (o-helices). The five conserved segments of the MBL superfamily are boxed. Residues coordinated to
zinc ions are shown in white letters against a black background, with their residue numbers. In the figures A and C, the corresponding secondary structure elements are
colored in red (a-helix) and in blue (B-strand). The figures A and B were generated by The PyMOL Molecular Graphics System, Version 2.0 (Schrodinger, LLC).

https://doi.org/10.1371/journal.pone.0241557.g004

PLOS ONE | https://doi.org/10.1371/journal.pone.0241557  October 30, 2020 10/12


https://doi.org/10.1371/journal.pone.0241557.t001
https://doi.org/10.1371/journal.pone.0241557.g004
https://doi.org/10.1371/journal.pone.0241557

PLOS ONE

RNA-hydrolyzing activity of metallo-B-lactamase IMP-1

Supporting information

S1 File.
(DOCX)

Acknowledgments

We thank Arisa Haino for technical assistance.

Author Contributions

Conceptualization: Mineaki Seki, Masayuki Nashimoto, Akiko Shimizu-Ibuka.
Investigation: Yoshiki Kato, Masayuki Takahashi.

Supervision: Masayuki Nashimoto, Akiko Shimizu-Ibuka.

Validation: Yoshiki Kato, Masayuki Takahashi.

Writing - original draft: Yoshiki Kato, Akiko Shimizu-Ibuka.

Writing - review & editing: Masayuki Nashimoto, Akiko Shimizu-Ibuka.

References

1. Bebrone C. Metallo-B-lactamases (classification, activity, genetic organization, structure, zinc coordina-
tion) and their superfamily. Biochem Pharmacol. 2007; 74(12):1686—701. https://doi.org/10.1016/j.bcp.
2007.05.021 PMID: 17597585.

2. Palzkill T. Metallo-B-lactamase structure and function. Ann N 'Y Acad Sci. 2013; 1277:91-104. https://
doi.org/10.1111/j.1749-6632.2012.06796.x PMID: 23163348.

3. Hall BG, Salipante SJ, Barlow M. The metallo-B-lactamases fall into two distinct phylogenetic groups. J
Mol Evol. 2003; 57(3):249-54. https://doi.org/10.1007/s00239-003-2471-0 PMID: 14629034.

4. Garau G, Di Guilmi AM, Hall BG. Structure-based phylogeny of the metallo--lactamases. Antimicrob
Agents Chemother. 2005; 49(7):2778-84. https://doi.org/10.1128/AAC.49.7.2778-2784.2005 PMID:
15980349.

5. Walsh TR. Emerging carbapenemases: a global perspective. Int J Antimicrob Agents. 2010; 36 Suppl
3:S8-14. https://doi.org/10.1016/S0924-8579(10)70004-2 PMID: 21129630.

6. OsanoE, Arakawa Y, Wacharotayankun R, Ohta M, Horii T, Ito H, et al. Molecular characterization of
an enterobacterial metallo B-lactamase found in a clinical isolate of Serratia marcescens that shows imi-
penem resistance. Antimicrob Agents Chemother. 1994; 38(1):71-8. https://doi.org/10.1128/aac.38.1.
71 PMID: 8141584.

7. Bush K. Past and present perspectives on B-lactamases. Antimicrob Agents Chemother. 2018; 62(10).
https://doi.org/10.1128/AAC.01076-18 PMID: 30061284.

8. Patel G, Bonomo RA. "Stormy waters ahead": global emergence of carbapenemases. Front Microbiol.
2013; 4:48. https://doi.org/10.3389/fmicb.2013.00048 PMID: 23504089.

9. Cornaglia G, Giamarellou H, Rossolini GM. Metallo-B-lactamases: a last frontier for 3-lactams? Lancet
Infect Dis. 2011; 11(5):381-93. https:/doi.org/10.1016/S1473-3099(11)70056-1 PMID: 21530894

10. Laraki N, Franceschini N, Rossolini GM, Santucci P, Meunier C, de Pauw E, et al. Biochemical charac-
terization of the Pseudomonas aeruginosa 101/1477 metallo-B-lactamase IMP-1 produced by Escheri-
chia coli. Antimicrob Agents Chemother. 1999; 43(4):902—-6. https://doi.org/10.1128/AAC.43.4.902
PMID: 10103197.

11. Concha NO, Janson CA, Rowling P, Pearson S, Cheever CA, Clarke BP, et al. Crystal structure of the
IMP-1 metallo B-lactamase from Pseudomonas aeruginosa and its complex with a mercaptocarboxylate
inhibitor: binding determinants of a potent, broad-spectrum inhibitor. Biochemistry. 2000; 39(15):4288—
98. https://doi.org/10.1021/bi992569m PMID: 10757977.

12. Daiyasu H, Osaka K, Ishino Y, Toh H. Expansion of the zinc metallo-hydrolase family of the B-lacta-
mase fold. FEBS Lett. 2001; 503(1):1-6. https://doi.org/10.1016/s0014-5793(01)02686-2 PMID:
11513844.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241557  October 30, 2020 11/12


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0241557.s001
https://doi.org/10.1016/j.bcp.2007.05.021
https://doi.org/10.1016/j.bcp.2007.05.021
http://www.ncbi.nlm.nih.gov/pubmed/17597585
https://doi.org/10.1111/j.1749-6632.2012.06796.x
https://doi.org/10.1111/j.1749-6632.2012.06796.x
http://www.ncbi.nlm.nih.gov/pubmed/23163348
https://doi.org/10.1007/s00239-003-2471-0
http://www.ncbi.nlm.nih.gov/pubmed/14629034
https://doi.org/10.1128/AAC.49.7.2778-2784.2005
http://www.ncbi.nlm.nih.gov/pubmed/15980349
https://doi.org/10.1016/S0924-8579%2810%2970004-2
http://www.ncbi.nlm.nih.gov/pubmed/21129630
https://doi.org/10.1128/aac.38.1.71
https://doi.org/10.1128/aac.38.1.71
http://www.ncbi.nlm.nih.gov/pubmed/8141584
https://doi.org/10.1128/AAC.01076-18
http://www.ncbi.nlm.nih.gov/pubmed/30061284
https://doi.org/10.3389/fmicb.2013.00048
http://www.ncbi.nlm.nih.gov/pubmed/23504089
https://doi.org/10.1016/S1473-3099%2811%2970056-1
http://www.ncbi.nlm.nih.gov/pubmed/21530894
https://doi.org/10.1128/AAC.43.4.902
http://www.ncbi.nlm.nih.gov/pubmed/10103197
https://doi.org/10.1021/bi992569m
http://www.ncbi.nlm.nih.gov/pubmed/10757977
https://doi.org/10.1016/s0014-5793%2801%2902686-2
http://www.ncbi.nlm.nih.gov/pubmed/11513844
https://doi.org/10.1371/journal.pone.0241557

PLOS ONE

RNA-hydrolyzing activity of metallo-B-lactamase IMP-1

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

Neuwald AF, Liu JS, Lipman DJ, Lawrence CE. Extracting protein alignment models from the sequence
database. Nucleic Acids Res. 1997; 25(9):1665—77. https://doi.org/10.1093/nar/25.9.1665 PMID:
9108146.

Campos-Bermudez VA, Leite NR, Krog R, Costa-Filho AJ, Soncini FC, Oliva G, et al. Biochemical and
structural characterization of Salmonella typhimurium glyoxalase II: new insights into metal ion selectiv-
ity. Biochemistry. 2007; 46(39):11069-79. https://doi.org/10.1021/bi7007245 PMID: 17764159.

Beaudoin GAW, Li Q, Bruner SD, Hanson AD. An unusual diphosphatase from the PhnP family cleaves
reactive FAD photoproducts. Biochem J. 2018; 475(1):261-72. https://doi.org/10.1042/BCJ20170817
PMID: 29229761.

Hartmann RK, Gossringer M, Spath B, Fischer S, Marchfelder A. The making of tRNAs and more—
RNase P and tRNase Z. Prog Mol Biol Transl Sci. 2009; 85:319-68. https://doi.org/10.1016/S0079-
6603(08)00808-8 PMID: 19215776.

Minagawa A, Takaku H, Takagi M, Nashimoto M. A novel endonucleolytic mechanism to generate the
CCA 3’ termini of tRNA molecules in Thermotoga maritima. J Biol Chem. 2004; 279(15):15688-97.
https://doi.org/10.1074/jbc.M313951200 PMID: 14749326.

Ishii R, Minagawa A, Takaku H, Takagi M, Nashimoto M, Yokoyama S. Crystal structure of the tRNA 3’
processing endoribonuclease tRNase Z from Thermotoga maritima. J Biol Chem. 2005; 280
(14):14138-44. https://doi.org/10.1074/jbc.M500355200 PMID: 15701599,

Ishii R, Minagawa A, Takaku H, Takagi M, Nashimoto M, Yokoyama S. The structure of the flexible arm
of Thermotoga maritima tRNase Z differs from those of homologous enzymes. Acta Crystallogr Sect F
Struct Biol Cryst Commun. 2007; 63(Pt 8):637—41. https://doi.org/10.1107/S1744309107033623 PMID:
17671357.

Minagawa A, Takaku H, Ishii R, Takagi M, Yokoyama S, Nashimoto M. Identification by Mn®* rescue of
two residues essential for the proton transfer of tRNase Z catalysis. Nucleic Acids Res. 2006; 34
(13):3811-8. https://doi.org/10.1093/nar/gkl517 PMID: 16916792.

Elbarbary RA, Takaku H, Uchiumi N, Tamiya H, Abe M, Takahashi M, et al. Modulation of gene expres-
sion by human cytosolic tRNase Z(L) through 5’-half-tRNA. PLoS One. 2009; 4(6):5908. https://doi.
org/10.1371/journal.pone.0005908 PMID: 19526060.

Takaku H, Minagawa A, Takagi M, Nashimoto M. A candidate prostate cancer susceptibility gene
encodes tRNA 3’ processing endoribonuclease. Nucleic Acids Res. 2003; 31(9):2272-8. https://doi.org/
10.1093/nar/gkg337 PMID: 12711671.

Hou YM, Masuda I. Kinetic Analysis of tRNA Methyltransferases. Methods Enzymol. 2015; 560:91—
116. https://doi.org/10.1016/bs.mie.2015.04.012 PMID: 26253967.

Holm L, Laakso LM. Dali server update. Nucleic Acids Res. 2016; 44(W1):W351-5. https://doi.org/10.
1093/nar/gkw357 PMID: 27131377.

Garau G, Garcia-Saez |, Bebrone C, Anne C, Mercuri P, Galleni M, et al. Update of the standard num-
bering scheme for class B 3-lactamases. Antimicrob Agents Chemother. 2004; 48(7):2347-9. https://
doi.org/10.1128/AAC.48.7.2347-2349.2004 PMID: 15215079.

Galleni M, Lamotte-Brasseur J, Rossolini GM, Spencer J, Dideberg O, Frere JM, et al. Standard num-
bering scheme for class B B-lactamases. Antimicrob Agents Chemother. 2001; 45(3):660-3. https://doi.
org/10.1128/AAC.45.3.660-663.2001 PMID: 11181339.

Shibata HS, Minagawa A, Takaku H, Takagi M, Nashimoto M. Unstructured RNA is a substrate for
tRNase Z. Biochemistry. 2006; 45(17):5486—-92. https://doi.org/10.1021/bi051972s PMID: 16634630.

Li de la Sierra-Gallay |, Pellegrini O, Condon C. Structural basis for substrate binding, cleavage and allo-
stery in the tRNA maturase RNase Z. Nature. 2005; 433(7026):657—61. https://doi.org/10.1038/
nature03284 PMID: 15654328.

Baier F, Tokuriki N. Connectivity between catalytic landscapes of the metallo-B-lactamase superfamily.
J Mol Biol. 2014; 426(13):2442-56. https://doi.org/10.1016/j.jmb.2014.04.013 PMID: 24769192.

Lee JH, Takahashi M, Jeon JH, Kang LW, Seki M, Park KS, et al. Dual activity of PNGM-1 pinpoints the
evolutionary origin of subclass B3 metallo-B-lactamases: a molecular and evolutionary study. Emerg
Microbes Infect. 2019; 8(1):1688—-700. https://doi.org/10.1080/22221751.2019.1692638 PMID:
31749408.

PLOS ONE | https://doi.org/10.1371/journal.pone.0241557  October 30, 2020 12/12


https://doi.org/10.1093/nar/25.9.1665
http://www.ncbi.nlm.nih.gov/pubmed/9108146
https://doi.org/10.1021/bi7007245
http://www.ncbi.nlm.nih.gov/pubmed/17764159
https://doi.org/10.1042/BCJ20170817
http://www.ncbi.nlm.nih.gov/pubmed/29229761
https://doi.org/10.1016/S0079-6603%2808%2900808-8
https://doi.org/10.1016/S0079-6603%2808%2900808-8
http://www.ncbi.nlm.nih.gov/pubmed/19215776
https://doi.org/10.1074/jbc.M313951200
http://www.ncbi.nlm.nih.gov/pubmed/14749326
https://doi.org/10.1074/jbc.M500355200
http://www.ncbi.nlm.nih.gov/pubmed/15701599
https://doi.org/10.1107/S1744309107033623
http://www.ncbi.nlm.nih.gov/pubmed/17671357
https://doi.org/10.1093/nar/gkl517
http://www.ncbi.nlm.nih.gov/pubmed/16916792
https://doi.org/10.1371/journal.pone.0005908
https://doi.org/10.1371/journal.pone.0005908
http://www.ncbi.nlm.nih.gov/pubmed/19526060
https://doi.org/10.1093/nar/gkg337
https://doi.org/10.1093/nar/gkg337
http://www.ncbi.nlm.nih.gov/pubmed/12711671
https://doi.org/10.1016/bs.mie.2015.04.012
http://www.ncbi.nlm.nih.gov/pubmed/26253967
https://doi.org/10.1093/nar/gkw357
https://doi.org/10.1093/nar/gkw357
http://www.ncbi.nlm.nih.gov/pubmed/27131377
https://doi.org/10.1128/AAC.48.7.2347-2349.2004
https://doi.org/10.1128/AAC.48.7.2347-2349.2004
http://www.ncbi.nlm.nih.gov/pubmed/15215079
https://doi.org/10.1128/AAC.45.3.660-663.2001
https://doi.org/10.1128/AAC.45.3.660-663.2001
http://www.ncbi.nlm.nih.gov/pubmed/11181339
https://doi.org/10.1021/bi051972s
http://www.ncbi.nlm.nih.gov/pubmed/16634630
https://doi.org/10.1038/nature03284
https://doi.org/10.1038/nature03284
http://www.ncbi.nlm.nih.gov/pubmed/15654328
https://doi.org/10.1016/j.jmb.2014.04.013
http://www.ncbi.nlm.nih.gov/pubmed/24769192
https://doi.org/10.1080/22221751.2019.1692638
http://www.ncbi.nlm.nih.gov/pubmed/31749408
https://doi.org/10.1371/journal.pone.0241557

