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Terrestrial organisms have systems to escape from desiccation stresses. For
example, tardigrades (also known as water bears) can survive severe dried
and other extreme environments by anhydrobiosis. Although their extraor-
dinary ability has enchanted people, little is known about the detailed
molecular mechanisms of anhydrobiosis. Here, we focused on the tardi-
grade Ramazzottius varieornatus, one of the toughest animals on Earth. A
transcriptome database of R. varieornatus shows that genes encoding a
Ferritin-like protein are upregulated during desiccation or ultraviolet radia-
tion. This protein shows sequence similarity to enigmatic proteins in
desiccation-tolerant bacteria and plants, which are hypothesized to be
desiccation-related. However, because these proteins lack detailed biologi-
cal information, their functions are relatively unknown. We determined an
atomic (1.05 A) resolution crystal structure of a Ferritin-like protein from
R. varieornatus. The structure revealed a dinuclear metal binding site, and
we showed that this Ferritin-like protein has phosphatase activity toward
several metabolite compounds including unusual nucleotide phosphates
produced by oxidative or radiation damage. We also found that a homolo-
gous protein from a desiccation- and ultraviolet-tolerant bacterium Deino-
coccus radiodurans is a metabolite phosphatase. Our results indicate that
through cleaning up damaged metabolites or regulation of metabolite
levels, this phosphatase family can contribute to stress tolerances. This
study provides a clue to one of the universal molecular bases of
desiccation-stress tolerance.

Introduction

Desiccation is an environmental stress to which terres-
trial organisms are constantly subjected. Severe desic-
cation leads to loss of cytoplasmic water,
destabilization of biological compounds, and suspen-
sion of metabolic activity, resulting in cell death in the
worst case. During the evolution by which living sys-
tems expanded their habitats from the water to the
land, they had to cope with severe water shortages

Abbreviations

caused by drought, high temperatures, and salinity [1].
Thus, terrestrial organisms have the systems to escape
from the intense desiccation stress through regulation
of genes and morphological changes of living
tissues [2,3].

While many unicellular organisms such as bacteria
can endure dried conditions, complex multicellular
organisms are usually more vulnerable to desiccation.

BLAST, the basic local alignment search tool; CL, crossover linker; dNTP, deoxynucleotide triphosphate; ER, endoplasmic reticulum; FeMP,
ferritin-like metabolite phosphatase; GFP, green fluorescent protein; HGT, horizontal gene transfer; IgG, immunoglobulin G; MBP,
maltose-binding protein; pNPP, p-nitrophenyl phosphate; RMSD, root mean square deviation; RNR, ribonucleotide reductase; Rv,
Ramazzottius varieornatus; Tar-fer, tardigrade Ferritin-like protein; UV-C, ultraviolet C.
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However, some multicellular organisms such as nema-
todes, rotifers, and insects show high resistance to des-
iccation [4,5]. One of the most desiccation-tolerant
organisms in the animal kingdom is the terrestrial tar-
digrade (also called water bears) [6,7]. Tardigrades are
microscopic invertebrates that inhabit water and ter-
restrial environments throughout the world [8]. Some
tardigrades enter the state called anhydrobiosis and
acquire desiccation tolerance [9]. To prepare anhydro-
biosis, tardigrades shrink their bodies and undergo the
morphological change to the “tun” state [10], suspend-
ing physiological processes and metabolic activities as
if they are dead. Once desiccated tardigrades are rehy-
drated, they soon revert to the active state. In the
anhydrobiotic state, tardigrades can survive not only
desiccation but also other extreme environments such
as low-temperature [11], high-temperature [12],
high-pressure [13], and radiation environments [14,15].
These abilities are extraordinary among metazoans
because tardigrades even have complex components
including brain and nervous systems [16], which are
easily damaged by severe environmental stresses. The
understanding of their biological systems to survive
extreme environments will serve a foundation of strate-
gies for protecting organs, cells, and biomolecules as
well as a partial answer to “what is life?”

Recently, biochemical and bioinformatic studies
have revealed some clues about the extreme environ-
mental tolerance of tardigrades. The transcriptome
analyses from Ramazzottius varieornatus, one of the
toughest tardigrades, and another anhydrobiotic tar-
digrade Hypsibius exemplaris revealed that expression
of various genes fluctuate between active and anhy-
drobiotic states [17,18], suggesting that many proteins
are involved in protecting cells from dried environ-
ments. In fact, recent molecular analyses of R. var-
ieornatus demonstrated the importance of tardigrade-
specific heat-soluble protein families, such as secre-
tory abundant heat-soluble (SAHS) proteins [19],
cytoplasmic abundant heat-soluble (CAHS) proteins
[19,20], mitochondrial abundant heat-soluble (MAHS)
proteins [21], and damage suppressor (Dsup) protein
[18,22]. These proteins are conserved among Eutardi-
grada but not found in Heterotardigrada [23,24].
Therefore, more ubiquitous molecules found across
anhydrobiotic tardigrades have to be explored. More
recently, a tardigrade-specific protein family con-
served both in Eutardigrada and Heterotardigrada
have been identified. This protein family is proposed
to function as a manganese peroxidase [25] or a
calcium-binding protein [26], but its cellular function
is still unknown.
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Other possible key factor involved in tardigrade
anhydrobiosis is horizontal gene transfer (HGT) from
other organisms although functions of HGT genes in
tardigrade genomes have been controversial. A previ-
ous study claims that the genome of H. exemplaris
contains more horizontally transferred genes compared
to most animals and the elevated level of HGT may
assist the anhydrobiotic ability [27]. Other independent
studies object to this view, showing that H. exemplaris
as well as R. varieornatus does not show elevated levels
of HGT and foreign genes accounts for only 1-2% of
whole genes [17.18]; however, some HGT products
such as bacteria-derived catalases are conserved in tar-
digrades and appear to be related to stress tolerances
[17,18,23].

In this study, we focused on structural genes of
R. varieornatus, RvY_06210 and RvY_17634 (45.9%
sequence identity to each other), which are annotated
as products of HGT. Because they code Ferritin-like
proteins, we henceforward call them tardigrade
Ferritin-like proteins (Tar-fers). A previous transcrip-
tome data displays that the expression level of
RvY_06210 increased in the anhydrobiotic state com-
pared to that in the active state [18]. Another tran-
scriptome data shows that RvY_17634 is upregulated
when R. varieornatus is exposed to ultraviolet C (UV-
C) [25]. Tar-fers are found not only in anhydrobiotic
Eutardigrada such as R. varieornatus and H. exem-
plaris but also in anhydrobiotic Heterotardigrada such
as Echiniscus testudo [25], suggesting that they contrib-
ute to extreme environmental tolerances in several tar-
digrade lineages. However, because they have not been
biochemically characterized so far, their functions are
totally unknown. Here, we explored the structure and
function of Tar-fers by X-ray crystallography
and enzymatic assays. As demonstrated below,
Tar-fers have an activity of metabolite phosphatase, so
we hereafter call the RvY_06210 and RvY_17634
products RvFeMP-1 and RvFeMP-2 (R. varieornatus
Ferritin-like metabolite phosphatase 1 and 2),
respectively.

Results

Amino acid sequences of Tar-fers and related
proteins

Tar-fers are predicted to be composed of a
Ferritin-like domain and an immunoglobulin G
(IgG)-like domain (Fig. 1A). The Ferritin-like domain
has a four-helix bundle with a left-handed twist and
contains a dinuclear metal-binding site. The IgG-like
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domain is composed of two-layer antiparallel B-sheets,
forming p-barrel or sandwich structure. A default
BLAST search using various Ferritin-like proteins
revealed that the Ferritin-like domain of Tar-fers
showed low sequence similarity to canonical
Ferritin-like proteins such as ferritins [28], manganese
catalases [29], and ribonucleotide reductases (RNRs)
[30]. This result implies that Tar-fers are phylogeneti-
cally classified into the subfamily different from
well-characterized Ferritin-like proteins (Fig. 1B).

We then performed the BLAST search for other
Ferritin-like proteins, sequences of which show similar-
ity to Tar-fers. We found that homologous proteins
(hereinafter called Tar-fer related proteins) are distrib-
uted in a wide range of organisms including animals,
fungi, plants, and bacteria (Fig. 1B,C). These unchar-
acterized proteins have been classified as a protein
family named PFAM domain PF13668 or Ferritin_2
in the Pfam database.

It is noteworthy that some Tar-fer-related proteins
are found in organisms displaying extraordinary stress
tolerances (Fig. 1C red). An example is PCC13-62, a
protein product of a desiccation-related gene, pcC13-
62. It was first discovered from a resurrection plant
Craterostigma plantagineum, which is one of the most
desiccation-tolerant species in the plant kingdom [31].
The protein CpPCC13-62 (UniProt entry ID: P22242)
contains an N-terminal secretory signal peptide region
like Tar-fers but lacks an IgG-like domain. Therefore,
we classified it as a clade 2 Tar-fer-related protein
(Fig. 1A,B). Although CpPCC13-62 has yet to be char-
acterized at a molecular level, there are several reports
that imply a relationship between the protein and des-
iccation tolerance: transcripts of pcC13-62 accumulate
at high level in desiccation-tolerant plants [32], and its
expression is induced by desiccation, abscisic acid, and
salt stress [33].

DRBO0118 (UniProt entry ID: QI9RZKS) from Dei-
nococcus radiodurans R1, a bacterium with phenome-
nal tolerance against desiccation and UV radiation
[34], is also a homologous protein of Tar-fers. The
domain composition of DRBO0118 is the same as
CpPCC13-62 (Fig. 1A). In fact, DRBO118 was first
reported as a Ferritin-like protein similar to
CpPCC13-62 [35]. Gene inactivation of DRBO0118
reduces the survival rate of the bacterium under desic-
cation [36], indicating that it plays an important role
in desiccation tolerance.

Tar-fers also have amino acid sequence similarity to
a product of rds! (named for “regulated by different
signals”), a stress-related gene in fungi. It was initially
characterized as an adenine-repressible gene in
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Schizosaccharomyces pombe and its expression level
changes under glucose, ammonium, and phosphate
starvation [34,37]. However, molecular functions of the
protein product Rdsl (UniProt entry ID: P53693) are
still unknown.

Previous studies mentioned above implies that Tar-
fer-related proteins have a relationship to various
stress tolerances. However, because the family
PF13668 is one of the Pfam entries with no experimen-
tally determined structure and little biological informa-
tion, their functions are unknown.

Expression of RvFeMP-1 in eukaryotic cells

Subcellular localization of RvFeMP-1 was investigated
by RvFeMP-1 fused with green fluorescent protein
(GFP) and expressed in HEK293T cells. RvFeMP-1
and other Tar-fer-related proteins have the N-terminal
secretory signal peptide sequence, indicating that they
are secretory proteins. However, an earlier study
reported that Rdsl of S. pombe (SpRdsl) localizes in
the endoplasmic reticulum (ER) [38]. Our cellular exper-
iments also showed that RvFeMP-1-GFP was mainly
distributed in cytoplasm (Fig. 1D) and RvFeMP-1 was
not a secretory protein. At first, we hypothesized that
RvFeMP-1 would localize in the ER as well as SpRds].
However, the ER marker (Bip/Grp78) and GFP signals
of RvFeMP-1-GFP did not completely coincide
(Fig. S1). Since several strong GFP signals were
observed in drop-like structures, RvFeMP-1 may local-
ize in certain cellular organelles or compartments. Our
cellular experiments imply that RvFeMP-1 contributes
to the interaction with intracellular molecules.

Overall structure of RvFelVIP-1

We performed X-ray crystallographic analysis of
recombinant RvFeMP-1 produced in Escherichia coli.
The crystal structure of RvFeMP-1 was determined at
1.05 A resolution (Fig. 2A.B, Table 1). The asymmet-
ric unit contained two RvFeMP-1 molecules with a Ca
root mean square deviation (RMSD) value of 0.15 A,
suggesting that each molecule has almost identical con-
formations. The Ferritin-like domain has a helix bun-
dle composed of four o-helices (al-04) and a
crossover linker (CL) between o2 and o3, which are
common features for the typical Ferritin-like super-
family [39]. RvFeMP-1 also has a short helix (a5) at
the end of the Ferritin-like domain, which is similar to
Ferritin and bacterioferritin that have a short helix at
the C-terminal region. The helix o5 is connected to o4
through a linker (Linker 1). The carbonyl oxygen atom
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of Prol81 on Linker 1 directly forms a hydrogen bond The IgG-like domain of RvFeMP-1 follows a linker
with a metal ligand (His93) of the neighboring mole- region after o5 (Linker 2). Linker 2 interacts with CL and
cule (Fig. S2).

(A)

Clade1

Clade2

(©

Ral

(D)

a5 through several hydrogen bonds and a disulfide bond

(B)
RvFeMP-1 N —{ Signal peptide J{_Ferritin-like J-{ IgG-like }- C -
<
RvFeMP-2 N —[ Signal peptide]—[ Ferritin-like H 1gG-like ]— C /&% —‘é . — .
% © Typical Ferritin-like proteins
v = Cladet

SpRds1

CpPCC13-62 N —[ Signal peptideH Ferritin-like ]— C
N —{ Signal peptide }H_Ferritin-like }————— C

DRB0118

GFP

N —{ Signal peptide |- Ferritin-like - IgG-like }- C

Bacterioferritin

Rds1 pe,f/?/};

e %
oS
, £ g & .
: 5 o3 Tar-fer related proteins
2 & |Clade2
g &L
E
i)
3
o
5
& %
o £ o2
4 .!5 § g -’%& o%%,j %’b‘%'e
§ 5 T = % n,
& g 2 % %, “
& 8 3 2 @, s,
§ £ 5 3 k3 y
s 2 2 % . .
£ 5 I % “p [] Animalia
< 2 ) G .
s £ [] Bacteria
2
& ] Plantae
] Fungi
TRITC-lectin DAPI Merge

i,

The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of
Federation of European Biochemical Societies.

85U80|7 SUOWLLIOD 3AIea.D 8|qedl|dde ays Aq peusenob a1e sapoie YO ‘@SN JO S9N o A%eiqi8UlIUO /8|1 UO (SUORIPUOD-pUe-SWRI W0 A3 1M ARe1q 1 BU1|UO//:SANY) SUORIPUOD PUe Swie 18U 88S *[1202/0T/22] uo ArigiTauluo A8|IM @esO JO AIseAIuN 8y L Aq 9622 T SGR)/TTTT OT/I0P/W00" A3 1M ARelq 1 eulUO'STR)//SANY WOI) papeo|umod ‘0 ‘859rZy.T


https://febs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Ffebs.17296&mode=

S. Kato et al. Metabolite phosphatase from tardigrades

Fig. 1. Ferritin-like proteins widely conserved among various kingdoms of life. (A) Schematic view of domain configurations of Tar-fers and
representative Tar-fer related proteins. They are divided into two clades depending on whether they have an IgG-like domain or not. (B) Tar-
fers and related proteins are distinct from typical and well-characterized Ferritin family proteins. The sequence similarities of Ferritin-like
domains between RvFeMP-1 and Tar-fer related proteins are 17.6%, 19.6%, and 23.4% for CpPCC13-62, DRB0118 and SpRds1,
respectively. On the other hand, the sequence similarities between RvFeMP-1 and known Ferritin-like proteins are 12.7%, 13.4%, and
14.8% for human mitochondrial Ferritin, bacterioferritin from Escherichia coli and manganese catalase from Lactobacillus plantarum,
respectively. Phylogenetic classification was performed by using Ferritin-like domains. Representative genes in each clade are labeled. (C)
Phylogenetic tree of various Tar-fer related proteins generated by the maximum-likelihood method using Mecal1. Names of organisms that
are reported to have extreme environmental tolerances are depicted by red. The amino acid sequences used in this phylogenetic analysis
are shown in Supporting Information. (D) Expression of GFP-fusion RvFeMP-1 in HEK293T cells. Each cell was co-stained by TRITC-lectin
(cell membrane) and DAPI (nucleus) after 48 h of transfection. The experiment was repeated twice with similar results. The scale bar

indicates 25 um.

between Cys112 and Cys202 (Fig. 2C, Fig. S2). The IgG-
like domain is composed of seven-antiparallel B-strands
(BA to BG) to form a B-sandwich structure. There are four
cysteine residues in the IgG-like domain, which form
intradomain disulfide bonds (Fig. 2C). These disulfide
bonds stabilize the structure and organize domain
arrangement. There are almost no direct interactions
between the Ferritin-like domain and the IgG-like
domain. Functions of immunoglobulin superfamily are
diverse and they are often involved in cell interactions and
immune systems as recognition units for proteins and
small molecules [40]. The function of the IgG-like domain
of Tar-fers is currently unknown, but it may contribute to
binding to other proteins or recognition of ligands.

The structural topology of Ferritin-like folds is
diverse, including a simple fold composed of four heli-
ces and a complicated fold composed of more than 10
helices [39]. RvY_06210 has the simplest topology,
consisting only of the four-helix bundle, similar to
Ferritins and bacterioferritins. Typical Ferritin-like
proteins form a dimetric structure that often builds up
a larger complex such as 12-meric and 24-meric spheri-
cal structures, while others, such as RNRs, fatty acid
desaturases, and rubrerythrins do not form the spheri-
cal structure [39]. Two RvFeMP-1 molecules in the
asymmetric unit forms a dimer. The dimer interface of
the well-characterized Ferritin-like proteins is com-
posed of al and o2 (Fig. 3A) [39]. In contrast, proto-
mers of the RvFeMP-1 dimer interacts with each other
via o4 (Fig. 3B); that is, RvFeMP-1 forms the dimer
with a topology distinct from those of known Ferritin-
like proteins. Using a purified sample of DRB0118, we
tested if clade 2 Tar-fer related proteins also form a
dimer. The result of high resolution clear native PAGE
revealed that it mainly forms a dimetric structure in
solution (Fig. S3). We predicted dimerization struc-
tures of clade 2 Tar-fer related proteins, CpPCC13-62
and DRBO0118, with AlphaFold 2. Their dimerization
geometry is the same as that of RvFeMP-1 (Fig. 3C,

D), which further support that they are classified as
Tar-fer-related proteins.

Metal-binding site

The structure of RvFeMP-1 shows a cavity that leads
from the molecular surface to the center of the a-helix
bundle (Fig. 4A). There is a dinuclear metal center
(M1 and M2 in Fig. 4B) at the bottom of the cavity.
Anomalous scattering data confirmed the presence of
one zinc ion (Zn>") at the M1 site (Fig. 4C, Fig. S4A,
Table S1). Because the other metal site (M2) did not
show an anomalous peak, we modeled it as a light
metal ion. The atomic resolution structure enabled us
to know precise coordination distances between the
amino acid ligands and the light metal ion (2.0 and
2.1 A to Glu90 and Glul32, respectively), which corre-
sponds to the typical coordination distance of Mg>*
[41]. Zn*" ion (M1) is coordinated by Glu51, Glu90,
His93, and Aspl62, which are residues highly con-
served among the metal binding sites of the Ferritin-
like superfamily [42]. Mg®" ion (M2) is stabilized by
coordination of Glu90, Glul32, Aspl35, Aspl62, and
a water molecule. All four helices of the Ferritin-like
domain are involved in coordination to metal ions.
The majority of the Ferritin-like superfamily have a
homo-dinuclear heavy metal binding site and only
a few, such as RNRs, have a hetero-dinuclear one [30].
Our crystal structure of RvFeMP-1 shows a Zn-Mg
hetero-dinuclear metal-binding site, unlike common
Ferritin-like proteins. It could be an artifact due to
replacement of Zn*" at the M2 site with Mg?" con-
tained in the crystallization solution. In fact, anoma-
lous scattering data from a crystal obtained in a
different crystallization condition shows the presence
of two Zn>" ion at the metal center (Fig. S4B, Table I,
Table S1); however, the anomalous peak of the M2
site is about three times weaker than that of M1. Even
though, we produce RvFeMP-1 in a zinc-rich medium,
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C ter. [
Linker 2 N ter.

241-267
7 “es
112-202 t
230-299

Fig. 2. Overall crystal structure of RvFeMP-1. (A) Overall structure of RvFeMP-1 (left). Secondary a-helices, B-strands, and loops are colored
in purple, pink and gray, respectively. Domain architecture of RvFeMP-1 (right). Ferritin-like and IgG-like domains consist of four a-helices
(purple) and seven B-strands (pink). (B) Overall structure of RvFeMP-1. Each protomer is colored differently (yellow, pink) and shown by
cartoon representation. Metal ions in the M1 and M2 sites are shown by cyan and wheat spheres, respectively. (C) Disulfide bonds in
RvFeMP-1. A monomer of RvFeMP-1 is shown by cartoon representation. Three disulfide bonds (Cys112-Cys202 [interdomain], Cys230-
Cys299, and Cys241-Cys267 [intradomain]) are shown by black sticks. 2mF,—DF. maps at 1.0 o are shown by blue meshes.

the resulting sample contains Zn>" at the M1 site but
the M2 site shows low or negligible occupancy of Zn>"
(Fig. S4C, Table S1). These observations indicate that
the M2 site is occupied by or easily replaced with
other metal ions such as Mg®". The crystal structure of
known Ferritin-like proteins, such as Ferritin from
Pyrococcus furiosus (PfFtn), revealed that the occu-
pancy of the M2 site is < 70%, unlike the M1 site [43].
Therefore, that a metal ion at the M2 site in RvFeMP-
1 is easily desorbed and replaced is attributed to the
common feature of Ferritin-like proteins: lability of
the M2 site. Our crystallographic experiments did not
determine the true active metal state of RvFeMP-1.

We have also obtained the apo RvFeMP-1 structure
from another crystal condition (Fig. S5, Table 1).
Because the preparation condition of this crystal was
acidic (pH 4.0), protonated amino acids around the
active site would expel metal ions. By the superimposi-
tion between apo RvFeMP-1 and Zn-Mg RvFeMP-1
(Fig. S5), we found that only Aspl135 at the M2 site is
a flexible residue which changes the orientation by
metal binding, while the other residues remain almost
unchanged. In bacterioferritin, the coordinating histi-
dine residue at the M2 site, which is highly conserved
among bacterioferritins, can assume different confor-
mations [44]. This conformational change of the
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Table 1. Data collection and refinement. Statistics for the highest-resolution shell are shown in parentheses.

RvFeMP-1 Zn/Mg RvFeMP-1 Zn/Zn RvFeMP-1 apo

Crystallization condition B A C
Data collection

Diffraction source SPring-8 BL44XU

Wavelength (A) 0.9

Space group c2 P242424 P2,

a b, c(A) 89.36, 64.02, 45.99 60.96, 82.16, 145.07 61.27, 80.81, 105.55

a, B,y (°) 90.0, 109.54, 90.0 90.0, 90.0, 90.0 90.0, 91.26, 90.0

Resolution (A)
Total reflections
Unique reflections

37.00-1.05 (1.07-1.05)
371 381
108 442 (5112)

Completeness (%) 95.8 (91.7)
Redundancy 3.4 (3.6)

/o (1) 14.9 (1.8)
CCypz 0.998 (0.760)
Rmerge (@ll I+ and 1-) 0.039 (0.576)
Reas (all I+ and |-) 0.046 (0.676)
Roim (all I+ and |-) 0.025 (0.352)

Refinement
Resolution (A)
No. of reflections, working set
No. of reflections, test set

37.02-1.05 (1.09-1.05)
108 436 (10 411)
5426 (514)

48.96-1.45 (1.47-1.45)
866 575

129 382 (6276)

99.8 (99.1)

6.7 (6.7)

16.1 (1.4)

0.999 (0.586)

0.059 (1.320)

0.064 (1.431)

0.025 (0.545)

40.58-1.45 (1.50-1.45)
129 284 (12 695)

44.60-1.70 (1.73-1.70)
319 041

104 042 (5561)

97.3 (62.1)

3.1 (2.9

9.1@3.2)

0.973 (0.621)

0.100 (0.684)

0.122 (0.843)

0.068 (0.486)

40.40-1.70 (1.76-1.70)
101 797 (11 243)

Ruwork! Riree (%) 12.86/15.45 (26.62/26.75)

RMSD bond length (A) 0.006
RMSD bond angle (°) 0.89
Average B-factor (A?)
Overall 19.3
Protein 17.7
Metal 8.19
Water 27.6
Ramachandran plot (%)
Favored 97.74
Allowed 2.26
Outliers 0.00
PDB code ID 8KCE

6473 (645) 4990 (566)
16.78/19.22 (29.87/30.74) 18.42/22.76 (21.22/28.16)
0.006 0.007
0.85 0.86

24.6 19.7

222 18.7

31.3 -

35.1 26.7
98.73 98.15
1.27 1.85

0.00 0.00
8WAI 8W9IK

histidine ligand is proposed to be involved in Fe access
to the ferroxidase center [45]. The conformational
change of Aspl35 may have a similar metal-guiding
role in RvFeMP-1.

Structure comparison with other Ferritin-like
proteins

The structure of RvFeMP-1 was superimposed with
structures of DRBO0118, CpPCC13-62, and SpRdsl
predicted by AlphaFold2 [46] (Fig. SA-C). Although
overall amino acid sequence similarities between
RvFeMP-1 and other Tar-fer-related proteins are not
so high (23.8%, 19.5%, and 20.1% for DRBO118,
CpPCC13-62, and SpRdsl, respectively), residues of
the M1 site (Glu51, GIu90, and His93 in RvFeMP-1)
are conserved among Tar-fer related proteins

(Fig. 5D). Contrary to the M1 site, residues at the M2
site varies among Tar-fer-related proteins. While resi-
dues at Aspl62 and Glu51 of RvFeMP-1 are Asp or
Glu in other Tar-fer-related proteins, Asp135 on a3 in
RvFeMP-1 is replaced with Glyl94 in DRBOI118,
Glyl65 in CpPCC13-62, and Serl170 in SpRdsl. This
lack of the ligand may be compensated by Glu76 in
DRBO0118, Glu53 in CpPCCl13-62, and Glu92 in
SpRdsl located on al. Glul32 in RvFeMP-1 is con-
served in DRBO0118 (Glul91), but it is replaced by
Prol62 in CpPCCl13-62 and Thrl67 in SpRdsl.
Because the side chain of GInl195 in CpPCC13-62 and
GIn200 in SpRdsl could be located < 3.5 A from the
M2 atom, they may still coordinate the metal ion
(Fig. 5B,C). In summary, structural comparison shows
similarity of the metal center between Tar-fer-related
proteins.
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Fig. 3. The difference of dimerization geometries. Cartoon representation for overall dimer structures of human mitochondrial ferritin (A)
(PDB ID: 1R03), RvFeMP-1 (B), CoPCC13-62 (C) and DRB0118 (D). The model structures of CoPCC13-62 and DRB0118 were predicted by
coLABroLD. The arrangement of a-helices is shown in the cylinder diagram (right).

Phosphatase activity

We predicted that RvFeMP-1 is an enzyme because it
has the cavity that is wide enough to accommodate a
small compound (Fig. 4A). Because some hydrolases
are known to use the dinuclear metal site containing
Zn>" andjor Mg®" [47], we expected that Tar-fers

would have a similar activity. When we examined an
activity using an artificial substrate p-nitrophenyl
phosphate (pNPP), RvFeMP-1 showed a dephosphory-
lation activity (Fig. 6A).

To find more reactive substrates, we performed sub-
strate  screening for RvFeMP-1 wusing various
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Fig. 4. Metal-binding site of RvFeMP-1.

©

A) Cavity of RvFeMP-1 toward the metal binding site. Metal ions in the M1 and M2 sites are

shown by cyan and wheat spheres, respectlvely. The inset shows a close-up view. Coordination and hydrogen bonds are shown by gray
and blue dashed lines, respectively. A water molecule is represented by a small red sphere. (B) Close-up view for the metal binding site of
RvFeMP-1. (C) Anomalous scattering signals from the Zn-Mg RvFeMP-1 data. Anomalous peaks are shown as gray meshes contoured at 10

o. The wavelength of X-ray to collect this data was 1.28 A

phosphorylated compounds. RvFeMP-1 had higher
activity toward several compounds than pNPP, in
which sugar phosphates (Fig. 6B) and nucleotides
(Fig. 6C) are included. Among sugar phosphates
tested, glucose-6-phosphate (G6P) and glucose-1-
phosphate (G1P) with a six-membered ring structure
are the best substrates for RvFeMP-1. On the other
hand, RvFeMP-1 had lower activity toward a linear
sugar phosphate erythrose 4-phosphate (Eryth-4P) as
well as phosphocholine (P-cho). The presence of a
metal chelating reagent ethylenediaminetetraacetic acid
(EDTA) decreases the activity of RvFeMP-1, confirm-
ing that this enzyme is metal dependent (Fig. 7A). The
maximum activity was observed at pH 8 and
the enzyme shows very low activity under acidic condi-
tions (Fig. 7B), which is consistent with the empty
metal-binding site observed in the crystal structure at
pH 4.0.

The assay of metal dependence was performed by
using the EDTA-treated metal-free sample and revealed
that phosphatase activity of RvFeMP-1 with Ni** and
Co®" was 5-8 times higher than with Zn>" (Fig. 7C);

however, the activity of the EDTA-treated sample with
Zn*" was more than two orders of magnitude less active
compared to that of the sample before EDTA treat-
ment. This result implies that in vitro reconstruction of
the metal center of RvFeMP-1 is difficult. As the result,
we could not determine the true physiological composi-
tion of the metal site although Ni** and Co*" may play
an important role as physiological metal ions. Besides,
introducing mutations at the metal center (D135A or
DI135N) abolished the phosphatase activity (Fig. 7D),
showing that the metal site is the catalytic center and
that Aspl35 is necessary for the dephosphorylation
reaction of RvFeMP-1.

RvFeMP-1 catalyzes dephosphorylation of a wide range
of nucleotides regardless of differences in base structures
or the number of phosphates (Fig. 6C). It is noteworthy
that RvFeMP-1 can dephosphorylate several nucleotide
phosphates with bases produced by oxidative or radiation
damages (8-0x0-2'-deoxyguanosine 5'-triphosphate [8-0xo-
dGTP], N6-Methyl-2'-deoxyadenosine-5'-triphosphate
[N6-methyl-d ATP], and 2-Hydroxy-2'-deoxyadenosine-5'-
triphosphate [2-OH-dATP)).
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Fig. 5. Structural comparison between RvFeMP-1 and its analogous proteins. The overall structures of (A) DRB0118 (cyan), (B) CoPCC13-62
(gray), and (C) SpRds1 (deep olive) were shown by cartoon in left. The superimpositions of metal sites of RvFeMP-1 (yellow) and each
protein were shown by sticks in the middle and right. (D) Sequence alignment of RvFeMP-1 along with its analogous proteins by cLusTAL
omecA. Wheat circles: residues which coordinate to M1. Cyan circles: Residues which coordinate to M2. \Wheat/cyan circles: residues which
coordinate to both M1 and M2. RvFeMP-1 (UniProt entry ID: AOATD1V463), RvFeMP-2 (UniProt entry ID: AOATD1W2V1), Bv898_17377
(UniProt entry ID: AOA9XBNEZ0): Tar-fer of Hypsibius exemplaris, SpRds1 (UniProt entry ID: P53693): Rds1 of Schizosaccharomyces
pombe, CpPCC13-62 (UniProt entry ID: P22242): PCC13-62 in Craterostigma plantagineum. DRB0118 (UniProt entry ID: Q9RZKS).
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Fig. 6. Enzymatic activity profiles of RvFeMP-1. (A) Phosphatase assay of RvFeMP-1 by using pNPP. The plot shows the change of
absorbance at 405 nm. (B) Substrate scope of RvFeMP-1 toward sugar phosphates and P-Cho. Chemical structures of glucose-6-phosphate
(G6P) and erythrose 4-phosphate (Eryth-4P) are shown for comparison. (C) Substrate scope of RvFeMP-1 toward nucleotides. In (B, C), the
artificial substrate pNPP is shown by gray bars. Data are mean + SD of three technical replicates for all assays. Substrates shown by red
characters are damaged nucleotides. Abbreviations of compounds are listed in Materials and methods section.

In addition, we tested generality of our finding by
using RvFeMP-2 and DRBO0118 produced in and puri-
fied from E. coli. RvFeMP-2 showed the phosphatase
activity and had the higher activity toward G6P and
GTP than toward P-cho, which is similar to the sub-
strate specificity of RvFeMP-1 (Fig. 7E). DRBO0118, a
clade 2 Tar-fer-related protein, can also function as
a phosphatase and the activity toward pNPP was
higher than that of Tar-fers (Fig. 7F). As was
observed for RyFeMP-1, both RvFeMP-2 and
DRBO0118 had higher activity toward several nucleo-
tides including damaged compounds.

Discussion

In this study, we determined the crystal structure of
the previously uncharacterized Ferritin-like protein
RvFeMP-1, which provided a clue to the biochemical

function of Tar-fer. Ferritin-like family proteins have
similar scaffolds but show various roles ranging from
iron storage (Ferritin) [28] to reactive oxygen species
scavenger (manganese catalase) [29] and synthesis of
deoxyribonucleotide (RNR) [30]. Tar-fers added fur-
ther functional diversity to this family. It accommo-
dates zinc or magnesium ions at the dinuclear site and
dephosphorylates several metabolite compounds. Fur-
thermore, our proposed reaction mechanism of
dephosphorylation implied that a water molecule coor-
dinated by the M2 site would attack a phosphate
group of a substrate (Fig. S6A). All proteins tested in
this study can react with a wide range of compounds.
Their enzymatic activity profiles vary probably because
they show differences of residue sets constituting the
catalytic sites.

The phosphatase activities of examined proteins are
1-2 orders of magnitude lower than those of several
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Fig. 7. Enzymatic activity profiles of Tar-fer and related proteins. (A) Enzymatic assay of RvFeMP-1. The condition with bovine serum
albumin (BSA) but without RvFeMP-1 is a negative control, showing that the presence of protein molecules itself does not show the
phosphatase activity. The presence of EDTA lowers the activity of RvFeMP-1. G6P was chosen as the substrate due to high activity. (B) pH
assay of RvFeMP-1 using G6P as a substrate. Data are mean + SD of three technical replicates for each pH condition. (C) Metal
dependence of phosphatase activity. The assay was performed using the mixture with 10 pg apo RvFeMP-1, 5 mm G6P (substrate), 5 mm
metal solution and 20 mm Tris—HCI pH 8.0 in a total volume of 50 pL. The apo (metal-free) sample was produced by exposure to 5 mm
EDTA solution overnight before purification by a SEC column. Other conditions are the same as mentioned above. Data are mean + SD of
three replicates. (D) Measurement of phosphatase activity by using D135A or D135N RvFeMP-1 mutants. G6P and G1P were chosen as
substrates. Substrate scope of (E) RviFeMP-2 and (F) DRB0118 toward various substrates. In (E, F), the artificial substrate pNPP is shown
by gray bars. Data are mean + SD of three technical replicates for all assays. Substrates shown by red characters are damaged nucleotides.
Abbreviations of compounds are listed in Materials and methods section.

known metabolite phosphatases [48]. The possible rea-
son for this low activity is that we used recombinant
samples that contain the enzymes with low metal occu-
pancy and/or without posttranslational modification.
Eukaryotic proteins expressed in E. coli often show
lower activity. Although DRBO0118 is a prokaryotic
protein, we expressed it as a fusion protein with
maltose-binding protein (MBP) otherwise DRBO0O118
was unstable. The MBP-tag may inhibit the activity of

DRBO0118 because it can provide a non-native confor-
mation and intercept substrates.

Accumulation of damaged metabolites generated by
environmental stresses and promiscuous enzymatic
reactions has devastating influences on cells [49,50].
These damaged metabolites should be released into
extracellular regions or removed by hydrolysis reac-
tions of various house-cleaning enzymes [50].
For instance, E. coli MutT [51] prevents the
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misincorporation of oxidized nucleotide 8-oxoguanine
into the genome by hydrolysis of 8-oxo-dGTP pro-
duced by reactive oxygen species or radiation. Human
MutT homolog 1 (MTHI1) [52] hydrolyzes another
damaged nucleotide N6-methyl-dATP. These protein
families stabilize cellular metabolism by sanitizing the
deoxynucleotide triphosphate (ANTP) pools.

Some other phosphatases control cellular levels of
normal metabolites by degrading the excess amounts
of them. This function is called a “directed overflow”
mechanism to maintain cellular homeostasis [53]. For
example, E. coli acid glucose-1-phosphatase plays a
crucial role in scavenging glucose, which is an impor-
tant intermediate of glycogen biosynthesis [54]. Deoxy-
nucleotide triphosphohydrolases regulates the amount
of ANTP in cellular environments [55,56], which con-
tributes to the proper replication and maintenance of
genome information.

Our study revealed that Tar-fer-related proteins that
are distributed in various organisms can catalyze
dephosphorylation of some phosphate compounds.
Given that damaged metabolites are also included in
substrates for Tar-fer-related proteins, these proteins
would have functions to remove damaged compounds
from intracellular regions. Besides, Tar-fer-related pro-
teins dephosphorylate normal metabolites such as
sugar phosphates. This indicated that Tar-fer-related
proteins can also degrade the normal compounds to
inhibit excessive condition, contributing to the
“directed overflow” mechanism. Therefore, this protein
family may be involved both in “removal of damaged
metabolites” and “degradation of excessive non-toxic
metabolites” (Fig. S6B). Such proper management of
metabolite pools will lead to the survival in harsh envi-
ronments where damaged compounds accumulate and
homeostasis balance is easily disrupted. While
RvFeMP-1 is upregulated under desiccation, RvFeMP-
2 by UV-C irradiation. Considering that cells exposed
to desiccation or UV-C encounter similar problems
such as damages to nucleotides and disorder of meta-
bolic pathways, they must have similar physiological
functions in the cell. Because RvFeMP-2 seems to dis-
tinguish damaged nucleotides from normal ones more
clearly than RvFeMP-1 (Figs 6C and 7E), it may be
especially upregulated by UV irradiation that rapidly
generates damaged nucleotides. However, how these
proteins are properly regulated and used depending on
the situations is currently unknown.

Studies of molecular bases of anhydrobiosis are
expected to lead to applications for protecting cells
[18] and biologics [57] as well as for survival in space
[7,58]. Besides, mechanisms to surmount desiccation
stresses have been vigorously investigated in the field

Metabolite phosphatase from tardigrades

of plant science because they will be the foundation
for protection of crops from drought caused by the
global climate change [l]. Unfortunately, a unique
mechanism employed in one organism often cannot be
used in another because each organism has evolved its
own molecular systems to suite itself. Exploring uni-
versal mechanisms which can work in various cell sys-
tems is therefore important for technological advances.
Because the enzyme is distributed across the kingdoms
of life, our study provides not only insights into tardi-
grade anhydrobiosis but also a ubiquitous molecular
basis in desiccation-tolerant organisms. At the same
time, our research leaves many questions unsolved,
such as: what is the true substrate of Tar-fers and
related proteins? What are their physiological func-
tions in cells? These mysteries have to be unlocked
through interdisciplinary research; thus, our study will
accelerate future studies in the broad fields. Moreover,
our study indicates that some horizontally transferred
genes in tardigrades are important for their biology
although the extent to which HGT is responsible for
tardigrade anhydrobiosis has been a matter of debate.
Further analyses of horizontally transferred genes in
anhydrobiotic tardigrades will lead to the deeper
understanding of universal biological mechanisms of
stress tolerances.

Materials and methods

Databases and sequence analyses

Protein sequences of interest were obtained from the data-
base of The National Center for Biotechnology Informa-
tion (https://www.ncbi.nlm.nih.gov). Amino acid sequence
analyses were performed by MEGAll [59]. BLAST searches
were performed via the web service for protein BLAST
(https://blast.ncbi.nlm.nih.gov/Blast.cgi) [60]. Phylogenetic
analysis of the Ferritin-like superfamily was performed by
using only Ferritin-like domains. A maximum likelihood
method was used to estimate phylogenetic trees. Figures of
phylogenetic trees were illustrated by using 1oL [61]. A fig-
ure of sequence alignment was generated by ESPRIPT 3
(http://espript.ibcp.fr) [62]. Model structures predicted by
AlphaFold2 (as of Aug 2023) were obtained from Alpha-
Fold Protein Structure Database (https://alphafold.ebi.ac.
uk/). The dimetric models of Tar-fer related proteins were
generated by using coLABFOLD with MMSEQs2 [63].

Cloning of RvFeMP-1 and RvFeMP-2

Ramazzottius varieornatus strain  YOKOZUNA-1 was a
kind gift from T. Kunieda at The University of Tokyo. It
was reared on water-layered agar plates by feeding Chlo-
rella CHIKUGO (CK-5) (Chlorella Industry Co., Ltd.,
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Minato-ku, Tokyo, Japan) at 22 °C as described previously
[7]. Total messenger RNA (mRNA) was extracted from
about 10 individuals of  R. varieornatus  strain
YOKOZUNA-1 in the active state with a Direct-zol RNA
Microprep kit (Zymo Research, Irvine, CA, USA) accord-
ing to an instruction manual. A complementary DNA
(cDNA) library was made by reverse transcription of total
mRNA with a PrimeScript II 1st strand cDNA Synthesis
kit (Takara Bio, Kusatsu, Shiga, Japan) and oligo dT
primers. DNA fragments corresponding to genes of
RvFeMP-1 (UniProt entry ID: AOA1D1V463) and
RvFeMP-2 (UniProt entry ID: AOAIDIW2V1) were ampli-
fied by the polymerase chain reaction (PCR) with primers
described in Table S2. The obtained fragments were
inserted into a pET28a vector (Novagen, Madison, WI,
USA) or a pAcGFP1-N1 vector (Clontech, Mountain
View, CA, USA) as described below. All DNA sequences
were checked by DNA sequencing (Fasmac Co., Ltd.,
Atsugi, Kanagawa, Japan).

Expression and purification of Tar-fer

The expression construct of RvFeMP-1 contains an N-
terminal 6 x His tag followed by a TEV protease recogni-
tion site. SignalP 5.0, which predicts the location of signal
peptide, revealed that 20 amino acids from the N-terminus
would be the secretory signal peptide sequence. Therefore,
RvFeMP-1 was expressed excluding this region. The cDNA
of RvFeMP-1 (21-316) was cloned into pET28a vector by
an in-fusion technique (Takara Bio). The final amino acid
sequence is the following, in which italic characters indicate
the RvFeMP-1 region and ENLYFQG is a TEV protease
recognition site.

MGSSHHHHHHENLYFQGGGNRGMSRNQDAYAEK
MDMTLDALNFLLGVEHLASAFYVQAVNNFTADDFK
AAGLAQRDYDQFVGVRNNEVDHRDTLISVIKSLGGK
PNPPCKYTFPVTDVASVLKVSRTLENADKPAYLGAL
RDIKSVELRTSVQGALSGDSAHAAFFAYLTGKAPAP
GPVDGPLTQRHIATLAQDFIVSCPYPAPKPFPKLTLS
POSGPVGTVVATTCAQDVDTNGVMCAIISGNQGTL
MQORPGQAKDGSGAATCTIPPGVKGILFIAWVRGRDV
LNVGVDDSSTVCGPNYFLLSALGDAVPGV

Site-directed mutagenesis, in which Asp135 was replaced
with Ala (D135A) and Asn (D135N), was performed by
PCR using the pET28a-RvFeMP-1 plasmid and mutagenesis
oligonucleotide primers shown in Table S2. The mutation
checked by DNA sequencing. The
pET28a-RvFeMP-1 expression construct was transformed
into E. coli Shuffle T7 (New England BioLabs, Ipswich, MA,
USA). Transformed E. coli cells were grown at 37 °C in LB
medium (Merck [Sigma-Aldrich], Darmstadt, Germany) with
50 pgmL~' kanamycin sulfate (FUJIFILM Wako Pure
Chemical Corporation, Osaka, Japan) until ODgoy became
0.6-0.8. The protein expression was induced by the addition

points  were
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of isopropyl-1-thio-B-p-galactopyranoside (IPTG) (Nacalai
Tesque, Nakagyo-ku, Kyoto, Japan) at a final concentration
of 1 mMm. After 20 h at 18 °C, cells were collected by centri-
fugation (6000 g, 30 min) at 4 °C and resuspended in Buffer
A (20 mm TrissHCI pH 8.0, 300 mm NaCl, and 5% v/v
Glycerol). Cells were lysed by sonication on ice, and cell
debris was removed by centrifugation (20 000 g, 60 min) at
4 °C. The supernatant was loaded onto a HiTrap TALON
column (GE Healthcare, Chicago, IL, USA) previously equil-
ibrated with buffer B (20 mm Tris-HCI pH 8.0, 200 mm
NaCl, 5% v/v glycerol, and 5 mm imidazole). The column
was then washed by Buffer B and His-RvFeMP-1 was eluted
by Buffer C (20 mm Tris-HCI pH 8.0, 200 mm NaCl, 5%
v/v glycerol, and 200 mm imidazole). His-RvFeMP-1 was
mixed with TEV protease, and 6-His tag was removed by the
dialysis against 20 mm Tris—HCI pH 8.0 overnight at 4 °C.
The sample was then filtered by a 0.45 pm membrane syringe
filter to remove precipitation and loaded onto HisTrap col-
umn (GE Healthcare) previously equilibrated with buffer B.
The flowthrough fraction was concentrated by a 10 kDa
molecular weight cutoff Vivaspin tube (Sartorius, Goettingen,
Hessen, Germany) and loaded onto a Superdex 200 Increase
10/300 size exclusion chromatography (SEC) column (GE
Healthcare) equilibrated with SEC buffer (20 mm Tris—-HCI
pH 8.0). RvFeMP-1
10 mg-mL™" (estimated from absorption at 280 nm and the
extinction coefficient) and stored at —80 °C. The result of
SEC purification is shown in Fig. S7. RvFeMP-2 and
RvFeMP-1 mutants were purified by the same protocol. For
cultivation in a Zn-rich environment, 1 mm ZnSO, was
added when IPTG was added. The sample from the Zn-rich
culture was purified by the same protocol.

fraction was concentrated to

Expression and purification of DRB0118

A codon optimized DNA fragment corresponding to
DRBO0118 without a signal peptide region (58-337) was
purchased from Integrated DNA Technologies (Coralville,
Iowa, USA). A DNA fragment of maltose-binding protein
(MBP) was amplified from a pMAL-c5X vector (New
England Biolabs) by using primers shown in Table S2. The
DNA fragments of DRB0118 and MBP were inserted into
a pET28a vector by the In-fusion technique, resulting in a
construct with an N-terminal 6xHis tag and a TEV cleav-
age site (ENLYFQG). The final amino acid sequence is the
following, in which italic characters and the underline indi-
cate the MBP and DRB0118 region, respectively.

MGSSHHHHHHENLYFQGMKIEEGKLVIWINGDKG
YNGLAEVGKKFEKDTGIKVTVEHPDKLEEKFPQVAA
TGDGPDIIFWAHDRFGGYAQSGLLAEITPDKAFQDK
LYPFTWDAVRYNGKLIAYPIAVEALSLIYNKDLLPN
PPKTWEEIPALDKELKAKGKSALMFNLQEPYFTWP
LIAADGGYAFKYENGKYDIKDVGVDNAGAKAGLTF
LVDLIKNKHMNADTDYSIAEAAFNKGETAMTINGP

14 The FEBS Journal (2024) © 2024 The Author(s). The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

5UBD 117 SUOLLILIOD SAIIEI0 3 et jdde 8Ly Aq peuienob aJe oI VO ‘3sN J0 SN o ARG BUIIUO /B|IA UO (SUONIPUOO-PUE-SWLBYWIOD™A3 1A ARe1q 1BUUO//SANL) SUOIPUGD PUE SWLS | au) 89S *[1Z02/0T/22] Uo Areiqi auIuO AB1IM BESO JO AISAIIN 8l L Ad 9622T SABYTTTT OT/I0p/W00Ad i Ake.q1jou1|U0'SAR//-SAnY WO1} pOpROJUMOQ ‘0 ‘859VZYLT


http://www.uniprot.org/uniprot/A0A1D1V463
http://www.uniprot.org/uniprot/A0A1D1W2V1
https://febs.onlinelibrary.wiley.com/action/rightsLink?doi=10.1111%2Ffebs.17296&mode=

S. Kato et al.

WAWSNIDTSKVNYGVTVLPTFKGQPSKPFVGVLSA
GINAASPNKELAKEFLENYLLTDEGLEAVNKDKPLG
AVALKSYEEELVKDPRIAATMENAQKGEIMPNIPQM
SAFWYAVRTAVINAASGRQTVDEALKDAQTKTNLD
ATIFNFALNLEYLEAAFYLAAVGRLNELTAAGGD
ASKVTLPSGVTGMGGTAVPGLTGDLRAMMEEIA
DDELAHVKVIRSVLGSAAVAQPRLDLSASFLAAGS
LASNGAITNFNPYANPLFFLHGAFVFEDVGYV-
TAYKGAARLLVGDKPGGNLENAAGILAVEAY-
HAGSIRTQLFMRRTEQAAAGLTVEQVVQAIS
NLRDSVDGADDRDQGITANGNAGVLARDA-
NIIPTDSNGIAFSRTPRQVANIVFLDTTG-
KAARGGFFPDGLTGDYSSILSL

The expression construct was transformed into E. coli
BL21(DE3) (New England BioLabs). Transformed cells
were grown at 37 °C in LB medium with 50 ug-mL ™' kana-
mycin until ODgyo became approximately 0.7. The protein
expression was induced by the addition of IPTG at a final
concentration of 0.5 mm. After 20 h at 18 °C, cells were
collected by centrifugation (6000 g, 30 min) at 4 °C and
resuspended in a buffer containing 20 mm Tris—HCI pH 8.0
and 300 mm NaCl. Cells were lysed by sonication on ice
and cell debris were removed by centrifugation (20 000 g,
60 min) at 4 °C. The supernatant was loaded onto a
HiTrap TALON column equilibrated with a buffer contain-
ing 20 mm Tris—=HClI pH 8.0, 200 mm NaCl, and 5 mm
imidazole. The column was then washed by the equilibra-
tion buffer. The protein was eluted by a buffer containing
20 mm Tris—HCI pH 8.0, 200 mm NaCl, and 200 mm imid-
azole. The eluted fraction was mixed with TEV protease
and dialyzed against 20 mm Tris—HCI pH 8.0 overnight at
4 °C. The sample was then loaded onto a HisTrap column
equilibrated with a buffer containing 20 mm Tris-HCI pH
8.0 and 200 mm NaCl. The flowthrough fraction was col-
lected, concentrated, and loaded onto a Superdex 200
Increase 10/300 SEC column equilibrated with 20 mm Tris—
HCI pH 8.0. The fraction containing MBP-DRBO0118 was
concentrated and stored at —80 °C. The concentration of
the sample was estimated from absorption at 280 nm and
the extinction coefficient. High-resolution clear native
PAGE was performed using sample preparation reagent
EzApply Native (ATTO, Tokyo, Japan), standard marker
EzStandard Native (ATTO), and buffer EzRun ClearNa-
tive (ATTO).

Protein crystallization of RvFeMP-1

Crystallization was performed by a sitting-drop vapor dif-
fusion method with MemGold, MemGold 2 (Molecular
Dimensions, Maumee, OH, USA) and PEGRx (Hampton
Research, Aliso Viejo, CA, USA) kits at a 1 : 1 mixture of
RvFeMP-1 (10 mg-mL~!) and well solution at 20 °C. After
2 months, crystals were obtained under the condition A
(0.1 m MES pH®6.0, 11% w/v PEG 20000). Before a crystal
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was frozen in liquid nitrogen, it was soaked into the crys-
tallization solution supplemented with 30% (v/v) ethyl gly-
col (Hampton Research) for cryo-protection.

We also found other crystals under condition B (0.1 m
magnesium chloride hexahydrate, 0.03 m Tris—HCI pH 8.2,
and 19% w/v PEG 4000) and condition C (0.4 M sodium
thiocyanate 0.1 M sodium acetate pH 4.0 16% w/v
PEG4000) after 6 months. The crystal from condition B
was soaked into the crystallization solution supplemented
with 15% (v/v) trehalose (Molecular Dimensions) before it
was frozen in liquid nitrogen. The crystal from condition C
was directly frozen in liquid nitrogen. Although the concen-
tration of the precipitant PEG4000 in condition C was not
high enough to function as a cryoprotectant, we could
freeze the crystal without observation of ice rings.

A sample obtained from the Zn-rich culture was crystal-
lized under condition B. A crystal was soaked into the crys-
tallization solution supplemented with 20% (v/v) trehalose
before it was frozen in liquid nitrogen.

Data collection and structure determination

Crystals were harvested with LithoLoops (Protein Wave
Corporation, Nara, Japan) attached to CrystalCaps
(Hampton Research) and stored in Universal V1-Pucks
(MiTeGen, LLC, Ithaca, NY, USA). All X-ray diffraction
experimental data were collected on the BL44XU beamline
of SPring-8, Hyogo, Japan. Diffraction images were
obtained at 100K using an EIGER X 16M detector (Dec-
tris, Baden-Daettwil, Switzerland). The datasets of crystals
obtained under condition A were collected at a wavelength
of 0.9 A. The anomalous scattering data were obtained at
a wavelength of 1.20 A. The collected dataset was pro-
cessed by xps [64] and scaled by amMLESs [65]. The nominal
resolution limit was determined by CC,, values in the
highest resolution shell [66]. Phase determination and
model building of RvFeMP-1 was performed by PHENIX
AuTosoL [67]. The obtained structural model was manually
built by coor [68] and structural refinement was performed
by REFMACS [69] in the ccp4 suite [70] and PHENIX.REFINE
in PHENIX [67]. The datasets of crystals under conditions B
and C were processed by xps and phase determination
was performed by molecular replacement method using
MOLREP [71] in the ccp4 suite using the solved RvFeMP-1
structure. Anomalous scattering data was collected from
crystals of condition B at wavelengths of 1.30 and 1.28 A,
which are longer and slightly shorter than the K-edge
absorption wavelength of Zn (~ 1.283 A), respectively. The
structure figures in this paper were prepared by PymoL
(The PyMOL Molecular Graphics System, Version 2.0;
Schrédinger, LLC, New York, NY, USA). The sterco-
chemical quality of the final model was checked by moL-
PROBITY [72]. Data collection and refinement statistics are
summarized in Table 1 and Table S1.
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Subcellular localization

The gene of full-length RvFeMP-1 was inserted in a
pAcGFPI1-NI1 vector (Clontech). The expression construct
was transfected into human embryonic kidney cells 293
(HEK293, RRID: CVCL_0045) obtained from RIKEN
BRC (Tsukuba, Ibaraki, Japan) by lipofectamine method
with Lipofectamine 2000 (Thermo Fisher Scientific, Wal-
tham, MA, USA) and incubated in Dulbecco’s Modified
Eagle Medium with 10% fetal bovine serum (Thermo
Fisher Scientific). After 48 h, cells were stained with DAPI
(Nacalai Tesque) and Bip/Grp78 (BD Transduction, Frank-
lin Lakes, NJ, USA), visualizing DNA and endoplasmic
reticulum respectively. Alexa Fluor546 anti-mouse antibody
was used as a secondary antibody. The cell membrane
was stained with tetramethylrhodamine isothiocyanate
(TRITC)-labeled lectin (Sigma-Aldrich, St. Louis, MO,
USA). Fluorescence signal images were captured using a
BZ-X700 system (Keyence, Higashiyodogawa-ku, Osaka,
Japan). All experiments were performed using Mycoplasma-
free cells.

Enzymatic assay

Phosphatase assay using pNPP was performed as described
below. The mixture contains 10 pg of RvFeMP-1, 0.1 mm
pNPP (New England BioLabs), and 20 mm Tris-HCl pH
8.0 in a total volume of 50 pL. The solution was mixed at
37 °C and 300 r.p.m. by ThermoMixer C (Eppendorf,
Hamburg, Germany). The reaction was then quenched by
the addition of 1 M NaOH. Absorbance at 405 nm was
measured in a 1 mL quartz cuvette (/ = 1 cm) using Spec-
tramax M2 (Molecular Devices, San Jose, CA, USA).
General substrate screening with various phosphorylated
metabolites were performed using BIOMOL® Green
Reagent (BioAssay Systems, Hayward, CA, USA), which is
used to quantify free phosphoric acid released from phos-
phorylated compounds. The mixture contains 10 pg of
RvFeMP-1, 0.1 mm substrate, and 20 mm Tris—HCI pH 8.0
in a total volume of 50 uL. For RvFeMP-2 and DRB0118,
the mixture contains the sample of 4 and 2 pg, respectively.
The solution was mixed at 37 °C and 800 r.p.m. After 2 h,
the reaction was terminated by the addition of 100 puL of
malachite green reagent and the solutions were incubated
for 30 min at room temperature. The presence of free phos-
phoric acid makes the solution green. Then, the amount of
inorganic phosphate was measured by using absorbance at
620 nm in a 96-well microplate using Spectramax M2. The
amount of released phosphoric acid was quantified by a
standard carve and the activity (nmol-min~'-mg~" protein)
was calculated. As an exception, for the assay of DRB0118
using G6P, GTP, and pNPP, the mixture contains 2 pug of
DRBO0118, 1 mm substrate, 20 mm Tris-sHCI pH 8.0 in a
total volume of 50 pL. The solution was mixed at 37 °C
and 800 r.p.m. for 1 h. Other than this substrate (G6P,
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GTP, and pNPP) and protein (DRB0118) combination, the
reaction conditions are the same as for RvFeMP-1 above.
These assays were replicated three times. The phosphatase
activity of RvFeMP-1 mutant was also investigated accord-
ing to the same protocol. §8-0xo-dGTP, N6-methyl-dATP,
and 2-OH-dATP were purchased from Jena Bioscience,
Jena, Germany. Abbreviations of compounds were shown
below. Eryth-4P, erythrose-4-phosphate; F16P, fructose-
1,6-bisphosphate; F6P, fructose-6-phosphate; G1P, glucose-
1-phosphate; G6P, glucose-6-phosphate; Gal-1P, galactose-
I-phosphate; IP3, inositol trisphosphate; Man-6P,
mannose-6-phosphate; P-Cho, phosphocholine; Rib-5P,
ribose-5-phosphate.
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