Review Article

Is Zucchini a Phosphodiesterase or a Ribonuclease?

Osamu Nureki'?

Zucchini (Zuc), a member of the phospholipase D (PLD)
superfamily, is essential for the primary PIWI-interacting RNA (piRNA)
biogenesis and the suppression of transposon expression, which are
crucial for the genome integrity of germline cells. However, it has
been ambiguous whether Zuc acts as a phosphodiesterase to produce
phosphatidic acid (PA), the lipid signaling molecule, or as a nuclease.
The recent three papers describing the crystal structures and functional
analyses of fly and mouse Zuc proteins have elucidated that Zuc is
a PLD family single-strand ribonuclease, not a phosphodiesterase,
and functions in the maturation of primary piRNAs. This review will
discuss in detail how the crystal structures clearly predict the function
of Zuc, which is subsequently demonstrated by biochemical analysis
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to conclude the previous controversial discussion on the real function of Zuc.

(Biomed J 2014;37:369-374)
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NA silencing regulates the gene expression in a spa-

tiotemporal manner to properly control the develop-
ment and homeostasis of life beings.!"” The key players
of RNA silencing are small non-coding RNAs (ncRNAs)
and argonaute (Ago) proteins, which form RNA-induced
silencing complexes (RISCs). RISCs inhibit expression of
the target genes by cleavage of the transcript in the process
of translation and transcription.”®! Animals express three
types of endogenous silencing—inducing ncRNAs: Mi-
croRNAs (miRNAs), endogenous siRNAs (endo-siRNAs),
and PIWI-interacting RNAs (piRNAs). The miRNAs and
endo-siRNAs have a length of 24 nucleotides on an average,
and are generated from double-stranded RNA precursors
which are processed by the RNase III enzyme, Dicer. In
contrast, piRNAs have ~30 nucleotides, and their biogenesis
is independent of Dicer.¥

PiRNAs silence transposons to maintain the integrity
of the genome in animal germlines.!*>¢ Therefore, it is as-
sumed that piRNAs and their associated PIWI-family Ago
proteins act in something like an innate immune system
to protect germline-cell genomes from the violent activity
of mobile genetic elements, transposons.'® In Drosophila
melanogaster, somatic cells express Agol and Ago2, which

form RISC with miRNA and endo-siRNAs, respectively. On
the other hand, germline cells express three PIWI family
Ago proteins, Piwi, Aub, and Ago3. PiRNAs are produced
by two pathways. Primary piRNAs are processed from long
ncRNA precursors transcribed from piRNA clusters in the
genome through the primary pathway.>7# It remains elusive
which nuclease(s) liberates primary piRNA from the long,
single-stranded precursors to generate piRNAs preferentially
with uridine at position 1 (1U). The current model proposes
that the 5” ends of piRNAs are determined prior to loading
onto Piwi protein, while the 3" ends of piRNAs have extra
bases, which need to be trimmed off upon complex forma-
tion with Piwi.”! Upon maturation, the 3" ends of piRNAs
are 2°-O-methylated by Hen1/Pimet, which is suggested to
stabilize piRNAs in vivo.!''"'" Tn the secondary pathway, Aub
associates with primary piRNAs and cleaves the sense strand
of transposon mRNAs by its slicer activity.!'>"'" This process
forms the 5" ends of secondary piRNAs, which has a strong
bias for uracil at the 5" end (1U). The cleaved transposon
mRNAs (sense strand), which tend to have an adenosine
at position 10 (10A), are then transferred onto Ago3, and
are trimmed from the 3" end to give rise to mature piRNAs.
Then, using these new piRNAs, Ago3 cleaves the antisense
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strand of transposon mRNAs. The cleaved transcripts are
then loaded again onto Aub to cleave the sense strand of
transposon mRNAs. Thus, this amplification system en-
hances the high expression of piRNAs in the germline, and is
called as the amplification loop or the Ping-Pong cycle.!'®!8]

The protein factors responsible for the processing or
maturation of primary piRNAs, which are transcribed from
the piRNA cluster, have remained elusive. Putative central
factors involved in the primary piRNA biogenesis form a
loose complex called Yb body, which is often localized
adjacent to mitochondria in the cytosol. Yb body includes
RNA helicase Armi, Tudor domain-containing RNA heli-
case Yb, Piwi, V ret, Shu, and so on." Once Piwi captures
the mature primary piRNA, it translocates to nucleus and
suppresses the transcription of transposon by forming het-
erochromatin [Figure 1].

Zucchini (Zuc), a member of the phospholipase
D (PLD) superfamily, is also required for the primary piRNA
biogenesis. Animals lacking Zuc fail to silence transpo-
sons and simultaneously show a significant reduction in
primary piRNA populations.?*?? The mutant animals also
accumulate piRNA precursor, the transcripts from piRNA
cluster, which indicates a failure to process these precursors
into small RNAs.?3! Therefore, Zuc has been considered
to be a candidate ribonuclease participating in the piRNA
maturation. Live cell imaging analysis revealed that Zuc
1s co-localized with mitochondria. In fact, Zuc contains a
mitochondrial localization sequence (MLS), transmembrane
region, and a PLD domain whose signature is a catalytic
HKD (His-Lys-Asp) motif, from the N-terminus to the
C-terminus,”?! and is supposed to be anchored on the outer
membrane of mitochondria putatively with the catalytic site
exposed to the cytosol.
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Figure 1: Scheme of the primary pathway. piRNA is maturated
from piRNA intermediate by Zuc anchored on the outer surface
of mitochondria, and is loaded onto Piwi argonaute. Then, Piwi
translocates into the nucleus to suppress the transcription of transposon
genes.
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The recent three papers describing the crystal structure
and biochemical analysis of fly and mouse Zuc proteins have
clarified that Zuc is a PLD-family single-strand ribonuclease
and functions in the maturation of primary piRNAs.

Crystal structures of Zuc proteins

Till date, three crystal structures of monomeric and di-
meric forms of D. melanogaster Zuc (DmZuc) and dimeric
mouse Zuc (mZuc) have been reported."! Zuc contains an
MLS at the N-terminus, transmembrane region in the central
region, and a PLD domain with catalytic HKD (His-Lys-Asp)
motif at the C-terminus.2" When the amino acid sequence of
DrosophilaZuc was analyzed with DISOPRED, the disorder
prediction program, the N-terminal 40 residues were predicted
to be disordered. Therefore, DmZuc (residues 89-250 and
89-253) with N-terminal truncation was crystallized and the
structures were solved by Nishimasu et al. and Voigt et al.,
respectively.??7 The structure represents a monomer in which
the active site residues His169 and Lys171 in the signature
HKD motif of PLD superfamily were flipped out from each
other and do not form a functional active site [Figure 2B].
His169 is proposed to act as a nucleophile in phosphodiester
bond cleavage in all PLD family enzymes. Then, Nishimasu
et al. and Ipsaro et al.®>?% crystallized the full-length (MLS
and TM truncated) Zuc from fly and mouse, respectively.
Since the expression of full-length Drosophila Zuc in Esch-
erichia coli was quite low, Nishimasu et al. crystallized Ala
mutant of Lys171 in the HKD motif, which was much better
expressed in E. coli. The structure of the K171A mutant forms
a dimer [Figure 2C]. Nishimasu et al. also solved the crystal
structure of the full-length wild-type Zuc from D. melano-
gaster.” Surprisingly, a structural comparison of the WT and
K171A mutant revealed a marked difference in the active-site
architecture [Figure 2A], and the WT structure is similar to the
crystal structure of the full-length WT mouse Zuc. Therefore,
Lys171 not only electrostatically interacts with the phosphate
moiety of substrate, but also stabilizes the position of catalytic
His169. Intriguingly, in WT Zuc, the active site is located in
the positively charged narrow groove [Figure 2D], while in
K171A mutant, the active site groove is widened and nega-
tively charged [Figure 2E]. Therefore, this mutation affects
and deforms the local structure around the active site. Such
dimerization-dependent reconstruction of active site residues
would provide the ingenious regulatory mechanism, which is
utilized by the other nucleases.*®!

Zuc belongs to PLD superfamily

The overall structure as well as the catalytic residues
in the HKD motif indicated that Zuc belongs to PLD
superfamily. PLD superfamily contains protein members
with diverse functions, such as authentic PLD, cardiolipin
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Figure 2: Crystal structures of DmZuc. (A) Crystal structure of the DmZuc dimer (WT) (PDB 4GEL). The full-length form exhibits the complete
formation of active site comprising two pairs of His169 and Lys171; (B) Crystal structure of the DmZuc monomer (PDB 4GEN). Lack of the
B1 strand results in monomerization of Zuc, in which the catalytic His169 is flipped out and the active site is not formed; (C) Crystal structure
of the DmZuc dimer (K171A mutant) (PDB 4GEM). K171A mutation deforms the local structure around the active site; (D) and; (E) Electric

potential of the surface model of; (D) WT and; (E) K171A mutant.

synthases, phosphatidyl serine synthases, a Yersinia murine
toxin, poxvirus envelope proteins, and several endonucle-
ases. Crystal structures of PLD™! and phosphatidyl choline
synthase showed that they contain two similar o/f3 (PLD)
domains, and the two pairs of catalytic His and Lys resi-
dues protrude from each domain to form the active site at
the domain interface [Figure 3]. Since the locations of the
two His residues are asymmetric relative to the phosphate
moiety of the lipid substrate, one His would electrostatically
interact with phosphate group and the other His would act
as nucleophile to activate a water molecule to attack the
phosphate group.*”! In contrast, crystal structures of endo-
nucleases such as Nuc and Bfil®?* showed that the enzymes
are homodimers of PLD domains and the active site is
formed at the dimer interface [Figure 3]. Since the two His
residues in the HKD motif are symmetrically located relative
to the phosphate moiety, either of the two His acts as the
nucleophile. Another difference between PLDs and nucle-
ases is the structure of the substrate-binding site. In PLD,
the lipid substrate is accommodated in a deep hydrophobic
pocket, which is normally covered by two flexible loops
termed as a lid [Figure 3].°! In contrast, the endonuclease,
especially Nuc, has a positively charged groove at the active

site, which may accommodate negatively charged DNA or
RNA strand [Figure 3]. It should be noted that while Nuc is
a non-specific nuclease for DNA and RNA, Bfil is a restric-
tion enzyme with DNA specificity, explaining that Bfil has
another C-terminal DNA binding domain,”” which normally
covers the negatively charged groove [Figure 3].

Zuc is a homodimer of PLD subunit and the active site
is formed at the dimer interface [Figures 2A and 3].12>26
Furthermore, the active site is located at the base of the nar-
row positively charged groove [Figures 2A, D, and 3]. These
structural features strongly suggest that Zuc is an endori-
bonuclease. Furthermore, Nishimasu et al. and Ipsaro et al.
reported that DmZuc and mZuc have zinc finger motifs of
Cys63-Gys67-Cys83-Cys88 and Cys49-Cys66-Cys68-His72,
respectively, at the N-terminus of the PLD do-
main [Figure 2A],»>?%! which may play a role in binding
with nucleotides. This also strongly suggests that Zuc is an
endoribonuclease.

Is Zuc a phosphodiesterase or ribonuclease?

It was previously reported that mouse Zuc (mZuc)
generates a lipid signaling molecule, phosphatidic acid (PA),
from the mitochondrial lipid, caldiolipin,?*3! while it
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Figure 3: Crystal structures of PLD family proteins. The surface potential model (left) and the tube model (right) are presented. In the tube
model, catalytic His and Lys residues in the HKD motif are shown as stick models. The active site grooves in the nucleases and the pockets
in phospholipases are indicated by dashed lines and circles, respectively. Zuc (PDB 4GEL), Drosophila melanogaster Zuc endonuclease;
Nuc (PDB 1BYR), Salmonella typhimurium Nuc endonuclease; Bfil (PDB 2C1L), Bacillus firmus Bfil restriction enzyme; PLD (2ZE9),
Streptomyces antibioticus phospholipase D in complex phosphatidylcholine; PLD (1FOI), Streptomyces phospholipase D in complex phosphate;
phosphatidylserin synthase (PDB 3HSI), Haemophilus influenza phosphatidylserine synthase.

showed no nuclease activity toward DNA and RNA sub-
strates in vitro. Therefore, it was suggested that mitochon-
drial lipid signaling pathway might have a role in piRNA
production. Otherwise, since PA facilitates aggregation
of mitochondria in vivo, mZuc was suggested to control
the formation of the perinuclear nuage that acts in piRNA
biogenesis.

However, in the recent articles from Nature, Nishi-
masu et al. and Ipsaro et al. showed that Zuc has no activ-
ity to produce PA from caldiolipin, while a commercially
available PLD from Streptomyces chromofuscus revealed
significant hydrolytic activity. This means that Zuc is not
phosphodiesterase. Instead, Nishimasu et al. and Ipsaro
et al. revealed that Zuc hydrolyzed single-stranded RNA (ss-
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RNA) and ssDNA under a low salt concentration, while
it did not hydrolyze double-stranded RNA (dsRNA) and
dsDNA. Furthermore, Nishimasu et al. showed that Zuc
cleaved circular RNA, and the cleavage manner is base
non-specific. Therefore, it was now clarified that Zuc is
base non-specific single-strand—specific nuclease, but not
phosphodiesterase. This Zuc activity is significantly consis-
tent with the structural features described above. Nishimasu
et al. reported the nuclease activity of Zuc is inhibited by
NaCl at a concentration of 50 mM or higher. This catalytic
feature is also observed in PLD family nucleases such as
Nuc and Bfil, which are termed as metal-independent and
ethylenediaminetetraacetic acid (EDTA)-resistant nucleases.
Then, why is Zuc activity inhibited by a salt? One possibility



is that Zuc intrinsically hydrolyzes denatured or unfolded
ssRNA, which, however, might be refolded and stabilized
by counter ions derived from a salt. In the cells, Yb body
includes several RNA helicases, Yb and Armi, which might
unfold the piRNA precursors to deliver them to the active
site of Zuc [Figure 1]. Choi et al. expressed His-tagged
mZuc in Sf9 cells, purified it using nickel-affinity resin, and
examined the phospholipase activity of the partially purified
mZuc, which exhibited several protein bands in addition to
mZuc on sodium dodecyl sulfate polyacrylamide gel elec-
trophoresis (SDS-PAGE).”*"! In contrast, Nishimasu et al.
and Ipsaro et al. examined the nuclease and phospholipase
activities of the highly purified, crystallizable mZuc.?>2¢!
The observed discrepancy regarding Zuc’s activity may be
at least, in part, derived from the differences in the purity
of the mZuc samples used for the activity measurements.

Zuc is a piRNA maturase

Nishimasu et al. further elucidated the functional sig-
nificance of DmZuc’s nuclease activity by demonstrating
that WT dimeric DmZuc is critical for transposon silenc-
ing. Nishimasu et al. and Ipsaro et al. showed that the RNA
cleavage by DmZuc and mZuc generates 5 phosphate and
3" hydroxyl termini, suggesting that Zuc might generate the
5" end of mature primary piRNAs that are known to bear a
5’-monophosphate group. Mature piRNAs show a strong bias
for 5" uridine (1U).[">!31 On the other hand, DmZuc cleaved
ssRNAs with little sequence specificity. Therefore, one pos-
sible explanation is that DmZuc cleaves piRNA intermediates
to generate various 5’ ends of mature piRNAs during the
processing step, and that Piwi then selects and preferentially
binds 1U piRNAs during the loading step. Another possibility
is that some cofactors are involved in the determination of
1U in vivo. In any case, these findings suggest that Zuc plays
a role equivalent to that of Aub/Ago3 in the amplification
loop of the secondary pathway, that is, to define the 5" end
of piRNAs. Indeed, plasmid-encoded WT DmZuc showed
piRNA maturation in DmZuc-depleted Ovarian somatic cell
(OSCs), whereas in HI69A and K171A expressing OSCs, the
piRNA intermediates were accumulated. Thus, Zuc acts as a
maturase of primary piRNAs to provide them to Piwi Ago.

Physiological meaning of mitochondrial
localization of Zuc

Zuc has MTS at the N-terminus, which is followed by
the transmembrane region. Cell imaging analysis revealed
that Zuc is anchored to the outer membrane of the mito-
chondria," with the PLD domain exposed to the cytosol. It
is assumed that mitochondria approach Yb body when Zuc
cleaves and maturates piRNA intermediates. Then, why is
Zuc anchored to mitochondria? One explanation is that since
Zuc is base non-specific single-strand—specific nuclease, the
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activity should be restricted, so that Zuc does not futilely
cleave any RNAs in the cytosol. Otherwise, mRNAs would
be non-specifically cleaved by Zuc. Therefore, only when
Yb body and mitochondria interact with each other, Zuc is
activated and cleaves the piRNA intermediates presented by
Yb body. A recent study showed that Bombyx mori BmPAPI,
a TUDOR domain-containing protein, is involved in the
processing of piRNA precursor on the mitochondrial outer
surface, consistent with the notion that the mitochondrial
outer surface is a place for piRNA biogenesis.™?

CONCLUSION AND PERSPECTIVES

The recent three papers describing Zuc structures
elucidated that Zuc is single-strand—specific RNase to pro-
cess piRNA intermediates to mature 5" end. This activity
is crucial for the transcriptional suppression of transposon
expression via mature piRNA and Piwi in the nucleus. Zuc
expresses its endonuclease activity only when the mitochon-
dria access Yb body, the center of mature piRNA production.
The next step is to solve the structure of the complex between
Zuc and ssRNA. The catalytic mechanisms of PLD family
nucleases suggest that cleavage proceeds via a two-step reac-
tion,3! which includes the formation of a volatile, covalent
enzyme—substrate intermediate, conjugating a phosphate to
the histidine in the HKD motif. Ipsaro et al. also showed that
mZuc was labeled by incubation of mZuc with ¥P-labeled
inorganic phosphate in a manner depending on the presence
of the HKD histidine.?® Therefore, it is a promising strategy
that the heterodimer between WT Zuc and His169 mutant is
crystallized in the complex with ssSRNA to capture the reac-
tion intermediate. Another question remaining is the protein
factor(s) that trims off the 3" ends of piRNAs once its 5" end
is determined by Zuc. Further cell biological researches will
be required for our complete understanding of the primary
pathway of transposon suppression in germline cells. As
Zuc is the central component for piRNA biogenesis, its gene
mutation and dysfunction might cause infertility, which is a
major social problem. The elucidation of the fundamental
molecular mechanism of Zuc might contribute to the medical
application, especially in the field of obstetrics.
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