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Abstract

The diverse eukaryotic proteins that contain zinc fingers participate in many aspects of nucleic acid metabolism, from DNA
transcription to RNA degradation, post-transcriptional gene silencing, and small RNA biogenesis. These proteins can be
classified into at least 30 types based on structure. In this review, we focus on the CCHC-type zinc fingers (ZCCHC), which
contain an 18-residue domain with the CX,CX,HX,C sequence, where C is cysteine, H is histidine, and X is any amino acid.
This motif, also named the “zinc knuckle”, is characteristic of the retroviral Group Antigen protein and occurs alone or with
other motifs. Many proteins containing zinc knuckles have been identified in eukaryotes, but only a few have been studied.
Here, we review the available information on ZCCHC-containing factors from three evolutionarily distant eukaryotes—
Saccharomyces cerevisiae, Arabidopsis thaliana, and Homo sapiens—representing fungi, plants, and metazoans, respectively.
We performed systematic searches for proteins containing the CX,CX,HX,C sequence in organism-specific and generalist
databases. Next, we analyzed the structural and functional information for all such proteins stored in UniProtKB. Excluding
retrotransposon-encoded proteins and proteins harboring uncertain ZCCHC motifs, we found seven ZCCHC-containing
proteins in yeast, 69 in Arabidopsis, and 34 in humans. ZCCHC-containing proteins mainly localize to the nucleus, but some
are nuclear and cytoplasmic, or exclusively cytoplasmic, and one localizes to the chloroplast. Most of these factors partici-
pate in RNA metabolism, including transcriptional elongation, polyadenylation, translation, pre-messenger RNA splicing,
RNA export, RNA degradation, microRNA and ribosomal RNA biogenesis, and post-transcriptional gene silencing. Several
human ZCCHC-containing factors are derived from neofunctionalized retrotransposons and act as proto-oncogenes in diverse
neoplastic processes. The conservation of ZCCHCs in orthologs of these three phylogenetically distant eukaryotes suggests
that these domains have biologically relevant functions that are not well known at present.
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Introduction (D) residues. Zinc finger-containing proteins are classified

depending on the sequence and structure of their zinc fin-

Zinc fingers are small zinc-ligating domains that make up
the largest and most diverse superfamily of nucleic acid-
binding proteins in eukaryotes. Zinc fingers stably fold via
the coordination of one or more zinc ions (Zn>*) through
cysteine (C), histidine (H), and, less frequently, aspartate
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ger motifs, which contain diverse combinations of C and H
[1]. The classical zinc finger is the C,H, type, which con-
sists of two C and two H residues, and is often described as
CX, 4CX,HX, ¢H (where X is any amino acid) [2]. The
structures of zinc fingers resemble multiple finger-shaped
protrusions, through which they bind to their DNA, RNA,
or protein targets [3]. The first protein with zinc fingers
described was the general transcription factor TFIIIA of
Xenopus laevis, a DNA- and RNA-binding protein with
nine C,H, motifs [4]. About 2% of human proteins contain
zinc fingers, which have been classified into 30 different
types, as described in The Human Genome Organization
Gene Nomenclature Committee database (HGNC; https://
www.genenames.org/).
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As classified in the InterPro database (https://www.ebi.
ac.uk/interpro; [5]), zinc knuckles are 18-residue, CCHC-
type zinc fingers (ZCCHC) containing the CX,CX,HX,C
consensus sequence (IPR025836). ZCCHC-containing fac-
tors have two short p-strands connected by a turn (the zinc
knuckle) followed by a short helix or loop. The first ZCCHC
was found in the murine leukemia virus (MLV) and Rous
avian sarcoma virus (RSV) [6], and later in many other
Group Antigen (Gag) proteins of retroviral nucleocapsids
and eukaryotic retrotransposons [7]. Except for the spuma-
viruses, all retroviral nucleocapsid proteins have one or two
ZCCHC:s [8]. The two ZCCHCs of the Human immunodefi-
ciency virus (HIV)-1 Gag protein are considered the ZCCHC
prototype and are essential for viral genome packaging and
infectivity [9]. Figure 1 shows a representation of the three-
dimensional structure of a viral ZCCHC [10], obtained using
the Visual Molecular Dynamics program [11].

ZCCHCs have not been found in bacteria, but a simi-
lar motif with residues of three conserved C and one H
(CX,CXHX;C) is present in the C-terminal region of the
essential Escherichia coli protein YjeQ [12]. YjeQ is a con-
served bacterial GTPase that acts as a chaperone, facilitating
the assembly of the 30S ribosomal subunit. YjeQ contributes
to the folding of the decoding center for mRNA translation
and binds the mature 30S subunit through its ZCCHC-like

Fig.1 Partial three-dimensional structure of the lentiviral EIAV
nucleocapsid protein NCpll. The three-dimensional structure
of a peptide of 37 amino acids (QTCYNCGKPGHILSSQCRAP-
KVCEKCKQPGHESKQCRS) corresponding to residues 22-58 from
the lentiviral EIAV nucleocapsid protein NCpl1 (Protein Data Bank
identification code for the partial structure: 2BL6) is shown. This
peptide contains two ZCCHCs of the CX,CX;GHX,C type, which
are underlined in the sequence above, and is complexed with zinc
(red spheres). Only the relevant C and H residues of the ZCCHCs
are highlighted. The structure shown in this figure was determined by
two-dimensional hydrogen isotope nuclear magnetic resonance spec-
troscopy, as previously described [10]. We obtained this image using
the Visual Molecular Dynamics molecular visualization program
(https://www.ks.uiuc.edu/Research/vmd/) [11]

@ Springer

domain [13]. YjeQ depletion causes an accumulation of free
30S and 50S ribosomal subunits, and a reduction in 70S
mature ribosomes [12]. YjeQ and its bacterial orthologs are
considered promising targets for new antibiotics, since these
proteins are required for Staphylococcus aureus to grow in
experimental assays with mice (Mus sp.) [14, 15]. ZCCHCs
have also been found in the DNA primase of the Archaea
Pyrococcus furiosus [16].

Here, we describe our systematic search and analysis of
ZCCHC-containing factors from three evolutionarily distant
eukaryotes, representing fungi, plants, and metazoa, respec-
tively: Saccharomyces cerevisiae (hereafter, yeast), Arabi-
dopsis thaliana (Arabidopsis), and Homo sapiens (humans).
To our knowledge, no exhaustive compilation or compara-
tive analysis of ZCCHC-containing factors in highly distant
organisms has been published.

Genome-wide searches
for ZCCHC-containing factors

To systematically and comprehensively identify ZCCHC-
containing proteins, we carried out two different types of
searches for each of the three species under study: the
first used the search terms “knuckle” or “CCHC”, and the
second used the CX,CX,HX,C consensus sequence. We
searched the UniProt Knowledgebase (UniProtKB; https
://www.uniprot.org) using “knuckle” or “CCHC” and the
name of the organism. Then, we repeated the search in
organism-specific databases: the Saccharomyces Genome
Database (https://www.yeastgenome.org), and the Arabi-
dopsis Information Resource (TAIR; https://www.arabi
dopsis.org), and HGNC databases. The main problem
that we found was that the results obtained from differ-
ent searches were incoherent due to incomplete annota-
tions and the presence of many duplicate, fragmented, or
obsolete entries. This is likely because the UniProtKB
database contains both reviewed (manually annotated)
and unreviewed (computationally analyzed) records. For
example, using “CCHC” and “Saccharomyces cerevisiae”
as search terms on UniProtKB yielded 58 entries, many
of which corresponded to the same protein from different
yeast strains, and only eight of which were unique and
harbored the consensus CX,CX,HX,C sequence. We then
searched for the CX,CX,HX,C consensus sequence using
the PatMatch pattern-matching program (https://www.
yeastgenome.org/nph-patmatch), which can search for
short sequences (< 30 amino acids), including ambiguous
and degenerate patterns [17].
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ZCCHC-containing factors encoded
by the yeast genome

Using PatMatch, we obtained 19 unique sequence entries
and 32 hits from 5,916 analyzed yeast sequences, several
of which harbored more than one CX,CX,HX,C sequence.
Eight of the 19 factors harboring a CX,CX,HX,C sequence
were Gag proteins from retrotransposons. We next searched
for structural information on the remaining 11 proteins
(Supporting Dataset 1a) in the UniProtKB database, which
compiles the information provided by three programs that
predict protein domains: PROSITE (https://prosite.expas
y.org), Pfam (https://pfam.xfam.org), and SMART (https
://smart.embl.de). No domains or motifs were annotated
for YOL029C or YERI137C, two proteins of unknown
function, and the CX,CX,HX,C sequences of other two
proteins (DPOD/POL3 and HEL1) form part of two Cys-
rich domains that are larger than that of the ZCCHC (Sup-
porting Dataset 1a). The In Between RING finger (IBR)
domains in HEL1 are ~ 50-residue C4HC zinc finger domains
(CX,CX 4 30CX 4 CX,CX,CX HX ,C; the sequence found
with PatMatch is underlined). IBRs have been described in
members of some families of E3 ubiquitin-protein ligases,
and form a Gag knuckle-like zinc-binding structure [18].

We concluded that the yeast genome encodes at least
seven ZCCHC-containing factors, all with a known func-
tion; six of these are involved in RNA metabolism, as dis-
cussed later (Supporting Dataset 1b; for all yeast amino acid
sequences, see Supplementary Fig. 1).

ZCCHC-containing factors encoded
by the Arabidopsis genome

Equivalent results to those of yeast were obtained when we
used the version of the PatMatch program found in the TAIR10
database (https://www.arabidopsis.org/cgi-bin/patmatch/nph-
patmatch.pl), which includes 27,416 Arabidopsis proteins.
We found 135 factors with a CX,CX,HX,C sequence; for 53
of these proteins, the CX,CX,HX,C sequence was annotated
in UniProtKB to form part of domains or motifs that are not,
and are larger than, a ZCCHC (Supporting Dataset 1c), mainly
IBRs. Nine of the 82 remaining factors were Gag proteins of
retrotransposons, and the other eight harbored a DUF4283
domain of unknown function (Supporting Dataset 1d), which
is frequently associated with ZCCHC and with the reverse tran-
scriptase domain, as described in the Pfam database. We classi-
fied these factors as putative retrotransposon-derived proteins.

Four other proteins (encoded by the AT3G16350,
AT3G31950, AT3G50870, and AT4G08867 genes; Arabidop-
sis Genome Initiative gene identifiers [19] are used throughout
this review) were not annotated as containing a ZCCHC in

UniProtKB or Arabidopsis-specific databases, nor were pre-
dicted by PROSITE or SMART. In addition, proteins encoded by
AT3G50870 and ATAG08867 belong to families without mem-
bers harboring ZCCHCs, and we considered it very unlikely that
their CX,CX,HX,C sequence was a true ZCCHC (Supporting
Dataset 1c). However, AT3G16350 and AT3G31950 may encode
genuine ZCCHC-containing factors. AT3G16350 encodes a
MYB-type transcription factor with high similarity to KUODA1
(KUAL1), sharing a very similar CX,CX,HX,C sequence that is
annotated in UniProtKB as a ZCCHC. In the Aramemnon data-
base (https://aramemnon.botanik.uni-koeln.de/), AT3G31950 is
clustered with four proteins of unknown function (AT4G06479,
AT4G06526, AT5G29070, and AT5G34870), the last three of
which are annotated as zinc knuckle (CCHC-type) proteins.
Therefore, we classified these four proteins as harboring uncer-
tain ZCCHCs and did not include them in our subsequent analy-
ses (Supporting Dataset 1c).

Most of the 61 remaining Arabidopsis factors with a ZCCHC
are nuclear proteins involved in RNA metabolism (Supporting
Dataset 1d; for all Arabidopsis amino acid sequences, see Sup-
plementary Fig. 2). Many of these are predicted by homology,
and only a few have been functionally studied.

ZCCHC-containing factors encoded
by the human genome

There are PatMatch versions for yeast and Arabidopsis [17]
searches, but none are integrated with human protein data-
bases. Therefore, to search for human zinc knuckle proteins,
we used the ScanProsite tool (https://prosite.expasy.org/
scanprosite) with the CX,CX,HX,C sequence and “Homo
sapiens” as a filter for the taxonomy option. As a result, we
found 245 hits in 153 sequences, including isoforms cor-
responding to 69 different genes. When we analyzed these
proteins in UniProtKB, we found a predicted ZCCHC in
34 factors (Supporting Dataset 1e). The CX,CX,HX,C
sequence was placed in a Cys-rich region in four proteins,
and in the remaining 31, it was a part of a larger domain, in
most cases an IBR (Supporting Dataset 1e).

The 34 human ZCCHC-containing factors that we found
in UniProtKB included the 24 proteins that are annotated
in the HGNC database as ZCCHC1-ZCCHC?25 (https://
www.genenames.org/data/genegroup/#!/group/74), with
the exception of ZCCHC23, because it harbors a degenerate
ZCCHC in which the H residue is substituted by asparagine
(N). Most human ZCCHC-containing factors of known func-
tion are involved in messenger RNA (mRNA), microRNA
(miRNA), and ribosomal RNA (rRNA) metabolism (Sup-
porting Dataset 1f; for all human amino acid sequences, see
Supplementary Fig. 3).
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Most ZCCHC-containing proteins are
involved in RNA metabolism

We then analyzed each of the proteins that we considered to
be genuine ZCCHC-containing factors (Supporting Data-
sets 1b, 1d, and 1f), looking for their orthologs in the other
two species under study, and using databases and the Basic
Local Alignment Search Tool for proteins (BLASTP) [20].
Then, we gathered information on each protein in general
and specific databases, as well as in publications. We pre-
sent the proteins that have been studied to some extent in
three figures: yeast ZCCHC-containing factors, with their
human and Arabidopsis orthologs, in Fig. 2; the remain-
ing human factors and their Arabidopsis orthologs in Fig. 3;
and the remaining Arabidopsis factors in Fig. 4. We did not
include in these figures putative orthologs not harboring
ZCCHCs. We added the structural information that we found
in UniProtKB: motifs, domains, and low-complexity regions
(Figs. 2, 3, 4).

We found that the structures and functions of ZCCHC-
containing factors were very diverse, harboring a wide
variety of domains and motifs in addition to the ZCCHC,
and participating in many different processes. As described
in UniProtKB and publications, most of the ZCCHC-con-
taining factors participate in RNA metabolism, including
transcriptional elongation, polyadenylation, translation,

pre-mRNA splicing, RNA export, RNA degradation,
miRNA and rRNA biogenesis, and post-transcriptional
gene silencing. However, when we tried to group them into
functional categories, the results were barely informative,
because only a few proteins had been assigned a Gene Ontol-
ogy (GO) or KEGG term (results of the GO analysis are
included in Supporting Datasets 1b, 1d, and 1f). In this sec-
tion, we summarize the most relevant information on the
proteins that play a role in RNA metabolism, mostly from
studies on yeast and humans.

Yeast Msl5 is involved in the assembly of early
spliceosome complexes

Pre-mRNA splicing occurs in two consecutive transesteri-
fication reactions, executed by the spliceosome to remove
introns and join exons, which co-transcriptionally con-
tribute to mRNA maturation. More than 150 trans-acting
factors and five small nuclear uridine-rich ribonucleopro-
teins (snRNPs; Ul, U2, U4, U5, and U6) participate in
splicing together with other splicing factors, such as ser-
ine (S)/arginine (R)-rich (SR) proteins—which contain an
Arg-Ser-rich region (the RS domain)—and heterogeneous
nuclear ribonucleoproteins (hnRNPs). In addition, several
intronic sequences play essential roles in splicing, includ-
ing the 5" and 3’ splice sites and the branch point (reviewed
in [21-24]).

Organism Protein Structure (motifs, domains and low-complexity regions)  Function or process

Yeast Msl5/Bbp/Sf1 e O =N 476 Assembly of early spliceosome complexes

Human SF1/ZCCHC25 — e N Y 638 Assembly of early spliceosome complexes

Arabidopsis SF1 ———— O —— NN — 804 pre-mRNA alternative splicing

Yeast Slu7 e s 382 Component of the spliceosome; splicing fidelity

Human SLU7 {} 586 Component of the spliceosome; splicing fidelity
Arabidopsis éﬁpﬁisg‘;’/ﬂjz {} 535 Leaf development

Yeast Mpe1 @l 441 pre-mRNA cleavage and polyadenylation

Human RBBP6 @———Z)// @~ 1792  pre-mRNA cleavage and polyadenylation

Arabidopsis PQT3*, PQT3L 826 Regulation of oxidative stress tolerance

Yeast Air1*, Air2 = 360 RNA processing, degradation and surveillance

Human ZCCHC7 ——ee o 543 RNA processing, degradation and surveillance

Yeast Gis2 FHHHHHH 153 Regulation of translation

Human CNBP/ZCCHC22  {HHHIHE 177 Regulation of translation

Yeast Bik1 =} 440 Dynamics of microtubule cytoskeleton

Human CLIP-170 —{E-ER-G8-8 /a il 1438 Dynamics of microtubule cytoskeleton

ll zccHe <O KH < RRM @ DWNN B RING B cAP-Gly (3 Prp18-interacting @ p53-interacting
@ RB1-interacting RS Pro-rich 83 Lys-rich () Gly-rich Arg-rich Arg/Gly-rich @B ser-rich

Fig.2 Schematic representation of the structures of yeast ZCCHC-
containing factors, with indication of their putative Arabidopsis
and human orthologs. Schemes have been drawn to scale. Motifs,
domains, and low-complexity regions are represented by symbols,
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and were obtained from the UniProtKB database and publications.
The Arabidopsis Genome Initiative [19] gene code is shown for
Arabidopsis proteins. In cases of several paralogs, the asterisk indi-
cates which protein is represented
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Organism Protein Structure (motifs, domains and low-complexity regions) Function or process

Human ZCRB1/ZCCHC19 =<l 217 Component of the U12 spliceosome
Arabidopsis ~ U11/U12-31K —THH= 261 Component of the U12 spliceosome
Human SRSF7/ZCCHC20 =<CmlfZ72 237 Nucleocytoplasmic mRNA export
Arabidopsis  RSZ22 <=Zo= 200 Splicing factor (putative)

Human pNO40/ZCCHC17 == 241 Splicing and ribosome biogenesis

Human LIN28A/ZCCHC1 = JeHl= 209 Suppressor of miRNA biogenesis
Arabidopsis CSP2 o == 203 Unknown

Human LIN28B = =l 250 Suppressor of miRNA biogenesis

Human TUT4/ZCCHC11 O/~ {} @—I—-FER=— 1645 Suppressor of miRNA biogenesis

Human TUT7/ZCCHC6 HOHC =@t 1495 Suppressor of miRNA biogenesis

Human CPSF4/CPSF30 =BRRRE—{ 269 pre-mRNA cleavage and polyadenylation
Human ZCCHC8 {} -~ 707 RNA surveillance

Arabidopsis ﬁ$;ggg§ég* el — 4,03 RNA surveillance (putative)

Human RBM4A/ZCCHC21 KK M 364 Alternative splicing; translational repression
Human RBM4B/ZCCHC15 <<t 359 Unknown

Human XRN2 C d 950 RNA surveillance

Arabidopsis ig“i* XRN3, C {1 B 1012 RNA surveillance

Human ZCCHC4 -} =513 rRNA biogenesis

Human ZCCHC9 = 271 rRNA biogenesis

Arabidopsis  AT5G52380 e 268 Unknown

Human DDX41 e e - 622 Innate immune response

Arabidopsis ~ RH35*, RH43 — = 591 Unknown

Human ZCCHC3 —- 403 Innate immune response

Human ZCCHC10 —i—§88 192 Tumor suppressor

Human SREK1IP1 =R 155 Unknown

fzccHc QRRM @s1 () csD @MatrinZzf @ PAP-associated (ONTP_ transf 2 [0] GRFzf [ c3H1zf (OXRN.N (JQ
(I HELICASE_ATP BIN  |DEADbox @ HELICASE C-TERM RS 8Glu-rich [ Gly-rich & Ginrich @B Lys-rich

Pro-rich

8 ser-rich

Fig.3 Schematic representation of the structure of human ZCCHC-containing factors with indication of their putative Arabidopsis orthologs.

Other details are as described in the legend of Fig. 2

Yeast Mud synthetic-lethal 5 (Msl5), also termed
Branchpoint binding protein (Bbp) and Splicing factor
1 (Sf1), specifically interacts with the seven-nucleotide
branch point sequences (UACUAAC) that are found
close to the 3’ splice sites of pre-mRNA introns [25], and
participates in the assembly of early spliceosome com-
plexes [26]. The human ortholog of Msl5, termed SF1 or
ZCCHC2S5 (Fig. 2), is encoded by an essential gene and
binds to the degenerate sequence CURAY (where R and Y
are purine and pyrimidine, respectively) [25]. Yeast Msl5
and human SF1 interact with Mutant U1 Die 2 (Mud2) and
its human ortholog U2 Auxiliary Factor 65 kDa (U2AF65)
splicing factor, respectively, facilitating branch point
recognition [27]. SF1 harbors an extended K homology
(KH) domain, a ZCCHC, and a Pro-rich C-terminal half.
Deletion assays have shown that the KH domain, but not
the ZCCHC or the Pro-rich region, is required for RNA

binding and pre-spliceosome assembly [28]. Although
similar in structure to human SF1, Msl5 includes a sec-
ond ZCCHC (Fig. 2), whose specific function has not been
determined, although it does not seem to be involved in
RNA binding [29]. MSLS5 is also an essential gene in yeast.
Conditional ms/5 mutants show aberrant splicing, mainly
of introns with weak consensus splice sequences, and high
levels of pre-mRNAs in the cytoplasm, suggesting that
Msl5 is required for the nuclear retention of unspliced and
misspliced pre-mRNAs [30].

The protein encoded by AT5G51300 is considered to be
the Arabidopsis homolog of yeast Msl5 and human SF1 [31],
and is annotated at TAIR and UniProtKB as ARABIDOP-
SIS SF1 HOMOLOG (AtSF1). The protein participates in
alternative splicing of pre-mRNAs and its structure is very
similar to those of its yeast and human orthologs, contain-
ing a KH domain, two ZCCHCs, an RNA recognition motif

@ Springer
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Protein Structure (motifs, domains and low-complexity regions) Function or process

CYP59 506 Recruitment of pre-mRNA processing factors to RNAP |1
EMB1441 {} 1080 Unknown

RH3/EMB1138 —_—C—m—i} 748 Chloroplastic splicing

PHIP1 — =< 597 RNA cytoplasmic localization and polarized mRNA transport
DDB2 —--0-0-0-0—0-0— 557 Repair of UV-induced lesions in DNA

RPA1C <3 g f- 853 DNA replication and repair, and meiosis

RPA1E <3 {F - 784 DNA replication and repair, and meiosis

TOP3-ALPHA s o{ —i} f 926 Meiotic recombination, maintenance of chromosome integrity
TZP —{" 831 Phosphorylation of phytochrome A

CXIP4 —_—f—(— 332 Unknown

MYBD —{0— 261 Epigenetic repression of anthocyanin biogenesis

KUA1/MYBH —{)}—365 Regulator of skotomorphogenesis

B zccHe [[] PPlase Cyclophilin-type {JRRM 0aQ {J HELICASE_ATP_BIN @ HELICASE C-TERM
@ WD REPEATS @oB N caz B Toprim (O PLUS3 @O HTH Arg-rich () Gly-rich @ Ser-rich

Fig.4 Schematic representation of the structure of Arabidopsis ZCCHC-containing factors. Other details are as described in the legend of Fig. 2

(RRM), and a Pro-rich C-terminal region (Fig. 2). Unlike
its SF1 and MLS5 orthologs, AT5G51300 seems to be a
single-copy gene (according to our BLASTP search), which
is not essential, and its loss of function causes dwarfism,
early flowering, and hypersensitivity to abscisic acid [31].

Yeast Slu7 and its human ortholog are required
for splicing fidelity

The yeast Pre-mRNA processing factor 18 (Prp18) stabilizes
the interaction between adjacent exons and the U5 snRNA
during the second step of pre-mRNA splicing [32]. Prp18
and Synergistic lethal with U5 snRNA protein 7 (Slu7)
cooperate to promote the second step of splicing, and Slu7 is
required to recruit Prp18 to the spliceosome [33, 34]. Yeast
SLU7 is essential and encodes a protein with a ZCCHC in
its N-terminal half, followed by a Prp18-interacting region
(Fig. 2). Slu7 is required for splicing fidelity, since it partici-
pates in the selection of the 3’ splice site [35].

Human SLU7 also seems to be involved in splicing fidel-
ity, and its depletion alters the use of the splicing acceptor
sequence (AG), so that the spliceosome indiscriminately
binds to other AG dinucleotides [36]. The ZCCHC of human
SLU7 is also located in its N-terminus, within a nuclear
localization signal. This signal, together with the ZCCHC,
is required to retain human SLU7 in the nucleus, but not for
its import from the cytoplasm [37].

Arabidopsis has three putative SLU7 orthologs encoded
by AT3G45950, AT1G65660, and AT4G37120 (Fig. 2).
Alignment of these three proteins with other eukary-
otic SLU7 factors revealed the presence of a conserved
ZCCHC [37, 38]. AT3G45950 is annotated in TAIR and
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UniProtKB as a “Pre-mRNA splicing Prp18-interacting fac-
tor”’; AT1G65660 and AT4G37120 are annotated in Uni-
ProtKB as “Pre-mRNA-splicing factor SLU7-A” (SLU7-A)
and SLU7-B, respectively, and in TAIR as SWELLMAPI1
(SMP1) and SMP2, respectively, because both were identi-
fied in a screen for leaf developmental abnormalities. Loss of
function of SMP genes causes a decrease in plant size, nar-
row and pointed leaves, and defects in leaf venation pattern.
SMP1 and SMP?2 are functionally redundant during devel-
opment [38]. The relationship among these three Arabidop-
sis proteins and pre-mRNA splicing has been inferred only
from their similarity to SLU7 factors, and the role of their
ZCCHC has not been determined.

Human ZCRB1/ZCCH19 is a component of the minor
spliceosome

The U2-type spliceosome is present in all eukaryotes and
processes most introns. Many eukaryotes also contain a
minor spliceosome that excises the rare U12-type introns,
which represent only 0.5% of the introns in a given organ-
ism and have different donor- and branch-site consensus
sequences. The Ul2-type spliceosome has been lost inde-
pendently in distantly related species, including yeast [39].
Most of the genes containing U12-type introns contain only
one of these introns, and also have several U2-type introns.
Splicing is slower in U12-type than in U2-type introns,
possibly allowing control of the cellular levels of mature
mRNAs because inefficient splicing can cause retention of
the U12 intron and mRNA decay [40].

Human zinc finger CCHC-type and RNA-binding
domain-containing 1 (ZCRB1), also named ZCCHC19 and
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U11/U12-31K, is one of the components of the U11/U12
snRNPs of the U12 spliceosome, connecting both ends of
the intron being processed [41]. The essential Arabidopsis
gene AT3G10400 is the ortholog of human ZCRB1, encod-
ing a U11/U12-31K protein, which acts as an RNA chaper-
one for proper splicing of U12-type introns [42]. The human
and Arabidopsis U11/U12-31K proteins have 62% sequence
similarity [43] and a similar structure, with an RRM domain
followed by a ZCCHC (Fig. 3). Moreover, they both exclu-
sively localize to the nucleus, as would be expected from
their role in pre-mRNA splicing [41, 42]. In addition, the
C-terminal half of the Arabidopsis AT3G10400 protein har-
bors a low-complexity region that is rich in glutamic acid
(E); this region is absent from human ZCRB1. There is no
yeast U11/U12-31K ortholog, since Saccharomyces cerevi-
siae lacks the entire U12 spliceosome.

Human SRSF7/ZCCHC20 is an SR factor involved
in RNA export and decay

Members of the large and conserved SR family of RNA-
binding proteins function in eukaryotic pre-mRNA metabo-
lism and mRNA decay, export, and translation. SR proteins
share a C-terminal domain, the RS domain (a low-com-
plexity region rich in alternating S and R that in SR pro-
teins is longer than 50 amino acids), and an RRM in their
N-terminal region [44]. The RS domain confers flexibility
to the SR proteins; the conformation of these proteins varies
depending on the proteins or RNA molecules with which
they interact [45, 46].

The best-studied role of SR proteins is in the regulation of
constitutive and alternative splicing of pre-mRNAs. In con-
stitutive splicing, SR proteins bind pre-mRNA exonic splic-
ing enhancers through their RRM domain and recruit the
spliceosome to nearby splice sites through their RS domain
[47, 48]. SR factors antagonize hnRNPs, which repress
alternative splicing and bind exonic and intronic splicing
silencers [49].

Most SR proteins are nucleoplasmic, although some
move from the nucleus to the cytoplasm, suggesting a role in
mRNA export, translation control, and/or other cytoplasmic
processes [46]. In the nucleus, SR proteins are usually found
in multiple aggregates, termed speckles, and are frequently
used as markers of these nuclear compartments. Human ser-
ine/arginine-rich splicing factor 7 (SRSF7), initially termed
9G8 and then ZCCHC20, contains an RRM domain followed
by a single ZCCHC and an RS domain at its C-terminal
half (Fig. 3). ZCCHC20 and SRp20 (also termed serine/
arginine-rich splicing factor 3; SRSF3) are two SR proteins
that show a highly dynamic behavior in their intracellular
localization, shuttling between the nucleus and cytoplasm
[50]. Both ZCCHC20 and SRp20 (which does not har-
bor a ZCCHC) bind RNA, suggesting, together with their

dynamic localization, that they have a role in RNA transport.
ZCCHC20 and SRp20 specifically bind to the intron-less
mRNA transport element of the histone H2A, to promote its
export to the cytoplasm [51]. The process of mRNA export
requires the binding of any mRNA to adapter proteins that
interact with receptors. For example, human mRNAs bound
to ZCCHC20 and SRp20 selectively interact with nuclear
RNA export factor 1 (NXF1), which is considered the pre-
dominant receptor for mRNA export from the nucleus to the
cytoplasm [51].

The Arabidopsis genome encodes two subfamilies
of SR factors with ZCCHCs

As with many other gene families, the number of SR fam-
ily members is larger in plants (up to 22 in rice [Oryza
sativa]) than in yeast (2) or humans (9). Only one of the
human SR proteins, ZCCHC20, contains a ZCCHC [50].
The Arabidopsis genome encodes 19 SR proteins, belong-
ing to six subfamilies, termed SR, RS, SC, SCL, RSZ, and
RS2Z [52]. SR45 may represent an additional independ-
ent subfamily [53]. Only the members of the RSZ (RSZ21
[encoded by AT1G23860], RSZ22 [AT4G31580], and
RSZ22A [AT2G24590]) and RS2Z (RS2Z32 [AT3G53500]
and RSZ33 [AT2G37340]) subfamilies have one and two
ZCCHG s, respectively [52, 53]. The ZCCHCs of human
ZCCHC20 and its putative Arabidopsis ortholog, RSZ22,
are involved in RNA recognition specificity [54, 55].
The structure of RSZ22 is very similar to that of human
ZCCHC20 (Fig. 3); however, the function of Arabidopsis
RSZ and RS2Z factors is not well known. Arabidopsis RSZ
and RS2Z factors co-localize and accumulate in speckles
that are distinct from those of other members of the SR
family and splicing factors [53]. Some ZCCHC-containing
proteins interact with SR factors of the SCL subfamily in
yeast two-hybrid (Y2H) and co-immunoprecipitation assays
[53, 55].

The localization of Arabidopsis RSZ22 is dynamic, as it
moves between the nucleus and cytoplasm, and its ZCCHC
is not required for its nuclear localization, but is required
for it to interact with other splicing factors [56]. RSZ22 has
been found in nuclear speckles and within the nucleolus, and
mutations affecting its RRM or ZCCHC domains prevent it
from translocating to the nucleolus.

A role for Arabidopsis RSZ33 in splicing has also been
proposed based on its interactions with other putative splic-
ing factors (RSZ22 and RSZ21) and the alterations in splic-
ing some mRNAs, including its own, which cause its over-
expression [57]. RSZ22 and RSZ21 interact with U1-70K,
a component of Ul snRNP [58]. In a directed Y2H assay,
RSZ33 interacted with CYCLIN-DEPENDENT PROTEIN
KINASE G1 (CDKG1), which regulates the splicing of
CALLOSE SYNTHASE 5 (CALSS5) pre-mRNA, encoding the

@ Springer



3998

U. Aceituno-Valenzuela et al.

main synthase involved in the synthesis of the pollen callose
wall [59]. As a consequence, loss of CALS5 and CDKG1
causes defects in pollen wall formation and male fertility.
Based on these results, it has been proposed that splicing
of CALSS5 pre-mRNA is facilitated by its indirect binding to
CDKG1 through RSZ33 [59].

pNO40, a human ZCCHC-containing factor, plays
a double role in splicing and ribosome biogenesis

The human nucleolar protein of 40 kDa (pNO40), also
named ZCCHC17, is a multifunctional protein that partici-
pates in ribosome biogenesis and splicing. pNO40 has been
found in the nucleolus and cytoplasm as part of the 60S
ribosomal subunit [60, 61]. pNO40 has recently been iden-
tified as repressing transcription of the 47S rDNA, which
encodes the 28S, 18S, and 5.8S rRNAs, by inhibiting the
binding of the basal transcription factor upstream binding
factor (UBF), to the 35S rDNA promotor [62]. pNO40 inter-
acts with SR proteins to recruit them from nuclear speckles
into the nucleolus, where they are retained. Sequestration
of SR factors into the nucleolus perturbs RNA metabolism,
including mRNA export, as shown in cells overexpressing
pNO40, which display nuclear retention of poly(A)* RNAs
and alterations of pre-mRNA splicing [63]. In addition to its
ZCCHC located in the middle of the protein, human pNO40
harbors an S1 RNA-binding domain in its N-terminal half,
and an extended basic domain (Lys-rich) in its C-terminal
half (Fig. 3). No pNO40 ortholog has been found in yeast
[61], and we did not identify any similar Arabidopsis pro-
teins in databases or in our BLASTP analysis.

Metazoan LIN28 suppresses the biogenesis
of the let-7 microRNA

Genetic screens have identified key genes controlling devel-
opmental timing in the nematode Caenorhabditis elegans,
including lin-4 and let-7, the first two genes identified in
eukaryotes as encoding miRNAs (reviewed in [64]). miR-
NAs are small (about 22 nt), non-coding RNAs that post-
transcriptionally repress gene expression. miRNAs are
encoded by endogenous genes that have been found in
plant, animal, and protist genomes, and inhibit the transla-
tion of their complementary mRNA targets. Mature, func-
tional miRNAs are generated from longer precursors that
form stem-loop structures; these stem-loops are processed
by Dicer, a member of the RNase III family of endoribonu-
cleases. In metazoans, transcription of the genes encoding
miRNAs, the MIR genes, yields a primary precursor (pri-
miRNA) that is processed in the nucleus by Drosha, another
type III RNase, generating a shorter precursor (pre-miRNA)
that is exported to the cytoplasm, where it is then processed
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by Dicer to form a duplex, one strand of which is the mature
miRNA (reviewed in [65]).

The lin-28 gene of C. elegans encodes an RNA-binding
factor; the lin-28 mRNA is targeted by the lin-4 miRNA
[31]. The LIN28 protein is highly conserved at the struc-
tural and functional levels in a variety of animals, from
worms to humans. In invertebrates, /in28 is a single-copy
gene, whereas all vertebrates have two paralogs, LIN28A and
LIN28B [66]. Human LIN28A (also termed ZCCHC1) and
LIN28B block /er-7 maturation at different steps: LIN28A
moves from the nucleus to the cytoplasm, where it blocks
pre-let-7 processing by Dicer; and LIN28B sequesters pri-
let-7 in the nucleolus, away from Drosha [67]. Metazoan
LIN28 proteins are RNA-binding factors with two ZCCHCs
and a nucleic acid-interacting domain, called the cold-shock
domain (CSD; Fig. 3 and Supporting Dataset 1f) [68]. The
CSD is about 70 amino acids long and includes two consen-
sus RNA-binding domains. CSDs are found in many differ-
ent proteins from a wide range of eubacteria and eukaryotes;
these proteins bind RNA and single-stranded DNA, acting
as RNA-chaperones [69]. CSD-containing proteins are
structurally and functionally diverse, participating in mul-
tiple steps of RNA metabolism [70]. Human LIN28A and
LIN28B are also termed COLD-SHOCK DOMAIN DNA-
BINDING PROTEIN 1 (CSDD1) and CSDD2, respectively.

Human LIN28A binds to pre-let-7 and circumvents matu-
ration of this miRNA by recruiting terminal uridylyltrans-
ferase 4 (TUT4), which catalyzes pre-let-7 3’ uridylation and
induces its degradation, thereby preventing pre-let-7 pro-
cessing by Dicer [64, 71]. TUT4, also termed ZCCHCl11,
and its paralog TUT7 (ZCCHC6), which plays a minor role
in the oligouridylation of pre-let-7, are members of the
non-canonical Poly(A) Polymerases (PAPs), belonging to
the DNA polymerase p superfamily. TUT4 and TUT7 har-
bor three ZCCHC:s. In addition to the ZCCHC, TUT4 and
TUT?7 also harbor a Matrin C,H,-type zinc finger, a nucle-
otidyltransferase (NTP_transf) domain, two Cidl family
PAP-associated domains, and Pro- and Gln-rich regions in
TUT4, but a Glu-rich region in TUT7 (Fig. 3 and Supporting
Dataset 1f). A specific interaction between the two ZCCHCs
of mouse LIN28A and pre-let-7 is necessary and sufficient
to induce its oligouridylation by TUT4 [64]. Mouse LIN28A
has been found in the periphery of the endoplasmic retic-
ulum and suppresses endoplasmic reticulum-associated
translation of mRNAs that form small hairpins containing
AAGNNG, AAGNG, or UGUG sequences, which are the
binding targets for LIN28A [72].

Our analyses on PROSITE and PatMatch did not iden-
tify any RNA uridylyltransferase containing a ZCCHC in
Arabidopsis. However, Arabidopsis HEN1 SUPPRES-
SOR1 (HESOI1, encoded by AT2G39740) and UTP:RNA
URIDYLYLTRANSFERASE 1 (URTI1, encoded by
AT2G45620) have been shown to function redundantly in
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miRNA 3’ uridylation, a process in which HESO1 plays
the predominant role [73]. URT1 could be the functional
ortholog of TUT7 or TUT4 because, in addition to their
similar uridylation activity, it displayed the highest similar-
ity to both factors in our BLASTP analysis: 35% and 33%,
respectively. The reciprocal BLASTP, using the AT2G45620
protein to search in human databases, identified TUT7 and
TUT4 as the most likely homologs. In addition, the struc-
tures of TUT4, TUT7, and URT1 are similar, sharing the
NT (PF01909) and Cid1 family PAP (PF03828) domains,
although URTT lacks a ZCCHC.

The Arabidopsis genome encodes several Gly-rich
proteins similar to LIN28

The similarity between GLYCINE-RICH PROTEIN2
(GRP2; encoded by AT4G38680), also named COLD
SHOCK DOMAIN PROTEIN2 (CSDP2) or COLD
SHOCK PROTEIN2 (CSP2), and human LIN28 has been
previously described [66, 74]. CSP2 and its paralog CSP1
belong to the plant GRP superfamily of proteins, whose
five families (I-V) have repeats of glycines with the G X
structure. Family IV is composed of RNA-binding GRPs
(RBGs), which have one or two RNA-binding domains in
their N-terminus and a 30-70% G content in the C-ter-
minus. Four RBG subclasses have been defined based on
their structure (IVa—d). Members of the IVa, b, and d sub-
classes contain a single RRM, and members of the IVc
subclass contain a CSD in their N-terminus [75, 76]. The
Arabidopsis genome encodes 19 IVa—d RGBs, seven of
which belong to the I'Va subclass, three to IVb, four to
IVc, and five to IVd [77]. In addition to an RNA-binding
domain (either RRM or CSD), members of the IVb sub-
class, which are termed RNA-BINDING GLYCINE-RICH
PROTEIN B1 (RBGB1) to RBGB3, and members of the
IVc subclass, which are termed CSP1 to CSP4, have one
(RBGB) or several (seven in CSP1 and CSP3, and two in
CSP2) ZCCHC:s in the Gly-rich region of their C-terminus
(Fig. 3 and Supplementary Fig. 2) [76].

CSP1 and CSP2 associate with polyribosomes via
mRNA, display mRNA-chaperone activity, and localize
to the nucleolus and the cytoplasm [78, 79]. Nucleolar
localization of CSP2 is dependent on its C-terminal GR/
ZCCHC region. CSP2 and its closest paralog, CSP4/GRP2B
(encoded by AT2G21060), which are partially redundant,
negatively regulate seed germination and tolerance to freez-
ing and salt stress [80]. CSP3 (encoded by AT2G17870) is
required for abiotic stress tolerance, because its loss of func-
tion increases sensitivity to freezing, drought, and salt stress;
its overexpression increases tolerance to these stresses. How-
ever, the molecular function of CSP3 related to stress or
RNA metabolism is yet to be elucidated [81].

CSP3 seems to be a versatile protein whose interactions
and subcellular localization suggest a role in ribosome bio-
genesis and RNA processing and stability. CSP3 has been
found in the nucleolus, nucleoplasm, nuclear speckles, and
cytoplasm. In the nucleolus and nucleoplasm, CSP3 inter-
acts with NUCLEOLIN1 (NUC1), ribosome biogenesis
factors, and 60S ribosomal subunit proteins. Arabidopsis
NUCI1 regulates the transcription of the 45S rDNA and the
processing of the 45S pre-rRNA, the primary precursor of
the 258, 18S, and 5.8S rRNAs [82, 83]. CSP3 also interacts
with several poly(A)-binding proteins in nuclear speckles,
and with the DECAPPING5 PROTEINS (DCP5) protein in
the cytoplasm [81, 84].

Little information is available on the Arabidopsis
RBGB subfamily, which is composed of three members,
RBGBI1-RBGB3, and exhibits RNA-chaperone activity
when expressed in Escherichia coli. Transcription of RBGB2
(also termed RZ-1A) is induced by cold treatment but not by
other types of abiotic stress or exogenous abscisic acid treat-
ment, and its overexpression confers tolerance to freezing
in Arabidopsis and to cold exposure in E. coli [85]. RBGB1
(RZ-1B) and RBGB3 (RZ-1C) localize in nuclear speckles.
Simultaneous loss of function of RZ-1B and RZ-1C perturbs
the splicing of many genes. Several aspects of the develop-
ment of rz-1b rz-1c double mutants are delayed, including
germination and flowering time, and their leaves are ser-
rated. RZ-1B and RZ-1C interact in Y2H assays with some
SR proteins of different subfamilies, such as RSZ21 and
RSZ22, all of which contain ZCCHCs. In addition, RZ-1B
and RZ-1C interact with themselves and with each other
through their C-terminal domain, which is required for their
localization in nuclear speckles [86].

ZCCHC-containing factors involved in pre-mRNA
polyadenylation

In eukaryotic pre-mRNA maturation, which yields mature
mRNAs competent for nuclear export and translation,
3'-end cleavage and polyadenylation are key steps. In mam-
mals, about 20 factors constitute the core poly(A) machin-
ery, which includes PAP and the conserved cleavage and
polyadenylation specificity factor (CPSF) and cleavage
stimulation factor (CstF) complexes, which are required for
pre-mRNA cleavage, but not for polyadenylation. PAP is
recruited by CPSF and catalyzes the addition of 200-250
adenosines to the 3’ end of the cleaved pre-mRNA in a tem-
plate-independent fashion [87].

Yeast Mutant PCF11 extragenic suppressor 1 (Mpel) is
a component of the CPSF complex. Mpel is required for
pre-mRNA cleavage and for polyadenylation at the bona
fide site, as shown by examination of mpel mutants [88].
Mpel is an E3 ligase with a RING finger domain at its C-ter-
minus, a variant of a ubiquitin-like (UBL) domain in the
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N-terminus, termed Domain With No Name (DWNN), and a
ZCCHC in its central region (Fig. 2). Mutational analysis of
these domains revealed that they are required for pre-mRNA
polyadenylation, because the DWNN mediates protein—pro-
tein interactions within the CPSF complex, and the RING
finger and the ZCCHCs mediate RNA binding [89].

The human homolog of yeast Mpel is the Retinoblastoma
(Rb) binding protein 6 (RBBP6), also termed p53-associated
cellular protein-testes derived (PACT). RBBP6 contains
the same three domains as Mpel, i.e., DWNN, ZCCHC,
and RING finger. In addition, RBBP6 is four times larger
than yeast Mpel, and harbors an RS domain, followed by
p53- and Rb-binding regions and a Lys-rich region in the
C-terminus (Fig. 2). RBBP6 binds the p53 and Rb tumor
suppressor factors, and thus interferes with the binding
of p53 to DNA [90, 91]. Knockdown of Rbbp6 in mice
enhances the accumulation of p53 by reducing its polyubig-
uitination and causes embryo lethality. Consequently, loss
of RBBP6 in mice increases p53-dependent gene transcrip-
tion, revealing that RBBP6 is a negative regulator of p53
[92]. Knockdown of RBBP6 in human cells with a small
interfering RNA (siRNA) dramatically reduces the efficiency
of 3’ pre-mRNA cleavage, causing a decrease in the abun-
dance of mRNAs and an increase in the use of distal poly(A)
sites. The decrease in mRNA levels is particularly evident
for transcripts containing AU-rich elements (AREs) in their
3'-UTRs, which are naturally unstable transcripts targeted by
the exosome. The DWNN is essential for binding to CstF,
and, therefore, also essential for 3’ pre-mRNA cleavage, as
shown by 3’ cleavage and polyadenylation assays in cells
after knockdown of RBBP6 with and without transgenes
expressing different regions of the RBBP6 protein [93].

The Arabidopsis genes AT4G17410 and AT5G47430
encode putative orthologs of Mpel and RBBP6 (Fig. 2),
both of which are annotated in the Aramemnon database
as “Mpel-like components of the CPSF complex” and in
the TAIR database as “encoding a CCHC-type zinc finger
protein with a DWNN domain”. We found AT4G17410 and
AT5G47430 to be the only Arabidopsis genes annotated as
encoding a protein with a DWNN. AT4G17410 has been
named PARAQUAT TOLERANCE 3 (PQT3) and is a nega-
tive regulator of oxidative stress tolerance [94]. Its plant,
fungal, and protist orthologs lack the p53- and Rb-binding
and SR domains [95]. However, PQT3 and its paralog
AT5G47430 (PQT3-like; PQT3L), which also contain the
DWNN, ZCCHC, and RING finger domains, have a Gly-
and an Arg-rich region in their C-terminal half (Fig. 2). The
function of PQT3 and PQTL3L in pre-mRNA cleavage and
polyadenylation is not known.

The human CPSF4 (also termed CPSF30) is also a com-
ponent of the CPSF complex, acting as a co-factor of the
cleavage and polyadenylation machinery. CPSF4 and its
animal orthologs harbor a ZCCHC in their C-terminus
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(Fig. 3), which is absent from fungi and plants [96, 97].
In vitro RNA-binding assays revealed that its ZCCHC
enhances poly(U)-binding ability. In addition, the ZCCHC
alone produces the same enhancement of poly(U) binding
as the other five zinc fingers together, which are C3H1-type
(CX4CX5CX;H) zinc fingers, and are present in all CPSF30/
CPSF4 orthologs, including the Yeast 30 kDa homolog 1
(YTHI) [96].

Air proteins are key factors in RNA degradation
by the exosome

The yeast Arginine methyltransferase-interacting RING fin-
ger protein 1 (Airl) was identified in a screen based on the
Y2H assay for structures that interact with Histone methyl-
transferase 1 (Hmtl), the major arginine methyltransferase in
yeast. Many RNA-binding proteins undergo arginine meth-
ylation by Hmt1, including histones and hnRNPs [98]. Argi-
nine methylation by yeast Hmt1 and its human counterpart
occurs in the Arg/Gly-rich C-terminal domain, termed the
RGG box, of hnRNPs [99]. RGG/RG domains are encoded
by all eukaryotic genomes and are the second most abundant
among human RNA-binding domains [100]. RGG domains
are intrinsically disordered, and mediate degenerate specific-
ity in RNA binding. RGGs are found as single RNA-binding
domains or combined with more structured domains, such
as the RRM- or KH-type domains [101].

The eukaryotic exosome is a multiprotein complex
with 3' to 5’ exonucleolytic activity that processes and/or
degrades normal and aberrant RNA species, and the by-
products of their maturation, in both the nucleus and the
cytoplasm. To be catalytically active and to recruit its RNA
substrates, the exosome is assisted by cofactors. These cofac-
tors include protein complexes that act as activators, RNA
helicases, RNA-binding proteins that act as adaptors, includ-
ing ZCCHC proteins, and other proteins that do not fit in any
of these categories. In yeast, the Trf4/5-Air1/2-Mtr4 poly-
adenylation (TRAMP) and Superkiller (Ski) complexes are
the best-characterized exosome cofactors, which recruit the
exosome to its RNA targets in the nucleus and cytoplasm,
respectively. The TRAMP and Ski complexes are required
for RNA surveillance. TRAMP is also required for matura-
tion of snRNAs and rRNAs, while the Ski complex also
participates in the turnover of functional mRNAs [102].

The yeast TRAMP complex is composed of the non-
canonical Trf4/5 PAP, RNA helicase Mtr4 (mRNA trans-
port 4), and RNA-binding proteins Airl and Air2 [103]. The
number of ZCCHCs in Airl and Air2 is not clear. These
two proteins have four CX,CX,HX,C sequences (Support-
ing Dataset 1b), but they have been described as harboring
five ZCCHCs [104, 105]. However, their second ZCCHC is
not canonical, since there is an additional residue between
the second C and the H (CX,CXsHX,C). In agreement with
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the four CX,CX,HX,C sequences present in both proteins,
four ZCCHC:s are described for Airl in UniProtKB, but only
three are annotated for Air2; the CX,CXsHX,C sequence is
not considered a ZCCHC in either case.

Airl and Air2 bind Trf4 and Trf5 through the ZCCHCs
to recognize RNA substrates of TRAMP. The Trf4 subu-
nit of TRAMP adds a short poly(A) tail to cryptic unstable
transcripts (CUTs). It can also polyadenylate many differ-
ent improperly processed or aberrant non-coding RNAs
(ncRNAs) that participate in splicing [small nuclear RNAs
(snRNAs)] or in ribosome biogenesis and translation [trans-
fer RNAs (tRNAs), small nucleolar RNAs (snoRNAs), and
rRNAs]. Polyadenylation of these TRAMP targets stimulates
their degradation by the nuclear exosome. Mutating AIR]
and AIR2, which encode proteins with a substitution in the
second C of the third and fourth ZCCHC, revealed that the
second C in these motifs is critical for Air function in vivo
[104].

Co-immunoprecipitation analysis coupled with mass
spectrometry allowed for the discovery of two differ-
ent MTR4-containing human complexes, one of which is
restricted to the nucleoplasm and the second to the nucleo-
lus. The nuclear exosome-targeting (NEXT) complex is
composed of MTR4, RNA Binding Motif Protein 7 (RBM?7),
and ZCCHCS, which possesses a single ZCCHC that can
potentially interact with RNA. Based on its dual interaction
with the exosome and the spliceosome, an additional role has
been proposed for the NEXT complex in the recruitment of
the exosome for decay and/or processing of intron-encoded
snoRNAs [106].

ZCCHCT7 is the putative human ortholog of yeast
Airl and Air2, and co-purified with the nucleolar frac-
tion of MTR4 and the exonuclease RRP6 (also known
as EXOSC10). RRP6 is a catalytic subunit of the RNA
exosome that is highly conserved in eukaryotes and has
been found in the nucleolus and the nucleoplasm. RRP6
is required for proper maturation of ncRNA substrates,
such as rRNAs, snRNAs, snoRNAs, and CUTs (reviewed
in [107]). Three RRP6-like proteins (RRP6L1 to RRP6L3)
have been found in Arabidopsis: RRP6L1 in the nucleus
and in the nucleolar vacuole, RRP6L2 mainly in the nucle-
olus, and RRP6L3 in the cytoplasm, but its functional rela-
tionship with the exosome has not been determined [108].

Loss of function of ZCCHC7 causes the accumula-
tion of by-products excised from the 5'-ETS of 47S pre-
rRNA processing [109]. ZCCHC7 is a nucleolar protein,
consistent with its role in rRNA biogenesis. ZCCHC7
has four ZCCHCs (Fig. 2), which mediate the interac-
tion with PAP-associated domain-containing 5 (PAPDS)
and PAPD7, the human orthologs of yeast TRF4-2 and
TRF4-1, respectively, suggesting the existence of a human
nucleolar TRAMP-like complex [110]. Using BLASTP,
we found several Arabidopsis ZCCHC-containing proteins

of unknown function with limited sequence similarity to
human ZCCHC7, no one of which was a credible ZCCHC7
homolog.

AT1G67210 and AT5G38600 are annotated in the
TAIR10 database as encoding proline-rich spliceosome-
associated family protein/zinc knuckle (CCHC-type) fam-
ily proteins, and are proposed to be ZCCHCS8 homologs
[111, 112] with structures similar to that of human
ZCCHCS, harboring a single ZCCHC. They have also been
identified in co-immunoprecipitation assays using HUA
ENHANCER 2 (HEN2) as bait [112]. Arabidopsis HEN2
and MTR4 are the two Arabidopsis co-orthologs of the
yeast Mtr4 helicase; HEN2 is nucleoplasmic and MTR4 is
mainly nucleolar, as shown by their hybrid proteins with
GFP [111, 112]. Both of these helicases associate with
core components of the nuclear exosome, but most pro-
teins that co-precipitate with MTR4-GFP are ribosomal
processing factors that do not co-purify with HEN2-GFP.
Plants lacking HEN2 activity accumulate many types of
polyadenylated nuclear RNA species, including unspliced
pre-mRNAs or misspliced mRNAs, excised introns, and
by-products of the processing of ncRNAs. Based on these
results, the existence of two specialized RNA helicases,
acting as cofactors of the exosome, has been proposed in
Arabidopsis: MTR4 assists in the nucleolus to the exosome
in the maturation of rRNAs, and HEN2 in the degradation
of many different RNA nuclear substrates. The functions
of AT1G67210 and AT5G38600 have not yet been deter-
mined, but both may be part of two different NEXT-like
complexes, together with HEN2 and RBM?7, and partici-
pate in the degradation and/or processing of nuclear exo-
some RNA substrates [112].

The yeast Gis2 and human CNBP and RBM4 proteins
promote cap-independent translation

Expansion of CCTG repeats in the first intron of the human
gene encoding the CCHC-type zinc finger nucleic acid-bind-
ing protein (CNBP), also termed Zinc finger 9 (ZNF9) and
ZCCHC22, causes the autosomal dominant form of Myo-
tonic dystrophy type 2 [113]. Human CNBP was the first
cellular eukaryotic ZCCHC-containing protein described,
and was found to bind to the conserved Sterol Regulatory
Element present in promoters of genes encoding enzymes of
the cholesterol biosynthetic pathway [114]. CNBP was later
identified as an RNA-binding protein in Xenopus laevis by
its ability to bind the 5'-UTR of mRNAs encoding ribosomal
proteins, which suggests a role in their translational control
[115, 116]. CNBP orthologs, including yeast Glucose inhibi-
tion of gluconeogenic growth suppressor 2 protein (Gis2),
harbor seven ZCCHCs (Fig. 2), and interact with riboso-
mal proteins and the translating ribosome. Human CNBP
and yeast Gis2 are located in stress granules [117], which
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are cytoplasmic compartments containing translationally
repressed mRNAs. Stress granules form when translation
initiation is impaired and function in translational repression
and/or mRNA decay [118]. Human CNBP and yeast Gis2
are also considered translational activators because they pro-
mote cap-independent translation through interactions with
the 5'-terminal oligopyrimidine (5" TOP) tract of mRNAs
and the translating ribosome [119, 120]. Many eukaryotic
5" TOP mRNAs are transcribed from genes that encode fac-
tors involved in translation, including ribosomal proteins and
ribosomal biogenesis factors [121]. Human CNBP enhances
global transcription and translation by unfolding DNA and
RNA G-quadruplex (G4) structures, located in the promot-
ers of genes or 5'-UTRs of mRNAs, respectively [122, 123].
Although CNBP orthologs have been identified in fungi
and metazoans, such as Drosophila melanogaster [124],
no CNBP or Gis2 orthologs have been described in plants.
Our BLASTP searches of the yeast Gis2 and human CNBP
sequence against the TAIR10 protein database yielded CSP1
and CSP3 as the most similar factors in the Arabidopsis
proteome.

RNA-binding domain protein 4A (RBM4A), also named
ZCCHC21, and RBM4B (ZCCH15) are the human orthologs
of Drosophila melanogaster LARK (low-complexity
amyloid-like reversible kinked segments); LARK and the
two human RBM4 factors harbor two RRM domains and
a ZCCHC (Fig. 3). The RRMs and C-terminus of LARK
are required for its splicing function. Deletion analysis of
LARK suggests that its ZCCHC and second RRM domain
act in concert in translational regulation [125]. RBM4A is a
dynamic protein that shuttles between the nucleus and cyto-
plasm, and is involved in controlling alternative pre-mRNA
splicing and translational repression. In the cytoplasm,
RBMA4A suppresses cap-dependent translation in unstressed
conditions, but under stress, it promotes translation mediated
by IRES (internal ribosome entry sites) of stress-respon-
sive genes. In the nucleus, RBM4B is localized in nuclear
speckles and the nucleolus, where it might play a role in
rRNA biogenesis, since it interacts with the 40 kDa subunit
of RNA polymerase I (RNAP I) in Y2H assays (reviewed in
[126]). Similar to human CNBP, metazoan LARK/RBM4
proteins have been found to be DNA G4-binding proteins
[127]. There is no Drosophila melanogaster LARK homolog
described in Arabidopsis, and our searches for Arabidop-
sis homologs of the yeast LARK protein and of its human
orthologs did not yield similar factors.

XRNs contribute to RNA turnover
and post-transcriptional gene silencing

Eukaryotic 5'— 3’ exoribonucleases (XRNs) contribute to

RNA turnover and maintenance of RNA homeostasis, which
involves degradation of a wide range of normal and defective
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mRNAs. XRNs also participate in the maturation of many
species of ncRNAs, such as rRNAs, tRNAs, and snoRNAs.
XRNs have been found in the nucleoplasm, the nucleolus,
and the cytoplasm. XRNs were first identified in yeast,
which has two of these enzymes: Xrn1 (also named Pacman)
and Xrn2 (also named ribonucleic acid trafficking, Ratl),
which act in the cytoplasm and nucleus, respectively. Yeast
Xrnl has been found predominantly in the cytoplasm, but
also in the nucleus, and it has been implicated in the deg-
radation of decapped or cleaved mRNAs, and with the pro-
cessing of ncRNAs, such as snoRNAs or tRNAs [128, 129].
More recently, Xrnl has been shown to act in the nucleus as
an activator of the transcription of genes encoding unstable
transcripts, many of which encode proteins involved in ribo-
some biogenesis and mRNA translation [130]. Xrn2/Ratl
is required for the termination of transcription by RNAP I
and II [131, 132], and for the maturation of snoRNAs and
rRNAs [133, 134].

The human and Arabidopsis proteomes lack an ortholog
of yeast Xrnl, but they contain one and three homologs of
yeast Xrn2/Ratl, respectively, all of which have a ZCCHC,
unlike yeast XRNs. In addition to the ZCCHC, all XRNs,
including yeast Xrn2/Ratl, harbor a 5'— 3’ exonuclease
domain in their N-terminus (Fig. 3). Human XRN2 is
involved in the termination of transcription by RNA poly-
merase II, and it degrades nascent RNA downstream of the
3" cleavage site [135]. Human XRN?2 is also involved in
the suppression of replication stress and maintenance of
genomic stability [136]. The three Xrn2/Ratl orthologs of
Arabidopsis are XRN2 (encoded by AT5G42540), XRN3
(AT1G75660), and XRN4 (AT1G54490). Arabidopsis
XRN2 and XRN3 are nucleolar and nucleoplasmic fac-
tors, and XRN4 is cytoplasmic [137]. XRN2 and XRN3
act in 45S pre-rRNA processing [138], and as endogenous
RNA silencing suppressors, and are required for the degra-
dation of excised miRNA loops produced during miRNA
maturation. XRN4 localizes in the processing bodies with
the decapping enzymes DCP1 and DCP2, all of which are
involved in mRNA decay. Plants without XRN4 activity
over-accumulate 3’ fragments of RNAs, including targets
of miRNAs [139]. XRN4 is a suppressor of post-tran-
scriptional gene silencing, because it degrades decapped
mRNAs, preventing them from becoming templates for
RNA-dependent RNA polymerases, thus producing small
interfering RNAs that would enter into the post-transcrip-
tional gene silencing pathway [140].

Human ZCCHC4 and ZCCHC9 are involved in rRNA
biogenesis

Human ZCCHC4 is a nucleolar and cytoplasmic RNA m°A
methyltransferase involved in the methylation of the 28S
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rRNA in the cytoplasm. The 28S rRNA is a component
of the 60S ribosomal subunit, and the loss of ZCCHC4
reduces 60S ribosomal subunit levels and global trans-
lation, although it has no effect on mature 28S and 18S
rRNA production [141]. ZCCHC4 harbors a ZCCHC and
a zinc finger GRF-type, containing three conserved glycine
(G), R, and phenylalanine (F) residues in the center of
the domain (Fig. 3). ZCCHC4 does not have orthologs in
yeast, and even though it has been claimed to be conserved
in multicellular organisms, ZCCHC4 orthologs have only
been analyzed in animals [141]. We did not find any Arabi-
dopsis protein with enough similarity to be considered a
credible ortholog of ZCCHC4.

ZCCHC9 is a nucleoplasmic and nucleolar protein [142].
Like Airl, Air2, and ZCCHC7 (but not ZCCHC8), ZCCHC9
harbors four ZCCHCs (Fig. 3), and its similarity to these
proteins has been pointed out; however, ZCCHCO is con-
sidered a protein without a yeast homolog [143]. ZCCHC9
is assumed to be a ribosome biogenesis factor because its
knockdown causes high over-accumulation of 21S pre-
rRNA, a precursor of 18S rRNA [144]. AT5G52380 encodes
the Arabidopsis protein most similar to human ZCCHC9,
according to the Aramemnon database and our own
BLASTP analysis, but it has not been studied. The reciprocal
BLASTP analysis, searching with the AT5G52380 protein
in human databases, also shows that ZCCHC9 is the human
protein most similar to Arabidopsis AT5G52380. This
Arabidopsis protein harbors five CX,CX,HX,C sequences
(Supporting Dataset 1d) recognized by the SMART program
as ZCCHC s, but only three of them were predicted with
PROSITE (Fig. 3).

Other Arabidopsis-specific
ZCCHC-containing factors that are
also involved in RNA metabolism

Arabidopsis CYCLOPHILINS9 (CYP59; encoded by
AT1G53720) and its orthologs, Silencer of Germline 7 (SIG-
7) of Caenorhabditis elegans and RRM-containing cyclophi-
lin regulating transcription (Rctl) of Schizosaccharomyces
pombe, participate in regulating the recruitment of pre-
mRNA processing factors to RNAP II. They interact with the
C-terminal domain (CTD) of the large subunit of RNAP II,
which is composed of tandem repeats of the conserved hep-
tapeptide YSPTSPS, and whose S residues are dynamically
phosphorylated and dephosphorylated. The phosphorylation
status of the CTD determines its ability to recruit diverse
factors, including splicing factors, to RNAP II. Similar to the
histone code of protein modifications that affect chromatin
structure and gene expression, the existence of a CTD code
that affects the recruitment of factors to RNAP II has been
postulated. The CTD must be unphosphorylated to initiate

transcription, but phosphorylation of S5 and S2 is required
for transcriptional elongation, and phosphorylation of S2 is
required for termination [145]. CYP59 and its orthologs act
as peptidyl isomerases for the trans-to-cis isomerization of
P residues present in the CTD heptapeptide repeats. Arabi-
dopsis CYP59 is an RNA-binding protein that interacts with
SR factors in Y2H and pull-down assays, as well as with
the CTD of RNAP II, and localizes in a punctuate pattern
next to splicing speckles where most nuclear SR factors are
found, as well as in the nucleolus. In plants overexpressing
CYP59, phosphorylation of the RNAP II CTD is reduced
[146]. Arabidopsis CYP59 and its plant orthologs harbor
a ZCCHC between a RRM domain and a low-complexity
region in its C-terminal region (Fig. 4). ZCCHCs are absent
in their yeast and animal orthologs.

Two Arabidopsis ZCCHC-containing factors, encoded
by AT5G49930 and AT5G26742, were isolated because of
the effects of their loss of function, which cause embryonic
lethality, so they are termed EMBRYO DEFECTIVE 1441
(EMB1441) and EMB1138, respectively [147]. AT5G49930
is annotated in the Aramemnon database as “putative (yeast
RQC?2)-like component of ribosome-associated quality con-
trol complex”, and as the ortholog of the human Nuclear
Export Mediator Factor (NEMF) in HomoloGene. NEMF is
a component of the ribosome quality-control complex that
facilitates the recognition and ubiquitination of stalled 60S
subunits [148]. As described in HomoloGene, all NEMF
orthologs in animals, plants, and yeast share two domains of
unknown function, DUF814 and DUF3441, but only plant
orthologs (Arabidopsis and rice) harbor a ZCCHC.

EMB1138 (AT5G26742) or RH3 and its maize ortholog
are DEAD-box RNA helicases with RNA-chaperone activ-
ity that participate in chloroplastic splicing and could also
be involved in the assembly of 50S ribosomal subunits in
the chloroplast [149, 150]. RH3/EMB1138 is described
in the HomoloGene database as the ortholog of human
DExD-box helicase 50 (DDX50), which localizes in
nucleoli and nuclear speckles and participates in antiviral
responses [151], but only plant orthologs seem to harbor
a ZCCHC (Fig. 4). RH3 is the only chloroplastic ZCCHC-
containing protein that we found.

AT3G55340 encodes PHRAGMOPLASTIN-INTER-
ACTING PROTEIN 1 (PHIP1), a plant-specific protein
that seems to be required for RNA cytoplasmic localization
and polarized mRNA transport, which involves the move-
ment of ribonucleoprotein complexes along the microtubular
cytoskeleton [152]. PHIP1 contains three ZCCHCs and two
RRM domains (Fig. 4).

@ Springer
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ZCCHC-containing proteins that are
not associated with RNA metabolism

Yeast Bilateral karyogamy defect 1 (Bik1) and its human
ortholog, CAP-Gly domain-containing linker protein 1
(CLIP1, better known as CLIP-170), play critical roles in
the regulation of microtubule polymerization, stabiliza-
tion, and dynamics. Both factors harbor a ZCCHC in their
C-terminal regions [153] and are cytoplasmic (Fig. 2 and
Supporting Dataset 1b and 1f). Our results indicate that
Bik1 is the only yeast ZCCHC-containing factor with a
known function that is not involved in RNA metabolism.
The ZCCHC described for Bikl is not recognized by the
ScanProsite or SMART programs (Supporting Dataset
1b), but it has been found to be involved in protein—protein
interactions [154]. Two ZCCHCs have been described in
human CLIP-170 (Fig. 2 and Supporting Dataset 1f). The
second ZCCHC of CLIP-170, which is absent from Bikl,
contains an additional amino acid between the second C and
the H (CX,CXsHX,C). This atypical domain is functional,
as shown by site-directed mutagenesis [155]. We have not
found credible Bik1 or CLIP-170 orthologs using BLASTP
searches, but several Arabidopsis factors have been pro-
posed, based on amino acid composition instead of sequence
identity [156].

We found two human ZCCHC-containing factors involved
in innate immune responses: DDX41 and ZCCHC3. DDX41
is an intracellular sensor of pathogenic double-stranded
DNA that activates the immune response [157]. Arabidop-
sis RH35 (encoded by AT5G51280) and its paralog RH43
(AT4G33370) are described in HomoloGene as orthologs of
human DDX41; RH35 seems to be nuclear, and RH43 cyto-
plasmic, but they are not well studied. These four orthologs
harbor a ZCCHC in their C-terminal regions, as described
in UniProtKB and HomoloGene databases (Fig. 3 and Sup-
porting Dataset 1d and 1f). Human ZCCHCS3 is considered
a co-sensor for cytosolic viral RNA and DNA [158, 159].
No other domains or motifs that three ZCCHCs located in its
C-terminal region are described for ZCCHC3 in UniProtKB
(Fig. 3).

Six of the human ZCCHC-containing proteins are
encoded by long terminal repeat (LTR) retrotransposon-
derived genes, belonging to two different families: Mamma-
lian retrotransposon-derived (Mart) and the Paraneoplastic
Ma Antigen (PNMA) (Supporting Dataset 1f). Members of
these families are classified as domesticated Gag proteins,
encoded by neofunctionalized retrotransposons whose genes
are present in mammalian genomes and seem to have been
domesticated during evolution [160]. The human genome
encodes 11 Mart genes with deletions affecting the regions
encoding reverse transcriptase integrase activity, but only
three (PEG10 [Paternally expressed gene 10 protein],
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ZCCHCS5, and ZCCHC16) harbor a ZCCHC [161]. The
human PNMA family has 19 members, three of which har-
bor a ZCCHC in their C-terminal region with highly simi-
lar sequences: the paraneoplastic antigen Ma3 (PNMA3),
PNMA7A (ZCCHC12), and PNMA7B (ZCCHC18). These
PNMA proteins have been associated with Paraneoplas-
tic Neuronal Disorder (PND), a non-metastatic complica-
tion of cancer; they seem to play an oncogenic role [162].
ZCCHCI1O0 has recently also been related to cancer, with a
suppressor effect instead of an oncogenic effect. ZCCHC10
binds and hence stabilizes p53 by inhibiting its interaction
with murine double minute 2 (MDM?2), an E3 ubiquitin-
protein ligase that ubiquitinates p53 for proteasomal deg-
radation [163].

Some other Arabidopsis factors with ZCCHCs have not
been associated with RNA metabolism, such as DNA DAM-
AGE-BINDING PROTEIN 2 (DDB2; AT5G58760), which
is involved, together with ARGONAUTEI1 (AGO1), in the
repair of UV-induced lesions. Arabidopsis AGO1 is the main
effector of post-transcriptional gene silencing mediated by
miRNAs, other endogenous siRNAs, and viral siRNAs
[164]. DDB2 and AGO1 form a chromatin-bound complex,
and photoproduct-derived siRNAs facilitate the recognition
of UV-damaged DNA for repair [165]. REPLICATION
PROTEIN A 1C (RPAI1C) and RPAIE play a redundant
role in DNA replication, repair, and meiosis (crossing over
and repair); all plant RPA1C orthologs harbor at least one
ZCCHC that is also present in all RPA1E orthologs in the
Brassicaceae [166]. The ZCCHC of TOP3-alpha (TOP3a) is
required for meiotic recombination and chromosome integ-
rity, preventing extra crossovers [167]. TANDEM ZINC
KNUCKLE PROTEIN (TZP; AT5G43630) is a nuclear
protein that was identified as a quantitative trait locus nega-
tively controlling morning-specific growth in Arabidopsis
[168]. TZP is required for nuclear phosphorylation of phy-
tochrome A (phyA), the primary photoreceptor for far-red
light. TZP interacts with phyA through its Plus3 domain
[169]. We found five genes encoding transcription factors of
the MYB family (AT1G70000, AT3G16350, AT5G47390,
AT5G56840, and AT5G61620), one of them with an uncer-
tain ZCCHC, and only two of which have already been
studied. MYB-LIKE DOMAIN (MYBD; AT1G70000) is
involved in the epigenetic repression of anthocyanin bio-
genesis [170]. KUA1 (encoded by AT5G47390), also named
MYB HYPOCOTYL ELONGATION-RELATED (MYBH),
was first identified as a regulator of skotomorphogenesis
[171], and later as a circadian clock-regulated gene that
promotes leaf cell expansion, controlling the homeostasis
of reactive oxygen species [172].

Another Arabidopsis factor that has been studied to
some extent is CAX-INTERACTING PROTEIN 4 (CXIP4;
AT2G28910), a nuclear and cytoplasmic protein that was
initially identified, because its expression in yeast activates
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the H*/Ca*" antiporter CAX1 [173]. However, CXIP4 was
later found to be an interactor of MORPHOLOGY OF
ARGONAUTEI1-52 SUPPRESSED 2 (MAS2) in a screen
based on the Y2H assay. MAS?2 is the presumed ortholog
of human NF-kappa-B-activating protein, and seems to be
a key player in the regulation of rRNA synthesis that also
interacts with splicing and ribosomal biogenesis factors, so
CXIP4 may be involved in RNA metabolism [174].

ZCCHC sequences are conserved
among orthologs

A consensus sequence has been proposed for ZCCHCs,
based on the alignment of retroviral and cellular ZCCHC:s:
X,-C-¢p-y-C-G-y-X-G-H-w-(A/S)-(+)-(—)-C-P-X, where
¢ is an aromatic amino acid, y is a polar or charged resi-
due able to form hydrogen bonds, o is a hydrophobic resi-
due, and (+) and (—) are positively and negatively charged
amino acids [175]. To obtain a consensus sequence, we con-
sidered factors found in the three organisms studied here
(110 factors, excluding the retrotransposon-related factors
and proteins with uncertain ZCCHCs) and aligned their
198 putative ZCCHCs in two ways, either all together or
grouped by species (20 from yeast, 121 from Arabidopsis,
and 57 human). We then generated logos from the multiple
alignments obtained, using the WebLogo program (https://
weblogo.threeplusone.com/create.cgi), resulting in similar
findings for the three organisms (Fig. 5) as those previously
described by other authors [175] and the corresponding
PROSITE profile. The PROSITE database is composed of
entries describing protein domains and profiles to identify
them [176-178]. PROSITE profiles provide the correspond-
ing alignment and logo for any group of proteins that share
a given domain. However, the analysis of ZCCHCs (https
://prosite.expasy.org/PDOCS50158) may be biased, since it
includes ZCCHCs from 260 retrotransposons and 285 cel-
lular proteins. These sequences seem to have been chosen
irrespectively of their phylogenetic distances, with mam-
malian factors being over-represented, including orthologs
of very closely related species, and those of plants being
under-represented.

The results of our multiple alignments showed that in
160 (81%) sequences, G was at the 10th position, suggest-
ing that the CX,CX;GHX,C is the ancestral sequence of
ZCCHCs (Fig. 5 and Supplementary Figs. 1-4). In fact, in
the InterPro database, ZCCHCs have two different accession
numbers, IPR025836 for the CX,CX,HX,C sequence, and
IPR025829 for CX,CX;GHX,C. We also found G in the 7th
position in 140 (71%) of the sequences, and R at the 14th
position in 51 of the 121 sequences of Arabidopsis (42%), an
enrichment that was not found for yeast or human ZCCHCs

(Supplemental Fig. 4), suggesting a lineage-specific evolu-
tion of the ZCCHCs in plants.

Tryptophan (W) displayed the most structural constraints,
because it only occurred once at the 2nd, 4th, and 17th posi-
tions, but was found nineteen times at the 12th position.
Hence, sequences in which any position is represented
only once could be false positives or ZCCHCs with pecu-
liar features. For example, we only found a ZCCHC-con-
taining yeast factor with a W at its 2nd position: Bik1, the
only ZCCHC-containing yeast factor that is not nuclear or
involved in RNA metabolism. Its putative human ortholog,
CLIP-170, harbors a tyrosine (Y), which is also an aro-
matic amino acid, instead of a W at the 2nd position of the
ZCCHC. Therefore, the presence of these aromatic amino
acids at the second position of the ZCCHCs could be neces-
sary for them to interact with proteins instead with RNA.
The AT1G75560 and AT4G00980 Arabidopsis proteins have
W in the 4th and 17th positions, respectively, and both are
annotated as “Zinc knuckle (CCHC-type) family protein”
but have not been studied. PROSITE and SMART pre-
dicted the CX,CX,HX,C sequences present in these factors
to be ZCCHCs (Supporting Dataset 1d). No human protein
contained a W other than that of the 12th position of the
ZCCHC.

To ascertain if there is conservation in the sequences of
the ZCCHCs among functionally related factors, we con-
structed phylogenetic trees with the 198 ZCCHCs that we
considered genuine (20 of yeast, 121 of Arabidopsis, and 57
of human ZCCHC proteins). Then, we focused our analysis
on factors harboring a single ZCCHC, because the ZCCHCs
of a specific protein that harbor more than one, grouped with
the ZCCHCs of different proteins (Fig. 6), making it dif-
ficult to draw conclusions. We observed that most paralogs
were grouped in clades, and that several clades included
orthologs or co-orthologs. This was the case for human
DDX41 and Arabidopsis RH34 and RH35; the yeast Mpel,
human RBBP6, and Arabidopsis PQT3 and PQT3L; the
Slu7 orthologs of the three organisms; yeast Bik1 and human
CLIP-170, each of which clustered with two Arabidopsis
unknown proteins; and human and Arabidopsis XRN factors
and U11/U12-31K spliceosomal proteins. However, we did
not observe clusters among ZCCHCs from other proteins
involved in the same general process (e.g., splicing, trans-
lation, and polyadenylation), except one with human SF1
and pNO40, which participate directly (SF1) or indirectly
(pNO40) in pre-mRNA splicing. We also found an unex-
pected cluster formed by human SRSF7 and CPSF4 factors.
SRSF7 is an SR factor involved in RNA export, but CPSF4
is a co-factor of the cleavage and polyadenylation machinery.
However, the structures of the members of these two pairs
of proteins are very different, with different domains and
ZCCHC positions (Figs. 2, 3).
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Fig.5 Logos representing normalized amino acid frequencies
obtained from the multiple alignment of the 18 amino acids that
constitute the ZCCHCs of yeast, human, and Arabidopsis proteins.
Sequences were taken grouped by species (a—c) or all together (d)
to generate the corresponding logos from multiple alignments, using
the WebLogo version 3 software (https://weblogo.threeplusone.com/
create.cgi). Uncertain and retrotransposon-related factors were not
taken into account, and the resulting 198 sequences were aligned, all
together or grouped by species

In addition, we found the ZCCHC of AT2G15180, an
unknown protein annotated as “zinc knuckle (CCHC-
type) family protein”, clearly grouped with the two human
RBMA4 factors. In our BLASTP searches, however, we did
not find any Arabidopsis protein similar to RBM4 factors,
as previously mentioned. RBM4 factors harbor two RRM
domains (Fig. 3), but none is annotated for AT2G15180,
suggesting that is not their Arabidopsis functional
ortholog. We also found a cluster formed by the plant-
specific CXIP4 and human SREK1-interacting protein 1
(SREK1IP1), also known as p18 splicing regulatory pro-
tein (P18SRP), whose function is unknown, although it is
known to interact with the SR splicing regulatory protein
SRrp86 [179]. Only the ZCCHC is predicted in both pro-
teins, in what seem to be similar regions, which may not
be sufficient to consider them structural orthologs (Figs. 3,
4). The finding of similar CX,CX,HX,C sequences in pro-
teins without any other structural homology may have not
biological relevance.
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Conclusions and perspectives

In this work, we compiled information available in public
databases and the literature on ZCCHC-containing factors in
yeast, Arabidopsis, and humans, which we considered rep-
resentative of the Fungi, Plantae, and Animalia kingdoms,
respectively. No representative of the Protista kingdom was
considered because of the scarcity of functional genomics
information available. We used PatMatch (for yeast and
Arabidopsis) and ScanProsite (for human) to search for
proteins containing the CX,CX,HX,C sequence, whose
primary structures were later analyzed on UniProtKB, a
database that identifies protein domains, motifs and low-
complexity regions by compiling the information obtained
from diverse programs, such as PROSITE, and SMART.

We found a wide array of combinations of ZCCHCs
within proteins; in most cases, each protein had only a sin-
gle copy, but there could be as many as eight. Moreover,
they were present in any region of the protein, and could be
alone or combined with other domains or motifs (Figs. 2,
3, 4). In addition, we found that many ZCCHC-containing
proteins harbor low-complexity regions, which are mainly
richin P, L, G, R, or S, including RS domains that we found
in proteins related to pre-mRNA splicing. Proteins with low-
complexity regions are likely to have more interactors than
those lacking these regions [180]; therefore, low-complexity
regions could cooperate with ZCCHCs for RNA or protein
binding, or have their own biological functions. Constructs
expressing human CNBP recombinant proteins lacking the
RG-rich region (Arg/Gly-rich) located between their first
and second ZCCHC (Fig. 2) are required for high-affinity
RNA binding. The proline-rich segment of ZCCHCS (Fig. 2)
is the site of interaction with the RRM domain of RBM7 in
the NEXT complex of the exosome [106].

Our results obtained from PROSITE and SMART did
not always coincide. For example, PROSITE predicted only
three ZCCHCs in yeast Air2, but SMART predicted five, and
we found four CX,CX,HX,C sequences within this protein
(Supplementary Fig. 1 and Supporting Dataset 1a, 1b). Air2
is also considered by some studies to harbor five ZCCHCs,
but the sequence of the second one is CX,CX;HX,C instead
of CX,CX,HX,C, and its deletion does not impair its func-
tion [104]. A similar case is that of Retinitis pigmentosa
9 (RP9), which is annotated as a ZCCHC-containing fac-
tor in UniProtKB, but also harbors a CCHC sequence with
a different spacing (CX,CX,HX,C). We also found in the
literature that some variants of the canonical ZCCHC seem
to behave as true zinc knuckles, but they are not annotated
in UniProtKB, nor have they been predicted with any other
program available. This is the case with the human RecQ4
helicase, which harbors an atypical ZCCHC in which the
second C is substituted with an Asparagine (CNHC), while
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Fig.6 Phylogeny of the ZCCHCs of yeast, Arabidopsis, and human »

proteins. The unrooted tree was obtained with the MEGA X software
(https://www.megasoftware.net/) from the alignment of the 18 amino
acids of the 198 ZCCHCs found in yeast, human, and Arabidopsis
proteins. The Neighbor-Joining algorithm was used, with bootstrap
values from 1000 replicates. The position of a given ZCCHC in pro-
teins with more than one of these motifs is indicated in brackets (1, 2,
and 3 indicate first, second, and third, respectively, within the protein
sequence, from its N- to its C-terminus). Clades highlighted in yellow
or blue include ZCCHCs from proteins with a single ZCCHC that are
known to be orthologs, or without a known functional relationship,
respectively

its animal (Drosophila, mouse, rat, and Xenopus) homologs
harbor a canonical ZCCHC. Structural and functional analy-
ses have shown that human and Xenopus RecQ4 bind nucleic
acids in vitro, mainly forked and single-strand RNA sub-
strates, and that the substitution of N by C, reconstituting
a canonical ZCCHC, impairs binding to DNA substrates
[181].

We found that the presence and number of ZCCHCs are
usually conserved in orthologous proteins (Figs. 2, 3), sug-
gesting a role that, in some cases, is involved in subcellular
localization, translocation, or binding to other proteins or
nucleic acids. More remarkable yet is the finding of simi-
larly clustered ZCCHCs in evolutionarily distant orthologs
(Fig. 6), which suggests selective pressure acting within
highly conserved ortholog groups, probably because these
specific sequences play an irreplaceable role in the process
in which their proteins are involved. Phylogenetic analysis of
ZCCHC sequences should allow discovery and/or discrimi-
nation of true functional paralogs and orthologs. Particularly
interesting will be the genomes containing large multigene
families, like those of plants.

Most ZCCHC-containing proteins are nuclear, a minority
are nuclear and/or cytoplasmic, and very few are only cyto-
plasmic. Unexpectedly, we found an Arabidopsis ZCCHC-
containing factor, the DEAD-box RNA helicase RH3, to be
chloroplastic. This Arabidopsis protein and its maize co-
orthologs, ZmRH3A and ZmRH3B, are involved in chloro-
plastic splicing and chloroplastic ribosome biogenesis [149],
and database searches showed that they harbor a ZCCHC,
as does their rice ortholog, encoded by Os03g61220. Most
chloroplast proteins are encoded by nuclear genes, synthe-
tized in the cytoplasm and imported into the chloroplast
through their N-terminal transit peptide, which targets them
to the chloroplast, where they are cleaved off. The ZCCHC at
the end of the Gly-Ser-rich C-terminal region of the Arabi-
dopsis RH3 protein (Fig. 4) likely forms part of the mature
chloroplastic protein and is probably functional.

We also found six human neofunctionalized genes derived
from the retrotransposon Gag protein, belonging to two differ-
ent families (Supporting Dataset 1f). The proteins encoded by
these genes interact with other proteins instead of RNA. The
discovery of their interacting proteins allowed researchers to
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infer their functions [160]. Some of them seem to function
in diverse tumor-related processes, promoting cell division,
inhibiting apoptosis, or hindering the degradation of key pro-
teins [182]. We found that many Arabidopsis proteins anno-
tated as ‘“Zinc knuckle (CCHC-type) family protein” are very
similar to Tall-like non-LTR retrotransposons, sharing the
DUF4283 domain, and they could derive from retrotranspo-
sons and encode new functions, as in humans. Indeed, one of
these genes, AT5G36228, is considered to be a transposable
element locus whose polymorphisms in natural Arabidopsis
populations have been proposed to play a role in adaptive evo-
lution to changing environments [183].

We found that ZCCHC-containing factors are involved in
most steps of RNA metabolism and affect mRNAs and ncR-
NAs, such as rRNAs or miRNAs. On the other hand, we found
very few ZCCHC-containing factors involved in processes not
related to mRNA metabolism. It is possible that other ZCCHC-
containing factors participate in the other processes. The vast
majority of ZCCHC-containing factors discussed here are only
annotated as unknown proteins; this is especially true in the
case of Arabidopsis, in which 28 of the 69 proteins identified
are annotated as a “zinc knuckle (CCHC-type) family protein”
or “nucleic acid binding/zinc ion binding protein” (Supporting
Dataset 1d). The discovery of the DNAs, RNAs, and proteins
that interact with ZCCHC-containing factors, and the search
for these factors in diverse eukaryotes, along with deletion
analyses of ZCCHCs, will provide a better understanding of
their functions and a fruitful avenue of research to provide
insight into RNA metabolism across eukaryotes.

Therefore, the identification of true ZCCHC-containing
factors does not seem to be straightforward, and the number
of these proteins may differ from what we found. The number
probably would have been higher if we had considered in this
review functional ZCCHCs with atypical (retaining the abil-
ity to bind zinc, as described in UniProtKB) or degenerate
(not retaining) domains. However, it would have been lower
if we had taken into account not only the primary conserved
sequence of the putative ZCCHCs, but also their three-dimen-
sional structures.
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