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ABSTRACT

The CCCH-type zinc finger (ZnF) containing ZC3H12
ribonucleases are crucial in post-transcriptional im-
mune homoeostasis with ZC3H12A being the only
structurally studied member of the family. In this
study, we present a structural-biochemical charac-
terization of ZC3H12C, which is linked with chronic
immune disorders like psoriasis. We established that
the RNA substrate is cooperatively recognized by
the PIN and ZnF domains of ZC3H12C and ana-
lyzed the crystal structure of ZC3H12C bound to a
single-stranded RNA substrate. The RNA engages in
hydrogen-bonded contacts and stacking interactions
with the PIN and ZnF domains simultaneously. The
ZC3H12 ZnF shows unprecedented structural fea-
tures not previously observed in any member of the
CCCH-ZnF family and utilizes stacking interactions
via a unique combination of spatially conserved aro-
matic residues to align the target transcript in a bent
conformation onto the ZnF scaffold. Further compar-
ative structural analysis of ZC3H12 CCCH-ZnF sug-
gests that a trinucleotide sequence is recognized
by ZC3H12 ZnF in target RNA. Our work not only
describes the initial structure-biochemical study on
ZC3H12C, but also provides the first molecular in-
sight into RNA recognition by a ZC3H12 family mem-
ber. Finally, our work points to an evolutionary code
for RNA recognition adopted by CCCH-type ZnF pro-
teins.

INTRODUCTION

Inflammatory and immune responses are tightly controlled
at post-transcriptional levels by RNA binding proteins
(RBPs) to prevent an autoimmune condition caused by
overexpression of immune factors including cytokines (1).
Among more than one thousand identified RBPs in mam-
mals (2), a majority of immune regulatory RBPs are known
to interact with cis-elements present in the 3’ untrans-
lated regions (3" UTRs) of mRNAs and modulate the half-
life of their target transcripts (3-5). Regulatory RNase
(Regnase)/ZC3H12/MCPIP family proteins are unique
CCCH-type zinc finger (ZnF) containing ribonucleases,
which are crucial in maintaining immune homeostasis. All
four ZC3H12 family members have a conserved PilT N-
terminus (PIN) RNase domain, with ZC3H12A /Regnase-
1 and ZC3HI12C/Regnase-3 being highly upregulated
upon lipopolysaccharide (LPS) mediated Toll-like receptor
(TLR) activation in macrophages (6-8), suggesting their in-
volvement in innate immune responses.
ZC3H12C/Regnase-3/MCPIP-3 is the third and largest
member of the ZC3H12 family, and its physiological func-
tions have been associated with prevention of autoimmune
conditions like psoriasis in European and Pakistani popula-
tions via regulating tumor necrosis factor (TNF)-a and Ty
cell activation (9,10). ZC3H12C deficient mice developed
hypertrophic lymph nodes and a higher proportion of im-
mature B-cells and innate immune cells via IFN signaling in
myeloid cells (11). ZC3H12C has also been involved in con-
troling pro-inflammatory cytokines by suppressing NF-kB
activation in human umbilical vein endothelial cells (HU-
VECs) (12). Within the whole family, ZC3H12A has been
the best-studied member so far, and mice lacking ZC3H12A
show severe autoimmune inflammatory disease with aug-
mented levels of serum antibodies and plasma cells (8).
ZC3HI12A not only regulates cytokines including IL-6, IL-
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12p40, IL-1B8 and IL-8 (8,13,14), but also Nfkbiz, Nfk-
bid, Ptgs2, Id1, Cxcll-3 and ZC3H12A (15,16) by directly
catalyzing degradation of their transcripts. A mechanistic
study showed that a highly conserved stem-loop structure
in its mRNA 3’ UTR is essential (15), which is cleaved at
the single-stranded Py—Pu-Py loop region (17) by the PIN
domain of ZC3HI12A.

CCCH-type ZnF containing proteins are attributed with
regulating diverse physiological functions with several of
them involved in immune response regulation (18) by rec-
ognizing specific single-stranded (ss) RNA sequences. The
tris-tetraproline (TTP) and Nab2 proteins regulate inflam-
matory cytokine expression and mRNA polyadenylation
by binding with AU-rich elements (AREs) such as rAU-
UUA (19) and poly-A sequences (20,21), respectively, via
their multiple CCCH ZnFs. Another CCCH ZnF contain-
ing protein, Roquin, downregulates cytokine expression by
binding with a single-stranded Py—Pu-Py tri-loop in a con-
stitutive decay element (CDE) in cytokine mRNA via its
ROQ domain (22-24). The ZC3H12 CCCH-ZnF has a con-
served C!'XsC>X5C3*X3H consensus sequence, and despite
its vital role in immune response regulation, structural in-
sights on CCCH-type ZnF mediated RNA recognition still
remain elusive. In addition, structural aspects of the coor-
dinated targeting of novel RNA (25) stem—loop structures
by RNases with PIN and ZnF domain (ZFD) are poorly
explored.

To obtain much needed functional and mechanistic in-
sight into ZC3H12 protein-mediated negative regulation of
immune responses, we undertook a structural and biochem-
ical analysis of Regnase-3/ZC3H12C. We determined mul-
tiple crystal structures of the mouse ZC3H12C PIN do-
main and ZC3H12C PIN-ZFD bound to an RNA hep-
tamer, revealing unprecedented detail in RNA recognition
by both domains for the first time. Our biochemical exper-
iments confirm that ZC3H12C is an active RNase, which
requires its N- and C-motif for regulated in vivo RNase ac-
tivity against the target RNA substrate. Mutational analysis
reveals unique structural features of the ZC3H12 CCCH-
ZnF in ssRNA recognition and, together with a small num-
ber of studied CCCH-ZnFs, provides a basis to predict the
RNA binding pattern of other CCCH-ZnFs, for which ex-
perimental structures are not yet available.

MATERIALS AND METHODS
Cloning, expression and protein purification

Different ¢cDNAs encoding the Mus musculus (Mm)
ZC3H12C full-length (FL), PIN/ribonuclease (R Nase) do-
main and ZFD were subcloned into the pQLinkH (26) or N-
flag_pcDNA vector. Catalytic mutants were generated us-
ing the QuikChange Site-Directed Mutagenesis Kit (Strata-
gene) according to the manufacturer’s protocol. Protein-
coding genes were expressed with a cleavable N-terminal
7x His-tag in Escherichia coli Rosetta 2 (DE3) cells (No-
vagen), which were grown up to an ODgg of ~1.0 at 37°Cin
Terrific Broth (TB) medium. Protein expression was then in-
duced at 18°C for 16 h by adding 0.5 mM IPTG. The purifi-
cation procedure included Ni-affinity chromatography on a
5 ml HisTrap HP column (GE Healthcare), cleavage of the

7x His-tag using tobacco etch virus (TEV) protease, a sec-
ond Ni-affinity chromatography, followed by size-exclusion
chromatography (SEC) on a Superdex 75 column (16/60
or 26/60 column, GE Healthcare). All purification steps
were performed at 4°C, and for constructs containing the
ZFD, all purification buffers were supplemented with 20
LLM ZnSO4.

Escherichia coli cells overexpressing the protein were re-
suspended in lysis buffer (1x PBS pH 7.4, 0.5 M NaCl,
5% (v/v) glycerol, 2.5 mM B-mercaptoethanol (BMe) sup-
plemented with 1 pg/ml DNase I (Roche), 1 U/ml Ben-
zonase (Merck) and one tablet of EDTA-free Complete
Protease Inhibitor (Roche) followed by cell disruption us-
ing a microfluidizer (Microfluidics). The soluble fraction of
the lysate was separated by centrifugation at 45 000 g for 1
h, filter-sterilized through a 0.2 wm pore-size filter and ap-
plied on a 5 ml HisTrap HP column. The column was equi-
librated with 5 column volumes (CVs) of buffer-1 (25 mM
HEPES pH 7.5, 200 mM NaCl, 10 mM imidazole, 2.5 mM
BMe) and washed with 10 CVs of buffer-2 (25 mM HEPES
pH 7.5, 500 mM NaCl, 25 mM imidazole, 2.5 mM BMe)
followed by protein elution with 5-10 CVs of buffer-3 (25
mM HEPES pH 7.5, 200 mM NacCl, 250 mM imidazole,
2.5 mM BMe). The eluate was dialyzed overnight against
buffer-1 supplemented with 5% glycerol, 1 mM MgCl, to-
gether with 1 mg 6x His-tagged TEV protease per 10 mg
protein, and reapplied on a 5 ml HisTrap HP column to re-
move the cleaved tag and 6x His-TEV protease. The col-
lected flow-through was concentrated and applied to the
SEC using buffer-4 (25 mM HEPES pH 7.5, 150 mM NaCl,
I mM DTT, 1| mM MgCl,), and the peak fractions were
pooled, concentrated to ~10 mg/ml and stored at —80°C
after flash-freezing in liquid nitrogen.

Protein crystallization

Purified MmZC3H12C proteins were crystallized at 20°C,
while the MmZC3H12C-RNA complex was crystallized at
4°C using the sitting-drop vapor-diffusion method by mix-
ing equal volumes of protein or protein-oligonucleotide
complex solution and the reservoir buffer in a drop vol-
ume of 400 nl. Crystals of N-PIN(!7742% were obtained by
mixing 10.2 mg/ml protein (25 mM HEPES pH 7.5, 150
mM NaCl, ] mM DTT) with 0.2 M LiCl, 50 mM MgSO,
and 8% PEG 8000 as reservoir solution. PIN-Zf260-458) wag
crystallized by mixing 10 mg/ml protein (25 mM HEPES
pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM MgCl,, 20
pM ZnSOy4) with 0.2 M LiCl, 20% PEG 6000 and 0.1 M
HEPES pH 7.0 as reservoir solution, and single crystals for
the PIN®®0-429(D271N) mutant were obtained by mixing
10 mg/ml protein (25 mM HEPES pH 7.5, 150 mM NacCl,
1 mM DTT, 1 mM MgCl,) with 0.2 M KSCN, 20% PEG
3350 and 0.1 M Bis—Tris propane pH 6.5 as reservoir buffer.

The RNA oligonucleotide r(UUAUUAU) was obtained
from Integrated DNA Technology (IDT) Inc. and the
MmZC3H12C-r(UUAUUAU) complex was crystallized by
mixing 0.32 mM of purified PIN-Zf?%-4%(D271N) with
a 1.5-fold molar excess of the oligonucleotide in 25 mM
HEPES pH 7.5, 150 mM NaCl, 1 mM DTT, 1 mM MgCl,,
20 pM ZnSO,4. The mixture was incubated for 30 min at
4°C prior to crystallization, which yielded crystals at 4°C



Table 1. Summary of X-ray data and structure refinement statistics for different crystal structures of MmZC3H12C
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N-PIN (Mg2") (7ndi)

PIN-Zf (7ndh)

PIN (D271N) (7ndk)

PIN-Zf o f(UUAUUAU) (7ndj)

Beamline . BESSY II 14.1 BESSY II 14.1 BESSY 11 14.1 BESSY 11 14.1
Wavelength (A) 0.91841 0.91841 0.91841 0.91841
Space group P3,21 P412,2 P2, P4,

Cell dimensions

a, b, c(A) 114.70, 114.70, 257.31 80.33, 80.33, 143.20 38.75,61.47, 111.62 63.25, 63.25, 114.54
B,y () | 90, 90, 120 90, 90, 90 90, 90.06, 90 90, 90, 90
Resolution (A) 48.8-2.88 (3.05-2.88) 44.5-1.94 (2.06-1.94) 38.7-2.34 (2.48-2.34) 42.4-1.65 (1.75-1.65)
No of reflections 261252 267 371 48 975 248 907
Unique reflections 45274 35486 21 746 53908
Rieas (%) 14.3 (104.1) 7.9 (106.0) 8.7 (105.3) 8.9 (126.9)
<I/o(D)> 13.44 (1.81) 20.51 (1.96) 10.19 (1.41) 11.04 (1.27)
CCip2 0.99 (0.72) 0.99 (0.69) 0.99 (0.63) 0.99 (0.75)
Completeness (%) 99.6 (98.1) 99.9 (99.7) 97.0 (96.7) 99.5(99.3)
Multiplicity 5.77 7.53 2.25 4.6
Refinement

Ryork/ Reree 0.194/0.217 0.172/0.213 0.229/0.275 0.175/0.208
No of atoms

Protein 5370 2717 5130 2902
Nucleic acid 0 0 0 121
Hetero atoms 19 33 2 35
Solvent atoms 205 260 94 376
RMSD .

Bond lengths (A) 0.003 0.011 0.008 0.010
Bond angles (°) 0.740 1.251 1.269 0.945
Ramachandran statistics

Most favored (%) 98.2 97.9 91.5 98.3
Allowed (%) 1.7 2.1 8.2 1.7
Outliers (%) 0.1 0.0 0.3 0.0
Rotamer outlier (%) 0.5 0.0 1.6 0.0

4Values in parentheses represent the highest resolution shell.

with reservoir buffer containing 18% PEG 3350 and 0.2 M
sodium fluoride pH 6.9 in a 1.5 .l drop volume. All crystals
were harvested and cryo-protected using reservoir solution
supplemented with 20% ethylene glycol and flash-frozen in
liquid nitrogen.

X-ray data collection, structure determination and refinement

X-ray diffraction data were collected on beamline BL14.1
at the BESSY II electron storage ring operated by the
Helmholtz-Zentrum Berlin (HZB), Berlin, Germany (27),
at a wavelength of 0.9184 A. Data were processed with XD-
SAPP (28), and the phase problem was solved by molecu-
lar replacement (MR) using Phaser (29) and HsZC3HI12A
(PDB id 3v34) (30) as template for N-PIN(77429) " while
other datasets were phased using the ZC3HI12C N-
PIN(77-425) structure as template. After an initial round
of automatic model building by Autobuild (31), WinCoot
(32) was used for map and model visualization and further
model building. The atomic model was further refined us-
ing Phenix.Refine or CCP4.Refmac5 (33). For refinement of
ZC3H12C apo structures, non-crystallographic symmetry
(NCS) restraints were used simultaneously with secondary
structure restraints. For the MmZC3H12C.r(UUAUUAU)
complex model, additional TLS restraints were included
together with secondary structure restraints. TLS groups
were determined using the TLS Motion Determination
(TLSMD) webserver (34). All atomic contacts and the ge-
ometry of the atomic models were evaluated using the Mol-
probity server (35,36), and molecular drawings were gener-
ated using the PyMOL molecular graphics system (Version

1.7.0.5, Schrodinger, LLC). The APBS tool (37) was used
for calculating electrostatic surface potentials. The data col-
lection and refinement statistics for all structures are sum-

marized in Table 1, and resulting structures were deposited
in the RCSB PDB.

In vitro RNA degradation assay

The MmIL-6 3 UTR_WT (403 nt), stem-loop mutant (Mu-
tantl), and stem-loop deletion (ASL) RNA variants were
synthesized by in vitro transcription (IVT) using HiScribe
T7 High yield RNA synthesis kit (NEB Inc), and the IL-6—
3’'UTR stem-loop (SL) oligonucleotide (3'UTR nucleotides
86-103) was commercially synthesized (Eurofins). For in
vitro RNase assays, 200 ng of the re-annealed RNA sub-
strate was incubated with 1 wg of purified protein for 10—
20 min in a total volume of 10 wl in buffer-1 (20 mM Tris
pH 8.0, 100 mM KCI, 1 mM MgCl,, 1 mM DTT, 25 pM
ZnSOy, 0.2 U/ml RNasin) and analyzed on 6% denaturing
urea-PAGE.

To investigate the Mg?* ion dependency of the RNase ac-
tivity, RNA degradation was carried out in buffers contain-
ing Mg?* (buffer-I) or EDTA (buffer-I with I mM EDTA).
ZC3H12C proteins were additionally purified in Mg>* defi-
cient buffers and were also used in RNA degradation assays
in buffer-11 (buffer-I without Mg>*) as well (marked with
red minus sign in Figure 1F). After 20 min, the catalytic re-
actions were stopped by adding 2x RNA loading dye (NEB)
and heating the samples at 95°C for 2 min, followed by anal-
ysis on 6% urea—PAGE. RNA fragments were stained using
SYBR-Gold (Invitrogen) and visualized on a LAS 4000 gel
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Figure 1. Purification and RNase activity of MmZC3H12C proteins. (A) Domain architecture of designed and purified MmZC3H12C protein constructs.
The constructs primarily harboring the N-motif, PIN domain (green), CCCH ZnF (blue) and C-motif were designed based on the domain and motif
annotation as given at the top. A color and number code for each construct is shown on the left. (B) A 15% SDS-PAGE showing purified MmZC3H12C
constructs with construct numbers at the top. The pre-stained protein ladder (M) was used as molecular weight marker, with relevant bands labeled with their
approximate molecular weight. (C) Superdex S75 size exclusion chromatograms (SEC) of the purified proteins demonstrating monomeric state in solution.
All chromatograms are color-coded, and molecular weight standards are shown at the top. (D, E) Denaturing PAGE analyzing R Nase activity of different
purified ZC3H12C variants against IL-6 3 UTR RNA oligonucleotide (403 nt) and conserved stem-loop (SL) RNA oligonucleotide (18 nt), respectively.
All recombinant proteins displayed high catalytic activity and degraded the substrate RNA into smaller oligonucleotides. The PIN domain (green) exhibits
enhanced RNase activity together with the ZFD (blue), suggesting cooperative RNA binding by both PIN and ZFD. The ZC3H12C-D271N mutants
(marked with red bar in the PIN domain) exhibit either no in virro RNase activity or a reduced, residual activity in the case of PIN-Zf20-458 (F) 6%
Urea-PAGE demonstrating the dependence on Mg?* ions of the ZC3H12C in vitro RNase activity. Both protein fragments catalyzed cleavage of the RNA
substrate in presence of Mg?" (in the reaction buffer) but not in presence of EDTA. Proteins purified in buffers without Mg?* (red minus sign) also show
RNase activity likely due to Mg2* ions captured in the PIN core during protein expression. The control RNA (firefly luciferase mRNA) is also degraded
by ZC3H12C, demonstrating a non-specific RNase activity in vitro. (G) Luciferase reporter assay demonstrating the activity of MmZC3H12C against the
IL-6 3YUTR. MmZC3H12C-FL protein (aa 1-903) displays high catalytic activity. The N-PIN-Zf-C (aa 177-474) element of ZC3H12C, but not the PIN
(aa 260-425) or PIN-Zf (aa 260-458) constructs degrade the RNA, which implicates the involvement of unstructured N (aa 177-260) or C (aa 458-474)
motifs in RNA targeting. The data are presented as mean & SD (n = 3). **P < 0.01; ****P < 0.0001 (two-tailed Student’s z-test).



documentation system (Fujifilm). In vitro transcribed firefly
luciferase mRNA was used as control RNA in degradation
experiments.

Characterization of ZC3H12 ZFD mutants

RNA degradation efficiency of ZC3H12C Tyr/Ala and
Gly/Ala mutants was analyzed by incubating ~750 ng IL-6
JUTR_WT with 1 pg of purified protein for 5-15 min in
a total 10 pl of 20 mM Tris pH 7.0, 100 mM NaCl, 1 mM
MgCl,, 1 mM DTT, 25 M ZnSOq, 0.2 U/ml RNasin. The
reaction was stopped by adding 2x RNA loading dye (In-
vitrogen), heat-inactivation at 70°C for 5 min, followed by
analysis on a 1.2% formaldehyde agarose gel and visualiza-
tion using a Gel Doc-XR+ system (Bio-Rad).

Luminescence based reporter assay

HEK293T cells were transfected with the luciferase re-
porter plasmid pGL3 containing the indicated IL-6-3'UTR
or ZC3H12A 3'UTR (16), together with the expression
plasmids for ZC3H12C variants or empty plasmid as con-
trol. 0.8x10° cells/well were seeded in a 24-well plate 24
h prior to transfection, and 500 ng of each plasmid was
transfected using Lipofectamine-LTX and Plus (Invitrogen)
according to the manufacturer’s protocol. 25 ng of pRL-
(Renilla luciferase)-TK was simultaneously transfected as
transfection control. 48 h post transfection, cell were lysed,
and luciferase reporter activity was measured using the
Dual-luciferase Reporter Assay System (Promega) with a
TECAN Infinite M200 luminescence plate reader (Tecan).
Data are presented as mean + SD (n = 3).

RESULTS
Z.C3H12C is a Mg?** ion dependent ribonuclease

To establish that ZC3H12C is an active RNase, purified
proteins (Figure 1 A—C) were incubated with different RNA
substrates in an in vitro RNA degradation assay. Since IL-
6 3’'UTR is targeted by ZC3H12A, which has a very sim-
ilar RNase domain structure to ZC3HI12C, we used IL-6
J'UTR_WT and the stem-loop (SL) sequence cleaved by
ZC3H12A (15) as RNA substrates. IL-6 33UTR_WT was
in vitro transcribed, while the 18 nt long 1L-6 3’'UTR_SL
RNA substrate was commercially synthesized. The fire-
fly luciferase mRNA was used as control RNA substrate.
All purified ZC3H12C proteins degraded both RNA sub-
strates with different efficiency confirming their RNase ac-
tivity. Distinctively, ZC3H12C exhibited a ZnF-mediated
enhancement in in vitro RNase activity, as proteins har-
boring the ZFD degraded the substrate RNA much more
efficiently than proteins harboring only the PIN domain,
suggesting involvement of both structured domains of
ZC3HI12C in RNA targeting (Figure 1D). A D271N mu-
tation of the catalytic residue in the PIN domain exhibited
a loss of catalytic activity (Figure 1E).

Since a Mg?" ion was identified bound in the catalytic
site in the N-PIN(U77-429) crystal structure (see Figure 2A),
its role in the ZC3H12C RNase activity was further exam-
ined. The IL-6 3 UTR_WT was incubated with ZC3H12C
proteins purified in buffers with or without MgCl,. Within
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20 min, both ZC3HI12C proteins degraded the substrate
RNA, with the construct harboring the ZFD showing en-
hanced RNA degradation. Removal of Mg>* from the re-
action by addition of EDTA protected the RNA against
degradation, confirming a Mg”* ion dependent RNase ac-
tivity of ZC3H12C (Figure 1F). Notably, proteins purified
in Mg?* deficient buffers (indicated by a red minus sign in
the Mg?* row), also exhibited high RNase activity, which
most probably resulted from Mg?* ions captured in the PIN
domain during protein expression and purification. Inter-
estingly, the control RNA was non-specifically degraded in
a Mg?* ion dependent manner, which points to the involve-
ment of either natively unfolded regions of ZC3H12C or of
adaptor proteins in mediating the regulation of the RNase
activity in vivo.

Z.C3H12C suppresses 1L.-6 mRNA 3'UTR upon overexpres-
sion

Similar to ZC3H12A (8, 15), ZC3HI12C has also been
proposed to regulate cytokines by targeting sequences in
their mRNA 3’ UTR. Hence, we tested if the IL-6 3’UTR,
a confirmed RNA target of ZC3HI2A (15), is degraded
by MmZC3HI12C in a luciferase reporter assay. The full-
length protein, ZC3H12C_FLU9)significantly degraded
IL-6 3’UTR, as observed by reduction in luciferase activ-
ity (Figure 1G). Furthermore, ZC3H12C-PIN®%425 and
ZC3H12C-PIN-Zf%0-4%) " which displayed high RNase
activity towards three different 3’UTR variants in vitro
(Figure S1A), failed to show any activity towards IL-6
3J'UTR_WT in luciferase assays. However, ZC3H12C N-
PIN-Zf-CU17747) harboring sequences N-proximal to the
PIN domain and C-proximal to the ZFD, not only de-
graded the WT 3’'UTR (Figure 1G), but also exhibited
specificity towards the stem-loop structure (Figure S1B),
which was previously shown to be crucial for ZC3HI2A
mediated degradation (15). ZC3H12C N-PIN-Zf-C(77-474
mediated 3'UTR degradation strongly indicates the involve-
ment of N- and C-motifs in a controlled RNase activity.
In ZC3HI12A, a similar N-motif close to the RNase do-
main catalyzes cleavage of target RNA by interacting with
the RNA helicase UPF1 (15), and it seems likely that the
ZC3H12C N- or C-motifs present similar binding elements
to a yet unidentified adaptor protein to regulate the RNase
activity.

Overall structure of the ZC3H12C PIN/RNase domain

To investigate the structural basis of the ZC3H12C ribonu-
clease activity, we crystallized the N-PIN!77425 and PIN-
Z{80-48) seoments of ZC3H12C, as well as a catalytic mu-
tant, PIN®-42)(D271N), (Figure S2A-D) and analyzed
their structures (Table 1). The N-PIN crystals belonged to
space group P3;21 with 4 molecules in one asymmetric unit,
while PIN-Zf crystallized in P4;2,2 with 2 molecules per
asymmetric unit. The N-PIN structure model lacks the N-
motif (aa 177-260), for which interpretable electron den-
sity is not observed, but aa 261-425 could be unambigu-
ously traced in the electron density. For the PIN-Zf atomic
model, clear electron density was observed for the PIN do-
main (aa 260-428) only, while the ZFD (aa 429-458) was
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Figure 2. Crystal structures of the MmZC3H12C PIN/RNase domain. (A) Cartoon representation of the MmZC3HI12C N-PIN (blue) structure super-
imposed onto the PIN-Zf (wheat) structure in front and back orientations. Both structures are virtually identical with a typical Rossmann-like a/B/a
sandwich fold. The structure models only show the PIN domains, as electron density for N-motif and ZFD was not observed. A Mg?" ion (green sphere)
is trapped in the catalytic site, and a Na* ion (magenta sphere) is bound with the main chain. (B) The electrostatic surface potential of PIN shown in two
orientations as in the cartoon representation. The PIN domain has a polar surface and exhibits a negatively charged catalytic core and a positively charged
region (corresponding to B4/B5) (both highlighted) involved in Mg?* ion and RNA binding. The electrostatic surface potential is displayed in a range from
-5 (red) to +5 kT/e (blue). Molecular interactions involving (C) the Mg?* and (D) the Na* ion with the PIN domain. Mg?* is coordinated between four
catalytic aspartate residues (D271, D355, D356, D374) with only one direct contact to D356 and bridging water molecules forming a canonical octahedral
geometry, while the Na™ ion is stabilized between aland 2 by five hydrogen bonds with main chain carbonyl oxygens of the residues shown in the figure.

disordered and extended into the solvent region without
any traceable electron density. SDS-PAGE analysis of PIN-
Zf crystals confirmed that the ZFD was not degraded; evi-
dently, this domain could not be packed in the crystal lattice
(data not shown). The crystallized catalytic mutant, PIN
(D271N), belonged to space group P2;, with the asymmet-
ric unit accommodating 4 protein molecules, and showed
clear electron density for all residues of PIN domain, except
for aa 348-350.

The three ZC3H12C RNase domain models are nearly
identical with a root-mean-square deviation (RMSD) of
0.20 A for the matching Ca atoms of N-PINU77-42%) and
PIN-Zf260-43%) The PIN domain consists of eight a-helices
and eight B-strands, which fold into a butterfly shaped
structure. The secondary structure elements are arranged in
a typical Rossmann-like a/B/a sandwich fold with a paral-
lel B-sheet (formed by B1, B2, B3 and B6) at the core, sur-
rounded by sets of a-helices on both the sides («l, a2, a4;
and a5, a6, a7) (Figure 2A). Overall, the RNase domain
is globular with one antiparallel B-ladder (B4/B5) extend-
ing out from the protein surface. A Dali (38) search also
suggested that ZC3H12C is a RNase and shares the highest
structural similarity with the endoribonuclease ZC3HI2A

PIN domain (PDB 3v33) (30) with an RMSD of 0.6 A for
163 aligned Ca atoms, while T5 D15 5'-exonuclease (PDB
lexn) (39) structurally aligns with an RMSD of 3.4 A for
116 residues.

The electrostatic surface of the ZC3H12C RNase domain
is mainly decorated with charged and polar residues with
a negatively charged catalytic core (Figure 2B) character-
ized by four conserved aspartate residues (Asp271, Asp355,
Asp356 and Asp374). In the N-PINU7742) structure, a
Mg?* ion was identified bound in an octahedral geometry
at the catalytic core via direct interaction with Asp356 and
water-mediated bridges with Asp271, Asp355 and Asp374
(Figure 2C). The ZC3H12A PIN domain (PDB: 3v34) also
exhibits a Mg?* ion bound between Asp residues suggesting
a similar catalytic mechanism. Additionally, a Na* ion was
identified as bound with five main-chain carbonyl oxygens
in three out of four molecules in the asymmetric unit (Figure
2D). Many nucleases require two metal ions for complete
enzymatic activity (40), but a Na* ion has no known role in
the enzymatic activity of ZC3H12C or other family mem-
bers. The PIN domain also exhibited a positively charged
region covering the extended antiparallel B-sheet (34/B5),
revealing a potential RNA-binding platform (Figure 2B).
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CCCH Zn-finger domain

@

Figure 3. Crystal structure of MmZC3H12C-RNA complex. (A) Cartoon representation of PIN-Zf-r(UUAUUAU) complex structure (cyan) superimposed
with the Mg?" (green sphere) bound apo N-PIN structure (blue). The PIN domain adopts a Rossmann-like /B /a sandwich fold and is linked with the
CCCH ZnF-RNA complex via linker LS. The RNA oligonucleotide is cleaved at rUS, presumably due to the residual RNase activity of the crystallized
protein (see Figure 1E). The ZnF is complete with a bound Zn?* ion (gray sphere), which is (B) coordinated between the Cys436, Cys442, Cys448 and
His452 residues from the ZFD. (C) The electrostatic surface of PIN-Zf oriented at 180° to the cartoon view. The PIN domain is polar and exhibits a
positively charged patch close to the catalytic Mg2* ion. A positively charged deep groove is visible across the ZFD surface, which is involved in stacking
interactions with RNA. The electrostatic surface potential is displayed with a range from —5 (red) to +5 kT/e (blue).

Crystal structure of ZC3H12C-RNA complex

To investigate the structural basis of ZC3H12C me-
diated RNA targeting, we further co-crystallized
MmZC3H12C_PIN-Zf?04%  D27IN  with an RNA
heptamer, r(UUAUUAU), an A/U rich element of similar
sequence to the RNA fragment binding to Tisl1d CCCH
ZnF (19). The crystals belonged to space group P4, and
accommodated two protein molecules in one asymmetric
unit with one polypeptide chain (molecule-1) exhibiting
electron density for the PIN domain only. However, in the
second chain (molecule-2), the PIN domain was connected
with the ZFD, and a RNA oligonucleotide could be traced
in the electron density.

The PIN domain structure in the complex is remarkably
similar to the apo PIN structure with an RMSD of ~0.3 A
suggesting that RNA binding proceeds without structural
changes of the protein (Figure 3A). The ZC3H12C ZnF
is one of the shortest CCCH-type zinc fingers with a con-
sensus sequence C'X5C2X5C*X3H and adopts a compact
globular fold with a Zn>* ion bound between the conserved
Cys436, Cys442, Cys448 and His452 side chains (Figure
3B). The ZFD is linked with the PIN domain via linker
L5 and exhibits a positively charged deep groove running
across its surface, facilitating the stacking of different RNA
bases (Figure 3C). Due to the residual RNase activity of
the crystallized protein (Figure 1E, lane2), RNA substrate
is apparently cleaved at rUS and the electron density for

all but rUS5 is observed in the structure (Figure S3B, D).
Notably, the linker L5 is completely structured and adopts
an extended conformation, thus positioning the ZFD away
from the PIN domain.

Although the ZFD is distant from the PIN domain, anal-
ysis of the crystal packing revealed two possible modes
(mode-I and mode-II) of ZnF-RNA complex docking onto
the neighboring PIN domain (molecule-1), revealing crucial
interactions between RNA and PIN domain (Figure S3A).
In mode-I, the ZnF tucks the 5 terminal rU1 base into the
positively charged pocket on the PIN domain surface (Fig-
ure S3B), resulting in hydrogen bond formation between
rUl 02" and Arg330 and between rU1 O4 and Arg344. The
rU2 and rA3 bases are stabilized via hydrogen bonds linking
OP1 with Arg330 and Lys447, respectively (Figure S3C).
Mode-I clearly suggests that the PIN domain directly inter-
acts with RNA via surface-exposed basic residues. A signif-
icant reduction in RNA targeting by both Lys314Ala and
Arg330Ala mutation confirm their involvement in RNA in-
teraction in vitro (Figure 4C) and in vivo (Figure 4D). A sim-
ilar effect on RNA targeting was previously observed for the
Arg214 residue in ZC3H12A (30), the structural equivalent
of ZC3H12C Arg344.

In mode-II, however, the ZnF brings the RNA strand
close to the catalytic site of the PIN domain (Figure S3A,D)
and facilitates hydrogen bonding between rUl O4 and
Asn375 from the L2 loop. The rU2 base directly inter-
acts with Asn375, while rA3 N6 and N7 are linked with
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Figure 4. ZC3H12C PIN-CCCH ZnF mediated RNA interaction. (A) Surface representation of the PIN-ZFD fragment demonstrating the interactions
with the RNA heptanucleotide (shown as cartoon) in mode-1. The rU1 nucleotide is docked onto the PIN domain (gray), while rU4 and rA6 are stacked into
a hydrophobic pocket on the ZnF surface. The rA3 base is docked under the surface-exposed K447 side chain from the ZFD. (B) Molecular interactions
between RNA and ZnF showing that the U4 and A6 bases (green sticks) are stabilized via base stacking against the conserved Y444, Y438 and Y444
(orange) residues. (C) Denaturing agarose gel showing the effect of different point mutations on RNA degradation by ZC3H12C. PIN domain mutants
R330A, K314A and, ZFD Y438A, Y444A and YY/AA double mutant exhibit less product formation as compared to WT PIN-Zf(260-458) demonstrating
reduced RNase activity due to defects in RNA recognition. The PIN and ZFD are shown in green and blue respectively, with the mutations labeled in
the domain diagrams. (D) Luciferase reporter assay demonstrating the RNase activity of the MmZC3H12C_FL mutants against ZC3H12A 3’UTR. Both
Tyr438 and Tyr444 mutants show significantly reduced RNase activity compared to WT. Lys314 and Arg330, also show significantly reduced RNase
activity when mutated, confirming their involvement in RNA binding in vivo. The Western blot of the cell lysate used in the luciferase assay shows the
expression level of different ZC3H12C mutants. The expression level of mutant proteins was generally higher than that of native ZC3H12C. The luciferase
data are presented as mean + SD (n = 3). *P < 0.05; **P < 0.01; ***P < 0.001; ****P < 0.0001 (two-tailed Student’s ¢-test). n.s., not significant.

Asp374 via two water-mediated hydrogen bonds (Figure
S3E). Asp374 is one of the catalytic residues, and a mu-
tation to Ala or Asn results in decreased catalytic activ-
ity in ZC3H12A (30,41). Upon RNA binding, there is
only a subtle conformational change in Asp374 implicat-
ing that it might not be directly involved in catalysis but
rather in substrate binding, and the reduced catalytic ac-
tivity of the mutant might be due to defects in RNA
binding.

The nucleotides rU4 and rA6 are inserted into a hy-
drophobic pocket on the ZnF surface (Figure 4A) and stabi-
lized via base stacking interactions with the surface exposed
Tyrd444 and Tyr438, respectively. An additional hydrogen
bond between rA6 N1 and the Thr441 amide further stabi-

lizes the stacking (Figure 4B). However, the rU7 nucleotide
fails to interact with any protein residue and remains mostly
solvent-exposed, with only few interactions with a water
molecule via its Watson-Crick edge. The stacking interac-
tions have been known to be crucial in RNA recognition by
CCCH ZnFs (19-21,42-44), and our CCCH ZnF structure
demonstrates that such short ZnF not only adopts a globu-
lar fold, but also puts these evolutionarily conserved inter-
actions to use in RNA recognition. Because we were never
able to observe the ZnF in structures of apo ZC3H12C, it
remains difficult to comment on structural changes in the
ZnF that may be induced upon RNA binding. The two in-
teraction modes described above are clearly supported by
structural and biochemical data, but it is not yet possible to
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respectively, with glycine mutations also shown in the domain diagrams.

decide which of these mutually exclusive modes is relevant
for the biological function of ZC3H12C.

Unique ZC3H12 ZnF mediated RNA recognition

Next, we examined if Tyr438 and Tyr444 mediated base
stacking is crucial in RNA degradation and compared the
RNase activity of PIN-Zf200-4%) Tyr/Ala mutants with WT
protein by analyzing the amount of product RNA liberated
in an in vitro RNase assay. Different ZC3H12C variants
degraded the IL-6-3'UTR_WT RNA into an intermediate
and product RNA with the PIN-Z{%-4%) (WT) generat-
ing maximum product. By comparison, Y438A and Y444A
single mutants generated significantly less RNA cleavage
product, while a Y438 A /Y444 A double mutation led to fur-
ther reduction in product formation, implicating a reduced
RNase activity (Figure 4C). Since the Tyr438 and Tyr444
side chains are involved in stacking of one (rU4) and two
(rU4 and rA6) nucleobases, respectively, the observed dif-
ference in the RNase activity of these two mutants is also
explained. Besides that, a cell-based luciferase assay also
showed reduced RNase activity of ZC3H12C Tyr/Ala mu-
tants confirming that Tyr mediated base stacking is crucial
in RNA targeting by ZC3H12C. However, the third aro-
matic residue from the ZC3HI12C ZnF (Tyr450) is dispens-
able, because a YY'Y438/444/450AAA triple mutant does
not exhibit further significant reduction in RNA targeting
as compared to the YY438/444AA double mutant (Fig-
ure 4D). Since the ZFD is highly conserved in the entire
Z(C3HI12 family, an identical mode of RNA recognition by
the ZFD in other members is very likely.

We also identified two conserved glycines (Gly439 and
Gly445) next to the RNA interacting tyrosine residues in
the ZC3H12 ZnFs (Figure 5A). These glycine residues
adopt a unique backbone conformation, which facilitates
a compact ZnF fold. We examined their importance by

comparing the RNase activity of ZnF Gly/Ala mutants
with WT protein by analyzing the product RNA liber-
ated after 15 min incubation. As expected, the ZC3HI12C
G439A, G445A and GG439/445A A mutants generated sig-
nificantly less product RNA compared to WT (Figure 5B),
confirming that, indeed, the observed ZnF fold requires the
glycine residues’ unique conformation which appears cru-
cial for efficient RNA targeting. Surprisingly, in a 5 min in-
cubation reaction the G439A mutant yielded more product
RNA than WT ZC3H12C (Figure S4), which further indi-
cates that the unique backbone conformation induced by
Gly439 keeps the ZC3H12C RNase activity checked, most
likely by limiting interactions of Tyr438 with specific RNA
motifs. However, a Gly439 mutation may enhance the struc-
tural flexibility of the neighboring Tyr438, probably allow-
ing this side chain to interact with non-specific RNA motifs,
thus explaining the higher catalytic activity.

DISCUSSION

ZC3H12/Regnase family members are CCCH-type ZnF
containing RNases, which play crucial roles in immune re-
sponse regulation by post-transcriptional targeting of in-
flammatory cytokine mRNA (45). Despite several studies
on ZC3H12A /Regnase-1, crucial structural information on
how target RNA is recognized by the ZC3H12 proteins re-
mained elusive. In this study, we present the first crystal
structures of the ZC3H12C PIN domain with and without
the unique CCCH-type ZnF domain and an RNA heptanu-
cleotide which, together with systematic biochemical anal-
ysis, reveal unprecedented insight in RNA recognition by
ZC3H12 family proteins.

Our in vitro biochemical experiments confirm that
ZC3H12C is an active ribonuclease which requires both
its PIN domain and ZFD for full catalytic activity (Fig-
ure 1A-D), strongly implicating a cooperative RNA bind-
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Figure 6. Unique structural features of the ZC3H12C CCCH ZnF in RNA recognition. Schematic and tertiary structures of (A) MmZC3H12C ZnF, (B)
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groove on the ZC3H12C ZnF surface. Although the RNA is cleaved (shown as dotted golden line), this implies a unique orientation with significantly bent

RNA backbone as compared with RNA in Tis11d (black) and Nab2 (blue) ZnFs.

ing by both domains. Notably, the mutated ZC3H12C con-
struct PIN-Zf200-458) D271N, but not the N-PIN-Zf(177-458)
D271N catalytic mutant shows a minimal in vitro RNase ac-
tivity (Figure 1E), suggesting that the N-motif of ZC3H12C
(aa 177-260) might be involved in regulation of its RNase
activity. This observation is supported by an NMR study
of ZC3HI12A, which suggests regulation of RNase activ-
ity by direct interaction between N-motif and PIN domain
(41). The interacting residues between PIN and N-motif are
conserved in ZC3H12A and ZC3H12C proteins, suggesting
a direct interaction between PIN and N-motif. Neverthe-
less, a crystal structure of substrate RNA-bound ZC3H12C
would be required to prove that the N-motif modulates
RNase activity. ZC3H12C displays Mg>* ion dependent
catalytic activity, which is strongly supported by the pres-
ence of a bound Mg?* ion in the PIN domain structure
(N-PIN(77-429)y (see Figure 2A). In addition, we show that
ZC3H12C exhibits catalytic activity against an IL-6 3UTR
RNA sequence and requires its N-PIN-Zf-C(177-47%) element
for a controlled activity against target RNA.

In crystal structures of the ZC3H12C PIN domain, more
than one molecule is present in the asymmetric unit of
the crystal, however, SEC (see Figure 1C) and RALS ex-
periments (data not shown) for different variants confirm
a monomeric nature in solution. Although the ZC3HI2A
PIN domain has been suggested to adopt a dimeric ar-
rangement, our RALS and size exclusion analysis (data not
shown) indicated only monomers in solution. In addition
to these observations, two specific aspects of RNA degra-
dation by ZC3H12C require particular attention.

The ZC3H12C ZnF exhibits unique structural features for
RNA recognition, conserved in the whole ZC3H12 family

ZC3H]12 proteins harbor one of the shortest CCCH-type
zinc fingers in the human proteome with consensus motif
C'X5C?X5C3X3H (18), and present unique structural fea-
tures in RNA recognition among CCCH ZnF-family pro-
teins. Our structural analysis reveals that RNA recogni-
tion in CCCH ZnFs is dictated by three conserved aro-
matic residues (Figure 4), each present in the C!-X,-C?,
C%-X,-C? and C3-X,-H motif, respectively (Figures 5A
and 6A). Out of four CCCH ZnF-RNA complex struc-
tures known to date, HsTisl1d utilizes aromatic residues
in the C?-X,-C? and C3*-X,-H motifs (Figure 6B) (19),
while yeast Nab2 requires aromatic residues from its C!'-
X,-C? and C3-X,,-H motifs for RNA stacking (Figure 6C)
(20,21). Interestingly, the ZC3H12 CCCH ZnF utilizes aro-
matic residues in the C!-X5-C? and C?-X5-C? motifs (Fig-
ure 6A), thereby aligning RNA in a unique orientation
on the ZnF scaffold (Figure 6D). Besides that, only a sin-
gle aromatic residue from the C3-X,-H motif is crucial in
MmUnkempt (43) and MmMBNLI1 (44) mediated RNA
stacking, however, its structural equivalent in C*-X,,-H mo-
tifs of ZC3H12 ZnF is not accessible for RNA interaction
and hence dispensable as also observed in the luciferase
assay.

Another novel feature of the ZC3H12 ZnF is the pres-
ence of two unique glycines (Gly439, Gly445) in the center
of the C'-X5-C? and C2-X5-C? motifs, which bend the Ca
backbone by adopting a unique conformation, disfavored



for other amino acids (46), thus facilitating a compact func-
tional ZnF fold (Figures 5SA and 6A). The HsTis11d family
ZnFs contain only one such conserved glycine in the C2-X,,-
C3 motif (Figure 6B) (19), while such glycine residues are
absent in C3-X,,-H motifs in the entire CCCH-ZnF protein
family.

The 3D structural superimposition of all characterized
CCCH-type ZnFs revealed that the RNA interacting aro-
matic residues are spatially conserved, and a variety of
RNA substrates are specifically recognized by different
CCCH ZnF proteins, simply by utilizing unique combina-
tions of conserved aromatic residues (Figure 6D). This ob-
servation not only suggests a divergent evolution of CCCH
ZnF proteins from a common ancestor, but also explains the
involvement of these proteins in a multitude of biological
functions including immune responses, neuronal differenti-
ation, alternative splicing, polyadenylation and mRNA de-
cay (6,15,18,43,44,47) by post-transcriptional targeting of
different mRNAs.

Z.C3H12 CCCH-ZnF mediated RNA trinucleotide recogni-
tion

The crystal structure of a ZC3H12C PIN ZnF-RNA com-
plex reveals that the D271N mutant, for which we found
residual RNase activity in vitro, represents a post-catalytic
state as the RNA is cleaved at rUS5, generating a rU4 3'OH
group through Mg?* dependent catalysis. ZC3H12A was
also shown to generate product RNA with 3’OH termini
in vitro (17,41) suggesting a conserved catalytic mechanism
in the ZC3H12 ribonuclease family. Since no electron den-
sity for rUS5 is observed, it is difficult to conclude if it is
completely excised or simply fails to dock onto the ZnF
surface.

CCCH ZnFs are known to recognize 2 to 3 ribonu-
cleotides per ZnF (20,43), and our structure of ZC3H12C’s
unique CCCH ZnF exhibits features of recognizing a RNA
trinucleotide sequence as well. The crystallized ZnF-RNA
complex reveals a positively charged groove running across
the ZFD surface with U4 and A6 bases stacked into the
groove. Additionally, a positively charged empty groove is
available between the rU4 and rA6 binding pockets, which
might represent a binding site for the missing rUS on the
ZFD surface. To support this observation, we superim-
posed the ZC3H12C ZnF-RNA complex atop a HsTis11d
ZnF1-RNA complex (PDB 1rgo) (19), which clearly shows
that a pyrimidine (rU) base bound by Tis11d perfectly occu-
pies the position equivalent to the missing rUS in the empty
groove of ZC3H12C without any clashes (Figure 7A). The
central rUS would form multiple hydrogen bonds with the
Lys449 amino group and the Zn** ion coordinating Cys436
and Cys448 via its Watson—Crick edge (Figure 7B), which,
together with the stacked flanking nucleotides (5 rU4 and
3’ rA6), would favor a bend in the RNA backbone, likely
representing a loop region of a stem-loop structure. Since
the ZFD is highly conserved in the entire ZC3H12 pro-
tein family, for future research it will be crucial to delineate
the differences in RNA targeting between the four ZC3H12
RNases, which likely target a similar RNA stem-loop struc-
ture.
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Figure 7. The ZC3H12C ZnF harbors a binding platform for RNA trinu-
cleotide recognition. (A) Electrostatic surface representation of ZC3H12C
ZnF-RNA together with a pyrimidine nucleotide (rU3) from the super-
imposed HsTislld (ZnF1)-r(UAUU) structure. The superimposed nu-
cleotide occupies the empty groove on the ZnF surface, demonstrating
a tri-nucleotide recognition by the ZnF. The ZC3H12C RNA is shown
as cartoon, while the added pyrimidine (yellow) is shown as sticks. (B)
Molecular interactions of the superimposed uridine with the ZC3H12C
ZnF (shown as cartoon). The aligned uridine would form hydrogen bonds
(shown as dotted lines) with K449, C436 and C448 residues from the ZFD
via its Watson-Crick edge.
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The atomic coordinates and structure factors have been de-
posited in the Protein Data Bank under accession codes
7ndi for ZC3H12C N-PINU77-429) 7ndh for PIN-Zf(260-458),
7ndk for the PIN©?%0-425 D271 catalytic mutant and 7ndj for
the PIN-Zf?60-45%_RNA complex.
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