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structures of NCD and NCD-ZF are quite similar, and the
RMSD between the two structures is 0.479 A (Figure 3B).
Secondary structures were labeled according to NCD-ZF
structure in Figures 1B and 3B. The reliably modeled
range of NCD-ZF structure was also indicated in
Figure 1B as untraceable residues are marked with dot
above them.

NCD and NCD-ZF were packed in an identical dimer
arrangement in their respective crystals. However, analyt-
ical ultracentrifugation indicated that the monomer was
the predominant form of MCPIP1 NCD in solution (data
not shown). The dimer we observed may be a crystallo-
graphic artifact which has no physiological significance.

The NCD structure adopts a Rossmann-like o/f/o
sandwich fold (Figure 3A and B). B-strands 1, 2, 3 and 6
form a B-sheet surrounded by sets of a-helices at both
sides. Dali results show that MCPIP1 NCD shares
highest structural homology with TS D15 5-exonuclease
(PDB: lexn) (31,32) (RMSD 2.4 A for 92 Ca of aligned
residues), suggesting a previous assumption that the
conserved domain of MCPIPI is a nuclease. Alignment
of the NCD-ZF structure with that of TS D15 5-exonucle-
ase showed that the central four-stranded B-sheet of the
NCD-ZF structure is very similar to that of T5 DI5
5-exonuclease (Figure 3C). There was a good fit for the
three a-helices (o 1, o 2 and o 5) surrounding the B-sheet in
these two structures. While the arm in the T5 D15 5'-exo-
nuclease structure that is responsible for nucleotide
binding was not observed in our structure, a flexible posi-
tively charged region (residues 214-222) was found near
the location of the nucleotide-binding arm. Since MCPIP1
N-terminal conserved domain shared remote homology
with PIN domain as suggested in an early study (8), we
also compared the NCD-ZF structure with PIN domain of
SMG6 (PDB: 2hww) (33). A good fit in the central part of

these structures was shown in Figure 3D. Although the
sequence identity was <10%, the three structures share
highly conserved catalytic center (shown in Figure 3E).

The catalytic center has several residues important for
RNase function

Analysis of the electrostatic surface potential of the
NCD-ZF structure revealed a negatively-charged pocket
which is presumably the catalytic center of this RNase
domain (Figure 4A). Consistent with a previous prediction
(8), this pocket is composed of several conserved acidic
residues including Aspl4l, Asnl44, Asp225, Asp226,
Asp244 and Asp248.

To obtain an accurate structure of the catalytic center
and identify which residues are important for processing
RNA, we solved the structure after soaking magnesium
into the NCD crystal. Although many nucleases require
two metal ions for complete enzymatic activity, only one
magnesium ion was found in the catalytic center of
MCPIP1. The magnesium ion forms six coordination
bonds with surrounding atoms including an oxygen from
residue Asp 226 and five water molecules, forming an
octahedron (Figure 4B). The length of these bonds
ranged from 2.0 to 2.3 A, consistent with the empirical
value of 2.07A (34). Aspl4l, Asp225 and Asp244 form
hydrogen bonds with these water molecules which help to
maintain the magnesium ion in the correct position,
suggesting that they may be important for the RNase
activity of MCPIP1. While Asnl44 and Asp248, which
were previously predicted to be involved in the catalytic
center (8), were 6.5 and 8.4 A away from the magnesium
ion, they had no interaction with either the magnesium ion
or the water molecules around the magnesium ion,
suggesting that they probably do not contribute to the
RNase activity. Taken together, the structure of the

Figure 4. The detailed catalytic center and putative RNA-binding arm. (A) Electrostatic surface potential analysis of the NCD-ZF structure.
A negatively-charged pocket formed by residues 141 Asp, 144 Asn, 225 Asp, 226 Asp, 244 Asp and 248 Asp was found in the structure of
NCD-ZF. A positively charged arm was found close to the negatively-charged pocket. Four positively charged residues, 214 Arg, 215 Arg, 219
Lys and 220 Arg, are located in this region. (B) Density map of the NCD structure after Mg>" soaking. A magnesium ion was found in the pocket,
interacting directly with 226 Asp and five hydrogen molecules. Residues 141 Asp, 225 Asp and 226 Asp are thought to be important in stabilization

of these water molecules.
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MCPIPI1 conserved domain containing a magnesium ion
shows that Asp 141, Asp 225, Asp 226 and Asp 244 should
be important for its RNase activity.

In vivo studies confirm which residues of the catalytic
center are essential

Luciferase assays were used to determine whether specific
residues in the catalytic center could affect RNase activity
in vivo. An IL-6 3-UTR sequence was inserted upstream
of the luciferase gene in a PGL3 vector and a full-length
MCPIP1 cDNA was inserted into a pcDNA4 vector to be
overexpressed. The PGL3-IL-6 3-UTR and pcDNA4-
MCPIPI plasmids were cotransfected into 293A cells.
Luciferase activity was measured 48 h after transfection.
MCPIPI protein expression was confirmed by western
blotting (Figure 5B). In general, expression levels of
MCPIP1 mutants were higher than those of the native
protein, but some showed lower activity or even no
activity at all. Results showed complete loss of RNase
activity in single mutants DI141A, D225A, D226A,
D244A (Figure 5A), even though these mutations
enhanced the level of protein expression. This result is
easy to interpret since residue Asp 226 interacts directly
with the magnesium ion while residues Asp 141, Asp 225
and Asp 244 hold the magnesium ion in position by
coordination bond bridges mediated by water molecules.
Mutation of any of these residues would disrupt the
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Figure 5. Mutagenesis studies of important residues of MCPIPI. (A)
In vivo luciferase assay results. Luciferase activity is normalized. The
exchange of residues with alanine in the catalytic center or those which
interact with the magnesium ion resulted in the loss of RNase activity.
Mutation of 144 Asn, which was located at some distance from the
Mg”" ion, did not affect RNase activity. Mutation of 214 Arg in the
positively charged region also significantly affected RNase activity,
while mutation of the other three positively-charged residues did not
have such significant effect. Luciferase activity (relative) data are means
+ SEM from three independent experiments. (B) Western blotting of
the cell lysate used in the luciferase assay. The protein expression level
of mutant proteins was higher than that of the native protein.
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elaborate coordination bonds and hydrogen bond
network which holds the magnesium ion in the correct
place allowing native RNase activity. Also these four
residues lie in the conserved catalytic center as suggested
by superposition of NCD-ZF with lexn and 2hww
(Figure 3E). In contrast to these mutants, mutant
N144A had the same RNase activity as native MCPIP1;
this result is in contrast to previous studies but is consist-
ent with the assumptions based on the crystal structure
that Asn 144 may not participate in digesting RNA. Asn
144, which previous computational studies have suggested
to be important, appears to play no significant role in
RNase activity as measured by luciferase assays. These
findings are consistent with findings from the structure
that the magnesium ion is important in RNA digestion
and that residues interacting with the magnesium ion
directly or indirectly are all crucial for RNA decay.

A putative RNA-binding site is revealed by in vivo
luciferase assays

The catalytic center of MCPIP1 can be clearly seen in our
MCPIPI structure. We noticed that four residues (Arg
214, Arg 215, Lys 219 and Arg 220) formed a positively
charged arm located close to the -catalytic center
(Figure 4A). When we superposed our MCPIP1 structure
with that of T5 5'-exonuclease [PDB: lexn (31)], we found
that this positively charged arm was in the same direction
with a positively charged arch which is thought to be the
nucleotide-binding region of TS5 5-exonuclease (oval
region in Figure 3C). Since the positively charged arm
was flexible, we hypothesized that this positively charged
arm in MCPIP1 may also be involved in mRNA binding.
In order to verify this speculation, a luciferase activity
assay was used to test the RNase activity of different
mutants in vivo (Figure 5A). The single mutation R214A
yielded a high level of luciferase activity which was similar
to the negative control in which there was no MCPIP1
protein expression, suggesting a complete loss of RNase
activity. Mutation of Lys 219, Arg 215 and Arg 220 to
alanine also yielded higher luciferase activity compared to
wild-type MCPIPI, indicating that these residues may
affect MCPIP1 RNase activity. Considering the location
of these positively charged residues and their influence on
RNase activity, we believe these residues may play a role
in RNA binding. Our results indicate that these two
positively charged antiparallel B-strands are likely to be
a potential RNA-binding site.

DISCUSSION

MCPIP1 is a newly-identified CCCH type zinc-finger
protein which plays an essential role in preventing
immune disorders by negatively regulating the expression
of cytokine IL-6 and IL-12 at the mRNA level. It targets
the 3-UTR region of IL-6 and IL-12 mRNAs and
promotes their degradation. The NCD of MCPIPI is
thought to be responsible for its RNase activity, as it
has been categorized into family RNase_Zc3hi2a
(PF11977) in Pfam database (35). In this study, we
solved the 2.0 A crystal structure of the MCPIP1 NCD.
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Dali results showed that the NCD of MCPIPI shares
highest structural similarity with a TS5 exonuclease,
confirming its RNase function. Using in vivo luciferase
assays, we also identified four residues (Asp 141, Asp
225, Asp 226 and Asp 244) important for RNase
activity. This finding provides significant insights into
the mechanism of MCPIP1 RNase activity. The catalytic
center was clearly visible in our structure since a Mg>" ion
was soaked into the crystal. A typical octahedron with a
magnesium ion in the center was formed by five water
molecules and Asp226. In vivo luciferase assays confirmed
that Aspl41, Asp225, Asp226 and Asp244 are the crucial
residues in the catalytic center, consistent with their role in
stabilizing the Mg?" ion. Both our structure and in vivo
luciferase assays show that Asnl44, a residue which
computational modeling had previously suggested is
important, is probably not involved in RNase activity,
highlighting the importance of atomic resolution 3D struc-
tures rather than computational models for understanding
the details of enzyme function.

The first indication that MCPIP1 may have RNase
activity was the discovery that the N-terminal sequence of
MCPIP1 shares homology with the PilT N-terminus (PIN)
domain which is present in flap endonuclease 1 (FENI)
superfamily proteins (36). The TS 5-exonuclease (PDB:
lexn), which Dali analysis showed shares highest similarity
with MCPIP1 NCD, is also a member of the FENI
superfamily. Sequence alignment and structural superpos-
ition of the MCPIP1 NCD further suggests that it is a PIN
nuclease. It has long been accepted that members of the
FENI1 superfamily contain two metal ions in their catalytic
center, both of which participate in their nuclease activity
(36). However, in some members which only have a single
metal ion in their catalytic center, the single metal ion is
thought to play the same role in catalysis as the two metal
ions (37). It has also been proposed that only one metal ion
is essential for nuclease function (38). Here, only one Mg*"
ion was found in the structure of MCPIP1 NCD, and it is
probable that MCPIP1 NCD represents a novel type of
PIN domain which needs only one metal ion for its
nuclease activity.

Another important question to be considered is how
MCPIPI1 achieves the substrate specificity observed in
previous studies. MCPIPI1 targets the 3’-UTRs of IL-6
and IL-12b but not the 3’-UTR of TNFa. The MCPIP1
recognition site was thought to be a conserved AU rich
element in the IL-6 3-UTR. However, a region in
MCPIPI1 that can specifically bind to the I1L-6 3-UTR
conserved element has not yet been identified. Moreover,
in vitro RNase assays demonstrated that both of the
N-terminal conserved domains of MCPIP1, with or
without the CCCH zinc-finger motif, do not have substrate
specificity. This difference suggests that an elaborate regu-
lation mechanism is needed to confer MCPIP1 substrate
specificity in vivo. A possible mechanism is that the NCD
may be regulated by the MCPIP1 C terminal region or
other adaptor proteins which still remain to be identified.

Given the current structural information, it remains an
open question whether the zinc-finger motif is involved in
RNA binding. /n vivo luciferase assays revealed that
Arg214 is crucial for RNase activity, suggesting that this

region may be responsible for RNA binding. A protein—
RNA complex structure is needed to investigate the inter-
action between MCPIP1 and the IL-6 3'-UTR. However,
from the superposition of the MCPIP1 conserved domain
and T5 D15 5-exonuclease structures, we note that while
our structure lacks the nucleotide-binding arch, it has a
positively charged arm located near the position of the
arch. This, together with results from in vivo luciferase
assays, leads us to believe that the positively charged
arm is responsible for RNA binding. Our current structure
does not provide insights into the mechanism underlying
the newly discovered deubiquitinase function of MCPIP1
(39). Availability of a full-length structure of MCPIP1
would facilitate further investigations of the molecular
mechanisms underlying substrate specificity and
deubiquitinase activity. Since the deubiquitinase activity
is located in the N-terminus of MCPIP1, we expect that
MCPIPI is a novel type of deubiquitinase.
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