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ABSTRACT

The Microprocessor complex, consisting of an RNase III DROSHA and the DGCR8 dimer, cleaves primary microRNA transcripts
(pri-miRNAs) to initiate microRNA (miRNA) maturation. Pri-miRNAs are stem–loop RNAs, and∼79% of them contain at least one
of the three major and conserved RNA motifs, UG, UGU, and CNNC. We recently demonstrated that the basal UG and apical
UGU motifs of pri-miRNAs interact with DROSHA and DGCR8, respectively. They help orient Microprocessor on pri-miRNA
in a proper direction in which DROSHA and DGCR8 localize to the basal and apical pri-miRNA junctions, respectively. In
addition, CNNC, located at ∼17 nucleotides (nt) from the Microprocessor cleavage site, interacts with SRSF3 (SRp20) to
stimulate Microprocessor to process pri-miRNAs. The mechanism underlying this stimulation, however, is unknown. In this
study, we discovered that SRSF3 recruits DROSHA to the basal junction in a CNNC-dependent manner, thereby enhancing
Microprocessor activity. Furthermore, by generating various pri-miRNA substrates containing CNNC at different locations, we
demonstrated that such stimulation only occurs when CNNC is located at ∼17 nt from the Microprocessor cleavage site. Our
findings reveal the molecular mechanism of SRSF3 in pri-miRNA processing and support the previously proposed explanation
for the highly conserved position of CNNC in SRSF3-enhanced pri-miRNA processing.
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INTRODUCTION

MicroRNAs (miRNAs), short and single-stranded RNAs of
∼22 nucleotides (nt), are mostly produced via the canonical
microRNA biogenesis pathway (Ha and Kim 2014). This pro-
cess involves two consecutive cleavages by RNase III-type
enzymes. The primary miRNA transcript (pri-miRNA) syn-
thesized in the nucleus is initially cleaved by theMicroproces-
sor complex composed of nuclear RNase III DROSHA and its
cofactor DGCR8 (Denli et al. 2004; Gregory et al. 2004; Han
et al. 2004, 2006; Landthaler et al. 2004; Auyeung et al. 2013;
Nguyen et al. 2015; Fareh et al. 2016; Herbert et al. 2016;
Kwon et al. 2016). The resulting product, precursor miRNA
(pre-miRNA) is exported to the cytoplasm and is further
cleaved by another RNase III enzyme, Dicer, that produces
a miRNA duplex of ∼22 nt (Ma et al. 2004; MacRae et al.
2006a,b; Park et al. 2011; Gu et al. 2012; Tian et al. 2014).
Only one strand of each duplex is loaded into an Argonaute
(Ago) protein, and the other strand is eliminated (Kawamata
and Tomari 2010). The Ago-miRNA interaction forms the

core of an RNA-induced silencing complex that plays a crit-
ical role in posttranscriptional gene regulation in various es-
sential biological processes (Bartel 2009; Ameres and Zamore
2013; Ha and Kim 2014).
Pri-miRNA (Fig. 1A), a substrate of Microprocessor, has a

local stem–loop, consisting of a three-helix stem flanked by
the basal and apical junctions at two ends (Han et al. 2006;
Ha and Kim 2014). DROSHA, a catalytic subunit of the
Microprocessor complex, must localize at the pri-miRNA
basal junction to cleave pri-miRNA at the productive sites
(∼13 nt from the basal junction) and generates pre-
miRNA (Fig. 1A). However, the somewhat symmetrical
nature of pri-miRNA secondary structure often leads
Microprocessor to interact with the apical junction, thereby
cleaving pri-miRNAs at the unproductive sites ∼13 nt from
the apical junction (Han et al. 2006; Nguyen et al. 2015).
Multiple primary sequence motifs that have been recently
identified (Auyeung et al. 2013; Fang and Bartel 2015) create

5These authors contributed equally to this work.
Corresponding author: tuananh@ust.hk
Article is online at http://www.rnajournal.org/cgi/doi/10.1261/rna.065862.

118.

© 2018 Kim et al. This article is distributed exclusively by the RNA Society
for the first 12 months after the full-issue publication date (see http://rna-
journal.cshlp.org/site/misc/terms.xhtml). After 12 months, it is available
under a Creative Commons License (Attribution-NonCommercial 4.0 Inter-
national), as described at http://creativecommons.org/licenses/by-nc/4.0/.

REPORT

892 RNA 24:892–898; Published by Cold Spring Harbor Laboratory Press for the RNA Society

mailto:tuananh@ust.hk
mailto:tuananh@ust.hk
http://www.rnajournal.org/cgi/doi/10.1261/rna.065862.118
http://www.rnajournal.org/cgi/doi/10.1261/rna.065862.118
http://www.rnajournal.org/cgi/doi/10.1261/rna.065862.118
http://www.rnajournal.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://rnajournal.cshlp.org/site/misc/terms.xhtml
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/
http://www.rnajournal.org/site/misc/terms.xhtml


an asymmetry for pri-miRNAs and facilitate association
of DROSHA with the basal junction (Nguyen et al. 2015;
Kwon et al. 2016). The U and G at positions -14 and -13
(Fig. 1A) whose frequencies in human pri-miRNAs con-
served to mice, so-called representative pri-miRNAs, are
∼40% and 48%, respectively, independently contribute to
pri-miRNA processing (Auyeung et al. 2013). The basal
UG motif (Fig. 1A) at the basal junction (Auyeung et al.
2013), which is present in ∼24% of the representative pri-
miRNAs, directly recruits DROSHA to the basal junction,
thereby stimulating the productive cleavage by DROSHA
(Nguyen et al. 2015). The apical UGU motif at the apical
loop (Fig. 1A), which appears in ∼29% of the representa-
tive pri-miRNAs (Auyeung et al. 2013), interacts with the
DGCR8 dimer, indirectly favoring the basal junction-

DROSHA interaction by preventing DROSHA from binding
to the apical junction (Nguyen et al. 2015). The GHG motif
(Fig. 1A), found in the stem of 25% of the representative pri-
miRNAs, enhances the enzymatic activity by an unknown
mechanism (Fang and Bartel 2015). The most abundant mo-
tif identified in pri-miRNAs is CNNC (Fig. 1A), which is
present in ∼60% of the representative pri-miRNAs and is lo-
cated at the 3′-RNA segment ∼16–18 nt from the cleavage
sites (Auyeung et al. 2013). The CNNC motif associates
with SRSF3 (SRp20), a splicing factor that stimulates the
Microprocessor activity in vitro (Auyeung et al. 2013). In
addition, SRSF3 enhances Microprocessor to cleave a pri-
mir-30c variant in which the CNNC motif is exposed in a
single-stranded RNA region, thereby affecting miR-30c ex-
pression in vivo (Fernandez et al. 2017). In contrast,
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FIGURE 1. SRSF3 recruits DROSHA to the CNNC-containing basal junction. (A) Microprocessor is a trimeric complex consisting of an RNase III
DROSHA and a DGCR8 dimer. The typical pri-miRNA, a substrate of the Microprocessor complex, has a stem–loop structure. The green arrowheads
indicate the DROSHA cleavage sites. The basal junction and the basal UGmotif located at 14 nt from the cleavage site are recognized by DROSHA. The
apical UGUmotif of the apical loop that appeared at 22 nt from the cleavage site is recognized by DGCR8. The CNNCmotif of the basal segment that
resides at 17 nt from the cleavage site interacts with SRSF3. (B) Protein constructs used in this study. The first and end residue numbers for each
construct are shown. (P-rich) Proline-rich domain, (RS) arginine/serine-rich domain, (CED) central domain, (RIIIDa and RIIIDb) RNase III do-
mains, (dsRBD) dsRNA-binding domain, (Rhed) RNA-binding heme domain, (CTT) C-terminal tail region, (RRM) RNA recognition motif.
SRSF3 is composed of 164 amino acids and its molecular weight is about 19 kDa. It has one RRM at the N terminus and one RS domain at the C
terminus with extensive phosphorylation on serine residues. (C) The purity of the GFP-tagged SRSF3 on SDS–PAGE. (D) The pri-mir-30a substrates.
The uppercase letters represent the pre-miRNA region. The CNNC and ΔCNNC motifs are highlighted in red. The green and purple arrowheads
indicate the productive and unproductive cleavage sites of DROSHA, respectively. (E) Processing of the pri-mir-30a substrates by D3–G2 or D3–
G4G4 and SRSF3. The internally labeled pri-mir-30a substrates were incubated with the indicated proteins for 1 h under the conditions described
in Materials and Methods. The three products, a 5′-fragment, pre-miRNA, and a 3′-fragment were named as F1, F2, and F3, respectively.
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SRSF3 fails to stimulate the Microprocessor activity for pri-
mir-30c wild-type (WT), where the CNNC motif is present
in the duplex RNA region (Fernandez et al. 2017). This em-
phasizes the physiological significance of the SRSF3–CNNC
interaction in the appropriate cellular context. However, a
molecular mechanism explaining how SRSF3 stimulates
pri-miRNA processing and why the position of CNNC is re-
stricted to an area within 16–18 nt from the DROSHA cleav-
age sites remains elusive.

In this study, we explored the mechanism of SRSF3 action
using purified recombinant proteins from human cells (Fig.
1B). We discover that SRSF3 stimulates Microprocessor
by recruiting DROSHA to the pri-miRNA basal junction.
This recruitment is dependent on the CNNC motif of pri-
miRNA at the precise position.

RESULTS

SRSF3 recruits DROSHA to the basal junction
of pri-miRNA in a CNNC-dependent manner

To determine how SRSF3 affects the pri-miRNA processing,
we purified the SRSF3 proteins tagged with GFP from sus-
pension HEK293E cells (Fig. 1C) and selected pri-mir-30a
(Fig. 1D) harboring a CNNC motif (CUUC) 17 nt from
the DROSHA cleavage sites. The D3–G2 complex contains
all necessary domains for DROSHA activity (D3, Fig. 1B)
and a stabilizing fragment of DGCR8 (G2, Fig. 1B). The
D3–G4G4 complex consists of the D3 fragment of
DROSHA and the G4G4 dimer of DGCR8 (G4, Fig. 1B).
These two complexes were purified as described previously
(Nguyen et al. 2015). First, we tested the effect of SRSF3
on the D3–G2 complex. Consistent with previous studies
(Nguyen et al. 2015; Kwon et al. 2016), D3–G2 alone primar-
ily cleaved pri-mir-30a at the unproductive sites (Fig. 1E, lane
3). Interestingly, however, the addition of
SRSF3 caused D3–G2 to successfully
cleave pri-mir-30a at the productive sites
(Fig. 1E, lanes 4,5). As a result, SRSF3
strongly stimulated the trimeric D3–
G4G4 complex to cleave at the produc-
tive sites (Fig. 1E, lanes 6–8; Supplemen-
tal Fig. S1A, lanes 3–5). In contrast, when
the CUUC motif was replaced with the
UUUU motif, SRSF3 did not enhance
the productive activity of the D3–G2
and D3–G4G4 complexes (Fig. 1E, lanes
11–16; Supplemental Fig. S1A, lanes 8–
10). These data suggest that by interact-
ing with the CNNC motif at the 3′-seg-
ment of pri-miRNAs, SRSF3 might
recruit DROSHA to the basal junction,
thereby stimulating the occurrence of
productive cleavages. The other proteins,
SRSF7 (9G8), DDX5, and DDX17 that

were proposed to interact with the 3′-segment of pri-
miRNA were also tested on the pri-miRNA processing
of DROSHA (Wang et al. 2012a; Auyeung et al. 2013;
Dardenne et al. 2014; Mori et al. 2014; Moy et al. 2014).
Unlike SRSF3, they did not enhance the DROSHA activity
(Supplemental Fig. S1B,C), suggesting that they might use
different mechanisms in the pri-miRNA processing.

SRSF3 and DROSHA form a complex with
the CNNC-containing pri-mRNAs

To confirm that SRSF3 recruits DROSHA to the basal junc-
tion, we examined if SRSF3 and DROSHA can physically
interact with each other. We used purified SRSF3 and
DROSHA proteins in immunoprecipitation assays but did
not identify a direct protein–protein interaction (data not
shown). Thus, their interaction is likely to be either transient
or RNA-dependent. Therefore, we used an electrophoretic
mobility shift assay (EMSA) to test whether SRSF3 and
DROSHA can form a stable complex on RNA. The resulting
EMSA data showed that individual DROSHA and SRSF3 pro-
teins interacted with pri-mir-30a and distinctly shifted the
electrophoretic mobility of RNA bands (Fig. 2, lane 2 for
DROSHA and lane 8 for SRSF3; Supplemental Fig. S2A).
DROSHA seemed to have a slightly higher affinity to the
pri-mir-30a than pri-mir-30aΔCNNC (Fig. 2, cf. lane 2
with 10; Supplemental Fig. S2B,C). When two proteins were
simultaneously incubated with pri-mir-30a, the shifted
RNA bands were denser than those observed using any one
of the proteins and RNA (Fig. 2, cf. lane 5 with 2 or 8; Supple-
mental Fig. S2A). This indicates that SRSF3 andDROSHA co-
ordinately interact with RNA. Furthermore, the SRSF3-
bound RNA band was further shifted by the addition of
DROSHA (Fig. 2, cf. lane 8 with 5), suggesting that SRSF3
and DROSHA associate together on the same pri-miRNA

FIGURE 2. SRSF3 and DROSHA (D3–G2) form a complex with pri-miRNA. The electrophoret-
ic mobility shift assay (EMSA) experiments were carried out with the pri-mir-30a substrates and
the indicated proteins in the figure. The increasing amounts of the indicated proteins were incu-
bated with the radiolabeled pri-mir-30a WT or ΔCNNC substrate in 20 μL of the buffer contain-
ing 50 mM Tris-HCl (pH 7.5), 100 mM NaCl, 10% glycerol, 0.2 mg/mL BSA, 1 mM DTT, and
2 mM EDTA. The reaction mixtures were incubated on ice for 1 h and supplemented with 4 μL of
the 6× sample buffer composed of 0.01% (w/v) bromophenol blue, 60% (v/v) glycerol. Finally,
10 μL of each sample was loaded on 6% native PAGE and run at 4°C for 1 h.
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molecule. In contrast with CUUC-containing pri-mir-30a,
SRSF3 inefficiently stimulated the complex formation of
DROSHA and UUUU-containing pri-mir-30a (Fig. 2, cf.
lanes 12–13 with 4–5). This declined stimulatory effect of
SRSF3 could be due to its weak interaction with the UUUU
motif (Schaal and Maniatis 1999; Hargous et al. 2006; Änkö
et al. 2012). In addition, the band of UUUU-containing pri-
mir-30a bound with SRSF3 was not efficiently shifted by the
addition of DROSHA (Fig. 2, cf. lane 16 with 13). The data
from EMSA experiments support a model that SRSF3 inter-
acts with CNNC and recruits DROSHA to the basal junction.

Proper position of CNNC is critical for SRSF3
to stimulate productive processing by DROSHA

Since the CNNC motif is highly conserved at the 3′-segment
of pri-miRNAs∼16 to 18 nt from the DROSHA cleavage sites
and this position is important for miRNA expression in vivo

(Auyeung et al. 2013), we examined the positional effect of
the CNNC motif on the pri-miRNA processing. We generat-
ed two pri-mir-30a variants with the CUUCmotif at either 19
or 21 nt from the DROSHA cleavage sites (Fig. 3A) and used
them in the processing assays with D3–G2 and SRSF3
(Fig. 3B). Here, we found that SRSF3 stimulated DROSHA
(D3–G2) to cleave these variants more at the basal sites
(Fig. 3B, cf. lanes 11–12 with 8–9; Supplemental Fig. S3A,
B), suggesting that SRSF3 could also recruit DROSHA to
the basal junction of these variants. Unlike pri-mir-30a
WT, however, SRSF3 enhanced the DROSHA cleavage of
the variants more at alternative sites 1 or 2 nt closer to the
basal junction (Fig. 3B, cf. lanes 11 and 12 with 10; Supple-
mental Fig. S3B). Consistently, SRSF3 facilitated D3–G4G4
to cleave pri-mir-30a WT and its variants more efficiently
at the basal junction (Supplemental Fig. S3C). However,
compared with D3–G2, D3–G4G4 was less stimulated
by SRSF3 to cleave these variants at the alternative sites
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FIGURE 3. SRSF3 stimulates the productive processing by DROSHA in a CNNC position-dependent manner. (A,C) The pri-mir-30a and pri-mir-
142 substrates. The uppercase letters represent the pre-miRNA region. The CNNC motif and the added nucleotides are highlighted in red and blue,
respectively. The green, purple, and red arrowheads indicate the productive, unproductive, and alternative cleavage sites of DROSHA, respectively.
(B,D) Processing of the pri-mir-30a and pri-mir-142 substrates by D3–G2 or D3–G4G4 and SRSF3. The unlabeled pri-mir-30a substrate
(0.5 μM) or the internally labeled pri-mir-142 substrate was incubated with the proteins that are shown in the figure for 1 h under the conditions
described in Materials and Methods. F1, F2, and F3 are the productive products. The unproductive and alternative products are indicated with
the green and red arrowheads, respectively.
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(Supplemental Fig. S3C), implying that DGCR8 (G4G4)
might hold DROSHA at the productive cleavage sites (Ngu-
yen et al. 2015). This result confirms the role of SRSF3 in
DROSHA recruitment and suggests that SRSF3 stimulates
the productive processing by DROSHA as the CNNC
motif is present at a position ∼17 nt downstream from the
cleavage sites.

To further confirm the importance of the CNNC position,
we investigated the effect of SRSF3 on the Microprocessor
processing of pri-mir-142 in which the CNNCmotif is locat-
ed at 15 nt downstream from the cleavage sites (Fig. 3C).
SRSF3 persistently induced DROSHA (D3–G2) to cleave at
the basal sites on pri-mir-142 WT (Fig. 3D, cf. lanes 4–5
with 3) but not pri-mir-142ΔCNNC (Fig. 3D, cf. lanes 12–
13 with 11). However, SRSF3 stimulated DROSHA to cleave
at a position 1 or 2 nt away from the productive sites cut by
DROSHA alone (Fig. 3D, cf. lanes 4–5 with 3). In addition,
SRSF3 failed to stimulate D3–G4G4 to cleave pri-mir-142
(Fig. 3D, cf. lanes 7–8 with 6). This further indicates that
SRSF3 functions in a CNNC position-dependent manner
to facilitate the pri-miRNA processing.

DISCUSSION

Previous studies demonstrated that human Microprocessor
interacts with multiple cis-acting RNA elements to accurately
and efficiently cleave pri-miRNAs (Han et al. 2006; Auyeung
et al. 2013; Nguyen et al. 2015; Kwon et al. 2016). The basal
junction and its UG motif are recognized by DROSHA (Han
et al. 2006; Nguyen et al. 2015). The apical loop and the UGU
motif interact with the DGCR8 dimer assisted by hemin
(Nguyen et al. 2015, 2018; Partin et al. 2017). The CNNC
motif at the 3′ flanking region of pri-miRNA interacts with
SRSF3, a trans-acting factor that stimulates Microprocessor
(Auyeung et al. 2013). In this study, we reveal a molecular
mechanism in which SRSF3 binds to the CNNCmotif, there-
by recruiting DROSHA to the basal junction of pri-miRNAs.
Consequently, SRSF3 influences the orientation ofMicropro-
cessor on the CNNC-containing pri-miRNAs (Fig. 4 for the
model).

This study demonstrates that SRSF3 can recruit DROSHA
to the basal junction by interacting with the CNNC motif at
the various positions (15–21 nt from the DROSHA cleavage
sites). Interestingly, SRSF3 can alter the DROSHA cleavage
sites at the stem of pri-miRNAs. For example, SRSF3 can shift
DROSHA from the productive cleavage sites to the alterna-
tive sites toward the basal junction when the CNNC motif
is farther from the basal junction (19 or 21 nt from the cleav-
age sites) (Fig. 3B). In contrast, SRSF3 can move DROSHA to
the alternative sites away from the basal junction as the
CNNC motif resides closer to the basal junction (15 nt
from the cleavage sites) (Fig. 3D). These indicate that
SRSF3 and DROSHA might make a protein–protein contact
upon interaction with pri-miRNA and that the two proteins
are likely positioned at a certain fixed distance. In addition,

the EMSA results (Fig. 2; Supplemental Fig. S2) support
that SRSF3 and DROSHA might form a stable complex on
the CNNC-containing pri-miRNA. Of note, SRSF3 does
not cause the DROSHA/RNA complex to obviously further
shift in the gel, suggesting that either the DROSHA/RNA/
SRSF3 complex has a similar size as the DROSHA/RNA com-
plex or SRSF3 might dissociate from pri-miRNA after facili-
tating DROSHA binding. Future structural studies are
expected to reveal the atomic mechanisms underlying the
DROSHA/RNA/SRSF3 interaction.
Unlike DROSHA, the cleavage sites by the Microprocessor

complex are less shifted by SRSF3 (pri-mir-30a, Supplemen-
tal Fig. S3C; pri-mir-142, Fig. 3D) as the CNNC motif is not
located at the optimal position (16–18 nt from the productive
cleavage sites). This could be explained by a role of DGCR8 in
the Microprocessor complex, that strongly retains DROSHA
at the productive cleavage sites (Nguyen et al. 2015) despite
the effect of SRSF3. Therefore, the proper position of
CNNC (16–18 nt from the DROSHA cleavage sites) is crucial
for SRSF3 to coordinate with DROSHA and DGCR8 in effec-
tive stimulation of the pri-miRNA processing in vitro.
However, a broader window (16–21 nt) of CNNC might be
functional in vivo when a large group of pri-miRNAs was in-
vestigated (Conrad et al. 2014). It is possible that the second-
ary structure surrounding the CNNCmotif or other cofactors
may contribute to the CNNC-dependent processing of pri-
miRNAs by Microprocessor.
SRSF3, the smallest member of the highly conserved SR-

rich splicing factor family, regulates the splicing of numerous
genes (Jumaa and Nielsen 1997, 2000; Jumaa et al. 1997;
Galiana-Arnoux et al. 2003; Yu et al. 2004; de la Mata and
Kornblihtt 2006; Gonçalves et al. 2008, 2009; Sen et al.
2009; Manley and Krainer 2010; Wang et al. 2012b; Wong
et al. 2012; Ajiro et al. 2016). Furthermore, SRSF3 interacts
with various CNNC-containing mRNAs (Hargous et al.
2006; Änkö et al. 2012). Therefore, it will also be interesting

FIGURE 4. Model for the SRSF3’s molecular mechanism in pri-
miRNA processing. The basal and apical junctions are two single-
stranded RNA/double-stranded RNA junctions of pri-miRNA.
DROSHA can recognize and cleave at either junction. By interacting
with the CNNC motif optimally located at the 3′-segment of pri-
miRNA ∼17 nt from the DROSHA cleavage sites, SRSF3 strengthens in-
teractions between DROSHA and the basal junction, thereby stimulat-
ing DROSHA to cleave at the productive sites. As a result, SRSF3
enhances pri-miRNA processing of the Microprocessor complex.
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to investigate if the DROSHA/RNA/SRSF3 interaction may
be involved in mRNA metabolism.

MATERIALS AND METHODS

Processing assay

The processing assay was carried out at 37°C in 20 μL assay buffer
containing 50 mM Tris-hydrochloride (Tris-HCl [pH 7.5]), 100
mM sodium chloride (NaCl), 10% glycerol, 0.2 μg/μL bovine serum
albumin (BSA), 1 mM dithiothreitol (DTT), and 2 mMmagnesium
chloride (MgCl2). Approximately 10,000 cpm of the RNA substrates
was used, and the enzyme concentrations and incubation time are
indicated in the figures. The reaction was stopped by adding 20 μL
TBE-urea sample buffer (Bio-Rad). Finally, the mixture was heated
at 95°C for 10 min and quickly chilled on ice before loading onto
a 10% Urea-polyacrylamide gel electrophoresis (Urea-PAGE) gel
with the RNA size markers (Decade marker, Ambion). The RNA
substrates were prepared as described previously (Nguyen et al.
2015).

Purification of recombinant SRSF3 from human cells

The SRSF3 fused to the C-terminal GFP and 10× His-tag was cloned
into the pXG vector as used in the previous studies (Nguyen et al.
2015; Kwon et al. 2016). The plasmids were transfected into 3.6 L
HEK293E suspension cell culture and the cells were harvested after
2 d. The cell pellets were resuspended in 200 mL T500 buffer (20
mM Tris-HCl [pH 7.5], 500 mMNaCl, and 4 mM β-mercaptoetha-
nol) supplemented with 2 μg/mL RNase A and protease inhibitor
cocktail. The clear lysate obtained by sonication and centrifugation
was loaded on a Ni-NTA column. The column was washed with 200
mL T500 supplemented 20 mM imidazole and eluted with 50 mL
T500 supplemented 200 mM imidazole. The eluted proteins were
diluted to 100 mM NaCl with T0 (20 mM Tris-HCl [pH 7.5] and
4 mM β-mercaptoethanol) and bound with Q-sepharose. The Q-
sepharose was washed with 150 mM NaCl-containing buffer, and
the proteins were eluted with T500. The proteins were further puri-
fied using gel filtration with a Superdex 200 10/300 GL column and
were finally frozen with LN2 and stored at −80°C.

SUPPLEMENTAL MATERIAL

Supplemental material is available for this article.
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