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The core plant microprocessor consists of DICER-LIKE 1 (DCL1), SER-
RATE (SE), and HYPONASTIC LEAVES 1 (HYL1) and plays a pivotal
role in microRNA (miRNA) biogenesis. However, the proteolytic
regulation of each component remains elusive. Here, we show
that HYL1-CLEAVAGE SUBTILASE 1 (HCS1) is a cytoplasmic prote-
ase for HYL1-destabilization. HCS1-excessiveness reduces HYL1
that disrupts miRNA biogenesis, while HCS1-deficiency accumu-
lates HYL1. Consistently, we identified the HYL1%"*** mutant that
is insensitive to the proteolytic activity of HCS1, confirming the
importance of HCS1 in HYL1 proteostasis. Moreover, HCS1-activity
is regulated by light/dark transition. Under light, cytoplasmic CON-
STITUTIVE PHOTOMORPHOGENIC 1 (COP1) E3 ligase suppresses
HCS1-activity. COP1 sterically inhibits HCS1 by obstructing HYL1
access into the catalytic sites of HCS1. In contrast, darkness
unshackles HCS1-activity for HYL1-destabilization due to nuclear
COP1 relocation. Overall, the COP1-HYL1-HCS1 network may inte-
grate two essential cellular pathways: the miRNA-biogenetic path-
way and light signaling pathway.

subtilisin-like protease | miRNA biogenesis | COP1 E3 ligase | HYL1
proteostasis | light/dark transition

M icroRNAs (miRNAs) are a class of small noncoding regula-
tory RNAs that play key roles in mRNA degradation and
translational suppression in eukaryotes (1-5). In animals, the core
microprocessor complex minimally consists of Drosha and
DiGeorge = SYNDROME CHROMOSOMAL REGION
8 (DGCRS), which cleaves primary miRNAs (pri-miRNAs) to
precursor miRNAs (pre-miRNAs) in the nucleus (6-8). Pre-miR-
NAs are then exported to the cytoplasm and further processed
into mature miRNAs through Dicer and TRANSACTIVATION
RESPONSE ELEMENT RNA-BINDING PROTEIN (TRBP)
(9). In plants, miRNAs are processed by the core microprocessor,
including DICER-LIKE 1 (DCL1), SERRATE (SE), and HYPO-
NASTIC LEAVES 1 (HYL1), from highly variable stem regions
of pri-miRNAs (10-13). The processed miRNAs are loaded onto
ARGONAUTE (AGO) proteins, the kernel of diverse RNA-
INDUCED GENE SILENCING COMPLEXES (RISCs), to
cleave or translationally supress target mRNAs, that has been
commonly coopted by plants and animals (14-16). Many studies
have further focused on defining interactive proteins, by which
the microprocessor components and RISCs can be intricately
modulated for miRNA biogenesis and miRNA-induced gene
silencing (17-19).

Proteolysis is an essential regulatory layer for the proteomic
adjustment of eukaryotic development, growth, and accommo-
dation to ever-changing environmental conditions (20, 21).
Many studies have suggested that autophagy and the ubiquitin-
26S proteasome system (UPS) participate in the proteolytic
regulation of microprocessor components and RISCs. In ani-
mals, AGO1, Dicer, and AGO2 were reported to be degraded
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by autophagy (22). Drosha and TRBP are regulated by the UPS
(23, 24). On the other hand, recent studies have shown that
AGO?2 is also degraded by the UPS upon poly-ubiquitination by
cullin-RING E3 ubiquitin ligase (25, 26). In plants, F-BOX
WITH WD40 2 (FBW2) targets AGO1 for autophagy-mediated
degradation (27). The F-box protein PO of polerovirus mediates
AGO1, AGO2, AGO4, and AGO9 for degradation through
autophagy (28-31). The AGO1 DUF domain is required for
PO-mediated degradation (32). PO also triggers endoplasmic retic-
ulum (ER)-derived autophagy for the removal of membrane-
bound AGO1 (33). Moreover, the RNA-binding protein P25 of
potato virus X mediates AGO1 degradation through the protea-
some (34). CURLY LEAF (CLF) negatively regulates FBW2,
which in turn triggers AGO1 degradation in conditions of CLF
deficiency, but this degradation is blocked by the proteasome
inhibitor (35). Although autophagy and the proteasome appear to
be involved in the proteolytic regulation of RISCs in plants, the
compatibility between the two conventional pathways, either in
the viral or nonviral context, is still ambiguous and requires fur-
ther investigation.

Previously, we reported that HYL1 is degraded by an
unidentified protease (36). We further showed that HYLI is a
nuclear-cytoplasmic shuttling protein in response to light/dark
transition and phosphorylated HYL1 could be proportionally
retained in the nucleus, which protects HYL1 degradation in
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darkness (37). Moreover, we suggested that DCL1 can be
degraded by an unknown protease during skotomorphogenesis
and light/dark conversion (38). Furthermore, damaged SE is
degraded by ubiquitin-independent proteasomal activity (39).
Intriguingly, a recent study suggested that Dicer is cleaved by
an unknown serine protease in undifferentiated monocytes (40,
41). These studies indicated that unidentified proteases and
unknown mechanisms, beyond autophagy and the UPS, exist
for microprocessor turnover in plants and animals. To under-
stand the proteolytic regulation of the microprocessor compo-
nents, we primarily focused on identifying the mechanism by
which HYL1 is degraded. Among the over 800 proteases
encoded in the Arabidopsis genome, we systemically located the
protease that specifically degrades HYL1. Here, we show that
HYL1-CLEVAGE SUBTILASE 1 (HCS1) is a cytoplasmic
subtilisin-like protease. In darkness, HCS1 vigorously elimi-
nates HYL1. In contrast, under light, COP1 E3 ligase inhibits
HCS], irrespective of its role in the UPS; thus, HYL1 accumu-
lates. Collectively, we identify not only a protease of HYL1
destabilization, but also reveal an integrative regulatory net-
work among miRNA biogenesis and the light signaling
pathway.

Results

HCS1 Is a Primary Protease for HYL1 Degradation. To identify the
unknown protease for HYL1-degradation, we performed a cell-
free HYL1 degradation assay using the crude extract from
10-d-old WT seedlings and recombinant HYL1 proteins with
two different epitope-tags: a 2B8-tag at the N-terminal and a
six-histidine (6His) tag at the C-terminal end (Fig. 14). Then,
the cleaved HYL1 fragment was purified and analyzed by liquid
chromatography/tandem mass spectrometry (LC-MS/MS). In
the LC-MS/MS analysis, we found that trypsin-digested HYL1
fragments end at the position of the fourth fragment (VTQ
FTCTVEICGIK) and the fifth trypsin-digested fragment (TAL-
LAIQSDTK). The estimated molecular weight of the two
fragments (amino acids 1 to 144 and 1 to 173) with 2B8 epitope
and linkers were around 23 to 25 kDa, used for LC-MS/MS
analysis (Fig. 1B and SI Appendix, Fig. S14). The two analyzed
fragments approximately coincided with the molecular weight
of the observed N-terminal cleaved fragments in the cell-free
degradation assay. These results indicated that the cleavage
sites could exist between 144 and 173 amino acids of HYLI.
Using ProP1.0 and ExPASy peptidecutter programs, we found
three putative target sites for subtilases in the region between
the fourth and fifth fragments (Lys153, Lys154, and Lys173
amino acids). This analysis implied that the unknown protease
for HYL1 degradation could be a member of the subtilase fam-
ily (SI Appendix, Fig. S1B).

There are 56 subtilases in Arabidopsis, which are classified
into six clades (SI Appendix, Fig. S1C). To clarify which of these
subtilases are involved in modulating the half-life of HYL1, we
further investigated the transcriptome of 10-d-old WT/35S:
HYL1-6Myc transgenic plants as compared to WT plants, with
the reasoning that a HYL1-specific protease could be modu-
lated in response to excessive or deficient HYL1 (Fig. 1C).
Comparison of 27,372 genes between WT/355:HYL1-6Myc and
WT revealed that 155 genes were differentially expressed by at
least a twofold change ratio (log,AFPKM, fragments per kilobase
per million mapped reads) (SI Appendix, Fig. S1D). Among the
285 annotated proteases in the transcriptome data, we found that
only five proteases were up-regulated in WT/35S:HYLI1-6Myc
transgenic plants by over twofold, and four of them were subti-
lases: SBT4.4, SBT3.3, SBT3.7, and SBT5.4 (Fig. 1D). In addition
to these four subtilases, we identified 14 candidates by excluding
38 of the 56 subtilases, as these were hardly expressed or
decreased in WT or WT/355:HYL1-6Myc transgenic plants,
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respectively (Fig. 1D). To determine the correlation between the
expression of the selected 18 genes and HYL! transcript levels,
we further conducted droplet digital PCR (dd-PCR) analysis
using WT, WT/355:HYLI-6Myc, and hylI-2 mutant seedlings.
Again, we found that the four aforementioned subtilases were dis-
tinctively up-regulated in WT/355:HYL1-6Myc but down-
regulated in hyll-2 (Fig. 1E and SI Appendix, Fig. S1E).

Next, we transiently expressed the 4 subtilase genes as the
major candidates and 20 subtilase genes as controls in tobacco
leaves (SI Appendix, Fig. S24). Then, we performed a cell-free
HYL1 degradation assay using tobacco crude extracts harbor-
ing each expressed subtilase with a 6Myc epitope. Of the 24
subtilases, we found that SBT5.4 most efficiently degrades
HYL1, while SBT5.3 shows relatively weak cleavage activity
compared to SBT5.4 (SI Appendix, Fig. S2B). To ensure the
specificity of the subtilases, we conducted an in vitro HYL1
cleavage assay by incubating recombinant HYL1 and the immu-
noprecipitated SBT5.4 and SBT5.3 using o-Myc antibody,
expressed in tobacco leaves. We observed that SBT5.4 and
SBTS5.3 produced the N-terminal fragment of HYL1, as seen in
the cell-free degradation assay (Fig. 14), confirming their spe-
cificity for HYL1 degradation (Fig. 1 F and G and SI Appendix,
Fig. S2C). Previously, two studies reported the physiological
features of SBT5.3 and SBT5.4 (Fig. 1H). The former, known
as AIR3, is functionally downstream of NACI for root develop-
ment (42), and the latter drives the CLAVATA phenotype
when overexpressed (43). However, the target proteins and
detailed functionality of these proteases remained unclear.
Hence, we designated SBT5.4 as HCS1, which showed HYL1
degradation activity.

Next, to recapitulate the enzyme specificity of HCS1 and
AIR3 in Arabidopsis, we generated overexpressed HCS1 and
AIR3, and immunopurified proteases using a-Myc antibody. By
applying recombinant 2B§-HYL1-6His (0.2 pg) as a substrate,
we performed an in vitro HYL1 cleavage assay by increasing
the concentration of the purified HCS1-6Myc and AIR3-6Myc
(0.15 to 1.5 pg) (Fig. 1 I and J and SI Appendix, Fig. S2D).
As seen in the tobacco assay system, HCS1-6Myc showed much
higher proteolytic activity than AIR3-6Myc in Arabidopsis
(Fig. 1K). To confirm the N-terminal cleavage, we performed
an in vitro HYLI cleavage assay with recombinant 6His-HYL1
(0.2 pg) as a substrate by either extending incubation time
(SI Appendix, Fig. S2E) or by increasing the concentration of
the purified HCS1-6Myc (SI Appendix, Fig. S2G).

To further characterize the enzyme kinetics of HCS1, we
used an internally quenched fluorescent (IQF) peptide sub-
strate with a fluorophore (FAM) and a quencher (DABCYL)
at opposite ends of the mimic peptide (Fig. 1L). We optimized
the monitoring wavelength of fluorescence (520 nm) and the
concentration of HCS1 (1 pM) for the assay. Then, by increas-
ing the incubation time or substrate concentration, we deter-
mined that the K,,, value of substrate was 0.9512 pM and K.,
value was 0.68 uM (Fig. 1 M and N and SI Appendix, Fig. S2 I
and J). As shown in Fig. 1B, HYLI has three potential cleavage
sites for subtilases at amino acids Lys153, Lys154, and Lys173.
Among them, the Lys154 residue has the highest probability
for subtilase cleavage (ProP1.0 program). To confirm the
cleavage sites, we substituted the lysine residues of Ipredicted
sites with alanine residues to generate 2B8-HYL1X3A.6His,
2B8-HYL1*'**A-6His, 2B8-HYL1*'"**-6His, and combinato-
rial double and triple HYL1 mutants. Then, we performed an
in vitro degradation assay by incubating immune-purified (IP)
HCS1-6Myc (1 pM) with the recombinant HYL1 mutants.
Consistent with the prediction of the program, the 2BS8-
HYL1¥!%*A_6His mutant showed the strongest resistance, while
the 2B8-HYL1®X'>*A.6His mutant displayed the second stron-
gest resistance to the proteolytic activity of HCS1. The degrada-
tion of HYL1 by HCS1-6Myc was not hindered by the

Jung et al.
HYL1-CLEAVAGE SUBTILASE 1 (HCS1) suppresses miRNA biogenesis
in response to light-to-dark transition


http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental
http://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2116757119/-/DCSupplemental

A B Set!  Set2

s TEWE 0 2 0 2(h) (ka 2B8-HYL1-GHis
2B8-mDRETmDREZjmm i o W W W § |-6xHis = o) 75 ) vitro cleavage s A
v < o
- 5 2
0 01505 1 15h 0 01505 1 15h o=y ' 3]
+ 4 4+ %+ 4+ -+ 4 + + +2BBHYLIGHis |* s0 X
- et 1 o
4 - 4 4 4+ 4+ . 4 4 4+ +CokoCX [ ] Gel-purification Q
75 - 57 of cleaved product - o o 5
— | _ e
— e ==, R S o % g% B &
50 ™1 < ° .
i a Mass spectroscopy > o
a7 hi o analysis K 1 ® °
25-| hicatomat. .. e (]
204 200-m DRE1mORE2mm im0 W W & |-6xHis
v wHis txd o i O Serine
Celltres ol RTKK SDTK Predicted cleavage site : K153, K154,K174 @ Ubiquitin Proteinases @ Aspartic Peptidases
ell-free cleavage assay 51:: K173 Ms analyzed site : K173 @ Cysteine Proteinases O Other Proteases
—

Log2(HYL1-0X/WT)

s — @WT @ hyi1-2 B HYL1-OX

500 €00 1100 1600 2100 2600 3100
Ch 1 Conc. (Copies/0.02 ng of total RNA)

F Tobacco/35S:SBT5.4-6Myc G H I

e v+ 2BsHVLLeHs o TobaccolS5S:SBTS.5-6Mye 3 Lol ) D, - WT/358:HCS1-6M
R S ooaAm osee oV I D -HCS1-
PaMYC -+ ++ +++ IP:SBTSA6Myc = o+ v+ 2BHYLI-GHis N — v
50 - g P:aMYC -+ ++ +++ IPiSBTS36Myc S Gl ~ + ¢+ + 2B8HYLIGHis
aMYC R I @ e T aMYC - .
1001 - 8 150 .' ‘ aMYC 3 { i 1P:a-MYC + 4+ +++ [P HCS1-6Myc
75 | — a w3 g m— E 15n- l “’Mvc
o . - 2 75 | a——a— e o Q -— wl 100
——— ] 5 7}
I’ 50 - —— — o & . 75
o 2 8 2 8 P . aHis
. |a288 150 amve 37 4 w288 150-
1o amye - Lane 1 2 3 4
25— IP:a-MYC 25 e — O e ¢ b,
e ( )
CEC— J WT/35S:AIR3-6Myc
+ + +  2BBHYL1GHis
L M N PaMYC -+ 4+ 4+ [P ARGMyc

g ‘50__.:G-MVC
: . . . < NoHCS1 E 75 —
g AL & 1 . - 1 HEE - + 1M HCS1 ¥

~10
s E
wrdurse Y 10 — ] Lane 1 2 3 4
Cleavageregion  DABEYL 'y 2 L’LA—’I’. . <
& < . o
Fam Y 2 K
& IP:HCS1-6Myc S §
H] @0,
3 e = gos 2 5 -e- HCS1 -+ AR3
) H
2000 IO O : - ] !
& 3 _ _
w E %3
oy, - £2
b 0 17 18 16 18 20 22 o 1 2 3 4 5 6 7 2.5
Time (h) Substrate (mM) 520
2a
5
]
4

WT/355:HCS1-6Myc WT/355:HCS1-6Myc
IPa-MYC - 4 s IP:a-MYC -

HYL1tole

a-GST a-MYC

o |

GST-MPSR1

-
w153, 8
\ o7
AsP155, N e
1515
¢

).}
HIS.230. l
<
Esa ser

AsP163

Fig. 1. HYL1 protein is cleaved by HCS1 protease. (A) Cell-free cleavage assay using recombinant 2B8-HYL1-6His protein and WT crude extract. Blue
arrow indicates 2B8-specific protein in the crude extract, which is used as a loading control. Red asterisk indicates the cleaved N-terminal fragment of
HYL1. (B) Identification of HYL1 cleavage site by LC-MS/MS analysis. Blue arrow indicates the cleaved N-terminal fragment of HYL1. (C) Expression profil-
ing of proteases in 35S:HYL1-6Myc plants by transcriptome analysis. (D) Expression profiling of up-regulated SBTs in 35S:HYL1-6Myc plants by transcrip-
tome analysis. Red arrow indicates the high increased proteases. (E) ddPCR analyses show the expression levels of subtilisin-like proteases (SBTs) in hyl/1-2
and 355:HYL1-6Myc plants. Blue asterisk indicates the four candidate SBTs. The data shown are the averages of three replicates + SD (n = 3). (Fand G) In
vitro cleavage assay using IP-HCS1-6Myc and IP-AIR3-6Myc from tobacco leaves. The blue asterisk indicates noncleaved HYL1 and the red asterisk indicates
the N-terminal cleaved HYL1 form. The blue arrow indicates the heavy chain of the a-Myc antibody. (H) Schematic protein domains of HCS1 and AIR3. (/
and J) In vitro cleavage assay of the full-length HYL1 using IP-HCS1-6Myc and IP-AIR3-6Myc. The red asterisk indicates the active form of HCS1-6Myc. (K)
The relative HYL1 levels in the average value of three biological replicates were calculated by ImageJ software. Error bars indicate + SD (n = 3). (L) Sche-
matic of HYL1 peptide substrate including fluorophore (FAM) and quencher (DABCYL). (M and N) In vitro cleavage assay of the IQF peptide substrate
using IP-HCS1-6Myc. (O) In vitro cleavage assay of HYL1 and HYL1 mutant proteins using IP-HCS1-6Myc. (P) Surface representation of HCS1 dimer and
HYL1 complex. Monomeric HCS1 and HYL1 are colored as salmon and pale yellow, respectively. (Q) Expansion predicted the structure of HYL1K154
cleaved region in the active site of HCS1. Interacting residues of HYL1 and the catalytic triad of HCS1 are presented as a stick model.
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substitution of Lys173 amino acid (Fig. 10). We confirmed the
importance of Lys154 by performing in vitro HYLI1 cleavage
assay using recombinant 6His-HYL1¥'>** as a substrate (S1
Appendix, Fig. S2 F and H).

Several studies have characterized the structure of SISBT3
and cucumisin by X-ray crystallography; these studies have
reported that the protease-associated (PA) domain has a func-
tion in the homodimerization of subtilase, which is a prerequi-
site for enzyme activation (44-52). Rose et al. (53) further
reported that the crystal structure of SISBT3 (PDB ID code
316S) can serve as a paradigm for most of the subtilases in Ara-
bidopsis. Thus, to define the structural features of HCS1 and its
target recognition, we first tested whether HCS1 forms a homo-
dimer for its activity using size-exclusion chromatography. We
observed that MBP-HCS1-3HA predominantly forms a homo-
dimer (SI Appendix, Fig. S34). Second, we adopted the SISBT3
structure as a template to produce the homology model of
HCS1 using SWISS-MODEL. The predicted model of HCS1
has a root mean square deviation value of 0.242 with SISBT3
(81 Appendix, Fig. S3B). Third, we adopted the crystal struc-
tures of double-stranded RNA-binding domains of HYL1 (54)
(SI Appendix, Fig. S3C). Using the structural information of
HYL1 and HCS1, we performed structural modeling of how
HYLL1 is recognized by the HCS1 dimer. The binding models
were constructed using the program HEX (55) and the high
ambiguity-driven protein—protein DOCKing (HADDOCK)
online server (56) (Fig. 1P and SI Appendix, Fig. S3D). The
selected best docking model showed that dSRBD2 of HYL.1 fit-
ted in the active site (Asp163, His230, and Ser567) of HCS1. In
detail, the helix region of dsSRBD2 headed toward the active
site and was located in the substrate-binding pocket of HCS1
(Fig. 10). Consistently, the peptide bond between Lys154 and
Aspl55, which has the highest probability for HCS1 cleavage,
was located in the helix region of dsRBD2, which tends to face
the negatively charged active site of HCS1. The 3.5 A distance
between Lys154 of HYL1 and Ser567 of HCSI is suitable for
recognition and cleavage. The structural modeling and bio-
chemical assays indicate that HCS1 cleaves Lys154 in the
DRB2 domain of HYLI.

HCS1 Is a Negative Regulator of miRNA Biogenesis. For loss-of-
function analyses of HCSI and AIR3, we isolated two T-DNA
insertion mutants for hcsi, hesl-1 (salk_150825) and hcsl-2
(salk_025087), and one T-DNA mutant for air3 (salk_125788),
and then crossed hcsI-1 and air3 to generate hcslair3 double
mutants (SI Appendix, Fig. S4 A and B). We observed that the
HYL1 level was notably increased in the hcsI-1 and hcsl-2
single mutants (>1.5-fold), but only slightly increased in air3
(Fig. 24 and SI Appendix, Fig. S4D). However, hcslair3
remarkably accumulated HYL1 as compared to WT (>3.9-
fold), which was possibly caused by the functional redundancy
and competency of AIR3 in the absence of HCS1 (Fig. 2B). We
also found that AIR3 transcripts were dramatically up-regulated
by HCS1 deficiency, showing an epistatic relationship between
two paralogous genes (S Appendix, Fig. S4C). We also tested
that the accumulated HYL1 in the Acs! drops to a normal state by
expressing the 355:4IR3-6Myc transgene (S Appendix, Fig. S4E).
Next, we conducted the cycloheximide-chase assay to moni-
tor the half-life of HYL1 in hcslair3. HYL1 was rapidly desta-
bilized in WT but fully retained in hcslair3, confirming that
HCSI is a bona fide protease of HYL1, and AIR3 could be an
auxiliary protease (Fig. 2 C and D). To verify the cellular locali-
zation of the proteases, we constructed WT/355:HCS1-YFP and
WT/358:AIR3-YFP transgenic plants and observed that HCS1-
YFP and AIR3-YFP localize in the cytoplasm (Fig. 2E). Each
single mutant, scsl and air3, showed minor defects in phyllo-
taxy, while Acslair3 showed more defects in both phyllotaxy and
leaf development (Fig. 2F and SI Appendix, Fig. S4 F-M).
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Similar defective phenotypes were observed in WT/35S:HYL I-
6Myc transgenic plants, when they highly accumulate heterolo-
gous HYL1-6Myc and endogenous HYLI1 (SI Appendix, Fig. S4
M and N). Consistently, small RNA blot analysis showed that
several miRNAs were reduced in the hcslair3 (Fig. 2G and SI
Appendix, Fig. S54).

To recapitulate the defected miRNA levels in hcslair3, we
performed small RNA-sequencing analysis with hcslair3, hyll-
2, and WT seedlings. The median expression level of miRNAs
in the hcslair3 and hyll-2 mutants, shown as the change ratio
(logoAreadcounts per 10 million [RPTM]), was —0.48 and
—1.98, respectively (Fig. 2H). Of the 173 miRNAs with a total
expression of at least 10 RPTM, over 84% and 81% of the miR-
NAs displayed lower expression in the hcslair3 and hyll-2 seed-
lings, respectively, when compared to that of WT seedlings.
(SI Appendix, Fig. S5B). Next, we compared differentially
expressed miRNAs between the hcslair3 and hyll-2 mutants.
The hcslair3 and hyll-2 mutants shared 5 up-regulated miR-
NAs and 124 down-regulated miRNAs (Fig. 2I). However, the
degree of miRNA drops in the Acslair3 was minor compared to
that of hyll-2. Based on these results, we assumed that the dys-
regulation of HYL1 proteostasis might slightly affect miRNA
biogenesis and plant development.

For gain-of-function analyses, we monitored the WT/35S:
HCS1-6Myc and WT/355:AIR3-6Myc transgenic plants. The
10-d-old WT/35S5:HCS1-6Myc seedlings showed severe develop-
mental defects compared to the relatively normal development
of WT/355:AIR3-6Myc seedlings (Fig. 2 J and K). The pheno-
types of the transgenic plants were correlated to HYLI1 levels.
We found that excessive HCS1 dramatically reduced HYL1 and
excessive AIR3 slightly diminished HYL1, showing the auxiliary
function of AIR3 (Fig. 2 L and M). In accordance with the
defective phenotypes, excessive HCS led to reduced accumula-
tion of developmentally essential miRNAs (Fig. 2N and S/
Appendix, Fig. S5C). To confirm the miRNA reductions, we fur-
ther performed miRNAtome analysis using the Illumina
sequencing platform. The expression of miRNAs in the two
lines with excess HCS1, #12 and #57, was dramatically reduced
compared with that in the WT (median change-ratio: log,ARPTM
value of —3.95 for #12 and —4.93 for #57) (Fig. 20). Of the 146
miRNAs that had a total expression of at least 50 RPTM, nearly
99% of the miRNAs had lower expression in both seedlings #12
and #57 (Fig. 2P). The expression of miRNAs reduced in WT/
358:HCS1-6Myc #12 and hyll-2 seedlings by the second sequenc-
ing (median change-ratio: 10g;ARPTM value of —1.23 for #12
and —3.29 for hyll-2) (SI Appendix, Fig. S5D). Taken together,
these results suggest that HCS1 is a novel negative regulator of
HYLI.

Light Deprivation Unshackles HCS1 to Degrade HYL1. HYL1 and
DCL1 are rapidly degraded by light-deprived conditions, such
as shade, darkness, and during the prolonged etiolation process
(36-38). Since light signaling integrates into miRNA biogenesis
through the proteolytic regulation of core microprocessor com-
ponents, we investigated whether HCS1 is responsible for the
HYL1-degradation in light-deprived conditions. WT, Acs1, air3,
and hcslair3 seedlings were grown for 10 d under continuous
light (80 pmol m~% s~ ') and then transferred to dark conditions
for 12 h, after which the nuclear relocation of COP1 could be
sufficiently stimulated. After 12 h of light deprivation, HYL1
dramatically decreased in WT, hcs1, and air3, while HYL1 was
fully maintained in Acslair3 (Fig. 3 A and B). In the light/dark
transition, HYLI transcripts were unchanged in WT, Acsl, and
air3. HYL] transcripts were reduced in Acslair3 under both
light and dark conditions, showing a possible feedback regula-
tion (SI Appendix, Fig. S6A4). In addition, HCS1 and AIR3 tran-
scripts were accumulated as a result of the light/dark transition
(SI Appendix, Fig. S6B).
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To further validate the role of HCS1 in dark-induced HYL1
degradation, we constructed transgenic plants expressing
HYL1-YFP, HYL1*"*A.YFP, HYL1*"*A-YFP, or HYL1¥!7A-
YFP in the hyll-2 background. Then, we performed a light/
dark transition assay using 10-d-old seedlings of the following
transgenic plants: ayl1-2/35S:HYLI-YFP, hyl1-2/35S:HYL1%">**.
YFP, hyll-2/358:HYLI*">**.YFP, and hyll-2/35S:HYLI1%7*4.
YFP. HYLI-YFP was reduced by ~60%, HYL1*'"A-YFP was
reduced by ~25%, and HYL1X'?A.YFP was decreased by
almost 95% in the dark; HYL1¥>*A-YFP showed no reduction
(Fig. 3 C and D). Next, the dark-stable HYL1*'3*A.YFP and
HYL1¥'5*A.YFP were further visualized as compared to the
dark-labile HYL1-YFP and HYL1*'”*A-YFP. The fluorescence
of HYL1XP*A_.YFP was significantly accumulated in the nuclei
even after 12 h in darkness, unlike the faded emissions from
the WT and the other two mutants (Fig. 3E and SI Appendix,
Fig. S6C). These results confirmed that HCS1 is responsible for
dark-induced HYL1 degradation. Furthermore, we found that
the Lys154 of HYL1 is a critical region for HCS1 mediated
HYL1 degradation.

HYL1 Proteostasis Is Important for miRNA Biogenesis. While study-
ing the transgenic plants, we found that hyl1-2/358:HYL1¥/>#1.
YFP displayed severe defects in seedling development as
compared to those of hyll-2/35S:HYLI-YFP, hyll-2/35S:
HYLI®"*A.YFP, and hyll-2/35S:HYL1 *'7*.YFP (Fig. 3F and
SI Appendix, Fig. S6 D and E). To rule out the intervention of
C-terminal YFP tagging in the HYL1 functionality, we recon-
structed hyll-2/35S:HYL1-6Myc and hyll-2/35S:HYL1X!>%1.
6Myc transgenic plants. We found that the phenotypes of
hyll-2/358:HYL1***_6Myc are reminiscent of that of hyll-2,
such as hyponastic leaves, small siliques, and disruption in phyl-
lotaxy (Fig. 3G and SI Appendix, Fig. S6 F-J). These findings
confirm that the expression of invincible HYL1 hinders miRNA
biogenesis. The developmental defects were correlated with the
invincibility of HYL1®**.6Myc in darkness (Fig. 3H). Next,
we found that the defective phenotypes of hyll-2/35S:
HYLI®*_6Myc were correlated with reduced levels of miR-
NAs (Fig. 31). To test the defected miRNA levels in the hyl1-2/
358:HYLI****.6Myc, we performed small RNA-sequencing
analysis using the Illumina platform. The median expression
level of miRNAs in the aylI-2/35S:HYLI®">*A_6Myc and hylI-2,
expressed as the change ratio (log;ARPTM), was —1.20 and
—1.98, respectively (Fig. 37). Of the 173 miRNAs with a total
expression of at least 10 RPTM, over 82% and 81% of the miR-
NAs displayed lower expression in the hyll-2/358:HYL1¥!>#1.
6Myc and hyll-2 seedlings, respectively, compared to that
of WT.

Next, we compared differentially expressed miRNAs
between the hyll-2/35S:HYLI®">*1.6Myc and hyll-2. The
hyl1-2/358:HYLIX">*_6Myc and hyll-2 mutants shared 13
up-regulated miRNAs and 124 down-regulated miRNAs (SI
Appendix, Fig. S6 K and L). However, the median value drop in
hyll-2 871.98) was slightly restored to 0.77 by expressing 35S:
HYLI**4.6Myc, showing the partial functionality of
HYL1¥>** (Fig. 37). To determine how HYL1¥"*** impeded
development and miRNA biogenesis, we performed a gel elec-
tromobility assay to determine the binding affinity of
HYL1** for miRNA/miRNA*. We found that HYL1®>*4,
HYL1¥'53A and HYLI1®'?* recognize radioisotope-labeled
miR160/miR160* substrate (Fig. 3K). However, the binding
affinity of HYL1¥'*** (5.0 + 1.34 1073M) was slightly weaker
than that of WT (5.8 + 1.82 107®*M) (SI Appendix, Fig. S7
A-D). Furthermore, the coimmunoprecipitation (co-IP) assay
showed that HYL1¥"5** could form a microprocessor complex
with SE and DCLL1 in vivo (Fig. 3L). By performing in vitro
pull-down assays, we confirmed that the interaction between
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SE or DCL1 and HYL1 X154 was similar to their respective
interactions with HYL1WT (ST Appendix, Fig. S7 E-G).

We further performed an in vitro processing assay using an
immunoprecipitated microprocessor complex and radioactive
UTP, incorporating pri-miR166 as a substrate (Fig. 3 M and N).
This assay showed that the overexpression of HYL1¥54A 6Myc
impedes the processing efficiency of pri-miRNAs, although
HYL1¥'5** has almost normal RNA-binding activity and SE
and DCL1 interacting ability. In some instances, indestructible
proteins tend to aggregate and hinder the function of their
native protein forms (57). Thus, we used ultracentrifugation to
investigate whether HYL1¥*2 tends to aggregate and found
that HYL1¥'5** did not form aggregates in the cytoplasm (SI
Appendix, Fig. ST H and I). Previously, two studies reported
that phosphorylated HYL1 is not functionally eligible for pri-
miRNA processing and is preferentially retained in the nucleus
in darkness (37, 58). By performing the subcellular fraction-
ation assay, we found that the HYL1%*** was more retained
in the nucleus under dark conditions (SI Appendix, Fig. S7J).
These results implied that the abnormal proteolytic regulation of
HYL1 could hinder miRNA biogenesis and plant development.

The Coiled-Coil Domain of COP1 E3 Ligase Recognizes HCS1. COP1
positively correlates to HYL1 stability, but the detailed mecha-
nism of COP1 in maintaining HYL1 remained unknown (36).
Therefore, we questioned whether COP1 functions as a chaper-
one for HYL1 or an inhibitor of HCS1. First, to determine
whether COP1 physically associates with HCSs or HYLI1, we
performed an in vitro pull-down assay using recombinant
COP1, HYLI1, and HCSs. We found that COP1 directly binds
to HYL1, HCS1, and AIR3 (Fig. 4 A and B). COP1 domains
are well-defined in their functionality; RING is for ubiquitina-
tion, the coiled-coil (CC) domain is for dimerization, and the
WD40 domain is for target protein interactions (59) (Fig. 4C).
Therefore, using an in vitro pull-down assay, we clarified that
the interaction domain of COP1 for HYL1 and HCSs is the CC
domain (Fig. 4 D-F). To further confirm the protein associa-
tions in Arabidopsis, we conducted co-IP assays using transgenic
plants. By applying an a-Myc antibody, we precipitated HCS1-
6Myc and AIR3-6Myc from 10-d-old WT/35S:HCSI-6Myc and
WT/358:AIR3-6Myc transgenic seedlings, and the presence of
COP1 in the precipitates was determined with an a-COP1 anti-
body. We found that COP1 associates with HCS1 in vivo, but
not with AIR3 (Fig. 4 G and H). Likewise, we tested the associ-
ation between COP1 and HYLI1 using 10-d-old Ler/XVE:-
COPI-6Myc seedlings grown under conditions of p-estradiol
(20 pM) supplementation, but its precipitate did not contain
endogenous HYL1 when observed using an a-HYL1 antibody
(Fig. 41).

To visualize the interaction between COP1 and HCS1 in vivo,
we performed a bimolecular fluorescence complementation
(BiFC) assay. Consistent with the co-IP assays, COP1-nVenus
was associated with both HCS1-cVenus and emitted clear fluo-
rescence in the cytoplasm. We used HIGLE as a HYL1 inter-
acting endonuclease (60) that showed fluorescence in the
nucleus as a positive control (S Appendix, Fig. S84). The possi-
bility of nonspecific fluorescence was discounted by testing neg-
ative controls (SI Appendix, Fig. S8B). These results somewhat
contradict those of the in vitro pull-down assay. Therefore, we
questioned whether COP1 tends to interact with HCS1. We
performed an in vitro titration assay and found that the
COP1-HCS1 complex was hardly disrupted by the addition of
HYL1, implying that COP1 has a higher affinity to HCS1 (Fig.
4]). This result may explain why we could not see the
COP1-HYLI association in the light-grown seedlings using an
IP assay (Fig. 41).

A previous study showed that four amino acid substitutions
hinder the protein-interactive function of the CC domain (61).
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Fig. 4. COP1 directly interacts with HCS1. (A and B) In vitro pull-down assay of recombinant COP1, HYL1, and HCS1/AIR3. MBP was used as a negative
control. (C) Schematic of COP1 domain structures. (D-F) In vitro pull-down assay of GST-COP1 domains with MBP-HCS1-3HA, MBP-AIR3-3HA, and 2B8-
HYL1-6His. GST-COP1 and GST-COP1 domains were used as bait. (G-/) Co-IP of HCS1-6Myc, AIR3-6Myc, and COP1-6Myc using 10-d-old plants. Histon3 (H3)
was used as a negative control. The red asterisk marks COP1. (J) In vitro titration assay of MBP-HCS1-3HA by increasing the concentrations of 2B8-HYL1-
6His. (K and L) The levels of HYL1 in cop1-4/355:COP1-GFP and cop1-4/355:COP1""7%4-GFP transgenic plants. Data are the averages of three biological repli-

cates + SD (n = 3).

Thus, to monitor the role of the CC domain in COP1-HCS1
interaction in vivo, we used copl-4/358:COPI*"*A.GFP
transgenic plants expressing the CC mutant (four amino acid
substitutions). We found that the reduced HYLI level in the
copl-4 mutant was not restored by expressing 355:COPI-174.
GFP, while the expression of 35S:COPI-GFP accumulated
~50% more HYL1 as compared to WT (Fig. 4 K and L).
Collectively, these results indicate that COP1 directly interacts
with HCS1, implying that COP1 could be a proteinaceous
inhibitor.
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80f12 |

CC and WD40 Domains of COP1 Function as the Proteinaceous
Inhibitor of HCS1. Next, we tested how COP1 inhibits the proteo-
lytic activity of HCS1 to protect HYL1. To perform the HCS1
inhibition assay, we incubated IP HCS1-6Myc with a fixed amount
of recombinant HYL1 (0.2 pg) with or without MBP-COP1. The
rapid degradation of HYL1 by HCS1 was blocked by increasing
concentrations of MBP-COP1 (0 to 1.5 pg) (Fig. 5 4 and B). We
obtained the same results using GST-COP1 as an inhibitor instead
of MBP-COP1 (SI Appendix, Fig. S94). By applying MBP and
GST proteins as negative controls, we confirmed that both MBP
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and GST fusion tags were irrelevant to the antiprotease activity of
COP1 (SI Appendix, Fig. SOB). Next, we separately applied
recombinant RING, CC, and WD40 domain proteins to the
in vitro HYL1 degradation assay to define the domain for the
proteinaceous inhibitor activity of COP1. Unexpectedly, none of
these domains could efficiently block HYL1 degradation in vitro,
implying that each domain alone is insufficient for the antipro-
tease activity of COP1 (Fig. 5 C—F and SI Appendix, Fig. S9 C-E).
By performing a low-stringency in vitro pull-down assay, we found
that the WD40 domain also interacts with HCS1, even though the
CC domain is mainly responsible for the strength of the interac-
tion (SI Appendix, Fig. SOF). Thus, we speculated that both the
CC and WD40 domains might be essential for the inhibitory func-
tion of COP1.

Based on the HCS1 and HYL1 binding modes (Fig. 1P), we
tried to understand the inhibitory action of COP1 on HCSI.
Although the whole structure of COP1 was not defined, many
RING, CC, WD40 domains (PDB ID code 5IGO) were avail-
able on the RCSB Protein Data Bank. WD40 domains, one of
the well-defined protein-interacting motifs, exhibit four to eight
B-propeller structures that mediate protein—protein interactions
with different partners using all sides of its surface (62). There-
fore, we could predict three binding modes based on initial
docking modeling using the program HEX. In all three binding
modes, the WD40 domain seemed to interact with HCS1
through the protruding region (residues 630 to 642) located
outside the circularized p-propeller structure, which is highly
negatively charged. The first scenario is that the WD40 domain
binds to the positively charged region of the subtilase domain
of HCS1 (residues 603 to 617) and causes structural transfor-
mations. The second is the hindrance of HCS1 dimerization by
hijacking the PA domain of HCS1 (residues 411 to 482). Third,
the WD40 domain binds to the pocket area of the active site,
which can only be formed if the full-length HCS1 is properly
folded (SI Appendix, Fig. S10 A-D). We found that full-length
COP1 binds to neither the monomeric PA domain nor the posi-
tively charged region of the subtilase domain of HCS1 (SI
Appendix, Fig. S10 E and F). Therefore, we selected the third
scenario as the most plausible hypothesis: the WD40 domain of
COP1 might bind to the active site of HCS1 through its promi-
nent binding region (the C-terminal side of the last p-propeller
structure) (Fig. 5 G and H and SI Appendix, Fig. S10G).

However, we assumed that the interaction between the active
site and the WD40 domain could be maintained by the strong
interaction between the CC domain and an unidentified region
of HCS1 (Fig. 4D). To test whether the WD40 domain is essen-
tial for the steric inhibition of HCS1 by COP1, we deleted six
amino acids at the protruding region of the WD40 domain
(COP12% deleted 636 to 641) (Fig. SI and SI Appendix, Fig.
S10H). By performing the HCS1 inhibition assay using full-
length COP1WT and COP1%%% we found that deleting six
amino acids notably diminished the inhibitory activity of COP1
(Fig. 5 J and K and SI Appendix, Fig. S10I). This result was fur-
ther confirmed by the HCSI1 inhibition assay using IQF peptide
substrates (Fig. 5L). Next, we confirmed the importance of the
WD40 domain in suppressing HCS1 with Ler/XVE:COP1-6Myc
and Ler/XVE: COPI%%“-6Myc transgenic plants (Fig. 5 M and
N and SI Appendix, Fig. S10J). Indeed, HYL1 levels were unal-
tered in Ler/XVE: COPI**“-6Myc, while HYL1 levels were
elevated in Ler/XVE:COPI1-6Myc in response to increasing con-
centration of B-estradiol. Isothermal titration calorimetry (ITC)
analysis showed that COP1%* has a bindir}g affinity (K,) to
HCS1 that is twice as low as that of COP1™T (2.9 x 10* M vs.
5.7 x 10* M), which possibly led to the reduction of the protein-
aceous inhibitor activity of COP1 (Fig. 50). Taken together,
these results suggest that the CC domain may mediate the
interaction between COP1 and HCS1, and the WD40 domain
could sterically block the active site of HCS1.
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Discussion

Subtilases are a highly diverse class of serine proteases found in
all three domains of life. During evolution, the functional diversifi-
cation and complexity of subtilases led to the acquisition of plant-
specific functions. In plants, subtilases appear to play key roles in
embryogenesis, seed development, germination, cuticle formation,
epidermal patterning, vascular development, programmed cell
death, organ abscission, senescence, and plant responses to their
biotic and abiotic environments (63, 64). Despite the wide range
of biological impacts, the molecular functions of most subtilases
on their targets remain undefined due to difficulties in target
identification. To date, among the 56 subtilases found in Arabidop-
sis, 9 have had their target proteins and molecular and physiologi-
cal functions reported (65). In addition, we revealed a subtilase
that negatively regulates one of the global regulatory pathways,
miRNA biogenesis. Given the role of miRNAs in gene expres-
sion, HCS1 may be necessary for regulating a variety of biological
events.In this study, we revealed several essential features of
HCS1-mediated HYL1 degradation. First, HCS1 specifically
cleaves the RBD2 domain of HYL1 by recognizing the Argl51-
Thr152-Lys153-Lys154 residues. Second, we revealed structural
insights into HCS1-mediated HYL1 cleavage by integrating the
crystal structure of HYL1 and the homology model of HCSI.
Third, we observed redundancy between HCS1 and its paralog
AIR3 in the proteolytic regulation of HYLI1. Fourth, light/dark
transition-induced HYL1 degradation was impeded in hcslair3.
Fifth, HYL1-proteostasis seems to be important for miRNA bio-
genetic regulation; we showed that ectopic expression of the
HCS-resistant HYL1¥** mutant hinders miRNA biogenesis,
despite its RNA-binding activity and ability for SE and DCL1
interactions. However, it is unclear how HYL1¥"** mutant inter-
fered the pri-miRNA processing. Previously, we showed that
HYLI™ mutant accumulates more in the nucleus and hinders
the HYL1 proteolysis and consequential miRNA biogenesis (37).
Thus, we roughly assumed that HYL1-accessiveness could hinder
DCLI1 for pri-miRNA binding via FHA2, a negative regulator
with dual role in strengthening HYL1-RNA but attenuating
DCL1-RNA interactions, rather than assisting for precise
processing (66). To further clarify this assumption, in vitro recon-
stitution of DCL1, SE, HYL1, and FHA2 for pri-miRNA process-
ing assay should be performed in a following study.

COP1 is known to shuttle between the cytoplasm and nucleus in
response to light/dark transition. The nuclear exclusion of COP1 is
thought to contribute to the rapid stabilization of photomorpho-
genic factors in the nucleus (67, 68). Despite the distinctive localiza-
tion of COPI1, the function of cytoplasmic COP1 previously
remained unknown. Our results suggest that cytoplasmic COP1 is a
protein inhibitor of HCS1. Protease inhibitors are mainly catego-
rized into catalytic inhibitors and steric blockers (69). For three rea-
sons, we speculate that COP1 may block the active site of HCS1
rather than act as a catalytic inhibitor: first, the Ky value (1.74 x
107> M) of the interaction between COP1 and HCSI is too high
for COP1 to be a canonical catalytic inhibitor; second, homology
modeling showed that the protruding motif of the WD40 domain
fits on the active site of HCS1; and third, the CC domain is essen-
tial for the interaction between COP1 and HCS1. Our results pro-
vide evidence of the cytoplasmic role of COP1, beyond its well-
defined E3 ligase activity and the novel feature of the WD40
domain itself as a docking lid that obstructs substrate access into
HCS1. Given that the WD40 domain proteins constitute 1 to 2%
of a typical eukaryotic proteome (70), the novel feature of the
WD40 domain is worthwhile to discuss in the context of the diverse
functions of WD40 domain-containing proteins. Collectively, we
propose a regulatory network, the COP1-HYL1-HCS1 pathway,
for miRNA biogenesis. Light triggers the nuclear exclusion of
COP1, the cytoplasm COP1 inhibits HCS1, and HYL1 enters the
nucleus to perform its function. In contrast, light deprivation, or
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Fig. 6. Graphic of the COP1-HYL1-HCS1 network. Light triggers the cytoplasmic localization of COP1. Cytoplasmic COP1 inhibits HCS1 via direct
protein—protein interaction that protects HYL1. Upon light deprivation, COP1 moves back to the nucleus, unshackles HCS1, and degrades light-signaling
components, including HY5. Some phosphorylated HYL1 accumulated in the nucleus. Cytoplasmic HYL1 is degraded by HCS1.

shade relocalizes COP1 to the nucleus, and unshackled HCS1
degrades HYL1 (Fig. 6). Taken together, we suggest a regulatory
layer in miRNA biogenesis, the subtilase-proteolysis system.

Materials and Methods

All plant materials and growth conditions are described in S/ Appendix.
Additional details of RNA extraction, small RNA-sequencing, EMSA, BiFC,
co-IP, pull-down assay, size-exclusion chromatography, LC-MS/MS analysis,
microscope analysis, cell fractionation, ITC, FRET, pri-miRNA processing, West-
ern blot, Northern blot, protein cleavage analysis, and protein structural
modeling are provided in S/ Appendix.
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