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structural details of the antibody mode of binding to the VLPs, S
domain or P domain, have been lacking, In the studies presented
here, we used X-ray crystallography to define the recognition site of
the broadly reactive antibody 5B18 on the norovirus GIL.10 P do-
main, cryo-EM to determine the structure of the intact GIL.10 VLP,
and ELISA to determine whether this antibody recognizes intact or
disassembled virus particles. Overall, the findings have implications
related to the dynamic nature of the P domain in the context of the
norovirus VLP and to its recognition by antibody.

MATERIALS AND METHODS

Norovirus VLP expression. The GII.4 Saga (GenBank accession number
BAG70515), GII.10 Vietnam026 (GenBank accession number AF504671)
(23), and GII.12 Hiro (GenBank accession number AB044366) (23) VLPs
were expressed as previously described (23). The VLPs were purified using
CsCl equilibrium gradient ultracentrifugation at 35,000 rpm for 24 h at
4°C (Beckman SW55 rotor). A distinct viral band was removed from the
side of the tube with a syringe and the VLPs were stored in phosphate-
buffered saline (PBS) (pH 7.3) at 4°C. The integrity of the VLPs was
confirmed by negative-stain EM. Briefly, the VLP samples were applied to
a carbon-coated 300-mesh EM grid and stained with 2% uranyl acetate
(pH 4). Grids were examined using a Jeol JEM-1220 transmission electron
microscope operated at 80 kV.

Antibody ELISA binding to GII.4, GI1.10, and GIL.12 VLPs. An anti-
body ELISA was used to compare the cross-reactivities of VLPs from the
three different GII norovirus genotypes (GIL4, GII.10, and GII.12) with
5B18 IgG. Wells of 96-well microtiter plates (MaxiSorp; Nunc, Denmark)
were each coated with 100 pl of ~100 ng of purified VLPs (in PBS, pH 7.3)
and incubated overnight at 4°C. The wells were washed four times with
PBS containing 0.1% (vol/vol) Tween 20 (PBS-T) and then were blocked
with PBS containing 5% (wt/vol) skim milk for 1 h at room temperature.
After the wells were washed four times with PBS-T, 100 pul of 2-fold seri-
ally diluted horseradish peroxidase (HRP)-conjugated labeled 5B18 IgG,
from a 1:5,000 starting dilution in PBS containing 0.05% (wt/vol) skim
milk, was added to each well, and the plates were incubated for 1 h at 37°C.
The wells were washed four times with PBS-T, and then 100 pl of
3,3',5,5’-tetramethylbenzidine substrate was added to each well. The re-
action was stopped by the addition of 100 pl of 2 N H,SO, to each well,
and the absorbance was measured at 450 nm (A,5,). The titer was ex-
pressed as the reciprocal of the highest dilution of antiserum giving a value
of A5, of >0.2, as previously described (21).

Western blotting. The VLPs and P domains were separated by SDS-
PAGE and electrotransferred to polyvinylidene difluoride (PVDF) mem-
branes by using iBLOT, following the manufacturer’s protocol. Proteins
were detected with 5B18 IgG at a dilution of 1:5,000, and then, following
the manufacturer’s instructions, the blots were developed by chemilumi-
nescence using enhanced chemiluminescence (ECL) detection reagent
(Amersham Biosciences, England).

Protein expression and purification of GIL.10 P domain. The GIL.10 P
domain was expressed in E. coli and purified as previously described (22).
Briefly, the P domain was optimized for E. coli expression, cloned in a modi-
fied pMal-c2x vector at the BamHI and Notl restriction sites (New England
BioLabs), and transformed into BL21(DE3) cells (Invitrogen). Expression
was induced with IPTG (isopropyl-B-p-thiogalactopyranoside) (1 mM) for
18 h at 22°C. After a series of purification steps and protease cleavage, the P
domain was concentrated to 2 to 10 mg/ml and stored in gel filtration buffer
(0.35 M NaCl, 2.5 mM Tris, pH 7.0, 0.02% NaN,).

Preparation of 5B18 Fab fragment. The 5B18 IgG monoclonal anti-
body was produced from a mouse immunized with GIL.4 norovirus-445
VLPs (GenBank accession number DQ093064) (Denkaseiken, Japan).
The 5B18 IgG is currently used as a GII broad-range capture antibody in a
commercially available ELISA kit (Denkaseiken, Japan). The 5B18 Fab
was prepared using a modified method (34). Approximately 60 mg of
purified 5B18 IgG was used for Fab preparation. IgG was reduced in 100
mM dithiothreitol (DTT) (pH 7.6) for 1 h at 37°C. The reduced IgG was
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added to a dialysis cassette, and the DTT was removed by placing the
cassette in GFB (0.35 M NaCl, 2.5 mM Tris, pH 7.0, 0.02% NaN,) sup-
plemented with 20 mM HEPES (pH 7.7) for 1 h at 4°C. The IgG was
alkylated in the same buffer supplemented with 2 mM iodoacetamide for
48 h at 4°C, and then the cassette was transferred to a fresh solution
without the iodoacetamide for 1 h at 4°C. The IgG was concentrated to 5
mg/ml and then digested with papain using a commercial kit (Pierce,
Rockford, United States). The Fab was separated from the Fc in a protein
A column, and the resulting Fab was further purified by size exclusion
chromatography with a Superdex 200 column (GE), concentrated to 5
mg/ml, and stored in GFB. The purified GII.10 P domain and Fab were
mixed 1.4:1 for 1 h at 25°C, and finally, the GII.10 P domain-Fab complex
was purified by size exclusion chromatography.

Preparation and cocrystallization of GIL10 P domain-Fab complex
for X-ray crystallography. Crystals of the GII.10 P domain-Fab complex
were grown by the hanging drop vapor diffusion method, mixing the
protein and reservoir solution (40% [vol/vol] polyethylene glycol [PEG]
400, 5% [wt/vol] PEG 3350, and 0.1 M acetic acid, pH 5.5) (42) in a 1:1
ratio. Crystals grew over 1 week at a temperature of 20°C. Prior to data
collection, crystals were transferred to 50% (vol/vol) PEG 400.

X-ray crystallography data collection, structure solution, and re-
finement. X-ray diffraction data were collected at the Southeast Regional
Collaborative Access Team (SER-CAT) beamline 22-BM at the Advanced
Photon Source, Argonne National Laboratory, Argonne, IL, and pro-
cessed with HKL2000 (49). Despite the large size of the crystals (perfectly
formed pyramids of up to 0.3 mm per edge), the diffraction data were
poor due to split reflections, high background, and most diffraction ex-
tending to less than 4 A. These resulted in Chi? values of 0 for several
wedges of data. Despite these difficulties, relatively complete data (90%)
was obtained from 180 degrees of oscillation, though with lower than
expected redundancy (2.7-fold), and the overall quality of data which
passed the Chi” tests appeared fine. Structures were solved by molecular
replacement in PHASER (44), using the structure with Protein Data Bank
identifier (PDB ID) 30NU for the GII.10 P domain and the structure with
PDB ID 1WE] for the Fab as a search model. Manual model building was
performed in COOT (18), and positional refinement together with trans-
lation/liberation/screw (TLS) refinement were performed using REF-
MAC (14) and PHENIX (1).

Cryo-EM data collection and refinement. VLPs at a concentration of
1.0 mg/ml were applied to a glow-discharged Quantifoil R1.2/1.3 Mo
200-mesh holey carbon grid with a thin layer of carbon over the holes. The
sample was rapidly plunged into liquid ethane after automatic blotting for
7 to 8 s at 8°C and 100% humidity using an FEI MarkIV Vitrobot. Grids
were examined with a JEOL JEM-2200FFC microscope equipped with a
field emission gun and an in-column (omega-type) energy filter operated
at an acceleration voltage of 200 kV. Images of the frozen VLPs were
collected at a nominal magnification of 40,000 using a 4k X 4k (4,096- by
4,096-pixel) Tietz charge-coupled-device (CCD) camera, resulting in a
pixel size of 2.4 A. Particles were extracted from raw micrographs using
the swarm semiautomatic particle-picking algorithm in EMAN2 into
boxes of 250 by 250 square pixels (61). The raw particles were normalized,
phase flipped, and high-pass filtered before single-particle analysis. Ap-
proximately 8,000 particle images were subjected to two-dimensional
(2-D) reference-free alignment and classification through several rounds
of multireference alignment and multivariate statistical analysis in
IMAGIC to a total of 50 classes (65). Approximately 80% of the data were
used for the reconstruction. Particles with cross-correlation values 1.5 o
below the mean were not used (~20%). Representative class averages
were used as the basis for initial model generation in EMAN2. The initial
model with the best match between reprojections and class averages was
chosen as the starting model for several rounds of projection-matching
refinement with increasing angular sampling. The final reconstruction, at
~10-A resolution (0.5 Fourier shell correlation [FSC] criterion), was used
for atomic coordinate fitting and structure comparison in Chimera (ver-
sion 1.5.3) (52).
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Structure analysis, sequence analysis, and figures. Figures were ren-
dered using PyMOL (version 1.2r3; Schroedinger LLC) and Chimera (ver-
sion 1.5.3) (52). The N-terminal amino acid sequences for the Fab heavy
and kappa (k) chains were determined at the Columbia University Med-
ical Center, Protein Core Facility. Degenerate primers for the Fab se-
quence were designed from constant regions and from the N-terminal
amino acid sequence based on closely matching murine antibody
N-terminal nucleotide sequences in GenBank. Norovirus complete-
capsid amino acid sequences were aligned and analyzed with Genetyx-
Mac software (version 16.0.0).

Antibody ELISA binding to GIL.10 VLPs at different pHs. An anti-
body ELISA was used to determine the ability of 5B18 IgG to bind to
GIIL.10 VLPs. The GII.10 VLPs were diluted in PBS at pHs 5.3, 6.3, 7.3, 8.3,
and 9.3 to a final concentration of 7.5 pug/ml. At high PBS pHs, the VLPs
were found to be partially broken, while at low pHs, most of the VLPs were
intact. Wells of 96-well microtiter plates (MaxiSorp; Nunc, Denmark)
were each coated with 100 pl of 7.5 pg/ml of VLPs at the different pHs and
incubated overnight at 4°C. The VLPs were detected as described above,
except that 5B18 IgG and goat HRP-anti-mouse IgG (used as a secondary
antibody) replaced the HRP-labeled 5B18 IgG. After the addition of the
secondary antibody, the wells were washed four times with PBS-T, and
then 100 pl of substrate o-phenylenediamine and H,0, was added to each
well and the plates left in the dark for 30 min at room temperature. The
reaction was stopped by the addition of 50 ul of 2 N H,SO, to each well,
and the absorbance was measured at 492 nm (A ;).

Sequence conservation on the VLP and P domain. To show the se-
quence conservation on the GII VLP, a model of the GII.10 VLP was built
as described previously (22) using the unbound GII.10 P domain struc-
ture (PDB ID 30NU) and the S domain from the Norwalk virus capsid
structure (PDB ID 1THM). Amino acid sequence conservation was ana-
lyzed as previously described (22). Briefly, an alignment of a representa-
tive set of GII sequences was used to compute residue conservation scores
using the AL2CO server (51) and mapped (using a color range for highly
variable to highly conserved residues) onto the surface of the GII.10 VLP
model and unbound GII.10 P domain structure.

Accession numbers. Atomic coordinate and structure factors of the
X-ray crystal structure were deposited in the Protein Data Bank under
accession number 3V7A. The 3-D cryo-EM map was deposited in the
EMDataBank with accession number EMD-5374.

RESULTS

5B18 binds to several GII genotypes. To confirm the ability of the
5B18 IgG to bind diverse GII norovirus genotypes, we expressed
VLPs from three GII genotypes (GII.4, GII.10, and GII.12) and
examined the binding using ELISA and Western blotting. The EM
results showed that GIL.4 VLPs were a mixture of small and native-
size particles, while the GII.10 and GIL.12 VLPs were mostly of
native size (data not shown). The ELISA results showed that 5B18
IgG was capable of cross-reacting with all three GII genotypes
having an equal titer of 320,000 (see Fig. S1A in the supplemental
material). The Western blotting results also showed that the 5B18
IgG could detect the three GII genotypes (see Fig. S1B).

X-ray crystal structure of GI1.10 P domain-Fab complex. The
GIIL.10 P domain was used to determine the precise binding loca-
tion of the 5B18 antibody on the norovirus capsid using X-ray
crystallography. The GIL10 P domain and Fab proteins were
mixed together (1.4:1 molar ratio) for 1 h at room temperature.
The GII.10 P domain-Fab complex was purified using size exclu-
sion chromatography. Two main peaks were observed, corre-
sponding to the complex and free P domain (data not shown). The
fractions containing the GIL.10 P domain-Fab complex were
pooled and concentrated to ~4 mg/ml, and the complex was crys-
tallized by the hanging-drop vapor diffusion method. A single
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GII.10 P domain-Fab complex crystal diffracted X rays to ~3.3 A.
The structure was solved using molecular replacement with a
GIIL.10 P domain monomer (PDB ID 30NU) and a mouse Fab
(PDB ID 1WE]) as search models. Molecular replacement indi-
cated that two P domain monomers and two 5B18 Fabs each con-
taining a kappa (k) chain and heavy chain were in the asymmet-
rical unit and these were related by a noncrystallographic 2-fold.
Water molecules were not added to the structure since the resolu-
tion was at 3.3 A. The 5B18 Fab was shown to bind to the wall of
the P1 subdomain and involved a monomeric interaction with the
P1 subdomain (Fig. 1A). The electron densities of the P domains
and 5B18 Fabs were generally well defined, and refinement led to
an R, of 0.230 (R, of 0.283) (Table 1; also see Fig. S2 in the
supplemental material). The P domain dimer had a single helix in
each P1 subdomain and six antiparallel -strands in each P2 sub-
domain as previously described (22).

GIL10 P domain interaction with the 5B18 Fab. The total
interface area of the GII.10 P domain and 5B18 Fab was 1,500 A?
(770 A2 on the P domain and 730 A on the 5B18 Fab), as calcu-
lated using PISA software (33). The GIL.10 P domain and 5B18
Fab interaction included nine hydrogen bonds, eight of which
were formed between the P1 subdomain and k chain and one
between the P1 subdomain and heavy chain (Fig. 1B; also see
Table S1 in the supplemental material). Six P1 subdomain amino
acids interacted with the 5B18 Fab, Tyr533 formed a single hydro-
gen bond with Tyr92k, Thr534 formed three hydrogen bonds with
Gly93k and one hydrogen bond with Trp97«, Leu535 formed a
hydrogen bond with Tyr32k, Glu496 formed a hydrogen bond
with Tyr92k, Asn530 formed a hydrogen bond with Ser94«, and
Vald33 formed a hydrogen bond with Asn52 heavy chain. Super-
position of the apo GII.10 P domain dimer and the Fab-bound
GII.10 P domain showed that each of the P1 subdomains shifted
slightly (~1 to 2 A) toward the center of the dimer, while the P2
subdomain showed little conformational change (see Fig. S3 in the
supplemental material). The electrostatic potential of the Fab was
calculated (16), and the interacting residues on the P domain
bound at two negatively charged pockets on the Fab at the variable
regions (Fig. 2).

Conservation of the 5B18 Fab-binding site on GII P domains.
The 5B18 Fab formed hydrogen bonds with residues at three dif-
ferent sites on the P1 subdomain, termed A, B, and C (Fig. 3). An
amino acid alignment of representatives from 10 GII norovirus
genotypes indicated that Val433 (site A) was the most variable,
with other genotypes having threonine, serine, asparagine, leu-
cine, or methionine at this position. Thr534 (site C) was mostly
conserved, as the only other amino acid at this position was a
serine. Glu496 (site B), Asn530 (site C), Tyr533 (site C), and
Leu535 (site C) were all highly conserved among the representa-
tive GII genotypes. Superposition of other known GII norovirus
P domains (GV.1, GIL4-TCHO05, GII.4-VA387, GII.12, GIL9-
VA207, and GI.1) showed that the equivalent GII.10 interacting
side chains were mostly in the same conformation (see Fig. 4 in
the supplemental material). GI norovirus side chains also appeared to
be similar to the GII.10 interacting side chains (see Fig. $4).

GIL10 VLP cryo-EM structure. From the general location of
the epitope (Fig. 1) and the known structures of other caliciviruses
(7, 10, 13, 22), it was not clear how the monoclonal antibody,
raised against intact VLPs, could bind at this occluded site on
intact particles, To this end, the cryo-EM structure of the GII.10
VLP (in an unbound state) was determined to define the arrange-
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ment of the GII.10 P domains with respect to the entire capsid.
The GII.10 VLPs appeared as homogeneous, monodisperse parti-
cles in ice (see Fig. S5A in the supplemental material). Reference-
free class averages of the VLPs showed icosahedral particles with
spike-like structures extending from the vertices (see Fig. S5). The
cryo-EM reconstruction of the GIL.10 VLP at ~10-A resolution
(0.5 FSC criterion) showed several striking features (Fig. 4). The
GII.10 S domain was noticeably surface exposed at the 3- and 5-fold
axes (Fig. 4A). The GII.10 P domain appeared as a second outer shell,
and a central section through the VLP revealed that the P domain was
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FIG 1 The X-ray crystal structure of the GII.10 P domain-Fab complex shows that the Fab bound to the lower side of the P1 subdomain. The GII.10 P domain
dimer is colored according to monomers and subdomains, i.e., chain A: P1 (blue), chain A: P2 (light blue), chain B: P1 (violet), and chain B: P2 (salmon), whereas
the Fab is colored according to chain, i.e., k chain (yellow) and heavy chain (green). (A) The Fab bound to the wall of the P1 subdomain (considered to be inside
the virus particle) and involved a monomeric interaction. (B) A close-up stereoview of the interacting P domain residues for chain A (Val433, Glu496, Asn530,
Tyr533, Thr534, and Leu535) and Fab residues (x chain, Tyr32, Tyr92, Gly93, Ser94, and Trp97, and heavy chain, Asn52). The hydrogen bond interactions
included both side chain and main chain interactions (also see Table S1 in the supplemental material).

raised off the S domain by ~15 A (Fig. 4B). The electron density at the
tip of the P domain (the P2 subdomain) was significantly weaker than
at the base of the P1 domain, suggesting that there was marked flex-
ibility in the P2 subdomains. This was consistent with what has been
observed with several other reconstructions of calicivirus particles (4,
5) and suggests that there is a great deal of conformational heteroge-
neity in the P domains.

Fitting of the GIL.10 P domain and P domain-Fab complex
into the GIL.10 VLP cryo-EM structure. At ~10-A resolution, the
GIIL.10 P domain monomers on the VLP were easily distinguished.
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TABLE 1 Data collection and refinement statistics for the GIL.10
norovirus P domain-Fab complex structure

Parameter Value”
Data collection
Space group P 4,22
Cell dimensions
a, b, c(A) 145.48, 145.48, 216.33
By (®) 90, 90, 90
Resolution (A) 50-3.30 (3.42-3.30)"
Roym 15.0 (55.1)
I/al 8.3(1.8)
Completeness (%) 87.6 (89.0)
Redundancy 2.7(2.7)
No. of unique reflections 31,300
Refinement
Resolution (A) 31.54-3.30
No. of reflections 30,833
Ryyori/ Reree 0.227/0.283
No. of atoms 11,459
Average B factors (A%)
Overall 84.7
P domain 82.4
Fab 86.3
Ramachandran (%)
Qutliers 0.00
Favored 93.31
RMS deviations
Bond lengths (A) 0.004
Bond angles (°) 0.795

“The data set was collected from a single crystal of the 026_P domain-Fab complex
(PDB ID 3V7A).
" Values in parentheses are for the highest-resolution shell.

Fitting of the crystal structures of the GIL.10 P domain and P
domain-Fab complex into the GIL.10 VLP cryo-EM map was per-
formed manually and guided by previous fitting results of GV.1 P
domain dimers into the GV.1 cryo-EM map (63). This approxi-
mate alignment was adjusted computationally using the Fit-in-
Map function in UCSF Chimera (52) to a cross-correlation coef-
ficient of 0.94 (Fig. 4). Using this method, the X-ray structure of
the GII.10 P domain dimer (PDB ID 30NU) was unambiguously
fitted into the corresponding density in the cryo-EM map, except
for several loops on the P2 subdomain (Fig. 4C). This is probably
due to flexibility in these domains, as the electron density of the P2
subdomain loops was weak and the tips of the P2 domains were
less ordered than the S domain and P1 domains in the cryo-EM
reconstruction (data not shown). The P domain dimers appeared
to be connected to adjacent, icosahedrally related P1 subdomains
in the VLP, whereas the P2 subdomains had no such connections
(Fig. 4C). When the P domain from the X-ray structure of the P
domain-Fab complex was fitted into the A/B dimer subunit of the
reconstruction, the 5B18 Fab was located under the neighboring P
domain dimer and rested on top of the S domain at the space at the
2-fold axes (Fig. 5A). When the P domain from the X-ray structure
of the P domain-Fab complex was instead fitted into the C/C
dimer subunit, the 5B18 Fab made contact with a neighboring P
domain dimer and clashed with a star-like protrusion on the S
domain at the space at the 5-fold axes (Fig. 5B). Essentially, the
epitope of 5B18 overlapped the region of the P1 subdomain that
made interactions with icosahedrally related, adjacent P domains
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in the VLPs when in this “floating P domain” conformation. Based
on this modeling, it appeared that the VLP probably could not be
saturated with 5B18 antibodies, as this would create a highly un-
stable structure, as well as additional IgG-IgG steric clashes at the
axis spaces. Two possibilities are likely, (i) that 5B18 recognition
of intact norovirus particles occurs at select, transiently exposed P
domains or (ii) that 5B18 recognition occurs at places where the
particle has a defect, where the P domain is exposed because the
particle is not appropriately formed.

The 5B18 IgG bound equally well with intact and partially
broken GIL10 VLPs. To test whether 5B18 recognition occurs
with intact or with broken particles, we assessed the pH behavior
of 5B18 recognition, as norovirus VLPs become less stable and
appear broken at high pH values (2). We observed that at low and
neutral pHs (5.3, 6.3, and 7.3), the GIL.10 VLPs were mostly ho-
mogenous in size and unbroken, whereas at higher pHs (8.3 and
9.3), the GII.10 VLPs appeared less homogenous in size and par-
tially broken (Fig. 6A). The 5B18 IgG detected GII.10 VLPs at
different pH values with nearly identical efficacy, regardless of the
fraction of damaged particles (Fig. 6B). At pH 5.3, 6.3, and 8.3, the
titer was 512,000, at pH 9.3, the titer was 1,024,000, and at pH 7.3,
the titer was 2,048,000 (optical density [OD] cutoff of >0.2) (21).

A

FIG 2 The binding site on the Fab was coordinated by negative charge regions
on the Fab. (A) The GII.10 P domain is colored as in Fig. 1. The 5B18 Fab
surface is color-coded according to electrostatic potential from red (negative
charge) to blue (positive charge). (B) A close-up view of the electrostatic po-
tential on the Fab, showing the four P domain side chain residues on chain A
that interacted with the Fab. The P domain side chains bound near the negative
charge (red) regions on the Fab.

jviasm.org 3639

MMYOIVA YaNMNSL Ag €102 ‘0€ |udy uo /Bio wse’IAly/:diny woiy pepeojumo(



Hansman et al.

A
026: GII.10 391 PTKFTPVGLASVDAN———SHFDQWTLPSYSGALTLNMNLAPSVAPiF%GECLLFFRSFIPLKGGYH—GNPAIDCLMPQEW
Biror GIL.12 2381 ...swesemn. -——FED-—GG.N..... Mawnsnsnse e Heovmie V—RADWV .o nbe -
VA387: GII.4 380 N.... ... VIQDGN.-HQNEPQ..V..N...RTGH.VH... TM.GCS..—P.MNL...L....
Saga: GII.4 380 N....... VIQDGSTTHRNEPQ. .V...... TM.GCS..—P.MDL...L....
445: GEL.6 397 .IBss-ax M-G——-D——NNWR. .E..D... IV.8A. «o—.SGY . s alss
Tk: GIT:6 397 JIR:::.. M—G—=-D———NNHWR. .E..D...R IVoSR. Soe=eSGYc oLt T -
183 GILi3 392 S..eiwas I-G. . NE=—AE.Q..8..N..x QL.SS..R—S.GVL...V....
47: GII.14 384 QSR..... v-A..B.,——TP.Q..V..H.A.85.A..T... RV.CVQ.LQGQDAF....L....
104: GII.4 380 N....... VIQDGN.-HQNEPQ..V..N...RTGH.VH... TM.GCS..—P.MNL...L....
336: GILLE3 392 iR I-G..NE—AD.Q..I..D... QLS5 BR——5.GIL: « s Vuiui
445: GIT.6 397 TR wws M-G——-D——-NNWR. .E..D...R - TV SH. w =  BEY . v T cann
485: GIT.L 3Bl wiRasaaad e =D SN e RA: NG SV e s s G Haidsis T=—=500G v e Lisa s
754: GLISES B3B3 sweuaes I..NE.ANG—HR.E..... Ri s wvas v a e VL Bemcamaats SV
809: GLI-3 392 .uweans I-G..NE—AF.Q..5..D... QL.SS..R—8.GVL...V...
1152 GIT.23 392 ..R..dss 1-G. . NE-=—2AG.0Q..8..D. .. OL.SS..B~-8.GIL...V...
HV: GII.] 381 tiRoaeawi s o b DEEE R T G Hegias T——SDG iz L
Ina: GII.2 388 Mivewsms ——NDT—E..N..VV.R.A.. h CEEEn T e i EP
Sh5: GII.6 392 ..B..... I=G. s NE=—=RAD.0..5: .D. . .0F_H QL.SS..R—S8.GVL...V...
U25: GIT.8 381 ad.ouwed Loz SQ=—NSIN. Lo R Gl N TR v aSulli s co QT viam s M.GAS.H--TDG..... Tecia
LR A * % * % % * * * * L & & 4

026: GII.10 466 VQHLYQESAPSLSDVALVRYVNPETGRTLFEAKLHRNGFLTVARNSAGPVVAPTNGYFREFDS! LAPMGNGSGRR
Hiros: GIT.12 453 L.wwvsanmss Quvens oG ol iR S LIRS T P, RN o g R | i ) P T A (S §....T.N...
VA387: GII.4 457 ...F...A..AQ..... LB D o Ve oG o KS ¥V, . HTGPHDL L T P i e acna . B v - s A..
Saga: GII.4 458 ...F...A..AQ..... L.FP...D...V..BC. .. KS.¥YV. .. HTGQHDL.I.P. .........f. . . - . ... o
445: GIL.6 468 G.oFe--PeauDaBuusvivsas Dvc adVE: Bvrararaiu e NSCGHN.I.V.P..uwass EA. a3 Qs
Tk: GLT 6 dB8: .. BN euaOsh G, . D...NL.B-.... I R NCGNN.I.V.P...... EA. .5.0..
1B=3r GBII.3 466 ...Fiusaas ROTOC cocKoc oy DL oV o s BELua Mo T Ko GDS LTV P o ivais E.. SRR i ) e
47: GII.14 460 .N.F...A...QA....I..... Bl et aimizo i owasiets S..1..8HTG.Y.L.V.P..H.iv:..o «+-T.N..
104: GII.4 457 ...FC..A..AQ..... L.F...D...V..§ KS.YvV...HTGPHDL.I.P..........R..IBN...... e
336: GII.3 466 ...Foveies AOTO. svuv v Ll eV KM. M I K.GDS.ITV.P...... E SR R L GR
445: GII. b 468 G..F.esdioe Qe o D NI | P NSGNN.I.V.P...... EA e Qes
485: GIT.1 453 .. iPecnnnns ST....l..T..D...V..B..... Q.. T . NSGSR.T.V.P:usuuswas s s TulNa.
754: GIT.S 4b8 ..iFiu.. e € S Diw ViR .os RiG e Sis S8T.T. V.A K e ) e
809: GIT. 3 468 ..iFaauien BOFO L otesiiin D..KV. vl M TN CGDSL ITV . P i aaia. B ST R
1152 GIL.3 466 cacl e ewms 7 Y6} 6 e D...V. + o BL. M. ISK.GDS . ITV.P s s E. sasTallews
HV: GIL.1 453 IicFis s auPTiacclocdaiDouVs sl Lo JNSGSROECV.IP I a0 ok O e N
Ina: GII.2 460 ...Fso.dcoMiBooaaas fETEE) b R S e PN eSS TSR Vi R v wone e N
Sh5: GII.6 466 ...F..vess AQTO. v s vivnsnw Biers Vs ioors Bl a M TEK . GDS VT TV Ploviacn Ere A L [
J25: GII.8 455 (AP . A TAQT. ..ol F. DoV .KQ..I.ISNSGDH.I.M.A...... EA. PN e

* LA * R LA I R LS ® * ® k% * * *E R R KRR

FIG 3 Amino acid alignment of GII capsid sequences indicated that four GII.10 P domain residues involved in binding 5B18 Fab were highly conserved among
other GII genotypes. Ten different GII genotypes’ capsid sequences were aligned (strain name is followed by genotype), and the GII.10 capsid sequence was used
as the consensus (21). The GIL.10 P domain residues that interacted with the 5B18 Fab involved three different sites on the P domain, termed A, B, and C. The
blue shading shows the six GII.10 P domain residues that interacted with the 5B18 Fab, and from the alignment, four of six residues were highly conserved among
other GII genotypes. The red circles show the suspected binding site of MAb14-1 monoclonal antibody (59).

Together, these results suggest that 5B18 appears capable of de-
tecting nominally intact GII.10 VLPs.

Norovirus variability and 5B18 detection. As stated previ-
ously, norovirus displays considerable genetic variation. Mapping

that is transiently exposed in a dynamic manner. Indeed, the Fab
footprint was highly conserved on the GII P domains (Fig. 7C).

DISCUSSION

this variation onto the VLP structure shows that this variation is
concentrated on the outer surface of the virion, with buried por-
tions of the P and S domains being much more conserved (Fig. 7).
If one were only able to access the outer surface of the VLP, this
genetic variation would make pan-recognition extremely difficult.
The 5B18 mode of recognition thus provides a mechanism to
achieve broad VLP detection by recognizing a conserved surface
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Human noroviruses are genetically and antigenically distinct, but
broad-range monoclonal antibodies capable of detecting multiple
norovirus genogroups and genotypes have been described (21, 39,
40, 50, 59, 70). One such antibody, 5B18, is currently in use in a
commercial norovirus ELISA detection kit (Denka Seiken, Japan)
and was found to bind to numerous GII genotypes but not GI
noroviruses (unpublished data). To describe the precise binding
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Structure of 5B18 Antibody Bound to Norovirus

FIG 4 The cryo-EM structure of the GII.10 VLP consisted of an S domain surrounded by 90 P domain dimers. (A) The GII.10 S domain was surface exposed
(yellow and yellow to green). The P domain dimers (green to blue and purple) were raised off the S domain by ~15 A. (B) The inner surface of the S domain is
colored red. The S domain was connected to the P domain monomer by a narrow hinge region (single arrow; the other hinges were not labeled for clarity). The
scale bar for panels A and B indicates 100 A.(C) Fitting and modeling of the GI1.10 P domain (apo P domain structure) into the A/B dimer subunit (light blue

and pink, respectively) and C/C dimer subunit (cyan).

location of 5B18, we determined the X-ray crystal structure of the
GIL.10 P domain-Fab complex. We also determined the cryo-EM
structure of the GII.10 VLPs in an attempt to understand the 5B18
Fab binding interaction in the context of the entire virus particle.

The 5B18 Fab binds to a face of the GIL.10 P1 subdomain close
to the S domain and not openly exposed at the VLP surface. Six
amino acid residues on the P1 subdomain make main chain and
side chain interactions with the Fab. Four of these residues are
highly conserved among numerous GII norovirus genotypes (Fig.
3). Variation at these residues appears to be tolerated, as the 5B18
antibody detects both GII.4 VLPs, which had Thr433 (instead of
Val433), and GII.12 VLPs, which had Thr433 and Ser534 (instead
of Val433 and Thr534, respectively). Surprisingly, the 5B18 Fab
contact residues are almost identical to those of another broad-
range monoclonal antibody, MAb14-1 (Fig. 3) (59). Furthermore,
the epitopes of two other broad-range monoclonal antibodies,
NV3901 and NV3912, are in this general region (50). The
MADbI14-1 antibody was shown to bind VLPs from many GII ge-
notypes and several GI genotypes, including a GI.1 genotype,
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whereas the NV3901 and NV3912 antibodies were found to
only bind GI genotypes. Interestingly, the 5B18, MAb14-1, and
NV3901/NV3912 antibodies were raised in different mice immu-
nized with different VLPs and their binding sites were all in close
proximity on the P1 subdomain (50). Although the precise struc-
tural binding details of MAb14-1, NV3901, and NV3912 antibod-
ies have not been described, it suggests that the P1 subdomain was
an important antigenic site for GI and GII noroviruses. Moreover,
the P1 subdomain likely contained GI and GII cross-reactive
epitopes. Superpositioning of published X-ray crystal structures
of norovirus P domain (GI.1, GII.4, GIL.9, GII.12, and GV.1) onto
the GII.10 P domain-Fab complex structure showed that three of
six amino acids involved in the 5B18 Fab binding were highly
conserved for three norovirus genogroups and that the conforma-
tion of their side chains closely resembles those of GIL.10 (see
Table S2 and Fig. $4 in the supplemental material). Taken to-
gether, the results indicate that the 5B18 binding epitope repre-
sents an important site for antibody recognition (Fig. 7).
Initially, the X-ray crystal structure of the GI.1 VLP (53) was
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GIL.1 hinge

GL.1 S Domain

Heavy Variable

Heavy Constant

FIG 5 The X-ray crystal structure of the GII.10 P domain-Fab complex fitted into the cryo-EM structure of the GIL.10 VLP and the X-ray crystal structure of the
GIL.1 VLP (PDB ID 1IHM). (A) The P domain (light blue and pink) from the P domain-Fab was fitted into the A/B dimer subunit on the VLP. The boxed region
shows a close-up stereoview of the interaction. The Fab appeared to make slight contact with the S domain at the space at the 6-fold axes and was under a
neighboring domain. (B) The P domain (cyan) from the P domain-Fab was fitted into the C/C dimer subunit on the VLP. The boxed region shows a close-up
stereoview of the interaction. The Fab appeared to make contact with a raised § domain structure at the space at the 5-fold axes and was for the most part hidden
under a neighboring domain. (C) The GIL.10 P domain (colored as in Fig. 1 and rotated 90° from the views in Fig. 5A and 5B) was highly similar to the GL.1 P

domain (light gray), but the Fabs clashed with the GI.1 S domain (orange).

used for fitting the GII.10 P domain-Fab complex and to describe
the binding interaction in the context of the entire particle. The P
domains of GI.1 and GII.10 matched well (root mean square de-
viation [RMSD], 1.3 A), but the 5B18 Fab clashed with the GL.1 §
domain (Fig. 5C). Indeed, the P domains in GI.1 VLPs rest on the
S domains, and this necessarily placed most of the Fab structure
into a position that overlapped the S domain (Fig. 5C). In an
attempt to understand the 5B18 antibody interaction in the con-
text of a GII VLP, the cryo-EM structure of the GII.10 VLP was
determined to an ~10-A resolution. Recent cryo-EM studies have
shown that GI.1 and GV.1 norovirus capsid structures are strik-
ingly different (30, 67), whereas another study indicated that GI.1
and GIL4 (Grimsby virus) capsids are highly similar (12). The
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cryo-EM structure of the GII.10 VLPs showed several structural
similarities to the GV.1 virion, including a raised P domain, P1-P1
subdomain contacts, and an extended hinge region (see Fig. S6 in
the supplemental material). In addition, the GII.10 and GV.1 P
domain dimers were rotated ~40° clockwise compared to the ori-
entation of the GL.1 P domain dimer (data not shown). Fitting of
the X-ray crystal structure of the GII.10 P domain-Fab complex
into the GIL.10 VLP structure showed that the P domain could be
positioned unambiguously into the P domain density of the EM
map; however, this placement resulted in significant overlap be-
tween Fab and neighboring P and S domains in the virus particle
(Fig. 5). One potential explanation for this result is that the VLPs
flexibly expose the P domain to the 5B18 antibody by rotating the
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2-fold serial dilution of 5B18 IgG (dilution x 10%)

FIG 6 An antibody ELISA was used to determine the binding ability of IgG to GII.10 VLPs, (A) The morphology of the VLPs was examined using EM. At low
pHs (from pH 5.3 to 7.3), the majority of the VLPs appeared intact, while above pH 7.3, many of the VLPs appeared broken (long arrows). Small VLPs were also
found (short arrows). Scale bar, 100 nm. (B) The same VLPs shown in panel A were used in an ELISA to compare the binding ability of 5B18 IgG. The OD values
represent the means of the results for 4 wells; error bars are shown. The OD at 492 nm (OD492) was determined; the dashed line shows the OD492 cutoff of 0.2
(21). The 5B18 IgG detected GII.10 VLPs at different pH values. At pH 7.3, the titer was 2,048,000, while the titers of the other pH values were 2- or 4-fold lower,

indicating similar cross-reactivities.

P domains out of the conformation observed in the cryo-EM re-
construction and breaking the P1-P1 domain contacts seen in the
VLP. This may be possible since the S domain-P1 subdomain
connection in GII noroviruses is particularly long and flexible.
The structural differences between the GI.1 and GII.10 noro-
virus VLPs do not appear to be a consequence of sequence diver-
sity, since the GI.1 and GII.4 VLP structures are similar and dis-
tinct from the GV.1 virion and GII.10 VLP structures. Moreover,
the VLP preparation and cryo-EM techniques appear to be essen-
tially the same (54). Two factors that may have affected the particle
structures were the insect cell type and the pH of the VLPs. The
GI.1 VLPs were expressed in Spodoptera frugiperda (S9) cells, pu-
rified by CsCl ultracentrifugation, and then resuspended in water
(pH not described in text) (53, 54), and the GIL.10 VLPs were
expressed in Trichopulsia ni (H5) cells, purified by CsCl ultracen-
trifugation, and then resuspended in PBS (pH 7.3). We note par-
enthetically that the cryo-EM structures of hepatitis E virus VLPs
expressed in Sf9 and H5 cells are similar, although the processing
of the viral protein appeared different (38). Our EM results
showed that GII.10 VLPs were intact particles at pH 5.3, 6.3, and
7.3, while another study found that the diameter of norovirus
VLPs remained virtually unchanged at pH 3 to 7 but appeared
smaller at pH 8 (2). This suggests that the insect cell line and
water/PBS (neutral pH) did not affect the overall structure of the
VLPs. However, another study has shown that a pH change from
7.6 to 5.0 could cause large structural changes in Nudaurelia cap-
ensis w virus VLPs (43, 62). It is possible that these varied confor-
mations do not represent different, stable norovirus structures but
are rather all part of a wide spectrum of conformations afforded by
the flexible tether between the P and S domains. From previous
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studies (30), it is clear that this “floating P domain” conformation
isindependent of whether the sample is a VLP or infectious virion.
Since this extended conformation is now observed in rabbit hem-
orrhagic disease virus (also a calicivirus, genus Lagovirus), it also
cannot be dependent upon calicivirus genera. It is possible that the
energy differences between the conformations represented by
these viruses is relatively small and that subtle protein-protein
interaction differences favor one conformation under particular
conditions. It would be particularly interesting to examine the
conformations of these viruses under a broad range of conditions
that mimic the expected environments during the viral life cycle.
Such changes in virion structure have been observed with numer-
ous other viruses (3, 9, 46, 64, 71). In the case of GV.1 norovirus,
where there is an animal model (69) and infectious clone (66), it
would also be important to determine what role this flexible tether
region has in the replication of the virions and pathology of the
disease.

Itisimportant to note that the observed ELISA binding of 5B18
IgG may not occur with intact VLPs, It is possible that denatured
or partially broken VLPs or the presence of contaminating GII.10
VP1 was responsible for the binding observed in the ELISA (19,
20, 24). However, it is known that high pH (8.3 or above), partially
breaks or denatures norovirus VLPs (2). Despite this pH depen-
dence, the titer remained almost identical, especially in the com-
parison between pHs 7.3 to 9.3 (Fig. 6), suggesting that only intact
or structurally stable virions are being detected. Moreover, the
5B18 antibody could detect GIL.10 VLPs that were bound to the
plates via histo-blood group antigens, which required a dimeric
interaction (22; also unpublished data). Finally three other anti-
bodies, MAb14-1 and NV3901/NV3912, which bound in close
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Fab epitope

FIG 7 Surface representations of GII amino acid conservation. Noroviruses are genetically and antigenically distinct, with the S domain being more conserved
than the P domain. (A) The GII amino acid variability was mapped onto the model of the GII.10 VLP (GI.1 § domain and GII.10 P domain). Amino acid
conservation ranges are color-coded from deep purple (highly conserved) to white (highly variable). (B) The amino acid variability was mapped onto the GIL.10
P domain apo structure (30NU) with the 5B18 Fab bound. The top of the P domain was highly variable (left side), while the bottom half of the P domain was
more conserved (right side). (C) The Fab binding footprint was mapped onto the P domain (yellow line). The footprint was at a highly conserved area on the wall

of the P domain (inside the particle).

proximity to the 5B18 were all shown to detect VLPs (50, 59).
These data therefore favor a model in which apparently intact
norovirus capsids can indeed bind the 5B18 antibody (and other
antibodies) despite significant steric clashes with the VLP struc-
ture.

Viruses often use remarkable conformational changes in their
envelope or capsid structures to protect their genetic material by
waiting for the proper cellular trigger to release their genome into
the host cell. For example, the hemagglutinin spike in influenza
undergoes a drastic pH-dependent conformational change in the
endosome that initiates membrane fusion (8, 68). Similarly large
pH-dependent changes have been observed with the enveloped
flaviviruses (31, 32, 47) and alphaviruses (36, 45). Such changes
due to environmental cues can expose or hide antigenic sites (e.g.,
see references 41, 45, and 47). Viruses can also receive cues via
interactions with cellular receptors, as is the case with human
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rhinovirus (25, 26, 48). Viruses also undergo small, dynamic
structural changes, “breathing” (6, 35, 37, 56), that are probably a
prelude to the far larger conformational changes that occur during
uncoating. These dynamic motions can transiently expose more-
conserved antigenic sites that can be leveraged in designing vac-
cines (29, 37). However, the fact that these norovirus antibodies
are recognizing deeply occluded portions of the P1 domain in
apparently intact virions represents a different kind of viral dy-
namic: for this recognition to occur, the P domains must be capa-
ble of extremely large conformational changes without any obvi-
ous environmental cue. Such recognition would probably involve
just one or a few P domains of a VLP being recognized by antibody
5B18; indeed, images of VLPs after incubation with an excess of
antibody 5B18 for 1 h at 37°C (the same incubation used in the
ELISA) shows them to be intact, with bound IgG difficult to detect
(see Fig. S7 in the supplemental material).
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Other antibodies have recently been described that bind to
occluded sites on virions. With West Nile virus, the fusion loop-
specific antibody E53 recognizes an epitope that should be inac-
cessible on mature virions. However, this antibody could neutral-
ize mature West Nile virus in a time- and temperature-dependent
manner, indicating a role of virus “breathing” or conformational
dynamics in antibody recognition (17). With HIV-1, broadly neu-
tralizing antibodies against the membrane-proximal external re-
gion of the virus do not appear to recognize the native viral spike
(11, 58), again implicating conformational rearrangements to
permit antibody recognition. These studies, along with the pres-
ent study on norovirus recognition by 5B18, suggest substantial
flexibility in certain virus particles as being important biologically
for antibody-mediated recognition.

In summary, we have shown that a broadly reactive monoclo-
nal antibody binds to an occluded site on the GIL.10 P1 sub-
domain. The binding site was in close proximity to other mono-
clonal antibody binding sites, suggesting that the site contained an
immunodominant region. We also found that the GII.10 VLP
structure was more closely related to a GV.1 virion structure than
to a GI.1 VLP structure and has marked flexibility in the P do-
mains. These studies suggest that the P domain of noroviruses is
capable of adopting variable conformations with respect to the S
domain. Despite the vaunted diversity of noroviruses, especially
on the exposed outer surface of the virion, one mechanism to
achieve near pan-recognition by antibody may be to target a
highly conserved domain interface that is dynamically exposed to
the environment.
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Abstract

by controlling the localization of catalase.
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Catalase is a key antioxidant enzyme that catalyzes the decomposition of hydrogen peroxide (H,0,) to water and oxygen,
and it appears to shuttle between the cytoplasm and peroxisome via unknown mechanisms. Valosin-containing protein
(VCP) belongs to the AAA class of ATPases and is involved in diverse cellular functions, e.g. cell cycle and protein
degradation, etc. Here we show that VCP and PEX19, a protein essential for peroxisome biogenesis, interact with each other.
Knockdown of either VCP or PEX19 resulted in a predominantly cytoplasmic redistribution of catalase, and loss of VCP
ATPase activity also increased its cytoplasmic redistribution. Moreover, VCP knockdown decreased intracellular ROS levels in
normal and H,O,-treated cells, and an oxidation-resistant VCP impaired the ROS-induced cytoplasmic redistribution of
catalase. These observations reveal a novel feedback mechanism, in which VCP can sense H,0, levels, and regulates them
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Introduction

Reactive oxygen species (ROS), e.g. superoxide radicals,
hydrogen peroxide, etc., are natural byproducts of the aerobic
metabolism of foods, and they have been shown to play
important roles in several physiological functions, e.g. transcrip-
tional regulation, mitogen signaling, integrin signaling, Wnt
signaling, etc. (see refs in [1-3]). On the other hand, ROS are
also produced by UV and X-ray exposure or inflamation, and
excess ROS can damage cellular functions by oxidizing proteins,
lipids, and DNA, leading to cell aging as well as cancer (see refs
in [4]). Among ROS, the superoxide radical is enzymatically
converted by superoxide dismutases (SODs) to hydrogen
peroxide (HyOy), which, in turn, is converted by catalase or
peroxidases to HyO and O,. Mammalian cells typically possess
three SODs, several peroxidases, and one catalase. Among these
ROS-scavenging enzymes, only catalase resides in peroxisomes.
In certain conditions, such as aging, catalase also resides in the
cytoplasm [5], which is believed to be due to its weak
peroxisome-targeting signal (PTS). Two types of PTS, PTSI
and PTS2, are known [6]. Typically, PTSI consists of three
sequential amino acids, SKL, and it is present in peroxisome-
localized proteins such as peroxisomal Acyl-CoA thioesterase,
PTEI. Catalase has a unique PTS]1, consisting of four sequential
amino acids, KANL. Both PTSIls are recognized by PEX5
(Peroxisome biogenesis factor 5); however, PEX5 binds to SKL
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more strongly than to KANL [7], and thus it is believed that
PEX5 can transfer SKL-containing proteins more effectively
than catalase to peroxisomes. In aged cells, cellular levels of ROS
increase, and it is thought that such ROS may weaken PEX5
functions, with transport of catalase to peroxisomes being
preferentially compromised, as opposed to transport of SKIL-
possessing proteins [8]. However, no clear evidence has been
provided supporting this speculation.

VCP belongs to the AAA class of ATPases and has been
shown to function in many cellular events, including ERAD
(endoplasmic reticulum-associated degradation), cell cycle con-
trol, membrane fusion, maintenance of Golgi apparatus, protein
aggregate formation and clearance, etc. (see refs in [9]). VCP
has also been shown to play important roles in several human
neurodegenerative disorders [10-12]. We have shown that VCP
is modified post-translationally at 60 amino acids, at least,
including 18 serines, 14 threonines, 6 tyrosines, and 22 lysines
[13]. To investigate the role of post-transcriptional modifications
of VCP, we created several modification-mimic forms of VCP,
and characterized them [12-14]. These analyses have revealed
novel VCP functions and have led us to speculate that VCP
may have unidentified functions. In this study, we report a
novel VCP function in regulation of intracellular HyOy levels
via the control of catalase localization.
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Materials and Methods

Antibodies

The following antibodies were purchased: anti-actin (Chemi-
con), anti-catalase (Calbiochem), anti-PTEl (ACOTS) (Santa
Cruz), anti-FLAG M2 (Sigma), anti-PMP70 (Zymed), anti-HA
(Santa Cruz), and anti-PEX19 (BD PharMingen). The affinity-
purified rabbit polyclonal anti-VCP antibody was described
previously [15].

Plasmids and siRNAs

The cDNAs for PEX5, PEXI19, catalase, and PTS2 signal
sequences of ACAAI (acetyl-CoA acyltransferase 1) were ampli-
fied by RT-PCR from total RINA isolated from HeLa cells, and
their sequences were confirmed. The VCP c¢DNAs (wtVCP,
VCP[K251A], VCP[K524A] [16]) or PEX5 cDNA was subcloned
into pmCherry vector (Clontech). The PEX19 c¢DNA was
subcloned into pCMV-HA vector (Clontech).

The targeting sequences of siRNAs for VCP and PEX5 mRNAs
were as follows:

VCP(nc), 5'-CGGGAGAGGCGCGCGCCAT-3;

VCP(286), 5'-GGTTAATTGTTGATGAAGCCATCAA-3";

PEX5(192), 5'-CAAGCCTTTGGGAGTAGCTTCTGAA-3';

PEX5(955), 5'-GACCTTACGTCAGCTACCTATGATA-3".

Control, 5'-CGGACGCGTCAGGAGCCGGTT-3'.

The siRNAs for PEX19 were purchased from Invitrogen
(Stealth Select RINAi, HSS108913 and HSS108914, respectively).

Cell Culture and Cell Lines

HeLa cells and HEK293A cells were grown at 37°C in
Dulbecco’s modified Eagle’s medium supplemented with 10%
fetal bovine serum. HeLa cell lines stably expressing organelle-
targeted GFPs were created by transfection of organelle-targeted
GFP expression vectors, and selected in the presence of 2.5 ug/ml
of puromycin (Invivogen). The HEKZ293A cell line stably
expressing GFP-catalase, was also created by similar methods.

Transfection and Immunostaining

Plasmid transfection was carried out using Lipofectamine plus
(Invitrogen), and siRNA transfection was carried out using
Oligofectamine (Invitrogen) according to the manufacturer’s
protocol. In co-transfection experiments, cells were transfected
with siRNA and plasmid using Lipofectamine 2000 (Invitrogen).

Cells were fixed with 4% formaldehyde for 10 min at room
temperature. Fixed cells were permeabilized with 0.5% Triton X-
100 in PBS for 10 min at room temperature and blocked with
blocking buffer (0.1% bovine serum albumin and 0.1% skim milk
i PBS) for 1 h. Cells were then incubated 1h at room
temperature with primary antibodies. Subsequently, cells were
treated with Alexa Fluor 488-conjugated secondary antibodies
(Invitrogen). To detect PMP70, fixed cells were permeabilized with
25 pg/ml digitonin in PBS for 5 min at room temperature, and
cells were processed for immunostaining as describe above.

Subcellular Fractionation and Immunoprecipitation

Cells were fractionated into cytosol, membrane/organelle, and
nucleus, using a Subcellular Proteome extraction kit (Calbiochem),
according to the manufacturer’s protocol. Immunoprecipitation
assays were performed as described previously [16]. Briefly,
samples were lysed on ice and debris was removed by centrifu-
gation for 30 min at 15,000 xg at 4°C. The supernatant was mixed
with an anti-HA or anti-FLAG antibody and rotated at 4°C
overnight after addition of protein G-Sepharose beads (Amersham
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Biosciences). After washing of beads, bound proteins were
analyzed by Western blot.

Intracellular ROS Detection

Cells were washed twice with HBSS and incubated with 5 uM
CM-H;DCFDA, a ROS-detection reagent (Invitrogen), in HBSS
at 37°C for 30 min. Subsequently, cells were washed twice with
HBSS and incubated with growth medium at 37°C for 30 min
with or without HyOy. Then cells were analyzed by FACScan flow
cytometer (BD Biosciences) or LSM510 confocal microscopy (Carl
Zeiss).

Statistical Analysis

Each experiment was conducted at least three times with
consistent results. The gel or blot representative of each
experiment is presented in this study. The statistical significance
was analyzed using Student’s ¢ test.

Resuits

Involvement of VCP in Intracellular Localization of

Catalase

In order to visualize organelle in live cells, we generated several
HeLa cell sublines in which GFP was expressed as a fusion protein
with a peroxisomal (PTS1 or PTS2)-, nuclear (NLS)-, ER (KDEL)-
, or mitochondrial (mito)-targeting signal. Among these, we
observed clear mislocalization of GFP-PTS! (namely, GFP-SKL
and GFP-KANL) into the cytoplasm when the cells were treated
with VCP siRNAs but not a control siRNA. VCP siRNAs
perturbed GFP-KANL localization much more severely than
GFP-SKL localization (Fig. 1A and B). By contrast, VCP siRNAs
did not induce clear mislocalization of PTS2-GFP, mito-GFP,
GFP-ER, or GFP-NLS (Fig. S1). We observed similar mislocaliza-
tion of GFP-KANL by expressing ATPase-negative or dominant-
negative VCP mutants, e.g. VCP[K251A] and VCP[K524A] [16]
(Fig. S2). In addition, treating cells with DBeQ), a VCP inhibitor
[17], also induced cytoplasmic localization of GFP-catalase
(Fig. 1C). These results suggest that the ATPase activity of VCP
is necessary for proper localization of catalase.

We then examined the effects of VCP knockdown on
intracellular localization of endogenous PTEl or catalase. In
more than 50% of cells treated with VCP siRNAs, endogenous
catalase was diffusely observed in the cytoplasm. In contrast, PTEI
localization was not apparently affected by VCP knockdown
(Fig. 1D). These results were confirmed by cell fractionation
experiments. VCP siRNA treatments increased the amounts of
catalase but not PTEl in the cytoplasmic fraction (Fig. 1E).
Mislocalization of catalase as well as GFP-KANL decreased in
cells treated with VCP siRNA together with cycloheximide (Fig.
S3), supporting the idea that newly synthesized catalase is
transported into peroxisomes with the help of VCP.

Interaction between VCP and PEX19

In order to obtain insights for molecular mechanisms underlying
VCP-mediated regulation of catalase localization, we searched for
VCP-interacting proteins using an immunoprecipitation method
followed by a very sensitive MS/MS analysis [18)], and identified
PEX19 as a potential VCP-interacting protein. Indeed, we could
observe a physical association between VCP and PEX19 via
immunoprecipitation and western blotting (Fig. 2). This interac-
tion appeared very weak, suggesting the possibility that yet-
unknown VCP modification may enhance this interaction. This
possibility remained to be clarified.
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Figure 1. VCP siRNAs induce cytoplasmic localization of catalase. (A) Cytochemical analysis of intracellular localization of GFP-KANL. Hela
cells continuously expressing GFP-KANL were treated with control siRNA (control) or VCP siRNAs (nc and 286). Seventy-two hours later, GFP images
were analyzed by confocal microscopy. Arrows indicate cells with cytoplasmic localization of GFP-KANL. (B) Quantification of cytochemical analysis on
GFP-KANL in (A) and on GFP-SKL. More than 200 cells were examined in each sample, and the fraction (%) of cells with diffuse GFP signals in the
cytoplasm were scored. **p<<0.01, *p<0.05. (C) Fluorescence microscopy analysis of intracellular localization of GFP-catalase. HEK293A cells
continuously expressing GFP-catalase were treated with 1 uM or 5 pM DBeQ, a VCP inhibitor [17], or DMSO for 24 hours, and then GFP signals were
detected. Arrows indicate cells with cytoplasmic localization of GFP-catalase. (D) Immunocytochemical analysis of intracellular localization of catalase
and PTE1. Hela cells were treated without (—) or with control siRNA (control), or VCP siRNAs (nc and 286). Seventy-two hours later, catalase and PTE1
were detected with anti-catalase and anti-PTE1 antibodies, respectively. Arrows indicate cells with cytoplasmic localization of catalase. (E) Western
blot analyses of protein levels of VCP, catalase, and PTET in different cell compartments. HeLa cells were treated without (—) or with control siRNA
(control) or VCP siRNAs (nc and 286). Seventy-two hours later, cells were fractionated as described in Methods. Fractionated samples equivalent to
7.5 ug total protein of whole cell lysates were separated by SDS-PAGE and analyzed by western blotting using specific antibodies. Actin served as a
loading control.

doi:10.1371/journal.pone.0056012.g001
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Figure 2. Inmunoprecipitation assays to detect physical interactions between VCP and PEX19. (A) HEK293A cells were transfected with
expression vectors for FLAG-VCP and HA-PEX19. Twenty-four hours later, cells were harvested and the cell lysates were analyzed by western blots
with antibodies indicated in the panels. Actin served as a loading control. (B) The immunoprecipitation was performed on the cell lysates in (A) with
an anti-FLAG or anti-HA antibody. The precipitates were analyzed by western blots with antibodies indicated in the panels. See details in Materials
and methods.

doi:10.1371/journal.pone.0056012.g002

Involvement of PEX19 in Intracellular Localization of that over-expression of PEX5 and VCP could not rectify the
Catalase mislocalization of GFP-KANL in VCP and PEX5 knockdown

Given that VCP could potentially make a complex with PEX19 cells, respectively (Fig. S{i).' These n:fu]ts indicate that VCP/
and that VCP knockdown apparently affected the transport of PEX19 complexes are required for P_h‘X5 to ransport cz‘ualase,
catalase into peroxisomes, PEX19 knockdown could also affect the but o other typical PTS1- or PTS2-possessing proteins, to
intracellular localization of catalase. Indeed, PEX19 knockdowns PEICXISOmIES.

produced virtually identical distributions of intracellular catalase as o o
were observed in VCP knockdowns (Fig. 3A and B). Moreover, ~ VCP Activity, Catalase Localization, and ROS Levels

in PEX19 knockdown cells, PTEI localization was not apparently We next examined the possibility that VCP-depleted cells have
affected (Fig. 3A and B). PEX19 is reportedly involved in the a greater capacity to scavenge HyOy as compared with non-
transport of membrane proteins, such as PMP70 (peroxisome treated cells, due to the presence of catalase in the cytoplasm. This
membrane protein 70), to peroxisomes. However, we could not was indeed the case. Basal ROS levels were reduced in cells
detect any clear mislocalization of endogenous PMP70 in VCP- treated with VCP siRNAs compared to those treated with control
depleted Hela cells (Fig. S4). siRNAs (Fig. 4A). Reduction of ROS levels was more pronounced

Consistent with previous reports, PEX5 knockdown induced when cells were treated with HyO; (Fig. 4A and B). We have
mislocalization of both catalase and PTE1 (Fig. S5). It is notable previously shown that the ATPase activity of VCP was inactivated
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Figure 3. PEX19 siRNAs also induce cytoplasmic localization of catalase. (A) Immunocytochemical analysis of intracellular localization of
catalase and PTE1. Hela cells were treated with control siRNA (control) or PEX19 siRNAs (#1; HSS108913 and #2; H55108914). Seventy-two hours
later, catalase and PTE1 were detected as in (Fig. 1D). Arrows indicate cells with cytoplasmic localization of catalase. (B) Western blot analyses of
protein levels of VCP, catalase, PTE1, and PEX19 in different cell compartments. Hela cells were treated with control siRNA (control) or PEX19 siRNAs
(#1; HSS108913 and #2; HS5108914). Seventy-two hours later, cells were analyzed as in (Fig. 1E).

doi:10.1371/journal.pone.0056012.g003
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Figure 4. ROS levels and intracellular localization of GFP-KANL and catalase in cells with VCP depletion or overexpression. (A) ROS
levels in cells with VCP depletion. Hela cells were treated with control (control) or VCP (nc and 286) siRNAs. Seventy-two hours later, 5 uM H,DCFDA
was added to the media for 30 min. Then, cells were treated with or without 250 uM H,0, at 37°C for additional 30 min, and analyzed by FACS (see
details in Materials and methods). (B) Cytochemical analysis of Hela cells treated with 250 pM H,0,. H,DCFDA fluorescence was analyzed by
confocal microscopy as in (A). (C) Cytochemical analysis of intracellular localization of GFP-KANL after treatment of ROS-producing agents. HEK293A
cells continuously expressing GFP-KANL were treated with 250 UM H,0,, 20 nM As;03, or 250 uM diamide. Twenty-four hours later, GFP images were
analyzed by confocal microscopy. Arrows indicate cells with cytoplasmic localization of GFP-KANL. (D) Quantification of cytochemical analysis in (C).
More than 200 cells were examined in each sample, and the fraction (%) of cells with diffuse GFP signals in the cytoplasm were scored. **p<<0.01. (E)
Immunocytochemical analysis of intracellular localization of catalase after treatment with ROS-producing agents. Hela cells were treated with 500 uM
H,0,, 20 nM As,03, or 250 uM diamide. Twenty-four hours later, catalase was detected with an anti-catalase antibody. Arrows indicate cells with
cytoplasmic localization of catalase. (F) Overexpression of VCP[C522T] weakened cytoplasmic localization of catalase by ROS more significantly than
that of wild-type VCP. HEK293A cells continuously expressing GFP-catalase were transfected with VCP[C522T]-mCherry (C522T) or wild-type VCP-
mCherry (wtVCP), and treated with 20 nM As,0s3 for 24 hours. More than 200 mCherry-positive cells were examined in each sample, and the fraction

(%) of cells with diffuse GFP signals in the cytoplasm were scored. **p<0.01.

doi:10.1371/journal.pone.0056012.g004

by oxidation of Cys522 by ROS, such as HyOy [14]. The
observation that ATPase activity of VCP is necessary for proper
catalase localization to peroxisomes raised the possibility that ROS
treatments would also induce redistribution of catalase. We next
examined this possibility, and confirmed that all tested ROS-
inducing agents (such as HoOs, AsyOs, and diamide) induced
cytoplasmic localization of GFP-KANL as well as catalase
(Fig. 4C~E). We then examined whether VCP[C522T], a VCP
mutant with the ROS-sensitive cysteine to threonine substitution
[14], had protective effects on redistribution of catalase in cells
treated with ROS. Indeed, overexpression of VCP[C522T]
significantly inhibited cytoplasmic localization of catalase in cells
treated with AseOj, compared to overexpressed wild-type VCP

(Fig. 4F).

Discussion

The results presented in this study, taken together, point to the
existence of a novel feedback mechanism: when HyO, levels
increase, VCP ATPase is inactivated by Cys522 oxidation, which
in turn keeps catalase in the cytoplasm, leading to reduced HyOq
levels. After HyOq levels are reduced, glutathione as well as
thioredoxine levels would recover, which would then restore VCP
ATPase activity, leading to catalase transport into peroxisomes.
This VCP-mediated system has the great merit of specifically
changing the localization of catalase without affecting the
localization of other peroxisome proteins.

In S cerevisiae, Cys522 is not conserved in Cdc48p, a VCP
homologue [14]. In what appears to be an evolutionary alternative
design, S. cerevisiae possesses two catalases, one of which resides in
peroxisomes and the other in the cytoplasm [19,20]. C. elegans also
possesses two catalases, one in peroxisomes and the other in the
cytoplasm [21]. These lines of evidence strongly indicate that for
living organisms catalase is needed in both peroxisomes and the
cytoplasm. In mammals, a certain level of ROS, namely HyOo, is
utilized in several physiological conditions, and, therefore the
continuous presence of catalase in the cytoplasm might not be
favorable. On the other hand, when mammalian cells meet
conditions with a large amount of HoOy in the cytoplasm, catalase
would more effectively degrade and reduce HyO4 by accurnulating
in the cytoplasm. Thus, mammals have developed an integrated
system to utilize one catalase rather than to have two differently
localized catalases.

Supporting Information

Figure S1 Fluorescence microscopy analysis of intra-
cellular localization of PTS2-GFP, mito-GFP, GFP-ER,
and GFP-NLS. (A) Schematic drawings of GFP-fused proteins.
(B) HeLa cells were treated with control siRNA (control) or VCP
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siRNAs (nc and 286). Seventy-two hours later, GFP signals were
detected.

(TIFE)

Figure S2 Fluorescence microscopy analysis of intra-
cellular localization of GFP-KANL in the presence of
ATPase activity-defective mutant VCPs. (A) HEK293A cells
continuously expressing GFP-KANL were transfected with an
expression vectors for mCherry or VCP wtVCP, VCP[K251A]
[15], or VCP[K524A] [15])-mCherry. Forty-eight hours later,
GFP signals were detected. (B) Quantification of fluorescence
microscopy of GFP-KANL in (A). More than 200 mCherry-
positive cells were examined in each sample, and the fraction (%)
of cells with diffuse GFP signals in the cytoplasm were scored.
*#p<0.01, *p<<0.05.

(TIFF)

Figure 83 Immunocytochemical and fluorescence mi-
croscopy analyses of intracellular localization of cata-
lase and GFP-KANL. (A) HeLa cells were treated with control
siRNA (control) or VCP siRNA (286) for 72 hours, and treated
with or without cyclohexamide (CHX) (5 ng/ml) for additional 24
hours. Then catalase was detected with anti-catalase antibody. (B}
HelLa cells continuously expressing GFP-KANL were treated with
VCP siRNA (286). Cells were treated with or without 5 pg/ml of
CHX from 48 (24 h) or 24 (48 h) to 72 hours after siRNA
treatment. Then, GFP signals were detected.

(TTFF)

Figure 84 Immunocytochemical analysis of intracellu-
lar localization of PMP70. HeLa cells were treated without (—)
or with control siRNA (control), or VCP siRNAs (nc and 286).
Seventy-two hours later, PMP70 was detected with an anti-PMP70
antibody. Note that VCP protein levels decreased by VCP siRNA
treatments, as shown in Fig. 1E

(TTFF)

Figure S5 Immunocytochemical analysis of intracellu-
lar localization of catalase and PTEl. Hela cells were
treated with control siRINA (control) or PEX5 siRNAs (192 and
955). Seventy-two hours later, catalase and PTE] were detected
with anti-catalase and anti-PTE] antibodies, respectively.

(TTFF)

Figure S6 Fluorescence microscopy analysis of intra-
cellular localization of GFP-KANL. (A) HeLa cells continu-
ously expressing GFP-KANL were treated with control siRNA
(control), VCP siRNA (nc), or PEX5 siRNA (192) for 48 hours,
and then transfected with an expression vector for mCherry, VCP-
mCherry, or mCherry-PEX5. Twenty-four hours later, GFP
signals (green) and mCherry signals (red) were examined. (B)
Quantification of fluorescence microscopy of GFP-KANL in (A).
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More than 120 mCherry-positive cells were examined in each
sample, and the fraction (%) of cells with diffuse GFP signals in the
cytoplasm were scored. n.s., not significant.

(TTFF)
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SUMMARY

Reactive oxygen species (ROS)-induced activation
of Apoptosis signal-regulating kinase 1 (ASK1) plays
crucial roles in oxidative stress-mediated cell death
through the activation of the JNK and p38 MAPK
pathways. However, the regulatory mechanism of
ASK1 in the oxidative stress response remains to
be elucidated. Here, we identified the kelch repeat
protein, Slim, as an activator of ASK1 through a
Drosophila misexpression screen. We also per-
formed a proteomics screen and revealed that Kelch
domain containing 10 (KLHDC10), a mammalian or-
tholog of Slim, interacted with Protein phosphatase
5 (PP5), which has been shown to inactivate ASK1
in response to ROS. KLHDC10 bound to the phos-
phatase domain of PP5 and suppressed its phospha-
tase activity. Moreover, KLHDC10 was required for
H,05-induced sustained activation of ASK1 and cell
death in Neuro2A cells. These findings suggest that
Slim/KLHDC10 is an activator of ASK1, contributing
to oxidative stress-induced cell death through the
suppression of PP5.

INTRODUCTION

During the process of aerobic metabolism in cells, reactive
oxygen species (ROS), such as superoxide anions, hydrogen
peroxide (H20;), and hydroxyl radicals, are produced by intra-
cellular enzymatic systems, including the mitochondrial electron
transport chain. Stressors from the exogenous environment,
such as ultraviolet radiation, ionizing radiation, and anticancer
drugs, also cause the formation of ROS. Excessive and/or

ectopic generation of ROS results in oxidative stress, in which
ROS induce nonspecific oxidation of nucleic acids, lipids, and
proteins, leading to profound damage to the cells and eventually
cell death. Accordingly, ROS have been considered to be the
cause of various human diseases and aging. To cope with oxida-
tive stress and maintain the intracellular homeostasis of redox
status, living organisms are equipped with a wide variety of
antioxidant proteins and redox-sensitive signaling systems
(Finkel and Holbrook, 2000).

The mitogen-activated protein kinase (MAPK) cascades are
evolutionarily conserved signaling pathways that play crucial
roles in cellular responses to environmental changes (Kyriakis
and Avruch, 2001; Widmann et al., 1999). Apoptosis signal-regu-
lating kinase 1 (ASK1) is a member of the MAP kinase kinase
kinases (MAP3K) that activates the c-Jun N-terminal kinase
(JNK) and p38 MAPK pathways in response to a wide variety
of pathophysiological stressors, including oxidative stress,
endoplasmic reticulum (ER) stress, and inflammatory cytokines
(Ichijo et al., 1997; Takeda et al., 2008). ASK1 has been demon-
strated to be involved in ROS-induced cell death in various types
of cells and has been implicated in the pathogenesis of oxidative
stress-related diseases such as neurodegenerative diseases,
cardiovascular diseases, and cancers (Nagai et al., 2007,
Tobiume et al., 2001). The molecular mechanism of ASK1 acti-
vation by ROS has been revealed mainly through analyzing
ASK1-binding proteins. Under conditions in which there is no
oxidative stress, the antioxidant protein thioredoxin (Trx) forms
a complex with ASK1 through the N-terminal region of ASK1,
and inhibits ASK1's kinase activity (Saitoh et al., 1998). Under
oxidative stress conditions, the reactive cysteine residues within
Trx are oxidized and form an intramolecular disulfide bond. The
oxidized form of Trx is released from ASK1, and reciprocally
tumor necrosis factor (TNF) receptor-associated factor (TRAF)
family proteins, such as TRAF2 and TRAF6, are recruited to
ASK1 (Fujino et al., 2007; Nishitoh et al., 1998; Noguchi et al.,
2005). The interaction of TRAFs with ASK1 appears to enhance
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the transautophosphorylation of the threonine residue within the
activation loop of the kinase domain of ASK1, which is essential
for ASK1 activation (Nishitoh et al., 1998). Although Trx and
TRAF family proteins are pivotal molecules in the regulation of
ROS-induced activation of ASK1, we have also demonstrated
that Protein phosphatase 5 (PP5) is a negative regulator of
ASK1 (Morita et al., 2001). PP5 is a serine/threonine phospha-
tase that belongs to the Phosphoprotein phosphatase (PPP)
family. It has been reported that PP5 is involved in hormone
and stress responses by dephosphorylating various substrates
(Golden et al., 2008; Hinds and Sanchez, 2008). PP5 interacts
with the activated form of ASK1 in response to H,O. and
dephosphorylates the essential phosphothreonine residue,
thereby inhibiting the kinase activity of ASK1 and oxidative
stress- and ASK1-dependent apoptosis. Thus, PP5 is one of
the key molecules that determine the cell fate in the oxidative
stress response.

The kelch repeat domain consists of five to seven tandem
repeats of the kelch motif and forms a B-propeller structure
(Adams et al., 2000; Prag and Adams, 2003). The kelch repeat
protein family members exist across species and have been
reported to play roles in a wide range of cellular processes,
including signal transduction, transcription, DNA repair, and
protein degradation. Because the kelch repeat domain is impor-
tant for protein-protein interactions, the kelch repeat proteins
function mainly through interaction with their binding partners.
Recently, several lines of evidence have demonstrated that the
kelch repeat proteins interact with the complex-type ubiquitin
E3 ligases called the Cullin-RING ligases (CRLs) and serve as
the substrate recognition subunits of the CRL complex, which
determine the substrate specificity of this complex (Bennett
et al., 2010). However, the molecular functions and physiological
roles of most kelch repeat proteins remain unknown.

Here, we identified the kelch repeat protein Slim and its
mammalian ortholog KLHDC10 as an activator of ASK1 by taking
advantage of Drosophila genetics. Slim/KLHDC10 was found to
activate ASK1 through the suppression of PP5 and thereby to
contribute to oxidative stress-induced cell death.

RESULTS

A Misexpression Screen for Activators of ASK1

using Drosophila

To identify genes that regulate activation of the ASK1-MAPK
cascades, we took advantage of a Drosophila misexpression
screen, using the GAL4/UAS system that has been extensively
used to induce ectopic gene expression in flies (Brand and Per-
rimon, 1993). We have recently reported that an N terminus-
lacking mutant of Drosophila ASK1 (DASK1 AN) activated the
Drosophila p38 (Dp38) pathway more strongly than did DASK1
wild-type (WT) (Sekine et al., 2011). Ectopic expression of
DASK1 AN, but not DASK1 WT, under the control of pannier
(pnr)-GAL4, which is expressed along the dorsal midline of adult
flies, resulted in a Dp38-dependent increase in melanization
(increase in black and brown pigments) in the thorax cuticle of
flies (Figures 1A and 1B) (Sekine et al., 2011). To establish a
misexpression screening system for activators of ASK1, we
used this melanization as a visible marker for activation of the

ASK1-p38 pathway in flies and sought to screen for genes
that could induce melanization in the thorax in a pnr-GAL4-
dependent manner. The Gene Search (GS) lines have a GS
vector that contains UAS, which is randomly inserted in the fly
genome of each GS line, thereby allowing ectopic expression
of endogenous genes after crossing with the GAL4 driver strains
(Toba et al., 1999). We generated pnr > DASK1WT flies and
crossed them with approximately 4,500 GS lines. The melaniza-
tion of thoraxes of the F1 progeny was examined, and nine lines
were found to exhibit enhanced melanization in a pnr-GAL4-
dependent manner. We designated those lines as kuma (key
upswing in melanin accumulation) lines.

Slim Expression in pnr > kuma1 Flies Induces
Melanization

Of the nine kuma lines, we focused on the kuma7 (GS10238) line.
All of the pnr > kumat flies exhibited strong melanization, similar
to pnr > DASK14N, even without coexpression of DASK1 WT
(Figure 1C). These results suggest that kuma7-dependent
activation of endogenous DASK1-Dp38 may be sufficient to
melanize the thorax in these conditions. When we crossed the
flies at 18°C (a temperature that weakly induced the gene misex-
pression in kumat), about half of the pnr > kuma1 flies showed
a weak phenotype that resulted in the loss of the upper half of
melanization in the thoracic pnr-GAL4 expression region (indi-
cated by the white arrowhead in Figure 1D). Under these condi-
tions, coexpression of DASK1 WT restored the melanization in
pnr> kumai flies, suggesting that exogenous DASK1 enhanced
the melanization in pnr > kuma1 flies (Figure 1D). The GS vector
in the kuma1 line was inserted 508 bases upstream of a gene,
scruin like at the midline (slim) (Figure 1E), and we examined
the expression levels of slim in kuma7 lines under the control of
heat shock (hs)-inducible GAL4. The expression of slim mRNA
in hs > kumat flies was elevated compared to that in hs > GFP
flies, whereas the expression levels of DASKT or CG5189, which
is located directly 3’ to slim, were not affected (Figure 1F). Slim
protein levels were also increased in hs > kumaf flies (Figure 1G).
Furthermore, coexpression of inverted repeat (IR) RNA targeting
slim (slim-IR) strongly reduced the melanization in pnr > kuma1
flies (Figures 2A and 2B). Based on these results, we concluded
that slim is the gene responsible for melanization in the thorax of
pnr > kumai.

The DASK1-Dp38 Pathway Mediates Slim-Induced
Melanization

Because DASK1 AN-induced melanization is dependent on the
Dp38 pathway (Sekine et al., 2011), we examined the require-
ment of the DASK1-Dp38 pathway for Slim-induced melaniza-
tion. IR RNA-mediated knockdown of DASKT or licorne (lic), a
Drosophila MAP2K gene in the Dp38 pathway, in pnr > kumat
flies partially inhibited melanization (Figures 2C and 2D). In
addition, the expression of a dominant-negative mutant of
Dp38a (Dp38a DN) also reduced melanization in pnr > kumal
flies (Figure 2E). By contrast, knockdown of slim did not affect
DASK1 AN-induced melanization (Figures 2F and 2G), indicating
that slim is genetically located upstream of DASK7 and that
Slim-induced melanization was mediated through the DASK1-
Dp38 pathway.
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