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Southern blot analysis. An ES cell clone correctly targeting Ifit] was mi-
croinjected into C57BL/6 mouse blastocysts. Chimeric mice were mated
with female C57BL/6 mice, and heterozygous F1 progenies were inter-
crossed to obtain Ifit1 ™/~ mice.

Cells, HEK293T cells, Vero cells, and mouse embryonic fibroblasts
(MEFs) were maintained in Dulbecco’s modified Eagle’s medium (Malk-
alai Tesque) supplemented with 10% fetal bovine serum (JRH Biosci-
ence), 100 U/ml penicillin, and 100 pg/ml streptomycin (Gibco). MEFs
were prepared from wild-type (WT) and IfitI /™ day 14.5 embryos and
immortalized by introduction of a plasmid encoding the simian virus 40
large T antigen. MEFs stably expressing Ifitl were established by the pre-
viously described method with some modifications (34). In short, full-
length cDNA of Ifit] was cloned into pMRX-puro (pMRX/Ifit]). Retrovi-
rus was produced by introduction of pMRX/Ifit] into Plat-E packaging
cells (35). MEFs were infected with the retrovirus, cultured in the presence
of 1 pg/ml of puromycin (Sigma) for 5 days, and harvested for subsequent
studies. To isolate peritoneal macrophages, mice were intraperitoneally
injected with 5 ml of 4% thioglycolate medium (Sigma), and peritoneal
exudative cells were isolated from the peritoneal cavity at 3 days postin-
jection. The cells were incubated for 2 h and then washed three times with
Hanks’ balanced salt solution. The remaining adherent cells were used as
peritoneal macrophages in the experiments.

Viruses. Japanese encephalitis virus (JEV) strain AT31 (36) was used
for the experiments. An NS5 K61A mutation of JEV was introduced into
pMWATG! (37) by PCR-based mutagenesis with the primers 5'-GCGA
GGCTCAGCAGCTCTCCGTTGGCTCG-3" and 5'-CGAGCCAACGGA
GAGCTGCTGAGCCTCGC-3' (the mutagenesis site is underlined) and
verified by DNA sequencing. A recombinant virus, the JEV K61A mutant,
was generated from pMWJEATGI/JEV K61A as previously described
(36). MEFs or macrophages were infected with JEV at specified multiplic-
ities of infection (MOls). The virus yields in the culture supernatants were
titrated by focus-forming assays on Vero cells and expressed as the num-
ber of focus-forming units (FFU), as previously described (38). The virus
RNA accumulations in the JEV-infected cells were determined by real-
time reverse transcription-PCR (RT-PCR) with primers targeting JEV
NS5, normalized to the level of host GAPDH (glyceraldehyde-3-phos-
phate dehydrogenase), and expressed as the fold change in Ifit1 ™'~ cells
versus wild-type cells (value for wild type = 1).

Preparation of RNA. The 5'-terminal 200 nucleotides of the JEV ge-
nome were amplified by PCR using pMWATG1 (37) with the primers
5 -TAATACGACTCACTATTAGAAGTTTATCT-3' (the T7 class II pro-
moter sequence is underlined) and 5'-CATTACTACCCTCTTCACTCC
CACTAGTGG-3', and the luciferase reporter gene (luc2) was amplified
using pGL4.14 (Promega) with the primers 5'-TAATACGACTCACTAT
AGGCCACCATGGAAGATGCCAAAAA-3" (the T7 class Il promoter
sequence is underlined) and 5’ -TACCACATTTGTAGAGGTTTTACTT
GCTTT-3'. Subsequently, the PCR products were in vitro transcribed
under the control of the T7 promoter with MEGAScript (Ambion). Bio-
tin-labeled RNA was prepared by in vitro transcription in the presence of
biotin-labeled UTP (PerkinElmer). Capped RNA substrates were pro-
duced with a ScriptCap 7-methylguanosine (m7G) capping system (Epi-
centre) in the presence (5’ cap positive [3' cap™1/2’-O Me positive [2'-O
Me™]) or absence (5 cap*/2'-O Me negative [2'-O Me™]) of a ScriptCap
vaccinia virus 2'-O MTase (Epicentre). **P-labeled m7GpppA-RNA sub-
strate was prepared with a ScriptCap m7G capping system in the presence
of **P-labeled GTP. A 5" OH-RINA substrate was produced by incubating
in vitro-transcribed RNA with calf intestinal alkaline phosphatase (CIAP)
for 3 h at 37°C. All RNA substrates were purified with an RNeasy minikit
(Qiagen) and stored at —80°C until use.

Real-time RT-PCR. Total RNA was isolated with the TRIzol reagent
(Invitrogen), and 1 to 2 p.g of RNA was reverse transcribed using Moloney
murine leukemia virus reverse transcriptase (Promega) and random
primers (Toyobo) after treatment with RQ1 DNase I (Promega). Real-
time RT-PCR was performed in an ABI 7300 apparatus (Applied Biosys-
tems) using a GoTaq real-time PCR system (Promega). All values were
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normalized by the expression of the GAPDH gene. The following primer
sets were used: for the JEV NS5 gene, 5'-AACGCACATTACGCGTCCTA
GAGATGA-3" and 5'-CTAACCCAATACATCTCGTGATTGGAGTT-
3'; for Ifnb, 5'-GGAGATGACGGAGAAGATGC-3" and 5'-CCCAGTGC
TGGAGAAATTGT-3'; for luc2, 5'-CCATTCTACCCACTCGAAGAC
G-3" and 5'-CGTAGGTAATGTCCACCTCGA-3'; and for the GAPDH
gene, 5'-CCTCGTCCCGTAGACAAAATG-3" and 5'-TCTCCACTTTG
CCACTGCAA-3".

Recombinant proteins. Wild-type and K61A mutant JEV N-terntinal
NS5 (MTase domain) cDNAs were obtained by PCR using pMWATGI
with the primers 5'-GGATCCGGAAGGCCTGGGGGCAGGACGCT
A-3" and 5'-CTCGAGATGCTCAGGGTCTTTGTGCCACGT-3'. Full-
length murine Ifit] cDNA and JEV MTase cDNA were inserted into pET-
15b and pGEX-6P, respectively. pET/Ifit] and pGEX/JEV MTases were
transformed into the Escherichia coli BL21(DE3) strain. Expression of the
Ifit] and JEV NS5 proteins was induced by addition of 0.5 mM isopropyl-
1-thio-B-p-galactopyranoside (IPTG), and the expressed Ifitl and JEV
MTase proteins were purified using Ni*"-affinity chromatography (No-
vagen) and glutathione-Sepharose 4B (Amersham Biosciences), respec-
tively, according to each manufacturer’s instructions. The purified pro-
tein was desalted and concentrated using an Amicon Ultra centrifugal
filter unit (Millipore) and stored at —80°C until use.

Invitro MTase activity assay. The MTase reaction was performedina
20-pl reaction mixture of 50 mM Tris-HCI (pH 8.0), 6 mM KCl, 1.25 mM
MgCl,, and 0.5 mM S-adenosylmethionine (AdoMet) containing 10
nmol of *?P-labeled m7GpppA-RNA substrate (JEV 5'-terminal 200 nu-
cleotides) and 30 pmol of JEV MTase or 80 units of vaccinia virus 2'-O
MTase (Epicentre) for 3 h at 37°C. The RNA was purified by passage
through a postreaction cleanup column (Sigma) and digested with 10 U of
nuclease P1 (Wako) in 50 mM sodium acetate overnight at 37°C, The
samples were analyzed on thin-layer chromatography polyethyleneimine
(PEID)-cellulose plates developed with 0.3 M ammonium sulfate.

RNA EMSAs. RNA electrophoretic mobility shift assays (EMSAs)
were performed using a LightShift chemiluminescent RNA EMSA kit
(Thermo Scientific) according to the manufacturer’s instructions. Briefly,
0 to 20 pmol of recombinant murine Ifitl and 2.5 pmol of in vitro-tran-
scribed and biotin-labeled RNA were coincubated for 30 min at room
temperature in RNA EMSA binding buffer (10 mM HEPES, pH 7.3, 20
mM KCl, 1 mM MgCl,, 1 mM dithiothreitol, 0.1 pg/pl of yeast tRNA, 2%
glycerol). The resulting Iit]/RNA complexes were electrophoresed in a
7.5% native polyacrylamide gel. The separated RINAs were transferred to a
positively charged nylon membrane and cross-linked at 120 mJ/cm? and
an absorbance of 254 nm. The membrane was incubated with stabilized
streptavidin-horseradish peroxidase conjugate (1:300 dilution; a compo-
nent of the EMSA kit), and the bound stable peroxide was detected with
luminol/enhancer solution (another component of the EMSA kit). The
gel-shift band intensities were quantified using ImageJ software (National
Institutes of Health).

RNA pulldown assay. For RNA pulldown assays, an expression vector
for hemagglutinin (HA)-tagged murine full-length Ifitl was transfected

into HEK293T cells using Lipofectamine 2000 (Invitrogen). The Ifitl-

transfected cells were lysed in RNA-binding buffer (10 mM HEPES, pH
7.3, 500 mM KCl, 1 mM EDTA, 2 mM MgCl,, 0.1% NP-40, 0.1 pg/pl of
yeast tRNA (Ambion), 1 U/ml of RNase inhibitor [Toyobo]), and the
lysate (200 pg) was coincubated with 25 pmol of biotin-labeled RNA and
streptavidin-agarose (Invitrogen) in RNA-binding buffer for 30 min at
room temperature. The binding complexes were washed five times with
RNA-binding buffer, followed by SDS-PAGE and immunoblotting with
an anti-FA probe (F-7) antibody (Santa Cruz Biotechnology). The inten-
sity of the detected Ifit1 band was quantified using ImageJ software (Na-
tional Institutes of Health).

RNA immunoprecipitation. RNA immunoprecipitation was per-
formed as described previously (38) with slight modifications. MEFs (2 X
10%) stably expressing Flag-tagged Ifitl were infected with JEV at an MOI
of 1.0 and cultured for 24 h. The cells were then lysed in 500 pl of RNA
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FIG 1 Generation of an MTase-defective JEV mutant. (A) Sequence homology between NS5 proteins of JEV (AT31 strain, GenBank accession number
AB196926) and WNV (00-3356 strain, GenBank accession number EF530047). Arrowheads, MTase catalytic K-D-K-E tetrad; ¥, consensus sequences between
the two proteins. (B) 2’-O MTase activity of JEV WT and JEV K61A mutant recombinant NS5 proteins by thin-layer chromatography assays. The substrate
m7GpppA-RNA (**P-labeled JEV 5'~terminal 200 nucleotides) was methylated in vitro with the respective recombinant NS5 proteins or vaccinia virus 2'~O
MTase, digested with P1 nuclease, and developed on PEI-cellulose plates. The positions of 2’-O methylated (m7GpppAm) and unmethylated (m7GpppA) RNA

are indicated. Data are representative of four independent experiments.

buffer (10 mM HEPES, pH 7.3, 500 mM KCl, 1 mM EDTA, 2 mM MgCl,,
0.1% NP-40, 0.1 pg/pl of yeast tRNA (Ambion), 1 U/ml of RNase inhib-
itor [Toyobo], 1 tablet/10 ml of Complete mini-protease inhibitor cock-
tail [Roche]). After centrifugation at 15,000 rpm for 20 min at 4°C, 50-pl
aliquots of the supernatants were recovered as input samples and the
remaining supernatants were precleared with 30 pl of 50% protein G-
conjugated Sepharose and 1 jug of mouse normal IgG for 1 h. After cen-
trifugation of the beads, the supernatants were immunoprecipitated with
1 pg of mouse normal 1gG or anti-Flag M2 antibody (Santa Cruz Biotech-
nology) and 30 pl of 50% protein G-conjugated Sepharose. The beads
were washed five times with RNA buffer without yeast tRNA, and RNA
was isolated from the precipitants and input samples with the TRIzol
reagent. The RNA was reverse transcribed as described above and sub-
jected to the first round of PCR with JEV NS1-specific primers 5'-TCTG
TCACTAGACTGGAGCA-3’ and 5'-CCAGAAACATCACCAGAAGG-
3'. The PCR products were then analyzed by quantitative PCR with nested
primers 5’ -GAGCACTGACGAGTGTGATG-3" and 5'-AGCGACTCTC
AATCCAGTAC-3'. All values were normalized by the values for the input
samples (indicated as percent input).

Cellular translational reporter assay. MEFs (2 X 10°) were pre-
treated with 1,000 U/ml of universal type I interferon (PBL Biomedical
Laboratories) for 6 h. Three types of 5’ modified luciferase mRNAs (2 pg
of 5'-PPP, 5" cap™/2'-0O Me ™, and 5" cap™/2’-0O Me™) were transiently
transfected into MEFs using the Lipofectamine 2000 reagent (Invitrogen)
according to the manufacturer’s instructions. At 6 h after the transfection,
RNA was isolated and analyzed for the quantity of the luciferase mRNAs
(luc2). The luciferase activities of whole-cell lysates were measured using a
dual-luciferase reporter assay system (Promega). The numbers of relative
light units (RLU) were normalized by the concentrations of proteins deter-
mined by use of a bicinchoninic acid protein assay kit (Thermo Scientific).

Statistical analysis. Statistical analyses were conducted on each inde-
pendent data set. An unpaired Student’s ¢ test was used to determine the
statistical significance of differences in the experimental data. P values of
<0.05 were considered to indicate statistical significance.
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RESULTS

Ifit] ™'~ cells fail to restrict the replication of a mutant JEV lack-
ing 2'-0 MTase activity. Previous analysis of the flavivirus West
Nile virus (WNV) 2'-0O MTase revealed residues in NS5 (K61,
D146, K182, and E218) that were essential for its biochemical
activity (8). A WNV mutant (E218A) lacking 2'-O MTase activity
was attenuated in mouse MEFs and macrophages but showed en-
hanced replication in Ifitl ™'~ cells (13, 15). As NS5 is a highly
conserved protein in flaviviruses, the four residues integral to the
2'-0O MTase activity are identical in WNV and JEV (Fig. 14).
Replacement of lysine 61 by alanine in the JEV NS5 MTase do-
main (JEV K61A) abolished the JEV 2'-O MTase activity in vitro
(Fig. 1B). We generated Ifit] ™'~ mice (Fig. 2A to C) and infected
MEFs with JEV WT and JEV K61A strains (Fig. 3A). The JEVWT
replicated equivalently in wild-type and Ifit] ™'~ MEFs. In com-
parison, the production of the JEV K61A mutant was decreased in
wild-type MEFs, suggesting that 2'-O MTase activity is required
for JEV replication. Consistent with this and analogous studies
with an WNV E218A strain (13), replication of the JEV K61A
strain was enhanced (approximately 173-fold increased at 4 days
postinfection; P < 0.05) in Ifit] '~ MEFs compared with wild-
type MEFs. We also infected peritoneal macrophages with JEV
WT and JEV K61A strains (Fig. 3B). Similar to the results obtained
with MEFs, replication of the JEV WT was similarly observed in
wild-type and Ifit] ~'~ macrophages. However, replication of the
JEV K61A mutant was severely decreased in wild-type but not
Ifit1 ™'~ macrophages, and the virus was not detected at 4 days
postinfection in wild-type cells. For further confirmation, we an-
alyzed virus RNA accumulation at 4 days postinfection (Fig. 3C
and D). Whereas RNA levels of JEV WT were similar in wild-type
and Ifirl =/~ MEFs, those of the JEV K61A mutant were markedly
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FIG 2 Generation of Ifit] ™'~ mice. (A) Schematic representation of the Ifit] gene-targeting strategies. Solid boxes, coding regions of the IfitI gene; open boxes,
untranslated regions; Neo and HSV tk, a neomycin-resistance gene cassette and a herpes simplex virus thymidine kinase gene, respectively. The positions of the
probe and restriction enzyme site for Southern blotting are shown, (B) Genomic DNA was isolated from the tails of wild-type (+/+), heterozygous (+/-), and
homozygous (—/—) Ifit] mutant mice. A Southern blot analysis performed after digestion of the genomic DNA with BamHI shows the correct targeting of the
locus. (C) Peritoneal exudative macrophages were harvested from wild-type (+/+) or Ifitl-deficient (—/~) mice. Total RNA (10 pg) was blotted onto a nylon
membrane, and Ifit] and B-actin mRNA expression was detected by Northern blot analysis with the respective cDNA probes. LPS lanes, cells stimulated with 100
ng/ml of lipopolysaccharide for 4 h to induce endogenous Ifit] expression; Med lanes, cells treated with medium alone.

higher (approximately 13-fold; P < 0.05) in Ifit] ~'~ MEFs than in
wild-type MEFs. To further corroborate these findings, we rein-
troduced the Ifit] gene into Ifit] '~ MEFs using a retrovirus vec-
tor. Replication of the JEV K61A mutant was considerably sup-
pressed (approximately 4-fold; P < 0.05) by ectopic Ifit]
expression in Ifit] "/~ MEFs (Fig. 3F). Ifnb was similarly induced
in wild-type and Ifit] ~'~ MEFs after infection with the JEV K61A

mutant, excluding the possibility that defective type I IFN produc-
tion is responsible for the high sensitivity to infection with the JEV
K61A mutant in Ifit] = cells ( Fig. 3F). Thus, consistent with the
findings of previous studies (13, 15), Ifitl inhibits replication and
infection of flavivirus mutants that lack 2'-O MTase activity.
Ifit1 preferentially binds to virus RNA lacking 2'-O methyl-
ation. Next, we analyzed how Ifit] recognizes 2'-O MTase mutant
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FIG3 Ifit1™/~ MEFsand macrophages fail to restrict the replication of the 2'-0O MTase mutant JEV. (A, B) Culture supernatants of wild-type and Ifitf ™'~ MEFs
(A) and macrophages (B) infected with JEV WT and the JEV K61 A mutant (MOIs, 0.1 for MEFs and 0.5 for macrophages) were harvested at the indicated days
postinfection. The virus titers in 1-ml supernatant aliguots were determined by focus-forming assays on Vero cells and expressed as the log,, number of FFU/ml.
Data are shown as means &= SDs of quadruplicate samples generated from four independent experiments with statistical significance. ND, not detected. *, P <
0.05. (C, D) Accumulation of JEV WT (C) and the JEV K61A mutant (D) RNA in wild-type and Ifit] ™/~ MEFs at 4 days postinfection determined by quantitative
real-time RT-PCR. JEV NS5 RNA levels were normalized to the level of host GAPDH and are expressed as the fold change in Ifir] ™/~ cells versus wild-type cells
(value for wild type = 1). Data are representative of three independent experiments with statistical significance. *, P < 0.05. (E) Culture supernatants of
vector-transduced (-+vector) and Flag-tagged Ifit] gene-transduced (+Ifirl) Ifit] '~ MEFs infected with the JEV K61A mutant (MQI, 0.1) were harvested at 3
days postinfection. The virus titers in 1-ml supernatant aliquots were determined by focus-forming assays on Vero cells and expressed as the log, number of
FFU/ml. Expression of Ifit] and -actin determined by immunoblotting with anti-Flag or anti-B-actin antibodies is shown at the bottom. Data are representative
of three independent experiments. *, P << 0.05. (F) Wild-type and Ifit1 ™'~ MEFs were infected with the JEV K61A mutant (MOT, 0.1). At 4 days postinfection,
cells were harvested and analyzed for Ifnb expression by quantitative RT-PCR. Ifib RNA levels were expressed relative to those of GAPDH. ND, not detected. Data
are shown as means = SDs and are representative of data from three independent experiments.
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FIG 4 Ifitl preferentially binds to virus RNA lacking 2'-O methylation. (A) Electrophoretic mobility shift of biotin-labeled RNA (JEV 5'-terminal 200
nucleotides) with recombinant Ifit1, The presence or absence of a 5 cap and 2'-O Me of the JEV 5'-terminal 200 nucleotides is indicated. Unlabeled 5'-PPP RNA
was used as a competitor. The loss of the band indicates binding of RNA and Ifit] (top). The band intensities (in percent) calculated by Image] are shown at the
bottom. Data are representative (top) and means = SDs (bottom) of five independent experiments, *, P < 0.05. (B) Lysates from HEK293T cells transfected with
HA-tagged Ifit] were incubated with 2.5 pmol of biotin-labeled RNA. The presence or absence of a 5’ cap and 2'-O Me of the JEV 5’-terminal 200 nucleotides
isindicated. 5" OH RNA was produced by incubating in vitro-transcribed RNA with CIAP. RNA was incubated with streptavidin beads, and the precipitates were
separated by SDS-PAGE and immunoblotted with an anti-HA antibody (top). Med and Input, samples from whole-cell lysates of empty vector- and Ifit1-
transfected 293T cells, respectively. The percent band intensities calculated by Image] are shown at the bottom. Data are representative (top) and means = SDs
(bottom) of three independent experiments. *, P < 0.05. (C) MEFs stably expressing Ifit1 (Ifit1 /™ -+ Ifitl) or Ifit] ™'~ MEFs were infected with JEV WT or the
JEV K61A mutant at an MOI of 1.0. The cells were harvested after 24 h, and JEV RNA/Ifit1-binding complexes were immunoprecipitated with a mouse anti-Flag
antibody or mouse IgG. The immunoprecipitated RNA was analyzed by nested RT-PCR using primers that detect the JEV NS1 gene. Each value was normalized

by the value for the input (indicated in percent). Data are means = SDs of three independent experiments. ¥, P < 0.05.

viruses. While recombinant IFIT1 reportedly binds to 5'-PPP
RNA (32), the mRNA of the JEV K61A mutant has a 5’ m7G cap
but lacks 2'-O methylation (5" cap™/2'-O Me™). We examined
whether Ifit] can also interact directly with 5’ cap™/2'-O Me™
RNA using electrophoretic mobility shift assays. Consistent with a
previous report (32), bands of 5'-PPP RNA but not RNA lacking
phosphate at the 5’ end (5" OH) were diminished after addition of
recombinant Ifitl (Fig. 4A). Furthermore, Ifitl blocked the elec-
trophoretic mobility of the 5" cap*/2’-O Me™ RNA. However,
this effect was rescued by exogenous addition in vitro of 2'-O
methylation (5" cap™/2'-O Me™). The efficient binding of Ifit1 to
5’ cap™/2'-O Me™ RNA was corroborated by RNA pulldown as-
says (Fig. 4B). HA-tagged Ifit] was expressed in HEK293T celis,
and cell lysates were incubated with biotin-labeled in viiro-tran-
scribed RNA and streptavidin-agarose. Then, binding complexes
of Ifit1/RNA were analyzed by Western blotting. While Ifit1 was
not pulled down with 5" OH RNA, modest binding of Ifitl to
5'-PPP RNA and 5’ cap™/2'-O Me™ RNA was observed. In com-
parison, the strongest Ifitl protein signal was observed with 5’
cap'/2'-0O Me™ RNA. These findings suggest that Ifitl preferen-
tially binds to 5’ capped RNA lacking 2'-O methylation.

To confirm independently that Ifitl interacts with 5’ capped
RNA lacking 2'-O methylation, we performed RNA immunopre-
cipitation assays using cell lysates from JEV-infected MEFs that
ectopically expressed a Flag-tagged Ifitl. After immunoprecipita-
tion with an anti-Flag antibody, the JEV mRNA was measured by
nested RT-PCR analysis (Fig. 4C). JEV RNA was only marginally
detected in lysates precipitated with control IgG and lysates of
Ifit1 ™'~ MEFs infected with the JEV K61A mutant, indicating the
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specificity of Ifitl binding in the assay. Virus RNA in JEV K61A
mutant-infected MEFs was detected at a level over 37-fold higher
than that in JEV WT-infected MEFs. Taken together, these find-
ings suggest that Ifitl directly interacts with virus mRNA lacking
2'-0O methylation.

Ifitl selectively inhibits translation of 5' capped 2'-O un-
methylated mRNA. To examine the mechanism by which Ifit1
exerts an antiviral effect by associating with mRNA lacking
2'-0O methylation, we used a luciferase translational reporter
assay. Luciferase RNAs with different 5’ structures were trans-
fected into type I IFN-primed MEFs, and total RNA and cell
lysates were harvested 6 h later. Importantly, the levels of lu-
ciferase RNAs in wild-type and Ifit] =/ cells were unaffected by
any of the 5 modifications (Fig. 5A). We then analyzed the
translational efficiency of the transfected RNAs by measuring
the luciferase activity (Fig. 5B). As expected (1), uncapped 5'-
PPP luciferase mRNA was not translated in either wild-type or
Ifit] ™'~ MEFs. Capping of the mRNA (5" cap*/2’-O Me™)
increased translation in wild-type cells, although the levels
were profoundly lower (P < 0.05) than those in Ifit] =/~ cells.
In comparison, addition of 2'-O methylation to the 5" cap (5’
cap/2'-O Me™) in vitro resulted in similar levels of translation
in wild-type and Ifit1 ™'~ MEFs. Even in MEFs that were not
treated with type I IFN, similar patterns of luciferase activity
were observed (Fig. 5C), indicating that slightly expressed Ifitl
might contribute to the inhibition. Taken together, our data
establish that Ifit1 preferentially binds to 5’ capped mRNA
lacking 2'-O methylation and inhibits its translation.
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FIG 5 Ifit] selectively inhibits the translation of mRNA lacking 2'-O methylation. (A) The luciferase RNA amounts at 6 h after RNA transfection were
determined by quantitative real-time RT-PCR. The relative luciferase mRNA amounts, calculated as the amount of each transfected mRNA (Jic2) divided by the

level of GAPDH mRNA expression, are shown. The presence or absence of a 5’

cap and 2'-O Me of the introduced luciferase RNA is indicated. Data are shown

as means = $Ds and are representative of three independent experiments. (B, C) Wild-type and Ifit] ™'~ MEFs pretreated with type I IFN (B) or untreated (C)
were transiently transfected with Luciferase mRNA. Luciferase activities were measured at 6 h after the transfection and are shown as relative light units (RLU).
The presence or absence of a 5’ cap and 2'-O Me of the introduced luciferase RNA is indicated. Data are shown as means & SDs of triplicate samples of the
representative results. Similar results were obtained in three independent experiments. *, P < 0.05.

DISCUSSION

In this study, we investigated the mechanisms by which Ifit] recog-
nizes RNA of JEV lacking 2'-O MTase activity. Ifit] inhibited the
translation of mRNA through association with mRNA lacking 2'-O
methylation.

Toanalyze the role of Ifit] in 5” cap structure-dependent antiviral
responses, we generated a JEV MTase mutant. The K61, D146, K182,
and E218 residues have all been shown to be essential for the MTase
activity of the NS5 protein and replication of WNV (8, 11). Whilea
WNV E218A mutant was previously used for analysis of Ifit1-medi-
ated antiviral responses (13), in our assays, the corresponding JEV
E218A mutant was severely impaired in replication in Vero cells and
rapidly reverted to the wild type during cell culture, preventing its use
(data not shown). A similar phenotype was observed with the WNV
D146A2'-0 methylation mutant (11). However, unlike our results, it
has recently been reported that a JEV E218A mutant is stable in Vero
cells (39). This would be due to the different strains used in the two
studies. Thus, mutation of residues that are essential for the 2'-O
MTase activity of a flavivirus NS5 protein can differentially impact
replication of JEV and WNV even in cells lacking type I TFN responses
and IFIT1 expression.

Previous i vitro studies indicated that IFIT family proteins bind
to several types of RNA, including 5'-PPP RNA and AU-rich double-
stranded RNA (31, 32), Indeed, an analysis of the IFITZ crystal struc-
ture indicated the presence of a positively charged RNA-binding
channel (31), findings which were supported by the X-ray crystallo-
graphic structure of complexes of 5'-PPP RNA with human IFIT5
(33, 40). Wealso observed that Ifit1 could bind to 5'-PPP RNA. How-
ever, our biochemical analysis showed that Ifitl bound strongly to 5/
capped RNA lacking 2'-O methylation and addition of 2'-O methyl-
ation weakened the binding of Ifit] to the RNA. Since mRNAs of
virtually all higher eukaryotes are believed to be methylated at the
ribose 2'-O position (41), this modification likely serves as a molec-
ular pattern for discriminating self from nonself.

Although it remains unclear how 2’'-O methylation reduces Ifit]
binding to RNA, structural changes to the RNA at the 5’ terminus
after 2'-O methylation could sterically hamper Ifit]l binding. The
crystal structure of the 5'-PPP RNA/IFITS complex has indicated that
the RNA-binding site on human IFIT5 is located in1 a narrow pocket,

10002 jviasm.org

thus raising the possibility that 5" capped and 2'-O methylated RNA
cannot fit within an analogous pocket of Ifit1 due to a size limitation
(33). Future structural analyses of the binding complex of 5" capped
RNA with Ifit] will be required to reveal the precise mechanisms by
which Ifit] recognizes 5’ capped RNA lacking 2'-O methylation. Ad-
ditional studies must also test whether other IFITs preferentially as-
sociate with 5’ capped RNA lacking 2-O methylation.

Ifitl also has an antiviral activity against several negative-
stranded viruses, such as vesicular stomatitis virus (VSV) and
parainfluenza virus type 5 (PIV5) (32, 42), whose mRNAs are
2'-O methylated (6, 42). In this regard, Ifit1 is supposed to have an
antiviral effect independent of 2'-O methylation. Indeed, IFIT1 is
able to bind 5'-PPP genomic RNA (32).

Given the previous and present findings that Ifit] inhibits
mRNA translation (23-26), our data are most consistent with a
model in which Ifit] restricts replication of viruses with 5" capped
RNA lfacking 2'-O methylation through direct RNA binding and
subsequent inhibition of translation. Human IFIT1 and murine
Ifit] were previously reported to interact with eIF3 to interfere
with translation (23-26), and replication of hepatitis C virus,
whose RINA lacks a 5’ cap, was also impaired by IFIT1 through
binding to eIF3 (43). Thus, Ifitl may associate with both eIF3 and
virus mRNA to inhibit translation and infection.

The Ifit family proteins consist of several conserved members.
However, Ifit] and Ifit2 appear to have distinct antiviral activities
(44). Thus, the nonredundant and redundant roles of the Ifit fam-
ily proteins remain to be elucidated. Generation of mice lacking
the other members or all of the Ifit family proteins will be useful to
reveal the physiological functions.
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TNF can activate RIPK3 and cause programmed
necrosis in the absence of RIPK1

DM Moujalled™?, WD Cook®, T Okamoto®, J Murphy'?, KE Lawlor'?, JE Vince"? and DL Vaux*'?

Ligation of tumor necrosis factor receptor 1 (TNFR1) can cause cell death by caspase 8 or receptor-interacting protein kinase 1
(RIPK1)- and RIPK3-dependent mechanisms. It has been assumed that because RIPK1 bears a death domain (DD}, but RIPK3
does not, RIPK1 is necessary for recruitment of RIPK3 into signaling and death-inducing complexes. To test this assumption, we
expressed elevated levels of BIPK3 in murine embryonic fibroblasts (MEFs) from wild-type (WT) and gene-deleted mice, and
exposed them to TNF. Neither treatment with TNF nor overexpression of RIPK3 alone caused MEFs fo die, but when levels
of RIPK3 were increased, addition of TNF killed WT, Ripki~'~, caspase 8 '~, and Bax~'~/Bak™'~ MEFs, even in the
presence of the broad-spectrum caspase inhibitor G-VD-OPh. In contrast, Tnfr1~'~ and Tradd '~ MEFs did not die. These
results show for the first time that in the absence of RIPK1, TNF can activate RIPKS to induce cell death both by a caspase
8-dependent mechanism and by a separate Bax/Bak- and caspase-independent mechanism. RIPK1 is therefore not essential

for TNF io activate RIPK3 to induce necroptosis nor for the formation of a functional ripoptosome/necrosome.
Cell Death and Disease (2013) 4, 465; doi:10.1038/cddis.2012.201; published online 17 January 2013

Subject Category: Experimental Medicine

By binding to tumor necrosis factor receptor 1 (TNFR1), TNF
can activate both transcription faciors, such as AP-1 and
NF-xB, as well as cell death mechanisms." Because most
cell lines are not killed by the addition of TNF alone, but
many die when TNF is added together with inhibitors of
transcription or translation, such as actinomycin D or
cycloheximide (CHX),? these transcription factor pathways
appear to promote cell survival. Consisient with this notion,
cell lines mutant for the p65/RelA component of NF-«xB are
killed by TNF alone.® These observations show that upon
ligation, TNFR1 not only activates the NF-«B pathway but
also triggers cell death pathways that can be blocked by an
NF-kB-dependent process.

TNF activates a number of different death mechanisms
depending of the cell type and circumstances. In many cell
types, including mouse embryonic fibroblasts (MEFs), cell
death triggered by TNF (plus CHX), or by related ligands
such as TRAIL or Fasl, requires the presence of the adaptor
protein Fas-associated death domain (FADD) and the
protease caspase 8.*° The receptors for these ligands
bear cytoplasmic death domains (DDs) that allow them io
bind directly or indirectly to FADD, which in turn binds to the
death effector domains of procaspase 8, causing it to
activate.®

Although cell death triggered by ligation of death receptors
can often be blocked by the caspase 8 inhibitor crmA”® or by
pancaspase inhibitory compounds such as Q-VD-OPh® or

z-VAD-FMK,'® not all cells are protected. For example,
murine fibrosarcoma L929 cells were killed more efficiently
by TNF in the presence of z-VAD-FMK,"""*2 and z-VAD-FMK
did not prevent the death of U937 cells treated with TNF, or
HT29 cells treated with TNF plus an inhibitor of apoptosis
protein (IAP) antagonist (smac-mimetic).’® Instead, these
cells died displaying a characterisiic appearance termed
‘necroptosis’.’’!

Necroptosis, or programmed necrosis, refers to a caspase
8-independent death mechanism triggered by the receptor-
interacting protein kinase 1 and 3 (RIPK1 and RIPK3),' 1418
Necropiosis is thought to be dependent on the enzymalic
activity of RIPK1, as suggested by the protection conveyed by
the RIPK1 kinase inhibitor necrostatin.'® Because RIPK1, but
not RIPK3, bears a DD that can interact with the TNFR1,%% it
has been suggesied that upon binding of TNF, RIPK1 is
recruited to TNFR1 either direcily via its DD or indirectly by a
DD-bearing adaptor, such as TNF receptor-associated death
domain (TRADD), to form a complex on the cytoplasmic
domain of TNFR1.2! In cells destined to die, this complex is
released from TNFR1, and recruils other proteins, such as
FADD and caspase 8 to induce apoptosis, or interacts with
RIPK3 to cause necroptosis.”**® RIPK1 is thought to have
a crucial role in recruiting RIPKS by binding via their shared
RIP homotypic interaction motifs (RHIMs).?#2425 Therefore,
according to this model, RIPK1 recruitment of RIPKS is
essential for ligated TNFR1 to signal necroptosis.?®#"
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TNF can activate RIPK3 independently of RIPK1
DM Moujalled et a/

N

To determine the roles and requirements for TRADD,
FADD, caspase 8, RIPK1, RIPK3, and Bax/Bak for TNF-
induced cell death, we derived MEFs from gene-dsleted mice,
and treated them with TNF, in the presence or absence of
exogenously expressed RIPKS3. We found that addition of
TNF activated both caspase 8- and RIPK3-dependent death
pathways, even in the absence of RIPK1. Our results show
that although TNFR1 and TRADD were necessary for TNF to
activaie RIPK3 to cause cell death, RIPK1 and FADD were
not.

Results

Elevation of RIPK3 allows TNF io cause death of
MEFs. To determine whether overexpression of RIPK3
alone was sufficient to cause death of MEFs, we infected
wild-type (WT) MEFs with a 4-hydroxytamoxifen (4HT)-
inducible lentiviral vector expressing FLAG-tagged RIPK3
(Figure 1a). As expected, in the absence of 4HT, cells
treated with TNF for 24 h did not die, whereas those treated
with TNF plus a smac-mimetic compound, which depletes
cells of clAP1,” did die (Figure 1b, upper panels). Induction of
FLAG-RIPK3 by 4HT also failed to kil the cells, but when
TNF was added to cells in which FLAG-RIPK3 had been
induced, they died (Figure 1b, lower panels). These results
show that although elevation of RIPK3 levels alone is not
sufficient to cause cell death, it can sensitize MEFs to killing
by TNF, even when clAP1 is present.

TNFR1 and TRADD are required for TNF to cause death
of MEFs with elevated RIPK3. TNFR1 signaling involves
formation of two distinct signaling complexes, the transient
membrane-associated TNFR1 signaling complex (compiex 1)
and the cytoplasmic signaling complex termed complex 112"
To determine components required for TNF to cause death

of cells expressing elevated RIPK3, we tested MEF lines
that were mutant for proteins implicated in TNF signaling.
We infected Tnfri~'~, Tnfre='~, and Tradd™'~ MEFs
with the inducible lentiviral vector expressing FLAG-tagged
RIPK3 (Supplementary Figure 1a).

Unlike WT MEFs and those mutant for TNFR2, the
Tnfr1='~ and Tradd™'~ MEFs were not killed when RIPK3
expression was induced with 4HT and TNF was added
(Figure 2). Therefore, both TNFR1 and TRADD are required
for TNF to activate RIPK3's killing function.

TNF can activate RIPK3 and cause cell death in the
absence of caspase 8 and RIPK1. Numerous reporis have
described ‘programmed necrosis’ or ‘necroptosis’ as forms of
cell death mediated by the serine/threonine kinases RIPK1
and RIPK3 that are independent of caspase 8.""'*18 To
determine whether TNF-iriggered death of cells with elevated
RIPK3 required caspase 8, we genherated caspase 8/~
MEFs by deleting loxP-flanked caspase 8 alleles in vitro
{Supplementary Figure 1b), and then infected them with the
4HT-inducible RIPKS lentivirus.

First, we compared the sensitivity of WT, caspase 8/,
and Ripk1~'~ MEFs to killing by TNF plus smac-mimetic
(Figure 3a). Unlike WT MEFs, which were efficiently killed by
TNF plus smac-mimetic, very few of the Ripk1™’~ and
caspase 8/~ cells died, indicating that when IAPs are
depleted by smac-mimetic, TNF triggers death of MEFs by a
RIPK1- and caspase 8-dependent mechanism.?®2° This
requirement of RIPK1 and caspase 8 for killing of MEFs by
TNF plus smac-mimetic is similar to that observed in
neuroblastoma cells treated with TRAIL and IAP inhibitor.®°

To determine whether TNF-triggered death of MEFs
with elevated RIPK3 used the same mechanism as when
TNF caused death of IAP-depleted cells, we infected the
caspase 8-/~ and Ripk1™/~ MEFs with the inducible

-4HT

Propidium iodide fluorescence

+AHT
RIPKS
Induced

Forward scatier (size)

Figure1 TNF causes death of cells with elevated RIPK3. (a) WT MEFs were infected with a lentiviral vector-expressing FLAG RIPK3. Cells were induced with 10 nM 4HT
for 24 h, and lysates were probed for FLAG. f-Actin was used as a loading control. *, indicates a nonspecific band. (b) Expression of FLAG-RIPKS in MEFs was induced with
10nM 4HT for 24 h (lower panels), and cells were then treated with 100 ng/ml TNF or TNF plus 500 nM smac-mimetic for a further 24 h. Cells were stained with P! and

analyzed by flow cytometry to detect loss of plasma membrane integrity
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Figure 2 TNFR1 and TRADD are necessary for TNF to cause death of MEFs
treated with smac-mimetic or with elevated RIPK3. FLAG-RIPK3 was induced in
WT, Tnfrt™'~, Tnfr2™'~, and Tradd~'~ MEFs with 10 nM 4HT for 24 h, Cells
were then treated with 100ng/ml TNF or TNF plus 500nM smac-mimetic for
a further 24 h, stained with Pl, and analyzed by flow cytometry. Columns show
mean + S.E.M., where n=3 independently performed experiments

lentiviral vector bearing FLAG-tagged RIPK3 (Figure 3b and
Supplementary Figure 1c). When FLAG-RIPK3 was induced
in Ripk1™'~ and caspase 8 '~ MEFs, little cell death
occurred (Figure 3c). There was also little ceil death when
TNF was added alone. However, addition of TNF {o cells in
which RIPK3 had been induced by 4HT strongly induced cell
death, both in short-term (Figure 3¢) and long-term clonogenic
survival assays (Figure 3d). Therefore, neither RIPK1 nor
caspase 8 is required for TNF fo induce cell death when
RIPKS levels are elevated, but both are needed for TNF to
kill cells in which IAPs are depleted by a smac-mimetic
(Figure 3b). This indicates that while death of MEFs caused by
TNF plus smac-mimetic requires both RIPK1 and caspase 8
activity, when RIPKS3 levels are slevated, TNF can induce
a RIPK1- and caspase 8-independent death mechanism.

RIPK3 killing triggered by TNF does not require
Bax/Bak. Although several groups have shown that RIPK1
and RIPK3 can trigger a caspase-independent, necrotic form
of cell death, a number of different effector mechanisms have
been proposed. For example, it has been reporied that in
some cells, RIP kinases cause cell death by stimulating
production of reactive oxygen species (ROS) or by disrupting
mitochondrial integrity.™ In addition, Zhang et al'® sug-
gested that RIPK3 generates ROS by interacting with the
mitochondrial metabolic enzymes glutamate dehydrogenase
and glycogen phosphorylase, whereas another group pro-
posed that RIPK3 induces cell death by interacting with
MLKL and PGAMS, and activating DRP-1 to cause mito-
chondirial dysfunction;'”?2 a fourth group found that binding
to DNA-dependent activator of interferon regulatory factors
(DAI) was necessary for RIPK3 to cause necrosis;®' and
a fifth group reported that Bax or Bak was necessary
for TNF-induced necrosis.** To determine whether RIPK3
causes cell death by activating the intrinsic (Bax/Bak-depen-
dent) pathway, we infected Bax™’ ~/Bak™'~ MEFs with
an inducible lentiviral vector encoding FLAG RIPK3 (Supple-
mentary Figure 1d), and treated the cells with TNF. As shown
in Figure 4, when RIPK3 levels were elevated, TNF caused
a similar amount of death of Bax™'~/Bak™'~ as of WT
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MEFs, indicating that activated RIPK3 can kill cells by a Bax/
Bak-independent mechanism. Furthermore, as the broad-
spectrum caspase inhibitor Q-VD-OPh was not able to
prevent death of the Bax™/~/Bak™'~ MEFs, RIPK3 must
be able io activate a death mechanism that is not only inde-
pendent of Bax and Bak but also does not require caspase
activity.

When RIPK3 levels are elevated, THNF activates caspases
whether RIPK1 is present or not. Even though it was clear
that when RIPK3 levels were elevated, TNF could trigger cell
death by a caspase 8-independent mechanism (Figures 3¢
and d, TNF is also capable of activating caspase 8, because
when [APs were depleted by smac-mimetic, TNF killed
WT, but not caspase 8/~ cells (Figures 3c and d). To see
whether TNF could activate caspase 8 when RIPK3 levels
were elevated, we treated WT and Ripk7 =/~ MEFs with 4HT
to induce FLAG-RIPKS3, added TNF, and after 4h lysed the
cells and analyzed them by western blot (Figure 5a). Addition
of TNF was able to ftrigger processing of caspase 8, but
only when FLAG-RIPKS3 was induced. Strikingly, caspase 8
processing was triggered by the addition of TNF both in the
WT and Ripk1~'~ MEFs, indicating that when RIPK3 levels
are elevated, TNFR1 can signal via RIPK3 o activate
caspase 8 even in the absence of RIPK1.

To further analyze the caspase pathways that were
activated by TNF in cells with elevated RIPKS, we performed
additional experiments in Ripk1™/~ and caspase 87/~
MEFs, using western blots to test for processing of
caspase 3 and cleavage of PARP, and taking cells from dupli-
cate wells to assess their viability by flow cytometry.

As shown in Figure 5b, TNF triggered the processing and
activation of caspase 3 and PARP cleavage only in cells with
elevated RIPK3. Furthermore, when RIPK3 was elevated,
TNF caused activation of caspase 3 in Ripk7~/~ MEFs, but
not in caspase 8/~ MEFs.

Taken together, these experimenis show thai when
ligated, TNFR1 can signal to RIPK3 independently of RIPKT,
and if its levels are high enough, RIPKS can activate caspase
8 and caspase 3 even if RIPK1 is absent. Nevertheless,
activated caspase 8 was not required for most of the death
when TNF was added to cells with elevated RIPK3, because
Q-VD-OPh was not able to prevent their death (Figure 5c,
WT and Ripk1~'~ gray columns), and cell death still occurred
even in the caspase 87/~ MEFs (Figure 5c¢, light gray
columns).

TNF can activate RIPK3 in the absence of FADD. To
determine whether FADD was required for TNFR1 to aciivate
RIPKS, we iransfected the RIPKS-inducible construct
into Fadd™'~ MEFs. When these cells were treated with
4HT (to induce RIPK3) and TNF, they did not die. However,
as western blois showed that the Fadd™'~ MEFs expressed
relatively low levels of MLKL, a protein thought to be
necessary for RIPK3-induced cell death,®*®® we hypo-
thesized that the Fadd ™'~ MEFs might be surviving because
of low levels of MLKL, rather than because they lacked
FADD. To resolve this, we transfected the Fadd™'~ cells
with a second vector bearing a doxycycline-inducible MLKL
construct (Figure Ba). Addition of TNF to Fadd™'~ cells
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Figure 3 Both caspase 8 and RIPK1 are required for TNF plus smac-mimetic to cause celf death, but when levels of RIPK3 are elevated, TNF alone can induce cell death
in the absence of caspase 8 or RIPK1. (a) MEF lines were untreated (white bars) or treated with 100 ng/ml TNF plus 500 nM smac-mimetic (black bars) for 24 h, Cell viability
was determined by Pl exclusion using a flow cytometer. Colurans show mean * S.E.M., where n= 3 independently performed experiments. (b) WT, caspase 8™/, and
Ripk1~/~ MEFs bearing the inducible FLAG RIPKS vector were untreated or treated with 10nM 4HT for 24, and lysates were probed with antibodies to reveal levels of
endogenous or induced FLAG-tagged proteins. (¢) Cell lines were induced with 10 nM 4HT for 24 h, and then treated, where indicated, with 100 ng/ml TNF and 500 nM smac-
mimetic (SM) for a further 24 h, and viability determined by flow cytometric analysis of Pl exclusion. Columns show mean  S.E.M., where n= 23 independently performed
experiments. (d) Cell lines were induced with 10 nM 4HT for 24 h and cultured with 100 ng/ml TNF alone or TNF plus 500 nM smac-mimetic for 48 h. Cells were resuspended
using trypsin, re-plated, and after 5 days stained with crystal violet to assess clonogenicity
in which both RIPK3 and MLKL were induced increased Discussion
the amount of cell death (Figure 6b). Therefore, in these
cells ligated TNFR1 was able to activate RIPK3 and MLKL in We set out to determine the requirements for particular
the absence of FADD. Furthermore, we could show upon signaling components involved in cell death in response to
induction of RIPK3, MLKL, and TNF treatment, there was no TNF. To do so, we used MEFs derived from gene-deleted
caspase 8 cleavage in the Fadd™'~ MEFs as compared to mice. Consistent with many earlier reports, addition of TNF to
WT MEFs with RIPK3 overexpression and TNF treatment ~ WT MEFs did not cause them to die,?®®* but when the cells
(Figure 6c¢). Therefore, in order for RIPKS to induce activation had been ftreated with a smac-mimetic compound that
and cleavage of caspase 8, it requires FADD. depletes celis of clAP1, addition of TNF did cause celi death.
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5
As TNF plus smac-mimetic did not kil Ripk1™'~ or Although the MEF lines expressed endogenous RIPK3, to
caspase 8/~ MEFs, which were able to divide and form determine if overexpression of RIPKS alone was sufficient to
colonies, clAP1 in WT MEFs must prevent activation of a induce necroptosis, we expressed additional RIPKS from an
TNF-induced death pathway that requires both RIPK1 and inducible lentiviral vector. Overexpression of RIPKS alone
caspase 8. was not sufficient to cause death of MEFs, but unlike WT cells,
cells with increased RIPK3 died upon addition of TNF. We
found that when RIPKS levels were increased, TNF triggered
. 100 activation of caspase 8, whether RIPK1 was present or not.
.g { These results show that when ligated, TNFR1 can activate
@ 80~ | T . RIPK3, and thereby cause activation of caspases 8 and 3,
2 cleavage of PARP, and cell death, even when RIPK1 was
P | absent.
=® These findings question prior assumptions that because it
2 40- bears a DD, RIPK1 was essential for TNF to induce activation
£ of RIPK3, or was essential for TNF to aclivate caspase 8.
S 20 Although we do not know precisely how TNFR1 activates
& RIPKS in the absence of RIPK1, TRADD appears to be
necessary, but to date there have been no reports showing
L T — that TRADD can bind to RIPK3. TRAF2 might also be
AHT(RIPKS) - 9o 4+« o - ok o = b g = e e+ . o . . .
TNE - - 44 44 - b b o dbh - 4 4t responsible for recruiting RIPK3 into death-inducing com-
e e b e .o . plexes, as TRAF2 is rapidly recruited to complex | upon
S + ++ + + + SRS
Qo - - - - - - g e e - FRE ligation of TNFR1, and RIPK3 has bsen reporied to
co-immunopreciptitate with TRAF2.%5
T /- e . . . .
W MEFs Bax/Bak We initially wondered if FADD might be responsible for
Figure 4 Death induced by TNF and activated RIPK3 is indepe/ndent of recruiting RIPK3 to death-inducing complexes in the
proapoptotic Bel-2 family proteins Bax and Bak. WT and Bax™'~/Bak™'~ MEFs F?ipki"’“ MEFs, firstly because some preliminary experi-
bearing the inducible FLAG-RIPK3 vector were induced with 10 niM 4HT for 24 h. ’ - . .,
Where indicated, cells were pretreated with 10M Q-VD-OPh for 1h and ~ MENtS SUggestedthat Fadd ™~ MEFs did not die when RIPK3
subsequently treated with 100 ng/ml TNF or TNF plus 500 ni smac-mimetic (SM) ~ Was elevated and cells were treated with TNF, and secondly
for 24 h. Cells were stained with Pl and cell viability determined by flow cytometry, ~ because it has been reported that FADD can interact directly
Colurmns show mean = S,E.M., where n=3 independently performed experiments  with RIPK3."*2% However, the Fadd ™/~ line had relatively low
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Figure5 TNF treatment of cells overexpressing RIPK3 activates caspases, but this is not necessary for cell death. (a) WT and Ripk? ~/ ~ MEFs were induced with 10 n
4HT for 24 h and treated with 100 ng/mi TNF. After 4 h, cells were harvested, lysed, and analyzed by western blotting, and probed for poly (ADP-ribose) polymerase (PARP)
and hoth full-length and cleaved caspase 8. fi-Actin was used as a loading control. (b, ¢) WT (caspase 8%, caspase 8/~ and Ripk1 ™'~ MEFs in duplicate wells were
induced with 10 nM 4HT for 24 h and treated with 100 ng/mi TNF. (b) After 4 h, cells from one sef of wells were harvested, lysed, and analyzed by westem blot probed for PARP
and cleaved caspase 3. (c) After 4 hin culture, the cells in the second set of wells were re-suspended, stained with 100 ng/mt P1, and cell viability determined by flow cytometry.
Columns show mean £ 8.E.M., where n=23 independently performed experiments
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Figure 6 Elevated levels of MLKL in Fadd™'~ MEFs allows cell death by TNF-induced activation of RIPK3. (a) Fadd ™'~ MEFs were infected with a doxycycline
(dox)-inducible MLKL expression vector. Cells were treated with 1 g/ml of dox for 24 h. Cell lysates were harvested and probed for MLKL as indicated and f-actin was used
as a loading control. {l) Fadd~/~ MEFs bearing vectors for dox-inducible MLKL and 4HT-inducible RIPK3 were treated with 1 ug/mi dox, 10 nM 4HT, and 100 ng/mi TNF for
24 h, Cells were re-suspended using trypsin, stained with 100 ng/mi P, and analyzed by flow cyiometry. (¢) WT MEFs bearing a 4HT-inducible RIPK3 vector and Fadd =/~
MEFs bearing vectors for 4HT-inducible RIPK3 and dox-inducible MLKL were freated with 1 pg/mi dox and 10 nM 4HT for 24 h and treated with 100 ng/ml TNF for 4 h. Cell
lysates were harvested and probed for caspase 8 (full-length), cleaved caspase 8 and MLKL as indicated, and f-actin was used as a loading control

levels of MLKL, and when MLKL levels were elevated, TNF
was able to kill the Fadd ™'~ cells. These results suggest that
FADD might be needed for activation of caspase 8, but is not
required for TNFR1 to activate RIPK3 and MLKL to cause
necroptosis.

The necroptotic cell death pathway triggered by TNF in cells
with elevated RIPK3 did not require the presence of FADD,
RIPK1, caspase 8, or Bax/Bak. The ability of induced MLKL to
restore the sensitivity of the Fadd™'~ cells is consistent with
MLKL being activated by RIPK3 and having an important role
in necroptosis.?* Although how MLKL kills has not yet been
determined with certainty, our observations are consistent
with reports that it causes cell death by a caspase- and Bax/
Bak-independent mechanism.'”2?

Our resulis are consistent with the model shown in Figure 7.
WT MEFs remain viable when TNF is added, because clAP1,
TRAF2, and RIPK1 allow activation of canonical NF-xB
pathways resuliing in the expression of cell death inhi-
bitors such as FLIP, clAP2, and A20%%¢%7 (panel 1). When
smac-mimetic is added, it causes autoubiquitylation and

Cell Death and Disease

degradation of 1APs, so that cells treated with TNF plus
smac-mimetic die by a caspase 8- and RIPK1-dependent
mechanism (panel 2).

When levels of RIPK3 are elevated (panel 3), ligation of
TNFR1 signals via TRADD to activate RIPK3, and TNF can
trigger RIPK3 activation even when RIPK1 is absent. Once
activated, RIPK3 can in turn activate two distinct cell
death pathways, one involving caspase 8, and another that
involves MLKL (panel 3). In Fadd~/~ MEFs, ligation of
TNFR1 can activate RIPK3 when its levels are elevated, and it
can activate the necroptotic pathway but not the caspase
8-dependent cell death pathway (panel 4).

These findings do not exclude the possibility that RIPK1 can
activate RIPKS; indeed, this is likely to be what occurs when
necrostatin is able to inhibit cell death.’'® These findings are
also consistent with a model in which RIPK1 acts in parallel
with RIPK3 such that in the presence of RIPK1, lower levels of
RIPK3 are needed for necroptosis. However, our results
provide strong evidence that RIPK1 does not have an
obligatory role in necroptosis signaling, challenging models
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Figure 7 Model for activation of caspase-dependent and -independent cell death mechanisms by TNF. Under normal conditions, TNF treatment of WT MEFs does not
induce cell death. When 1APs are depleted with smac-mimetic, TNF can activate caspase 8 by a pathway requiring RIPK1 to cause cell death that can be blocked by the
caspase inhibitor Q-VD-OPh. When levels of RIPKS are elevated, TNF not only activates caspase 8 but also activates a caspase-independent death mechanism, but it does
niot require RIPK1 for either
which suggested that RIPK1 has an essential role upstream of puromycin (puro) and 300 ug/ml hygromycin B, Expression of pF 5x  UAS-
RIPK3 and is required for its activation. inducible constructs was induced with 10 nM 4HT, unless otherwise indicated. The
doxycycline-inducible vector pF TRESG PGK puro is a derivative of the pRetroX
refroviral vector {Clontech, Mountain View, CA, USA) possessing a Tet-On 3G
Materiale and Methods transactivator (Tet3G), a puro resistance gene expressed under the control of a
Genetically modified cell lines and mice. Production of MEF fines has ~ PGK promoter, and a tetracycline-responsive element.*® The cDNA-encoding
been described previously in detail.” Briefly, primary MEFs were generated from ~ mouse MLKL (residues 1-464; UniProt sequence QoD2Y4-2) was PCR amplified
E15.5 embryos and then infected with SV40 large T antigen-expressing lentivirus ~ Using the following primers: forward, §'-CGCGGATCCAAGCCACCATGGCECEC
to generate immortal cell lines. Aipk? =/~ mice were provided by Michelle Kellher ~ CAGGAC-Y; reverse, 5-CGCGGATCCTTACACCTTCTTGTCCGTGGATTC-Y.
{University of Massachuseits Medical School, Worcester, MA, USA) and Tnfr1 ~/~ The BamHl-digested PCR product was ligated into the BamHl site of the pF
and Tnf2~'~ mice were a kind gift from Heinrich Komer (University of ~ TRE3G PGK puro vector and was verified by sequencing (Micromon DNA
Tasmania, Sandy Bay, TAS, Australia). Fadd ™'~ MEFs were provided by Francis ~ Sequencing Facility, Clayton, VIC, Australia).
Chan (University of Massachusetts Medical School), Tradd™'~ MEFs were
obtained from Henning Walczak (Imperial College, London, UK) and Manolis ~ Antibodies and chemicals. Primary antibodies used for westem blot
Pasparakis (University of Cologne, Cologne, Germany), and Bax/Bak ™'~ MEFs ~ analysis were anti-FLAG (F-3165; Sigma, Croydon, VIC, Australia), anti-g-actin (A-
were provided by David Huang (Walter and Eliza Hall Institute, Parkville, VIC, ~ 1978; Sigma), anti-RIPK1 (610468; BD Transduction Laboratories, North Ryde,
Australia). Caspase 8 conditional knockin mice were provided by Stephen Hedrick ~ NSW, Australia), anti-RIPKS (551042; Pharmingen, North Ryde, NSW, Australia),
(University of California San Diego, San Diego, CA, USA). anticaspase 8 (Lorraine O'Reilly, The Walter and Eliza Hall Institute, Melbourne,
VIC, Australia), anticleaved caspase 8 (Asp 387) (8592; Cell Signaling
Generation of caspase 8/~ MEFs. Caspase 8 gene-deleted MEFs Technology, Arundel, QLD, Austrafia), anticleaved caspase 3 (Asp 175) (9661;
were generated from E85 caspase 8 LoxP/LoxP embryos (Dr. Steve Hedrick, ~ Cell Signaling Technology), anti-PARP (9542; Cell Signaling Technology, Arundel,
University of California San Diego). Primary MEFs were immortalized by infection ~ Queensland Australia), and ant-MLKL (Jian-Guo Zhang, The Walter and Eliza Hall
with SV40 largeT antigen-expressing lentivirus as described previously.” To delete  Institute). 4HT and doxyeycline were purchased from Sigma, Fe-TNF (in-house)
caspase 8, the transformed MEFs were infected with a Cre-recombinase-  and Q-VD-OPh (OPHO01) from SM Biochemicals, (Anaheim, CA, USA) and
expressing lentivirus (oFU CreR SV40 Hygro) and deletion was confirmed by smac-mimetic was obtained from Tetral.ogic Pharmaceuticals (Malvern, PA, USA).
western blot.
Cell death assays. Cells were seeded at approximately 40% confluency onto
Celi culture, fransfections, consiructs and lentiviral infections, i2-well tissue cullure plates and were allowed to settle for 16-20h. Where
Cell lines were maintained at 37°C, 10% CO, in DMEM supplemented with 10% indicated, 500nM smac-mimetic (Compound A; Tetralogic Pharmaceuticals),
(viv) fetal bovine serum (Gibeo, Melboume, VIC, Australia), 50 ug/mi penicilin G, 100ng/m! human Fc-TNF, 10nM 4HT, and/or 10 M Q-VD-OPh were added to
50 Wil streptomycin, and 2 mM L-glutamine. Medium for Bax/Bak~'~ MEFswas ~ cells for 24 h and celf death measured by uptake of propidium iodide (P}) using a
also supplemented with 270 M -asparagine and 50 uM 2-mercaptoethanol, Cre-  FAGScalibur flow cytometer (BD Biosciences, North Ryde, NSW, Australia).
recombinase and SVA0 large T antigen were cloned into the lentiviral vector pFU I all, 10000 events per sample were collected, and the percentage of live
as described previously.” Mouse FLAG-RIPK3 was cloned into the 4HT-inducible  ¢ells (% Pl-negalive cells) was quaniified using WEASEL software (version 2.2.2;
lentiviral vector pF 5 x UAS.”® Lentiviruses were generated by transfecting WEH).
subconfiuent 10cm plates of 293T cells with vector plasmids together with the
packaging constructs pCMV-AR8 and pVSV-G using Effectene (Qiagen, Clonogenic survival assay., WT, caspase 8=/, Ripki™'~, and Bax/
Chadstone, VIC, Australia) as described previously.®® After 48h, viral super- Bak~'~ MEFs were plated at equal densities on six-well plates, and cultured
natants were collected, filtered, supplemented with 4 pig/mi polybrene, and added with or without TNF and smac-mimetic for 24 h. After reatment, cells were treated
to the target MEFs. Stably infected cells were selected in the presence of 5 ug/ml with trypsin, re-suspended, washed, and re-plated. Cells were then grown
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for 5 days and fixed with glutaraldehyde, and colonies stained with 0.1% (wiv)
crystal violet.

Western blotiing. Lysates were prepared in DISC lysis buffer (20mM
Tris-HCI (pH 7.4), 150 mM NaCl, 10% glycerol, 10% Triton X-100), supplemented
with protease inhibitor cocktail (Roche, Dee Why,NSW Australia). Protein samples
were separated on 4-12% polyacrylamide gels (Invitrogen, Mulgrave, VIC,
Australia), and transferred to Hybond C nitrocellulose membrane (GE, Rydalmere,
NSW, Australia) for incubation with specified antibodies. All membrane blocking
steps and antibody dilutions were performed using 5% (vAv) skim milk in PBS
containing 0.1% (v/v) Tween-20 phosphate-buffered saline (PBST), and washing
steps performed with PBST. Western blots were visualized by enhanced
chemiluminescence (GE).
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ABSTRACT: An attractive approach for developmg ther-
apeutic peptides is to enhance Dbinding to their targets by
stabilizing their o-helical conformation, for example, stabilized

- BimBH3 peptides (BimSAHB) designed to induce apoptosis.

: Unexpectedly, we found that such modified peptides have

 reduced affinity for their targets, the pro-survival Bcl-2 proteins.

- We attribute this loss in aflinity to disruption of a network of

stabilizing intramolecular interactions present in the bound

state of the native peptide. Altering this network may

compromise binding affinity, as in the case of the BimBH3

stapled peptide studied here. Moreover; cells exposed to these

peptides do not readily undergo apoptosis, strongly mdlcatmg
that meSAHB is not mherenﬂy cell permeable

g tabilized helical peptides are designed to mimic an a-helical
structure through a constraint imposed by covalently
linking two residues on the same helical face (e.g,, residue i with
i + 4). “Stapling” the peptide into a preformed helix might be
expected to lower the energy barrier for binding by reducing
entropic costs, with a concomitant increase in binding affinity.
Additionally, stabilizing the peptide may reduce degradation by
proteases”” and, in the case of hydrocarbon linkages, reportedly
enhance transport into cells,® thereby improving bicavailability
and their potential as therapeutic agents.” > The findings we
present here for the stapled BH3 peptide (BimSAHB),
however, do not support these claims, particularly in regards
to affinity and cell permeability. We observe a reduction in
binding upon BimBH3 stapling, which we attribute to the loss
of a network of stabilizing intramolecular interactions on the
peptide. Thus, in addition to the primary consideration for
staple placement in peptide design, that of avoiding key binding
interfaces, our observations reveal a new consideration, that
staples should also avoid disruption of favorable interactions
within the peptide itself,

It has previously been reported that a stapled version of the
BimBH3 peptide (dubbed: “stabilized o-helices of Bcl-2
domains”, BimSAHB), where two native residues were replaced
with (S)-pentenyl alanine denvatlves and covalently joined
through a metathesis reaction, > kills cells by directly actlvatmg
Bax through an interface involving residue Lys21.° This
© XXXX American Chemical Society
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stabilized peptide has also been re};orted to have enhanced
binding for the pro-survival proteins.” When mouse embryonic
fibroblasts (MEFs) (Supplementary Figure 1) or Jurkat cells
(data not shown) were treated with BimSAHB, we observed no
cell death, in contrast to the potent killing induced by the well-
characterized activator of apoptosis, etoposide. This was true
for both the 20-mer BimSAHB peptide used below and the 21-
mer BimSAHB peptide previously used in cellular assays.®
Given that no cell killing was observed when BimSAHB was
added to cells in culture, we decided to test the ability of these
peptides to induce mitochondrial cytochrome ¢ release in vitro
from cells permeabilized with a low concentration of the
detergent digitonin. This would determine if the absence of
killing activity could be attributed to a lack of cellular uptake. In
such assays, we found that BimSAHB was indeed capable of
liberating mitochondrial cytochrome ¢ (Figure lab), consistent
with the conclusion that BimSAHB, under the conditions
tested, does not readily enter cells in sufficient amounts to
induce apoptosis (although proteolytic degradation or non-
specific binding effects could also account for this observation).
We next tested the role of the Bax interface encompassmg
Lys21 proposed to be essential for its activation.® To undertake
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Figure 1. Bioactivity of constrained BimBH3 peptides. Cytochrome ¢ release experiments were performed on permeabilized cells (MEFs) that were
derived from either (a) wild-type or (b) from Bax™/~Bak™~ mice. The cell pellets, containing intact mitochondria, were treated with increasing
concentrations of the indicated peptides. The quantity of cytochrome ¢ release was assessed by ELISA (R&D Systems) analyses of supernatants
postpeptide treatment as compared to mitochondria treated with the permeabilizing agent 1% Triton X-100 (100% activity). (c) Killing assay of
Bax™/"Bak™/~ MEF cells reconstituted with either wild-type Bax (WT) or Bax(K21E) in response to DNA damaging agents etoposide or Ara-C. Cell
viability was monitored by propidium iodide (PI) exclusion determined by flow cytometry. Expression of wild-type Bax and BaxK21E were
confirmed by Western blot analysis (Supplementary Figure 2). (d) Colony formation assays of Bax™'"Bak™~ MEF cells reconstituted with either
wild-type Bax (WT) or Bax (K21E) and transfected with vector encoding an inactive Bim variant (Bim4E),”® wild-type Bim, (targeting all pro-
survival proteins), a Bim, variant targeting only Mcl-1 (Bim2A),>' or Bim,2A in combination with ABT-737 treatment. Exror bars in panels a—c
represent SEM of 2 independent experiments.

this, we reconstituted MEFs lacking the essential cell death BimSAHB (39% helix) and BimLOCK (49%) displayed
mediators Bax and Bak with wild-type (WT) Bax or the K21E enhanced helical content in an aqueous solution compared to

mutant that was reported to be inert.® Unexpectedly, cells an equivalent linear peptide (21%). Additionally, we
reconstituted with either WT or K21E mutant Bax behaved determined crystal structures for both constrained peptides in
identically in short- or long-term survival assays (Figure lc,d), complex with the pro-survival Bcl-2 family protein Bcl-xy
suggesting that this interface was not required for Bax (BCL2L1) (Figure 2b,c). These structures revealed that both
activation. Equivalent cell death to that observed for BimBH3 constrained peptides bind to Bcl-x analogously to the linear
overexpression was observed when ABT-737 (to target Bcl-2, BimBH3 peptide and that neither the hydrocarbon staple nor
Bd-x;, and Bd-w’) was combined with Bimg2A (to target the Jactam bridge interacts with residues on Bcl-x;. Because of
Mdl-1%), suggesting that apoptosis in these cells is primarily the the increased helicity, we anticipated an approximate 4-fold
result of inhibition of pro-survival proteins (Figure 1d)."° By increase in binding affinity (see Supporting Information).
implication, the mechanism by which BimBH3 peptides initiate Instead, these peptides have reduced affinities for pro-survival
cytochrome ¢ release in our experiments using isolated proteins (Table la). Direct binding assays confirmed this
mitochondria could be accounted for by relieving the pro- observation for two pro-survival proteins, Bcl-x, and Mcdl-1.
survival proteins restraining Bax and Bak'® and possibly by The penalty imposed by the staple for Bcl-x; is due to slower
direct activation of Bax via an alternative interface such as that on- and faster off-rates (1.8- and 13-fold, respectively).
shown for Bak." Similarly, the loss in affinity for Mcl-1 resulted predominantly
In sharp contrast to the reported studies,® our studies suggest from a faster off-rate (2.8-fold increase, compared to a 1.3-fold
that BimSAHB is not inherently cell permeable. Moreover, the reduction in on-rate) (Table 1b).
linear control BimBH3 of precisely the same length as the Inspection of the structure of BimBH3-peptide in complex
stapled peptide was just as active at inducing cytochrome ¢ with Bc-x, (PDB code, 3FDL') reveals how the side-chain
release in vitro (Figure la). As the proposed interface for Bax groups of residues on the exposed face of the peptide form a
activation by BimSAHB did not appear to play a major role series of interactions with one another; GlulS1 and Gluls8
(Figure 1c,d), we undertook a detailed biochemical and (numbering based on human Bimg; ) form a pair of salt bridges

structural analysis of the constrained BimSAHB and its with Argl54, and the aliphatic methylene moiety of Glul51
interactions with pro-survival proteins. To undertake these packs tightly with the indole side-chain of Trp147. Additionally,

studies, we also employed a second approach, which we termed Arg154 of Bim forms a water-mediated interaction with Argl03
BimLOCK, to link the side-chains of a glutamate with a lysine of Belx (Supplementary Figure 3a). Critically, none of these
through a lactam bridge.">"® These modified residues were interactions are observed in either structure of the stapled
identical to the (S)-pentenyl alanines used to construct peptides in complex with Bl (Supplementary Figure 3b,c).
BimSAHB. We have calculated the pairwise interaction energy between

Circular dichroism (CD) was employed to confirm that the side-chain groups of each of these residues employing the

covalent linkages enhanced helical content (Figure 2a). Both AUTODOCK empirical function: the AUTODOCK potential

B dx.doh.org/10.1021/cb3005403 1 ACS Chem. Biol, XXXX, XXX, XXX~XXX
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Figure 2. Characterization of constrained BimBH3 peptides. (a)
Circular dichroism was used to measure the percentage of helical
content for BimSAHB, BimLOCK, and an equivalent linear BimBH3
peptide. Both constrained BimBH3 peptides were found to have
significant helical content (BimSAHB 39% helix; BimLOCK 49%
helix), while the linear peptide was found to have a modest secondary
structure content (21% helix). (b) Structare of the Bcl-x :BimSAHB
complex overlaid with linear BimBH3 peptide in complex with Bcl-x;,
(PDB code, 3FDL;"* note that the peptide used for the 3FDL
structure is longer than those used in this study). Peptide regions of
BimSAHB are colored green and the hydrocarbon staple yellow. (c)
Stracture of the Bcl-x:BimLOCK complex overlaid with BimBH3.
Peptide regions of BimLOCK are colored magenta and the lactam
bridge yellow. BimBH3 is colored blue, and Bcl=xg is represented in
surface format in both complexes. Peptide sequences are as detailed in
Table 1 unless otherwise stated.

includes five major contributions to the total free energy of -

interaction: the van der Waals, hydrogen-bond, electrostatic,
conformational entropy, and desolvation energies."> The
individual energies of interaction calculated were, between

— 274 —

Trpl47—-Glulsl, —0.3 kJ mol™), Glul$1-Arglsd, —7.0 kJ
mol™!, and Arg154—Glul58, —2.7 kJ mol™ (using the Bcl-x/
Bim coordinates), yielding a total interaction energy between
all four residues of —10.0 kJ mol™". Assuming these side-chains
do not interact with one another in the free peptide, the
cumulative effect of increased helicity of the peptide and
estimated loss in binding energy due to missing side-chain
interactions, the anticipated reduction in binding affinity for
BimSAHB and BimLOCK is 24-fold and 16-fold, respectively.
These estimates compare favorably with the observed 26-fold
reduction from the competition assay and 8-fold reduction
from the direct binding assay for BimSAHB (Table 1,
Supplementary Table 2) and, likewise, 3-fold reduction from
the competition assay for BimLOCK.

For Mcl-1 and Al, where the reduction in binding affinity
observed by the introduction of the constraint is not as large as
that observed for Bcl-2 and Bcl-xy, either the side-chain groups
may maintain some interaction with one another or the side-
chain groups may interact with the pro-survival receptor to
improve binding affinity. To further assess the contribution of
the intramolecular bonding network on the exposed face of the
peptide and to ensure loss of affinity could not be attributed to
steric hindrance imposed by the staple, we tested the binding
affinity of an unstapled Bim peptide (linear Bim with GlulSs1
and Arg154 substituted with pentenylalanine residues but not
subjected to ring closing metathesis) (Table 1b). This peptide
bound Bcl-x;, with a further reduced affinity as compared to the
stapled Bim, as would be anticipated with the combined effects
of a reduction in helicity {due to loss of the staple) and the loss
of the stabilizing intramolecular network.

Upon binding their pro-survival receptor, the BH3 peptides
adopt an o-helical geometry, stabilized by the interactions
between receptor and peptide and by the intramolecular
interactions within the peptide, specifically the classical
hydrogen bond between the carbonyl oxygen and the NH
groups (i with i + 4) and also the interactions between the side-
chain groups. Disrupting the latter of these interactions results
in a decrease in binding affinity; in our estimate, this is ~10 kJ
mol™" in the case of the BimBH3 peptide. The introduction of
the staple into the peptides has two consequences: (i} while the
staple is able to preorganize the helix and reduce the entropic
penalty for the association, the introduction of a covalent bond
between side-chains removes the contribution to the binding
energy that comes about when the two residues interact (in the
salt bridge formed between Argl54 and Glul38, we estimate
this to be 2.7 k] mol™), and (ii) the chemical nature of the
staple may not be conducive to forming stable interactions with
the side-chain group of the residue one turn away. Loss of a
stable interaction with the staple can be perpetuated down the
chain; in both stapled peptides here, the result is the loss of all
stabilizing interactions between side-chains, most critically the
loss of the salt-bridge between Glul51l and Argl54. The
binding free energy reflects the change in free energy between
unbound and bound states, and since the covalent linkage is
present in both states, there is no change in free energy of
interaction across the staple upon binding. In contrast, in the
native peptide, we calculate a significant favorable change in
intramolecular energy of the ligand upon binding.

The structures of the peptides in complex with pro-survival
Bcl-x; reveal that they bind analogously to unrestrained
BimBH3, neither modification interacting directly with the
target protein unlike that observed with another stabilized
peptide in complex with Mcl-1'® where the staple itself makes

dx.doiorg/10.1021/cb3005403 | ACS Chem. Biol, XXXX, XXX, XXX=XXX
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Table 1. Analyses of Binding of BimBH3 Peptides to Pro-Survival Proteins Using Biacore-Based Assays

BimSAHB 460 + 80 300 + 37
BimLOCK 800 + 27 35 £37
Linear Bim 6.8 + 1.6 11 + 0.6

.
BimSAHB 3.2 % 10°
unstapled BimSAHB 79 X 10°
linear BimBH3 1.7 % 10°
Mcl-1

BimSAHB 3.7 % 10°
linear BimBH3 49 x 10°

370 & 61 34+01 41+03
37 £ 30 3.7 +£03 47 £ 01
25 £23 <14 <2.5

1.5 x 107! 45 nM
7.5 % 1077 95 nM
1.1 % 107 5.7 aM
2.7 x 1073 0.73 nM
9.7 X 107* 0.20 nM

BimSAHB
BimLOCK
linear BimBH3

Ac-“SETWIAQELRXIGDXFNAYYA!®".NH,
Ac-"SEIWIAQELRRIGDEFNAYYA!'*.NH,
Ac-"PEIWIAQELRRIGDEENAYYA'$*.NH,

‘ X'repre'sentsylinkyed ( ;pentenﬂalahine residues
R154 and E158 linked by lactam bridge

(a) Competition experiments performed using a Biacore 3000 as previously described.”® Values are presented as a K; in nM, with SD (n = 3
independent experiments). (b) Direct affinity measurements for binding of linear BimBH3 and BimSAHB to Bcl-x;, and Mcl-1. Measurements were
performed using a BIAcore S51. Peptides were passed over a sensor chip to which either recombinant Bcl-x;-GST or Mcl-1-GST fusion proteins had
been coupled via an anti-GST antibody. Direct association and dissociation rates were measured at a range of concentrations from which Ky, values
were calculated. Unstapled BimSAHB refers to a BimSAHB peptide in which pentylalanine residues have not been linked. (c) Sequences for

peptides.

intimate hydrophobic contact with the side-chain of Phe318,
and one of the flanking a-disubstitution methyl groups contacts
Gly262. Unexpectedly, enhanced helicity did not improve
activity with regards to affinity for the pro-survival proteins or
bioactivity, as measured by induction of cytochrome ¢ release
from mitochondria and cellular uptake. Our findings recapit-
ulate earlier observations'”'® that stapling of peptides to
enforce helicity does not necessarily impart enhanced binding
affinity for target proteins and support the notion that
interactions between the staple and target protein may be
required for high affinity interactions in some circumstances.'”
Thus, the design of stapled peptides should consider how the
staple might interact with both the target and the rest of the
peptide, and particularly in the latter case whether its
introduction might disrupt otherwise stabilizing interactions.

In conclusion, we undertook an investigation of stapled
peptides as part of our on going studies into the mechanism of
the Bcl-2 family of proteins. We found that the addition of a
hydrocarbon staple to the BimBH3 peptide, either via Grubbs
metathesis or formation of an external amide bond, does not
change the peptide-like properties of the molecules in a manner
that makes them significantly more drug-like. While mod-
ification of peptides may yet prove beneficial for drug
development, in this case, we describe that the addition of
external constraints does not enhance either binding affinity or
cell permeability.

METHODS

Circular Dichroism Measurements. Circular dichroism was used
to measure the percentage of helical content for BimSAHB,
BimLOCK, and an equivalent linear BimBH3 peptide. Spectra were
performed on 50 #M peptide solutions in 0.1 M potassium phosphate
(pH 7) at 25 °C. Percent helicity was calculated as previously
described >

Structure Determination. Bclx, protein preparation, crystal-
lization, and structure determination for both the Bcl-x;:BimSAHB
complex and the Bclx:BimLOCK complex were as previously

described for the Bcl-x;:BimBH3 complex.”* Crystallographic statistics
for the two complexes are reported in Supplementary Table 1.

Cytochrome ¢ Release. Cells were pelleted and lysed in 0.025%
(w/v) digitonin containing lysis buffer (20 mM Hepes, pH 7.2, 100
mM KCl, § mM MgCl,, 1 mM EDTA, 1 mM EGTA, and 250 mM
sucrose, supplemented with Complete Protease Inhibitor Cocktail
from Roche). The crude lysates, containing mitochondria, were
incubated with or without 1% (w/v) Triton-X100 or increasing
concentrations of Bim peptides for 1 h at 30 °C, pelleted at 4000 rpm
at 4 °C for 15 min, and the supernatant collected. The amount of
released cytochrome ¢ was determined by ELISA (R&D systems),
according to the manufacturer’s protocol.

BlAcore Competition Assays. BIAcore competition assays were
performed as previously described.*®*" Pro-survival proteins (5 nM)
(Bcl-2, Bcl-x;, and Bcl-w prepared as described in ref , Mcl-1 prepared
as described in ref 24, Al prepared as described in ref 25) were
incubated with increasing concentrations of BimBH3 peptides for 2 h
in running buffer prior to injection onto a CMS5 chip onto which either
a wild-type 26-mer BimBH3 peptide or an inert BimBH3 mutant
peptide (Bim4E) was immobilized.

Direct Affinity Measurements. Direct binding assays were
performed with a Biacore S51 as previously described.” Briefly, anti-
GST antibody was immobilized to a CMS5 chip using amine coupling.
Recombinant GST-tagged Bcl-x; or GST-tagged Mcl-1 (100 pg mL™)
was captured to the chip followed by injection of peptide at a variety of
concentrations. Sensograms were generated by subtracting the binding
response from that of a reference spot to which GST alone had been
captured.

Killing Assays. MEFs were trypsinized, collected, and then washed
twice in serum-free media followed by plating of cells (5 X 10%/well)
in 50 ul, exposed to BimSAHB (20 yM) or vehicle in serum-free
media for 2 h, and serum replacement (20% (v/v) serum in 50 uL
media) for an overall treatment duration as indicated.

Colony Survival Assays. Retroviruses encoding BH3-only
proteins were transduced as described Infected MEFs (GFP(+)
cells) were sorted by FACS and long-term assays of colony formation
performed as described.”®

Molecular Modeling. The free energy of interaction between the
side-chain groups on the BimBH3-peptide was calculated using the
AUTODOCK function.”® In its original formulation, the AUTO-
DOCK potential (model C) includes terms that represent the entropic
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penalty for restriction of conformational freedom and desolvation of
the ligand only. Here, we have included these two components for
both molecular constituents and consequently reduced the contribu-
tion to the total free energy of interaction of each by half. The AMBER
all-atom partial atomic charges® were used to calculate the
electrostatic interaction energy. Hydrogen atoms were added to fill
valencies using the UCSF Chimera package.””

Detailed methods for peptide synthesis, structure determination, K;
calculations, and binding analysis are provided in the Supporting
Information.
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BimSAHB peptide does not kill MEFs; reconstituted
Bax™/"Bak™/~ MEF cells express comparable levels of wild-
type Bax and Bax K21E. This material is available free of charge
via the Internet at http://pubs.acs.org.

Accession Codes

Atomic coordinates and structure factors have been deposited
in the Protein Data Bank (PDB ID codes, 2YQ6 for Bdl-
xL:BimSAHB and 2YQ7 for Bcd-xL:BimLOCK).
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