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Abstract

Overexpression of the cellular FLICE-like inhibitory protein (cFLIP) has been reported in a
number of tumor types. As an inactive procaspase-8 homologue, cFLIP is recruited to the
intracellular assembly known as the Death Inducing Signaling Complex (DISC) where it
inhibits apoptosis, leading to cancer cell proliferation. Here we characterize the molecular
details of the interaction between cFLIP,_ and calmodulin, a ubiquitous calcium sensing pro-
tein. By expressing the individual domains of cFLIP,, we demonstrate that the interaction
with calmodulin is mediated by the N-terminal death effector domain (DED1) of cFLIP,.
Additionally, we mapped the interaction to a specific region of the C-terminus of DED1,
referred to as DED1 R4. By designing DED1/DED2 chimeric constructs in which the homol-
ogous R4 regions of the two domains were swapped, calmodulin binding properties were
transferred to DED2 and removed from DED1. Furthermore, we show that the isolated
DED1 R4 peptide binds to calmodulin and solve the structure of the peptide-protein com-
plex using NMR and computational refinement. Finally, we demonstrate an interaction
between cFLIP_and calmodulin in cancer cell lysates. In summary, our data implicate cal-
modulin as a potential player in DISC-mediated apoptosis and provide evidence for a spe-
cific interaction with the DED1 of cFLIP,.

Introduction

cFLIP (cellular FLICE-like inhibitory protein) is a key anti-apoptotic protein over-expressed in
multiple types of tumor cells [1, 2]. At high cytosolic concentrations, cFLIP inhibits extracellu-
lar receptor-mediated (or extrinsic) apoptosis, which in tumor cells enables a mechanism for
cell survival and uncontrolled proliferation [3]. Moreover, cancer cells displaying high levels of
cFLIP expression also appear to become resistant to chemotherapeutic agents [3-9]. In conven-
tional chemotherapy, one aim is to induce cell death in tumor cells, but in many cases these
cells display resistance to receptor-mediated apoptosis and cFLIP appears to be involved in this
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phenomenon [10-14]. For these reasons, cFLIP represents an attractive target in cancer
therapy.

cFLIP exerts its anti-apoptotic effect by disrupting efficient formation of the Death Inducing
Signaling Complex (the DISC), a large intracellular protein assembly through which the extrin-
sic apoptotic signaling pathway is activated [1, 15]. Normal activation of DISC-mediated apo-
ptosis is achieved through homotypic protein-protein interactions (PPIs) between members of
the Death Domain super-family including Fas, FADD, and procaspase-8/10. cFLIP is consid-
ered to interfere with these interactions by competitively removing procaspase-8 from the
DISC [1-3, 7, 15-18]. The ubiquitous calcium-sensing protein calmodulin has also been impli-
cated as an antagonist of the extrinsic apoptotic pathway and it has been shown that calmodu-
lin antagonists sensitize cancer cells to apoptosis [19-21]. Given these observations and the
growing evidence of calmodulin interacting with various DISC components, the existence of
a protein-protein interaction between cFLIP and calmodulin has also been postulated [20,
22-24].

The proliferation promoting properties of cFLIP and calmodulin have been functionally
linked in a number of cancer types [8, 9, 20, 23]. Several observations of calmodulin antagonists
either inhibiting metastasis or stimulating TRAIL-mediated apoptosis have been reported [8,
25]. The calmodulin antagonist W7 was shown to reduce growth of solid sarcoma 180, B-16
melanoma, and Ehrlich ascites carcinoma, and it inhibited metastasis of Lewis lung carcinoma
[25]. A number of cases where calmodulin antagonists improved retention and cytotoxicity of
chemotherapeutic agents in resistant P388 cells have been described [23]. Tamoxifen and tri-
fluoperazine (both potent calmodulin antagonists) induced apoptosis exclusively in Fas-posi-
tive cholangiocarcinoma cells, suggesting a functional link between calmodulin and Fas
signaling [26]. It has been proposed that calmodulin interacts with the Fas death receptor in a
Ca’"-dependent manner in Jurkat cells and osteoclasts undergoing Fas or calmodulin antago-
nist-induced apoptosis [22, 24]. However, a clear mechanistic explanation never emerged from
these studies. Hwang et al. found that out of the 180 enzyme inhibitors they tested, the calmod-
ulin antagonist fluphenazine-N-2-chloroethane alone enhanced caspase-8 activity in human
lung cancer H1299 cells and, furthermore, inhibited binding between calmodulin and cFLIP
[8]. A different study showed that trifluoperazine also inhibited the interaction between these
two proteins in cholangiocarcinoma cells [21]. More recently it was reported that cFLIPg, a
shorter isoform of cFLIP, is strongly upregulated in surviving non-small cell lung carcinomas
(NSCLC) in response to chemotherapy, promoting TRAIL resistance. This study also showed
that inhibiting calmodulin in these surviving cells leads to down-regulation of cFLIPg, which
correlated with resensitization to TRAIL treatment [9].

The molecular mechanism of the synergistic effect of calmodulin and cFLIP on apoptotic
activity has not yet been explained. Here we present biophysical and structural evidence that
CFLIP interacts directly with calmodulin in a Ca**-dependent manner, and the interaction is
mediated by an amphipathic segment on the C-terminus of the cFLIP death effector domain 1
(DED1). This finding furthers our understanding of DISC function, and opens an opportunity
to develop selective cFLIP inhibitors for cancer therapy. Targeting cFLIP as opposed to cal-
modulin would present a number of advantages and would greatly enhance treatment specific-
ity, as blocking calmodulin could potentially give rise to a number of deleterious effects within
cells and tissues, given the large number of processes involving Ca**/calmodulin signaling,
including cell cycle regulation, signal transduction through second messengers, and cytoskele-
ton formation [27-29]. The growing body of evidence that calmodulin interacts with all DISC
components participating in the cFLIP-mediated apoptotic inhibition, including Fas, FADD,
and as we show here cFLIP itself, may reshape the extrinsic apoptosis model and will further
understanding of cancer cell pathology and therapeutic avenues.
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Results
cFLIP_ binds calmodulin through the death effector domain 1 (DED1)

Following reports of calmodulin acting as an antagonist of the TRAIL pathway, we queried the
possibility of a specific interaction between calmodulin and the major DISC anti-apoptotic reg-
ulator, cFLIP. Full-length cFLIPy and calmodulin were cloned and recombinantly expressed

as polyhistidine-tagged proteins. The proteins were purified by affinity chromatography and
characterized via size exclusion chromatography and SDS-PAGE. Protein-protein interactions
were probed in a pull-down assay utilizing calmodulin-conjugated beads, which showed that
full-length cFLIP; interacts with calmodulin (Fig 1A, lane 2).

In order to identify the site on cFLIP; that interacts with calmodulin, the two death effector
domains (DEDs) were cloned, expressed, and purified separately as GST-tagged fusion proteins
(S1 Fig). Both domains were tested for calmodulin binding in pull-down assays. As shown in
Fig 1, DED1 is almost entirely captured on the calmodulin-conjugated resin (lane 3) while
DED2 remains in the supernatant (lane 4). This suggests that the DED1 interaction with cal-
modulin is strong, while the interaction with DED2 is significantly weaker. Therefore, we
focused our molecular mapping studies on DED1.
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Fig 1. The cFLIP /calmodulin interaction is mediated by the DED1 domain. Calmodulin conjugated on sepharose resin was used as bait in all pull-down
assays and purified recombinant cFLIP, or its DED domains were used as prey (10 g each). Pull-down lanes consisted of 50 pL resin and supernatant lanes
of 500 pL buffer, rendering a dilution factor of 10 for non-interacting prey proteins in the SDS/Coomassie gel. (A) Full-length cFLIP_ pulls down on calmodulin-
conjugated resin (lane 2), with DED1 strongly interacting with calmodulin (lane 3) while DED2 exhibits almost no interaction (lane 4). GST alone, used as a
control, displayed no binding to calmodulin (lane 1). (B) The pull-down was repeated for DED1 and full-length cFLIP_in the presence (lanes 1 and 3) or
absence (lanes 2 and 4) of Ca®*. Neither cFLIP nor its DED1 interact with calmodulin in the absence of Ca®* (lanes 2 and 4). Only pull-down lanes are shown.
(C) To further confirm the specificity of the DED1/calmodulin interaction, a competition assay was carried out in the pull-down format, illustrated conceptually
in this schematic. Recombinant GST-DED1 is incubated with calmodulin-conjugated resin in the presence of increasing amounts of free calmodulin, which is
expected to compete with the resin for binding to DED1. (D) Results of assay described in C. Free calmodulin displaces DED1 from the resin in a dose-
dependent manner.

doi:10.1371/journal.pone.0141692.g001
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Since many calmodulin-binding events are regulated by Ca®*, we tested the effect of Ca** on
the interaction between DED1 and calmodulin. We repeated the pull-down assay with both
full-length cFLIP; and GST-DEDI in the presence and absence of Ca®*. At a 2 mM concentra-
tion of the chelating agent EDTA, the cFLIP; /calmodulin interaction is almost completely
inhibited, consistent with a calcium-dependent calmodulin binder (Fig 1B). To further confirm
that DED1 is specifically interacting with calmodulin, we performed a chase-off competition
assay in the pull-down format. Free recombinant calmodulin was titrated against a constant
amount of DED1 bound to calmodulin-conjugated resin, in the presence of Ca** (Fig 1C). If
DED1 is specifically binding to the calmodulin functionalization of the beads, free calmodulin
should compete with the resin for binding and a dose response should be observed. As shown
in Fig 1D, increasing amounts of free calmodulin gradually displace DED1 from the beads,
clearly outlining a dose response, as hypothesized.

The DED1/calmodulin interaction observed in pull-down assays was also validated by
ELISA. Calmodulin was immobilized on ELISA plates and GST-DED1 was added at increasing
concentrations. Binding affinity was measured by monitoring the fluorescence intensity
response of the anti-GST AlexaFluor 488 conjugated antibody. Curve fitting of fluorescence
intensity as a function of analyte concentration yielded a K, of 2 uM for the interaction
between calmodulin and GST-DED1 (Fig 2A). By contrast, the GST-DED?2 titration did not
result in a binding curve within the concentration range utilized (Fig 2B).

The calmodulin interaction site is located at the C-terminus of cFLIP
DED1

The amino acid sequence of DED1 was BLAST screened against the Calmodulin Target Data-
base in search of potential sequence homology with validated calmodulin binding peptides
[30]. Fifty-nine homologous sequences clustered onto the C-terminal part of DEDI, indicating
the potential location of the binding site (S2A Fig). These DED1 segments were labeled as
regions 1 through 4, of which regions 2 and 4 (R2, R4) were of most interest based on the large
number of hits from the screen, and the conservation of hydrophobic and positively charged
residues (S2B Fig). We defined region 2 (R2) as the sequence spanning R8-§1, region 3 (R3)
as L>-D, and region 4 (R4) as V®*-K”>. Regions 3 and 4 have an overlap of five residues, as a
clean demarcation could not be deduced due to overlapping results from the BLAST search
(S2A Fig).

Since to date there are no available structures for the DEDs of cFLIP; or its mammalian iso-
forms, we generated a homology model for cFLIP DEDI based on the structure of the DED1 of
viral FLIP MC159 (PDB ID: 2BBR.1.A) using the SWISS-MODEL server [31, 32]. Inspection
of this model reveals that the three regions identified through BLAST screening map in
large extent to three putative helices in the C-terminal portion of DED1. These regions are
highlighted on the homology model in Fig 3D. Based on their amphipathic helical projections,
we targeted regions 2 and 4 of DED1 and designed DED chimeric proteins in which these
regions in DED1 and DED2 were swapped. The corresponding R2-R4 regions on DED2 were
delineated based on sequence alignment with DED1. The chimeric constructs are illustrated
schematically in Fig 3A. Folding and stability of the hybrid constructs were confirmed by circu-
lar dichroism (S3 Fig). All constructs exhibit the predicted alpha helical character (S3A and
S3E Fig) and are thermodynamically stable, as indicated by the elevated melting points (S3B-
S3D and S3F-S3H Fig).

The affinity of the DED1/DED2 chimeric constructs to calmodulin was tested in pull-down
assays. As predicted, swapping the R4 regions of the two domains decreases the affinity of the
chimeric DED1 for calmodulin, while swapping the R2-R4 regions completely abolishes

PLOS ONE | DOI:10.1371/journal.pone.0141692 November 3, 2015 4/20
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Fig 2. The interactions identified in pull-downs are recapitulated in ELISA experiments. In all ELISA experiments recombinant calmodulin was used as
bait and immobilized, while GST-tagged DED1 or DED2 constructs were used as prey. (A) GST-DED1 was titrated and the affinity of the interaction with
calmodulin was quantified. The two proteins interact with an affinity of 2 pM. (B) Binding of GST-DED2 is much weaker compared to DED1. (C) When
GST-DED(1 is kept at the Kp concentration, the R4 peptide competitively displaces DED1 from calmodulin. GST-DED1 was allowed to bind calmodulin, and
then the R4 peptide was titrated. The R4 peptide binds with an IC5o of 63 uM. (D) and (E): Swap of the R2R4 regions correlates with a loss of binding for
DED1 and a gain of binding for DED2. DED1-(DED2-R2R4) exhibits diminished calmodulin binding, indicating a loss in activity (D) and DED2-(DED1-R2R4)
displays a clear gain in calmodulin-binding activity (E). Error bars denote standard deviation of three replicates.

doi:10.1371/journal.pone.0141692.g002

binding (Fig 3B, lanes 1-3). More significantly, incorporating the same DED1 regions into
DED?2 partially rescues binding to calmodulin. Once again, swapping the R4 region alone
weakly increases binding to calmodulin, while swapping the entire R2-R4 region for its DED1
counterpart greatly enhances binding of the chimeric DED2 to calmodulin (Fig 3B, lanes 4-6).
This result was further validated by ELISA: the chimeric DED1-(DED2-R2R4) loses its ability
to bind to calmodulin, while the chimeric DED2-(DED1-R2R4) gains moderate calmodulin-
binding (Fig 2D and 2E).

The C-terminal DED1 R4 peptide is a novel calmodulin binder

To further validate the cFLIP; /calmodulin binding epitope mapping, synthetic peptides corre-
sponding to DED1 regions R2, R3, and R4 were tested in a competition pull-down assay for
their ability to displace the calmodulin-bound DED1. The R4 peptide had the strongest inhibi-
tory activity, followed by the R2 peptide. The R3 peptide had no visible effect on the interaction
(Fig 3C). The R4 peptide acted as a competitive inhibitor of the DED1/calmodulin interaction
in ELISA. Titration of the R4 peptide completely displaced DED1 from immobilized calmodu-
lin with an IC5, of 63 uM (Fig 2C).
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Fig 3. The interaction with calmodulin is mediated by the C-terminal part of cFLIP DED1. (A) Schematic representation of the C-terminal swaps
between DED1 and DED2. DED1 segments are illustrated in blue and DED2 segments in red. (B) Constructs illustrated in A were used as prey in a pull-
down assay on calmodulin-conjugated resin. DED1 constructs containing DED2 segments lose the ability to bind calmodulin (lanes 1-3), while DED2
constructs containing DED1 segments show a gain in binding ability for calmodulin (lanes 4-6). (C) Synthetic R2, R3, R4 peptides corresponding to the
DED1 regions shown in A were titrated into the pull-down assay to displace GST-DED1 from calmodulin-conjugated resin; R2 and R4 show inhibitory activity,
while R3 is ineffective. Only pull-down fractions are shown for simplicity. (D) Homology model of DED1 highlights the position of the R2, R3, and R4 regions.
Amino acid sequences for the three peptides are shown next to the model.

doi:10.1371/journal.pone.0141692.9003

To characterize the binding interface on the calmodulin side of the complex, we performed
"H,"’N-HSQC NMR titration experiments using '°N-labeled calmodulin and unlabeled R4
peptide (Fig 4A). In this type of experiment, the "H,"”N resonances of calmodulin are moni-
tored as unlabeled ligand (in this case R4) is titrated. An interaction between the ligand and the
target protein induces changes in the chemical environment around the protein residues
affected by binding, which translates into perturbations of the chemical shifts of the respective
signals in the 'H,'°N spectrum [33]. Addition of the unlabeled R4 peptide induced significant
chemical shift perturbations (CSP) in the 'H,"’N-HSQC spectrum of calmodulin, which is
indicative of a binding event. The interaction was shown to be Ca**-dependent, as addition of
chelating agents disrupted binding: the spectra of calmodulin alone and in the presence of satu-
rating amounts of R4 are essentially identical in the presence of EDTA (Fig 4B). A six-point
titration of R4 (ranging from 0:1 up to 5:1 ratios of R4:calmodulin) (Fig 4C-4F) demonstrated
that the binding can be saturated and yielded a Kp, value of 58-62 M, in agreement with the
ICs( determined from the ELISA competition experiment. To determine the binding site for
R4 on calmodulin, we obtained a nearly complete backbone assignment of calmodulin reso-
nances (all non-Pro residues except Gly', Met?, His'*) using standard triple resonance experi-
ments on a 'H,">C,'°N-labeled sample of calmodulin (BMRB accession code 19630). The NMR
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Fig 4. The DED1 R4 peptide interacts with calmodulin. (A)'H, >N-HSQC spectrum of calmodulin before
(blue) and after addition of R4 (red), in the presence of Ca®*. The peak shifts between the two spectra are
indicative of a binding event. (B) Chelation of Ca* with EDTA abolishes the interaction. The spectra shown in
blue and red are in the absence or presence of excess R4, respectively. The high degree of spectral overlap
indicates there is no interaction between R4 and the protein. (C)~(F) Enlarged views of corresponding insets
from panel A, showing examples of residues directly involved in binding to R4. Spectra depict the following
R4:calmodulin ratios: blue—0:1; cyan—1:1; green—1.5:1; magenta 2:1; red—>5:1. Other titration points were
excluded for ease of visualization. Arrows indicate the direction in which the peaks shift.

doi:10.1371/journal.pone.0141692.g004
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resonance assignments available in the BMRB did not match either the protein sequence or the
experimental conditions we utilized. Fig 5 displays a bar graph of CSPs mapped for each cal-
modulin residue in the presence of saturating R4 amounts. The calmodulin residues that expe-
rience statistically significat shifts upon binding of the R4 peptide include F'4 B2 M8, LY,
and E* on the N-terminal lobe. Similarly, residues most affected by binding on the C-terminal
lobe include M'"!, T''2, M6, K7, L8, A0 F'*°) M6, T"*8, and K'*°. Other residues on the
C-terminal lobe are clearly affected by binding, because the signals in the 'H,"”’N-HSQC spec-
trum broaden and shift to the extent where their assignment cannot be unambiguously trans-
ferred. These include L''*, E'?5, E'?°, and E'*!. There are two main classes of calmodulin
residues that are consistently described as participating in binding events with target peptides.
These are either hydrophobic residues such as Phe, Leu, or Met in so-called FLMM cavities in
both the N- and C-terminal calmodulin lobes (where the letters stand for the comprised amino
acids) or charged Glu residues surrounding the FLMM cavities [34]. The FLMM residues
anchor the ligand through conserved hydrophobic interactions and the glutamic acid side-
chains stabilize the interaction through electrostatic contacts [35, 36]. These conserved interac-
tion sites were first described extensively for calmodulin in complex with peptides M13,
smMLCK, and CaMKI], and have since been reported for a large number of the three hundred
calmodulin binders [30, 37-39]. Indeed, our CSP data are consistent with this canonical
“wrap-around” calmodulin binding modality, where FLMM and charged Glu residues on both
lobes participate in binding to R4, with a larger contribution from the C-lobe.

Structure of R4 peptide bound to calmodulin

The NMR titration experiments described above demonstrated that the R4 peptide interacts
with calmodulin with an affinity comparable to the value obtained from ELISA (ca. 50-

60 uM). This affinity range typically correlates with a ligand off-rate fast enough to enable
observation of transferred NOEs for the peptide in the presence of its binding partner [40, 41].
More precisely, in the unbound state small peptides are typically characterized by short
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Residue number

Fig 5. Calmodulin binding epitope for R4 peptide. Chemical shift perturbations (CSP) observed on the amino acid residues of '*N-labeled calmodulin
upon R4 peptide binding. The magnitude of the CSP is plotted for every calmodulin residue. Eight residues experience shifts larger than two standard

deviations (red). Eighteen additional residues experience shifts larger than one standard deviation (orange-yellow). Negative bars indicate residues that
could not be unambiguously assigned.

doi:10.1371/journal.pone.0141692.9g005
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correlation times and will exhibit very small, positive NOEs, or no NOEs. Upon binding to pro-
tein partners, NOEs generated in the bound state of the peptide are measured and analyzed in
the unbound state [40, 41]. We therefore utilized transferred NOESY experiments to determine
the structure of the R4 peptide bound to calmodulin. An '°N-labeled calmodulin sample was
used in combination with '*N-filtered transferred NOESY pulse sequences, which allowed
selective elimination of any protein-generated NOEs, thus enabling exclusive observation of
peptide intra-molecular NOEs [42]. Sequential resonance assignment of the R4 peptide was
achieved from additional TOCSY and ROESY experiments carried out for the peptide alone
[43, 44]. From the transferred NOESY experiments we obtained 80 distance constraints (S2
Table), which were utilized in distance geometry calculations to produce the three-dimensional
structure of R4 (PDB ID: 2N5R, BMRB ID: 25726). 97 structures were generated and the 21
structures corresponding to the lowest total energy were chosen for analysis. NOE violations
and structure validation parameters are reported in S2 Table. A representative R4 peptide
structure is shown in Fig 6, modeled in the binding pocket of calmodulin. The peptide itself is
unstructured when not bound to calmodulin, as evidenced by the absence of any backbone
amide 'H-"H NOE or ROE signals in the NOESY or ROESY spectra acquired for the peptide
alone. However, upon binding calmodulin, the peptide adopts a mostly helical conformation
through residues F*>-L7? (Fig 6A). The N-terminal V®*-R** residues remain unstructured, as
indicated by the absence of NOE signals in this region even in the bound state of the peptide.
The peptide solution structure was modeled in the binding pocket of calmodulin (PDB ID:
1QTX, calmodulin bound to the sMLCK smooth muscle myosin light chain kinase peptide)
and the complex was further refined using molecular dynamics (Fig 6). This calmodulin struc-
ture was chosen for modeling because it is representative of the 1-14 class of calmodulin bind-
ers and the R4 peptide seems to best fit in the basic 1-8-14 subclass. The R4 structure was
initially manually docked to the calmodulin structure by superposition to the sMLCK peptide,

B

Fig 6. Model of R4 peptide/calmodulin complex. The solution structure of R4 was docked into calmodulin and the model was refined by molecular
dynamics. Colored on calmodulin are the residues which undergo significant chemical shifts in the NMR titration experiments, ranging from red (strongest) to
light yellow (weakest). The color scheme corresponds to that in Fig 5. The R4 hydrophobic anchors F®® and 17" are shown, as well as the calmodulin residues
that experience the strongest CSPs, M'"! and F2. (A) The model is otiented to facilitate visualization of the peptide in the pocket (the N-lobe of calmodulin is
facing upward and the C-lobe downward). (B) 90° rotation of the model in A.

doi:10.1371/journal.pone.0141692.9g006
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aligning the hydrophobic anchors, and by consideration of calmodulin CSPs in the NMR titra-
tion experiments. In the resulting model (Fig 6), R4 is aligned with the N- and C-termini of cal-
modulin in an anti-parallel fashion, with F*> and I”* positioned in the conserved protein
hydrophobic pockets. Existing structures of other calmodulin complexes where the binding
peptides display higher affinity for the C-lobe than the N-lobe like R4 does exhibit anti-parallel
alignment of the peptide with respect to calmodulin [36]. In our model, the R4 hydrophobic
anchors make contacts with calmodulin residues M''" and F*, respectively. These two protein
residues exhibited the strongest CSPs in the NMR titration experiment (Fig 5). Other protein
residues that were strongly affected upon peptide binding experimentally, such as T''* or K''”
(and all the ones between them whose assignment could not be unambiguously transferred due
to severe broadening or overlap), appear in close proximity to the peptide F®* in our model. As
described earlier, other protein amino acids affected by binding include hydrophobic FLMM
residues and charged glutamic acid sidechains predominantly on the C-lobe of calmodulin. In
our model, these residues appear in close proximity to the R4 peptide F®® anchor, which is con-
sistent with the large CSPs observed experimentally for these residues. The peptide N-terminus
is positioned slightly outside of the protein binding pocket and is likely unstructured, as also
indicated by the absence of NOEs for this region. Fig 5 indicates that there is a second set of
strong CSPs experienced by residues at the N-terminal lobe of calmodulin. In this model, these
residues form the pocket which accommodates the second peptide hydrophobic anchor, I”".
Additionally, the residues in the flexible linker adjoining the two calmodulin lobes also experi-
ence significant CSPs in the experimental data, even though they do not appear to make close
contacts with R4 in our model. This linker is known to adopt a wide range of conformations to
accommodate the different calmodulin binders [36, 37, 39]. Therefore, we suspect that in solu-
tion this linker either makes more intimate contacts with the C-terminus of R4 (L7? and K”3)
or experiences a conformational modification as a result of the change in angle between the
two calmodulin lobes upon peptide binding, generating the CSPs observed in the experimental
titration.

The cFLIP/calmodulin interaction is recapitulated in cancer cell lysates

After characterizing the calmodulin/cFLIP DEDI interaction using purified recombinant pro-
teins, we confirmed the interaction is maintained in the more physiologically-relevant environ-
ment of the cancer cell lysates. We used lysates of NCI-H2030 non-small lung cancer cells for
pull-downs with calmodulin-conjugated beads. NCI-H2030 cells express the CFLAR gene,
which encodes for cFLIP, but endogenous levels were too low for Western blot detection. As
such, the lysates were enriched with recombinant cFLIP; to ascertain whether the interaction
with calmodulin would still be maintained in the presence of other cytoplasmic components,
which could compete with either one or both proteins in the native cell environment. The cal-
modulin-conjugated beads pulled down full-length cFLIP; and this interaction was found to be
inhibited but not fully blocked by 1 mM EDTA. We also observed that 1 mM R4 peptide is able
to partially inhibit the interaction between cFLIP and calmodulin in the cell lysate environ-
ment, although to a lesser extent than with purified components (S4 Fig vs. Fig 3C).

Discussion

Here we report the molecular details of the interaction between ¢FLIP; and calmodulin. Our
results show that full-length cFLIP| interacts with calmodulin in pull-down assays in a Ca**-
dependent manner, both in vitro using isolated purified proteins as well as in the more physio-
logically-relevant environment of lung cancer lysates. By sub-cloning and characterizing the
individual cFLIP; domains we have further shown that cFLIP; binds calmodulin through its
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DED1 and have validated this finding through a suite of biochemical and biophysical assays,
including pull-downs, ELISA, and NMR. Searching against the Calmodulin Target Database
allowed for a narrowing down of the interaction site to two regions on DED1 (R2 and R4). Of
the two, R4 is the center of the calmodulin interacting site, both within the context of the intact
protein (as demonstrated by the DED1/DED2 chimeric constructs) and as an isolated peptide.

Most calmodulin binding peptides are classified into families based on shared motifs (e.g.,
1-10, 1-14, 1-18 motifs), where key bulky hydrophobic residues are located at defined dis-
tances [19, 30, 45, 46]. The R4 peptide does not fit unequivocally into any putative family: the
closest match is the basic 1-8-14 subclass, with the caveat that the R4 peptide is only twelve
amino acids long. However, it does include basic N-terminal residues (R®R®) followed by
bulky hydrophobic residues one and eight amino acid positions downstream (F®* and L’?,
respectively). It should also be noted that numerous “non-canonical” calmodulin binding pep-
tides have been identified which do not match a particular motif, but share the common char-
acteristics of amphipathic alpha helices with clusters of basic residues [30]. The boundaries of
the R4 peptide were chosen empirically, therefore more optimized delineations are possible.
For example, the 58-LLYRVRRFDLLKRILK-73 cFLIP sequence could be a closer match for the
1-5-8-14 calmodulin binding motif. However, the fact that 62-VRRFD-66 is a region of overlap
between R4 and R3, which showed no binding towards calmodulin or any inhibitory effect on
the interaction between the former and DED1 would seem to suggest that if the R4 peptide
were to be elongated, it should be at its C-terminus.

This conclusion is also supported by the large number of calmodulin binding peptides
showing homology to the C-terminal part of peptide R4 and by our structural NMR data for
R4 bound to calmodulin. In the model of the R4/calmodulin complex the N-terminus of R4 is
placed slightly outside the calmodulin binding pocket, and this region appears unstructured
both in the model and in the NMR experiments. In order for calmodulin to bind to the iso-
lated DED1 as well as to full-length cFLIP;, this C-terminal region of DED1 would likely
undergo a conformational rearrangement so as to accommodate calmodulin. Such a confor-
mational change could enhance accessibility to the F®> and I”' hydrophobic anchors (which
are solvent-exposed in our homology model of cFLIP DED1) and could have long-range
effects, for instance on R2. Since R3 does not show any inhibitory activity on the DED1/cal-
modulin interaction in any of our assays, we speculate that R3 serves as a “hinge region”
around which DED1 rearranges to accommodate binding to calmodulin through the C-termi-
nal R4 region. Such an induced fit upon binding is consistent with our observation that the R2
region enhances the affinity of DED1 for calmodulin. Our results differ from previous reports
of the 197-213 segment of cFLIP; as the interaction site for calmodulin [21]. Since segment
197-213 represents the linker region between DED2 and the caspase-like domain, its elimina-
tion could induce major allosteric effects in ¢cFLIP;. This discrepancy may also be due to inter-
ference with other DISC components not identified in the cell lysate-based assays previously
conducted [21].

cFLIP upregulation has been correlated with metastasis in numerous types of tumors [9,
47]. One such example is represented by non-small cell lung carcinomas, which are the leading
cause of death among all cancer patients. For this reason, we chose to further study the cFLIP/
calmodulin interaction in NCI-H2030 cancer cell lysates. The interaction between cFLIP; and
calmodulin is clearly detectable in these lysates, further adding to the growing body of literature
postulating the potential involvement of calmodulin signaling in the DISC. Competition with
cFLIP-derived peptides was not as effective as in the assays with purified components. The
drop in inhibitory activity could be attributed to two factors: i) the inhibitory peptides can
interact with other cell components, thus diluting the effective concentration available for
cFLIPy inhibition; ii) cFLIP can be recruited into the DISC via multiple interactions, such as
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with procaspase-8 and/or DR5, FADD, and thus targeting one contact point for inhibition will
only partially inhibit cFLIP recruitment.

Recently Majkut et al. have reported a computational model for the mode of interaction
between components in the tripartite complex comprising cFLIP, FADD, and procaspase-8,
proposing that the 2 helix of cFLIP DED?2 interacts with FADD in a groove formed by the 1
and 4 helices of its own DED [16]. A previous report proposed that FADD itself also interacts
with calmodulin through helices 8-9 and 10-11 of its death domain (DD) [48]. Our observa-
tion that calmodulin interacts with cFLIP via a putative helix 5 in its DED1 is compatible with
these previously reported interactions. Given the number of literature reports of calmodulin
antagonists sensitizing Fas-mediated apoptosis in a number of tumor cells, as well as the grow-
ing number of reports demonstrating direct interactions between calmodulin and almost each
individual DISC component (Fas, FADD, cFLIP), it is plausible to envision calmodulin playing
a role in DISC formation and function [8, 20-24, 26, 45, 48, 49]. As more interactions between
calmodulin and individual DISC members are demonstrated, precisely determining the role
calmodulin plays in DISC signaling becomes an increasingly complex task.

Interestingly, the F> hydrophobic anchor in the R4 peptide is at the center of DED1’s RxDL
“charge triad”. These charge triad motifs are highly conserved in all DEDs and have been impli-
cated in the homo- and heterotypic interactions between DED-containing proteins [1, 16, 50,
51]. Studies conducted on the viral FLIP MC159 suggested this triad from helix 6 of its own N-
terminal DED is important for the protein’s anti-apoptotic activity [1]. We can therefore begin
to speculate as to the role calmodulin might play in DISC formation and signaling—if the same
charge triad in cFLIP DED1 plays a similar role in the inhibition of apoptosis as MC159, then
calmodulin binding at this site could act to regulate apoptosis.

Further studies will be required to precisely characterize the sequence and regulation of
each calmodulin binding step, but all these interactions support the idea that calmodulin could
act to shift the equilibrium towards increased recruitment of cFLIP to the DISC, consequently
inhibiting Fas-induced apoptosis. This model provides a starting point for a mechanistic expla-
nation as to why calmodulin antagonists can promote Fas-mediated apoptosis. [19, 20] Fur-
thermore, this model also raises the possibility of a new avenue for pharmacological targeting
in tumor cells. Since some calmodulin antagonists have a stimulating effect on Fas-mediated
apoptotic activity, inhibiting the calmodulin/cFLIP interaction by targeting cFLIP DED1 could
aid in restoring DISC-mediated programmed cell death while at the same time avoiding the
wide range of potentially deleterious side effects that could result from global calmodulin inhi-
bition. Blocking the cFLIP/calmodulin interaction could also be more effective than targeting
the interactions between calmodulin and other DISC components (such as Fas, for instance),
especially in the case of tumor cells that become resistant to Fas-stimulation in response to che-
motherapy, a mechanism which has been linked with increased recruitment of cFLIP to the
DISC [9, 22]. The inhibition of the cFLIP/calmodulin interaction is an attractive target for the
development of novel cancer therapeutics. The structural characterization of the complex of
calmodulin with the cFLIP DED1 R4 peptide, as well as the structure determination of the
cFLIP death effector domain 1 will pave the way for the rational design of targeted small mole-
cule inhibitors of the cFLIP/calmodulin interaction.

Materials and Methods
Synthetic Peptides

(Tufts University Core Facility, Boston, MA) were solubilized in PBS and stored as 100 uM ali-
quot stocks at -20°C until used. Peptide concentrations were determined by weight, assuming
98% purity in the HPLC fractions.
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Construct design

The cFLIP; template (canonical isoform 4, NCBI Reference Sequence: NP_001189445.1, cour-
tesy of Dr. Roya Khosravi-Far, Harvard University) was amplified by PCR using primers which
introduced an Ndel site at both ends. The Ndel sites represent the junction points to the
PET21b+ vector, in which cFLIP; was introduced upstream of the C-terminal polyhistidine
tag. The forward aligned clones were selected by DNA sequencing. All cFLIP subdomains were
cloned into the GST-expressing pGEX-6P-1 plasmid. Human calmodulin cDNA was pur-
chased from OriGene (CALM2 gene, cat # SC125707) and similarly amplified by PCR to be
introduced into a pET16b plasmid. In contrast to full-length cFLIP;, however, calmodulin and
the cFLIP subdomain constructs were cloned using Agilent’s QuikChange II XL site-directed
mutagenesis kit by using a PCR insertion method which precludes restriction enzymes and
ligases. Briefly, the DNA primers (Integrated DNA Technologies, Coralville, IA) were designed
to include a distal segment overlapping with the target plasmids and a proximal segment over-
lapping with the protein construct (See S1 Table for a list of plasmids and primers). In the first
step, the proximal segments were used as primers to PCR-amplify DNA segments of target
clones with overhangs corresponding to the plasmids. In the second step, the purified PCR
products were used for site-directed mutagenesis-based insertion, where the inserts’ distal/
overhanging segments defined the insertion points on the target plasmids. The cloned con-
structs were confirmed by DNA sequencing (Dartmouth College Molecular Biology Core Facil-
ity). Amino acid boundaries of the constructs are depicted in S1 Fig. Primers used for all
cloned constructs are listed in S1 Table. Note that both the pET16b and the pET21b+ vectors
were modified as follows: the pET16b vector was engineered to include a TEV (Tobacco Etch
Virus protease) cleavage sequence between the N-terminal polyhistidine tag and the construct
of interest; the pET21b+ vector was engineered to knock out the T7 tag (ASMTGGQQMG)
and we refer to this vector as pET21b+AT?7.

Protein purification

All employed proteins were purified via standard FPLC techniques. The E. coli cultures were
grown to an ODg = 2 in Terrific Broth, and then induced with 0.2 mM IPTG for 16 hours at
20°C, reaching a final ODggg = 15-20. Cells were harvested by centrifugation at 4,000-5,000
rpm for 20-30 minutes and the pellets were resuspended in 30 mL FPLC binding buffer supple-
mented with a protease inhibitor cocktail tablet (Roche Complete) and a DNAse (Benzonase),
using 2 mM MgCl, as a cofactor. Cells were lysed using a French Pressure Cell and soluble pro-
tein fractions were cleared by centrifugation at 40,000-60,000 rpm. All constructs except full-
length cFLIP were soluble. cFLIP was insoluble, so it was resolubilized from the pellet under
denaturing conditions (8 M Urea) after lysis and subsequently refolded. The proteins from the
lysed cultures were purified by means of affinity chromatography on GE Healthcare Akta
Xpress FPLC systems. Briefly, cleared cell lysates containing the 6His-tagged or GST-tagged
over-expressed proteins were separated on Ni**-conjugated or glutathione-conjugated resins
(GE Healthcare HisTrap HP and GSTrap 4B 5 mL columns), respectively. Size exclusion chro-
matography (SEC) on Superdex-200 or Superdex-75 HiLoad prep-grade columns (GE Health-
care) was used for removal of glutathione or imidazole, and for separating the monomeric or
dimeric proteins from higher molecular weight species. The protein samples in PBS, pH 7.4, 2
mM DTT (the SEC running buffer) were stored as aliquots at -80°C until used.

"“N-only or "°N,"*C-labeled calmodulin was produced by gently harvesting 300 or 100 mL
cell cultures, respectively (2,000 rpm for 10-15 minutes) once an ODgyo = 3 was reached, fol-
lowed by resuspnesion of the pellets in the same volumes of M9 medium containing ""NH,CI
(3 g/L), and ">C-D-glucose (10 g/L) for the double-labeled sample. After resuspension, an
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additional hour of growth at 37°C was allowed to ensure metabolic consumption of unlabeled
nutrients, after which the cultures were induced with IPTG and transferred to 20°C as
described above. In the case of the isotopically labeled calmodulin, the N-terminal polyhisti-
dine tag was proteolytically removed for use in NMR experiments by incubation with in-house
produced Tobacco Etch Virus protease (TEV) for 20 hours at 4°C. Briefly, the protease itself
also contains a histidine tag which allows selective removal of the protease and cleaved tag after
a second pass through a Ni** column, and separation of tag-free calmodulin in the flow-
through.

Circular dichroism

Folding and stability of wild-type and hybrid cFLIP; DED1 and DED2 constructs were
assessed by circular dichroism (CD). All samples contained 3-6 (M protein in 1x PBS,

pH = 7.5. CD scans were acquired at 20°C with four accumulations each in the 250-200 nm
UV range, at 100 nm/min, and with a 1 nm bandwidth. CD melting curves were monitored at
222 nm between 20°C and 80°C, with a temperature ramp rate of 1°C/min (for DED2, the
curve was monitored up to 90°C due to the higher melting point of this construct).

Pull-down assays

50 pL aliquots of calmodulin-conjugated beads (Cat # 214303-52, Stratagene, La Jolla, CA)
were equilibrated by washing the beads with reaction buffer (PBS, 2 mM CaCl,, 0.5% Tween-
20, pH 7.4). The beads were suspended in 1 mL buffer and sedimented by centrifugation

(< 6,000 rpm) three consecutive times. The reactions were assembled in a final volume of 0.5
mL, with normalized amounts of pure recombinant protein constructs (10 ug), and then incu-
bated on a nutator at room temperature for two hours. After incubation the beads were sedi-
mented at slow speeds (< 6,000 rpm) and washed successively three times. The supernatant
and the pull-downs were analyzed by SDS-PAGE/Coomassie. Equal amounts of bait protein
(calmodulin) in each reaction were ensured by using equal volumes of calmodulin-conjugated
slurry. Conversely, equal amounts of prey were ensured by quantifying recombinant protein
concentrations through A,z UV measurements. Recombinant protein purity was assessed
through SDS-PAGE analysis. When appropriate, A,g, results were followed up with image
quantitation of SDS-PAGE bands using NIH’s Image] software.

The pull-downs with NCI-H2030 cell lysates were performed similarly. Briefly, 100 pg total
lysate protein (as determined through a quantitative Bradford assay) was loaded per reaction.
These cells did not express cFLIPy, to a level detectable in our Western Blot analyses. Therefore,
the reactions were supplemented with 10 g cFLIP;. The results were analyzed by Western
blotting.

Western blots

Assays were performed according to standardized protocols [52]. The primary anti-cFLIP anti-
body (sc5276, Santa Cruz Biotech, Santa Cruz, CA) was diluted 1:1,000 in blocking solution
(PBS, 0.1 mg/ml BSA fraction V) and the PVDF blot incubated for two hours at room tempera-
ture, followed by three successive washes in 10 mL TBST (TBS, 0.1% Tween-20), each wash
lasting ten minutes. The secondary anti-mouse HRP-conjugated antibody (sc2031, Santa Cruz
Biotech, Santa Cruz, CA) was diluted 1:10,000 in PBS, and the blot incubated for two hours at
room temperature. Following this incubation, the blot was washed three times as previously.
Chemiluminescence imaging was performed using a BioRad ChemiDoc XRS instrument, using
default auto-exposure parameters.
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ELISA experiments

In all assays described, His-tagged calmodulin was immobilized on high-binding ELISA
96-well microplates (Greiner Bio-One, cat# 655061) by over-night incubation at 4°C of 90 nM
protein in 50 mM sodium citrate buffer, pH = 5.0. The tested protein always carried a GST
fusion tag, which enabled quantitation by fluorescence detection through the use of a rabbit
IgG anti-GST AlexaFluor 488 conjugated antibody (Life Technologies, cat# A-11131).

The signal from the antibody fluorophore was detected using a Tecan Infinite F500 plate
reader. After calmodulin immobilization, the plate wells were blocked with 1x PBST, 5% skim
milk, 3% BSA, pH = 7.4. Secondary proteins were allowed incubation periods of two hours at
room temperature, under gentle shaking (approximately 50 rpm). The antibody was allowed
an incubation period of one hour at room temperature, under light-shielding conditions.
Between each pair of steps, the wells were washed three times with 1x PBST (0.05% Tween-20),
50 uM calcium chloride, pH = 7.4. In the direct binding assays, the secondary protein was
titrated by means of serial dilution in 100 mM Tris-HCI, 10 mM sodium phosphate, 10 mM
sodium citrate, 150 mM sodium chloride, 0.5% Tween-20, 10% Superblock, 1% BSA, 100 pM
calcium chloride, pH = 7.4. In the ELISA competition experiment, the concentration of
GST-DEDI1 was held constant at the value of the derived Kp and the R4 peptide was titrated.
All experiments were conducted in triplicate. Kp and IC5, values were obtained through data
fitting performed in KaleidaGraph using a four-parameter logistic model, according to the sig-
moidal dose-response fitting function:

(m2 — ml)

where m,; and m, are the fluorescence intensity values at zero and maximum analyte concen-
trations, respectively, x is the analyte concentration, mj is the inflection point of the calibration
curve, and my is the slope factor.

y=m; +

NMR

All NMR experiments were carried out on a Bruker Avance 700 MHz spectrometer equipped
with a TCI cryoprobe. For the backbone assignment of calmodulin, spectra were acquired at
30°C using a 290 uM sample of '°N,'*C-calmodulin in 20 mM sodium phosphate, 150 mM
sodium chloride, 1 mM calcium chloride, pH = 6.5. The backbone assignment was obtained
from a set of triple resonance experiments comprising an HNCA, HN(CO)CA, HNCO, HN
(CA)CO, HNCACB, CBCA(CO)NH, a 3D °N-edited NOESY-HSQC, as well as a 2D
’N-HSQC spectrum [53]. Based on these experiments, the backbone assignment of calcium-
bound human calmodulin was carried out using CARA and PACES [54, 55].

For the R4 peptide titration experiments, a 55 uM sample of '°N-labeled calmodulin in 24
mM sodium phosphate, 140 mM sodium chloride, 2.7 mM potassium chloride, 660 uM cal-
cium chloride, pH = 7.0 was used. Experiments were carried out at 25°C. The calmodulin back-
bone assignment obtained for the doubly labeled sample described earlier was readily
transferred to the control calmodulin spectrum acquired here (i.e., in the absence of R4). Subse-
quently, 118 residue assignments were unambiguously transferred to the spectrum acquired in
the presence of a five-fold excess of R4 by gradually monitoring their shifts in response to
increasing concentrations of R4 peptide (starting from 1:1 and up to 5:1 peptide to protein).
The remaining signals experienced either too severe broadening or overlap in the presence of
the peptide and could not be unambiguously assigned in the HSQC spectra of R4-bound
calmodulin.
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In order to ascertain which calmodulin residues are involved in binding to R4, Euclidean
distances were calculated for the 118 assigned residues, as described by Williamson [56] as fol-

d = \/@ [5§,+(a~5§)}> @)

where 8y and 8y represent the chemical shifts of the 'H and >N nuclei, respectively, and o is a
scaling factor. An o value of 0.14 was used for all residues except glycine, for which o, = 0.20
was employed [56]. The standard deviation o of the Euclidean distance data set was calculated

lows:

and residues for which the chemical shift change was greater than o were identified, as well as
residues for which the shift was greater than 2o.

The R4 peptide resonances were assigned using TOCSY and ROESY spectra on a 0.5 mM
peptide sample in 20 mM sodium phosphate, 150 mM sodium chloride, 1 mM calcium chlo-
ride, pH 6.5 [43, 44]. "’N-filtered transferred NOESY experiments were acquired on a sample
containing 20 uM '*N-calmodulin and a 100:1 excess R4 peptide using a 250 ms mixing time
[42]. All experiments were carried out at 15°C. Several peptide-to-protein ratios were assayed
(starting with a 20:1 excess) until the resulting peptide resonances became narrow enough to
allow deconvolution of the spin systems in the two-dimensional experiments. Spectra were
acquired at several temperatures between 15 and 45°C, but the ones carried out at 15°C dis-
played the highest level of signal resolution (significant overlap at higher temperatures and the
absence of the second residue spin system made resonance assignment more challenging).

Structural characterization

The structure of the DED1 R4 peptide while bound to calmodulin was solved utilizing NOE
distance constraints obtained from the °’N-filtered transferred NOESY. Structure calculation
utilized the experimental distance constraints and a home-written distance geometry protocol
which uses random metrization and refinement in four dimensions [57]. The distance between
the two resolved Phe65 CH2 signals (1.78 A) was used as an internal reference. Sequential and
medium-range distance constraints were employed to calculate the solution structure of the R4
peptide. 97 structures were successfully calculated and 21 lowest-energy scoring structures
were subsequently subjected to energy minimization in Chimera employing the AMBER{f12SB
force field and using 200 steps of steepest descent and 10 conjugate gradient steps, with a step
size of 0.02 A [58]. NOE restraint analysis and statistics for this ensemble were carried out
using AQUA3.2 and PROCHECK-NMR [59]. A representative structure from the set was used
to generate the R4-calmodulin complex model.

The resulting R4 structure was manually aligned in the binding pocket of calmodulin (PDB
ID: 1QTX), in the binding region of the smooth muscle myosin light chain kinase peptide
(sMLCK). The R4 peptide F® and I’* residues were used as hydrophobic anchors in the appro-
priate calmodulin hydrophobic surface cavities. The alignment was refined relative to the
SsMLCK template by taking into account the chemical shift perturbation data from the NMR
titration experiments. The starting structure was solvated and ionized in VMD [60]. A water
box extending 8 A beyond the protein/peptide complex was generated and 12 Na* ions were
added to neutralize the system. The protein and peptide backbone atoms, as well as the cal-
modulin Ca®" ions were fixed, and the complex was subsequently optimized in NAMD [61].
Energy minimization was carried out at 298 K for 100 ps, followed by molecular dynamics for
100 ps using a CHARMM?27 force field and a 2 fs step size.
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Homology modeling

The homology model for cFLIP DED1 was generated using the SWISS-MODEL workspace
server by aligning cFLIP residues 4-73 with the MC159 viral FLIP template (PDB ID: 2BBR.1.
A). The query and template had 36.76% sequence identity. The resulting model had a QMEAN
score of -1.86 and a GMQE score of 0.69.

BLAST screen

All 180 peptide sequences deposited in the Calmodulin Target Database were screened against
the amino acid sequence of cFLIP DEDI. The search parameter settings were as follows: word
size 2, filters&masking Off, compositional adjustments Off, score matrix PAM30, gap costs:
existence 7, and extension 2. The clustering was analyzed with Clustal W [62].

Supporting Information

S1 Fig. Schematic depiction of the cFLIP and calmodulin constructs used in the study.
Domain boundaries, fusion protein partners, and protease cleavage sites are marked for each
protein construct employed. “cFLIPg” is the full-length cFLIP long isoform.

(TIF)

S2 Fig. Identification of the calmodulin binding site on cFLIP DEDI. (A) BLAST analysis of
the Calmodulin Target Database revealed hits on DED1, which clustered on regions 2 and 4.
Mostly positive and hydrophobic amino acids are conserved across the series. (B) Helical pro-
jections of the peptides corresponding to DED1 regions 2 and 4 reveal an amphipathic struc-
ture with positive charges, typical of most known calmodulin binding peptides. By contrast,

the sequence of region 3 has a scrambled projection, which correlates with no binding activity
(see Fig 3C).

(TIF)

S3 Fig. Circular dichroism spectra of DED1 and DED2 constructs. All DED1 and DED2
wild-type and hybrid constructs were analyzed by circular dichroism (CD) to ensure proper
protein folding. CD scans demonstrate the expected helical character for all constructs. Melting
curves (monitored at 222 nm) indicate the hybrid DED1-DED2 swap chimeras maintain fold-
ing and thermodynamic stability.

(TTF)

S4 Fig. The cFLIP/calmodulin interaction can be inhibited in cell lysates. In H2030 lung
cancer lysates binding of cFLIP to calmodulin is strongly inhibited by (A) 2 mM EDTA, and
weakly inhibited by (B) 1 mM R4 peptide.

(TIF)

S1 Table. Table of primers. Primer sequences used to generate all constructs used in this arti-
cle are listed, as well as the plasmids in which the constructs were introduced.
(PDF)

S$2 Table. NMR restraint analysis for R4 peptide. The structure of the DED1-derived calmod-
ulin-binding peptide, R4, was calculated from homonuclear 'H-"H NOE restraints alone, using
an in-house distance geometry protocol coupled with simulated annealing and energy minimi-
zation. This table summarizes the analysis of these distance restraints, carried out using
AQUAS3.2 and PROCHECK-NMR.

(PDF)

PLOS ONE | DOI:10.1371/journal.pone.0141692 November 3, 2015 17/20


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141692.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141692.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141692.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141692.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141692.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0141692.s006

@’PLOS ‘ ONE

DED-Mediated Interaction of cFLIP and Calmodulin

Acknowledgments

We wish to thank Dr. Scott A. Gerber, Norris Cotton Cancer Center, Dartmouth College for
providing lung cancer cell lysates and Dr. Jared C. Cochran, Indiana University, Bloomington
for providing the initial modified pET16b plasmid.

Author Contributions

Conceived and designed the experiments: GG DFM. Performed the experiments: GG AEP BG
MP DFM. Analyzed the data: GG AEP BG MP DEM. Contributed reagents/materials/analysis
tools: GG AEP BG MP DEM. Wrote the paper: GG AEP MP DFM.

References

1.

10.

1.

12

13.

14.

15.

16.

Yang JK. FLIP as an Anti-Cancer Therapeutic Target. Yonsei Med. J. 2008; 49(1):19-27. doi: 10.3349/
ymj.2008.49.1.19 PMID: 18306465

Irmler M, Thome M, Hahne M, Schneider P, Hofmann K, Steiner V, et al. Inhibition of death receptor sig-
nals by cellular FLIP. Nature 1997; 388:190-195. doi: 10.1038/40657 PMID: 9217161

Plati J, Bucur O, and Khosravi-Far R. Apoptotic cell signaling in cancer progression and therapy. Inte-
grative Biology 2011; 3:279-296. doi: 10.1039/c0ib00144a PMID: 21340093

Bagnoli M, Ambrogi F, Pilotti S, Alberti P, Ditto A, Barbareschi M, et al. c-FLIP_expression defines two
ovarian cancer patient subsets and is a prognostic factor of adverse outcome. Endocr. Relat. Cancer
2009; 16:443-453. doi: 10.1677/ERC-08-0218 PMID: 19321593

Wilson TR, McLaughlin KM, McEwan M, Sakai H, Rogers KM, Redmond KM, et al. c-FLIP: a key regu-
lator of colorectal cancer cell death. Cancer Res. 2007; 67:5754—-5762. doi: 10.1158/0008-5472.CAN-
06-3585 PMID: 17575142

Safa AR. c-FLIP, a master anti-apoptotic regulator. Exp. Oncol. 2012; 34:176—184. PMID: 23070002

OztAvirk S, Schleich K, Lavrik IN. Cellular FLICE-like inhibitory proteins (c-FLIPs): fine-tuners of life
and death decisions. Exp. Cell Res. 2012; 318:1324-1331.

Hwang M, Min YK, Kim SH. Calmodulin inhibition contributes to sensitize TRAIL-induced apoptosis in
human lung cancer H1299 cells. Biochem. Cell Biol. 2009; 87:919-926. doi: 10.1139/009-058 PMID:
19935877

Kaminskyy VO, Surova OV, Piskunova T, Zborovskaya IB, Tchevkina EM, Andera L, et al. Upregulation
of c-FLIP-short in response to TRAIL promotes survival of NSCLC cells, which could be suppressed by
inhibition of Ca2*/calmodulin signaling. Cell Death Dis. 2013; 4:e522. doi: 10.1038/cddis.2013.51
PMID: 23470529

McCourt C, Maxwell P, Mazzucchelli R, Montironi R, Scarpelli M, Salto-Tellez M, et al. Elevation of c-
FLIP in castrate-resistant prostate cancer antagonizes therapeutic response to androgen receptor-tar-
geted therapy. Clin. Cancer Res. Off. J. Am. Assoc. Cancer Res. 2012; 18:3822-3833. doi: 10.1158/
1078-0432.CCR-11-3277

Longley DB, Wilson TR, McEwan M, Allen WL, McDermott U, Galligan L, et al. c-FLIP inhibits chemo-
therapy-induced colorectal cancer cell death. Oncogene 2006; 25:838—848. doi: 10.1038/sj.onc.
1209122 PMID: 16247474

Tian F, LuJJ, Wang L, LiL, Yang J, Li Y, et al. Expression of c-FLIP in malignant melanoma, and its
relationship with the clinicopathological features of the disease. Clin. Exp. Dermatol. 2012; 37:259—
265. doi: 10.1111/j.1365-2230.2011.04238.x PMID: 22103668

Rogers KMA, Thomas M, Galligan L, Wilson TR, Allen WL, Sakai H, et al. Cellular FLICE-inhibitory pro-
tein regulates chemotherapy-induced apoptosis in breast cancer cells. Mol. Cancer Ther. 2007;
6:1544-1551. doi: 10.1158/1535-7163.MCT-06-0673 PMID: 17513603

Korkolopoulou P, Goudopoulou A, Voutsinas G, Thomas-Tsagli E, Kapralos P, Patsouris E, et al. c-
FLIP expression in bladder urothelial carcinomas: its role in resistance to Fas-mediated apoptosis and
clinicopathologic correlations. Urology 2004; 63:1198-1204. doi: 10.1016/j.urology.2004.01.007
PMID: 15183989

Hengartner MO. The biochemistry of apoptosis. Nature 2000; 407:770-776. doi: 10.1038/35037710
PMID: 11048727

Majkut J, Sgobba M, Holohan C, Crawford N, Logan AE, Kerr E, et al. Differential affinity of FLIP and
procaspase 8 for FADD’s DED binding surfaces regulates DISC assembly. Nat. Commun. 2014;
5:3350. doi: 10.1038/ncomms4350 PMID: 24577104

PLOS ONE | DOI:10.1371/journal.pone.0141692 November 3, 2015 18/20


http://dx.doi.org/10.3349/ymj.2008.49.1.19
http://dx.doi.org/10.3349/ymj.2008.49.1.19
http://www.ncbi.nlm.nih.gov/pubmed/18306465
http://dx.doi.org/10.1038/40657
http://www.ncbi.nlm.nih.gov/pubmed/9217161
http://dx.doi.org/10.1039/c0ib00144a
http://www.ncbi.nlm.nih.gov/pubmed/21340093
http://dx.doi.org/10.1677/ERC-08-0218
http://www.ncbi.nlm.nih.gov/pubmed/19321593
http://dx.doi.org/10.1158/0008-5472.CAN-06-3585
http://dx.doi.org/10.1158/0008-5472.CAN-06-3585
http://www.ncbi.nlm.nih.gov/pubmed/17575142
http://www.ncbi.nlm.nih.gov/pubmed/23070002
http://dx.doi.org/10.1139/O09-058
http://www.ncbi.nlm.nih.gov/pubmed/19935877
http://dx.doi.org/10.1038/cddis.2013.51
http://www.ncbi.nlm.nih.gov/pubmed/23470529
http://dx.doi.org/10.1158/1078-0432.CCR-11-3277
http://dx.doi.org/10.1158/1078-0432.CCR-11-3277
http://dx.doi.org/10.1038/sj.onc.1209122
http://dx.doi.org/10.1038/sj.onc.1209122
http://www.ncbi.nlm.nih.gov/pubmed/16247474
http://dx.doi.org/10.1111/j.1365-2230.2011.04238.x
http://www.ncbi.nlm.nih.gov/pubmed/22103668
http://dx.doi.org/10.1158/1535-7163.MCT-06-0673
http://www.ncbi.nlm.nih.gov/pubmed/17513603
http://dx.doi.org/10.1016/j.urology.2004.01.007
http://www.ncbi.nlm.nih.gov/pubmed/15183989
http://dx.doi.org/10.1038/35037710
http://www.ncbi.nlm.nih.gov/pubmed/11048727
http://dx.doi.org/10.1038/ncomms4350
http://www.ncbi.nlm.nih.gov/pubmed/24577104

@’PLOS ‘ ONE

DED-Mediated Interaction of cFLIP and Calmodulin

17.

18.

19.

20.

21,

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Bagnoli M, Canevari S, Mezzanzanica D. miRNA control of apoptotic programs: focus on ovarian can-
cer. Int. J. Biochem. Cell Biol. 2010; 42:210-213.

Kaufmann M, Bozic D, Briand C, Bodmer JL, Zerbe O, Kohl A, et al. Identification of a basic surface
area of the FADD death effector domain critical for apoptotic signaling. FEBS Letters 2002; 527:250—
254. doi: 10.1016/S0014-5793(02)03146-0 PMID: 12220669

Hidaka H, Sasaki Y, Tanaka T, Endo T, Ohno S, Fujii Y, et al. N-(6-aminohexyl)-5-chloro-1-naphthale-
nesulfonamide, a calmodulin antagonist, inhibits cell proliferation. Proc. Natl. Acad. Sci. USA 1981;
78:4354-4357 doi: 10.1073/pnas.78.7.4354 PMID: 6945588

Wang Z, Li S, Shi Q, Yan R, Liu G, Dai K. Calmodulin antagonists induce platelet apoptosis. Thromb.
Res. 2010; 125:340-350. doi: 10.1016/j.thromres.2010.02.001 PMID: 20172594

Pawar PS, Micoli KJ, Ding H, Cook WJ, Kappes JC, Chen Y, et al. Calmodulin binding to cellular
FLICE-like inhibitory protein modulates Fas-induced signaling. Biochem. J. 2008; 412:459-468. doi:
10.1042/BJ20071507 PMID: 18257744

ChenY, Pawar P, Pan G, Ma L, Liu H, McDonald JM. Calmodulin binding to the Fas-mediated death-
inducing signaling complex in cholangiocarcinoma cells. J. Cell. Biochem. 2008; 103:788-799. doi: 10.
1002/jcb.21447 PMID: 17654480

Hait WN and Lazo JS. Calmodulin: a potential target for cancer chemotherapeutic agents. J. Clin.
Oncol. Off. J. Am. Soc. Clin. Oncol. 1986; 4:994-1012.

Wu X, Ahn E-Y, McKenna MA, Yeo H, McDonald JM. Fas binding to calmodulin regulates apoptosis in
osteoclasts. J. Biol. Chem. 2005; 280:29964-29970. doi: 10.1074/jbc.M500710200 PMID: 15965236

Ito H, Wang JZ, Shimura K. Inhibition of Lung Metastasis by a Calmodulin Antagonist, N-(6-Amino-
hexyl)-5-Chloro-1-Naphthalenesulfonamide (W-7), in Mice Bearing Lewis Lung Carcinoma. Anticancer
Research 1991; 11:249-252. PMID: 2018358

Pan G, Vickers SM, Pickens A, Phillips JO, Ying W, Thompson JA, et al. Apoptosis and Tumorigenesis
in Human Cholangiocarcinoma Cells: Involvement of Fas/APO-1 (CD95) and Calmodulin. Am. J.
Pathol. 1999; 155(1):193-208. doi: 10.1016/S0002-9440(10)65113-9 PMID: 10393851

Vorherr T, Knopfel L, Hofmann F, Mollner S, Pfeuffer T, Carafoli E. The calmodulin biding domain of
nitric oxide synthase and adenylyl cyclase. Biochemistry 1993; 32:6081. doi: 10.1021/bi000742020
PMID: 7685187

Falchetto R, Vorherr T, Carafoli E. The calmodulin-binding site of the plasma membrane Ca®* pump
interacts with the transduction domain of the enzyme. Protein Sci. 1992; 1:1613. doi: 10.1002/pro.
5560011209 PMID: 1339025

Aderem A. Signal transduction and the actin cytoskeleton: the roles of MARCKS and profilin. Trends
Biochem. Sci. 1992; 17:438. doi: 10.1016/0968-0004(92)90016-3 PMID: 1455513

Yap KL, Kim J, Truong K, Sherman M, Yuan T, Ikura M. Calmodulin target database. J. Struct. Funct.
Genomics 2000; 1:8—-14. doi: 10.1023/A:1011320027914 PMID: 12836676

Yang JK, Wang L, Zheng L, Wan F, Ahmed M, Lenardo MJ, et al. Crystal Structure of MC159 Reveals
Molecular Mechanism of DISC Assembly and FLIP Inhibition. Molecular Cell 2005; 20:939-949. doi:
10.1016/j.molcel.2005.10.023 PMID: 16364918

Biasini M, Bienert S, Waterhouse A, Arnold K, Studer G, Schmidt T, et al. SWISS-MODEL: modelling
protein tertiary and quaternary structure using evolutionary information. Nucleic Acids Research 2014;
42(W1):W252-W258. doi: 10.1093/nar/gku340 PMID: 24782522

Zuiderweg ERP. Mapping Protein-Protein Interactions in Solution by NMR Spectroscopy. Biochemistry
2002; 41(1):1-7. doi: 10.1021/bi011870b PMID: 11771996

Menyhard DK, Keserli GM,Naray-Szabdé G. Calmodulin in complex with proteins and small molecule
ligands: operating with the element of surprise. Implications for structure-based drug design. Current
Computer-Aided Drug Design 2009; 5(4):264—-279. doi: 10.2174/157340909789577874

Yamniuk AP and Vogel HJ. Calmodulin’s flexibility allows for promiscuity in its interactions with target pro-
teins and peptides. Molecular Biotechnology 2004; 27:33-57. doi: 10.1385/MB:27:1:33 PMID: 15122046

O’Neil KT and DeGrado WF. How calmodulin binds its targets: sequence independent recognition of
amphiphilic a-helices. TIBS 1990; 15:59-64. PMID: 2186516

Ikura M, Clore GM, Gronenborn AM, Zhu G, Klee CB, Bax A. Solution structure of a calmodulin-target
peptide complex by multidimensional NMR. Science 1992; 256:632. doi: 10.1126/science.1585175
PMID: 1585175

Meador WE, Means AR, Quiocho FA. Target enzyme recognition by calmodulin: 2.4 A structure of a
calmodulin-peptide complex. Science 1992; 257:1251. doi: 10.1126/science.1519061 PMID: 1519061

Meador WE, Means AR, Quiocho FA. Modulation of calmodulin plasticity in molecular recognition on
the basis of X-ray structures. Nature 1993; 262:1718.

PLOS ONE | DOI:10.1371/journal.pone.0141692 November 3, 2015 19/20


http://dx.doi.org/10.1016/S0014-5793(02)03146-0
http://www.ncbi.nlm.nih.gov/pubmed/12220669
http://dx.doi.org/10.1073/pnas.78.7.4354
http://www.ncbi.nlm.nih.gov/pubmed/6945588
http://dx.doi.org/10.1016/j.thromres.2010.02.001
http://www.ncbi.nlm.nih.gov/pubmed/20172594
http://dx.doi.org/10.1042/BJ20071507
http://www.ncbi.nlm.nih.gov/pubmed/18257744
http://dx.doi.org/10.1002/jcb.21447
http://dx.doi.org/10.1002/jcb.21447
http://www.ncbi.nlm.nih.gov/pubmed/17654480
http://dx.doi.org/10.1074/jbc.M500710200
http://www.ncbi.nlm.nih.gov/pubmed/15965236
http://www.ncbi.nlm.nih.gov/pubmed/2018358
http://dx.doi.org/10.1016/S0002-9440(10)65113-9
http://www.ncbi.nlm.nih.gov/pubmed/10393851
http://dx.doi.org/10.1021/bi00074a020
http://www.ncbi.nlm.nih.gov/pubmed/7685187
http://dx.doi.org/10.1002/pro.5560011209
http://dx.doi.org/10.1002/pro.5560011209
http://www.ncbi.nlm.nih.gov/pubmed/1339025
http://dx.doi.org/10.1016/0968-0004(92)90016-3
http://www.ncbi.nlm.nih.gov/pubmed/1455513
http://dx.doi.org/10.1023/A:1011320027914
http://www.ncbi.nlm.nih.gov/pubmed/12836676
http://dx.doi.org/10.1016/j.molcel.2005.10.023
http://www.ncbi.nlm.nih.gov/pubmed/16364918
http://dx.doi.org/10.1093/nar/gku340
http://www.ncbi.nlm.nih.gov/pubmed/24782522
http://dx.doi.org/10.1021/bi011870b
http://www.ncbi.nlm.nih.gov/pubmed/11771996
http://dx.doi.org/10.2174/157340909789577874
http://dx.doi.org/10.1385/MB:27:1:33
http://www.ncbi.nlm.nih.gov/pubmed/15122046
http://www.ncbi.nlm.nih.gov/pubmed/2186516
http://dx.doi.org/10.1126/science.1585175
http://www.ncbi.nlm.nih.gov/pubmed/1585175
http://dx.doi.org/10.1126/science.1519061
http://www.ncbi.nlm.nih.gov/pubmed/1519061

@’PLOS ‘ ONE

DED-Mediated Interaction of cFLIP and Calmodulin

40.

4.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Campbell AP and Sykes BD. The Two-Dimensional Transferred Nuclear Overhauser Effect: Theory
and Practice. Annu. Rev. Biophys. Biomol. Struct. 1993; 22:99-122. doi: 10.1146/annurev.bb.22.
060193.000531 PMID: 8348000

Carlomagno T. Ligand-Target Interactions: What Can We Learn from NMR? Annu. Rev. Biophys. Bio-
mol. Struct. 2005; 34:245-266. doi: 10.1146/annurev.biophys.34.040204.144419 PMID: 15869390

Ogura K, Terasawa H, Inagaki F. An improved double-tuned and isotope-filtered pulse scheme based
on a pulsed field gradient and a wide-band inversion shaped pulse. J. Biomol. NMR 1996; 8:492—498.
PMID: 20859780

Shaka AJ, Lee CJ, Pines A. lterative schemes for bilinear operators: application to spin decoupling. J.
Magn. Reson. 1988; 77:274-293.

Bax A and Davis DG. Practical aspects of two-dimensional transverse NOE spectroscopy. J. Magn.
Reson. 1985; 63:207-213.

Suever JD, Chen Y, McDonald JM, Song Y. Conformation and Free Energy Analyses of the Complex
of Calcium-Bound Calmodulin and the Fas Death Domain. Biophys. J. 2008; 95:5913-5921. doi: 10.
1529/biophysj.108.130542 PMID: 18820240

Hoeflich KP and lkura M. Calmodulin in action: diversity in target recognition and activation mecha-
nisms. Cell 2002; 108:739-742. doi: 10.1016/S0092-8674(02)00682-7 PMID: 11955428

Kim HS, Mendiratta S, Kim J, Pecot CV, Larsen JE, Zubovych |, et al. Systematic identification of
molecular subtype-selective vulnerabilities in non-small-cell lung cancer. Cell 2013; 155:552-566. doi:
10.1016/j.cell.2013.09.041 PMID: 24243015

Papoff G, Trivieri N, Crielesi R, Ruberti F, Marsilio S, Ruberti G. FADD-calmodulin interaction: a novel
player in cell cycle regulation. Biochim. Biophys. Acta 2010; 1803:898-911. PMID: 20420860

Ahn E-Y, Lim S-T, Cook WJ, McDonald JM. Calmodulin binding to the Fas death domain. Regulation by
Fas activation. J. Biol. Chem. 2004; 279:5661-5666. doi: 10.1074/jbc.M311040200 PMID: 14594800

Li FY, Jeffrey PD, Yu JW, Shi Y. Crystal structure of a viral FLIP: insights into FLIP-mediated inhibition
of death receptor signaling. J. Biol. Chem. 2006; 281:2960—2968. doi: 10.1074/jbc.M511074200
PMID: 16317000

Park HH, Lo Y-C, Lin S-C, Wang L, Yang JK, Wu H. The death domain superfamily in intracellular sig-
naling of apoptosis and inflammation. Annu. Rev. Immunol. 2007; 25:561-586. doi: 10.1146/annurev.
immunol.25.022106.141656 PMID: 17201679

Egger D and Bienz K. Protein (western) blotting. Mol. Biotechnol. 1994; 1(3):289-305. doi: 10.1007/
BF02921696 PMID: 7532104

Yamazaki T, Lee W, Arrowsmith CH, Muhandiram DR, Kay LE. A suite of triple resonance NMR experi-
ments for the backbone assignment of 15N, 13C, 2H labeled proteins with high sensitivity. J. Am.
Chem. Soc. 1994; 116(26):11655-11666. doi: 10.1021/ja00105a005

Keller RLJ. The Computer Aided Resonance Assignment Tutorial, 1sted. Switzerland: CANTINA Ver-
lag; 1966, ISBN: 3-85600-112-3.

Coggins BE and Zhou P. PACES: Protein sequential assignment by computer-assisted exhaustive
search. J Biomol NMR. 2003; 26(2):93—111. doi: 10.1023/A:1023589029301 PMID: 12766406

Williamson MP. Using chemical shift perturbation to characterize ligand binding. Prog. Nucl. Magn.
Reson. Spectrosc. 2013; 73:1-16. PMID: 23962882

Havel T. Distance Geometry: Theory, Algorithms, and Chemical Applications. Encyclopedia of Compu-
tational Chemistry, 1 ed. 2002.

Pettersen EF, Goddard TD, Huang CC, Couch GS, Greenblatt DM, Meng EC, Ferrin TE. UCSF Chi-
mera—a visualization system for exploratory research and analysis. J. Comput. Chem. 2004; 25
(13):1605—1612. doi: 10.1002/jcc.20084 PMID: 15264254

Laskowski RA, Rullmannn JA, MacArthur MW, Kaptein R, Thornton JM. AQUA and PROCHECK-
NMR: programs for checking the quality of protein structures solved by NMR. J. Biomol. NMR 1996;
8:477-486. PMID: 9008363

Humphrey W, Dalke A, Schulten K. VMD—Visual Molecular Dynamics. J. Molecular Graphics 1996;
14:33-38. PMID: 8744570

Phillips JC, Braun R, Wang W, Gumbart J, Tajkhorshid E, Villa E, et al. Scalable molecular dynamics
with NAMD. Journal of Computational Chemistry 2005; 26:1781-1802. doi: 10.1002/jcc.20289 PMID:
16222654

McWilliam H, Li W, Uludag M, Squizzato S, Park YM, Buso N, et al. Analysis Tool Web Services from the
EMBL-EBI. Nucleic Acids Research 2013; 41:W597-600. doi: 10.1093/nar/gkt376 PMID: 23671338

PLOS ONE | DOI:10.1371/journal.pone.0141692 November 3, 2015 20/20


http://dx.doi.org/10.1146/annurev.bb.22.060193.000531
http://dx.doi.org/10.1146/annurev.bb.22.060193.000531
http://www.ncbi.nlm.nih.gov/pubmed/8348000
http://dx.doi.org/10.1146/annurev.biophys.34.040204.144419
http://www.ncbi.nlm.nih.gov/pubmed/15869390
http://www.ncbi.nlm.nih.gov/pubmed/20859780
http://dx.doi.org/10.1529/biophysj.108.130542
http://dx.doi.org/10.1529/biophysj.108.130542
http://www.ncbi.nlm.nih.gov/pubmed/18820240
http://dx.doi.org/10.1016/S0092-8674(02)00682-7
http://www.ncbi.nlm.nih.gov/pubmed/11955428
http://dx.doi.org/10.1016/j.cell.2013.09.041
http://www.ncbi.nlm.nih.gov/pubmed/24243015
http://www.ncbi.nlm.nih.gov/pubmed/20420860
http://dx.doi.org/10.1074/jbc.M311040200
http://www.ncbi.nlm.nih.gov/pubmed/14594800
http://dx.doi.org/10.1074/jbc.M511074200
http://www.ncbi.nlm.nih.gov/pubmed/16317000
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141656
http://dx.doi.org/10.1146/annurev.immunol.25.022106.141656
http://www.ncbi.nlm.nih.gov/pubmed/17201679
http://dx.doi.org/10.1007/BF02921696
http://dx.doi.org/10.1007/BF02921696
http://www.ncbi.nlm.nih.gov/pubmed/7532104
http://dx.doi.org/10.1021/ja00105a005
http://dx.doi.org/10.1023/A:1023589029301
http://www.ncbi.nlm.nih.gov/pubmed/12766406
http://www.ncbi.nlm.nih.gov/pubmed/23962882
http://dx.doi.org/10.1002/jcc.20084
http://www.ncbi.nlm.nih.gov/pubmed/15264254
http://www.ncbi.nlm.nih.gov/pubmed/9008363
http://www.ncbi.nlm.nih.gov/pubmed/8744570
http://dx.doi.org/10.1002/jcc.20289
http://www.ncbi.nlm.nih.gov/pubmed/16222654
http://dx.doi.org/10.1093/nar/gkt376
http://www.ncbi.nlm.nih.gov/pubmed/23671338

	Dartmouth College
	Dartmouth Digital Commons
	11-3-2015

	Identification and Characterization of the Interaction Site between cFLIPL and Calmodulin
	Gabriel Gaidos
	Alexandra E. Panaitiu
	Bingqian Guo
	Maria Pellegrini
	Dale F. Mierke
	Recommended Citation


	Identification and Characterization of the Interaction Site between cFLIPL and Calmodulin

