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Kinase-targeted therapies have the potential to improve the sur-
vival of patients with cancer. However, the cancer-specific spec-
trum of kinase alterations exhibits distinct functional properties
and requires mutation-oriented drug treatments. Besides post-
translational modifications and diverse intermolecular interactions
of kinases, it is the distinct disease mutation which reshapes full-
length kinase conformations, affecting their activity. Oncokinase
mutation profiles differ between cancer types, as it was shown for
BRAF in melanoma and non-small-cell lung cancers. Here, we present
the target-oriented application of a kinase conformation (KinCon)
reporter platform for live-cell measurements of autoinhibitory
kinase activity states. The bioluminescence-based KinCon biosensor
allows the tracking of conformation dynamics of full-length kinases
in intact cells and real time. We show that the most frequent BRAF
cancer mutations affect kinase conformations and thus the engage-
ment and efficacy of V600E-specific BRAF inhibitors (BRAFi). We il-
lustrate that the patient mutation harboring KinCon reporters
display differences in the effectiveness of the three clinically ap-
proved BRAFi vemurafenib, encorafenib, and dabrafenib and the
predlinical paradox breaker PLX8394. We confirmed KinCon-based
drug efficacy predictions for BRAF mutations other than V600E in
proliferation assays using patient-derived lung cancer cell lines and
by analyzing downstream kinase signaling. The systematic imple-
mentation of such conformation reporters will allow to accelerate
the decision process for the mutation-oriented RAF-kinase cancer
therapy. Moreover, we illustrate that the presented kinase reporter
concept can be extended to other kinases which harbor patient
mutations. Overall, KinCon profiling provides additional mechanis-
tic insights into full-length kinase functions by reporting protein—
protein interaction (PPl)-dependent, mutation-specific, and drug-
driven changes of kinase activity conformations.
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he identification of genetic alterations in signaling pathways

that drive tumor etiology and progression has promoted
targeted cancer therapy approaches. Tumor genotyping iden-
tifies cancer-driver mutations and suggests therapeutic strategies
to benefit patients. Distinct genetic alterations of the particular
tumor type enable precision medicine efforts involving the ad-
ministration of effective chemical inhibitors to antagonize
oncoprotein functions. One of the most frequently targeted en-
zyme families is the kinase one (1-4). Cancer genotyping along
with mechanistic insights into kinase functions have unveiled that
heterogeneous kinase mutations promote and relay diverse sig-
naling outputs. The current challenge is to connect these findings
with tailored drug development and discovery approaches to apply
“the perfect drug.” In the past decade, the genotype-directed
management of the deregulated mitogen-activated protein ki-
nase (MAPK) pathway harboring distinct pathway mutations has
emerged as a paradigm for kinase-directed precision oncology
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(5, 6). The first MAPK in this pathway is represented by the
RAF family kinases, with oncogenic mutations predominantly
found in the BRAF isoform (6-10). RAF activation depends on
the protein interaction with the GTP-loaded GTPase RAS (11).
The consequences are membrane recruitment, phosphoryla-
tion, and the subsequent release of the autoinhibitory BRAF
configuration, resulting in a shift into active kinase conforma-
tion (9, 12-14). BRAF mutations have been identified in sev-
eral cancer types, such as malignant melanomas (50 to 60%),
thyroid (30 to 50%), colorectal (10%), and lung (3%) cancers
(15, 16). The most common gain of function mutation in BRAF in
malignant melanomas (>90%) is the V600E substitution (6). Se-
lective inhibitors of BRAF-V600E have been approved for the
treatment of metastatic melanomas (vemurafenib [PLX4032] and
dabrafenib [GSK2118436A]) and show profound clinical responses
in patients (16, 17). Besides other types of RAFi combination
therapies with MEK inhibitors (MEKi), one poly-pharmacology
approach using encorafenib (LGX818) and binimetinib (MEKi)
has been approved in 2018 for the treatment of patients with
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metastatic melanoma involving BRAF-V600E/K mutations (18).
However, one needs to note that the duration of the antitumor
response of this treatment is variable and the efficacy of the in-
hibitors is limited because of the onset of drug resistance (16,
19-21).

So far, nearly 300 distinct missense mutations of BRAF have
been identified (22, 23). In addition to strongly activating mu-
tations, some amino acid exchanges lead to intermediate or
low kinase activity. These mutations primarily occur within the
activation- or in the phosphate-binding loops of the protein
kinase. Overall, the biochemistry of BRAF mutants varies
substantially. In contrast to melanomas, several studies under-
line that in non-small-cell lung cancers (NSCLC), non-BRAF-
V600E mutations account for more than 50% of mutations,
with the major mutation burden of G466, G469, K601, N581,
and D594 substitutions (24-29). The effect of these non-V600E
mutations is not fully understood, but they have been implied
to be responsible for alterations of the kinase conformation,
enhancement of RAF dimerization, mimicking of kinase auto-
phosphorylation, or the ordering of the hydrophobic kinase R
spine (9, 22, 30-32). Here, we present a modular and extend-
able reporter platform which is applicable for noninvasive re-
cordings of opened and closed protein kinase conformations
(KinCon reporter) in the context of assessing kinase drug
efficacies.

Results

Kinase Conformation Dynamics. Proteins are dynamic entities that
undergo conformational rearrangements that are tightly related
to their biological functions (30, 33, 34). A variety of critical
signaling proteins display diverse types of conformational changes
as part of their activity cycles. Alterations of intramolecular in-
teractions activate or inactivate the protein function (35-38).
The simplest way to achieve protein inhibition in cis is the
intramolecular binding of autoinhibitory modules (AIM) to
functional protein domains, which can be of a different kind (36).
Conformational transitions are initiated by binding events, dif-
ferent means of post-translational modifications (PTM), or AIM
proteolysis. Besides binary complex formation of autoinhibitory
proteins with other macromolecules, AIM-mediated protein
dynamics involve molecular high-affinity interactions with li-
gands, cofactors, metabolites, or drugs (6, 9, 39-41). Thus, it is
necessary to record the molecular motions of AIM-containing
full-length proteins directly in the appropriate cellular setting.
Adaptable biosensor technologies for intramolecular protein
dynamics are still missing. We engineered genetically encoded
biosensors to quantify autoinhibitory conformation changes of
kinases and other signaling proteins involved in oncogenic sig-
naling (13, 42).

First, we used a recently published computational prediction
tool to identify potential cis-regulatory elements (CREs) in the
protein kinase family. The human kinases were retrieved from
the Uniprot database and were then assigned to their respective
classes. Furthermore, the sequences of all kinases were then
processed by the Cis-regPred algorithm for the presence of
CREs (http://aimpred.cau.ac.kr) (36). SI Appendix, Table S1
shows the number and the amino acid coordinates of CREs
identified within each kinase sequence. Out of ~600 screened
kinase sequences, 270 contained predicted CREs (red- and
black-labeled kinases in the kinome tree; Fig. 14). Red labeling
signifies the kinases which we tested with the conformation re-
porter (43, 44).

Full-Length BRAF Conformations and Cancer Mutations. This study
focuses on the MAPK pathway, which is the most commonly
mutated kinase signaling cascade in cancer (5). As a starting point,
we selected the oncogenic RAF kinase isoform BRAF. Oncogenic
mutations in BRAF lead to regulation-uncoupled phosphorylation
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events (1, 5, 45). The biochemistry of the BRAF mutants varies
substantially with regard to activity, interactions, and respon-
siveness to phosphotransferase inhibition. FRET and BRET
reporters have been described for measuring RAF kinase
protein—protein interactions (PPI) and dynamics (14, 46, 47).
We set out to apply a protein-fragment complementation assay
(PCA)-based kinase conformation (KinCon) reporter platform
to systematically record the impact of combinations of muta-
tions and approved kinase inhibitors or lead molecules on en-
zyme activity conformations (13, 42). We integrated the most
frequent BRAF cancer patient mutations into the KinCon
platform for tailored drug discovery efforts to be performed
directly in the target cell. We took advantage of an intramolecular
PCA which consists of the full-length BRAF N-terminally tagged
with fragment 1 (F[1]-) and C-terminally fused to fragment 2 (-F[2])
of the Renilla luciferase (Rluc) to generate the KinCon reporter F
[1]-BRAF-F[2] (13, 48, 49). We assumed that in the inactive state,
this wild-type BRAF reporter adopts the closed full-length confor-
mation. The N-terminal AIM inhibits the C-terminal kinase domain
by binding, as indicated in the KinCon reporter design principle
shown in Fig. 1B. RAS activation, RAF mutations, kinase inhibitor
binding, or molecular interactions may affect KinCon conforma-
tions by interconverting between closed and opened kinase states.
This is reflected by alterations of bioluminescence signals emitted by
reconstituted Rluc (Fig. 1B).

In coexpression experiments with wild-type HRAS and
HRAS-G12V in human embryonic kidney 293 (HEK293) cells,
we observed opening of the BRAF conformation reporter in the
presence of GTP-loaded HRAS, as predicted (Fig. 1 C, Left)
(13). Next, we activated endogenous epidermal growth factor
(EGF) receptors with the EGF peptide to record the immediate
effect of upstream pathway activation (5- and 10-min agonist
exposure) on BRAF KinCon conformation changes. We showed
that EGF treatments of HEK293 cells induce MEK and ERK
phosphorylation/activation (SI Appendix, Fig. S14). We observed
a drop in emitted bioluminescence which was caused by EGF-
initiated GTP loading of coexpressed HRAS and the subsequent
BRAF interaction, shifting the wild-type BRAF KinCon reporter
to a more opened kinase conformation (Fig. 1 C, Right). In the
case of coexpressed HRAS-G12V, the KinCon reporter was al-
ready partially opened and thus less responsive to EGF stimu-
lation (Fig. 1C). So far, nearly 300 distinct missense mutations of
BRAF have been identified in tumor samples and cancer cell
lines (22, 23). Most of the mutations occur in the activation (A
loop) or in the phosphate-binding loops (P loop) (Fig. 1D). We
have selected mutations of BRAF according to the frequency of
their appearance in cancer cell lines or tumors (Fig. 1D) (9, 50).
We used a site-directed mutagenesis approach to construct
BRAF KinCon reporter harboring the patient mutations G466V,
G469A, Y472C, N581S, D594G, L597V, V600E, V600K, V600R,
and K601E. These mutations show distinct kinase activity states
(Fig. 1 D, Right). The phosphotransferase states of tested BRAF
mutations have all been recently classified by Yao and colleagues
with high, low, intermediate, and no kinase activities (50, 51).
Y472C was classified in a different publication (51). First, we
overexpressed each reporter in HEK293 cells to measure basal
KinCon bioluminescence and determine the different KinCon
protein expression levels. Next, we normalized the relative light
units on KinCon reporter expression levels to obtain the expression-
corrected bioluminescence signals (Fig. 1E) (SI Appendix, Fig. S1B).
We observed a reduced bioluminescence signal, underlining a
mutation-driven shift to a more opened BRAF kinase conforma-
tion, with all tested patient-derived BRAF mutations (Fig. 1E).
Interestingly, mutations in both kinase loops, the P loop (G466V,
G469A) and the A loop (N581S and V600E/K/R), showed
the strongest effect. Others showed a less prominent shift toward
a more opened kinase conformation. In agreement with the
recent classification of BRAF mutations (50), we confirmed

Mayrhofer et al.

www.manaraa.com


http://aimpred.cau.ac.kr
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012150117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012150117/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.2012150117/-/DCSupplemental
https://www.pnas.org/cgi/doi/10.1073/pnas.2012150117

Downloaded at Palestinian Territory, occupied on December 12, 2021

A . oo B

i "Eg;_\:;&‘g /=0 relieved inhibiton avio-inhibted 5
el gl e, i [ e— T, JE A g
N A TS @) ¢
- ( :
F’Q‘@’sa,-‘\‘ sdynamics | ¥ - -
{ <__ \ 1~ Luciferase|
A oS
G0 ] inase comarn G e niracions
rniy full-length kinase N | - \—I
s, P l t}
. } -+ __closed o
e |
RIS e opensa ==K
it o
- &S oo
e T ~
1
ears. b 3 KA1 C
CDK4 B desl ) = R F[1-BRAF-F[2] FI1LBRAF-F[2
CDKf e ‘*:NEK e LKBI \‘w»’-""!.-/{w RAS +HRAS | +HRAS
- ¥ S S e 100 1
ot -u.?_‘,_, z e o S pT0S6K =2 = 2 i
el ' e PKC @ Z s :
T 7 /T S PK?A ca © 5 60 2
- e A1 = VR = 1 % 2
s b 77 . acc PKCh & % € 5]
—-— . TasN ALW® © <
oo™ ] 4 A @ 5 S
_ =] X gls,,,\ S20 =
——r 4 {1\
; - AMPKaf“".ﬁ' ‘CA:: - 4 QY% g\é EGF(min) - 5 - 5 10
- ) 150. F[1]-BRAF-F[2
= y Sl N e
< F[1}BRAFF2———————> | [Eiked
1004 “ -
= =
Y472Cc  DSY4GIEKKN £ go =
GABSNEIRIS]Y LSO7QRISV V00E g =
VE0OAD/E/GIKILIMIR V600K S 60 o : =
G4GEAEIRIV: ® Y472C L597v
BRAF(h): S~ K601E|high s - . S
F & V6OOR 3 40 D594G KeD'H g
766 3G G469A 4 o GA69A o V600 @
[ rs_[rep cro[ [] % D594G none K |
CR1 CR2 CR3 <& G466V low |opened
(catalytic) B N581S low
L597V intermediate
— Y472C low | - S e S| P-ERK /2
auto-inhibitory % > < o o Q > W o x x¥ooow
3 3 ¥ z & 5 8 8 % %

|FLLBRAF-F12)
BRAF

Fig. 1. Kinase conformations and BRAF KinCon reporter dynamics. (A) The kinases predicted to contain CREs are highlighted in the kinome tree in black and
red. Red-labeled full-length kinases have been tested using the KinCon reporter system. (B) A schematic depiction of the KinCon reporter principle indicating
fragment (1)/(2) = F-[1]/-F[2] of the Rluc PCA with intervening GGGGSGGGGS linker. A depiction of the intramolecular KinCon reporter which contains an
exemplarily AIM for kinase inhibition is shown. Indicated factors affect transitions between opened and closed full-length kinase conformations, which may
result in an increase or decrease of Rluc-PCA-emitted bioluminescence. (C) The effect of HRAS variant coexpression on BRAF conformations (+SEM, n = 6;
normalized on reporter expression; Left). Effects of 5 and 10 min EGF (200 ng/mL) exposure on BRAF conformations in the presence of indicated HRAS variants
are shown (+SEM; n = 4 independent experiments; Right; RLU, relative light units). (D) A schematic depiction of the modular structure of BRAF; patient
mutations in the A-loop and P-loop are indicated (BRS, BRAF specific sequence; CR, conserved regions; RBD, RAS-binding domain; CRD, cysteine-rich domain).
The frequencies and consequences of selected patient mutations are specified. (E) Shown are the expression normalized values for BRAF KinCon reporter
conformations in percent of RLU (+SEM from at least n = 4 independent experiments). A Student’s t test was used to evaluate statistical significance. *P <
0.05, **P < 0.01, and ***P < 0.001. n.s., nonsignificant.

that the BRAF KinCon reporter with the mutations G469A,
L597V, V600E/K/R, and K601E show the strongest elevation of
P-ERK1/2 levels when compared with the wild-type BRAF
reporter (Fig. 1E).

In cell transformation assays, we confirmed that the N- and
C-terminal-tagged BRAF-V600E KinCon reporter still retains
oncogenic potential when compared with the higher expressed
hemagglutinin (HA)-tagged BRAF variants and the cancer
driver MYC (SI Appendix, Fig. S1C).

in melanoma and in lung adenocarcinoma. It is evident that the
relative contribution of V600E mutations is much less pro-
nounced in the latter.

We recently demonstrated that a-C-OUT BRAF inhibitors
(BRAFi) show an allosteric effect on mutated and full-length
BRAF-V600E conformations. We showed that the recorded
conformational change reflects enzyme activities with the
BRAF-V600E KinCon reporter (13, 42). These KinCon reporter
activity profiles directly correlate with activity measurements of
ERK kinase activation (13). We set out to test the reporter
system with non-V600E mutations for predicting BRAFi drug
efficacies. In addition to the wild-type, we subjected 10 different
BRAF KinCon reporters harboring the patient-derived muta-
tions G466V, G469A, Y472C, N581S, D594G, L597V, V600E,
V600K, V600R, and K601E to BRAFi profiling experiments. We
tested the a-C-OUT BRAFi which are either in the clinic
(vemurafenib, dabrafenib, and encorafenib) or in preclinical
trials (PLX8394) (6, 16). The KinCon profiling experiments
revealed a transition to a more closed kinase conformation in
9 out of 10 mutant reporters upon exposure to 100 nM and
1 pM BRAFi (a-C-OUT inhibitor). We showed the impact of

Drug Efficacy Profiling Using the BRAF KinCon Reporter. The mo-
lecular characterization of distinct tumors and cancer cell lines
by sequencing has led to the identification of onco-kinases and
their mutations. Biopsy genotyping has become indispensable for
a precision medicine—oriented therapy in recent years. These
efforts unveiled striking differences in the incidence rates of
BRAF mutations in distinct cancers. In a recent large-scale study
focusing on the identification of hot-spot mutations in thousands
of tumors, major differences in BRAF mutation frequencies of
melanoma and lung adenocarcinoma have been identified (25).
In Fig. 24, we present pie charts for BRAF mutation frequencies
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Fig. 2. Profiling of BRAF KinCon reporter dynamics upon BRAFi exposure.
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(A) A pie chart showing the BRAF mutation frequencies in melanoma and lung

cancer adenocarcinoma. Data were extracted from ref. 25. (B) PCA measurements of BRAFi-initiated alterations of BRAF conformations using indicated BRAF

KinCon reporter. BRAFi were applied for 3 h in a concentration of 100 nM
dependent experiments). We have normalized the emitted RLU on the KinCo

and 1 pM to transiently transfected HEK293 cells (+SEM from at least n = 4 in-
n reporter expression levels, as shown in S/ Appendix, Fig. S1B. A paired Student’s

t test was used to evaluate statistical significance. (C) A structural depiction of BRAF patient mutations in the A-loop and P-loop (PDB: 4RZV). The binding of
vemurafenib is indicated (green). (D) A time-dependent evaluation of KinCon dynamics 8 and 24 h post-transfection. The effects of PLX8394 (1 uM; 15 min) on
BRAF* dynamics have been determined. The fold increase of luminescence signals originating from the complemented Rluc PCA-based KinCon reporter

following transient overexpression in HEK293 cells for indicated time fra

mes are shown. Immunoblotting shows expression levels of endogenous and

overexpressed BRAF proteins (+SEM from at least n = 3 independent experiments). A paired Student’s t test was used to evaluate statistical significance. (E) A
time-dependent evaluation of conformation dynamics using the HEK293 cell line upon exposure to 1 uM of PLX8394 (+SEM from n = 5 independent ex-
periments). RLU were normalized on the untreated control. The statistical significance was assessed using the nonparametric Mann-Whitney U test. *P < 0.05,

**P < 0.01, and ***P < 0.001. n.s., nonsignificant.

dose-dependent lead molecule exposure on the expression-corrected
conformation states (Fig. 2B). We detected no major alter-
ations of the bioluminescence signal with the wild-type KinCon
reporter. The most prominent effects in driving BRAF to a
more closed conformation were evident with the paradox breaker
PLX8394 and with encorafenib. No major change of the biolu-
minescence signal was detectable with the Y472C mutation in
the P-loop and with the intermediate kinase-activating BRAF
mutation L597V (Fig. 2B). Both amino acid residues are not in
direct contact with BRAFi; L597V is too far away, and the side
chain of Y472C points away from the ligand. In contrast, the
amino acid substitutions G466V and N581S, which we tested
in further experiments, are in contact with the BRAFi (Fig.
2C). Furthermore, we present evidence that drug-driven changes
of BRAF wild type and mutant (BRAF*) KinCon dynamics
correlate with the inhibitory effect of PLX8394 on downstream
P-MEK levels upon transient overexpression of flag-tagged BRAF
variants (SI Appendix, Fig. S2 A and B). The different BRAF
mutants show different basal activities, as we have noted in Fig.
1D, showing high, intermediate, low, and no phosphotransferase
activity.

Prior to focusing on G466V and N581S BRAF mutants, we
characterized BRAF-V600E KinCon reporter features. We
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quantitatively measured BRAF and BRAF-V600E KinCon dy-
namics after 8 and 24 h of transient overexpression of the re-
porter in HEK293 cells. In total, 8 h of overexpression was
sufficient to detect KinCon dynamics (Fig. 2D). However, at this
stage, expression of the KinCon could not been tracked using
immunoblotting. Threefold prolongation of the expression time
(24 h) caused an ~24-fold increase of the dynamic KinCon signal
(Fig. 2D). Next, we recorded the time-dependent impact of
PLX8394 exposure on the closing of the BRAF-V600E reporter.
It is evident that BRAFi exposure promotes an immediate
closing event within the first minute of exposure (Fig. 2F). With
the BRAF-V600E KinCon reporter protein, we confirmed
PLX8394-driven kinase dynamics in another cell system which is
suitable for cell transformations. In the transformation assays, we
demonstrated the selectivity of PLX8394 in preventing BRAF-
V600E—induced cell transformation, as predicted (SI Appendix,
Fig. S3 A and B). Next, we decided to perform KinCon reporter
assays with different luciferase PCAs to compare the impact of
pathway activation and drug binding on BRAF and BRAF-
V600E kinase dynamics. We observed that KinCon reporters
utilizing alternative luciferase fragments for the PCA (52, 53)
show differences in the tested dynamic properties (SI Appendix,
Fig. S4 A and B).
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BRAFi Affect KinCon Dynamics, Kinase Signaling, and Cancer Proliferation.
Non-V600E mutations account for more than 50% of the
identified mutations in NSCLC when compared with melanoma
(24). We observed that some of these non-V600E patient mu-
tations revealed differences in the effectiveness of the four
tested BRAFi in the KinCon reporter recordings. Thus, we first
analyzed BRAF™®'S_directed downstream signaling. Second,
we validated KinCon-based drug efficacy predictions for the
BRAF mutation G466V in proliferation assays using patient-
derived lung cancer cell lines. According to the recent study of
Chang and colleagues (25), the most frequently mutated sites
besides V600 are indeed found at the position G466, G469,
N581, D594, and K601 in lung adenocarcinoma (Fig. 24). In-
terestingly, dabrafenib had no impact on the opened BRAF™8!S
conformation. Thus, we repeated the KinCon recordings with
increasing doses of dabrafenib and PLX8394. In contrast to
dabrafenib, we observed an immediate BRAF-N581S KinCon closing
effect with the lowest dose of 1 nM PLX8394 (Fig. 34). We val-
idated this observation using HA-tagged BRAF constructs. De-
spite the low phosphotransferase activities of BRAF "85, which
was evident in the ERK1/2 phosphorylation pattern, we observed
efficient BRAF™*'® kinase inhibition with the lowest PLX8394
concentration tested (10 nM; when compared with V600E and
K601E mutants). However, the efficacy of dabrafenib inhibition of
BRAF™ 815 was significantly lower (Fig. 3B and SI Appendix, Fig.
S5 A4 and B). One possible structural explanation is that in contrast
to encorafenib and PLX8394, the BRAFi dabrafenib misses the
solvent protrusions, which might be relevant for drug binding and
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drug-mediated BRAF"”®® KinCon change and inhibition (SI
Appendix, Fig. S5C).

Next, we repeated KinCon measurements with the G466V
mutation, which actually showed the strongest fold increase in
driving the opened KinCon back to a more closed conformation
(Fig. 2B). KinCon profiling with all four BRAFi showed major
efficacy differences (Fig. 3C). We observed that clinically used
vemurafenib and dabrafenib showed less efficacy in driving
BRAF-G466V KinCon back into a more closed conformation in
comparison to the paradox breaker PLX8394 (currently in pre-
clinical trials) and the U.S. Food and Drug Administration
(FDA)-approved BRAFi encorafenib. Thus, we used the NSCLC
cell line H1666 carrying this BRAF genotype to compare the ef-
fect of single BRAFi exposures on cancer cell proliferation. We
confirmed our predictions that 1 pM encorafenib and PLX8394
are indeed more efficient in reducing BRAF-G466V cancer cell
proliferation (with H1666 cells; Fig. 3D). Indeed, BRAF-G466V
downstream signaling has recently been shown to be effectively
reduced by PLX8394 exposure in H1666 cells (54).

We also analyzed wild-type BRAF. We observed no major
impact of vemurafenib, encorafenib, and PLX8394 on indicated
BRAF conformations in KinCon profiling experiments in
HEK293 cells (Fig. 2B and SI Appendix, Fig. S6A4). In prolifer-
ation experiments with the NSCLC cell line A549 (wild-type
BRAF, KRAS-G12S), we observed an inhibition of cell prolif-
eration upon dabrafenib treatment (SI Appendix, Fig. S6B),
which has been previously reported by others (55, 56). The other
BRAFi had no inhibiting effect (SI Appendix, Fig. S6B). Next,
we started to correlate BRAF-V600E KinCon dynamics with
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Fig. 3. Correlation of KinCon dynamics, downstream signaling, and cancer cell proliferation. (A) The impact of dabrafenib and PLX8394 exposure on the
BRAF-N581S KinCon reporter. The quantification from at least n = 4 independent experiments is shown (+SEM; HEK293 cells). (B) The determination of
P-ERK1/2 following transient expression of indicated HA-tagged BRAF mutants upon dabrafenib or PLX8394 exposure (1 h) in HEK293 cells. The quantification
is from at least n = 5 independent experiments (+SEM). (C) The impact of vemurafenib, dabrafenib, encorafenib, and PLX8394 exposure on the BRAF-G466V
KinCon reporter. The quantification is from n = 10 independent experiments (+SEM). (D) Shown are proliferation experiments of the H1666 cell line
(BRAF-G466V mutation) following BRAFi exposure (1 pM) (+SEM; n = 4). Two-way ANOVA (D) or paired Student'’s t test (A-C) was used to evaluate statistical

significance. *P < 0.05, **P < 0.01, ***P < 0.001. n.s., nonsignificant.
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proliferation profiles. By using the patient-derived and BRAF-
V600E-harboring melanoma cell line A2058, we demonstrated
that vemurafenib shows the weakest effect on BRAF-V600E KinCon
closing (SI Appendix, Fig. S6C) and is less efficient in reducing
cancer cell proliferation when compared with PLX8394, dabrafenib,
and encorafenib (S Appendix, Fig. S6D). These data underline that
the KinCon reporter platform can be used to predict efficacies of
V600E mutation—specific RAF kinase inhibitors.

Next, we wanted to tackle the question of whether the KinCon
concept can be extended to other members of the kinase su-
perfamily. We selected 18 protein kinases with critical cellular
functions, including kinases with and without predicted CREs (S
Appendix, Figs. S7 and S8), to extend the KinCon reporter
platform. The selected kinases (marked in red in Fig. 14) are
members of different kinase families. The closed conformation
of autoinhibitory proteins occasionally requires that the original
protein termini are brought into vicinity (9, 13, 36-38, 42, 57).
We utilized this fact and fused this handpicked collection of
kinases N-terminally with fragment 1 (F[1]-) and C-terminally
with fragment 2 (-F[2]) of the Rluc-based PCA as illustrated in
Fig. 1B (13, 48, 58). We performed overexpression experiments
of the KinCon reporter collection in HEK293 cells. Following
transient expression for 48 h, we observed a broad range of
bioluminescence signals which originate from more or less ef-
fective complementation of the Rluc PCA fragments and dif-
ferences in reporter expression levels (Fig. 44 and SI Appendix,
Fig. S8B). On the left side of Fig. 44, we highlight the domain
organization of the selected kinases and indicate predicted
CREs/AIM. It was evident from the KinCon reporter experiment
that many of the tested kinases show bioluminescence signals,
indicating a closed conformation. At this stage, we cannot specify
which activity state might be represented.

MEK and PKAc KinCon Reporter Dynamics. We selected the two
well-studied kinases, MEK and protein kinase A (PKA), from
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the set of KinCon reporters for the further characterization of
their dynamic properties (9, 39, 40). Overall, PTMs, mutations,
proteolytic processing, molecular interactions, and target-oriented
drugs are involved in modulating kinase activities/dynamics.
Here, we tested the impact of MEK mutations and second
messenger (cCAMP)-triggered PKA activation on KinCon re-
porter dynamics. We started by analyzing conformation dy-
namics of another kinase member of the MAPK pathway, the
MAPK MEK1/2 (59). Currently, the combination therapy using
BRAF- and MEK-specific inhibitors is the standard of care,
especially for BRAF-mutant melanoma patients (60). The
MAPK MEKI1/2 are dual-specificity kinases and downstream
targets of RAF (Fig. 4B) (40). MEK kinases are small in size,
but they still contain an N-terminal “negative regulatory re-
gion” (SI Appendix, Fig. S7) that is involved in stabilizing the
inactive kinase conformation (40). In contrast to BRAF, MEK
is less frequently mutated (40). Nevertheless, we integrated the
MEKI1 patient mutations K57E, K57N, and P124S (40, 61). All
point mutations display different efficacies in opening and
presumably activating the MEK1 KinCon reporter (Fig. 4B).
Furthermore, we wanted to test the possibility of monitoring
GPCR signaling by recordings of KinCon dynamics. We there-
fore selected the second messenger—-sensing PKA for KinCon
analyses. The mechanism of PKA activation is one of the most
studied examples for protein allostery and small-molecule:protein
interactions (39). This is based on the physical interaction be-
tween a cCAMP-sensing PKA regulatory subunit (R) dimer and
two catalytic PKA subunits (PKAc, C). This PPI actually locks
the enzyme in its inactive state (39, 62). cAMP binding to R
subunits causes a conformational change and leads to PKA ho-
loenzyme disassembly and C activation (Fig. 4 C, Left). Interest-
ingly, C subunits contain AIM elements which may contribute to
PKA dynamics upon cAMP-initiated change of R subunit inter-
actions (SI Appendix, Fig. S8). Here, we show that C subunit ac-
tivity changes can also be studied using the KinCon reporter
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Fig. 4. KinCon reporter platform. (A) The domain organization of the KinCon construction principle is shown. KinCon reporter conformations were mea-
sured using transiently transfected HEK293 cells. A schematic modular illustration highlights predicted and tested CREs. Selected KinCon reporters for the
presented dynamic studies are shown in blue. RLU, relative light units (a representative experiment, SD from triplicates). (B) An illustration of the
RAS-RAF-MEK pathway. F[1]-MEK1*-F[2] conformations (wild-type [wt] and indicated mutations [*]) were measured using transiently transfected HEK293
cells (+SEM; n = 5 independent experiments). (C) The activation cycle of PKA holoenzymes is shown. F[1]-PKAc*-F[2] conformations (wt and the PKAc-L206R
mutant) and Rla:PKAc (C) interactions were measured following Isoproterenol exposure of HEK293 cells expressing beta-2 adrenergic receptors (+SEM; n = 6
independent experiments). *P < 0.05, **P < 0.01, ***P < 0.001. n.s., nonsignificant.
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principle. Merely the wild-type PKA C subunits, which bind to
endogenous cAMP-sensing regulatory PKA subunits [in contrast
to the R subunit binding-deficient L206R PKAc mutant (63)],
can be activated and give similar results as previously established
PKA PPI reporters (48) following beta-2 adrenergic receptor—
mediated cAMP mobilization using isoproterenol (Fig. 4C). These
data underline that the cAMP-dependent activity status of this
kinase can be tracked using the cell-based KinCon reporter
system.

Nonkinase Conformation Reporter. We selected well-described
proteins without enzymatic activity but with reported alternat-
ing protein conformations in order to show that the conforma-
tion reporter principle can be extended to other protein family
classes (SI Appendix, Fig. S94). We quantified closed protein
conformations of the cytoskeletal protein Merlin, which acts as
tumor suppressor protein and is involved in Neurofibromatosis
type 11 (SI Appendix, Fig. S9B) (64). Furthermore, we managed
to quantify a closed conformation of the Neural Wiskott-Aldrich
syndrome protein N-WASP (65). Finally, we constructed a
functional conformation reporter for the Serine/threonine-pro-
tein phosphatase 2A (PP2A) 65 kDa regulatory subunit A iso-
form alpha (PR65). The PR65 PP2A subunit serves as a dynamic
scaffold for the coordinated assembly of the catalytic (C) and
regulatory (B) subunits (S Appendix, Fig. S9B). For the latter
one, patient mutations have been identified (66). We showed
that PR65 reporter with one selective mutation found in patients
with intellectual disability show differences in its conformation
upon testing of varying cell densities of standard cell lines (S
Appendix, Fig. S9 C and D).

Discussion

This study has established a flexible and extendable biosensor
platform to record protein conformation rearrangements of full-
length protein kinases in real time. The complexity of kinase
regulation, missing full-length structures, the high frequency of
disease mutations, and, thus, the attractiveness as a therapeutic
target requires new means for monitoring kinase conformations
upon drug binding in the living cell. In this study, we analyzed the
impact of molecular interactions, patient mutations, and small-
molecule occupancy on adjustable kinase conformations. We
demonstrated that the systematic profiling of mutation:drug
combinations in an intact cell setting has the potential to provide
auxiliary mechanistic understanding of kinase drug specificities.
Moreover, it may facilitate the choice of which lead molecule or
FDA-approved drug provides the highest efficacy for a defined
kinase mutant in the cellular setting. We hypothesize that
widespread analyses of KinCon:drug interactions assist in iden-
tifying patient mutation—specific and thus more effective kinase
inhibitors.

Here, we would like to refer to publications which address the
use of BRAFi in non-V600 BRAF-carrying lung cancers and
model systems. Firstly, the team of David Planchard reviewed
the less-convincing therapy responses of the specific BRAFi
vemurafenib and dabrafenib in treating patients with non-V600
BRAF NSCLC in the past year (table 2 in ref. 24). It is evident
from our KinCon profiling that vemurafenib and dabrafenib
indeed showed the weakest impact of conformation change when
compared with encorafenib and the paradox breaker in clinical
trials PLX8394. Secondly, it is of interest in this context that
Trever Bivona’s group reported how new types of BRAFi are
effective in inhibiting certain non-V600 lung adenocarcinoma
models. It was shown by using different patient cells lines that
PLX8394 is much more effective than vemurafenib in inhibiting
growth of the BRAF-G466V harboring cell lines H1666 and
Cal-12T, respectively. This is in agreement with our reporter
profiling. As predicted via KinCon, the impact of inhibiting cell
growth is minor with both inhibitors in the H2087 cell line
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(L597V mutation) (54). These observations underline that
patient-mutation-harboring BRAF KinCon has the potential to
predict drug efficacies. In the first instance, this is relevant for
selection of the correct lead molecule for the right kinase
mutation. However, we would like to underline that in addition
to clinical trials using single kinase inhibitors, numerous kinase-
inhibitor combination therapies are under clinical investigation.
In this context, KinCon may become an asset for the stratifi-
cation of genotyped patient populations for clinical trials. This
would elevate the success rate for bringing “personalized” ki-
nase inhibitor mixtures into the clinic.

In general, this cell-based method has several advantages
when compared with conventional kinase profiling methods that
focus on recombinant kinase domain functions/activities and
deal with cell lysates and/or selectively with ATP-competitive
kinase inhibitors (4, 67-69). First, we provide a tool to analyze
full-length kinases in their native cellular environment. Second,
the sensitivity of the luciferase-based KinCon reporter allows
analyses at expression levels below the endogenous proteins
(Fig. 2D). Third, the assay has the potential to become suitable
for testing/identifying unique classes of allosteric kinase modu-
lators for specific kinase families. Finally, the simplicity and re-
producibility of the test system makes it easily adaptable for the
systematic profiling of mutation:drug combinations in intact
cells. In order to generate a functional conformation reporter,
structural information is useful. The PCA fragments need to be
brought into close proximity to allow complementation of func-
tional reporter activity. Consequently, there is a size restriction.
Most kinases contain additional domains with diverse types of
functions. Thus, the generation of KinCon reporters, which are
based on a multidomain polypeptide chain may be challenging.
Furthermore, one should test if tagging interferes with enzyme
functions, molecular interactions, and/or the localization of the
fusion protein/reporter. Last but not least, membrane-spanning
domains might complicate the generation of a functional KinCon
reporter. In addition, the luminescence signal lifetime and the
low photon emission rates limit the applicability of Rluc PCA-
based reporter strategies for single-cell studies (48).

Finally, yet importantly, we present evidence that the reporter
principle can be extended to other autoinhibitory proteins
without enzymatic activity which are difficult to target in the in
vivo setting. Pseudokinases might fall under this class of proteins.
We propose that KinCon could become relevant for recording
and perturbing pseudoenzyme functions which are challenging to
track by the use of conventional readouts (70, 71). Therefore, we
believe that the reporter system has the potential to provide
additional information for different aspects of drug discovery.
Moreover, it opens new avenues to target critical signaling node
functions, which depend on the transformation of cis-regulatory
protein conformations. This is a general phenomenon which is
not restricted to the kinase family.

Materials and Methods

Reagents. The reagents used included PLX4032 (vemurafenib; MedChemExpress,
HY-12057), LGX818 (encorafenib; MedChemExpress, HY-15605), GSK2118436A
(dabrafenib; Selleckchem, S2807), PLX8394 (MedChemExpress, HY-18972),
Benzyl-coelenterazine (Nanolight, 301), and human EGF (Alomone Labs, E-100).

Cell Culture and Antibodies. HEK293 cells were grown in Dulbecco’s Modified
Eagle Medium (DMEM) supplemented with 10% fetal bovine serum (FBS).
Transient transfections were performed with Transfectin reagent (Bio-Rad,
1703352). The lung cancer cell lines A549 (ATCC CCL-185) and H1666 (ATCC CRL-
5885) were grown in Roswell Park Memorial Institute media (RPMI), the mela-
noma cell line A2058 (ATCC CRC-11147) in DMEM. The media was supplemented
with 10% FBS and 10 mM N-2-hydroxyethylpiperazine-N-ethanesulfonic
acid (Hepes). Quail embryo fibroblasts (QEF) were grown in Avian cell
culture medium. DNA transfection was mediated using the calcium phos-
phate method. Primary antibodies used were the mouse anti-Rluc anti-
body directed against Rluc-F[1] (Chemicon, #MAB4410), mouse anti-HA-tag
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(Covance, MMS-10P), mouse anti-BRAF (Santa Cruz, F-7: sc-5284), mouse
anti-MEK1/2 (Cell Signaling, 4684S), rabbit phospho-MEK1/2 (Ser217/221)
(Cell Signaling, 9154), and rabbit anti-P-ERK1/2 (Cell Signaling, 9101).

Expression Constructs. The Rluc-PCA-based hybrid proteins Rl-a-F[1] (RI-a:
NM_001278433) and PKAc-F[2] (PKAc: NM_002730.1) have been designed as
previously described (58). Following PCR amplification of the human BRAF
gene (BRaf: NM_004333.4, Addgene plasmid 40775), we fused the KinCon
reporter N-terminally with -F[1] and C-terminally with -F[2] of the Rluc, Gluc,
and Nluc-PCA (pcDNA3.1 backbone vector). We inserted interjacent
10-amino-acid linkers. A site-directed mutagenesis approach has been used
to generate the BRAF (G466V, G469A, Y472C, N581S, D594G, L597V, V600E,
V600K, V600R, and K601E) amino acid substitutions. The identical cloning
approach has been used to generate the Rluc-PCA-based hybrid proteins of
MEK (MEK1: NM_002755.3), CRAF (CRaf: NM_002880.3), PKAc (PKAc:
NM_002730.1), PKC-B (NM_212535.2), PKCO (PKCO: L07032.1), CDK4 (CDK4:
NM_000075), CDK6 (NM_001259), and PR65 (NM_014225) and were mutated
using a site-directed mutagenesis approach. To generate the Rluc-PCA-based
fusion proteins of AK1 (AK1: NM_000476.2), VRK1 (VRK1: NM_003384.2),
AMPK1 (AMPK1: NM_006251.5), BTK (BTK: NM_001287345.1), GSK3- (GSK3p:
NM_001146156.1), LKB (LKB: NM_000455.4), MST1 (MST1: NM_006282.4),
NEK2 (NEK2: NM_002497.3), PAK4 (PAK4: NM_005884.3), S6K1 (S6K1:
NM_003161.3) N-WASP (N-WASP: NM_003941.3), PR65 (NM_014225), and NF2
(NF2: NM_000268.3), we ordered customized genes synthesized by Eurofins
and cloned the coding region into the pcDNA3.1 vector with N-terminally
located —F[1] and C-terminally located -F[2]. The HA-tag was inserted
N-terminally of BRAF* by PCR and cloned into the pcDNA3.1 vector using
restriction enzymes. For the construction of replication-competent RCASBP (A)
vector (pRCAS)-HA-MYC, the human MYC coding region was amplified by PCR
using complementary DNA derived from SW-480 cells and primers providing a
HA tag for the N terminus of the expressed MYC protein. The PCR product
was ligated into the Clal site of pRCAS. The coding region of human BRAF6%%¢
was amplified from the plasmid pcDNA3.1-FLAG-BRAFY®%%F using primers
providing a C-terminal HA tag. The PCR product was then inserted into the
unique Clal site of the pCRNCM vector, a replication-defective derivative of
PRCAS (72), yielding the construct pPCRNCM-FLAG-BRAFV®%% . HA, To create the
intramolecular reporter construct pPCRNCM-F1-BRAFV®%%E_F2, a 3,332-base-pair
Ncol/Dral DNA fragment encompassing the F1-BRAFV®°°E-F2 coding region
was excised from pcDNA3.1-F1-BRAFV?E.F2, inserted into the adaptor plas-
mid pA-CLA12NCO as described (73), and, from there, transferred into the Clal
site of pCRNCM. The coding regions of human BRAF and BRAF-V600E were
amplified from the plasmids pcDNA3.1-FLAG-BRAF and pcDNA3.1-FLAG-
BRAF-V600E (http:/addgene.org), respectively, using primers providing a
C-terminal HA tag. The PCR products were then ligated into the Clal site
of pRCAS.

Luciferase PCA Analyses. Cells were grown in DMEM supplemented with 10%
FBS. Indicated versions of the Rluc PCA-based reporter were transiently
overexpressed in 24-well or 12-well plate formats. The drug exposure ex-
periments were initiated 24 or 48 h post-transfection. The growth medium
was partially removed, and BRAFi were added with the final concentra-
tions as indicated in the figure legends. To measure the dose-dependent
effect of the lead molecules on the intramolecular Rluc PCA reporter, we
treated cells with two different concentrations for 1 h. For the luciferase
PCA measurements, the growth medium was carefully removed, and
the cells were washed with phosphate-buffered saline. Cell suspensions
were transferred to 96-well plates and subjected to luminescence analy-
sis using either the PHERAstar FSX (BMG Labtech) or the LMaxTM-II-384
luminometer (Molecular Devices). Luciferase luminescence signals were
integrated for 10 s following the addition of the Rluc substrate benzyl-
coelenterazine (Nanolight, 301). For the PP2A conformation reporter as-
says, HEK293 cells were grown in DMEM supplemented with 10% FBS at
two different cell densities: low-density cells were seeded at 50,000 cells/
well and high-density cells at 100,000 cells/well in a 24-well-plate format.

1. E. D. Fleuren, L. Zhang, J. Wu, R. J. Daly, The kinome ‘at large’ in cancer. Nat. Rev.
Cancer 16, 83-98 (2016).
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They were transiently overexpressed with the indicated versions of the
Rluc-PP2A conformation reporter for 48 h post-transfection. For the time-
dependency experiments, HEK293 cells were seeded in 24-well plates
(90,000 cells/well), and after 1 d, they were transfected with the KinCon re-
porters BRAF-wt or BRAF-V600E (50 ng DNA pro well). Cells were treated with
1 uM PLX8394 for indicated time points and subjected to PCA measurements
48 h post-transfection.

MEK and ERK Phosphorylation. Following overexpression of indicated KinCon
constructs or expression constructs for Flag-tagged BRAF in HEK293 cells, we
directly determined the phosphorylation status of ERK1/2 and MEK1/2 with
indicated antibodies. We treated HEK293 cells with indicated BRAFi or EGF,
exchanged the medium, and added the Laemmli sample buffer.

Cell Transformation Assay. QEF were prepared from 9-d-old embryos of
Coturnix japonica (73). To deliver the eukaryotic expression vectors
(pcDNA3.1) or the retroviral DNA constructs (RCAS) into QEF, each 6 x 10°
cells were seeded onto six well plates and transfected each with 2.0 pg DNA
using the calcium phosphate method. Colony assays from transfected cells,
which have been passaged five times, were done as described (73). Each of
the 25,000 cells were suspended in cloning agar onto MP-12 dishes. For the
inhibitor treatment, 25,000 cells were suspended in cloning agar containing
PLX8394 onto MP-12 dishes, resulting in final concentrations of 4 uM. To
monitor protein expression, immunoblot analysis was done using antibodies
directed against BRAF, (Santa Cruz), Rluc-F[2] (Merck), the HA-tag (Covance),
or tubulin-a (Merck).

Cell Proliferation Assays. The lung cancer cell lines A549, H1666, and A2058
were seeded in a 96-well plate at a density of 10,000 to 15,000 cells/well and
cultured overnight. One day later, BRAFi were added at a final concentration
of 1 uM, and cell growth was monitored for 60 h using the Incucyte S3 Live-
Cell Analysis system (Essen Bioscience). Four images per well were taken at
4-h intervals. Normalized confluence area was processed using the Incucyte
S3 Sofware (Essen Bioscience).

In Silico Predictions. All human kinases were retrieved from the Uniprot
database (https://www.uniprot.org/). Kinases were assigned to their respec-
tive classes. The sequences of all kinases were then processed by the
Cis-regPred server (http://aimpred.cau.ac.kr) for the presence of CREs (36). S/
Appendix, Table S1 shows the number of CREs identified within each kinase
sequence. To visualize the relationship of kinase similarity with the presence
of CREs, we calculated all pairwise sequence identities after individual
pairwise alignments within each class using mafft with the L-ins-I strategy.
Subsequently, all screened kinases were mapped into the phylogenetic tree
of the human kinome using the web-based tool KinMap (http://www.
kinhub.org/kinmap) (43).

Statistical Analyses. Data were examined for Gaussian distribution using the
Kolmogorov-Smirnov normality test. Non-Gaussian-distributed data were
analyzed using the nonparametric Mann-Whitney U test. Besides two-way
ANOVA, paired Student’s t tests were used to evaluate statistical signifi-
cance. Values are expressed as the mean + SEM or + SD as indicated. Sig-
nificance was set at the 95% confidence level and ranked as P < 0.05, P <
0.01, and P < 0.001.

Data Availability. Data supporting the findings of this study are available
within the article and its S/ Appendix files.
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