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SUMMARY:  20 
In this article, we presented a set of practical and feasible methods for characterizing disease-21 
related mutants of RAF family kinases, which include in vitro kinase assay, RAF co-activation 22 
assay, and complementary split luciferase assay. 23 
 24 
ABSTRACT:  25 
The rapidly accelerated fibrosarcoma (RAF) family kinases play a central role in cell biology and 26 
their dysfunction leads to cancers and developmental disorders. A characterization of disease-27 
related RAF mutants will help us select appropriate therapeutic strategies for treating these 28 
diseases. Recent studies have shown that RAF family kinases have both catalytic and allosteric 29 
activities, which are tightly regulated by dimerization. Here, we constructed a set of practical 30 
and feasible methods to determine the catalytic and allosteric activities and the relative dimer 31 
affinity/stability of RAF family kinases and their mutants. Firstly, we amended the classical in 32 
vitro kinase assay by reducing the detergent concentration in buffers, utilizing a gentle quick 33 
wash procedure, and employing a glutathione S-transferase (GST) fusion to prevent RAF dimers 34 
from dissociating during purification. This enables us to measure the catalytic activity of 35 
constitutively active RAF mutants appropriately. Secondly, we developed a novel RAF co-36 
activation assay to evaluate the allosteric activity of kinase-dead RAF mutants by using N-37 
terminal truncated RAF proteins, eliminating the requirement of active Ras in current protocols 38 
and thereby achieving a higher sensitivity. Lastly, we generated a unique complementary split 39 
luciferase assay to quantitatively measure the relative dimer affinity/stability of various RAF 40 
mutants, which is more reliable and sensitive compared to the traditional co-41 
immunoprecipitation assay. In summary, these methods have the following advantages: (1) 42 
user-friendly; (2) able to carry out effectively without advanced equipment; (3) cost-effective; 43 
(4) highly sensitive and reproducible. 44 
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 45 
INTRODUCTION:  46 
The RAF family kinases are a key component of RAS/RAF/MEK/ERK signaling cascade, which 47 
transmit a signal from RAS to activate mitogen-activated protein kinase (MEK)1-4. This family of 48 
kinases plays a crucial role in cell growth, survival and differentiation, and their alterations 49 
induce many diseases, notably cancer5-8. Recently, genomic sequencings have identified many 50 
disease-related RAF mutants that exhibit different properties in the signal transmission of 51 
RAS/RAF/MEK/ERK cascade9-11. A careful characterization of RAF mutants will help us 52 
understand the molecular mechanisms of how RAF mutants alter the signal output of 53 
RAS/RAF/MEK/ERK cascade, eventually select appropriate approaches for treating various RAF 54 
mutant-driven diseases. 55 
 56 
The RAF family kinases include three members, CRAF, BRAF, and ARAF, which have similar 57 
molecular structures but different abilities to activate downstream signaling1-4. Among these 58 
paralogs, BRAF has the highest activity by virtue of its constitutively phosphorylated NtA (N-59 
terminal acidic) motif12-14, while ARAF has the lowest activity arising from its non-canonical APE 60 
motif15. This may explain the different mutation frequencies of RAF paralogs in diseases: 61 
BRAF>CRAF>ARAF. Moreover, within the same RAF paralog, mutations in different sites may 62 
trigger downstream signaling in distinct manners, which adds another layer of complexity to the 63 
regulation of RAF family kinases. Recent studies have demonstrated that all RAF kinases have 64 
both catalytic and allosteric activities13,14,16-18. Constitutively active RAF mutants turn on the 65 
downstream signaling directly by phosphorylating MEK, whereas kinase-dead RAF mutants can 66 
transactivate their wild-type counterparts through side-to-side dimerization and activate MEK-67 
ERK signaling16,19,20. The dimer affinity/stability is a key parameter that not only determines the 68 
allosteric activity of kinase-dead RAF mutants but also affects the catalytic activity of 69 
constitutively active RAF mutants15,21,22. The kinase-dead RAF mutants with high dimer 70 
affinity/stability can transactivate the endogenous wild-type RAFs directly15, while those with 71 
intermediate dimer affinity/stability requires a coordination of active Ras or an elevated level of 72 
wild-type RAF molecules to function13,15,20,21,23. Similarly, constitutively active RAF mutants 73 
phosphorylate MEK in a dimer-dependent manner, and those with low dimer affinity/stability 74 
lose their catalytic activity in vitro upon immunoprecipitation that breaks the weak RAF 75 
dimers15,21,22. The dimer affinity/stability also determines the sensitivity of RAF mutants to their 76 
inhibitors, and positively correlates to the resistance of RAF inhibitors24. Therefore, to 77 
characterize disease-related RAF mutants, it is necessary to measure their catalytic and 78 
allosteric activities, and dimer affinity/stability. 79 
 80 
In recent years, our laboratory and others have developed various methods to characterize RAF 81 
family kinases and their mutants. According to our laboratory and others’ experience, we think 82 
that the following three assays have advantages in defining disease-related RAF mutants: (1) 83 
the in vitro kinase assay that can be carried out with ease to detect the catalytic activity of 84 
constitutively active RAF mutants15; (2) the RAF co-activation assay that is a reliable and 85 
convenient method to measure the allosteric activity of kinase-dead RAF mutants13,15,21-23,25; (3) 86 
the complimentary split luciferase assay that has much higher sensitivity in measuring the 87 
relative dimer affinity/stability of RAF mutants in contrast to the traditional co-88 



   

immunoprecipitation assay, and is able to carry out without advanced equipment in contrast to 89 
the quantitative analytic methods such as SPR (Surface Plasmon Resonance) analysis15,22. 90 
Combining these three assays, we can understand easily how a disease-related RAF mutant 91 
alters the downstream signaling and thereby utilize an appropriate therapeutic strategy to treat 92 
the disease caused by this RAF mutation. 93 
 94 
PROTOCOL:  95 
 96 
1. In vitro kinase assay for measuring the catalytic activity of RAF mutants 97 
 98 
1.1. Construct vectors encoding RAF mutants (Figure 1A) with FLAG(DYKDDDDK) tag at C-99 
terminus by using Gibson Assembly or traditional molecular cloning methods.  100 

 101 
1.1.1. Introduce the FLAG tag and mutations into the RAF coding sequences by PCRs, and then 102 
insert whole sequences into pCDNA3.1(+) vector by using Gibson assembly or T4 DNA ligation 103 
and following the manufacture’s protocols. Use the following conditions for PCR reactions: (1) 104 
95 °C, 2 min; (2) 95 °C, 30 s; (3) 59 °C, 30 s; (4) 68 °C, 3 min; (5) 20 cycles of (2); (6) 4 °C hold. 105 
 106 
NOTE: The PCR primers for cloning: 5- AAATTAATACGACTCACTATAGGGAGACCC-3 and 5-107 
CAGCGGGTTTAAACGGGCCCTCTA-3. 108 
 109 
1.1.2. Insert the GST coding sequence upstream of RAF mutant coding sequences to generate 110 
vectors encoding GST-fused RAF mutants by using same methods as described in step 1.1.1. 111 
 112 
1.1.3. Validate all vectors by DNA sequencings before transfection.  113 
 114 
1.2. Plate 293T cells in 6-well plates at a density of 5x105 cells/well one day before 115 
transfection. When the cell density reaches 80~90% confluence on the second day, transfect 116 
with vectors encoding FLAG-tagged RAF kinases or their mutants from step 1.1 into cells by 117 
following the manufacture’s protocol of transfection reagents (Table of Materials). 118 
 119 
1.3. Replace the culture medium 24 h after transfection. 120 
 121 
1.4. Aspirate the culture medium 48 h after transfection and add 400 µL/well of lysis buffer 122 
(25 mM Tris·HCl, 150 mM NaCl, 1 mM ethylenediaminetetraacetic acid (EDTA), 0.25% NP-40, 123 
pH 7.2) supplemented with protease and phosphatase inhibitors to lyse cells on ice.  124 
 125 
NOTE: The concentration of NP-40 in lysis buffer is critical for detecting the catalytic activity of 126 
RAF mutants with moderate dimer affinity/stability in vitro. A high concentration of detergent 127 
or a strong detergent in lysis buffer may break RAF dimers and thereby kill the catalytic activity 128 
of RAF kinases or their mutants. 129 
 130 
1.5. Transfer the cell lysates to a 1.5 mL tube, and spin down by 12,000 x g for 10 min at 4 °C 131 
to deplete cell debris. 132 



   

 133 
1.6. Transfer 300 µL per sample of clean whole cell lysates to 1.5 mL tubes, add 20 µL per 134 
sample of anti-FLAG affinity beads, and rotate in a cold room (4 °C) for 1 h. Also take 40 µL per 135 
sample of clean whole cell lysate aside for detecting the expression and activity (phospho-136 
ERK1/2) of RAF mutants by immunoblots as described below. 137 
 138 
1.7. Wash the anti-FLAG beads once with lysis buffer, then once with kinase reaction buffer 139 
(20 mM HEPES, 10 mM MgCl2, 0.5 mM Na3VO4, 0.5 mM DTT, pH 7.2), and add 20 µL of kinase 140 
reaction mixture (2 μg of MEK1(K97A) and 100 µM ATP in 20 µL of kinase reaction buffer) per 141 
sample.  142 
 143 
NOTE: The bead washing should be completed gently and quickly, the residual buffer should be 144 
aspirated completely before adding kinase reaction mixture, and all operations at this step 145 
should be carried out at 4 °C in a cold room. 146 
 147 
1.8. Incubate the kinase reactions at room temperature (25 °C) for 10 min, and flip the tubes 148 
containing kinase reactions with fingers every other minute during incubation. 149 
 150 
1.9. Add 5 µL of 5x SDS sample buffer (375 mM Tris·HCl, 9% sodium dodecyl sulfate (SDS), 50% 151 
Glycerol, 0.03% Bromophenol Blue) per sample to stop kinase reactions, and then heat the 152 
samples at 90 °C for 5 min. 153 
 154 
1.10. Run the samples in 9~12% polyacrylamide gel electrophoresis (PAGE) with 0.1% SDS, 155 
transfer the proteins to nitrocellulose membrane, and detect the levels of phospho-MEK and 156 
RAF mutants in samples by immunoblots.  157 
 158 
NOTE: The phospho-MEK can also be quantified by using γ32P-ATP incorporation. Briefly, 10 µM 159 
γ32P-ATP is added to the kinase reaction buffer, and the amount of phosphorylated MEK is then 160 
quantified after PAGE separation by using standard autoradiography, phosphorimaging, or 161 
liquid scintillation counting techniques as appropriate. 162 
 163 
2. RAF co-activation assay for evaluating the allosteric activity of kinase-dead RAF mutants 164 
 165 
2.1. Construct vectors encoding the RAF receiver (CRAF kinase domain with 166 
unphosphorylatable NtA motif, AAFF) or the kinase-dead RAF activators (RAF kinase domain 167 
with phosphorylation-mimicked NtA motif, SSDD, DDEE or DGEE) (Figure 1A) as described in 168 
step 1.1. 169 
 170 
2.2. Transfect 293T cells with two vectors encoding both the RAF receiver and the kinase-171 
dead RAF activator or a single vector encoding one of proteins as described in steps 1.2 and 1.3. 172 
 173 
2.3. Replace the culture medium at 24 h after transfection, and harvest 293T transfectants at 174 
48 h to prepare the whole cell lysates as described in steps 1.4 and 1.5. 175 
 176 



   

2.4. Mix the clean whole cell lysate with 5x SDS sample buffer quickly at room temperature 177 
(25 °C) and then boil at 90 °C for 5 min. 178 
 179 
2.5. Run the boiled whole cell lysate samples in 9~12% PAGE with 0.1% SDS, transfer the 180 
proteins to nitrocellulose membrane, and detect the levels of phospho-ERK1/2 and control 181 
proteins by immunoblots.  182 
 183 
3. Complimentary split luciferase assay for measuring the relative dimer affinity/stability of 184 

RAF mutants. 185 
 186 
3.1. Construct vectors encoding FLAG-tagged RAF mutants fused to the N-terminus of Nluc 187 
(N-terminus of firefly luciferase, aa2-416) or the C-terminus of Cluc (C-terminus of firefly 188 
luciferase, aa398-550) as described in step 1.1. 189 
 190 
3.2. Transfect 293T cells with a pair of vectors encoding different Nluc-RAF mutants and 191 
Cluc-RAF mutants as described in step 1.2. 192 
 193 
3.3. At 24 h after transfection, replate 293T cell transfectants into Krystal black image plates 194 
at the cell density of 2x105 per well with color-free medium (i.e., DMEM without phenol red). 195 
 196 
3.4. 24 h later, add D-luciferin (0.2 mg/mL) to 293T cell transfectants, incubate for 30 min, 197 
and measure the luciferase signals by using a multi detection system (Table of Materials). 198 
 199 
3.5. After measuring the luciferase signals, aspirate the medium and lyse 293T transfectants 200 
with lysis buffer to prepare the whole cell lysates as described in steps 1.4 and 1.5. 201 
 202 
3.6. Run the whole cell lysate samples in 9~12% PAGE with 0.1% SDS and detect the 203 
expression levels of Nluc-RAF mutants and Cluc-RAF mutants by anti-FLAG immunoblot as 204 
described in step 2.5. The relative expression levels of both Nluc-RAF mutant and Cluc-RAF 205 
mutant in 293T transfectants are quantified by using image J from their immunoblots. 206 
 207 
3.7. Normalize the luciferase signals of 293T cell transfectants according to the expression 208 
levels of Nluc-RAF mutants and Cluc-RAF mutants. Briefly, this is achieved by dividing the raw 209 
luciferase signal by the relative expression levels of Nluc-RAF mutants and Cluc-RAF mutants 210 
from step 3.6. 211 
 212 
REPRESENTATIVE RESULTS:  213 
The RAF family kinases have both catalytic and allosteric activities, which enable their disease-214 
related mutants to turn on the downstream signaling through different mechanisms13,14,16-18. 215 
The constitutively active RAF mutants directly phosphorylate their substrates, while the kinase-216 
dead RAF mutants fulfill their function through transactivating wild-type counterparts. As 217 
shown in Figure 1B, both constitutively active RAF mutants (such as Regulatory spine (R-spine) 218 
mutants (BRAF(L505M), CRAF(DDEE/L397M), and ARAF(DGEE/L358M))13,23,25,26, BRAF(V600E), 219 
and BRAF(∆NVTAP)) and kinase-dead RAF mutants (such as Catalytic spine (C-spine)-fused 220 



   

BRAF(∆NVTAP/V471F)15) activates ERK when expressed in 293T cells. Therefore, the ability of 221 
RAF mutants to activate ERK signaling in cells cannot serve as a standard to distinguish a 222 
constitutively active mutant from a kinase-dead mutant, although some kinase-dead mutants 223 
with moderate dimer affinity/stability turns on downstream signaling only with the cooperation 224 
of active Ras. Three methods that we presented here can help us effectively characterize all 225 
disease-related RAF mutants. The biological properties of all RAF mutants revealed by using 226 
these assays in our previous studies have been summarized in Table 1. 227 
 228 
The first method that we can use to distinguish the constitutively active RAF mutants from the 229 
kinase-dead RAF mutants is the in vitro kinase assay. In this assay, the RAF mutants were 230 
purified by immunoprecipitation and the catalytic reactions were carried out in vitro with 231 
kinase-dead MEK1(K97A) and ATP as substrates. The catalytic activity of RAF mutants was 232 
measured as the AL(Activation Loop)-phosphorylation of MEK1(K97A) in the kinase reaction 233 
mixtures by immunoblot. As shown in Figure 1C, this assay can effectively probe the catalytic 234 
activity of R-spine mutants of BRAF, CRAF and ARAF13,15,23, BRAF(V600E)9, and BRAF(∆NVTAP)15, 235 
but not that of kinase-dead BRAF(V471F/∆NVTAP)15 that has a fused C-spine. However, the 236 
catalytic activity of constitutively active RAF mutants with weak dimer affinity/stability such as 237 
ARAF R-spine mutant (ARAF(DGEE/L358M)) (Figure 1C, lane 4), CRAF and ARAF mutants with 238 
altered dimer interface (CRAF(DDEE/L397M/R401H), ARAF(DGEE/L358M/APE/R362H))15,22 239 
(Figure 1D,E) might not be probed by using this assay, since their dimers were broken during 240 
the purification, especially when the purification was carried out with buffers containing strong 241 
or high-concentration detergents. To avoid the loss of catalytic activity of RAF mutants with 242 
weak dimer affinity/stability, we usually fused these mutants with GST (glutathione S-243 
transferase), a dimeric protein with strong affinity/stability before carrying out in vitro kinase 244 
assay, which can rescue the catalytic activity of these RAF mutants15,22 (Figure 1E). In general, 245 
most RAF mutants could be classified as constitutively active or kinase-dead mutants by using 246 
this assay. 247 
 248 
The second method that we described here is the RAF co-activation assay that can be used to 249 
evaluate the allosteric activity of kinase-dead RAF mutants13,15,21-23,25. Although a few kinase-250 
dead RAF mutants with very high dimer affinity/stability such as BRAF(V471F/∆NVTAP)15, can 251 
directly activate endogenous RAF molecules when expressed in cells (Figure 1B, lane 7), most 252 
kinase-dead RAF mutants require the cooperation of active Ras to transactivate wild-type RAFs. 253 
However, active Ras is a direct activator of ERK signaling, whose introduction will increase the 254 
basal level of active ERK. To avoid the interference of active Ras, we used N-terminus-truncated 255 
RAF mutants in this assay (Figure 2A). As shown in Figure 2B, kinase-dead mutants of BRAF, 256 
CRAF, and RAF with acidic NtA motif and C-spine fusion (BRAF(V471F, aa431-766), 257 
CRAF(DDEE/V363F, aa323-648), and ARAF(DGEE/V324F, aa284-606)) functioned as allosteric 258 
activators to trigger the catalytic activity of CRAF with non-phosphorylatable NtA motif (CRAF 259 
receiver, CRAF(AAFF, aa323-648)) when co-expressed in 293T cells. In contrast, the kinase-dead 260 
BRAF mutant (V471F/∆NVTAP, aa431-766) that have very high dimer affinity/stability (see 261 
below) turned on ERK signaling by triggering endogenous RAFs, even without the co-expression 262 
of CRAF receiver. Overall, this assay can be used to evaluate the transactivation ability of all 263 
kinase-dead RAF mutants. 264 



   

 265 
The dimerization of RAF family kinases not only regulates their ability to activate downstream 266 
MEK-ERK signaling but also determines their sensitivity to RAF inhibitors15,16,20,22,24,27-32. In 267 
contrast to other protein-protein interactions among this pathway33-35, the dimerization of RAF 268 
family kinases and their mutants is relatively weak and difficult to be evaluated by using 269 
traditional biochemistry assays such as co-immunoprecipitation. To resolve this problem, we 270 
recently developed a complimentary split luciferase assay for measuring the relative dimer 271 
affinity/stability of RAF family kinases and their mutants15,22,36. As shown in Figure 3A, the RAF 272 
kinase domains (aa431-766 for BRAF, aa323-648 for CRAF, and aa284-606 for ARAF) were fused 273 
respectively with N-terminus(aa2-416) or C-terminus(aa398-550) of firefly luciferase (Nluc and 274 
Cluc), which will be brought together to assemble intact luciferase upon RAF dimerization. The 275 
activity of luciferase in this assay directly correlates with the quantity of RAF dimers. This assay 276 
is very sensitive and can detect even a very weak dimerization of RAF mutants. As we reported 277 
before15, the oncogenic BRAF(V600E) functions as a dimer, and only a compound mutation with 278 
the Arg-to-His mutation(R509H) in dimer interface and the non-canonic APE alteration(P622A in 279 
APE motif) can completely abolish its dimerization and thereby block its catalytic activity (Figure 280 
3B). By using in vitro kinase assay, we further found that BRAF(V600E) variant with the altered 281 
APE motif, BRAF(V600E/AAE), but not that with the Arg-to-His mutation in dimer interface, 282 
BRAF(V600E/R509H), lost its catalytic activity upon purification (Figure 3C), suggesting that the 283 
former variant has much less dimer affinity/stability than the latter. To directly measure the 284 
propensity of these BRAF(V600E) variants to form dimers, we carried out a complimentary split 285 
luciferase assay, and confirmed that these variants had quite different dimer affinity/stability 286 
with BRAF(V600E) higher than BRAF(V600E/R509H) than BRAF(V600E/AAE) than 287 
BRAF(V600E/R509H/AAE) (Figure 3D). The luciferase signal produced by monomeric 288 
BRAF(V600E/R509H/AAE) was comparable with that of non-transfected 293T control (Figure 3D, 289 
left panel lane 5), indicating that this assay has a very low background. To further determine 290 
the effectiveness of complimentary split luciferase assay, we next measured by using this assay 291 
the relative dimer affinity/stability of a group of oncogenic BRAF mutants with in-frame 292 
deletions of β3- αC loop that was identified by us and other groups15,37,38. As we have known, 293 
although all of these mutants activated ERK signaling when expressed in 293T cells (Figure 3E), 294 
they exhibited quite differential catalytic activity in vitro (Figure 3F). The BRAF(∆MLN(aa484-295 
486 del)) and BRAF(∆NVTAP(aa486-490 del)) were very active upon purification by 296 
immunoprecipitaion, whereas the BRAF(∆NVTAPT(aa486-491 del)) and BRAF(∆QA(aa496-497 297 
del)) lost their catalytic activity under same condition though it could be rescued by GST fusion. 298 
In addition, the kinase-dead version of BRAF(∆NVTAP), BRAF(V471F/∆NVTAP) exhibited a strong 299 
potency to activate endogenous RAFs when expressed in cells (Figure 1B, lane 7). These data 300 
suggest that this group of BRAF mutants have quite different dimer affinity/stability with 301 
BRAF(∆NVTAP) higher than BRAF(∆MLN) than BRAF(∆NVTAPT) and BRAF(∆QA). Indeed, the 302 
result from the complimentary split luciferase assay completely supported our inference (Figure 303 
3G). Taken together, our data indicate that the complimentary split luciferase assay is a reliable 304 
method to measure the relative dimer affinity/stability of RAF mutants. 305 
 306 
FIGURE AND TABLE LEGENDS:  307 
Figure 1. Probe the catalytic activity of RAF mutants by using in vitro kinase assay. (A) A 308 



   

schematic diagram for RAF mutations used in this study. (B) Both constitutively active and 309 
kinase-dead RAF mutants can activate ERK signaling when expressed in cells. 293T cells were 310 
transfected with vectors that encode different RAF mutants, and the activity of ERK was 311 
detected by anti-phospho-ERK1/2 immunoblot. (C) Constitutively active RAF mutants with low 312 
dimer affinity/stability as well as kinase-dead RAF mutants cannot phosphorylate MEK in vitro 313 
upon purification by immunoprecipitation. RAF mutants in A were purified by using anti-FLAG 314 
beads, and their catalytic activity was probed by using in vitro kinase assay as described in the 315 
protocol. (D-E) The in vitro catalytic activity of constitutively active RAF mutants with low dimer 316 
affinity/stability can be rescued by GST fusion. (D) Constitutively active RAF mutants and their 317 
GST-fused counterparts were expressed in 293T cells and their activity was measured by anti-318 
phospho-ERK1/2 immunoblot. (E) RAF mutants in C were purified by immunoprecipitation, and 319 
their in vitro catalytic activity was probed by using in vitro kinase assay as described in the 320 
protocol. RAF R-spine mutants: BRAF(L505M), CRAF(DDEE/L397M), and ARAF(DGEE/L358M). 321 
“∆NVTAP” represents for the deletion of aa486-490 in BRAF. The APE mutation of ARAF means 322 
A475P that generates a canonical APE motif in ARAF. “KD” represents for “kinase domain” in 323 
the full text. BRAF(KD) means the aa431-766 fragment of BRAF, while CRAF(KD) and ARAF(KD) 324 
represent respectively for the aa323-648 fragment of CRAF and the aa284-606 fragment of 325 
ARAF. The results in this figure have been reported previously15,22. 326 
 327 
Figure 2. Evaluate the ability of RAF mutants to transactivate wild-type RAFs by using the RAF 328 
co-activation assay. (A) A diagram illustrating the RAF co-activation assay. (B) Kinase-dead RAF 329 
mutants with acidic NtA motif were co-expressed with catalysis-competent CRAF receiver in 330 
293T cells, and the activity of ERK1/2 in 293T transfectants was measured by anti-phosho-331 
ERK1/2 immunoblot. Most kinase-dead RAF mutants except BRAF(V471F/∆NVTAP) that has a 332 
very high dimer affinity/stability required the co-expression of exogenous RAF receiver to turn 333 
on ERK signaling. The results in this figure have been reported previously15,22. 334 
 335 
Figure 3. Measure the relative dimer affinity/stability of RAF mutants by using the 336 
complimentary split luciferase assay. (A) A diagram illustrating the complimentary split 337 
luciferase assay. (B-D) The dimerization of BRAF(V600E) variants is required for their catalytic 338 
activity in vivo and in vitro. (B) The monomeric BRAF(V600E) variant, BRAF(V600E/R509H/AAE) 339 
has no catalytic activity in vivo, which can be recovered by GST fusion. BRAF(V600E) variants 340 
and their GST-fused counterparts were expressed in 293T cells, and their activity was measured 341 
by anti-phospho-ERK1/2. (C) The BRAF(V600E) variant with low dimer affinity/stability, 342 
BRAF(V600E/AAE) lost its catalytic activity in vitro upon purification, which can be rescued by 343 
GST fusion. BRAF(V600E) variants from B were purified by immunoprecipitation and their 344 
catalytic activity was probed by in vitro kinase assay as described in the protocol. (D) The 345 
relative dimer affinity/stability of BRAF(V600E) variants was measured by using the 346 
complimentary split luciferase assay as described in the protocol. (E-G) BRAF mutants with in-347 
frame deletion of β3- αC loop function as dimers to activate ERK signaling. (E) BRAF mutants 348 
with in-frame deletion of β3- αC loop activate ERK signaling when expressed in cells. BRAF 349 
mutants were expressed in 293T cells and their activity was measured as described in B. (F) 350 
BRAF mutants with low dimer affinity/stability from E lost their catalytic activity in vitro, which 351 
can be rescued by GST fusion. The in vitro catalytic activity of BRAF mutants and their GST-352 



   

fused counterparts from E was measured as in C. (G) BRAF mutants with in-frame deletion of 353 
β3- αC loop have quite different dimer affinity/stability. The relative dimer affinity/stability of 354 
BRAF mutants with in-frame deletion of β3- αC loop was measured as in D. Error bars in D&G 355 
represent s.d. to show variance between independent experiments (n = 4). The AAE mutation 356 
of BRAF means P622A in APE motif that generates a non-canonical APE motif. “∆MLN”, 357 
“∆NVTAPT”, and “∆QA” represent respectively for the deletions of aa484-486, aa486-491, 358 
aa496-497 in the β3- αC loop of BRAF. Some results in this figure have been reported 359 
previously15. 360 
 361 
Table 1. The biological property of various RAF mutants. The catalytic activity, allosteric 362 
activity and relative dimer affinity/stability of all RAF mutants used in this study have been 363 
summarized in this table. “Y” means “Yes”, while “N” stands for “No”. “N*” indicates that those 364 
mutants have catalytic activity if fused with GST. “++++”, “+++”, “++”, “+”, and “-“ represent 365 
respectively for “very strong”, “strong”, “intermediate”, “weak”, and “none”. 366 
 367 
DISCUSSION:  368 
In this article, we presented three methods for characterizing disease-related RAF mutants, 369 
which include in vitro kinase assay, RAF co-activation assay, and complimentary split luciferase 370 
assay. Since RAF kinases have both catalytic activity and allosteric activity, various RAF mutants 371 
can activate the downstream signaling through two distinct mechanisms13,14,16-18. The 372 
constitutively active RAF mutants directly phosphorylate the downstream effector MEK, 373 
whereas the kinase-dead RAF mutants trigger the downstream signaling through 374 
transactivating their wild-type counterparts. However, both constitutively active and kinase-375 
dead RAF mutants require the dimerization to fulfill their function15-17,19,20, and the dimer 376 
propensity of RAF mutants determines not only the catalytic or allosteric activity of RAF 377 
mutants but also their sensitivity to RAF inhibitors15,24. The in vitro kinase assay, RAF co-378 
activation assay, and complimentary split luciferase assay provide us a set of simple, effective, 379 
and reliable methods for distinguishing the constitutively active mutants from the kinase-dead 380 
mutants as well as evaluating their ability to activate downstream signaling. 381 
 382 
The in vitro kinase assay is a classical method to detect the catalytic activity of protein kinases. 383 
To adopt this method for measuring the catalytic activity of RAF mutants, we have made some 384 
significant revisions in reagents and procedures15,21,22. Since RAF family kinases function as 385 
dimers to phosphorylate their substrate, MEK, and their dimer affinity/stability is relatively low, 386 
we have reduced the concentration of detergent NP-40 from 1% to 0.25% in buffers for 387 
purifying RAF proteins in order to prevent RAF dimers from dissociation. By the same token, we 388 
have also used a gentle quick wash procedure for RAF protein purification. These changes are 389 
critical for detecting the catalytic activity of constitutively active RAF mutants with very weak 390 
dimer affinity/stability, which might be identified as “kinase-dead” RAF mutants by the classical 391 
in vitro kinase assay. In addition, we have demonstrated that the GST fusion is a good 392 
alternative way to prevent RAF dimers from dissociation during purification in this assay15,21,22. 393 
As to the kinase-dead RAF mutants, even if they are fused with GST, they do not exhibit any 394 
catalytic activity in this assay. 395 
 396 



   

The RAF co-activation assay has been developed by us to evaluate the ability of kinase-dead 397 
RAF mutants to transactivate their wild-type counterparts13,15,21-23,25. In this novel assay, we use 398 
the N-terminus truncated RAF proteins and thereby do not need the co-expression of active 399 
RAS mutants or activating RAS, which makes this assay very sensitive. In addition, the allosteric 400 
activator (kinase-dead RAF mutant) and the receiver (catalysis-competent RAF mutant) in this 401 
assay can be easily isolated and purified for investigating molecular events in the process of 402 
dimerization-driven transactivation13.  403 
 404 
As we mentioned above, the dimer affinity/stability is a key factor that regulates the function of 405 
RAF family kinases and their mutants, and also determines their sensitivity to RAF inhibitors13-406 
18,24. However, the dimer affinity/stability of RAF family kinases and their most disease-related 407 
mutants is very low. To measure this parameter, the traditional biochemistry assays require 408 
complicate experimental procedures and advanced equipment (such as SPR assay), or hardly 409 
produce reliable and reproducible data (such as immunoprecipitation assay). In contrast, the 410 
complimentary split luciferase assay is a simple, sensitive, consistent, and cost-effective method 411 
for measuring the relative dimer affinity/stability of RAF family kinases and their 412 
mutants15,21,22,36. This assay can probe the subtle difference of dimer affinity/stability among 413 
various RAF mutants. As we reported before15, BRAF(V600E/AAE) has a very weak dimer 414 
affinity/stability and its dimers will be completely broken upon purification even if using a very 415 
gentle procedure. Using this assay, we can distinguish the weak dimer affinity/stability of 416 
BRAF(V600E/AAE) from that of monomeric BRAF(V600E/AAE/R509H) (Figure 3). 417 
 418 
In summary, this set of practical and feasible methods can fulfill the requirements of defining all 419 
disease-related RAF mutants, and thereby help us select appropriate strategies for treating 420 
various RAF mutant-driven diseases. 421 
 422 
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RAF mutation
Constitutiv

e activity

Kinase 

dead

Activated 

ERK signaling 

in cells

Activity in 

vitro 

(IVKA)

BRAF L505M Y N Y Y

BRAF V600E Y N Y Y

BRAF V600E R509H Y N Y Y

BRAF V600E AAE(P622A) Y N Y N*

BRAF V600E R509H AAE(P622A) N N* N N

BRAF ΔMLN Y N Y Y

BRAF ΔNVTAP Y N Y Y

BRAF ΔNVTAPT Y N Y N*

BRAF ΔQA Y N Y N*

BRAF V471F ΔNVTAP N Y Y N

CRAF DDEE L397M Y N Y Y

CRAF DDEE L397M R401H Y N Y N*

ARAF DGEE L358M Y N Y N*

ARAF DGEE L358M R362H N N* N N

ARAF DGEE L358M APE(A475P) Y N Y Y

ARAF DGEE L358M APE(A475P)

R362H
Y N Y N*
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Name of Reagent/ Equipment Company
Catalog 

Number
Comments/Description

anti-phosphoERK1/2 Cell Signaling Technologies 4370

anti-phosphoMEK1/2 Cell Signaling Technologies 9154

anti-ERK1/2 AB clonal A0229

anti-MEK1/2 Cell Signaling Technologies 9124

anti-FLAG(mouse) Sigma-Aldrich F3165

anti-HA Novus Biologicals MAB6875

anti-FLAG(Rabbit) Cell Signaling Technologies 14793

anti-β-actin Sigma-Aldrich A2228

anti-FLAG beads(M2) Sigma-Aldrich A4596
HRP-conjugated anti-mouse 

IgG Jackson Laboratories 115-035-003
HRP-conjugated anti-Rabbit 

IgG Jackson Laboratories 111-035-144

pcDNA3.1(+) In vitrogen V79020

Gibson Assembly Cloning  Kit New England Biolabs E5510

T4 DNA ligase New England Biolabs M0202

lipofectamine 2000 Invitrogen 11668019

Fugene 6 Roche 11 814 443 001

DMEM w/o phenol red Invitrogen 21063-029

D-luciferin GoldBio LUCK-100

6xhis-tagged MEK1 (K97A)

 prepared in our previous 

studies N.A. Reference 15.
GloMax-Multi Detection 

System. Promega E7041

Table of Materials Click here to access/download;Table of Materials;Yap et al. Materials (1).xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1031170&guid=c53e9780-537e-4640-bd59-c29953c4b971&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031170&guid=c53e9780-537e-4640-bd59-c29953c4b971&scheme=1


Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement filled.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1025095&guid=f40aaad7-0c62-4234-9d76-a073c90e8436&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1025095&guid=f40aaad7-0c62-4234-9d76-a073c90e8436&scheme=1






Response to editorial comments 
 
Editorial comments: 
1. 1. JoVE cannot publish manuscripts containing commercial language. This includes company 
names of an instrument or reagent. Please remove all commercial language from your 
manuscript and use generic terms instead. All commercial products should be sufficiently 
referenced in the Table of Materials and Reagents. Examples of commercial language in your 
manuscript include Invitrogen, Roche, New England Biolabs, Sigma-Aldrich, etc. 
 
We thank the editors’ reminding. We have deleted/changed all  commercial language. 
 
2. Please ensure that the references appear as the following: 
Lastname, F.I., LastName, F.I., LastName, F.I. Article Title. Source. Volume (Issue), FirstPage – 
LastPage, (YEAR). 
Please bold the volume number and italicize the journal title. 
 
We are sorry for these mistakes, and have changed all references to match this format. Thanks. 
 
3. Step 1.1.1: Please ensure that all text is written in the imperative tense. 
 
We have re-written it by using the imperative tense. Thanks. 
 
4. 1.1.2: Please ensure that all text is written in the imperative tense. 
 
We have split this step into two steps (1.1.2 and 1.1.3), and re-written by using the imperative 
tense. Thanks 
 

Rebuttal Letter Click here to access/download;Rebuttal Letter;Response to
Editorial comments#3.docx

https://www.editorialmanager.com/jove/download.aspx?id=1025100&guid=cdc55ea4-53ce-4111-8461-651a79b4c0e1&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1025100&guid=cdc55ea4-53ce-4111-8461-651a79b4c0e1&scheme=1

