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Protein kinases are effective therapeutic targets in cancer and 
other diseases. Knowledge of generalizable drug-resistant 
‘Gatekeeper’ mutations in kinases has helped confirm the 

on-target nature of small molecule inhibitors, aided development 
of more efficacious drugs1–7 and deepened our understanding of 
kinase substrates and signaling networks8–10. As a tool, however, 
the utility of the Gatekeeper is limited; many kinases diverge at this 
position, making it difficult to predict drug-resistance mutations 
that preserve kinase function6.

To enable studies of drug-resistant mutants for all disease-
related kinases it would, therefore, be useful to identify additional 
residue locations where a mutation could confer resistance to ATP-
competitive inhibitors of many members of the kinome. However, 
discovering residues that confer drug resistance broadly across 
kinases has historically been difficult and time-consuming—it 
took over a decade to identify the Gatekeeper as a common site of 
ATP-competitive inhibitor resistance in kinases11–19. Scaling this 
discovery process across the kinome is a challenge, especially when 
clinical samples are difficult to obtain, as is the case for many drug-
resistant tumors. Repair-deficient bacteria, error-prone PCR and 
other subsaturation mutagenesis techniques have helped identify 
drug-resistant mutants in individual kinases20–30 by prospectively 
testing the drug sensitivity of hundreds of mutations in parallel, 
but these approaches are limited by the lack of mutational diver-
sity inherent to the techniques. Recent advances in DNA synthesis-
based mutagenesis have made it possible to create mutant libraries 
containing all possible amino acid substitutions, allowing for the 
comprehensive mapping of coding variants31–41. Such saturating 
mutagenesis approaches are often inclusive of mutations unlikely 
to occur in nature, such as those caused by substitutions requiring  

di- or tri-nucleotide changes, providing an opportunity for thor-
ough mapping of structure/function relationships that may not be 
otherwise detectable.

Here, we used the structural conservation of protein kinase 
domains, the similar mechanism of action for ATP-competitive 
kinase inhibitors and a systematic comparison of mutagenesis 
assays to prospectively identify common sites of drug resistance 
in kinases. Within this analytical framework, we identify and 
validate multiple sites that drive drug resistance when mutated 
in clinically relevant kinases. Unexpectedly, we uncovered one 
position in which mutation leads to activation, and subsequently 
drug resistance, in protein kinases. The end result of this effort is 
a toolkit that may enable the scientific community to identify sites 
that when mutated impact drug resistance and/or basal activity in 
any kinase.

Results
The landscape of drug-resistant CDK4/6 mutants. We gener-
ated complementary DNA libraries that contain 99.98% of all pos-
sible single amino acid variants of human CDK6 and CDK4 using 
mutagenesis by integrated tiles (MITE)32,34,38,41. Mutant libraries 
were transduced into the Meljuso melanoma cell line (Fig. 1a), 
verified to have even representation of all mutants (Extended Data 
Fig. 1a–e) and treated with the ATP-competitive CDK4/6 inhibi-
tor palbociclib (Fig. 1a and Extended Data Fig. 1a,f,g). Mutants in 
surviving cells were quantified via massively parallel sequencing 
and enrichment or depletion quantified by calculating the z-score 
normalized log2(fold change) (LFC) relative to pretreatment refer-
ence abundance (Methods and Extended Data Fig. 1a). We identi-
fied 177 CDK6 mutants in 66 amino acids and 103 CDK4 mutants 
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in 56 amino acids above a threshold z-score of >1.95 (≈P < 0.05), 
including Gatekeeper mutants (CDK6F98Q/ E and CDK4F93E) (Fig. 1a, 
Extended Data Fig. 2a–d and Supplementary Tables 1 and 2) and 
10 (of 15) residues that physically contact palbociclib (Extended 
Data Fig. 3a–c).

‘Hotspot’ analysis reveals generalizable ATP-competitive kinase 
inhibitor resistance residues. We employed ‘hotspot’ analysis, 
reminiscent of approaches used in genomic characterization efforts, 
to identify residues that when mutated cause drug resistance across 
kinases. To do this, we consolidated deep mutational scanning 
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Fig. 1 | Hotspot analysis of saturating and subsaturating mutagenesis screens identifies common sites that mediate ATP-competitive kinase inhibitor 
resistance. a, Scatter plots showing the average assay-specific resistance score achieved for each substitution (y axis, black dots, an average of n = 3 
replicate measurements for each of 19 substitutions for CDK4, CDK6 and ERK2) aligned to a common kinase domain (x axis) for each kinase and drug. 
For all other kinases, only scoring substitutions are shown as determined in the original datasets. Red lines indicate a z-score of 1.95, the threshold of 
significance for resistance phenotypes in saturation screens (see Methods for details). b, Identification of common drug-resistant sites visualized on the 
protein alignment of kinases included in this analysis. Box colors indicate the number of kinases in which site mutation mediated drug resistance. Positions 
200–419 (not shown) contained two positions (at 261 and 271) that shared resistance in two kinases (CDK4 and ABL1).
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drug-resistance data from human CDK4, CDK6 and ERK2 (ref. 32) 
with data from subsaturation drug-resistance mutagenesis screens 
in four human kinases, including BRAF (vemurafenib), HER2 
(lapatinib) and BCR-ABL (imatinib and nilotinib)20,27,28,42 (Fig. 1a).

We next aligned the kinase domains of these six proteins using 
an iterative process of automated two-dimensional (2D) align-
ments, three-dimensional (3D) alignments and manual spot-check-
ing of well-known and structurally conserved residues including 
the activating lysine, Gatekeeper residue, DFG motif, and p-loop 
glycines (Fig. 1b). To facilitate cross-kinase comparisons of indi-
vidual residues, a common kinase domain numbering system was 
used. Residues containing drug-resistant mutants were mapped 
onto this alignment, revealing the Gatekeeper (position 117) and 28 
additional positions that, when mutated, yielded resistance pheno-
types in at least half of the six kinases screened (Fig. 1b) and were  
distributed across the N-lobe of a representative kinase, CDK6  
(Fig. 2a). Notably, mutations at position 61 (for example, CDK6V45) were  
as prevalent across kinases as the Gatekeeper mutation, showing 
a drug-resistance phenotype in every protein for which data were 
available, despite being outside the drug-binding pocket (Fig. 2a).

To evaluate the statistical significance of drug-resistance hotspots, 
we used a robust-rank aggregation43 that incorporated recur-
rence of observation and strength of resistance phenotypes across 
kinases. Eight resistance positions had a false discovery rate (FDR) 
of 15%, including position 32, 117 (Gatekeeper), 61, 96, 41, 42, 119 
and position 57 (Fig. 2b). We focused our characterization efforts 
on positions 32, 61 and 119, all of which showed drug-resistance  

phenotypes in at least five of the six kinases analyzed and were 
found in spatially distinct locations (Figs. 1b and 2a,c).

Validation of resistance phenotypes for common CDK6, CDK4 
and ERK2 mutants. To experimentally validate our hotspot anal-
ysis, we generated CDK6 mutants at positions 32 (CDK6I19W), 61 
(CDK6V45M), 117 (CDK6F98E) and 119 (CDK6H100F) containing the 
strongest substitutions at each site observed in primary screening 
data. Mutant CDK6 were transduced into Meljuso cells and pop-
ulation doublings were calculated with and without palbociclib. 
Relative to wild-type (WT) or kinase-dead CDK6K43M, we observed 
resistance phenotypes with CDK6I19W (position 32) and CDK6F98E 
(position 117) comparable to cells with single guide RNA (sgRNA) 
mediated knockout of RB1, our positive control for this assay (7.5 
doublings > WT), whereas CDK6H100F (position 119) and CDK6V45M 
(position 61) provided a more modest resistance phenotype (4.4 and 
3.4 doublings > WT, respectively) (Fig. 3a). Similar patterns of resis-
tance were observed for a subset of CDK6 mutants in the presence 
of equipotent concentrations of two additional ATP-competitive 
CDK6 inhibitors, abemaciclib and ribociclib (Extended Data Fig. 
4a). We further observed resistance phenotypes consistent with the 
pooled primary screening data for a range of CDK6 mutants identi-
fied in the CDK6 screen, but for which the analogous mutants did 
not exhibit broad resistance in the screening data of other kinases 
(Fig. 3a and Extended Data Fig. 4b). For all resistant CDK6 mutants, 
expression at least partially restored phosphorylation of Rb in the 
presence of palbociclib (Fig. 3b).
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Fig. 2 | Key common drug-resistant positions mapped onto a ribbon structure of CDK6. a, The structure of CDK6 bound to palbociclib (PDB 2EUF) 
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We next tested mutations of these four residues that also scored 
in CDK4, using the maximally resistant substitutions seen in pri-
mary CDK4 screening for each of position 32 (CDK4I12A), 117 
(CDK4F93E), 61 (CDK4V37M) and 119 (CDK4H95F). We found pheno-
types of these CDK4 mutants, such as CDK6, were consistent with 
our pooled primary screening data (Fig. 3c and Extended Data  
Fig. 4c) and partially restored Rb phosphorylation in the presence 
of palbociclib (Fig. 3d).

We broadened our validation efforts by introducing mutations 
in ERK2 at positions 32 (ERK2I31W), 61 (ERK2I56G), 117 (Gatekeeper, 
ERK2Q105W) and 119 (ERK2L107E) using maximally resistant sub-
stitutions observed at each site in the ERK2 screening data. We 
transduced these mutant ERK2 into BRAFV600E-mutant A375 cells, 
induced expression with doxycycline32 and measured prolifera-
tive responses to VRT-11E, an ATP-competitive ERK1/2 inhibi-
tor44. Expression of ERK2I56G (position 61) generated resistance  
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to VRT-11E to a degree comparable to the Gatekeeper mutant 
ERK2Q105W (position 117) (four- and fivefold shift in half-max-
imum inhibitory concentration (IC50), respectively), whereas 
ERK2I31W (position 32) produced a more robust resistance pheno-
type, resulting in an eightfold shift in IC50 (Fig. 3e). Resistance pro-
duced by ERK2L107E (position 119) was more modest (twofold IC50 
shift). Expression of drug-resistant mutants of ERK2 was sufficient 
to restore phosphorylated RSK and total MYC levels, markers of 
ERK activity (Fig. 3f). These data confirm the drug-resistance phe-
notypes observed in the primary screening data for CDK6, CDK4 
and ERK2, supporting the idea that mutations at these sites may be 
generalizable across kinases.

Common drug-resistance mutations differentially impact drug 
binding. To probe the mechanism of resistance for position-32 
(CDK6I19W), -61 (CDK6V45M), -117 (CDK6F98E) and -119 (CDK6H100F) 
mutants, we indirectly assessed drug binding using a cellular ther-
mal shift assay (CETSA)45. Consistent with the impaired drug bind-
ing of Gatekeeper mutations in other kinases46, the stability of the 
CDK6 Gatekeeper mutant (CDK6F98E) was unaffected by palbociclib 
(Fig. 4a,b) and was comparable to that of the position-32 mutant 
(CDK6I19W). In contrast, CDK6V45M and CDK6H100F both showed 
thermal stability profiles similar to that of WT CDK6, indicating 
drug-binding proficiency (Fig. 4a,b). Given the qualitative nature 
of the CETSA assay it is formally possible that CDK6V45M and 
CDK6H100F may decrease the affinity for palbociclib but in amounts 
below the detection limit of the assay.

To substantiate CETSA results more directly, we affinity-puri-
fied Flag-tagged CDK6 mutants from transfected 293T cells and 
performed differential scanning fluorescence (DSF) in vitro in the 
presence and absence of palbociclib (Extended Data Fig. 5a,b). The 
results obtained from this orthogonal approach were consistent 
with what we observed in lysates using CETSA (Fig. 4b), suggesting 
that CDK6V45M (position 61) and CDK6H100F (position 119) are drug-
binding proficient, whereas CDK6F98E (position 117) and CDK6I19W 
(position 32) are drug-binding deficient (Fig. 4c).

To test if drug-binding proficient, but drug-resistant, CDK6 
mutants (CDK6V45M and CDK6H100F) might have greater affinity for 
drug, serving as sponges for palbociclib, reducing drug availability 
and limiting potency, we introduced a kinase-dead point mutant 
into the activating lysine (CDK6K43M) of WT CDK6, CDK6F98E, 
CDK6I19W, CDK6H100F and CDK6V45M. Kinase-dead CDK6 (CDK6K43) 
showed stabilization equivalent to WT CDK6 (melting temperatures 
of 56.7 ± 0.2 versus 55.3 ± 0.6, respectively) in CETSA, suggesting  
that drug binding is preserved in this mutant (Extended Data Fig. 5c)  
and allowing an assessment of the drug independent of kinase  
activity via population doubling assays (Fig. 4d). The introduction 
of CDK6K43M was sufficient to abrogate resistance for all common 
resistance sites tested, implying kinase activity is required for drug 
resistance and that drug binding alone is not sufficient to cause 
resistance phenotypes (Fig. 4d). Overall, these data suggest muta-
tion of position 32 mediates resistance by impairing drug binding, 
whereas mutations at positions 61 and 119 cause resistance through 
alternative mechanisms.

Common resistance positions validate in additional kinases and 
are found in drug-resistant patient tumors. Having validated 
resistance phenotypes for positions 32, 61 and 119, in CDK4, CDK6 
and ERK2, respectively, we asked if alterations at these positions 
have been reported in drug-resistant human tumors. Although 
genomic profiling of drug-resistant tumors for many kinase inhibi-
tors remains rare (as is the case for ERK2 and CDK4/6), multiple 
generations of EGFR inhibitors, including erlotinib and osimer-
tinib, have clinically targeted activating mutants of EGFR (for 
example, EGFRL858R) in non-small-cell lung cancer. Mutations in 
the Gatekeeper residue of EGFR (EGFRT790M) are known to occur 

in about 50% of patients who are erlotinib resistant5. We addition-
ally found literature reports of mutations in EGFR at position 32 
(EGFRL718), 61 (EGFRL747) and 119 (EGFRT792) in erlotinib-resistant 
tumors, albeit at lower frequencies than observed for Gatekeeper 
mutations5,47–55. Mutations in EGFR position 32 (EGFRL718) and 119 
(EGFRT792) have also been reported in relapsed samples of patients 
treated with osimertinib56,57.

To further confirm these observations, we tested the resis-
tance phenotypes of EGFR mutants at positions 32 (EGFRL718W), 
61 (EGFRL747P), 117 (Gatekeeper, EGFRT790M) and 119 (EGFRL792E). 
EGFR mutants were expressed in the EGFR mutant cell line 
PC9 exposed to erlotinib, an ATP-competitive EGFR inhibitor. 
EGFRL718W (position 32) and the Gatekeeper mutant EGFRT790M 
(position 117) produced more than a tenfold shift in the IC50 for 
erlotinib, whereas EGFRL747P (position 61) and EGFRT792E (position 
119) shifted the erlotinib IC50 by two- to threefold (Fig. 5a). These 
mutants were additionally evaluated for resistance to the covalent 
ATP-competitive EGFR inhibitor osimertinib that retains activ-
ity against the EGFR Gatekeeper (EGFRT790M). Osimertinib resis-
tance was observed for all mutations except the Gatekeeper, with 
EGFRT792E (position 119) producing an enhanced osimertinib resis-
tance phenotype relative to erlotinib (Fig. 5b). To model second-
site resistance mutations found in EGFR inhibitor resistant tumors, 
we introduced these mutants into a background of EGFRL858R. 
Mutations of EGFR at these positions in cis with EGFRL858R were  
sufficient to cause drug resistance to erlotinib and osimertinib  
(Fig. 5c,d). In both cis and trans, resistance for each mutant was 
associated with sustained expression of phosphorylated EGFR, a 
marker of protein activity, even in cases where lower protein levels 
of EGFR were observed, as was the case for EGFRL747P (Fig. 5e,f).

Beyond EGFR, we found reports of mutations in each of these 
three positions in clinical samples of patients who relapsed while 
being treated with inhibitors of BCR-ABL (L248V58, L273M59 and 
F317I/L60), EML4-ALK (L1122V61, L1198F61 and L1152R/P62) and 
for two positions (32 and 61) in HER2 (L726I63 and L755S64, respec-
tively). We independently validated a subset of these alterations as 
causal of resistance to ceritinib when introduced into EML4-ALK 
(Fig. 5g) and to lapatinib when introduced into HER2, despite lower 
expression levels compared to WT HER2 (Fig. 5h,i and Extended 
Data Fig. 6a,b). BRAF-directed inhibitors are effective in malignant 
melanoma harboring activating mutations in the oncogenic kinase 
BRAF (BRAFV600E)32. While second-site resistance mutations in 
BRAF are rare, we introduced a mutation at position 61 (BRAFL485S) 
that has been reported in drug-naive tumor samples65 and a BRAF 
subsaturation mutagenesis screen28 and confirmed that this mutant 
caused resistance to the BRAF inhibitor dabrafenib (Fig. 5j and 
Extended Data Fig. 6c). These data support the notion that resis-
tance residues identified using this approach can be extended to 
other kinases and are clinically relevant.

Resistance mutations at position 32 are highly predictable. A 
main goal of our approach was to facilitate the prediction of drug-
resistance mutations across the kinome. Analysis of CDK6, CDK4 
and ERK2 saturating mutagenesis data revealed a clear trait of posi-
tion 32: resistance could be caused by an unusually high number of 
substitutions (Table 1). Position 32 is also conserved in the kinome, 
with the vast majority of kinases endogenously containing an I, L or 
V (Extended Data Fig. 6d), in contrast to resistance-causing substi-
tutions at the Gatekeeper residue, which vary dramatically across 
kinases and drugs66 (Extended Data Fig. 6e), our data suggested that 
position 32 could be uniquely harnessed as a site where resistance 
mutants could be predicted.

We therefore asked if our analysis would enable the prediction of 
drug-resistant mutants in kinases with no known resistance alleles. 
We first focused on TBK1, a kinase that serves a key role in regu-
lating expression of inflammatory cytokine expression. MRT67307 
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(MRT) and momelotinib (MMB) target TBK1 (refs. 67,68), however 
drug-resistant TBK1 mutants have not been described. To assess 
the impact of position-32 mutants on TBK1 drug sensitivity, we 
used a TBK1-dependent cytokine release assay that provides a sur-
rogate for TBK1 activity. In this assay, introduction of the maxi-
mally effective substitution observed for CDK6 (W) at position 
32 in TBK1 (TBK1L15W), but not WT TBK1, restored CCL5 and 
CXCL10 protein levels in the presence of MRT (5 μM) or MMB 
(5 μM) to untreated levels (Fig. 6a,b). Similar results were achieved 
when using phosphorylated IRF3, a TBK1 substrate, as a readout 
for TBK1 activity (Fig. 6c).

We next asked if drug-resistant position-32 mutants in CK2A1 
could be predicted. As with TBK1, the choice of the CK2A1 substi-
tution was based on the maximally effective substitution observed 
for CDK6 (W) at position 32. WT or the CK2A1 position-32 
mutant (CK2A1L45W) were transduced into two melanoma cell lines 
(SKMEL5 and WM266.4) and viability assessed in the presence of 
the CK2 inhibitor silmitasertib (CX4945) (Fig. 6d,e and Extended 
Data Fig. 6f–h). As with the Gatekeeper mutation (CK2A1F113A), cell 

lines expressing CK2A1L45W were profoundly resistant to silmitaser-
tib, even at concentrations that eliminated WT CK2A1-expressing 
cells, and were sufficient to restore downstream CK2A1 signaling 
(Fig. 6d,e and Extended Data Fig. 6f–h).

Although subsaturating mutagenesis libraries of BRAF have been 
screened against ATP-competitive BRAF inhibitors28, position-32 
mutants were not detected, nor to our knowledge have they been 
described elsewhere. To measure the effect of BRAF position-32 
mutants on drug sensitivity, we transduced A375, a BRAFV600E-
mutant melanoma cell line that is sensitive to the small molecule 
RAF-inhibitor dabrafenib, with WT or a position-32 mutant of BRAF 
and assessed their impact on drug sensitivity (Fig. 6f). Expression of 
BRAFI463W led to a tenfold shift in the dabrafenib IC50 relative to WT 
BRAF. Notably, the BRAFI463W mutation did not impact the activity 
of BRAFV600E when made in cis, as has been reported for the BRAF  
Gatekeeper mutation6 (Fig. 6f). In these assays, RAF-inhibitor resis-
tance was correlated with restoration of downstream MEK phos-
phorylation (Fig. 6g). Together these data suggest that mutations  
at position 32 may be a uniquely predictable means of causing  
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Fig. 5 | Validation of common drug-resistant positions in EGFR, EML4-ALK, HER2 and BRAF that are associated with drug resistance in patient 
samples. a,b, Proliferation assay measuring EGFR inhibitor sensitivity (erlotinib (a) or osimertinib (b)) in PC9 cells transduced with WT or single mutants 
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to mutants used in d, representative example of two experiments. g, Proliferation assays measuring ALK inhibitor sensitivity (ceritinib) in H3122 cells 
transduced with WT or mutant EML4-ALK. h,i, HER2-inhibitor sensitivity (lapatinib) in T47D cells transduced with WT or mutant HER2. j, RAF-inhibitor 
sensitivity (dabrafenib) in A375 cells transduced with WT or mutant BRAF (n = 4 replicate measurements for each mutant at each concentration for 
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Table 1 | Summary of parameters for the prediction of functional resistance mutations in mammalian kinases

Common residue 
no.

Kinases 
hit

Starts 
as

Changes to Hit kinase  
identity

Statistically 
significant

In this study

32 (Pocket 
Protector)

5 I W,Q,A,S,K,E,R,H,T,M,N,G,F,C,D,Y,V,L CDK6, CDK4, 
ERK2

Yes Novel resistance mutations 
predicted and verified in TBK1 
and CSNK2 (I,L > W). Resistance 
mutations validated in CDK6, 
CDK4, ERK2, EGFR, BRAF and 
HER2

L F,R,V HER2, ABL1

61 (Keymaster) 6 V M,R,Q,Y,N,W CDK6,CDK4 Yes Resistance mutations validated in 
CDK6, CDK4, ERK2, EGFR, EML-
ALK HER2, MEK1 and BRAF

I G,P,S,Q,D,Y,K,W,E,H,A,F,V,M,R,N ERK2

L S,F HER2, ABL1, BRAF

117 (Gatekeeper) 6 F E,Q CDK6, CDK4 Yes As a positive control resistance 
mutations were validated in CDK6, 
CDK4, ERK2 and EGFR

Q W,Y,N,V,M,F,T,E,V,I ERK2

T M,L,F,I,S,G BRAF, HER2, ABL1

119 5 H F,W,M,Q,Y,K CDK6, CDK4, Yes Resistance mutations validated in 
CDK6, CDK4, ERK2 and EGFRL E ERK2

W C,F,I,R BRAF

F L ABL1

41 3 F R,T,K,A,Q,V,C,G CDK6 Yes Resistance mutation  
validated in CDK6C P,E,I ERK2

Y C ABL1

42 4 K L,F CDK6, CDK4 Yes –

S M,N ERK2

E D ABL1

96 5 V L,R,Q,M,Y,E,H,N, CDK6, CDK4 Yes –

I R,C,W ERK2

L E BRAF

S P HER2

16 3 D F CDK6 – –

R P ERK2

E K HER2

39 3 M P,R,Q ERK2 – –

T I HER2

E K ABL1

40 3 V A,D,T,F CDK6, CDK4, 
ERK2

– –

72 3 G S CDK4 – –

T R,H,K,D,Q ERK2

M L ABL1

73 3 L R,K CDK4 – –

Y V,E,G,Q,R,S,I,C,M,T,K,A,D,L,P,H,N ERK2

E K ABL1

76 3 S T CDK4 – –

R I,V,H,G ERK2

E K,D ABL1

77 3 T F,Y,D,M,H,Q,N,I,L,P,A,E,S,R CDK6, ERK2 – Resistance mutation  
validated in CDK6F L ABL1

78 3 V T CDK4 – –

L V,F ERK2, ABL1

84 3 L W,R,H,P,E,Y,G,S ERK2, BRAF – –

M L,T ABL1
Continued
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resistance to ATP-competitive inhibitors (Table 1). Given its location 
at the mouth of the drug-binding pocket (Fig. 2c) and that muta-
tions at this site appear to limit inhibitor access to the drug-binding 
pocket, we propose calling this residue the ‘Pocket Protector’.

Position 61 is a potentially generalizable activation site that 
mediates drug resistance. A number of clinical and experimental 
observations led us to hypothesize that position-61 mutants pos-
sess elevated kinase activity and require higher drug concentra-
tions for complete inhibition. First, EGFR position-61 mutations 
(EGFRL747P/S) have been reported as oncogenic in samples from 
patients with non-small-cell lung carcinoma69–71. Second, HER2 
position-61 mutants (HER2L755S/P/M/A/W) are recurrent in breast can-
cer, and these alterations are activating and transforming27,72–74. 
Third, BRAF mutated at position 61 (BRAFL485S) has been reported 
as a rare oncogenic driver in lung cancer65. Moreover, in EGFR, 
HER2, MEK1 and BRAF, position 61 marks the start of a series of 
indels with gain-of-function activities75–77. Fourth, among the posi-
tions identified in our analysis, position 61 was uniquely identified 
in the kinome as significantly mutated, indicative of driver activity at 
this position78. Fifth, crystal structures of cyclin-dependent kinases 

(and others), have revealed an auto-inhibitory mechanism medi-
ated by interactions between the activation loop and the hydropho-
bic pocket surrounding position 61 (refs. 79–81). Sixth, a position-61 
CDK6 mutant (CDK6V45M) was enriched in the control-treatment 
arm of our mutagenesis screen, potentially indicative of increased 
activity and proliferation. This notion is consistent with the obser-
vation that, in this assay, other plausibly gain-of-function mutants 
predicted to affect binding to the cyclin-dependent kinase inhibi-
tor p16 are enriched (Extended Data Fig. 7a,b). Lastly, position-61 
mutants in SRC (SRCL300R/N/P/K) have been identified as sufficient 
to confer gain-of-function activities in an unbiased screen31. With 
the exception of HER2L755S—an appreciated mutational hotspot in 
breast cancer—position-61 alterations are rare in individual genes, 
but are more common when aggregated across the kinome78.

To test the hypothesis that position-61 mutants are activated, 
we first confirmed the activity of tumor-associated position-61 
mutants of EGFR and HER2 in a drug complementation assay 
(Fig. 7a). Specifically, we transduced the EML4-ALK mutant, ALK-
dependent, cell line H3122 with WT EGFR, the EGFR position-61 
mutant EGFRL747P or the constitutively-active EGFRL858R mutant. 
Here, EGFR activity is sufficient to rescue the antiproliferative  

Common residue 
no.

Kinases 
hit

Starts 
as

Changes to Hit kinase  
identity

Statistically 
significant

In this study

86 3 H F CDK6 – –

R Y CDK4

E Q,K ABL1

91 3 R V,L,M,A,G ERK2, BRAF – –

K R ABL1

93 3 E N ERK2 – –

V M BRAF

P L HER2

98 4 I W ERK2 – –

F G BRAF

L F HER2, ABL1

113 3 L V,I CDK6 – –

V M,L ERK2

F L,V ABL1

123 3 Q V CDK6 – Resistance mutation  
validated in CDK6T P ERK2

G W ABL1

145 3 M Y,T CDK6, ABL1 – –

L Y,F CDK4

172 4 L F,Y,M,G,Q,H,N CDK6, CDK4, ERK – –

F M,L,Y BRAF

175 3 S I,R CDK6 – –

E G,K BRAF, ABL1

182 (DFG-1) 3 A N,H,Q,I,T,M,P,Y,D CDK6, CDK4 – –

G I BRAF

184 (‘F’ of DFG) 3 F C,K,M CDK6, CDK4, 
BRAF

– –

37 2 Y R,L,V,A,H,M,T,E,G,S,D,I,N,Q,C,F ERK2, ABL1 Yes –

57 (activating 
lysine-2)

2 A G,V ERK2, ABL1 Yes –

Table 1 | Summary of parameters for the prediction of functional resistance mutations in mammalian kinases (continued)
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effects of ALK inhibition (Fig. 7b)82,83. In this assay, expression 
of position-61 mutants in EGFR (EGFRL747P) alone or in cis with 
EGFRL858R (EGFRL747P/L858) was sufficient to restore proliferation in 
the presence of ceritinib to a degree that approximated an EGFRL858R 
mutant (Fig. 7b). Moreover, these mutants increased basal levels  
of phosphorylated EGFR, consistent with elevated activity (Fig. 7c).  
Similar results were observed with the position-61 mutant  
(HER2L755S), whose expression is sufficient to rescue the antipro-
liferative effects of ER-inhibition in ER-dependent breast cancer 
cells (Fig. 7d,e, Extended Data Fig. 6b and ref. 84). We (and others)  
have shown that position-61 mutants of EGFR and HER2 are drug 
resistant72 (Fig. 5a–g).

We next asked if it was possible to predict and engineer an acti-
vating mutation at position 61 in a kinase where such an event had 
never been observed. MEK1 represented a reasonable candidate to 
test, as MEK1 marks the start of a recently characterized activating 
indel76 and a position-61 mutant of MEK1 was identified in a muta-
genesis screen for drug-resistant MEK1 mutants21. Thus, we lever-
aged our saturation mutagenesis data and previous subsaturation  

screens21 to guide a series of position-61 mutations in MEK1, 
including MEK1I99T, MEK1I99G and MEK1I99M (Table 1). Consistent 
with position-61 mediating resistance, MEK1I99T and MEK1I99G 
shifted the IC50 of trametinib more than tenfold over WT MEK1,  
whereas MEK1I99M behaved like WT MEK1 (Extended Data  
Fig. 7c–e). To assess the activity of MEK1 mutants, we performed a  
pharmacological complementation assay in the BRAF-mutant, 
BRAF-dependent A375 cell line32. In these cells, growth suppres-
sion by BRAF inhibitors can be rescued by activated mutants of 
MEK1, such as MEK1S218/222D (MEKDD) (Fig. 7f). Like MEKDD, 
MEK1I99G and MEK1I99T rescued A375 proliferation in the presence 
of a BRAF inhibitor and restored downstream signaling to ERK, 
consistent with gain-of-activity properties (Fig. 7f,g and Extended 
Data Fig. 7d,e), whereas MEK1I99M could not. To complement 
these experiments, we transiently transfected epitope-tagged WT 
MEK1, MEKDD, MEK1I99G or MEK1I99T into 293T cells and assessed 
their ability to phosphorylate ERK2, a MEK1 substrate. Consistent 
with increased basal activity, expression of MEK1I99G and MEK1I99T 
led to elevated phosphorylation of ERK2 relative to WT MEK1 
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(Fig. 7h). For these mutants, MEK-inhibitor resistance pheno-
types mirrored those observed in pharmacological complemen-
tation assays, suggesting that drug resistance and activity may be 
coupled. As position 61 is a central residue within a hydrophobic 
pocket (‘lock’) that sequesters the activation loop (the ‘key’), we 
designate it the Keymaster, a functionally distinct complement to 
the Gatekeeper and Pocket Protector residues (Table 1, Fig. 7i and 
Extended Data Fig. 7f).

Discussion
A pressing challenge in kinase inhibitor development is the confir-
mation of on-target activity. Gold standard approaches to this issue 
involve generating drug-resistant mutants and showing they can 
rescue drug-mediated phenotypes. Gatekeeper mutations have been 
useful for this approach, but are limited by the challenges of predict-
ing functional Gatekeeper mutations. Our study uncovered a suite 
of over 28 residues that mediate resistance, including three broadly 
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validated and mechanistically distinct residues, the Pocket Protector 
(position 32), Keymaster (position 61) and so-called Gatekeeper + 2 
(position 119), generating a toolkit of resistance residues that, along 
with the Gatekeeper, can support the prediction of drug-resistant 
mutants for biological and therapeutic discovery (Table 1).

Additionally, we uncovered the Keymaster as a potentially 
generalizable activating mutational site. This knowledge may 
help identify rare, but potentially-actionable, oncogenic driver 
mutations in tumors, complementing genetic ‘hotspot’ analysis 
of kinase mutations in cancer85. It also may support the identi-
fication of kinases that exist in monomeric auto-inhibited states 
and dimerized activated states, which are difficult to discover in 
crystallization studies due to the requirement of high protein con-
centrations, and subsequent bias towards dimerization, as initially 
suggested by Kuryian and colleagues81. In this way, the identifica-
tion of the Keymaster residue highlights how saturation mutagen-
esis can orthogonally support structural studies to help advance 
biological discovery86.

The comparative approach taken here complements recent 
advances in mutagenesis, methods for sequence conservation and 
structural inference, but need not be restricted to kinases87. We 
envision that similar types of comparative phenotypic studies could 
be used for additional protein or domain families to support the 
discovery of unappreciated regulatory regions, increasing the effi-
cacy of drug discovery and improving the clinical interpretation of 
disease-associated mutants.
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Methods
Saturation mutagenesis screens for testing CDK6 and CDK4 resistance to 
palbociclib. MITE was conducted on human CDK4 and CDK6 as described 
previously32. Saturation mutagenesis pools were made in pUC57 using codon-
optimized WT sequences and subsequently cloned into a dox-inducible vector 
for downstream viral expression32. For CDK6 screening-scale spin-infections 
were performed in a 12-well format with ~5 × 107 cells per replicate to achieve a 
representation of at least 1,000 cells per variant following puromycin selection. 
Approximately 24 h after infection, all wells within a replicate were pooled and were 
split into T225 flasks. At 48 h after infection, cells were selected with puromycin for 
4 d to remove uninfected cells. Six days after selection cells were seeded and allowed 
to adhere. Pretreatment, ‘early time point’ reference samples (n = 2) were collected 
from Meljuso cells for sequencing to establish mutant abundance before drug 
treatment. Remaining replicates were treated with either a vehicle control (DMSO, 
n = 2) or 2 µM palbociclib (n = 4). Cells were passaged in drug or fresh media 
containing drugs every 3–4 d. Cells were harvested 20 d after treatment was initiated. 
Genomic DNA was isolated using Midi kits according to the manufacturer’s protocol 
(Qiagen). CDK4 screens were undertaken in exactly the same way as CDK6.

Cell lines used in this study. Meljuso, A375, PC9 (PC14), H3122, T47D, 
293T, SKMEL5 and WM266.4 cell lines were acquired via the Cancer Cell 
Line Encyclopedia (http://www.broadinstitute.org/ccle/home), confirmed to 
be mycoplasma negative and authenticated via Fluidigm single-nucleotide 
polymorphism-based fingerprinting.

Quantification of variant enrichment and depletion in high throughput 
screens. Non-WT CDK6 mutations identified through massively parallel 
sequencing were normalized to the total read counts per position using ORFCall 
script, accessed at https://github.com/tedsharpe/ORFCall. In these assays, 
sequencing cannot disambiguate WT reads that come from fully WT CDK6 from 
those emanating from the nonmutant portion of a mutant molecule. As such, 
following normalization wild-type reads are uninformative and were discarded. 
Replicate reproducibility was checked and for each mutation, LFC was calculated 
between the median of the drugged replicates and the median of the early time 
point replicates, (Median of (log2(drugged A), log2(drugged B), log2(drugged C), log2(drugged 

D))) – (Median of (log2(early timepoint A), log2(early timepoint B))). Z-scores were calculated for 
each mutation as LFC − (average LFC of all mutations)/(s.d. of the LFC across all 
mutations). CDK4 screens were analyzed in the same way as CDK6.

Alignment of kinase domains. We aligned the kinase domain protein sequences 
of human CDK6, CDK4, ERK2, ABL1, HER2 and BRAF obtained from canonical 
sequences available from Uniprot. The entire sequence was used for CDK6, CDK4 
and ERK2, which are comprised almost entirely of the kinase domain. Initial 
2D alignments using both Clustal Omega and MUSCLE were performed on all 
previously mentioned kinases using the entire protein sequence of ABL1, HER2 
and BRAF. Crystal structures published in the Protein Data Bank (PDB) were 
obtained for CDK6 inhibited by palbociclib and compared using CHIMERA to 
relevant kinase domain crystal structures for all other kinases in the alignment 
using the University of California, San Francisco (UCSF) Chimera package88. By 
manually spot-checking each 2D alignment against 3D alignments for conserved 
residues known as the activating lysine, Gatekeeper residue, DFG motif and 
glycines of the p-loop we iteratively trimmed the sequence of ABL1, HER2 and 
BRAF to encompass only their kinase domains and realigned using both Clustal 
Omega and MUSCLE89 tools to ensure that all structurally conserved residues 
lined up. Ultimately we used sequences encompassing residues 230–609 for ABL1, 
706–1,063 for HER2 and 443–766 for BRAF together with the entire sequences for 
CDK6, CDK4 and ERK2 and a common numbering system was generated using 
MUSCLE alignments. We proceeded to compare resistance phenotypes for these 
positions across paralogous kinases at 419 positions.

Mapping of resistance screening data onto aligned kinase domains. For inclusion 
in this analysis, subsaturation mutagenesis datasets were required to have discovered 
alterations in the Gatekeeper residue as well as at least ten additional residues. For 
all screens, data were reduced down to a single metric of resistance representing 
the maximum phenotypic score observed at each residue of each kinase for 
which screening data were available. For ERK2, CDK6 and CDK4, we chose the 
substitution that produced the maximal resistance phenotype for each residue and 
used its z-score. Similarly, for subsaturation screening data, the maximum variant 
detection metric (BRAF) or colony/isolate count (HER2, BCR-ABL) was used. 
To identify ‘resistance positions’, we established phenotypic thresholds for each 
data set. For the ERK2, CDK4 and CDK6 data, mutants with a z-score > 1.95 were 
considered drug-resistant mutants, whereas for subsaturation mutagenesis screens, 
we used the thresholds reported in the original publications (BRAF) or considered 
all clones/isolates that survived a drug challenge (BCR-ABL, HER2). We then 
mapped data that passed these thresholds onto the amino acid alignment, revealing 
common drug-resistant positions. All proteins were human in origin.

Statistical calculations of drug-resistant hotspots. We used a robust-rank 
aggregation43 to evaluate the statistical significance of drug-resistance hotspots, 

incorporating the recurrence of observation and strength of resistance phenotypes 
across kinases. For individual kinases that had been screened against dual 
inhibitors (ERK2 and BCR-ABL), we restricted our analysis to the maximum 
observed phenotypes across each pair of screens to avoid overweighting the 
analysis towards these proteins. While the quantification of the resistance 
phenotype included a diversity of metrics, including log(fold change), median 
enrichment and colony counts, we ultimately used these to rank-order the 
residues in each protein from the strongest to the weakest resistance phenotype, 
alleviating differences in absolute resistance metrics as a result of different 
detection methods. The significance of the observed recurrence was then 
computed as compared to a null model of uncorrelated ranking. The resulting 
P values of all paralogous positions were then corrected for multiple hypothesis 
testing using an FDR approach90.

Vectors used. For saturation mutagenesis screens, human CDK6 and CDK4 were 
synthesized in pUC57 using optimized codons. These vectors were subsequently 
used for MITE and used for saturation mutagenesis screens for palbociclib 
resistance. For low-throughput validation, full-length WT and mutant CDK6 
for K443M, D104S, F98E, F28R, G25S, T58F and V45M were synthesized in 
pdonor223 without codon optimization and without stop codons (GenScript) and 
then stop codons added using QuikChange Lightning mutagenesis. The following 
CDK6 mutants in pdonor223 were generated from the above WT CDK6 using 
QuikChange Lightning (Agilent) mutagenesis: I19W, F98E, H100F and K43M/
V45M. K43M was added additionally to the above mutants in pdonor223 to 
create K43M/H100F, K43M/F98E and H100F. CDK4 WT pdonor223 plasmids 
were synthesized by GenScript. CDK4 mutants I12A, F93E, H95F and V37M 
were generated from WT CDK4 using QuikChange Lightning mutagenesis. 
All CDK4 and CDK6 mutants were confirmed using Sanger sequencing then 
recombined into expression vectors using Gateway LR Clonase II (Invitrogen) 
for constitutive expression in Meljuso cells. EML4-ALK WT and L1152R in the 
pLVX317 vector were kindly gifted from Fredrick Wilson, Yale University. WT 
ERK2 was synthesized in pdonor223 (GenScript) as indicated32. ERK2 (human) 
mutations were generated using QuikChange Lightning mutagenesis, and all ERK2 
constructs were transferred by LR-mediated recombination into the lentiviral 
vector (AddGene) pLVX307 for constitutive expression in A375 cells. Constructs 
containing human HER2 WT and L755S mutations were obtained from Nick 
Wagle’s lab at the Dana-Farber Cancer Institute84. Human CSNK2A1 gene cDNAs 
were obtained from Harvard’s PlasmID (Boston) and mutagenesis of CSNK2A1 
was performed using InFusion-based mutagenesis (Takara Bio). Sanger sequencing 
was done to verify mutants. Gateway Cloning was used to transfer cDNA into 
plX304 vector. For human TBK1, plx980-TBK1 and subsequent mutants were 
obtained from D.A.B.’s lab at the Dana-Farber Cancer Institute. For human EGFR, 
WT, T790M, L858R and T790M/L858R mutants were obtained in pLX317 from the 
Broad Institute collection. All other EGFR mutations were made by incorporating 
WT protein into pdonor223 and using QuikChange Lightning mutagenesis 
and then transferred by LR-mediated recombination into the lentiviral vector 
(AddGene) pLVX307 for constitutive expression in PC9 or H3122 cells. Human 
BRAF WT, BRAF V600E, MEK1 WT and MEK1DD were obtained in pdonor223 
and pdonor221 from the Broad Institute collection and stop sites were added 
using QuikChange Lightning mutagenesis. Other BRAF and MEK1 mutations 
were generated using QuikChange Lightning mutagenesis using these templates. 
All BRAF and MEK1 constructs were transferred by LR-mediated recombination 
into the lentiviral vector (AddGene) pLVX307 for constitutive expression in A375 
cells. For MEK1 V5pulldown experiments, the V5-tagged versions (without a stop 
codon between the gene end and the V5-tag encoded by pLVX307) were used.

Lentiviral infection of cell lines. Unless otherwise indicated, lentivirus was 
produced by transiently transfecting 293T cells with 1 µg of lentivirus expression 
vector, 900 ng of psPAX2 and 100 ng of VSV-G packaging system and 6 µl of 
Fugene transfection reagent (Promega). After 72 h, viral supernatant was harvested, 
aliquoted and placed at −80 °C for at least 24 h. All cells were plated in six-well 
plates with 2 ml of media per well then infected 24 h later with 200–500 µl virus 
and an appropriate amount of polybrene were then added to each well. Plates were 
spun at 2,250 r.p.m. on a tabletop centrifuge for 1 h. After centrifugation, the media 
was removed and replaced with complete growth media. After 24–48 h media 
the appropriate amount of puromycin was added and cells were selected until an 
uninfected control sample had been completely killed off. The cell number plated 
24 h before infection, the amount of polybrene and the amount of puromycin 
used were as follows: for all CDK4 and CDK6 expressing cells, Meljuso cells 
were infected with 300,000–400,000 cells plated in each well of a six-well dish 
with 2 µg ml−1 of polybrene and selected with 1 µg ml−1 of puromycin. For EGFR 
expressing cells, PC9 or H3122 cells were plated at approximately 300,000–400,000 
cells per well with 8 µg ml−1 polybrene and selected with 1 µg ml−1 puromycin. 
BRAF, MEK1 and ERK2 expressing viruses were infected with approximately 
300,000–400,000 A375 cells per well, 7.5 µg ml−1 polybrene, 1 µg ml−1 puromycin. 
For cells with CRISPR/Cas9-mediated knockout of RB1, an sgRNA targeting 
RB1 was expressed from a lentiviral vector and viral particles were produced 
in 293T cells using the ∆8.9 and VSV-G packaging plasmids transfected with 
XtremeGENE9 (Sigma Aldrich). Infection of Meljuso cell lines was done in growth 
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media supplemented with 5 µg ml−1 polybrene and selected with 2 µg ml−1 of 
blasticidin for 72 h.

Transient transfection of MEK1 mutations in HEK293T cells. HEK293T cells 
were transiently transfected with 10 µg of C-terminally V5-tagged human MEK1 
lentivirus vector, 750 µl of optimem and 50 µl of Fugene (Promega) preincubated 
for 45 min and then added to 10 ml of media on roughly 70% confluent 10 cm 
plates and harvested 24–48 h later.

Population doublings for CDK6 and CDK4 mutants. WT and mutant CDK6 
expression Meljuso cells were seeded into 2 ml of RPMI media supplemented with 
10% FBS and 1% pen-strep in six-well plates at a density of 300,000 cells per well 
in the absence or presence of 2 µM palbociclib (Selleck Chemicals). Every 3–4 d, 
media was removed, cells were washed with 1 ml of PBS, trypsinized in 200 µl of 
Trypsin-EDTA, then resuspended with 800 ml of media. The solution was washed 
with another 1 ml of media and then the number of cells in 500 µl of the 2 ml of 
solution was counted on a ViCell and recorded, and 300,000 cells were then re-
seeded into fresh six-well plates. The volume was raised to 2 ml of media in the 
absence or presence of 2 µM palbociclib (Selleck Chemicals). For some of the 
sensitive cell lines, slightly less than 300,000 cells were plated for the last two time 
points of the 14-d experiment, but this was taken into account when calculating the 
cumulative population doubling. CDK4 population doublings were performed in 
the same manner as CDK6 except that only 1 µM of palbociclib was used.

Cellular thermal shift assays. CETSA was performed as previously reported for 
CDK6 (ref. 45) with the following modifications. For each mutant tested, 22,000,000 
cells were spun in a 50-ml conical tube for 3 min at 300g, and supernatant was then 
carefully aspirated and washed by pipetting in and swirling 10 ml of PBS. The PBS 
was aspirated, and the cells were resuspended in 2.2 ml of cold buffer (25 mM Tris 
pH 7.5, 2 mM DTT, 10 mM MgCl2, 5 mM beta-glycerophosphate, 1× complete 
protease inhibitors (Roche) with EDTA) and flash-frozen in liquid nitrogen. Cells 
were thawed and immediately refrozen in liquid nitrogen. This was repeated once 
more. From this step forward, with the exception of the temperature gradient, 
lysate remained on ice or at 4 °C. The lysed cells were spun at 20,000g on a tabletop 
centrifuge for at least 30 min at 4 °C. The cleared lysate was removed and saved, 
leaving behind a small amount of liquid so as not to disturb the pellet, and added 
to a conical tube.

The sample was split into two equivalent volumes on ice (500 µl to 1 ml), and  
to one was added 20 mM palbociclib to a final concentration of 100 µM (such  
as 5 µl to 1 ml) and to the other tube was added the equivalent volume of water.  
The lysate solutions were then mixed with gentle pipetting, avoiding bubbles,  
and incubated on ice for at least 30 min. Following incubation, each sample was  
split into 50-µl aliquots into PCR tubes on ice. PCR tubes were then placed in  
a gradient PCR machine and subjected to 3 min at respective temperatures  
(40, 43, 46, 49, 52, 55, 58, 61 or 64 °C) followed by 3 min at room temperature, and  
then returned to ice. Samples were then transferred to Eppendorf tubes, and 
spun on a tabletop centrifuge at 20,000g for at least 30 min at 4 °C. A total of 
30 µl of each sample was removed carefully not to disturb the pellet and 6 µl of 
6× gel loading dye was then added to each sample. Western blots were run on 
the samples to evaluate soluble CDK6 as indicated in the western blot method. 
Bands for soluble CDK6 were quantitated using ImageStudio software, and the 
intensity of each band was normalized to the 40 °C band and duplicate experiments 
were graphed on Graphpad to produce melting curves. To calculate melting 
temperatures, all replicate points were fitted together in Graphpad to a Boltzman 
sigmoidal equation91 and then the calculated V50, being the temperature at which 
the curve is halfway between the top and the bottom of the curve, represents 
the melting temperature reported here. The associated s.e.m. of the curve fit 
represents the error in the melting temperature. To calculate changes in melting 
temperature, melting temperature in the absence of drug were subtracted from 
melting temperatures in the presence of drug and the errors were combined 
using standard propagation of error calculations as follows: Error in the change 
in melting temperature = the square root of ((error in melting temperature with 
palbociclib)2 + (error in the absence of palbociclib)2).

Differential scanning fluorescence assays. WT CDK6, I19W CDK6 and V45M 
CDK6 were subcloned into plx307 with an N-terminal FLAG tag. H100F CDK6 
and F98E CDK6 were made by QuikChange Lightning site-directed mutagenesis 
of FLAG-tagged WT CDK6. For each construct, 5–6 10-cm plates of ~70% 
confluent 293T cells were each transiently transfected with 50 µl of FuGene reagent 
(Promega) and 20 µg of plasmid DNA; 24 h later the media was changed and 24 h 
after that cells were trypsinized, washed with PBS and spun at 3 min at 300g. The 
fluid was aspirated and the cell pellet was flash-frozen in liquid nitrogen. Cell 
pellets were thawed in 3 ml of 1× cell lysis buffer (Cell Signaling Technology) 
and left on ice for 30 min to lyse. The lysate was cleared by spinning on a tabletop 
centrifuge at 21,130g for 1 h to remove the debris. Cleared lysate for each form 
of CDK6 was combined. For each mutant three Eppendorf tubes of 50 µl of anti-
FLAG M2 affinity gel suspension (Sigma) were prepared by spinning for 3 min 
at 1,000g, removing the solution, washing with 500 µl each of 1× cell lysis buffer 
(Cell Signaling Technology). Cleared lysate for each mutant was split into three 

tubes and rotated at 4° for 2–2.5 h. Each tube was spun at 1,000g for 3 min, lysate 
was removed and the beads were washed 2× with 750 µl of cell lysis buffer (Cell 
Signaling Technology) followed by 1× with 750 µl of 200 mM NaCl, 50 mM Tris 
7.5, and 1x complete protease inhibitors (Roche). Each tube of FLAG-CDK6 was 
eluted first in 100 µl of 283 µg ml−1 3× FLAG peptide (Sigma) in 250 mM NaCl, 
50 mM Tris 7.5 and 1× complete protease inhibitors by rocking at 4° for 30–40 min, 
spinning at 1,000g for 3 min and removing the fluid from the gel. A second elution 
was also performed in 100 µl of the same elution buffer but rocking for 15 min. The 
six eluates for each mutant were combined and spun through a Pierce spin column 
(Thermo Scientific) to remove residual gel; buffer was exchanged to remove excess 
3× FLAG peptide and concentrated using repeated concentration, dilution and 
concentration in a spin-X UF 500 -µl 10k MWCO PES spin column (Corning) 
using a buffer consisting of 200 mM NaCl, 50 ml Tris 7.5 and 1× complete protease 
inhibitor. The protein was concentrated to 3.4–3.6 mg ml−1 and 1 M DTT was 
added to a final concentration of 10 mM. The purified protein constructs were 
buffer exchanged in the assay buffer 25 mM Tris pH 7.5, 10 mM MgCl2, 2 mM DTT 
and β-glycerophosphatase inhibitor using a 0.5-ml Zeba Spin desalting column 
(7 kDa MWCO) following the manufacturer’s protocol. The sample preparation 
for the DSF assay included incubating the different protein constructs (final 
concentration) 13.5 μM with either water alone (control) or with 40 μM palbociclib 
for 30 min before the addition of Sypro orange dye (final concentration 10×). 
The final reaction volume of 10 μl is pipetted into a 384 multi-well clear plate 
(Light Cycler-480), sealed using a foil and spun down at 1,000g for 2 min. The 
fluorescence emission intensity of the Sypro orange dye was monitored in a Light 
Cycler-480 instrument by running the protein melt program. The program was run 
in a continuous acquisition mode from 25 °C to 95 °C with a ramp rate of 0.06 °C s−1 
(with 10 acquisitions per °C). The data (first derivative of the fluorescence signal 
as a function of temperature) were analyzed using the Light Cycler-480 software 
for measuring the melting temperature values with and without the compound. A 
separate control with buffer alone and buffer + compound was run using the same 
plate to subtract out the potential interactions of the buffer components and/or the 
compound with the dye. Error was propagated as in the CETSA experiments.

Drug sensitivity evaluation of EGFR, ERK2, EML-ALK, BRAF and MEK1 
mutants. EGFR mutant-expressing PC9 or H3122 cells and EML4-ALK H3122 
mutant-expressing cells were seeded into 384-well, white-walled, clear bottom 
plates at a density of 800 or 1,000 cells per well, respectively. Doxycycline-inducible 
ERK2, MEK1 and BRAF-mutant-expressing A375 cells were seeded into 384-well, 
white-walled, clear bottom plates at a density of 500 cells per well. Twenty-four 
hours after seeding, the initial viability (day 0) of a subset of plated cells was 
established at the same time as compound addition using the CellTiterGlo viability 
assay (Promega). Doxycycline (from a 0.3% Tween stock solution) was added 
to the remaining cells where applicable and drugs (from DMSO solutions) were 
added using an HP D300 Digital Dispenser. After the addition of drugs, cells were 
incubated for 96 h and cell viability was measured using a CellTiterGlo viability 
assay (Promega). Normalized growth rate inhibition was calculated using day 0 and 
endpoint DMSO data.

Drug sensitivity or protein activity evaluation of HER2 mutations. T47D HER2 
wild-type and mutant-expressing cells were plated in RPMI with 10% charcoal-
stripped serum (CSS) at 1,000 cells per well of 96-well Viewplates (Perkin-Elmer). 
After 2 d of serum starvation, cells were switched over to complete media or treated 
with estradiol (E2, Sigma-Aldrich) as appropriate, and treated with a range of doses 
of the corresponding drug (either lapatinib (Selleck Chemicals) or GDC-0810 
(Medkoo)). Cells were re-treated after 3 d. One week after the start of treatment, 
viability was determined using a CellTiterGlo viability assay (Promega).

Validation of drug resistance for TBK1 mutations. Cytokine release assays 
were initiated by plating 3 × 105 HEK293T cells onto a six-well plate, where they 
were pretreated with 5 µM MRT or 5 µM MMB for 12 h and transfected using 
X-tremeGENE HP DNA transfection reagent (Roche catalog no. 06366236001) 
with plx980-TBK1 or plx980-TBK1 L15W in the presence of MRT or MMB. 
Conditioned media were collected 24 h after transfection. CXCL10 (R&D Systems 
catalog no. DIP100) and CCL5 (R&D Systems catalog no. DRN00B) ELISAs 
were performed according to manufacturer’s instructions. Immunoblotting was 
performed as previously described68.

Validation of drug resistance for Casein Kinase II mutations. Lentivirus 
production and infection of the CSNK2A1 gene cDNA into HEK293T cells were 
performed as described above. Cells were plated in 96-well plates 16–24 h before 
treatment. Drug was added to the indicated concentration, with controls treated 
with equal volumes of DMSO. Measurement of cell number was estimated by 
CellTiterGlo (Promega) 48 h after drug treatment. SKMEL5 (ATCC) transduced 
with indicated viruses were treated with CX4945 (Selleck) or vehicle control for 
24 h before analysis by western blotting.

Western blots. Adherent cells were washed with ice-cold PBS and lysed with 1% 
NP-40 buffer (150 mM NaCl, 50 mM Tris pH 7.5, 2 mM EDTA pH 8, 25 mM NaF 
and 1% NP-40) containing Complete Mini EDTA-free protease inhibitors (Roche) 
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and Phosphatase Inhibitor Cocktails I and II (CalBioChem). Lysate was cleared by 
spinning at 15,000 r.p.m. on a tabletop centrifuge for at least 10 min, and soluble 
lysate protein content was quantified (BCA assay) normalized, then reduced and 
denatured (95 °C), and resolved by SDS gel electrophoresis on 4–12% Bis–Tris gels 
(Invitrogen). Resolved protein was transferred to nitrocellulose membranes using 
the iBlot system (Invitrogen), blocked in LiCOR blocking buffer, probed with 
either mouse or rabbit primary antibodies, followed by LiCOR secondary IRDye 
680RD goat anti-mouse (no. 926-68070) and IRDye 800CW goat anti-rabbit (no. 
926-32211) antibodies, and then imaged on a Licor Odyssey CLx Infrared Imaging 
system. For TBK1 western blots, cells were lysed in RIPA buffer containing 1× 
protease inhibitors (Roche) and phosphatase inhibitors (50 mM NaF and 100 mM 
Na3VO4). CSNK2A1 western blotting was done as previously described92.

Primary antibodies used. Phospho-Rb (Ser780) (D59B7) rabbit mAb (Cell 
Signaling Technology, 8180S), Rb (4H1) mouse mAb (Cell Signaling Technology, 
no. 9309S), Cdk6 (C-21) rabbit polyclonal IgG (Santa Cruz Biotechnology, sc-177), 
Cdk4 (DCS-35) mouse monoclonal IgG1 (Santa Cruz Biotechnology, sc-23896), 
beta-actin (8H10D10) mouse mAb (Cell Signaling Technology, no. 3700S), 
monoclonal anti-vinculin antibody (Sigma-Aldrich, V9131), GAPDH (14C10) 
rabbit mAb (Cell Signaling Technology, no. 2118S), ALK (31F12) mouse mAb (Cell 
Signaling Technology, no. 3791S), phospho-ALK (Tyr1278/1282/1283) antibody 
(Cell Signaling Technology, no. 3983S), Akt (pan) (40D4) mouse mAb (Cell 
Signaling Technology, no. 2920), phospho-Akt (Ser473) (D9E) XP rabbit mAb 
(Cell Signaling Technology, no. 4060L), p44/42 MAPK (Erk1/2) (L34F12) mouse 
mAb (Cell Signaling Technology, no. 4696S), phospho-p44/42 MAPK (Erk1/2) 
(Thr202/Tyr204) antibody (Cell Signaling Technology, no. 9101S), Cofilin (D3F9) 
XP rabbit mAb (Cell Signaling Technology, no. 5175S), Raf-B antibody (F-7) 
mouse monoclonal IgG (Santa Cruz Biotechnology, sc-5284), MEK1/2 rabbit mAB 
(Cell Signaling Technology, no. 9122L), phospho-MEK1/2 (Ser217/221) (41G9) 
rabbit mAb (Cell Signaling Technology, no. 9154), RSK1 (D6D5) rabbit mAb 
(Cell Signaling Technology, no. 8408), phospho-p90RSK (Ser380) antibody (Cell 
Signaling Technology, no. 9341), EGF Receptor (1F4) mouse mAb (Cell Signaling 
Technology, no. 2239), phospho-EGF Receptor (Tyr1068) (D7A5) XP rabbit 
mAb (Cell Signaling Technology, no, 3777), GAPDH (D4C6R) mouse mAb (Cell 
Signaling Technology, no. 97166),TBK1/NAK antibody (Cell Signaling Technology, 
no. 3013), phospho-IRF3 (Ser396) (4D4G) rabbit mAb (Cell Signaling Technology, 
no. 4947), IRF3 (D6I4C) XP rabbit mAb (Cell Signaling Technology, no. 11904), 
phospho-Akt1 (Ser129) (D4P7F) rabbit mAb (Cell Signaling Technology, no. 
13461), HER2/erbb2 (D8F12) XP rabbit (Cell Signaling Technology, no. 4290S), 
Akt1 (C73H10) rabbit mAb (Cell Signaling Technology, no. 2938), and c-myc 
rabbit antibody (Cell Signaling Technology, no. 9402) were used in this study.

Mapping of phenotypic data onto structures. Mapping and graphics of 
phenotypic data onto crystal structures were performed with the UCSF Chimera 
package88. Chimera is developed by the Resource for Biocomputing, Visualization 
and Informatics at the UCSF (supported by NIGMS P41-GM103311). Phenotypes 
were mapped using the ‘define and render by attribute’ functions of the program.

Reporting summary. Further information on experimental design is available in 
the Nature Research Reporting Summary linked to this article.

Data availability
All previously unpublished saturation mutagenesis data generated or analyzed 
during this study are included in this published article (and its Extended Data 

information files). All screening data described in this project can be found in the 
Supplementary Information or have been deposited in the National Center for 
Biotechnology Information Short Read Archive (BioProject accession number 
PRJNA559517). Source data for Fig. 3a,c,e, Fig. 4, Fig. 5a–d,g–j, Fig. 6a,b,d–f, 
Fig. 7b,d–f, Extended Data Fig. 4a, Extended Data Fig. 6d,e,g and Extended Data 
Fig. 7c,e are available online. Aggregated mutational scanning data, including 
previously published datasets, are available from the corresponding author on 
reasonable request.

Code availability
All code used to analyze mutant screening data (ORFCall) can be accessed at 
https://github.com/tedsharpe/ORFCall.

References
	88.	Pettersen, E. F. et al. UCSF Chimera—a visualization system for exploratory 

research and analysis. J. Comput. Chem. 25, 1605–1612 (2004).
	89.	Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and 

high throughput. Nucleic Acids Res. 32, 1792–1797 (2004).
	90.	Klipper-Aurbach, Y. et al. Mathematical formulae for the prediction of the 

residual beta cell function during the first two years of disease in children 
and adolescents with insulin-dependent diabetes mellitus. Med. Hypotheses 
45, 486–490 (1995).

	91.	Jafari, R. et al. The cellular thermal shift assay for evaluating drug target 
interactions in cells. Nat. Protoc. 9, 2100–2122 (2014).

	92.	Haq, R. et al. Oncogenic BRAF regulates oxidative metabolism via PGC1α 
and MITF. Cancer Cell 23, 302–315 (2013).

Acknowledgements
We thank A. Burgin, C. Painter, B. Tomson and M. Rees for discussions and critical 
reading of the manuscript.

Author contributions
N.S.P. and C.M.J. designed the study and wrote the paper. D.H., M.D.C., L.B., O.C., 
S.K., U.N., A.W., S.P., Y.L., J.C., M.S., C.Z., T.K.H., P.R. and P.P. contributed data for 
this project. X.Y, C.Z. and N.S.P. analyzed the data, T.S.M., D.A.B., R.H., F.P., D.E.R and 
C.M.J. supervised the work.

Competing interests
C.M.J. is a full-time employee of Novartis Institutes of Biomedical Research, Inc. T.M. is a 
full-time employee of 10x Genomics.

Additional information
Extended data is available for this paper at https://doi.org/10.1038/s41594-019-0358-z.

Supplementary information is available for this paper at https://doi.org/10.1038/
s41594-019-0358-z.

Correspondence and requests for materials should be addressed to C.M.J.

Peer review information Anke Sparmann was the primary editor on this article and 
managed its editorial process and peer review in collaboration with the rest of the 
editorial team.

Reprints and permissions information is available at www.nature.com/reprints.

Nature Structural & Molecular Biology | www.nature.com/nsmb

https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA559517
https://github.com/tedsharpe/ORFCall
https://doi.org/10.1038/s41594-019-0358-z
https://doi.org/10.1038/s41594-019-0358-z
https://doi.org/10.1038/s41594-019-0358-z
http://www.nature.com/reprints
http://www.nature.com/nsmb


Resource NATURE STRUCTURAl & MolECUlAR BIoloGy

Extended Data Fig. 1 | See next page for caption.
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Extended Data Fig. 1 | Saturation mutagenesis of CDK4 and CDK6. a Summary schematic of CDK6 and CDK4 saturating mutagenesis screens. b CDK6 
and c CDK4 early time point mutant representation illustrated across the length of each protein. Each dot represents one of two replicate measurements 
(a and b). d and e Early time point reference correlations for CDK6 and CDK4 mutants. Each dot represents one of two replicate measurements. The 
pearson correlation score is reported on each graph. f Log(2)-fold-changes for each of four CDK6 replicate measurements was individually calculated 
with respect to the average of two replicate measurements of early time point mutant representation and shown as black dots. Replicated correlations of 
Log(2)-Fold-Changes Replicate A versus all three other replicates are shown with their corresponding Pearson correlations. g Log(2)-fold-changes for each 
of four CDK4 replicate measurements was individually calculated with respect to the average of two replicate measurements of early time point mutant 
representation and shown as black dots. Replicated correlations of Log(2)-Fold-Changes Replicate A versus all three other replicates are shown with their 
corresponding Pearson correlations.
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Extended Data Fig. 2 | Analysis of CDK4/6 saturation mutagenesis data. a and b Scatter plots of the average Log(2)-Fold-Changes (LFCs, y-axis, 
n=4 replicate measurements) and native amino acid position (x-axis) for the complete mutagenesis data for CDK6 (a) and CDK4 (b) palbociclib 
resistance screens. Red lines indicate z-scores of 1.95, our significance threshold for all saturation data (see Methods). Normalized data can be found 
in Supplementary Tables 1-2. c and d Heatmap visualization of the data presented in (a) and (b) for CDK6 (c) and CDK4 (d). Colors correspond to 
the z-score of the LFCs. Darker blue indicates a z-score of -3 or lower and darker red indicates a z-score of +3 or higher (more red = more palbociclib 
resistant).
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Extended Data Fig. 3 | Spatial projection of CDK4/6 saturation mutagenesis phenotypic data onto the 3D structure of CDK6. All data for the CDK6 
palbociclib resistance screen was reduced to a single metric representing the maximum z-score observed at each position (average of n=4 independent 
replicates for each of n=19 substitutions). For positions that showed maximum z-scores over 1.95, the z-score was mapped onto the crystal structure of 
CDK6 bound to palbociclib (PDB 2EUF), either as a ribbon (a) or space-filling diagram (b). c View of the palbociclib binding pocket in CDK6 (PDB 2EUF). 
For a-c, light orange represents a z-score greater than 1.95 and red represents a z-score of 6 or higher.
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Extended Data Fig. 4 | Validation of CDK4/6 saturation mutagenesis data. a Common drug resistant positions found in the CDK6 screen for palbociclib 
resistance are tested here for resistance to two other CDK4/CDK6 inhibitors: abemaciclib and ribociclib. Average cumulative population doublings after 
14 days of Meljuso cells exogenously expressing wild-type (WT) or mutant CDK6 in the absence of drug are shown in turquoise. Treatment with 0.9 µM 
abemaciclib is shown in light green, and 8 µM ribociclib is shown in dark green, (n=2 independent experiments), error bars represent standard deviation. 
The correlation of resistance phenotypes in the CDK6 (b) or CDK4 (c) primary screens compared to population doublings in validation experiments, to 
phosphorylated Rb (compared to no drug) validation experiments, as well as the correlation of validation experiments to each other. Pearson correlations 
for each set are reported on the graph. Each dot represents a single measurement of the representative western blot shown in main figures.
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Extended Data Fig. 5 | Assessment of drug binding to CDK6 mutants using CETSA and DSF. a Coomasie stained acrylamide gel of purified FLAG-CDK6 
mutants used for DSF assays. b DSF assay for investigating the interaction of the drug palbociclib with wild-type and mutant CDK6. The normalized first 
derivative melt profiles of purified wild-type CDK6, F98E, I19W, V45M, and H100F mutants in the absence (gray trace) or presence (blue trace) of the 
drug palbociclib. The black arrow indicates the melting profile of CDK6 alone in the absence of the drug. The temperature at which the derivative is the 
most negative (minimum) is used to calculate the melting temperature (Tm, DTm), average of n = 5 replicate measurements. c CETSA assays of kinase 
dead CDK6 (K43M) in the presence or absence of palbociclib, average of n=2 replicate measurements.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | Confirmation of generalizable kinase mutants beyond CDK4/6. a WT and mutant EML4-ALK drug sensitivity were measured 
by Western Blotting of downstream phosphorylation of AKT, representative image of n=2 individual experiments. b Levels of WT and mutant HER2 
exogenously expressed in T47D cells were measured by western blotting, representative image of n=2 individual experiments. c Activity of BRAF position 
61 (L485S) was measured by western blotting for downstream phosphorylation of MEK and ERK, representative image of n=2 individual experiments. 
d Bar graphs showing the percentage of all kinases harboring each amino acid at the wild-type residue of position 32, 61 117 and 119. All data is from the 
kinome alignment described in Kumar, R. D. & Bose, R. (2017). e Bar graphs illustrating the average resistance phenotypes (z-score) caused by all possible 
amino acid substitutions at the Pocket Protector, Keymaster, Gatekeeper and Gatekeeper +2 residues of CDK4 (n=4 replicate measurements), CDK6 
(n=4 replicate measurements) and ERK2 (n=6 replicate measurements), based on CDK4/6 primary screening data and data from Brenan et al. (2016), 
n= f) Activity of CSNK2A1 mutants as assessed by western blot of downstream signaling, including phosphorylated AKT (pAKT1), representative image 
of n=2 individual experiments. g Proliferation assay assessing the sensitivity of SKMEL5 cells transduced with WT or mutant CSNK2A1 and treated 
with CX4945, plotted as the mean of 2 replicate measurements. h Activity of CSNK2A1 mutants as assessed by western blot of downstream signaling, 
including phosphorylated AKT (pAKT1) corresponding to samples in (g), representative image of n=2 individual experiments.
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Extended Data Fig. 7 | Phenotypes of mutant CDK4/6 in standard growth conditions. Scatter plots of the z-scores of the Log(2)-Fold-Changes and native 
amino acid position for DMSO (vehicle only, n=2 replicate measurements) calculated relative to the early time point reference for CDK6 (a) or CDK4 
(b), n=2 replicate measurements. c Proliferation assay assessing the sensitivity of A375 cells transduced with WT or mutant MEK1 treated with the MEK-
inhibitor Trametinib (n=4 replicate measurements for each mutant at each concentration). d Activity of WT or mutant MEK1 as assessed via western blot 
analysis of downstream signaling, representative blot of n=2 individual experiments. e Dabrafenib complementation assays to measure activity of A375 
cells transduced with WT or I99M mutant MEK1 (n=4 replicate measurements for each mutant at each concentration). f Illustration of active and auto-
inhibited forms of kinases as illustrated by CDK2 structures (PDB: 2JGZ (active) and PDB: 1HCK (auto-inhibited). Activation loops are colored purple while 
keymaster positions are colored magenta.
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