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Figure S1 - Summary of known functional variants in human kinases 

A) Plot showing the source and distribution of variants known to be activating (lead to 

constitutive activation or increase in kinase activity), deactivating (lead to loss or 

decrease in kinase activity) and resistance-causing. B) Plot showing the distribution of 

known functional variants at most conserved (in human kinases and orthologs) and 

post-translational modification (PTM) sites. C) Plot showing the distribution of known 

functional variants across the N-, C-lobes and activation loop of the canonical kinase 

domain. D) Plot showing counts of different types of known functional variants in the 

canonical kinase domain in the curated dataset. E) Plot showing most mutated sites 

(with a count of at least 10 in our dataset) in the canonical kinase domain. Positions 

correspond to domain locations as indicated in Fig S2. 
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Figure S2 - Distribution of known variants in the two major kinase classes 

A) Plot showing the distribution of known functional and neutral variants in human 

Serine/Threonine kinases (Pfam: Pkinase). Each bar corresponds to a position in the 

alignment constructed using human kinases. Variants are coloured based on their 

likely effect on the kinase activity: constitutively-activated (dark green), increase (light 

green), loss (red), decrease (orange), and neutral (yellow). Resistance-causing 

variants are coloured blue. The total number of variants at an alignment position is log 

normalised (base 2) and divided based on the proportion of each variant type. Most 

conserved sites in the kinase domain are annotated with text and arrows. 

Phosphorylation and Ubiquitination sites are highlighted in cyan and grey colours at 

the base of the bar. Structure in the centre refers to a canonical kinase domain and its 

secondary structure elements (INSR kinase, PDB ID: 1GAG). B) as in A but for 

Tyrosine kinases (Pfam: PK_Tyr_Ser/Thr). 
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Figure S3 - Performance of the predictors during the training phase 

A-D) Plots showing Receiver Operator Characteristic (ROC) curves of the 10-fold 

cross-validation (training) results of the predictor activating vs. deactivating (A); 

activating vs deactivating/neutral (B); deactivating vs activating/neutral (C); resistance 

vs neutral (D). Note: for the three-way activating vs deactivating vs neutral predictor 

(B & C), we computed the AUC for each class (activating/deactivating) against the 

rest. (E) Confusion matrices and precision-recall curves for our three predictors (from 

top to bottom) "Activating vs Deactivating", "Activating vs Deactivating vs Neutral" and 

"Resistance vs Neutral", using Gradient Boosting (left) or Random Forest (right) as 

algorithm. 
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Figure S4 - Performance of predictors and other methods on the test set 

ROC curves showing the performance of different predictors/ML approaches/methods 

on the test dataset (A = activating/increase; D = loss/decrease, R=resistance, 

N=neutral). A) GBC performance of activating vs neutral (values from three-way ADN 

predictor) B) GBC performance of a deactivating vs neutral (values from three-way 

ADN predictor) C) GBC performance of a binary neutral vs random predictor D) GBC 

performance (2-way and 3-way predictors) testing against different discriminations 

with AUC values given in the legend. E) for A but with variants from the test set 

removed if they occurred at the same protein and position as one in the training set 

(i.e. but with a different mutant residue). F) As for A but for the Random Forest 

predictor. G) Treating A, D & R as one type (i.e. “pathogenic”) in order to compare to 

three known predictors of pathogenicity (AlphaMissense, PMUT, PolyPhen2 HVAR). 

Note that for D, E & G no fair comparison is possible to the other methods as they do 

not distinguish A, D & R from each other. 
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Figure S5 - Feature importance 

A-C) Plots showing feature importance calculated individually for each of the 3 

predictors: neutral vs deactivating vs activating(A); activating vs deactivating (B); 

resistance vs neutral (C). Each cell corresponds to the feature importance value. The 

sum of all feature importance values for a predictor is 1. Features with high values 

have higher colour gradients and thus are likely to have a more significant influence 

on the predictions. 
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Figure S6 - Gene expression control volcano plots 

Gene expression volcano plots showing different control contrasts. All are between 

pairs of induced (+tet) or not-induced (-tet) HEK293T cells transfected with particular 

constructs. A) top: PIM1 p.Ser97Asn +tet vs PIM1 WT +tet, n=4. centre: PIM1 

p.Ser97Asn +tet vs -tet, n=4. bottom: PIM1 WT +tet vs -tet, n=4. B) MAP2K3 

p.Ala83Thr +tet vs MAP2K3 WT +tet, n=3. centre: MAP2K3 p.Ala83Thr +tet vs –tet, 

n=3. bottom: MAP2K3 WT +tet vs -tet, n=4. C) top: CHEK2 p.Lys373Glu (+tet) CHEK2 

WT (+tet), n=3. centre: CHEK2 p.Lys373Glu (+tet) vs (-tet) control, n=3. bottom: 

CHEK2 WT (+tet) vs. (-tet) control, n=4. 
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Figure S7 - Differential gene expression 

A) Heatmap showing differential gene expression between T-REx-293 cells 

transfected with MAP2K3 wild type (WT) or Ala84Thr (A84T) in the presence or 

absence (-tet, controls) of tetracycline induction. Clustering differentiates between 

cells overexpressing Ala84Thr and cells overexpressing MAP2K3 wild-type or control 

cells. Red and yellow shadings represent higher and lower expression levels, 

respectively. Genes associated with mitochondrial function are highlighted (y-axis), 

n=4. B) The functional annotation of differentially regulated genes was performed via 

the g:Profiler web server using default settings. We show the 10 most significant terms 

from up- (green) and downregulated (purple) genes. 
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Figure S8 - Additional gene expression contrasts 

Gene expression volcano plots showing different control contrasts. All are between 

pairs of induced (+tet) or not-induced (-tet) TRex HEK293 cells transfected with 

particular constructs. A) MAP2K3 variants p.Thr222Met or p.Arg96Trp (each +tet) vs 

the appropriate -tet control or to MAP2K3 WT +tet. B) CHEK2 p.Thr68Ala +tet vs -tet 

or to CHEK2 WT +tet. C) MAP2K1 variants p.Gln56Pro, p.Lys97Ala or p.Val211Asp 

(+tet) vs the appropriate -tet control or to MAP2K1 WT +tet. 

  





Figure S9 - MAP2K3 Mitotracker Staining 

A) T-REx-293 cells transfected with MAP2K3 WT or p.Ala84Thr in presence (+tet) or 

absence (-tet) of tetracycline induction. Top row: Brightfield with 40x magnification 

taken on a Ti2 Nikon microscope and captured with a Nikon DS-Qi2 camera. Center 

row: Cells stained for 15 min with 100 nM Mitotracker Red CMXRos. Bottom row: 

Composite. B) Analysis of mitotracker signal. Mean brightness (grey value) of 50 - 80 

cells per condition was measured using ImageJ 1.52p. Asterisk indicates p ≤ 0.05. 
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Figure S10 - Additional gene expression controls 

Left: Gene expression contrast of T-REx-293 +tet vs. -tet. Centre: T-REx-293 

transfected with a lacZ control vector (+/-tet). Right: T-REx-293 transfected with a lacZ 

control vector + tet vs. T-REx-293 WT cells + tet. 
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