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Figure S1. Elbow and silhouette validation for K-means clustering. The figure compares the original energy-
dominated weighting with the balanced z-score standardization of all four descriptors.

Table S1. Activation-Segment B-Factor Analysis

PDB Kinase  A-loop Activity Resolution  Activation MeanBact.  MaxB act. Flag
A segment seg. (A% seg. (A%

1FIN CDK2 ouT Active 1.90 145-172 42.03 69.67 OK
6Q4K CDK2 IN Inactive 2.10 145-172 17.37 28.77 OK
3QKL  AKT1 ouT Active 1.90 292-314 37.85 56.46 OK
6HHJ  AKT1 IN Inactive 2.30 292-314 76.54 149.38 HIGH (>60)
50RL AURA ouT Active 1.85 274-299 36.46 60.27 OK
4C3P  AURA SWP SWAPPED 2.60 274-299 79.20 124.90 HIGH (>60)
3UOH AURA IN Inactive 2.25 274-299 94.71 172.59 HIGH (>60)
4WSQ AAK1 ouT Active 240 194-229 34.05 55.14 OK
2HK5 HCK ouT Active 2.00 382-410 33.64 52.81 OK
5HOB HCK IN Inactive 2.20 404-432 24.39 47.61 OK

Table S2. Standardized K-means clustering.

Table S2 (A). Summarizes the cluster energy distributions after z-score standardization of all four features.

Cluster Mean energy (kJ/mol) SD (kJ/mol) N
0 —74.63 18.21 9
1 —79.06 10.01 30
2 -63.73 5.08 2
3 -89.80 20.02 7
4 -110.23 11.99 9
5 -98.50 13.63 5
6 —-80.81 21.55 6
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Table S2 (B). Lists the full 68-structure cluster membership.

Group Family Name PDB DFG aC-helix A-loop Energy Cluster
AGC AKT AKT1 3QKL IN IN ouT -112.43 4
AGC AKT AKT1 6HHJ ouT ouTt IN -76.48 0
AGC DMPK ROCK1 S5WNF IN IN ouT —82.69 1
AGC GRK GRK2 (BARK1) 5UKL IN IN ouT —-83.65 1
AGC NDR STK38 (NDRT1) 6BXI ouT ouT IN —85.75 0
AGC PDK1 PDPK1 (PDK1) 2BlY IN IN ouTt —71.68 1
AGC PKA PRKACA (PKACA) 3FJQ IN IN ouT -137.13 4
AGC PKC PRKCQ (PKCT) 1XJD IN IN ouT -112.77 4
AGC PKG PRKG1 (PKG1) 6BDL IN IN ouTt -85.14 1
AGC PKN PKN1 40TD IN IN ouT -107.22 4
AGC RSK RPS6KA3 (RSK2) 4NUS ouT IN ouT —-87.13 3
AGC RSK RPS6KA3 (RSK2) 4NW6 IN IN ouT —93.08 1
AGC YANK STK32A (YANKT1) 4FR4 IN IN ouTt —74.69 1
CAMK CAMKL STK11 (LKB1) 2WTK IN IN ouT -17.11 4
CAMK CASK CASK 3C0G IN ouT ouT —64.60 6
CAMK CASK CASK 3Col IN IN ouT —69.48 1
CAMK DAPK DAPK1 1JKK IN IN ouT -80.77 1
CAMK MLCK MYLK4 (SgK085) 2X4F IN IN ouT —-79.46 1
CAMK PHK PHKG2 (PHKG2) 2Y7) IN IN ouT —77.44 1
CAMK PIM PIM1 6NO9 IN IN ouT -90.98 1
CAMK RSKB RPS6KA3-B (RSK2-B) 2QR7 IN IN ouT —48.56 1
CAMK Trbl TRIB1 (Trb1) 6DCO IN IN ouT —82.55 1
CK1 CK1 CSNK1D (CK1D) 6RCG IN IN ouT —84.58 1
CK1 TTBK TTBK1 4NFN IN IN ouTt —-79.09 1
CMGC CDK CDK2 1FIN IN IN ouT —64.53 1
CMGC CDK CDK2 6Q4K IN ouT IN —-85.32 6
CMGC CDK CDKé6 1G3N ouT ouT IN —-58.21 0
CMGC CK2 CSNK2AT1 (CK2A1) 30WJ IN IN ouTt -105.67 4
CMGC CLK CLK1 2VAG IN IN ouT —87.68 1
CMGC DYRK PRPF4B (PRP4) 41IR IN IN ouTt -87.77 1
CMGC GSK GSK3B 1J1B IN IN ouT —-61.21 1
CMGC MAPK MAPKT (ERK2) 4ZZN IN IN ouT -101.16 4
CMGC MAPK MAPK9 (JNK2) 3NPC ouT IN IN —74.25 3
CMGC SRPK SRPK1 1WBP IN IN ouT —82.96 1
OTHER AUR AURKA (AURA) 3UOH ouT ouT IN —-34.00 0
OTHER AUR AURKA (AURA) 50RL IN IN ouT —82.37 1
OTHER BUB BUBT 4QPM IN IN ouTt —-88.54 1
OTHER Haspin HASPIN (Haspin) 31Q7 IN IN ouT -96.44 4
OTHER NAK AAK1 4WsQ IN IN ouTt —94.35 1
OTHER NAK BMP2K (BIKE) 4WoW IN IN ouT —-83.46 1
OTHER ULK ULK1 4WNO IN IN ouT -102.14 4
OTHER TLK TLK2 500Y IN IN ouT -80.23 1
OTHER TOPK PBK 5J0A IN ouTt ouT —48.24 6

(continues)



Table S2 (B) Continued. Lists the full 68-structure cluster membership.

Group Family Name PDB DFG aC-helix A-loop Energy Cluster

STE STE20 MAP4K1 (HPK1) 6CQD IN IN SWP —-67.32 2

TK Abl ABL1 2F4) IN IN ouT -73.36 1

TK Abl ABL1 2G1T IN ouTt IN —-84.25 6

TK CCK4 PTK7 (CCK4) 6VG3 ouTt IN IN -128.10 3

TK EGFR EGFR 4WKQ IN IN ouTt -64.09 1

TK Eph EPHA2 (EphA2) 5NKF IN IN IN -109.08 5

TK Eph EPHA2 (EphA2) 51A5 ouT IN IN —74.50 3

TK FGFR FGFR4 4XCU IN IN ouTt —-76.30 1

TK FGFR FGFR4 4QRC ouT IN ouT —-71.00 3

TK InsR IGF1R 5FXS IN IN IN —85.99 5

TK InsR INSR 1IRK ouT ouT IN —84.80 0

TK JakA JAK2 5TQ8 IN IN ouTt -84.64 1

TK JakB JAK2-b 6BSO IN IN IN —88.05 5

TK Met MET 3RHK ouT ouTt IN —88.65 0

TK Met MET 4R1V IN ouT IN -109.33 6

TK Src HCK 2HK5 IN IN ouT -76.58 1

TK Src HCK 5HO0B IN ouT IN —-93.15 6

TK Src LCK 6PDJ ouT ouTt ouTt —-70.74 0

TK Tec BMX 3SXS ouT IN ouTt —95.54 3

TK Tec BMX 6199 ouT ouTt ouTt —-88.35 0

TK Tec BTK 3PIX IN IN IN -116.71 5

TK VEGFR KDR 6GQQ ouT IN IN —-98.10 3

TKL MLK ILK 3KMU ouT ouT ouTt -84.72 0

TKL MLK MAP3K12 (DLK) 5CEN IN IN IN —-92.69 5

OTHER AUR AURKA (AURA) 4C3pP IN IN SWP —-60.14 2

Table S3. Regulatory spine proxy analysis.

PDB Kinase A-loop Cluster Activity RS3 RS4 RS3—R°S4 Ca Status Notes
(A)

1FIN CDK2 ouT Cluster 1 Active 146 125 6.18 Intact

6Q4K CDK2 IN Cluster 6 Inactive 146 125 4.61 Intact

3QKL AKT1 ouTt Cluster 4 Active 293 272 6.75 Intact

6HHJ AKT1 IN Cluster 0 Inactive 293 272 12.48 Broken

50RL AURA ouT Cluster 1 Active 275 254 6.24 Intact

4C3P AURA SWP Cluster 2 SWAPPED 275 254 6.06 Intact

3UOH AURA IN Cluster 0 Inactive 275 254 10.61 Borderline

2HK5 HCK ouT Cluster 1 Active 383 362 6.41 Intact

5HOB HCK IN Cluster 6 Inactive 405 384 4.40 Intact

4WSQ AAK1 ouT Cluster 1 Active 195 174 6.44 Intact
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Table S4. Catalytic motif screen.

Group  Family  Name PDB DFG aC-helix A-loop Energy Catalytic HRD-Asp DFG-Asp
motif
AGC AKT AKT1 3QKL IN IN ouT 11243 HRD True True
AGC AKT AKT1 6HHJ  OUT ouT IN —76.48 HRD True True
AGC DMPK  ROCK1 S5WNF IN IN ouT —82.69 HRD True True
AGC GRK GRK2 (BARKT) 5UKL IN IN ouT —83.65 YRD True False
AGC NDR STK38 (NDRT1) 6BXI ouTt ouT IN —-85.75 HRD True True
AGC PDK1 PDPK1 (PDKT) 2BIY IN IN ouT —71.68 HRD True True
AGC PKA PRKACA (PKACA) 3FQ IN IN ouT  -13713 YRD True True
AGC PKC PRKCQ (PKCT) 1XJD IN IN out  -112.77 YRD True True
AGC PKG PRKGT1 (PKG1) 6BDL IN IN ouT -85.14 YRD True True
AGC PKN PKN1 40TD IN IN ouT  -107.22 YRD True True
AGC RSK RPS6KA3 (RSK2) 4NUS  OUT IN ouT -87.13 YRD True True
AGC RSK RPS6KA3 (RSK2) 4NW6 IN IN ouT —93.08 YRD True True
AGC YANK STK32A (YANKT) 4FR4 IN IN ouT —74.69 HRD True False
CAMK  CAMKL  STK11 (LKB1) 2WTK IN IN ouT -17.11 HRS False False
CAMK  CASK CASK 3C0G IN ouT ouT —64.60 HRD True False
CAMK  CASK CASK 3Col IN IN ouT —69.48 HRD True False
CAMK  DAPK DAPK1 1JKK IN IN ouT —-80.77 HFD False True
CAMK  MLCK MYLK4 (SgK085) 2X4F IN IN ouT —79.46 HLD False True
CAMK  PHK PHKG2 (PHKG2) 2Y7) IN IN ouT —77.44 HRD True True
CAMK  PIM PIM1 6NO9 IN IN ouT -90.98 HRD True True
CAMK  RSKB RPS6KA3-B (RSK2-B)  2QR7 IN IN ouT —48.56 HRD True True
CAMK  Trbl TRIB1 (Trb1) 6DCO IN IN ouT —-82.55 LGD False False
CK1 CK1 CSNK1D (CK1D) 6RCG IN IN ouT —84.58 HRD True True
CK1 TTBK TTBK1 4NFN IN IN ouT —79.09 HRD True True
CMGC  CDK CDK2 1FIN IN IN ouT —64.53 HRD True True
CMGC  CDK CDK2 6Q4K IN ouT IN —85.32 HRD True True
CMGC  CDK CDK6 1G3N  OUT ouT IN —-58.21 HRD True True
CMGC  CK2 CSNK2AT1 (CK2A1) 30WJ IN IN OUT  -105.67 HRD True False
CMGC  CLK CLK1 2VAG IN IN ouT —-87.68 HAD False True
CMGC  DYRK PRPF4B (PRP4) 41IR IN IN ouT —-87.77 HAD False True
CMGC  GSK GSK3B 1J1B IN IN ouT —-61.21 HRD True True
CMGC  MAPK  MAPK1 (ERK2) 4Z7ZN IN IN ouUT  -101.16 HRD True True
CMGC  MAPK  MAPK9 (JNK2) 3NPC  OUT IN IN —74.25 HRD True True
CMGC  SRPK SRPK1 1WBP IN IN ouT —82.96 HDT False False
OTHER AUR AURKA (AURA) 3UOH OuT ouT IN —34.00 HRD True True
OTHER AUR AURKA (AURA) 50RL IN IN ouT —82.37 HRD True True
OTHER BUB BUB1 4QPM IN IN ouT —-88.54 HGD False False
OTHER Haspin  HASPIN (Haspin) 31Q7 IN IN ouT -96.44 HRD True False
OTHER NAK AAK1 4WSsQ IN IN ouT —94.35 HRD True True
OTHER NAK BMP2K (BIKE) 4W9W N IN ouT —-83.46 HRD True True
OTHER  ULK ULK1 4WNO IN IN ouT  -102.4 HRD True True

(continues)



Table S4. Continued. Catalytic motif screen.

Group Family  Name PDB DFG aC-helix A-loop Energy Catalytic HRD-Asp DFG-Asp
motif
OTHER TLK TLK2 500Y IN IN ouT —-80.23 HYD False True
OTHER TOPK PBK 5J0A IN ouT ouT —48.24 HGD False False
STE STE20  MAP4KT (HPK1) 6CQD IN IN SWp —67.32 HRD True True
TK Abl ABL1 2F4) IN IN ouT —73.36 HRD True True
TK Abl ABL1 2G1T IN ouT IN -84.25 HRD True True
TK CCK4 PTK7 (CCK4) 6VG3  OUT IN IN -128.10 HKD False False
TK EGFR EGFR 4WKQ IN IN ouT -64.09 HRD True True
TK Eph EPHA2 (EphA2) 5NKF IN IN IN -109.08 HRD True True
TK Eph EPHA2 (EphA2) 51A5 ouTt IN IN —74.50 HRD True True
TK FGFR FGFR4 4XCU IN IN ouT —-76.30 HRD True True
TK FGFR FGFR4 4QRC  OUT IN ouT —-71.00 HRD True True
TK InsR IGF1R 5FXS IN IN IN —85.99 HRD True True
TK InsR INSR 1IRK ouTt ouT IN —84.80 HRD True True
TK JakA JAK2 5TQ8 IN IN ouT -84.64 HRD True True
TK JakB JAK2-b 6BSO IN IN IN —88.05 HGN False False
TK Met MET 3RHK  OUT ouT IN —88.65 HRD True True
TK Met MET 4R1V IN ouT IN -109.33 HRD True True
TK Src HCK 2HK5 IN IN ouT —-76.58 HRD True True
TK Src HCK 5HO0B IN ouT IN —-93.15 HRD True True
TK Src LCK 6PDJ ouTt ouT ouT —70.74 HRD True True
TK Tec BMX 3SXS ouT IN ouT —95.54 HRD True True
TK Tec BMX 6199 ouTt ouT ouT —-88.35 HRD True True
TK Tec BTK 3PIX IN IN IN -116.71 HRD True True
TK VEGFR  KDR 6GQQ OuT IN IN —-98.10 HRD True True
TKL MLK ILK 3KMU  OUT ouT ouT —84.72 PRH False False
TKL MLK MAP3K12 (DLK) 5CEN IN IN IN -92.69 HRD True True
OTHER  AUR AURKA (AURA) 4C3P IN IN SWp —-60.14 HRD True True
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Table S5. Fisher’s exact tests.

Class Comparison N IN/conf-IN IN/conf-OUT OUT/conf-IN OUT/conf-OUT Oddsratio  Fisherp  p<0.001
TK A-loop x DFG 76 17 25 24 10 0.283 0.011 False
TK A-loop x aC-helix 76 23 19 26 8 0.372 0.058 False
STK  A-loop x DFG 122 25 19 63 15 0.313 0.006 False
STK  A-loop x aC-helix 121 13 30 66 12 0.079 4.34%x107° True
ALL  A-loop x DFG 198 42 44 87 25 0.274 4,08 x 107 True
ALL  A-loop x aC-helix 197 36 49 92 20 0.160 1.22x 107 True

Note. N denotes eligible PDB structure observations retained for each test, not unique kinases; multiple PDB structures may represent
the same kinase.

Table S6. KLIFS cross-validation.

Comparison N Agreement (%)
DFG (full dataset) 192 99.0
aC-helix (full dataset) 208 97.6
DFG (68-structure curated subset) 62 100.0

Table S7. Implicit-Solvation and Protonation Check (Representative Subset)

Protocol. For a representative subset spanning the clusters and the active (OUT), inactive (IN),
and SWAPPED states, hydrogens were rebuilt and protonation states assigned at pH 7.4 with
PROPKA (PDB2PQR, AMBER parameters). The activation-segment (DFG-Asp to APE-Glu)
electrostatic interaction with the catalytic domain was recomputed with a Poisson-Boltzmann
continuum solvent (APBS; solute dielectric 2, solvent dielectric 78.5; 0.15 M ionic strength).
The buried interfacial surface area was obtained with the Shrake—-Rupley algorithm (segment
isolated minus segment in the complex); the nonpolar term is 0.030 kJ/mol/A2 x buried area. In
every representative, the electrostatic interaction remains favorable under dielectric screening
and physiological salt, and the segment buries a large interface, so the favorable interaction and
its buried interface persist under a solvated, pH-specific treatment. Absolute electrostatic mag-
nitudes are continuum estimates and are not used for cross-cluster ranking.

PDB Kinase Cluster  Conformation Net charge Buried Nonpolar term Electrostatic
(pH 7.4) interface (kJ/mol) interaction

(A% (PB,0.15 M)
1FIN CDK2 1 Active (OUT) +1 2615 78.5 Favorable
6Q4K CDK2 6 Inactive (IN) +7 2779 834 Favorable
6HHJ AKT1 0 Inactive (IN) +1 1945 58.4 Favorable
2HK5 HCK 1 Active (OUT) 0 2540 76.2 Favorable
5HOB HCK 6 Inactive (IN) -3 2743 823 Favorable
4C3P AURA 2 SWAPPED +10 121 36.3 Favorable
3UOH AURA 0 Inactive (IN) +14 1949 58.5 Favorable




Table S2. Standardized K-means clustering.

The K=7 partition is DFG-homogeneous in all seven clusters. Four clusters are A-loop-
homogeneous; the three A-loop-heterogeneous clusters are 0, 3, and 6. “Heterogeneous”
denotes clusters whose members carry different discrete A-loop labels (each assigned from
geometry/KLIFES before clustering), that is, static compositional heterogeneity—not a thermo-
dynamic equilibrium and not an unresolved K-means substate.

Cluster n DFG state A-loop IN A-loop OUT A-loop SWP A-loop status

0 9 OUT (pure) 6 3 0 Heterogeneous
1 30 IN (pure) 0 30 0 Homogeneous
2 2 IN (pure) 0 0 2 Homogeneous
3 7 OUT (pure) 4 3 0 Heterogeneous
4 9 IN (pure) 0 9 0 Homogeneous
5 5 IN (pure) 5 0 0 Homogeneous
6 6 IN (pure) 4 2 0 Heterogeneous

Table S9. Activation-loop phosphorylation in Clusters 1 and 4.

Coordinates were inspected for a phosphorylated residue (TPO/SEP/PTR) located in the activa-
tion loop (between the DFG and APE motifs). Cluster 4: 5/9 phosphorylated (mean -114.3 kJ/
mol) vs 4/4 nonphosphorylated at —105.1; cluster 1: 4/30 phosphorylated (mean —85.7) vs —78.0
for the rest. Pooled, phosphorylated structures are ~20 kJ/mol more stabilized (-101.6 vs —81.6
kJ/mol). Cluster 1 rows list the four phosphorylated members and the two least-stabilized non-
phosphorylated members for contrast; the full 30-member list is in Table S2B.

Cluster PDB Kinase Activation-loop phospho-residue Energy (kJ/mol)
4 3FQ PKA (PRKACA) pThr197 -137.1
4 2WTK LKB1 (STK11) — (scaffold-stabilized) -117.1
4 1XJD PKCO (PRKCQ) pThr538 -112.8
4 3QKL AKT1 pThr308 -112.4
4 40TD PKN1 pThr780 -107.2
4 30WJ CK2a (CSNK2AT1) — (acidic loop) -105.7
4 4WNO ULK1 pThr180 -102.1
4 4ZZN ERK2 (MAPK?1) — -101.2
4 31Q7 Haspin — (divergent ePK; noncanonical DFG motif) -96.4
1 41IR PRP4 (PRPF4B) pTyr849 -87.8
1 2VAG CLK1 pSer341/ pThr342 -87.7
1 6BDL PKGT1 (PRKG1) pThr517 —-85.1
1 50RL AURA (AURKA) pThr288 -82.4
1 1FIN CDK2 — (unphosph. Thr160) -64.5
1 2QR7 RSK2-B (RPS6KA3) — -48.6

PKA (3FJQ) activation-loop phosphate network (measured): pThr197 O2P---Arg165 (HRD-Arg) NH1 = 2.77 A;
pThr197 O3P---Lys189 NZ = 2.71 A; pThr197 O1P---His87 (aC) NE2 = 3.74 A.
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