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 Purification of recombinant human ATM. (A) Affinity purification and dialysis of 
FLAG-tagged ATM. The SDS-PAGE Coomassie-stained gel shows: MW standard (lane 
1), cell lysate supernatant (1:30 dilution) (lane 2), protein bound to the anti-FLAG IgG 
resin with the IgG heavy (hc) and light (lc) chains present (lane 3), 3XFLAG peptide 
eluted protein (lane 4), concentrated protein after overnight dialysis in strongly reducing 
conditions, 2 mM TCEP (lane 5), dialysed concentrated protein after removing larger 
aggregates by centrifugation before purification by the size-exclusion chromatography 
(SEC) (lane 6). Squared bracket indicates various ATM species detected by mass-
spectrometry (MS) after the affinity purification and dialysis. Human chaperone Hsp70 
and human actin were detected by MS as contaminants preceding the purification by SEC. 
(B) Size-exclusion chromatography of ATM on a TSKGel G4000SWXL column. The 
inset shows an SDS-PAGE Coomassie-stained gel of the peak fraction with a retention 
volume of 8.6 mL (collected as fraction 1). (C) Analysis of the molecular mass of the 
purified ATM by SEC using a Superose 6 10/300 column coupled to MALS (Multi-angle 
light scattering) detectors. The analysis indicates that the average molecular mass of the 
material corresponds to 700 kDa across the main peak of the chromatogram (red line). The 
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fig. S1.

expected molecular mass of the ATM dimer is 705 kDa. This suggests that ATM is a 
monodisperse dimer.  
  



 

 
.  S2. Recombinant human ATM is catalytically active. Phosphorylation of a full-length 

p53 substrate as a function of enzyme concentration was visualized by 33P 
autoradiography. The ATM-specific inhibitor KU55933 (51) greatly reduces the 
enzymatic activity. (A) The reaction was performed in 50 mM HEPES pH 7.5, 150 mM 
NaCl, 10% glycerol and 2 mM TCEP buffer. (B) The reaction was performed in the 
conditions used for cryo-EM grid preparation (25 mM HEPES pH 7.5, 25 mM Tris pH 
8.8, 150 mM NaCl, 0.01% Tween 20 and 2 mM TCEP buffer). (C) ESI-MS/MS analysis 
indicates that p53 is phosphorylated on S15.  
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 Cryo-EM images and 2D classes. (A) A typical micrograph of ATM particles in 

vitrified ice taken by the K2-summit camera. The yellow arrows indicate examples of the 
dimer particles included in the data processing. The red arrows point either to the typical 
larger aggregated particles or to a smaller damaged particle that were excluded from the 
final reconstruction. A scale bar is indicated in the upper right corner. (B) 2D-class 
averages of ATM included in the 3D volume reconstructions with the box size indicated. 
Displayed in Relion-1.4. (C) Re-projections (created by Relion) of the 3D volume (left) 
and matching reference-free 2D class averages (right).  
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ig. S4. Reference models and 3D classes of human ATM. (A) The reference model 

generated by EMAN2 used for the initial 3D-classification (left). The resulting 3D classes 
with no symmetry imposed (C1) are illustrated (right). The class with the highest 
similarity to the experimental 2D projections was used as the reference model for further 
3D classification and is colored in yellow. (B) The second cycle of 3D classification using 
the reference model obtained in (A). The three best classes (colored green, magenta and 
blue) were combined and refined to 7.5 Å using a mask around about 3/4 of the reference 
volume (illustrated with a purple curve). The hand of the ATM cryo-EM map was 
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f

determined by manually fitting the mTOR FATKIN model (PDB ID 4JSV with the FRB 
domain deleted).  



 

 
.  S5. Summary of the cryo-EM 3D classification and focused refinement of ATM 

structures. A sum of 139k particles were classified into four distinct 3D-classes 
representing: A - the closed dimer (25k particles), B - the closed multi-conformer dimer 
(34k particles), C - the open dimer (16k particles) and D - the open multi-conformer dimer 
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(45k particles). The remaining 3D class with 19k particles (E) was excluded from the data 
analysis. The closed dimer (A) was the best class with C2 symmetry. This was refined to 
4.4 Å with a mask encompassing the Pincer-FATKIN region and C2 symmetry imposed 
(EMD-3670). The same 3D-class was refined with a mask around the entire volume of a 
closed dimer at either 4.7 Å (C2 symmetry imposed, EMD-3668) or 5.7 Å (no symmetry, 
C1, EMD-3669). The independent movement of the Spiral domains (shown with red 
arrows) of the closed dimer was revealed by focused 3D classification after subtracting 
signal for the Pincer-FATKIN region. The best class of the Spirals (grey rectangle) was 
refined to 7.9 Å. For the closed multi-conformer dimer (B), the density for a disordered 
arm (highlighted with a red dashed curve) became more pronounced after focused 3D-
classification. The 3D-class of the open dimer (C) was refined to 11.5 Å (EMD-3671). We 
combined 3D-classes for the open dimer (C) with the open multi-conformer dimer (D) in a 
masked refinement of either the open protomer at 5.7 Å (EMD-3672) or the open Pincer-
FATKIN fragment at 4.8 Å (EMD-3673). The open multi-conformer dimer class (D) was 
further sub-classified and refined to 8.4 Å (20k particles). The local resolution of the 
closed dimer (arising from 3D class A) and the open protomer (arising from 3D 
classes C and D) final cryo-EM maps were calculated by the program ResMap(52). The 
colored curves around the reference template icons illustrate the regions that were masked 
in the course of refinement. For each refinement, the reference template was 3D 
class A (the closed dimer). Reconstructions deposited in wwPDB OneDep System are 
highlighted by squares. PDB codes of the deposited coordinates are indicated.  

 
 
  



 

 

 
ig. S6. FSC curves for the observed reconstructions. FSC between two independently 

refined half-maps plots showing the overall resolution of the ATM maps reconstructed in 
this study (A-E).  
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 Euler angle distribution of particles for each 3D class (A ). The angles are with 
respect to the reference volume assigned by RELION(43). The heights and colors of 
spikes emerging from spheres (visualized with UCSF Chimera(53)) both relate to the 
fraction of particles with a given orientation. Blue spikes represent orientations not 
commonly observed, and red spikes are the most common. The spikes are colored 
continuously from blue to red denoting -5σ to +5σ.  
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. FSC between the ATM models and EM density maps. 

(A) FSC curves for the closed models versus the unsharpened sum of the two half maps. 
For our highest resolution map (4.4 Å closed Pincer-FATKIN, from 3D class A), we have 
refined the model with restraints against the half1 map. The FSC curves are shown for 
both half maps. FSC curves for the half1 map and the half2 map (not used for refinement) 
are nearly identical, suggesting no over-fitting in this resolution range. (B) FSC curves for 
the open models (derived from 3D classes C and D) versus the corresponding unsharpened 
sum of the two half maps.  
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fig. S8



 

 
Quality of the density for the highest resolution human ATM map. In the 4.4 Å 

resolution map of the closed dimer (derived from 3D class A), helices typically appear as 
spirals instead of smooth tubes, but the resolution is not, in general, high enough to 
discern side chains.  

 
  

α21-α22α12

Cα4 Cα5 Cpα4 Cpα5

 
loop helix 
bα6-bα7

bα4

kα3 kα6 kα10

KINASE FAT

Cap C-pillar

Bridge

Npα5 Npα6

N-pillar

Supplementary Figure 9fig. S9. -



 

 

 

 
ig. S10. Comparison of the ATM FATKIN with mTOR. (A) The FATKIN of ATM 

superimposed on the mTOR FATKIN (PDB ID 4JSP). The 4.4 Å resolution density for 
the closed FATKIN is also shown (yellow). (B) The FAT domain shows some shifts in 
TRD1, 2 and 3. TRD1 has three extra helices with respect to the mTOR FATKIN (labeled 
as helices α0, α1a, α1b; ATM helix α1c corresponds roughly to mTOR α1). TRD2 and 
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TRD3 have some shifts, but the HRD is essentially identical. (C) In the kinase domain, the 
N-lobe is very similar to the N-lobe of the mTOR FATKIN, apart from the FRB missing 
in ATM. Although there is no evidence that ATM binds to LST8, the overall conformation 
of the Lst8-binding element (LBE) is similar to mTOR. The PRD in ATM is more ordered 
than in mTOR.  

 
  



 

 

 

 

 

 
 

 

    1910      1920                                          1930      1940      

ATM_HUMAN/1903-3056 K S   ML VVDYMR Q R                                        T  N  FWLDLNYLEVA  AQ K QRT  A      R K PSSG.................................... IF DA           KV   
ATM_MOUSE/1909-3066 K S   ML VVDYLR Q R                                        T  D  FWLDLNYLEVA  AQ K QRT  A      R K PSSG.................................... AF DA           KV   
ATM_CHICK/1899-3063 K S   ML VVDYLR Q R                                        T  D  FWLDLNYLEVA  AQ V RRT  A      R K SVSG.................................... VF DS           VA   
ATM_XENTR/1910-3061   S   ML VIEYLR Q R                                        T  D  FWLDLNYLEVA   QIA RRT  S      K R PVPG.................................... AF DN           MA V  
ATM_DANRE/1920-3091 K S   ML VID LR Q R                                        T  D  FWLDLNYLEVA  AQ A LRS  A   H  Q S PLAPGSNEYG.............................. VC SN           GA   
ATM_DROME/1686-2767 K      L I EY R                                                       N  NV    N RAIKKF H C  I IFN..............................................NWTIPI LS  VMA S  
ATM_CAEEL/1344-2378 K        VV  L                                                         F         GVNAEDEI  RC AECVDSIGLNVIARYERL...........................NIETHSEFGVKW FKLSRL F L
ATM_NEMVE/543-1722    S    L V N LR Q R                                        T  D  FWLDLDYLE A  AQTQ IRTI K T H  T P PKARGQGSS............................... PW NN         A KA   
ATM_TRIAD/541-1725  K S    L  INYLR Q                                          T     FWLDLNFLD A  AQ E YKAI DM     T EKPGSK.................................... PWGNN         L RV   
ATM_MONBE/2165-3257          V E L                                                D   WLD DF Q A  A PMLRERAAF L V EWLRNTDHPERTAGMGAPPHKRAKQTIPTN...............EFW RLS   I  R A QV  R
ATM_YEAST/1699-2787       L  VI   R   R                                                  LD  EI     EIKLKM FN  KMI MGS CKER......................................NCLRIYSS  LQ  CQI S L
ATM_KLULA/1657-2761          V    R                                                      LQ         TLKMEVITK FSII GMALNGVQ....................................NALYVYDKIK  PVIPIML S L
ATM_ARATH/2654-3856   S   ML   N LR                                            T  E  YWL  DYL VA  A TK KQV  NTL E  MCYVLERSIFSGQTKREKNSRSCSTAAKIRDVESGSNGMAASIT NW KV   SI   V  GS  V
MTOR_HUMAN/1351-2549       LL   EFM                                                      D         A AEVTQT  NLA   EHSDK..........................................GPLPLRD NGIVLLGER  A
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ATM_MONBE/2165-3257                                                           D                D    EARRVAR.RKKSAYFVYPSYCLIRRGCSAKSSGIEACFSAASSSANSFCATRPL.... IAMFWRMMPKNTNVRF YA P F
ATM_YEAST/1699-2787   D  R     V  Q N D   L  L  Q   FL  A   Y   L             N  D   I   C LWFEN    RK AK H.YNR LL Y R SEV KA LL KEK  WH LHF LNT VFS.......... RY NDI DKF G     DD N .
ATM_KLULA/1657-2761   E  R        Q   D          R  F   A   F   L             N  D   V   CSLWF      RK AK H.HNRLSL NHH KDRYNKISSS IA VSQ LHF LTT VHS.......... SR AEV DKF     SYST D .
ATM_ARATH/2654-3856   D         Q Q  MD      L  DR  FL  A E Y  CL  G          D  D   VFR  SMWF      QS YSLK.IQDL K LT  KEEAEK QV  DN  KL L G KR  EI .......... KY VRV   QV    SLAS Q .
MTOR_HUMAN/1351-2549                  LQ      L      Y   AVQ F                    NL    R   LWFD     SESEAES.TENSPTPSP  KKVTED SKTLLM TVP   G FRSISLS..........RGN  QDTL VLT    YGH W .
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        2790      2800      2810      2820      2830      2840      2850        

ATM_HUMAN/1903-3056                                                                   W      Y             GAH RY P D     C K M E      EE    F DVCQNF PVFRYF MEKF DPAI FE RLA TRSVATNED....   K  R N FSAFQ Q K M VQKKSF  KYEV M      Q      C    L       K          
ATM_MOUSE/1909-3066                                                                   W      Y             GAH RY P D     C K M E      EE    F  ICQNF PVFRYF MEKF DPAV FE RLA TRSVATSED....   R  R N FSANQ Q K M VQKKSF  KYDT MT     E      C    L       K          
ATM_CHICK/1899-3063                                                                   W      Y             GAH RY P D     C K M D      EE    F  VCDNF PVFRYF MEKF DPAV FE RLA TRSVATADK....   K  R H YSGFQ Q I M AQKKHS  KYNT MK     Q      C    R       K          
ATM_XENTR/1910-3061                                                                   W      Y             GAH RY P D     C   M E      EE    F DI ENF PVFRYF MEKF DPA  FE RLA TRSVATEKE....   K  R R YGSLQ QRK M VQRGRF  KYQT L  S   R      C    L   M   K          
ATM_DANRE/1920-3091                                                                   W      Y             GAH RF P D     C K M E      ND    F EVCQNF PVFRYF ME F DPAI  E RLA TRSVATPQK....   K  R Q WANML R K M AQRMEF  KLQA T      R      C  R L     L R          
ATM_DROME/1686-2767                                                                   W      Y             GAH RY P D     C K   D      E     Y  ICEN  PVF YF LEKF  P V FE RLA T SVATEGKG...   A  R N WNNNK R LSS HLKSPK TRYAI KK    IK   H  L    PI G    R     N    
ATM_CAEEL/1344-2378                                                                   W      Y             G H  F   E         M Q      E     F EICQQY PVFR FF   F    I  Q       S ATVTREG.. L RE NSE VSASKVSSM R VQTEST TRRQV V      S    H  YTN STAQ  R KIIN RQ L   
ATM_NEMVE/543-1722                                                                    W      Y             GAH RY P D     C   M                 I D F PVFR FFLEKF DPA  FE RLA TRS ATSPGHNT.   Q  N R WSPMD RRK ASVVRN......YILIG M H K    H      V   E   R       C   
ATM_TRIAD/541-1725                                                                    W      Y             GAH RY P D     C   L N            Y EI D F PVFR FF E F NP   FE RLA TRSVA GSDIKLH   K  N K WASMD KRK A STNK.....LHS H  T H H    H  F N L  VE   R         A
ATM_MONBE/2165-3257                                                                   W      Y               H      D                          EV E F PVFR FF EKF D    YD     TRSVA SNNALH.KR GLPTDW SRRCREHMHEDHHRDTN..SRLKALQ  F H H    R  T   A AYT   AQTR      V
ATM_YEAST/1699-2787                                                                   W      Y               H              K           E    Y  I NE  P  R FF D F DP   FE     T  VA .......KL TNDKITFDQARKGM AVQTKSNE... RLKA LK T  IK QL N  F S P  LD   AKKT  KG   A
ATM_KLULA/1657-2761                                                                   W      Y               H              K   N       E    F  I E   P  R FF Q F      YE R   T SV T.......NL CNDEISFDKARKTM AAQ HSVE... RVLT SR T KIK QL R  F S VHAHD   S NR  K  V  
ATM_ARATH/2654-3856                                                                   W      Y             GAH RY   N     C   M              F DVC NF PV  YFFLEKF QPA  F  RLA TRSVA SSRSE..   G  GIG WKYPK REH SSAKDK.....RKA V   T  R  MH       L   D  VK         A
MTOR_HUMAN/1351-2549                                                                   W      Y                                                  V N            K     V FD R   TRS A YREK...KKILLNIEHRIMLRMAPDYDHLTLMQ...KVEVFEHA N TAGDDLAKLLWL SPSSE    R TN    L  V

2860      2870      2880      2890      2900       2910      2920       2930      

ATM_HUMAN/1903-3056  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G IL      VQ ILINEQ AELVH  L VAFEQGKIL PT  TV   LT DIVDGMGIT VE  VFRRC EKTM                        S                  .                        .           E
ATM_MOUSE/1909-3066  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G IL      VQ ILINEQ AELVH  L VAFEQGKIL PT  TV   L  DIVDGMGIT VE  VFRRC EKTM                        S                  .          S             .           E
ATM_CHICK/1899-3063  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G IL      VQ ILIDEQTAELVH  L VAFEQGKIL PT  TV   LT DIVDGMGIT VE  VFRRC EKTM                                           .                        .           A
ATM_XENTR/1910-3061  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G I       VQ ILIDEE AELVH  L VAFEQGKIL PT  TV   LT DIVDGMGIT VE  VFRRC EKTM        V               S                  .                        .           E
ATM_DANRE/1920-3091  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G I       IQ ILIDEQT ELVH  L VAFEQGKIL PT  TV   L  DIVDGMGIT VE  VFRRC EKTM        V                S                 .          S             .           E
ATM_DROME/1686-2767  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C         G VL       Q ILVDQQTAE IH    IAFEQGKI   T  TV   LT D V  MGI      VF    E TM T M           T           V    F         Q.T            F AP   C TK.   AKS  A   H
ATM_CAEEL/1344-2378  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C       I   I          IL DQ     VH  L    E  K   P    V    T DV D   I  IE           M W   C  V      AS   F  KLCTF      MIL YS RTL V  Q    I    L PIL E   N QLAEE TQ I  E
ATM_NEMVE/543-1722   S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G I       VQ ILVD N AELVH  L VAFEQGKVL PT  TV   LT D VDGMGVT VE  VFRRC EKTM        V             C S                  .             L          .           A
ATM_TRIAD/541-1725   S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G V       VQ ILVD  TAELIH    IAFEQG VL PT  TV   LT DIVDGMGIT VE  VFRRC EKTM        V             RT        F       R  .                        .           A
ATM_MONBE/2165-3257  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C       I G IL       N  L D  TAELV   L IAFE G  L P    V   LT DVIDGMGI   E   FR C E  L A             P  L M ST     L        G LL . I  R               A T . T  A   L A  G
ATM_YEAST/1699-2787  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G IL       N IL D  T E IH  L IAFDQGK L P    V   LT DIVDG GVT VD   FRR  E                  L    L CS G P             L . I  L            F      . L   S  R V Y A
ATM_KLULA/1657-2761  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S I G  L       N ILID  T E IH  L VAFDQGK L P    V   LT DIVDG GV  IE   FR   E          L       L      IK G P             L . I  L            F  A   . L  NN  R V F K
ATM_ARATH/2654-3856  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C     S   G I          ILIDQ TAE VH  L VAFEQG  L  T   V   LT DIIDGMGIT VE  VFRRC E TL   M    V      AM      A   V            LM .K   R                   .        E   S
MTOR_HUMAN/1351-2549  S V Y  GLGDRH  N            ID G            PE  PFR  R         G   G     C         G IL          M D       H      FE           I   LT    N M VT  D   YR      M M M           PS L L RLSGKIL   F DC  VAMTREKF  K       MLT A E   L . N  IT HT V  E

2940      2950      2960      2970      2980      2990                          

ATM_HUMAN/1903-3056 VMR  QE LLTI EVLLYDPLFDW M PLKA  LQ    DE         D                                NS  T    V           T N    LY  QRPE  TELHPTLNA DQECKRNLSD................ . . .
ATM_MOUSE/1909-3066 VMR  QE LLTI EVLLYDPLFDW M PLKA  LQ    DE         D                                SS  T    V           T N    LY  QRPE  SDLHSTPNA DQECKQSLSD................ . . .
ATM_CHICK/1899-3063 VMR  QE LLTI EVLLYDPLFDW M PLKA  LQ    DE         D                                NS  A    V           T N    LY  QGPE  ADMSSTLGA PQACKRKAS................. . . .
ATM_XENTR/1910-3061 VMR  QE LLTI EVLLYDPLFDW M PLKA  LQ    D          E                                NN  A    V           T N    LY  QDEV FNATLGGDDP CNRNSCS................... . . .
ATM_DANRE/1920-3091 VMR  QE LLTI EVLLYDPLFDW M PLKA  LQ    Q                                           SS  A    V           T N    FY  QHDE AELNATLNPTPGGDEIETHRKAS.............. . . .
ATM_DROME/1686-2767 ILR       TILEVLLYDPLF W     K    Q                                                RYKSVFT            I GVLKK QSPQ S......................................... . . .
ATM_CAEEL/1344-2378  L       L V   LL E M N       A                                                 K KENGKVI G ASA  R T T FREAEQA GRPS.......................................... . . .
ATM_NEMVE/543-1722  VMR  QE L TILEVLLYDPLY W L P K   LQ    DN                                          TS  A V            S T S E KMA  ATKP  DVSEISSTAVDLVGDLPNGENTEN............ . . .
ATM_TRIAD/541-1725  VMR  QD LLTILEVLLYDPLY W   PLKA  LQ     D         E                                HS  S              A NIS    IA  RRRSK HGSTENTGN DSSGTPSGDEELLDYYKRGDKTTQ.. . . .
ATM_MONBE/2165-3257  LR  EE  M VLQVLLFDPL DW     K    Q                                             M  KN  SV S          S  SIKVR TTQH .......................................... . . .
ATM_YEAST/1699-2787 VLR      M VLNIL  DPLY W M P K          E                                          KDYVKV C     KW    S V S V KYEHLFEEEH ITNFDNVSKFISN....................... . . .
ATM_KLULA/1657-2761 VL    E LL VLNVL  DPLY W M PLK   LQ     D         D                               QDEK R  C     KW    S K T   KQR  AKFTG YDEEEISVS ADFSELL................... . . .
ATM_ARATH/2654-3856 VMR   E LLTI EV   DPLY W L PLKA   Q    D                                           TNK A    V  FIH    K A S    LQR KETE YDGMNLEGLQ........................... . . .
MTOR_HUMAN/1351-2549 VLR   D  M VLE   YDPL NW L                        E                                EHK SV A   AFV    L  R MDTNTKGNKRSRTRTDSYSAGQSV ILDGVELGEPAHKKTGTTVPESIHSF I G D

  3000      3010      3020       3030        3040      3050  3056                     

ATM_HUMAN/1903-3056                      KL                    L   A     L     GW                       DQS NKVAERVLMRLQE   GVE EGT LSV G  QVN  IQQ  DPKN SRLFP   AWV               ...I   F               K   .   V   G ..   L     I            K                  
ATM_MOUSE/1909-3066                      KL                    L   A     L     GW                       DQS NKVAERVLMRLQE   GVE EGT LSV G  QVN  IQQ  DPKN SRLFP   AWV               ...T   F               K   .   V   G ..   L     M            K                  
ATM_CHICK/1899-3063                      KL                    L   A     L     GW                      DDQS NKVAERVLMRLQE   GVE EGT LSV G  QVN  IQQ  DPKN SRLFP   PWV               ...    F               K   .   V   G ..   L     M            K                  
ATM_XENTR/1910-3061                      KL                    L   A     L     GW                      D QS NKVAERVLLRLQE   GVE EG  LSV G  QVN  IQQ  DPKN SRLFP   AWV               ... S  V               K   .  MV   G ..   H     M            K                  
ATM_DANRE/1920-3091                      KL                    L   A     L     GW                      D QS NKVAERVLLRLQE   GVE DGT LSV G  QVN  IQQ  DPKN SRLFP   AWV               ... S  F               K   .   V   G ..   L     M            Q                  
ATM_DROME/1686-2767                      KL                    L   A     L     GW                       EES N VAQR LL VQN   G E  GT        QVE  INE   P N   LFP   P                 ...G   V L    A  L     D R .A  MGDSNVEA   R     TL S  CM     D HL               
ATM_CAEEL/1344-2378                      KL                    L   A     L     GW                             I E    RL E   G D DG         QI     E     N SRMF    P                 .........Y S MAIG  R   R T .  VTAQSSNL.  RR LR  TSAD      C  M FL               
ATM_NEMVE/543-1722                       KL                    L   A     L     GW                           NK AERVL RL Q   GIE D T LSV G  QVN  I Q  D KN  RLFP   PWV               ...GASVG  M     S  K   N   . N Q   T ..   H  R  M V   C      Q                  
ATM_TRIAD/541-1725                       KL                    L   A     L     GW                      D  S NK AER LLRV Q   G E NG  LSI G  QVN  I E  EPKN S LF    AWV               ... KS G  M   A    R   N T .  IV   S ..   H  H  R      K  H  Q                  
ATM_MONBE/2165-3257                      KL                    L   A     L     GW                                     IQ    GV    T L   G   V   IQE  D  N    Y    AWI               ..................  A  R  H.IA P GLE ..H AV     T LT  ASI S  Q                  
ATM_YEAST/1699-2787                      KL                    L   A     L     GW                      ND   N    R L  VEE        G  LSV     VQ  IQQ  DP N S  Y    P                 ...  RNE QESY A KG     .....M NG   ES..S  D     T  S   VI M  S FY               
ATM_KLULA/1657-2761                      KL                    L   A     L     GW                      EED  N    R L  VE    G       LSV     VQ       D  N    Y    P                 ...   NN DESI A KG  S  Y DG.....   EA..I  E LSS T KQ  ATI M  S FY               
ATM_ARATH/2654-3856                      KL                    L   A     L     GW                      EE   NK A R LMRV Q   G E  G   SI G  Q Q  IQD  D    S MFP   AW                ...  FEG  D T A    K   D Y .G EMR  H .. A Q     I TDR  H     G  M               
MTOR_HUMAN/1351-2549                      KL                    L   A     L     GW                        E  NK A  I  RV D   G D            QVE  I Q     N    Y    P                 GLVKP AL  K IQ IN  R   T R FSHDDTLDVPT.   L  K  TSHE  CQC I  C FW               
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 2500      2510      2520      2530           2540      2550      2560          

ATM_HUMAN/1903-3056                                                               P                    EVN  M  D   IP YKFLPLMYQLAARMG             F E LNNLI R   DH  HTLFIILAL NAN D ..S   GM KR GMK  T               TKM.....MGGLG H V     S ISM   H         A   R  .
ATM_MOUSE/1909-3066                                                               P                    EVN  M  D   I SYKFLPLMYQLAARMG             F E LNNLI R   DH  HTLFIILAL NAN D ..S   GM KK GMK S                TKM.....TGGLG H V     S ISL   H         A   K  .
ATM_CHICK/1899-3063                                                               P                     VNE M  N   IPSYKFLPLMYQLAARMG             F E LNNLM R   DH  HTLFIILAL NAN D ..DR   M KK AEK                  TKM.....MGGLG H V     S ISL   H         A   K  .
ATM_XENTR/1910-3061                                                               P                    EVN  M  D   IPS KFLPLMYQLAARMG             F D LNNLI R   DH  HTLFIILAL NAN D ..S   SM RQ AQR   H              TKK.....MGNLG H V     G ISM   H         A   K  .
ATM_DANRE/1920-3091                                                               P                     VND M   V  IPSYKFLPLMYQLAARMG             F   LNELI     DH  HTLFIILAL NAN D ..KA   K KSG KK                  TKVSSSMASQDVG HHV     CQSSV   H         V   K  .
ATM_DROME/1686-2767                                                               P                    Q QE    EI  VPSYKF     QL ARL                  L DLL     DH YHT Y    L  A  D ..K C  CIKD  LT      ICAAN  T   NSKN........TSLLKG T   VQCGK      F QLYP VF HL  .
ATM_CAEEL/1344-2378                                                               P                     I           PS          A                     L Q L     D  YH L  IL   D     .VGV ALLKEHTKSKL  KLWISATSHI SKCFSI.......EKSQITRH S I CHLIY Y   V HT  MYD EKN A .
ATM_NEMVE/543-1722                                                                P                     VDD M   I  I S KFLPLMYQLAARLG             F   L QLI R   DH  HTL I  AL NAD D ...F   I KDS SR Q R              MRSS.....QDDA QAT G   E TCV   H   L LI  V   R  R
ATM_TRIAD/541-1725                                                                P                    NINE    E   I S KFLPLMYQLAARMG             F D LNQ I R   EH FHTL VILAL NA  D ...    IIGQ QLK Q K              SST......AEKL T S   I F TAQ       P     S  KK  F
ATM_MONBE/2165-3257                                                               P                            Q            L     RL              F E LE  L        Y  M     L D     GLTTAITQTCK YWNDGPACKIHT SYQY.  QGQQDF...GSARR Q L  HV IGTSSIY  QA WKLKL S PTG . .
ATM_YEAST/1699-2787                                                               P                     INQ L  EI  IPS KFLP   Q A                 F   LQ  M R      Y  LY VM     E Q ..SK   L YK  GT   W    WVN I SKISMEE........NE QKP  LT K LLYKL  DS  S  SILLY K  .
ATM_KLULA/1657-2761                                                               P                     IN  L  EI  VPSFKFLP   QMA  L              F D LQ  L R      Y TLY    M   D E ..DI  SK QK  GT        WVS   SK ADSV........SP Q T  LT K MLYKL  E   PLIS SLQ S  .
ATM_ARATH/2654-3856                                                               P                    NV D M   I  V SYKF PL YQ A RLG             F   L  LI     DH YHT    LAL N D   ..K  I N LST KE Q    I  V  I S   SSKDE...SGSNS QSA VS  RKMAI      ILQL   A G R I .
MTOR_HUMAN/1351-2549                                                               P                    DVNE L   V  I     L    QL AR                     QLL      H     Y            ..P    A VEG KA QIDTW QVIP  I  IDTPR........PLVGRLIH   TDIGRY  QALI PLTVASKSTT T .

 2570      2580      2590      2600      2610           2620      2630      26 4 0

ATM_HUMAN/1903-3056                         Q    D DR EAA  II  I           MV   E LCDAYI LANLD      ....EFLTKPEVARRSRITKNVPK SSQL E  T   NR  CT RSR.....RPQ  RSV A      I     ATQW K T
ATM_MOUSE/1909-3066                         E    D DR EAA  II  I           MV D E LCDAYI LANMD      ....EFLSKPETTRRSRITKSTSK NSHL E  T   TR  HS RSK.....RCK  K M A      I     ASQW R A
ATM_CHICK/1899-3063                         E    D DR EAA  II  I           MV D E LCDAYI LAN D      ....ELLTKTDAKRINKLIKNAPK ISQL V  M   RN  NI RKR.....RAH  R V A      T   V ATPW K T
ATM_XENTR/1910-3061                         Q    D DR EAA  IV  I           MV D E LCDAYI LANMD      ....DQLMKPEAVKRGRLTKNAPK ISQL E  M   RH  DT KKQ.....RTN  R V R      T     ANQW K S
ATM_DANRE/1920-3091                         Q    D ER E A  II  V           MV D E LCNAYI LA MD      ..........DSFSRSRSSKSSAR PSPL L  A V RK  DV RKK.....RAK  K I M      T  Y  ASRH K T
ATM_DROME/1686-2767                         N               I                 Q E L  A I  AN        ......................GE SNTERSGIARKIIAM CEKNGT.....AGECSK L S LP L TF  EGKTND N R
ATM_CAEEL/1344-2378                         D    Q D       VI                                       .............SKVKGFLKTIF ARAD R SSKLKEI  TIREAH.....QAYREIAMLDVRGNVRIQRVEINGKT M Y
ATM_NEMVE/543-1722                               D  R EAA   I  I           LV     LC AYI LA  E      ..EYTAPSRRNGRDSRASRNASKETKGFI EA L   SAL ES SHQ.....RGQ  QMTKS  L   E  YW VGHL K G
ATM_TRIAD/541-1725                          D    D    DAA   I              LI   E LCNAYI LA  E      TYIGDSLSKNSSESLKARSNTNKR SLLV QKLT   RNM ARLSFSK....IGN  DTL G      E  YS VPHQ Y R
ATM_MONBE/2165-3257                                ER                      L    E    AY  LA  D      ...........................SMAQ  KANRIWESLRKTGDR....LRT LDAC RVHK  LK  SV YEKN V S
ATM_YEAST/1699-2787                              Q                              Q  CE  V LANL       ..................SNKDTNISQKI AVKKILLELQGYDRGAF.....AKKYLLPV EF  MS E    KFVQN T K
ATM_KLULA/1657-2761                                 R E    II                   Q  C   V LA         ......................SKVIDPVTKS V VVNK  AALDMYDSGRYGSQFTRPV AF SMS A  CHKIPPK M K
ATM_ARATH/2654-3856                         N    D D   AA      V           MI Q   L D YI LAELE      .................KDNQRSR SFVV M KKL  EHLLQD SHY.....HGP  R MKQ V I  K     TRRE D T
MTOR_HUMAN/1351-2549                                 R NAA  I               LV Q     E  I  A L       ...............................A H   NK LKNMCEH.....SNT  Q AMMVS EL RV I WHEMW H E

                                                                                

ATM_HUMAN/1903-3056 QRKGI......................................................................... . .
ATM_MOUSE/1909-3066 QRKGI......................................................................... . .
ATM_CHICK/1899-3063 QRGGI......................................................................... . .
ATM_XENTR/1910-3061 QRNAI......................................................................... . .
ATM_DANRE/1920-3091 EKKAI......................................................................... . .
ATM_DROME/1686-2767 PVSDS......................................................................... . .
ATM_CAEEL/1344-2378 RW............................................................................ . .
ATM_NEMVE/543-1722  KTGP.......................................................................... . .
ATM_TRIAD/541-1725  YMRT.......................................................................... . .
ATM_MONBE/2165-3257 WEPS.......................................................................... . .
ATM_YEAST/1699-2787 TLRLA......................................................................... . .
ATM_KLULA/1657-2761 FLQLD......................................................................... . .
ATM_ARATH/2654-3856 NRKVA......................................................................... . .
MTOR_HUMAN/1351-2549 GLEEASRLYFGERNVKGMFEVLEPLHAMMERGPQTLKETSFNQAYGRDLMEAQEWCRKYMKSGNVKDLTQAWDLYYHV F R

              2650      2660           2670         2680      2690       2700   

ATM_HUMAN/1903-3056                                    T                                                           P DQ   K  NLE   V VP MEI   KVD   EY N    V I  F   F LA GG NLPKIID.............NI A  PIT LK   D.. V      ...   HTG  G ...L T QS KAE R  .  V       
ATM_MOUSE/1909-3066                                    T                                                           P NQ   K  NLE   V VP MEI   KVDP  EYEN    V I  F   F LA GG NLPKIID.............NI A  PIT LK   D.. V      ...    TG    ...L T KS KTE R  .  L       
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ig. S11. Multiple sequence alignment of the FATKIN regions of human ATM and its 

representative orthologs, along with that of human mTOR. The representative orthologs 
span the crown group eukaryotes, i.e. animals, fungi and plants.  The initial alignment was 
constructed using MSAProbs(54), which was further refined using HMMER searches(55), 
DSSP secondary structure assignment(56) and JPRED secondary structure prediction (57) 
to arrive at the final alignment. The pictorial representation of the alignment was made 
using ESPript 3.0 server(58). The color-coded regions indicate conserved positions and it 
is clear that the FATKIN regions are conserved across ATM orthologs as well as in human 
MTOR.  
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CHICK Gallus gallus (Chicken)  
XENTR Xenopus tropicalis (Western clawed frog)  
DANRE Danio rerio (Zebrafish)  
DROME Drosophila melanogaster (Fruit fly)   
CAEEL Caenorhabditis elegans (Nematode worm) 
NEMVE Nematostella vectensis (Starlet sea anemone)  
TRIAD Trichoplax adhaerens (Trichoplax reptans)  
MONBE Monosiga brevicollis (Choanoflagellate)  
YEAST Saccharomyces cerevisiae (Baker's yeast)  
KLULA Kluyveromyces lactis  (Candida sphaerica) 
ARATH Arabidopsis thaliana (Mouse-ear cress)  

 

 

 

HUMAN Homo sapiens (Human)  
MOUSE Mus musculus (Mouse)  



 
Open and closed conformations of the ATM active site. In the open 

conformation (upper), the lack of constraint from a symmetry-related FLAP-BE enables 
the PRD (kα9c, green) to expose access to the active site and the activation loop. In the 
closed conformation (lower), the FLAP-BE’ from the symmetry-related molecule (purple) 
stabilizes more of the PRD (kα9c and kα9d, green) and restricts access to the active site. 
Residue numbers of the ordered portions of the PRD are shown in brackets. 
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ig. S13. Domains of the N-solenoid of ATM. Close-up views for each of the domains in 

the 5.7 Å (A) and 4.7 Å (B-F) resolution maps of the closed dimer. For clarity, the Spiral 
(A) has been broken into two pieces, and it is labelled with numbers indicating HEAT-
repeats.  
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 Density bridging the two turns of the Spiral. The highest resolution 

reconstructions of the closed dimer (from 3D class A) and the open protomer (from 3D 
classes C and D) both suggest density inside the Spiral that appears to consist of several 
helices bridging two adjacent turns of the corkscrew-shaped Spiral domain. (A) Sub-
classification was carried out on the particles used to generate the 4.8 Å resolution open 
protomer. (B) Density from a 12.8k particle sub-class suggests that these helices are part 
of a larger extension from the N-pillar, however, the connections with the N-pillar are 
ambiguous. (C) Views of the density in the context of the Spiral (colored blue to green 
from the N- to the C-terminus).  
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Comparison of structurally conserved domains in the N-solenoids of ATM and 

TOR. (A) The ATM Spiral is shaped like a corkscrew, while the TOR Spiral is more like a 
flat lock washer. (B) The ATM Bridge is made up of HEAT-repeats arranged into a 
straighter module than the Spiral. The TOR Bridge is much longer than the Bridge of 
ATM. (C) The Railing serves to connect the C-terminal end of the Bridge/C-pillar to the 
N-terminal end of the Cap. The structures of ATM and TOR Railings are unrelated, but 
we use the Railing designation only to signify this shared function. (D) The Cap domain 
has essentially the same structure in both ATM (blue) and TOR (grey).  
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Domain organization of ATM compared with TOR. The FATKIN modules of 
ATM and TOR are closely related and likely to be similar among all PIKKs. However, 
TOR and ATM use completely different interfaces to form dimers. Although both ATM 
and TOR have a Bridge domain, this element is rotated roughly 180 ° in the two 
structures. Both the fold of the Cap and its relation to the FATKIN are features conserved 
in the two enzymes.  
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Highest-resolution subclass (8.4 Å resolution) of the open multi-conformer 

dimer (from fig. S5, 3D class D) has one ordered protomer associated with a weakly 
ordered second FATKIN. The model for the open Pincer-FATKIN fragment is fit into the 
density. Interacting helices from TRD2 (α7) and TRD3 (α16, α18) are colored purple, and 
the FLAP-BE is shown in pink.  
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Data collection parameters for the human ATM 
Dataset       1        2          3 4 
Grid type Quantifoil  

R1.2/1.3 300 
Quantifoil  
R1.2/1.3 300 

UltrAuFoil  
R1.2/1.3 300 

UltrAuFoil  
R1.2/1.3 300 

Microscope FEI Titan Krios FEI Titan Krios FEI Titan Krios FEI Titan Krios 
Voltage (keV) 300 300 300 300 
Detector Gatan K2  

Summit 
Gatan K2  
Summit 

Gatan K2  
Summit 

Gatan K2  
Summit 

Mode super-resolution  
counting 

super-resolution 
 counting 

super-resolution  
counting 

super-resolution  
counting 

Energy filter slit 
 width (eV) 20 20 20 20 
Data collection manual manual manual UCSF Image4 
Frames 20 20 20 20 
Exposure time (s) 16 16 16 16 
Total dose  
(e-/Å2) 42 42 42 42 
Micrographsa 649 832 591 648 
Pixel size (Å) 1.43 1.43 1.43 1.43 
Box size (Å) 300 300 300 300 
Raw particlesb 108,259 121,876 81,928 59,608 
     
Refinement statistics 
2D-classificationc 

 
371,671 

  3D-classification 
 

139,086 
  

     Species closed dimer                 closed multi-
conformer dimer        

open dimer open multi-conformer 
dimer                          

Final particles 25,315 34,155 15,837 44,719 
Final resolutiond 4.7 Å 8.8 Å 11.5 Å  8.4 Å 
  

    anumber of micrographs used for processing 
bnumber of particles extracted after autopicking and manual selection 
cafter final cycle 

    dFSC between two independently refined half-maps, using 0.143 criterion 
 
  

table S1. Data collection and refinement statistics. 



 

 

 

 

 

 

 

 

 

 

 

 

 Open and closed conformations of ATM. The movie is a morph between the open and 
closed conformations of ATM (created in PyMOL). A peptide substrate (yellow spheres 
connected by sticks) has been modeled into the open conformation based on the structure of 
CDK2 bound to a peptide (PDB ID 3QHW). In the closed conformation, the PRD (green) blocks 
the peptide-binding site. In the open conformation, the PRD moves to enable the peptide bind. 

 

movie S1.

       Model Closed Open 
Resolution 4.4 Å 4.7 Å 5.7 Å 4.8 Å 5.7 Å 
Ramachandran preferred 88.7% 86.9% 91.7% 92.2% 90.4% 
Ramachandran allowed 10.4% 12.9% 8.2% 7.8% 9.3% 
Ramachandran outliers 0.89% 0.12% 0.21% 0.06% 0.34% 

Correlation (around atoms) 0.83 0.82 0.83 0.85 0.84 

RMSD bond lengths (Å) 0.01 0.01 0.02 0.01 0.01 

RMSD bond angles (°) 1.25 1.21 1.48 0.91 1.39 

  
 

table S2. Statistics for refined atomic models.




