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Primary and secondary radiation damage 



Primary events  
at 12.7 keV (!=0.98 Å)  

Murray et al. (2005) J. Synchrotron  Rad. 12, 268 

• 98% of incident photons don’t interact at all 

• 2% interact: 

C N O 

. 

H 
S Ravelli et al. (2005) J. Synchrotron  Rad. 12, 276 

Y)5**$*'7%52*T$

Elastic (Thomson) scattering (diffraction):   8% 

Compton scattering:     8% 

Photoelectric effect:     84% 

 each photoelectron produces 500 ionization events 

Primary events  
at 12.7 keV (!=0.98 Å)  
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• 98% of incident photons don’t interact at all 

• 2% interact: 
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Elastic (Thomson) scattering (diffraction): 8% 

Compton scattering:    8% 

Photoelectric effect:    84% 

each photoelectron produces 500 ionization events 
     

500 ionization events 

secondary damage 



Temperature-dependence of radiation sensitivity: transition at 200 K 
Warkentin, Hopkins, Badeau, Mulichak, Keefe, Thorne (2013) JSR 20, 7  

Radical diffusion at RT responsible for increased radiation damage ? 

Warkentin & Thorne (2010) Acta Cryst D66, 1092 

Transition in radiation sensitivity at 200 K 

Temperature [K] 

Wood, Frölich, Gabel, Moulin, Haertlein, Paciaroni,  
Zaccai, Tobias & Weik (2008) JACS 130, 4586 

Solvent diffusion sets in > 200 K 

,5;I'24$&'<2(*R3<)'$H:*6;<7'&'24*$J)5&$2'34)52$*7<Z'):2B$



Temperature-dependence of radical mobility 

T < 115 K :  e- are mobile in amorph. ice 

T > 115 K :  e- and H• are mobile in amorph. ice 

T > 130 K :  e-, H• and OH• are mobile in cryst. Ice 

T > 110 K :  e-, H• and OH• are mobile in amorph. Ice 

T > 160 K :  OH• become mobile in protein crystals 

Symons (1999) Progr. Reaction Kinetics and Mechanisms 24, 139 

Fisher and Devlin (1995) J. Phys. Chem. 99, 11584 

Sevilla, private comm. 

100 K:      only electrons are mobile 

> 160 K       
(solvent glass transition):  OH• are mobile 

Owen et al. (2012) Acta Cryst D68, 810	



OH• are responsible for increased radiation damage at RT  
           (Owen et al. (2012) Acta Cryst D68, 810) 



Dose rate effect close to RT 

At 260 K: Outrun half of damage by collecting data in 1s (680 kGy / s) 
     Warkentin et al. (2012) Acta Cryst D68, 124 

At RT:  Outrun almost half of damage by collecting data at 1 MGy / s with exposure times < 60 ms 
     Owen et al. (2012) Acta Cryst D68, 810 



Future C:BC$F3M(H'2*:48$*827C)54)52$*53)7'*$:  
Ultrafast (ms) data collection with ultra-high dose rate  

at RT could reduce radiation sensitivity to the one at 100 K 

Warkentin, Hopkins, Badeau, Mulichak, Keefe, Thorne (2013) JSR 20, 7  
Owen et al. (2012) Acta Cryst D68, 810 

E9[\$<]')$6C<*'$EE$36B)<H'T$
O/,#1$^6B)<H'$6)5B)<&$6C<*'$EE$_C:4'$L<6')P$

Q$`WW$WWW$M$:27)'<*'$:2$@):;;:<27'$
Q$a<)&<2$;:&:4$O`W$"a8P$)'<7C'H$:2$;'**$4C<2$&*$
Q$65**:@;'$45$75;;'74$52'$J)<&'$52$µ*$%&'$*7<;'$U$
Q$2''H*$I')8$J<*4$H'4'745)$$
Q$*<&6;'$C'<%2B$U$

,<&6;'$H';:I')8T$

Q$AYL$:2b'745)$:2$I<733&$O_':')*4<;;$'4$<;+PT$
$$$$$$($&:2+$*6''HT$`W$µ&=*+$"5I'*$`W$2&$:2$V$&*$
$$$$$$($*377'**J3;;8$3*'H$<4$AYA,$OA:3$'4$<;$O[WVcP$!"#$%"$&`c[.$Vd[VP$

Q$AYL$:2b'745)$:2$<:)$O95<N.$e.$,7C;:7C%2BP$

Q$*5;:H$*3665)4$Of<)):2'(-J*<)$'4$<;+$O[WV[P$'"()&*+,-(&.&gh.$`[VP$

Q$;556$&5324'H$i$VWW$X$Oa<%$'4$<;+$O[WVcP$/0*+1&V.$V$P$

,'):<;$7)8*4<;;5B)<6C8$j$;<$01/A$,10$
O)'I:'S'H$@8$,7C;:7C%2B$k$":<5$O[WV[P$Yl,m$[[.$gV`PT$

,'):<;$,827C)54)52$":7)5*'752H$Y)8*4<;;5B)<6C8$$

/M4)<74'H$J)5&$-R3:;<$'4$<;$O[WV[P$l6%7*$/M6)'**$[W.$[nWg$$

0()<8*$0()<8*$0()<8
*$

04<;$F5S$



K5S$7<2$C:BC$F3M(H'2*:48$*827C)54)52$*53)7'*$$
7524):@34'$45$*43H8:2B$6)54':2$H82<&:7*$U$

,4<%7$$
)55&(4'&6')<43)'$$
7)8*4<;;5B)<6C8$

9:*4):@3%52$5J$*:H'$7C<:2$H82<&:7*$
O'R3:;:@):3&$F3743<%52*P$

D:&'()'*5;I'H$O&5257C)5&<%7P$
)55&(4'&6')<43)'$$
7)8*4<;;5B)<6C8$

,4)3743)<;$7C<2B'*$$
H3):2B$6)54':2$J327%52:2B$

ON:2'%7*P$

D:&'()'*5;I'H$O&5257C)5&<%7P$
)55&(4'&6')<43)'$$
7)8*4<;;5B)<6C8$

,4)3743)<;$7C<2B'*$$
H3):2B$6)54':2$J327%52:2B$

ON:2'%7*P$



D'&6')<43)'(H'6'2H'24$*:H'(7C<:2$F'M:@:;:48$J)5&$2'34)52$*7<Z'):2B$

_55H.$1)?;:7C.$a<@';.$"53;:2.$K<')4;':2.$L<7:<)52:.$f<77<:.$D5@:<*$$k$_':N$O[WWhP$o-Y,$V`W.$cdhg&

D'&6')<43)'$pXq$

S<4')$

6)54':2$

S<4')$S<4')$

D'&6')<43)'$pXq$

$$$$$$$$$$$$$$$$$$Y)85$0()<8$H<4<$75;;'7%52$$

Y)85(755;:2B$<4$dWW$X$=$*$T$6)54':2$752J5)&<%52<;$7C<2B'*$R3'27C'H$<4$[WW$X$$
$ $ $ $ $ $ $$$$$$$$$$$$$$K<;;'$O[WWcP$L!-,$[WWc.$cn\`$$$



Study	
  of	
  protein	
  dynamics	
  by	
  (temperature-­‐dependent)	
  X-­‐ray	
  crystallography	
  

has	
  a	
  long	
  history	
  

Frauenfelder,	
  Petsko,	
  Tsernoglou	
  (1979)	
  Nature	
  280,	
  558	
  
	
  Temperature-­‐dependent	
  X-­‐ray	
  diffrac%on	
  as	
  a	
  probe	
  of	
  protein	
  structural	
  dynamics	
  

Singh,	
  Bode,	
  Huber	
  (1980)	
  Acta	
  Crystallographica	
  Sec9on	
  B	
  36,	
  621	
  
	
  Low-­‐temperature	
  protein	
  crystallography.	
  Effect	
  on	
  flexibility,	
  temperature	
  factor,	
  mosaic	
  spread,	
  ...	
  

Hartmann,	
  Parak,	
  Steigemann,	
  Petsko,	
  Ponzi,	
  Frauenfelder	
  (1982)	
  PNAS	
  79:	
  4967	
  	
  
	
  Conforma%onal	
  substates	
  in	
  a	
  protein:	
  structure	
  and	
  dynamics	
  of	
  metmyoglobin	
  at	
  80	
  K	
  

Tilton,	
  Dewan,	
  Petsko	
  (1992)	
  Biochemistry	
  31:	
  2469	
  
	
  Effects	
  of	
  temperature	
  on	
  protein	
  structure	
  and	
  dynamics:	
  	
  
	
  X-­‐ray	
  crystallographic	
  studies	
  of	
  the	
  protein	
  ribonuclease-­‐A	
  at	
  nine	
  different	
  temperatures	
  from	
  98	
  to	
  320	
  K	
  

Ostermann,	
  Waschipky,	
  Parak,	
  Nienhaus	
  (2000)	
  Nature	
  404:	
  205	
  
	
  Ligand	
  binding	
  and	
  conforma%onal	
  mo%ons	
  in	
  myoglobin	
  

Schlich%ng,	
  Berendzen,	
  Chu,	
  Stock,	
  Maves,	
  Benson,	
  Sweet,	
  Ringe,	
  Petsko,	
  Sligar	
  (2000)	
  Science	
  287:	
  1615	
  
	
  The	
  cataly%c	
  pathway	
  of	
  cytochrome	
  p450cam	
  at	
  atomic	
  resolu%on	
  

	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  .	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  .	
  
	
   	
   	
   	
   	
   	
   	
   	
   	
   	
  .	
  

reviewed	
  in	
  Weik	
  &	
  Colle%er	
  (2010)	
  Acta	
  Cryst	
  D66,	
  437	
  



Protein conformational heterogeneity greater in RT than in 100 K structures 
Fraser, van den Bedem, Samelson, Lang, Holton, Echols & Alber (2011) PNAS 108, 16247  
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(Serial) Room temperature crystallography 

also important for … 

• collecting data from (fully) oxidized structure by spreading dose over many crystals 

(e.g. 400 xtals used  to collect fully oxidized cytochrome c oxidase (Aoyama et al. (2009) PNAS 106, 2165)) 

• in situ crystal screening and data collection 
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Photoswitching of the fluorescent protein IrisFP 
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