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Abstract 

Radiation damage in protein crystals is described in 
terms of a sequential process of protein disordering. 
A new radiation-damage model has been tested 
against data from several protein crystals and can 
describe radiation damage corresponding to loss of 
the original intensity in excess of 80%. The model is 
an extension of previous models which characterize 
radiation damage in terms of successive conforma- 
tional transitions of the protein from an undamaged 
to a spatially disordered to finally an amorphous state. 
The proposed model provides a more-general posi- 
tional characterization of the disordered protein and 
includes, prior to the disordered state, a new dose- 
dependent state in which the protein conformation 
resembles the undamaged protein. Comparison of 
this model with the best previous model shows that 
the proposed model provides an improved fit to radi- 
ation-damage data. 

Introduction 

Radiation damage in protein crystals as manifested 
by deterioration in the diffraction pattern is a common 
phenomenon occurring during data collection of 
diffracted intensities. Exposure to X-rays by protein 
crystals diminishes the diffracted intensity with 
exposure times and does so most markedly at high 
scattering angles. The severity of radiation-induced 
damage can vary considerably among protein crys- 
tals; myoglobin crystals exhibit relatively little 
damage upon prolonged irradiation (Blake & Phillips, 
1962) whereas crystals of glycolate oxidase by com- 
parison display extreme sensitivity to X-ray irradi- 
ation (Lindqvist & BrS, nd6n, 1985). Recovery of the 
reflection intensity corresponding to the protein prior 
to radiation-induced damage depends upon the 
model employed for describing radiation damage in 
protein crystals. 

The study by Blake & Phillips (1962) on radiation- 
induced decay of intensities in myoglobin crystals 
characterized radiation damage in a protein crystal 
in terms of a linear combination of three states; an 
irradiated protein crystal would consist of a relatively 

undamaged fraction A,, a disordered fraction A 2 

which contributes predominantly to low-angle scat- 
tering and an amorphous fraction A3 which is no 
longer capable of coherent scattering. Provided the 
spatial disordering of the protein is random in the 
crystal and has a Gaussian distribution then scattering 
from the disordered fraction relative to the 
undamaged fraction is modified by a smearing func- 
tion, exp (-Ds2),  where D/87r represents the mean 
squared atomic displacement of the protein in the 
disordered fraction about its initial position and s = 
(sin 0)/A. The diffracted intensity I after irradiation 
of the protein crystal for time t is then described by 

I(t)/ l(O)=A,(t)+A2(t)exp(-Ds2).  (1) 

The validity of this radiation-damage model 
derived from myoglobin crystals was tested on crys- 
tals of lamprey hemaglobin and was shown to be 
capable of describing radiation damage in these crys- 
tals (Hendrickson, Love & Karle, 1973). Hendrickson 
(1976) subsequently derived an analytical expression 
for radiation damage based upon rate constants for 
all possible paths in the Blake & Phillips (1962) model 
including a transition representing the conversion of 
the undamaged protein directly to the amorphous 
state. Analysis of the myoglobin data with this model 
showed that the extra aforementioned transition 
made only a very minor contribution and suggested 
that radiation damage is best described by successive 
irreversible transitions of the kind Al~A2+A3.  A 
very similar radiation-damage model derived also on 
the basis of a sequential process of radiation damage 
was used to describe radiation damage in crystals of 
glycogen phosphorylase A (Fletterick, Sygusch, Mur- 
ray, Madsen & Johnson, 1976). Application of this 
model to the myoglobin data provided the best pos- 
sible fit up to moderate levels of radiation damage 
(Hendrickson, 1976). However, none of these models 
provided an adequate description of radiation- 
induced damage in myoglobin crystals at high doses 
of irradiation. One possible explanation for the 
inadequate description of radiation damage at high 
exposure levels by these models resides in their sim- 
plified assumption that the physical state of the pro- 
tein capable of contributing to the diffracted intensity 
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can be adequately described in terms of only two 
fractions AI and A2. 

Sequential model of radiation damage 

Solution irradiation studies of transferrin proteins at 
concentrations comparable to those employed for 
crystallization purposes suggest that the initial effects 
of irradiation perturb surface residues and disulfide 
bonds and only at higher doses of irradiation do 
nonspecific changes occur in the secondary and/or  
tertiary structure (Miller & Bezkorovainy, 1973). This 
interpretation is consistent with the results of solution 
inactivation studies on ribonuclease A where doses 
required to inactivate the enzyme in solution are 100 
times less than doses for the lyophilized enzyme 
(Gunther & Jung, 1967). Loss of catalytic activity in 
the wet state of ribonuclease A is attributed to a 
surface attack of the active site by the radiolytic 
species produced in the solvent which is only then 
followed by radical processes leading to the loss of 
the molecular conformation (Dertinger & Jung, 1970). 
This type of damaging process in the wet state of a 
protein is also consistent with observations from crys- 
tals of rabbit skeletal muscle aldolase where although 
enzymatic activity is completely lost at the end of the 
data collection period, denaturing electrophoretic 
gels show no apparent evidence of polypeptide back- 
bone scission (unpublished data). Since protein crys- 
tals commonly contain 40 to 60% aqueous buffer, the 
radiation-damage mechanism most likely operating 
initially is surface damage of the protein due to sol- 
vent radical attack. Moffat, Bilderback, Schildkamp, 
Szebenyi & Loane (1986) have recently pointed out 
in hemoglobin crystals that until a critical dose has 
been absorbed by the crystal lattice, radiation damage 
appears to be delayed. 

A minimal description of radiation damage in pro- 
tein crystals would entail that protein disordering in 
the crystal lattice be preceded by a dose-dependent 
step involving some kind of surface modification that 
does not appear to alter significantly the protein con- 
formation in the lattice. Solvent radical attack, 
however, on the surface of a protein also implies a 
directional dependence in the subsequent protein dis- 
ordering process. Anisotropy in the disordering pro- 
cess is due to non-unif0rm solvent accessibility of the 
protein surface which can be a consequence of the 
packing of the protein into a crystal lattice. The con- 
servation of space-group symmetry throughout the 
crystal irradiation period, however, limits the degree 
of anisotropy possible in describing the directional 
changes of protein disordering. The constraint 
imposed by space-group-symmetry conservation 
requires the directional anisotropy to be invariant 
under the corresponding Laue-group-symmetry 
operations. In this paper a radiation-damage model 
is proposed which takes into account the aforemen- 

tioned considerations. The resultant sequential model 
of radiation damage has provided an improved 
description of radiation damage in crystals of rabbit 
skeletal muscle aldolase (Sygusch, Boulet & Beaudry, 
1985), rabbit liver aldolase (Sygusch & Beaudry, 
1985) and F~ ATPase (Amzel, McKinney, Narayanan 
& Pederson, 1982) and does so to even very high 
levels of radiation damage. 

Model considerations 

Incorporation of the proposed modifications into a 
quantitative description of radiation damage resides 
upon several simplifying assumptions. It shall be 
assumed that radiation damage in a crystal lattice is 
solely a function of the physical state of the protein 
in the lattice and does not depend upon any coopera- 
tive transition by the crystal lattice. Protein 
modification by ionizing processes will be assumed 
to be essentially irreversible and it shall also be 
assumed that initial protein damage does not 
seriously perturb the protein conformation in the 
lattice. It is only when the protein crystal has absorbed 
a sufficient dose that radiation damage will become 
apparent. According to Moffat et al. (1986) this dose 
corresponds to approximately one ionization event 
per protein molecule. Irradiation by ionizing radi- 
ation is known to create radical species in solution 
as well as in proteins which can persist even after 
irradiation has ended (Dertinger & Jung, 1970). In 
the context of the model, these long-lived radical 
species would modify the evolution of the popula- 
tions of fractions A2 and A 3. However, provided 
diffracted intensities are measured continuously, 
damage by these radical species cannot be distin- 
guished from damage mechanism due to short-lived 
radicals and as such will not be considered separately. 
It will also be assumed that the distribution of the 
atomic displacements characterizing the disordered 
protein does not change as a function of time. 

Damage kinetics 

The proposed sequential model for radiation damage 

native (A1) 

dose dependent (A'~) 

disordered (A2) 

k o 

dose dependent ( A'~ ) 

k I 
disordered (A2) 

k 2 
, amorphous (A3) 

such that for a given reflection h 

l ( t ) / l ( O ) = A l ( t ) + A ' l ( t ) + A 2 ( t ) e x p ( - h ' U h )  (2) 

where the exponential distribution function charac- 
terizing the disordered protein is anisotropic with 
respect to crystallographic direction and depends on 
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the second-rank tensor U whose components Uj87r 
describe the average mean squared displacement of 
the disordered protein with respect to its initial posi- 
tion in the unit-cell reference frame and which must 
be invariant under the Laue-symmetry-group 
operations of the space group. The components of h 
are expressed in reciprocal-lattice units. Kinetically 
the transition A~ ~ A2 has been modified to take into 
account the transition of the protein in the 
undamaged fraction A~ to a dose-dependent state A'~ 
before its passage to the disordered fraction A2. The 
dose-dependent fraction A~ will be characterized at 
the molecular level in terms of protein that has under- 
gone only a limited number of ionization events and 
as a result has been negligibly modified to a first-order 
approximation in terms of its scattering power with 
respect to the undamaged fraction A1. With the 
exception of the transition A1 ~ A'~ which is assumed 
to be dose dependent, the transitions A ~ -  A2 and 
A2-~' A3 will be considered as successive conforma- 
tional transitions of the protein induced by the radi- 
ation damaging process (Fletterick et al., 1976) and 
which are therefore kinetically first-order processes 
(Tanford, 1968). The evolution of the various protein 
fractions as a function of time may be obtained by 
solving the rate equations 

dA~/dt= -kolo (3a) 

d3~/ dt = koIo- k~3'l (3b) 

dA2/dt = kIA'~ - k2A2 (3c) 

dA3/dt = k2A2, (3d) 

subject to the constraints that 

3~( t )+A~( t )+A2( t )+Aa( t )=3o (4a) 

3~(0) = Ao, 3~(0) = 0, 3 2 ( 0 ) = 0  , A3(0) = 0 
(4b) 

where I0 represents the intensity of the incident radi- 
ation and Ao is the quantity of protein in the irradiated 
volume. Substitution of the constraints into (3) yields 
the following radiation-damage factor R = I(t) / l(O) 
for the sequential model: 

(i) k~ ~ kE, k2 ~ O 

g(t ,  h) = 1 - k'ot + (k'o/k~)[ 1 - e x p  (-k~ t)] 

+ k~ {1/k2 + [  1/(k~- k2)] 

x [exp (-k~ t ) -  (kl/k2) exp (-kEt)]} 

x exp ( -h tUh)  (5) 

if t <  1/k~, where k6= kolo/Ao. According to this 
definition the zero-order rate constant k6 will vary 
inversely with the irradiated volume or crystal size. 
Since the transition A1 ~ A~ is zero order, irradiation 
beyond a certain time will convert all of the 
undamaged fraction A~ into the dose-dependent frac- 

tion A'~. Consequently the decay model simplifies to 
the rate model A'I ~ A2-> A3 when t >- 1/k6. 

For t>_ 1/k'o, (5) becomes 

R( t, h) = (k~/k~)[exp ( k l / k 6 ) -  1 ] exp (-k~t) 

J'[ 1 - e x p  (k~/k6)] exp (-k~t) + k~ 
t (kl - k2) 

4 kl[exp(kl/k~)-l]exp(-k2t)}k2(kl - k2) 

x exp ( -h 'Uh) .  (6) 

(i i)  kl = k2, kl ~ 0 
Whenever kl = k2, the population of fraction A 2 

displays a different form as a function of time. The 
terms of equations (5) and (6) within the braces must 
then be modified according to 

and 

1 e x p ( - k l t )  
k-~ k, (1 + k, t) if t < 1/k~ 

[exp (k~/k'o)- 1] (1 + k~t) - e x p  (k~/k'o)] 
kl k~ 

xexp  ( -k i t )  if t>_ 1/ko. 

It should be noted that when t ,~ l / k l ,  (5) can be 
simplified to 

R(t, h ) ~  1. (7) 

That is, provided the transition A'I->A 2 is 
sufficiently slow relative to the time scale of the 
experiment a delay results in the onset of apparent 
radiation damage which is consistent with the 
observation of Moffat et al. (1986). It should be noted 
that this delay could be advantageously exploited by 
efficient two-dimensional detection systems. The 
model suggests that it may not always be possible to 
distinguish adequately between fractions A1 and A'1. 
Both fractions contribute equally to the scattered 
intensity and thus can only be distinguished kineti- 
cally if a significant fraction of the protein in the 
lattice has undergone disordering. This distinction is 
best made using data that have decayed significantly 
with time. The proposed model also predicts that the 
radiation-damage factor can vary with direction h in 
reciprocal space depending upon the relative magni- 
tudes of the elements U U of the mean square displace- 
ment tensor. Nevertheless, the radiation damage is 
always more important for reflections at higher than 
at lower scattering angles given the same direction in 
reciprocal space. Differential rates of intensity decline 
have been observed by Ammon, Murphy, Sjolin, 
Wlodawer, Holcenberg & Roberts (1983). Analysis 
of the directional dependence in this instance 
was shown to be consistent with an anisotropic 
exponential temperature factor. Although this 
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Table  1. Ref inement  results for  various radiat ion-damage models  

Radiation- Total 
damage exposure Goodness R ( t, h) 
data set time (h) Modeit of fits k; (h -I) kl (h -I) k2 (h -l) U~ (A 2) U22 (,~2) U33 (,~2) UI 3 (A2) minimum 

Rabbit 44 Conventional 26.31 - 0.035 (1) 0.035 (1) 9 (1)§ - - 
skeletal Modified 14.67 0.031 (1) 0.032 (1) 9 (2) 74 (11) 15 (3) 
muscle conventional 
aldolase* Proposed 3.92 0.031 (1) 0.068 (5) 0.033 (1) 12 (1) 75 (5) 16 (1) 

Rabbit 26 Conventional 5.34 - 0.039 (10) 0-027 (4) 25 (12)§ - 
liver Modified 4.16 - 0.049 (6) 0.020 (2) 14 (2) 34 (8) 23 (8) 
adolase*  conven t i ona l  

P roposed  2"95 0"069(7)  0 .082(14)  0.021 (2) 12(2)  31 (5) 26 (7 )  

F t ATPase*  15 C o n v e n t i o n a l  1.98 - 0.123 (7) 0.058 (8) 85 (14)§ - - 
Modi f ied  1.96 - 0-120 (6) 0.066 (14) 80 (13) - - 

conven t iona l  
P roposed  1.34 0 .189(34)  0 .155(53)  0 .061(16)  83(24} - - 

11(3) 

13(1) 

-39 (15) 

-4(1) 

0"19 

0.26 

0.16 

* Constraints on u,j elements required for invariance under appropriate Laue-symmetry-group operations are as follows: rabbit muscle aldolase, 
Ut2 =/./23=0; rabbit liver aldolase, Ul2 = U23 = Ut3 =0; Fl ATPase, Ut~ = U22 = U33, U~3 = U23 = UI2. 

t The meaning of the model designations is explained in the text. 
The goodness of fit is ~.h, wh,[lh(t,)ob,--Ih(L)calc]2/( n -m) where the sum is over the data points i for each reference reflection h having measured 

intensity /,(t,)ob~ at time t,. The sum is divided by the difference between the total number of observations n and the number of fitted parameters m. The 
calculated intensity l,(L)catc was defined as l,(O)R(t,, h) where the calculated intensity at time t = 0, I,(0), is estimated by the refinement. The weight wh, 
is derived solely from counting statistics. In the absence of systematic error, the expected value of the goodness of fit will tend to one provided the damage 
models are linear in the refinable parameters. For considerable radiation decay, the radiation-damage models can become highly non-linear in terms of 
the refinable parameters and thus the goodness of fit cannot be strictly normalized by n - m (Hamilton, 1964). 

§ Isotropic disordering parameter. 

r a d i a t i o n - d a m a g e  m o d e l  was e l abora ted  on the basis 
of  radical  a t tack of  the p ro te in  as the m e c h a n i s m  
respons ib le  for rad ia t ion  damage ,  o ther  k inds  of  
d a m a g e  m e c h a n i s m s  canno t  be ruled out. For  in- 
stance,  the  d i so rde r  o f  the  pro te in  resul t ing f rom 
hea t ing  o f  the crystal by absorp t ion  of  ion iz ing  radi- 
a t ion (Blunde l l  & J o h n s o n ,  1976), a l t hough  a less 
well s tud ied  p h e n o m e n o n ,  can represent  an al terna-  
tive but  not  necessar i ly  exclusive mechan i sm.  

Analysis of radiation-damage data 

The appl icabi l i ty  of  the  p r o p o s e d  r a d i a t i o n - d a m a g e  
mode l  was ana lyzed  by fitting both  the p r o p o s e d  as 
well as p rev ious  d a m a g e  mode l s  to various rad ia t ion-  
d a m a g e  data.  The reference  or conven t iona l  d a m a g e  
mode l  chosen  was that  desc r ibed  by Flet ter ick et al. 
(1976) wh ich  y ie lded  the best overall  fit to the 
myog lob in  data  ( H e n d r i c k s o n ,  1976) and  descr ibes  
rad ia t ion  d a m a g e  in terms of  t ransi t ions  A1--> A2--> 
A 3. A modi f i ca t ion  of  the conven t iona l  m o d e l  was 
also tes ted  wh ich  a l lowed  for an iso t rop ic  d i so rde r ing  
by the d i so rde red  fract ion A2. The  d is t r ibut ion  func- 
t ion charac ter iz ing  the spatial  d i so rder ing  of  the pro- 
tein in f ract ion A2 was the  same exponen t i a l  func t ion  
as in the p r o p o s e d  model .  The  pa rame te r i zed  mode l s  
were fitted to the  r a d i a t i o n - d a m a g e  data  by i terative 
non- l inea r  leas t -squares  ref inement .  The cr i ter ion for 
j udg ing  the  qual i ty  of  the fit to the data  was the  overall  
goodnes s  of  fit. Weights  r equ i red  for the r e f inement  
and  var ious statistics were der ived  from diffrac- 
t ome te r  coun t ing  statistics. The r a d i a t i o n - d a m a g e  
data  r ep re sen ted  9 to 15 re fe rence  reflections,  d e p e n d -  

ing on the data  set, which  were  repea ted ly  m e a s u r e d  
every 1.5 h t h r o u g h o u t  the data  col lec t ion  per iod ,  
which  lasted 15 to 44 h d e p e n d i n g  on the pro te in-  
crystal sensit ivi ty to Cu K a  radiat ion.  The re fe rence  
reflections were  se lec ted  to sample  un i fo rmly  all 
rec iproca l -space  direct ions .  Radia t ion  d a m a g e  was 
ana lyzed  s imu l t aneous ly  as a func t ion  o f  t ime and  
rec iproca l -space  d i rec t ion  using data co l lec ted  on an 
au tomat ic  d i f f rac tometer  f rom three different  p ro te in  
crystals u n d e r  very s imilar  exper imen ta l  cond i t ions :  
rabbit  skeletal  muscle  a ldolase ,  space g roup  P 2 t ,  15 
reference  reflect ions (Sygusch,  Boulet  & Beaudry ,  
1985); rabbi t  liver a ldolase ,  space group  C2221, 12 
reference  ref lect ions (Sygusch & Beaudry,  1985); Ft 
ATPase,  space  g roup  R32, n ine  re ference  ref lect ions 
(Amzel  et al., 1982). Crystal  s l ippage was con-  
t inuous ly  m o n i t o r e d  and  correc ted  for w h e n e v e r  
necessary.  Results  of  these  tests are s u m m a r i z e d  in 
Table  1.* Addi t iona l ly ,  Fig. 1 displays graphica l ly  a 
c o m p a r i s o n  of  the fit o f  various rad ia t ion  m o d e l s  as 
a func t ion  o f  t ime to the rabbi t -muscle  data  for selec- 
ted re fe rence  reflect ions h. 

From bo th  Table  1 and  Fig. 1, r e f inement  of  the 
best  conven t iona l  m o d e l  to the data  clearly yields the  
least sat isfactory fit. Modi f ica t ion  of  the c o n v e n t i o n a l  
mode l  to a l low for an i so t rop ic  d i so rde r ing  in the 
i n t e rmed ia t e  fract ion A2 improves  the fit to the  data.  

* It should be noted that the data sets collected over shorter 
periods of time are necessarily less influenced by dimensional 
instabilities such as slight changes in X-ray source, X-ray reflection 
mirrors and crystal during the experiment and as such can be 
expected to yield lower goodness-of-fit values for the various 
damage models. 
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However, it is apparent that the proposed model, 
which not only allows for anisotropic disordering in 
fraction A~ but also includes a dose-dependent state, 
provided the best description of the variation of radi- 
ation damage both as a function of time and of 
reciprocal-space direction. The proposed model is 
capable of describing high levels of radiation damage 
in protein crystals. Damage has been satisfactorily 
accounted for representing a loss of up to 81% of 
the original intensity in rabbit muscle aldolase crystals 
(see Fig. 1), up to 74% in rabbit liver aldolase crystals 
and up to 84% in crystals of FI ATPase. Description 
of radiation damage to even higher levels should be 
feasible by the proposed model. The damage models 
based upon the transitions A~-> A ~  A 3 w e r e  not as 
satisfactory in accounting for such high levels of 
radiation damage even when anisotropic disordering 
of the protein was allowed for, in agreement with 
similar conclusions drawn by Hendrickson (1976) on 
his analysis of the myoglobin data. Noteworthy in 
Table 1 is the significant positional anisotropy 
exhibited by the disordered protein in fraction A2 for 
the two aldolases. Anisotropy is evident in Fig. 1 
where the radiation damage for reference reflection 
4,11,8 is much greater as a function of time than 

damage for reference reflection 17,0,i-8, even though 
both reflections have nearly identical Bragg angles. 
It is somewhat surprising yet gratifying that inclusion 
of simply anisotropic positional disordering of the 
protein in the lattice can account for this variation in 
radiation damage. 

Discussion of damage model 

The analysis of the data strongly argues that radiation 
damage in protein crystals is consistent with a sequen- 
tial process of damage and suggests that the damage 
process involves several intermediate states. It should 
be noted, however, that the proposed model, although 
derived from analysis of irradiation experiments, is 
strongly phenomenological since the existence of the 
various intermediate states depends critically upon 
their relative scattering contributions. At present none 
of these intermediates have been isolated to confirm 
their existence and thus their postulated scattering 
power. In this context, empirical models of radiation- 
damage descriptions such as that of Abrahams & 
Marsh (1987) can potentially offer a more flexible 
approach since they do not depend on any a priori 
postulates. However, the fact that the proposed model 
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Fig. 1. Comparison of  the agreement of various radiation-damage correction models to the same observed data collected from a 
monoclinic crystal of  rabbit skeletal muscle aldolase. The observed intensity data ( 0 )  have been normalized by the calculated intensity 
(&) at t = 0  such that in each model the calculated intensity at t = 0  represents 100%. The three panel headings describe the 
radiation-damage correction models referred to in the text with 'conventional' referring to the model based upon transitions 
A, ~ A2~ A 3 and isotropic positional disordering of  the protein in fraction A2, 'modified conventional' to a model described by the 
same transitions but anisotropic positional disordering in fraction A2, and "proposed' to transitions A~ -> A~ -> A 2 --> A 3 and anisotropic 
positional disordering in fraction A 2. 
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fits the data as well as it does suggests a considerable  
amount  of  validity in this approach.  This approach 
can thus offer insight into the damage kinetics, which 
is not possible by empirical  models. A consequence 
of the interpretation of protein damage through initial 
surface damage would suggest that l igand b inding  
sites at the protein surface are more susceptible to 
damage than sites that are buried in the protein. For 
these situations ligand b inding  studies implicat ing 
exposed surfaces sites should be confined to cumula- 
tive exposure times of less than 1 / k l  such that R ( t ,  h) 
remains close to unity [see (7)]; in the example  shown 
in Fig. 1 this would correspond to less than 14h. 
Limiting b inding  studies to the lag period before the 
onset of  apparent  radiat ion damage,  that is R ( t ,  h) 
1, represents, according to Moffat et al. (1986), an 
equivalent  dose of approximately  one ionization 
event per protein molecule. It is interesting to note 
that cumulative exposure times of less than 1 / k l  
would also correspond, according to the calculations 
of Moffat et al. (1986) based upon our experimental  
conditions, to no more than one ionization event per 
protein molecule.  

Radiation-damage correction 

The proposed model  is extremely useful in making 
corrections to intensity measurements  to recover the 
intensity values corresponding to the undamaged  pro- 
tein conformation.  Corrections which are derived on 
the basis of  a l imited number  of reference reflections, 
even though uniformly di, spersed in reciprocal space, 
could potentially introduce systematic bias. This 
limited sampl ing bias if  present would tend to be 
especially pronounced in protein crystals exhibi t ing 
radiation damage that is directionally dependent .  To 
investigate potential bias in the corrected intensities, 
merging residuals were examined of overlapping data 
sets obtained from crystals of  rabbit skeletal muscle 
aldolase which display radiation damage strongly 
dependent  on reciprocal-space direction (see 
Table 1). The data base merged represented 
intensities collected on an automatic diffractometer 
in shells of  constant resolution to 2.7 ~ resolution. 
The data sets were not only overlapping between 
shells but also the start of  one data set was overlapped 
with the end of  another  data set within a shell. 
Especially at the higher resolutions where damage 
corrections are more significant, the intensities 
measured at the start of  a data set have suffered little 
radiation damage compared with those measured at 
the end of  a data set. Merging of such overlapping 
data sets would then provide a suitable test to reveal 
systematic error. In the presence of bias merging 
residuals for a given intensity range would tend to 
increase concomitant ly  with resolution. The merging 
of overlapping data sets was carried out on the basis 
of  intensity using the programs of Reeke (1984) with 

weights employed in the merging procedure based 
upon counting statistics and various systematic cor- 
rections appl ied in the data reduction procedures. 
Analysis of  the merging residuals showed no system- 
atic variation between data sets nor for any intensity 
range as successive shells of higher-resolution data 
were included in the merge. The final overall merging 
residual based upon intensity (Reeke, 1984) was 0.048 
for approximate ly  61 000 overlapping reflections and 
0.075 in the highest shell of resolution, suggesting a 
data base of sufficient quality to detect potential bias.* 
Furthermore,  the overall goodness of fit for the entire 
data merge was 1.4, close to the ideal value of one, 
corroborating that systematic error if present is rela- 
tively minor. Consequent ly ,  the strategy of monitor- 
ing repeatedly a sufficient but limited number ,  9 to 
15, of reference reflections uniformly dispersed in 
reciprocal space can provide relatively unbiased esti- 
mates of the parameters necessary for radiation- 
damage intensity correction of diffracted intensities. 

* In particular the data set which is shown in Fig. 1, measured 
in a shell corresponding to 3.5-3/~ resolution, readily merged with 
overlapping data sets and corresponded to an overall merging 
residual of 0.06 with respect to the overlapped data. 
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