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The X-ray induced inactivation and aggregation of the enzyme inmate 
synthase in aqueous solution were investigated by small-angle X-ray scattering 
and enzymic tests. 

Enzymic activi ty decreases about exponentially with increasing dose. The 
rate of inactivation depends linearly on the dose rate ; the extrapolation to zero 
dose rate yielded a finite limiting value of the rate constant of inactivation. The 
inactivation dose Day is a linear function of enzyme concentration. 

Enzymic tests and small-angle X-ray scattering on samples, which had 
been X-irradiated before the measurements, showed no direct relation between 
aggregation and inactivation. The substrates glyoxylate and acetyl-CoA and 
the substrate analogue pyruvate are able to protect the enzyme against 
radiation damage, however to a different extent  against aggregation 
(pyruvate > glyoxylate > acetyl-CoA) or inactivation (glyoxylate > pyruva- 
te>>acetyl -CoA;  the latter showed no effect). These findings and the 
protective effect of dithiothreitol against aggregation and inactivation of the 
enzyme are discussed in context with the formation of hydrogen peroxide. A 
possible shielding of radiosensitive groups of the enzyme by the substrates and 
scavenging are also taken into consideration as explanations for the protective 
effects. 

While the novel application of small-angle X-ray scattering in the field of 
radiation biology delivers information on X-ray induced structural changes of 
biopolymers and on their kinetics, the occurrence of radiation damages in 
conventional small-angle X-ray scattering measurements on biopolymers can 
be reduced by a variety of precautions. 

(Keywords: Aggregation; inactivation; Malate Synthase; Radioprotection; 
Small-Angle X-Ray Scattering; X-Ray Damage) 
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RSntgenlcleinwinkeluntersuchungen der dutch RSntgenstrahlen induzierten 
Aggregation der Malatsynthase. II. Inalctivierungs- und Aggregationse2perimente 

Die dutch RSntgenbestrahlung in w~13riger LSsung induzierte Inakti- 
vierung und Aggregation des Enzyms Malatsynthase wurden mit der Methode 
der RSntgenkleinwinkelstreuung und mit Enzymtests untersueht, 

Die Enzymaktivit/~t nimmt mit zunehmender Dosis ann/~hernd exponen- 
tiell abl Die Inaktivierungsgeschwindigkeit hgngt linear v o n d e r  Dosis- 
leistung ab; die Extrapolation auf Dosisleistung null ergab einen endliehen 
Grenzwert der Inaktivierungsgesehwindigkeitskonstante. Die Inaktivierungs- 
dosis D37 ist eine lineare Funktion der Enzymkonzentration. 

Enzymtests und RSntgenkleinwinkelstreuexperimente an Proben, welehe 
vorher bereits bestrahlt worden waren, zeigten keinen direkten Zusammenhang 
zwisehen Aggregation und Inaktivierung. Die Substrate Glyoxylat and 
Aeetyl-CoA sowie das Substratanaloge Pyruvat vermSgen das Enzym gegen 
Strahlenseh~den zu seh~tzen, jedoeh in untersehiedliehem AusmaB gegen 
Aggregation (Pyruvat > Glyox3Slat > Aeetyl-CoA) oder Inaktivierung (Gly- 
oxylat > Pyruvat .~> Aeetyl-CoA; letzteres zeigte keinen Effekt). Diese Be- 
funde und die Sehutzwirkung von Dithiothreitot gegen die Aggregation und 
Inaktivierung des Enzyms werden in Znsammenhang mit der Bildung yon 
Wasserstoffperoxid diskutiert. Als weitere Erkl~rungen ffir die Sehutzwir- 
kungen werden die mSgliehe Absehirmung strahlenempfindlieher Gruppen des 
Enzyms dutch die Substrate und der Einfang yon gadikalen in Erw~gung 
gezogen. 

WS~hrend die neuartige Anwendung der l%Sntgenkleinwinkelstreuung auf 
dem Gebiet der Radiobiologie AufsehluB fiber strahleninduzierte Struktur- 
~nderungen yon Biopolymeren und deren Kinetik gibt, l~13t sich das Auftreten 
yon StrahlenschS~den bei konventionellen R6ntgenkleinwinkelmessungen an 
Biopolymeren dureh verschiedene Vorkehrungen reduzieren. 

Introduction 

In the preceding paper 1 we have shown the occurrence of an X-ray 
induced aggregation of malate synthase upon irradiation of aqueous 
solutions of the enzyme. The formation of aggregates was monitored in 
situ by the small-angle X-ray scattering (SAXS) technique. Based on 
the experimental SAXS results a model for the aggregation process was 
developedl, 2. According to this model, which can be supported by 
computer simulations 3, the aggregation process is dominated by a two- 
dimensional aggregation. The binding sites for cross-linking were 
assumed to be situated on the periphery of the oblate enzyme particles. 

The technique of SAXS can only register changes of the overall 
structure of the enzyme upon X-irradiation. No statements can be 
made by this technique on changes of the enzymic function upon X- 
irradiation. Therefore, enzymic tests have to be carried out to gain 
information on the dependence of enzymic activity on the radiation 
dose. Moreover, in order to establish a structure-function relationship 
of radiation damaged particles, measurements have to include structural 
and functional investigations on the same enzyme sample. That  means, 
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SAXS and  enzymic  tests  mus t  be performed on samples which have 
been i r rad ia ted  with a defined X - r a y  dose pr ior  to the sca t ter ing  and  

act ivi ty  measurements.  The present paper reports on these investigations. 

MateriMs and Methods 

Materials, enzyme solutions, X-ray source, SAXS measurements were as 
described in Part  I1, except for the following conditions: The enzyme 
concentration of the stock solution amounted to about 14 mg/ml ; solutions of 
lower concentration as used for the inactivation experiments were prepared by 
diluting the stock solution with dialysis buffer. The final concentrations of the 
ligands for the inactivation experiments amounted to 5 or 50 mM glyoxylate, 
5 or 50 mM pyruvate, 2 mM acetyl-CoA; and amounted to 50 mM glyoxylate, 
50raM pyruvate, 3ram acetyl-CoA for the scattering experiments. This 
corresponds to a degree of saturation of the enzyme to about 90-99~. The 
current for the X-ray tube was 30 mA except for some experiments when it was 
varied from 4 to 30 mA. In the SAXS measurements, only the data from the 
first run were used for the final evaluation. 

Irradiation Experiments 

X-irradiation of the enzyme and of enzyme-substrate complexes was 
performed by means of two types of cells described elsewhere~,4. The large cell 
(125 ml volume) was only used for some experiments with low-concentrated 
solutions at room temperature, the small cell (70,~1 volume), which eoutd be 
thermostated to a temperature between 2 and 10 ~ for all other experiments. 
In both cells the samples were irradiated by the unfiltered radiation. X-ray 
dosimetry* was performed by means of a Fricke dosimeter as described 
previously~. 

Enzymic Assay 

For the enzymic assay the rate of cleavage of the thioester bond of aeetyl- 
CoA was measured directly at 232 nm 5. The test was performed in a 0.5 cm 
quartz cuvette in pyrophosphate buffer6,7 at 20~ in a Zeiss PMQII  
speetrophotometer. Enzyme concentrations in the cuvette amounted to 
0.5-5 ag/mh The specific activities found were independent of concentration; 
they varied from about 15-30U/mg for different samples of the unirradiated 
enzyme. Irradiated solutions were tested within a few minutes after the end of 
X-irradiation. 

Determination of Hydrogen Peroxide 

The amount of hydrogen peroxide in irradiated solutions was estimated 
gpect{bphotometricaIly at 410 nm using the weltknown reaction with TiOS04. 
The reliability of the determination was checked by means of a solution of 
known hydrogen peroxide content. 

* The absorbed dose is given in rd, while rad is used as unit  for the 
scattering angle 2 ~. 

t* 
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Results 

1. inactivation Experiments 

The Influence of Dithiothreitol (DTT) 

Tests of enzymic act ivi ty  after X-irradiat ion of the substrate-free 
enzyme showed tha t  the act ivi ty decreases about  exponential ly with 
increasing time of irradiation. As can be seen from the results shown in 
Fig. l a  (curve 1), the data  obtained from measurements  on two enzyme 
solutions which contained 0.2 and 2 m M D T T ,  respectively, can be 
fitted well by the same straight  line, thus yielding the same value for 
the first-order rate constant  of inactivation ]q. This finding suggests 
tha t  the concentration of D T T  may  not have an influence on k~. On the 
other hand-, since the enzyme solutions used for these experiments  had 
been stored for some t ime in the presence of D T T ,  D T T  might well 
have suffered autoxidation during this time. 

Therefore we set up another  series of experiments  and added freshly 
dissolved D T T  to an enzyme solution tha t  had been stored for a long 
t ime in the presence of 0 . 2 m M D T T .  The results from these 
experiments  are shown in Fig. lb.  As the figure convincingly 
demonstrates,  fresh D T T  has a remarkable  influence on the rate of 
inactivation. Upon raising the concentration of D T T  from 0.2 mM to 
0.7 m M  by adding fresh D T T ,  ]c i decreases to about  16~o of its original 
value, and after increasing the concentration of D T T  to 2.2 raM, /c i 
decreases further to about  11~ of its original value. These findings 
correspond to an increase of the inactivation dose Da7 of the enzyme 
from 39 krd (before the addition of fresh D T T )  to values of 244 krd and 
346 krd (after the addition of fresh DTT).  

Obviously this protection against radiation damage viz. in- 
act ivat ion is provided only by D T T  in its reduced form, freshly 
dissolved, and not by Dg"T tha t  is already oxidized. This behaviour 
seems to be in contrast  to the previously described influence of D T T  on 
the rate of aggregation of the enzyme 1 (Part  I). Although many  of our 
previous SAXS experiments were performed also with enzyme 
solutions tha t  had been stored in the presence of D T T  for some time, we 
always observed a remarkable  difference in the inhibition of X- ray  
induced aggregation between 0.2 and 2 m M  D T T .  

The Influence of Substrates or Analogues 

Fig. l a  presents also results obtained with various enzyme-substrate 
complexes. I t  shows tha t  the presence of 2 m M  acetyl-CoA does not 
change the rate of inactivation. A similar concentration of acetyl-CoA 
(corresponding to a 95~ saturat ion of the enzyme) turned out to be able 
to reduce the rate of X-ray  induced aggregation (of. Pa r t  I). 
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The  presence of 50 m M  g l y o x y l a t e  ( ~  100~o sa tu r a t i on )  causes a 
decrease  of  ki to  a b o u t  17~ o of  the  va lue  for the  subs t r a t e - f r ee  enzyme.  
Su rp r i s ing ly  enough,  the  d a t a  o b t a i n e d  in the  presence  of 5 r a m  
g l y o x y l a t e  are  so s imi la r  to those  o b t a i n e d  in the  presence of  5 0 r a M  
p y r u v a t e  ( ~  98-99?/o s a t u r a t i o n  for bo th  l igands) ,  t h a t  t h e y  can be 
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Fig. 1. Logarithmic plots of the residual activity At/Ao of malate synthase vs. 
the time t of X-irradiation as a function of the concentration of D T T  and of the 
subStrates, a / r rad ia t ion  in the large cell (dose rate D/t ~ 86rd/s, enzyme 
concentration c ~ 0.075 mg/ml). 1 : (A) 0.2 m M  DTT,  (A ) 2 ml]1 DTT,  ( x ) 2 mM 
acetyl-CoA + 0.2raM DTT;  rate constant of inactivation k i = 2.1.10-3s -1, 
DaT=41krd ;  2: (D) 5m;]/l pyruvate  +0 .2raM DTT,  / c i=I .6 .10-3s-J ,  
D37 = 54krd; 3:(m) 50ram pyruvate + 0.2ram DTT,  (O) 5raM gtyoxylate 
+ 0.2ram DTT;  kf = 1.2"10-3s 1, Da 7 = 72krd; 4: (O) 50,~nM glyoxytate 
+ 0.2ram DTT,  ]q = 3.6" 10-4s -I, D~7 = 240krd. b Irradiation in the small cell 
(D/t ~ 1.1 krd/s, c ~ 0.38 mg/ml, 0.2raM DTT).  5: ([:3) no further DTT added, 
/q = 2.8-10 2s 1 Da7 = 39krd; 6: (O) 0.5ram fresh D T T  added, 
/ h=4 .6"10  3s 1 D37=244krd;  7: (A) 2 ram fresh D T T  added, 

ki = 3.3" 10 a s i, D3 7 = 346 krd 

a p p r o x i m a t e d  in the  l oga r i t hmic  p lo t  b y  the  same  s t r a i g h t  line. The  
co r re spond ing  r a t e  c o n s t a n t  is b y  a f ac to r  of  a b o u t  3 la rger  t h a n  t h a t  
d e t e r m i n e d  in the  presence  of 5 0 r a M  g lyoxy la t e .  This  shows t h a t  
p y r u v a t e  is a much  poore r  inh ib i to r  of the  i na c t i va t i on  t h a n  
g l y o x y l a t e .  The  r a t e  c o n s t a n t  of  i n a c t i v a t i o n  in t he  presence of  5 m M  
pyruvate (~ 90~o saturation) is by about 30~ larger than at 50 mM 
pyruvate, but still by about the same amount smaller than k~ for the 
substrate-free enzyme.  
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The Influence of Enzyme Concentration 

The inactivat ion dose Day, i.e. the dose tha t  must  be absorbed in 
order to inact ivate the enzyme to 1/e of its original act ivi ty  (cf. Ref.S), 
was determined for the substrate-free enzyme in the presence of 
0 . 2 m M D T T  at various enzyme concentrations (0.075 < c < 14.3mg/ml). 
The results are shown in Fig. 2. As can be seen, the data  can be fitted 
very well by a straight  line having a positive slope; this amounts  to 
5 2 . 5 k r d m l m g  -1. This finding corroborates the indirect effect of 
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Fig. 2. The inactivation dose D37 of substrate-free malate synthase in the 
presence of 0.2 m M D T T  as a function of the enzyme concentration 

radiation. The slope of the straight  line corresponds to a G value (of. 
Ref. s) for the inactivation of malate  synthase of 0.099 heV -1. I t  should 
be noted tha t  the s traight  line has an intercept on the ordinate which 
amounts  to 42 krd. Obviously this reflects the protection of the enzyme 
against  inactivation as provided by  components  of the solution, 
p robably  by DTT.  According to Fig. 2, the ])37 for an enzyme solution 
with a concentration of 0.38 mg/ml as used in one oft, he aforementioned 
experiments  (cf. Fig. lb)  should be about  62krd,  whereas the 
exper iment  itself had yielded only 39 krd. I t  seems reasonable to ascribe 
this discrepancy to differences in the concentration of reduced DTT.  

The Influence of Dose Ra te  

In  order to s tudy the influence of the absorbed dose rate on the 
inactivat ion rate, the intensi ty of the X-radiat ion was varied by 
varying the tube current between 4 and 30 mA. Varying the voltage or 
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using filters for the at tenuation of the radiation could not be applied 
because these procedures would have changed the spectral distribution 
of the radiation. To be sure tha t  there is a linear relation between the 
current and the intensity of the X-ray beam, measurements of the 
intensity of primary radiation were performed in the Krat]cy camera, by 
using a calibrated Lupolen platelet 9. These experiments confirmed that  

[s 9 

2xlO -3 

lx lO -3 

0 

k i f s - I ]  

3 x 10 -2 

2x  IE  2 

Ix 10 .2 

a 

' o ' I0 2 30 m A 

I I I 

10 20 30 m A  

Fig. 3. The rate constants k i of radiation-induced inactivation of substrate-free 
malate synthase (c ~ 0.075mg/ml; 0.2mMDTT) in dependence upon the 
electric current through the X-ray tube. a irradiation in the large cell, 
D/t ~ 86 rd/s at 30 mA; b irradiation in the small cell, D/t ~ 1.3 krd/s at 30 mA 

the intensity of the radiation varies linearly with the current. Linear 
extrapolation to zero eurrent yielded an intensity equal zero. 

Fig. 3 presents the results from inactivation experiments at various 
tube currents. In Fig. 3a, the rate constants as obtained from 
measurements in the large cell are plotted versus the current, Fig. 3b 
shows the corresponding data as derived from measurements in the 
small cell. Both sets of data can be fitted very well by straight lines 
which do not go through the origin, however, but  have positive 
intercepts on the ordinate. 

Apparently, the rate constants of inactivation are composed of two 
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terms. One te rm is a constant,  whereas the other is a function of the 
tube current. The constant  term suggests tha t  inactivation may  occur 
even in the absence of radiation. Nevertheless this inactivation would 
have to be induced also by irradiation, since enzyme samples tha t  had 
not been exposed to X-rays  showed no decrease of act ivi ty  during a 
t ime much longer than  tha t  covered by  our experiments.  This 
inactivation cannot be caused by any manipulat ions other than 
irradiation performed with the enzyme solutions in the course of the 
experiment.  This was convincingly shown when an enzyme sample of 
the same concentration was t reated in the same way as in the 
aforementioned experiment,  except tha t  the window of the X- ray  tube 
was not opened. This enzyme suffered no inactivation during a s tay in 
the small cell for 30 minutes, whereas the limiting value for the rate 
constant  at  zero current according to Fig. 3b would imply an almost  
complete inactivation during the same time. Furthermore,  it was 
observed tha t  irradiated enzyme suffered a considerable decrease of 
act ivi ty  even some t ime after the stop of irradiation. 

2. Inactivation and Aggregation 

I r radiat ion Exper iments  

Inact ivat ion and aggregation can only be correlated if the enzyme 
act ivi ty is determined before and after the aggregation experiment.  
Enzymic  tests after the SAXS measurements  cannot be conclusive, 
because only a small portion of the enzyme solution filled into the Mark 
capillarly is actually irradiated (cf. Ref. 2) and gives rise to the 
scattering phenomenon. I t  is impossible to use only this par t  of the 
solution for the enzymic test. We could only extract  the entire solution 
quant i ta t ively from the capillary and determine the act ivi ty  therefrom. 
Even if the volume fraction of the irradiated portion of the solution is 
known, we could only est imate the act ivi ty of this portion under the 
assumption tha t  the act ivi ty of the not  directly irradiated portion did 
not change during the SAXS measurement.  

Therefore we chose another  way to solve the problem. The solution 
of the enzyme or of enzyme-substra te  complexes was irradiated in the 
small cell. The entire volume of the solution was X-irradiated with a 
defined dose rate for a definite time. Afterwards an aliquot of the 
irradiated solution was used for the enzymic test, while the main 
portion was diluted to a final concentration of about  7 mg/ml and was 
used for the SAXS experiment.  Due to a pulse rate  as low as 40,000 
pulses counted for each point, the measurement  of the innermost par t  
of the scattering curve, which contains most  of the information about  
the extent  of aggregation, took less than  one hour. This is a reasonably 
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short time to guarantee the scattering curve to represent a snapshot of 
the state of aggregation at the beginning of the SAXS measurement. 
Some results of these experiments are summarized in Table I. 

The  P r e - I r r a d i a t e d  S u b s t r a t e - F r e e  E n z y m e  

The  res idua l  a c t i v i t y  of  22.2~o as found  for the  subs t r a t e - f r ee  
enzyme  af te r  i r r a d i a t i o n  cor responds  to  a Day of 790 krd.  This  resul t  was 

10 20 30 40 

r [ n r n ]  

0 
Q. 

To 

Fig. 4. Distance distribution functions p (r) of substrate-free malate synthase 
and of various enzyme-substrate complexes after X-irradiation of the solutions 
(c ~ 14 mg/ml ; 0.2 mM DTT) in the small cell with a dose rate of 48 krd/min. 
1 substrate-free enzyme, time of irradiation t = 25min; 2 [enzyme.acetyl-  
CoA], t = 40 min ; 3 [enzyme" glyoxylate], t = 40 min ; d [enzyme' pyruvate],  
t = 40 min. Enzyme concentrations-for the 8AXS-measurements amounted to 

about 7 mg/ml 

a l r e a d y  shown in Fig .  2. The  mean  rad ius  of g y r a t i o n / ~ a  of 122  n m  and  
the  mean  mola r  mass  M o  of  568,000 g /mol ,  as de r ived  f rom the  Guinier 
plot ,  are  much  la rger  t h a n  the  d a t a  for the  n a t i v e  u n i r r a d i a t e d  
subs t r a t e - f r ee  enzyme,  n a m e l y  R = 3 .95anm and  M = 186,800g/mol  
(ef. ge l . l~  However ,  the  va lues  for/~G and  2 ~  mus t  be cons idered  to  
be st i l l  u n d e r e s t i m a t e d  since no e x t r a p o l a t i o n  of  the  sca t t e r ing  curve to  
zero concen t r a t i on  could be pe r fo rmed ,  

The  d i s t ance  d i s t r i bu t i on  func t ion  p (r) (Fig. 4, curve  1) shows the  
presence of a eons iderab le  a m o u n t  of  aggrega tes  in the  solut ion.  The  
p (r) func t ion  is pos i t ive  up  to  d i s t ances  as large as a b o u t  37 nm. This  
va lue  represen t s  the  m a x i m u m  vis ible  d i a m e t e r  of  the  aggrega tes .  The  
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shape of the p (r) function is different from those obtained from our 
previous scattering experiments (Par t I ) ,  where the aggregation 
occurred in the capillary under the conditions of the SAXS experiment. 
The p (r) function has two distinct maxima which are separated by a 
relatively deep minimum. The higher maximum at the smaller 
distances may be due to unaggregated enzyme and due to contributions 
from smaller aggregates. The broad maximum at the large distances 
must be caused by higher amounts of larger aggregates as compared to 
the aggregates in our previous studies. This follows from the fact tha t  
the previously obtained 19 (r) functions contained only one distinct 
maximum namely at  smaller distances. This maximum broadened with 
proceeding aggregation towards larger distances, and at the most 
advanced stages of aggregation a shoulder appeared at about  the same 
distances where now the minimum occurs. 

One possible explanation for the difference between the p (r) 
functions shown in Fig. 4 and in Par t  I may  be the difference in the dose 
rates (about 50krd/min for the irradiation in the small cell, about 
I krd/min for irradiation during SAXS). Moreover, in the small cell the 
entire solution was irradiated, whereas in the previous SAXS 
experiments only a thin zone of the sample was irradiated. Thus the 
energy absorbed by this zone was certainly dissipated over the much 
larger volume of the capillary by means of convection and/or diffusion 
of radiolysis products. Fur thermore the time needed for the SAXS 
experiments was about  100times longer than tha t  for the irradiation 
experiments in the small cell. Under these conditions also the diffusion 
of unirradiated enzyme into the irradiation zone of the capillary and of 
irradiated enzyme out of the irradiation zone during the SAX8 
experiment was possible. This may explain the occurrence of smaller 
aggregates in our previous 8AXS experiments. 

The determination of the mean radius of gyration and mean molar 
mass of the irradiated substrate-free enzyme by using the p (r) function 
led to values of R~ = 13.4 nm and 2~p = 599,000 g/mol, which are both 
larger than the values determined from the Guinier plot. We give 
preferenee to the values derived from the io (r) function and include only 
these values in Table 1, because they are certainly influenced by the 
negleetion of interparticular interferences to a much lesser extent  than 
the data  obtained from the Guinier plot. The quotient of 217/~ of the 
irradiated enzyme divided by M of the native enzyme yields 2p = 3.21. 

The cross-section Guinier plot of the scattering curve of the pre- 
irradiated substrate-free enzyme (Fig. 5, curve 1) also differs from the 
cross-section Guinier plots obtained previously for the highly aggrega- 
ted enzyme (Part  I). There is only a narrow angular range where the 
curve can be fitted by a straight line. The slope of the line corresponds 
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to Rc = 2.72nm. This value is almost  identical to R c = 2.73nm as 
obtained previously for the unaggregated enzyme. In  the innermost 
portion the intensity decreases first considerably and only increases at  
the smallest ~ngles. Obviously this shape of the curve does not reflect 
the presence of rodlike particles. 

O4 

X 
t.-I 

T 
I0.2 

1 2 3 
i c , 

�9 (2~)2•  10 ~ [r~U 2 ] 

Fig. 5. Cross-section Guinier plots of scattering curves of pre-irradiated 
substrate-free malate synthase and of predrradiated enzyme-substrate 
complexes (.el. legend to Fig. 4). The following mean cross-sectional radii of 
gyration can be derived from the curves: 1 substrate-free enzyme, 
Rc = 2.72 nm ; 2 [enzyme" aeetyl-CoA],/~c = 2.73 nm ; 3 [enzyme" glyoxylate], 

/~c = 2.66 nm, g [enzyme'pyruvate],/~c = 2.67 nm 

The Pre-I r radia ted  Enzyme-Subs t ra te  Complexes 

The irradiated [enzyme" acetyl-CoA] complex was found to have a 
residual act ivi ty  of only 8.6~o. Taking into account the longer t ime of 
irradiation (cf. Table 1), this value corresponds to almost the same Da? 
as for the substrate-free enzyme, namely 780krd. This result 
corroborates the aforementioned finding tha t  acetyl-CoA does not 
inhibit the inactivation of the enzyme. Nevertheless, acetyl-CoA 
inhibits the aggregation of the enzyme as follows from the lower values 
for / ~ ,  z ~  and asp as compared to the pre-irradiated substrate-free 
enzyme and from the p(r)  function shown in Fig. 4 (curve2). The 
max imum of this function at  larger distances is much lower than  in the 
curve for the pre-irradiated substrate-free enzyme (curve 1), in spite of 
the much longer t ime of irradiation. However,  the first zero is at  about  
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the same distance as the first zero in the p (r) function of the pre- 
irradiated substrate-free enzyme. The cross-section Guinier plot of the 
scattering curve of the [enzyme' acetyl-CoA] complex (Fig. 5, curve 2) 
has great similarity with the corresponding curve for the pre-irradiated 
substrate-free enzyme, except that  the increase of intensity at the 
smallest angles is not so pronounced. 

The residual activity of the irradiated [enzyme-glyoxylate] 
complex of 56.8~ corresponds to a/)37 as high as 3.4 Mrd. Both the 
values for the molecular parameters R~, ~1~ and 2~of the [enzyme'gly- 
oxylate] complex in Table 1 and the shape of the p (r) function in Fig. 4 
(curve 3) suggest that  the amount  of aggregates _is lower 
than in the case of the substrate-free enzyme or of the 
[enzyme'acetyl-CoA] complex. The first zero in the p(r) function, 
however, is still at a distance comparable to that  for the predrradiated 
substrate-free enzyme. In the cross-section Guinier plot of the 
scattering curve of the [enzyme" glyoxylate] complex (Fig. 5, curve 3), 
there is no increase of intensity towards the smallest angles, only a kind 
of shoulder is indicated at about 3.5 mrad. 

The residual activity of the irradiated [enzyme'  pyruvate] complex 
was found to be lower than that  of the irradiated [enzyme } glyoxylate] 
complex, namely 25.6~o, and the D87 is 1.4 Mrd. Nevertheless, the p (r) 
function (Fig. 4, curve 4) shows that  the extent of aggregation must be 
very low. The p (r) function goes through zero already at about 23 nm. 
The value of/?~ = 5.4 nm is still larger than R of the native enzyme, 
however, 217/f is found to be even slightly smaller than M of the native 
substrate-free enzyme particle. Accordingly, 2~ is slightly smaller than 
unity. This behaviour could be due to the neglection of interparticulate 
interferences, however, it could reflect a degradation of enzyme 
particles as well. The cross-section Guinier plot of the scattering curve 
of the pre-irradiated [enzyme'pyruvate]  complex (Fig. 5, curve4) 
strongly resembles the curves obtained for the early steps of 
aggregation in our previous experiments with substrate-free enzyme 
(of. Part  I). 

Remarks on the Thickness Guinier Plots 

The thickness Guinier plots of the scattering curves of the pre- 
irradiated substrate-free enzyme and the pre-irradiat, ed enzyme-sub- 
strate complexes (Fig. 6) show the occurrence of a pseudo thickness 
factor. Up to an angle of about 22 mrad the curves are very similar to 
each other. At larger angles, however, particularly in the region beyond 
30 mrad, the curves for the enzyme-substrate complexes (curves 24)  
differ considerably from the curve for the substrate-free enzyme 
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(curve 1) ; they show a distinct minimum at about 35 mrad which does 
not appear in curve 1. The approximation of the curves by straight lines 
is somewhat ambiguous and therefore the/~t values are certainly of low 
accuracy; they range from /~t = 0.91nm for the [enzyme-pyruvate]  
complex to/~t = 1.14nm for the [enzyme" aeetyl-CoA] complex. 

The oscillations of the curves around the straight lines are more 
pronounced than the oscillations found in our previous studies on 

_ 

(2 -.~)2x 10 4 [ rad 2 ] 

Fig. 6. Thickness Guinier plots of scattering curves of pre-irradiated substrate- 
free malate synthase and of pre-irradiated enzyme-substrate complexes (ef. 
legend to Fig. 4). The following mean radii of gyration of the thickness can be 
derived from the curves : 1 substrate-free enzyme, Rt = 0.92 nm ; 
2 [enzyme- aeetyl-CoA], Rt = 1.14 nm; 3 [enzyme" glyoxylate],/gt = 1.10 nm; 

4 [enzyme" pyruvate], /~t = 0.91 nm 

aggregating substrate-free enzyme which were performed at enzyme 
concentrations about 4 times as large as in the present study. I t  cannot 
be ruled out that  part  of the discrepancies between the tail ends of the 
curves are caused by experimental errors due to the relatively low 
enzyme concentrations used in the present study. The meaning of the 
minimum at about 35 mrad in the curves 2-4 is not quite dear. The 
theoretical scattering curves for the native enzyme particle show an 
inflection but not a minimum in this angular range. Also in our previous 
measurements on aggregating substrate-free enzyme no minimum 
could be observed. One possible explanation for the missing of such a 
minimum in experimental curves would be the presence of small 
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degradation products which would lead to a flattening of the tail ends 
of the scattering curves in the thickness Guinier plots (cf. Ref.3). The 
occurrence of such fragmentat ion products on X-irradiation was 
confirmed by electrophoretic studieslL 4. 

Discussion and Conclusions 

As was convincingly demonstrated by our experiments, the enzyme 
malate synthase suffers radiation damages upon X-irradiation in 
aqueous solution. These damages include the formation of aggregates 
and possibly of fragments, as well as the loss of enzymic activity. 

The inactivation of an enzyme by X-irradiation in aqueous solution 
may have several reasons. For  instance, the enzyme can lose its activity 
by damages that  occur at  the active centre itself or by damages at other 
parts of the enzyme molecule which influence the active centre by 
structural changes. These structural changes would also include the 
formation of covalent or non-covalent cross-links or the degradation of 
parts of the enzyme. The linear dependence of the inactivation dose D37 
on the enzyme concentration (of. Fig. 2) suggests tha t  the indirect 
effects of radiation, i.e. the reaction of radical and non-radical products 
of water radiolysis with the enzyme, are mainly responsible for 
radiation damages. 

Because of the presence of oxygen in our enzyme solutions the 
radicals H and eaq will contribute only Iittle to inactivation and 
aggregation of malate synthase, in contrast  to OH" and possibly to 02- 
and H02" radicals and H20 2 (cL I~efs.12-19). 

In proteins especially amino acids with sulfur or aromatic rings are 
subject to radiation damage (of. t~efs, so, m). Malate synthase was shown 
to contain a lot of eys, met, tyr,  trp, pheU2,23 ; eys and trp were found to 
be correlated with substrate binding and/or enzymic activity 7, 23 

The sensitivity of sulfhydryl groups of enzymes to X-irradiation 
was established e.g. with glyeeraldehyde-3-phosphate dehydrogenase 
or papain s4-26, 17, 18. In the ease of malate synthase a similar sensitivity 
of the sulfhydryl groups to X-irradiation may be expected. Indeed, X- 
irradiation of the enzyme caused a loss of sulfhydryl groups 2. 
Polyacrylamide gel disc electrophoreses in the presence or absence of 
sodium dodecyl sulfate established the formation of covalent and 
possibly of non-covalent cross-links in irradiated malate synthase 11,4. 
Par t  of the covalent crossdinks were interpreted to be disulfide bridges. 
The electropherograms also clearly reflected the formation of various 
protein fragments. The observation of an inactivation (repairable by 
DTT) after addition of H20 2 to unirradiated enzyme and the similarity 
of the electropherograms of H2Q-trea ted  enzyme and those of 
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X-irradiated enzyme suggest a possible role of H202 in the X- ray  
induced inactivation and aggregation of malate  synthase ~, 4,11 

1. Protective Effects 

I t  was clearly shown by  our inactivation experiments tha t  the 
presence of D T T  in the reduced form, of the substrate  glyoxylate or of 
the substrate  analogue pyruva te  protects  the enzyme against X- ray  
induced inactivation. Both D T T  in the reduced and oxidized form, the 
substrates glyoxylate  or aeetyl-CoA or the substrate analogue 
pyruvate ,  as well as ethanol were shown by SAXS to protect  the 
enzyme against X- ray  induced aggregation. A protective effect of D T T  
against X- ray  damage of malate  synthase was also shown by 
electrophoretic studies11, 4. 

As explanations for the protect ive effects may  be mentioned 
scavenging of radicals, reactions with non-radical agents produced by  
irradiation, shielding of sensitive groups by  specific or unspecific 
binding to the enzyme, conformational changes of the enzyme and its 
active site, repair of radiation damage etc. (ef. Ref.2). 

The Protect ive Effect of Dithiothreitol 

The radioprotection of proteins by DTT has been subject of several 
investigations17,27 a0. I t  was found that upon irradiation in aqueous solution 
DTT may undergo a variety of reactions: DTT(in the reduced form) may react 
with OH.(reaetion 1), and also with 02- thereby releasing H202 (r. 2) ; the cyclic 
DTT radical formed by these reactions may react with molecular oxygen to 
oxidized DTT, releasing 02- (r. 3); oxidized DTT is also formed in a slow 
reaction of reduced DTT.with H202 (r. 4); oxidized DTT may be reduced to the 
cyclic DTT radical by H and e-- (r 5) By reactions 2 and 3 a chain oxidation a q  " " 

of DTT may take place. The increased formation of H.~02 in the presence of 
DDT (through reaction 2) was also confirmed by own experiments 4. In the 
presence of an enzyme containing sulfhydryl groups (which are damaged not 
only by OH" but also by 02- and H202) the situation becomes even more 
complicated. 

Therefore the protect ive effect of D T T  against  radiation damage 
may  be caused by OH" scavenging and various repair mechanisms 
including the repair of sulfenic acid products  formed by  H20~ 17-19,30. 
Lin et al. 17 have found tha t  in the case of papain the amount  of non- 
repairable inactivation is increased by D T T ,  while the amount  of total  
inactivation is considerably decreased. 

The protect ive effect of D T T  against aggregation of malate  
synthase is provided by D T T  in the reduced form and, to a certain 
extent,  also by oxidized D T T ,  in contrast  to inactivation where 
oxidized D T T  showed no protect ive effect. The further investigation of 
this different behaviour and-a differentiation between repairable and 
non-repairable inactivation will be a subject of further experiments~ 
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The Protective Effects of Substrates 

The thioester acetyl-CoA and the ~.-ketoacid anions glyoxylate and 
pyruvate might also be attacked by the radical products of water 
radiolysis or by H202. The reaction of H202 with pyruvate yields 
acetate, the reaction with glyoxylate leads to formate. Formate is a 
scavenger of OH., in the presence of oxygen 02 is released (cf. Ref.31). 
We found in irradiated aqueous'solutions of the substrates or of the 
analogue a reduced concentration of H202 upon X-irradiation, as 
compared to irradiated water. Irradiation for 50 min in the large cell 
yielded the following H202 contents : 4 x 10-4~o for water, 0.8 x 10-4~ 
for 0.1M glyoxylate, 0.5 x 10-a~ for 0.1M pyruvate, 2.8 x 10-4~ for 
6.2 raM acetyl-CoA. 

Our SAXS experiments on pre-irradiated enzyme-substrate 
complexes established the following series of efficiency for protection 
against aggregation: pyruvate > glyoxylate > acetyl-CoA. The same 
series was obtained for the efficiency of the substrates for the inhibition 
of H202 formation. On the other side, a somewhat different series 
resulted for the protection against inactivation, namely gly- 
oxylate > pyruvate ~> acetyl-CoA; here acetyl-CoA did not show any 
protective effect. 

I t  is unlikely that the inefficiency of acetyl-CoA to inhibit the 
inactivation of the enzyme is only due to the lower molar 
concentrations of this substrate (2 or 3 raM), as compared to glyoxylate 
or pyruvate (5 or 50raM), because at the same low concentrations 
acetyl-CoA did provide protection of the enzyme against aggregation. 

Possibly the assumption of a shielding of the binding sites of the 
enzyme by the substrates and a different sensitivity of the binding sites 
to X-irradiation is able to explain the remarkable difference of the 
protective effects provided by the two groups of substrates (i.e. 
glyoxylate or pyruvate on one side, aeetyl-CoA on the other side). In 
this case the series of efficiency for the protection against inactivation 
suggests that the binding site for acetyl-CoA is less sensitive to 
X-irradiation than that for glyoxylate or pyruvate. In this context it 
may be mentioned that an involvement of trp in the binding of 
glyoxylate or pyruvate, but not in the binding of acetyl-CoA, was 
demonstrated by previous CD-speetroscopic and fluorescence studies 
on unirradiated malate synthaseT. 

A specific protection of the enzyme by the bound substrates would 
depend on the degree of saturation. Therefore different changes of 
saturation, as caused by different damages of the substrates by reaction 
with the products of water radiolysis, might serve as another 
explanation for the different efficiency against inactivation. 

Lactate dehydrogenase has also been demonstrated to be 

2 Monatshefte f~ir Chemic, Vol. 112/1 
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specifically protected against radiation induced inactivation by 
pyruva te  or lactate a2 or by NAD +la. 

The Protect ive Effect of Ethanol 

Similar protective effects of ethanol as found for malate synthase 
have been reported for the X-ray induced inactivation of 
ribonuelease33, 34. Scavenging of OH" radicals or reaction of ethanol 
radicals with the enzyme might serve as an explanation for this 
protective effect. 

2. Correlation of Inactivation and Aggregation 

According to our two-dimensional aggregation model, which has 
been deduced from the SAXS studies, the cross-linking between 
damaged enzyme particles would have to tM~e place preferably at  
definite sites. These sites must be definite amino acid residues a5 located 
at the periphery of the oblate enzyme particles. Since the substrate 
binding sites of malate synthase are also assumed to be situated near 
the periphery of the molecule36 an interdependence between 
aggregation and inactivation may be expected. 

Nevertheless our results for pre-irradiated samples of substrate-free 
enzyme and enzyme-substrate complexes convincingly demonstrate 
tha t  the extent  of inactivation does not  necessarily depend on the 
extent  of aggregation. This conclusion can be drawn from the fact tha t  
both the pre-irradiated substrate-free enzyme and the pre-irradiated 
[ enzyme 'py ruva te ]  complex have a residual activity of about  one 
quarter  of the act ivi ty of unirradiatcd substrate-free enzyme, though 
they differ so much in the extent  of aggregation. The we-irroztiated 
substrate-free enzyme has a mean degree of aggregation of about 3 (el. 
Table 1) while tha t  of the pre-irradiated [ enzyme 'py ruva te ]  complex 
amounts to about  1. On the other hand, the residual activity of the pro- 
irradiated [enzyme-acetyl-CoA] complex, which has a mean degree of 
aggregation of about  2, is less than 10~/o. Therefore it can be assumed 
that  the binding sites for cross-linking are not necessarily identieM with 
the binding sites for the substrates or with the essential sulfhydryl 
groups. 

3. Implications for Conventional Small-Angle X-Ray Scattei'ing 
Investigations 

The possible influence of X-irradiation on the structure of 
biopolymers during the performance of a SAXS experiment, has been 
ignored usually. Only a few authors mentioned a possible influejace of 
radiation damage and/or denaturation. 

SAXS experiments on hemocyanin from helix pomatia a7 caused a 
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change of the colour of the sample in the zone hit by the X-ray beam ; 
however this change was not  accompanied by an alteration of the 
scattering curves during the time covered by the SAXS experiment. 
SAXS on yeast glyceraldehyde-3-phosphate dehydrogenase as a 
function of saturation with NAD + at 40~ a9 established a 
considerable change of scattering curves, particularly in the case of the 
apoenzyme, as a function of measuring time, a phenomenon Which was 
interpreted to reflect an aggregation process. This process was 
accompanied by a decrease of enzymic activity, and led finally to a 
visible turbidi ty  of the enzyme solution. At tha t  t ime it was assumed 
that  this behaviour is primarily due to heat denaturation. In the light 
of the above considerations it seems plausible tha t  there may occur 
additionally an X-ray induced damage upon prolonged exposure of the 
enzyme to X-rays (cf. Ref.40). 

The first detailed investigation of an X-ray induced alteration of a 
biopolymer during a SAXS measurement has been performed in the 
ease of the enzyme malate synthase, as has been described in 
preliminary reports by us a, 41-47 and in a detailed way in this paper and 
in Par t  I. 

Two general aspects of our results on the radiation effects of malate 
synthase have to be discussed. The first aspect is concerned with the 
occurrence of radiation damages which can affect considerably the 
SAXS investigations of biopolymers. This, of course, will be the most 
frequent confrontation with X-ray damage in the practice of SAXS. 
The second aspect is, tha t  SAXS can be used successfully for the 
structural characterization of biopolymers which have been damaged 
by X-rays on purpose. This approach is of particular interest in the field 
of radiation biology. 

For  the detailed structural characterization of biopolymers, 
especially for the investigation of small structural changes (e.g. upon 
ligand binding, upon changes ofpH or temperature,  etc.) it is necessary 
to suppress or at least to reduce the noxious influence of radiation 
damage. This can be achieved by the choice of appropriate conditions 
for the SAXS experiments. As was shown by our experiments and 
investigations of others, a stabilization Of biopolymers against X-ray 
damage can be provided under certain conditions by addition of small 
amounts  of various substances to the solution under investigation, 
~d~e!y  su l fur  containing ei~mpounds (mercap tanes ,  eysteamine, 
thiourea, D'isT, mereaptoethanol,  eysteine, cystine, glutathione), 
EDTA, alcohols (e.g. ethanol, t-butanol), sodium formate, substrates 
and substrate analogues, eoenzymes etc. (cf. e.g.14,17, as, 30, aa, aa, 48 al). 
High salt concentrations were also reported to suppress aggregate 
formation 52. Sometimes the presence of oxygen in solution has been 

2* 
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observed to impede aggregationSa, 54, whereas in other cases the 
presence of oxygen was reported to lead to an enhancement of 
radiosensitivity; thus a replacement of oxygen by other gases (e.g. 
nitrogen or argon) may supply a protective effect (e.g.lS). 

Besides a protection of the biomolecule on the chemical level, some 
apparative or procedural precautions can be applied too, in order to 
reduce radiation damage. I t  is self-evident tha t  samples should not be 
exposed to higher X-ray doses than needed for the performance of the 
8AXS experiment. Unfortunately this condition is not  always 
fulfilled; for instance in many SAXS experiments the samples are 
irradiated with the entire spectrum of the X-ray tube (white radiation 
plus characteristic lines), though only the scattering of a single line (e. g. 
CuKa line) is evaluated and interpreted. The use of a monochromator  
would drastically suppress radiation damage. Another possibility to 
reduce considerably the exposure of the sample to X-irradiation would 
be the application of a shutter which prevents the primary beam from 
hitting the sample during all, usually slow, motions of the goniometer 
(not only during the back-motion as in the present version of the step 
scanning device) so that  the sample is irradiated only for the time 
needed to measure the scattered radiation. A possible influence of the 
dose rate should also be taken into account in future work. Very 
sensitive biomolecules may be successfully investigated by use of a 
special flow device a9 or by a frequent exchange of the irradiated sample 
by an unirradiated sample. 

From the viewpoint of SAXS, radiation damages which do not alter 
the scattering curves can be considered to be harmless. A noxious 
influence of radiation damage on the scattering curves can be ruled out 
by repeated scanning, if the curves are found to be quanti tat ively 
unchanged. Therefore radiosensitive samples should preferably be 
investigated by repeated scanning of scattering curves in short runs 
with low counting rates, instead of one measurement extending over 
several hours. A consequent application of this precaution requires also 
a sophisticated evaluation procedure 10, 44. 

Due to the weak absorption of neutrons by matter,  radiation 
damage does not play an important  role in small-angle neutron 
scattering. But  the limited availability of suitable neutron sources and 
the lower accuracy in the outer part  of small-angle neutron scattering 
curves, as compared to SAXS curves, does not allow replacement of 
SAXS by small-angle neutron scattering in all cases. 

4. Application of Small-Angle X-Ray Scattering in Radiation Biology 

Radiation biology and the structural analysis by means of SAXS 
are fields of research which have developed separately in the past. The 
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use of the $AXS technique in the field of radiation biology offers a 
var ie ty  of novel applications~. These applications include the 
simultaneous production of damaged particles by  the impact  of the 
p r imary  radiation and structural  characterization by measurement  of 
the scattered radiation, or the investigation and characterization of 
radiation products  obtained by irradiation of biopolymers prior to the 
SAXS experiment.  While the first approach delivers information on 
structural  changes of the irradiated samples and on the kinetics of 
processes induced by  X-irradiation, the second approach,  part icularly 
when it is combined with separation techniques or biological tests, may  
yield detailed information on the s tructure and function of damaged 
particles. In  so far, the application of SAXS to the field of radiation 
biology can offer further  insight into the biochemistry of biopolymers. 

The monitoring of X- ray  induced aggregation by  means of SAXS 
has also been applied meanwhile by us to other proteins 
(glyceraldehyde-3-phosphate dehydrogenase, lactate  dehydrogenase, 
ribonuclease, serum albumin);  the results from these studies were 
compared with those from malate  synthase 40. 

Acknowledgements 

We wish to express gratitude to Prof. Dr. J. Schurz, Graz, and to Prof. Dr. 
R. Jaenicke, Regensburg, for their interest in the problem. Sincerest thanks are 
also due to Dr. H. Schiifiler and Prof. Dr. Dr. H. Pauly, Erlangen, for helpful 
discussions. Skilful assistance by Mrs. G. Durehschlag in preparing the enzyme 
is gratefully acknowledged. H. D. thanks the Deutsche Forschungsgemeinschaft 
for support. 

References 

I p.  Zipper and H. Durchschlag, Mh. Chem. 111, 1367 (1980); Part I. 
2 p. Zipper and H. Durchschlag, Rad. Environm. Biophys., in press (!980). 
3 p.  Zipper and H. Durchschlag, Z. Naturforsch., in press (1980). 
4 H. Durchschlag and P. Zipper, in preparation. 

G. H. Dixon, H. L. Kornberg, and P. Lund, Biochim. Biophys. Acta 41,217 
(1960). 

6 H. Eggerer and A. Klette~ Eur. J. Biochem. l, 447 (1967). 
7 H. Durchschlag, K. Goldmann, S. Wenzl, G. Durchsehlag, and R. Jaenic]ce, 

FEBS Left. 73, 247 (1977). 
s H. l)ertinger and H. Jung, Molekulare Strahlenbiologie. Berlin-Heidelberg- 

New York: Spring(,r. 1969. 
O. Kratky, 1. Pilz, and P. J. Schmitz, J. Colloid Interface Sci. 21, 24 (1966). 

10 p. Zipper and H. Durchschlag, Eur. J. Biochem. 87, 85 (1978). 
11 H. Durchschlag and P. Zipper, Hoppe-Seyler's Z. Physiol. Chem. 361,239 

(1980). 
12 T. Sanner and A. Pihl, Biochim. Biophys. Aeta 146, 298 (1967). 



22 P. Zipper and H. Durchsehlag: 

la L. K. Mee, S. J. Adelstein, and G. Stein, Radiat.  Res. 52, 588 (1972). 
14 j .  D. Buchanan and D. A. Armstrong, Int.  J. t~adiat. Biol. 30, 115 (1976). 
13 H. Delinc~e and V. Jalcubick, Int. J. Appl. l~adiat. Isotopes 28, 939 (1977). 
16 W. S. Lin, J. R. Clement, G. M. Gaucher, and D. A. Armstrong, Radiat .  Res. 

62, 438 (1975). 
17 W. S. Lin, D. A. Armstrong, and M. Lal, Int. J. t~adiat. Biol. 33, 231 (1978). 
18 j .  D. Buchanan and D. A. Armstrong, Int.  J. Radiat.  Biol. 33, 409 (1978). 
19 D. A. Armstrong and J. D. Buchanan, Photochem. Photobiol. 28,743 (1978). 
2o O. Yamamoto, in : Advances in Experimental Medicine and Biology. Vol. 86 A 

(M. Friedman, ed.), Protein Crosslinking. Biochemical and Molecular As- 
pects, pp. 509--547. New York-London: Plenum Press. 1977. 

21 L. I. Grossweiner, Curr. Top. ]~adiat. Res. Quart. I I ,  141 (1976). 
22 G. Schmid, H. Durchschlag: G. Biedermann, H. Eggerer, and R. Jaenicke, 

Bioehem. Biophys. Res. Commun. 58, 419 (1974). 
23 H. Durchschlag, F. Bogner, D. Wilhelm, R. Jaenic]ce, P. Zipper, and F. 

Mayer, Hoppe-SeyleFs Z. Physiol. Chem. 359, 1077 (1978). 
24 A. Pihl. R. Lange, and L. Eldjarn, Nature 182, 1732 (1958). 
25 R. Lange and A. Pihl, Int. J. Radiat.  Biol. 2,301 (1960). 
2o A. Pihl and T. Sanner, Biochim. Biophys. Acta 78, 537 (1963). 
~7 j .  L. Redpath, l~adiat. Res. 54, 364 (1973). 
28 j .  L. Redpath, Radiat.  Res. 55, 109 (1973). 
29 p. C. Chan and B. H. J. Biels]ci, J. Amer. Chem. Soe. 95, 5504 (1973). 
so M. Lal, W. 8. Lin, G. M. Gaucher, ~nd D. A. Armstrong, Int.  J. Radiat.  Biol. 

28~ 549 (1975). 
31 I. G. Dragani6 and Z. D. Dragani6, The Radiation Chemistry of Water. New 

York-London: Academic Press. 1971. 
a2 H. 5v. Yost~and E. J. Goetzl, t~adiat. Res. 33, 293 (1968). 
a3 H. Schuessler, Int. J. Radiat.  Biol. 27, 171 (1975). 
34 H. Schuessler, L. K. Mee, and S. J, Adelstein, Int.  J. Radiat .  Biol. 30, 467 

(1976). 
33 V. Jalcubick and H. Delincde, Z. Naturforsch. 33c, 203 (1978). 
s6 p. Zipper and H. Durchsehlag, Z. Naturforsch. 33c, 504 (1978). 
37 I. Pilz, O. GIatter, and O. Kratky, Z. Naturforsch. 27b, 518 (1972). 
as H. Durchschlag, G. Puchwein, O. Kratky, I. Schuster: and K. Kirschner, 

FEBS Lett. 4, 75 (1969). 
39 H. Durchschlag, G. Puchwein, O. Kratlcy, [. Schuster, and K. Kirschner, Eur. 

J. Bioehem. 19, 9 (1971). 
40 p. Zipper, H. G. Gatterer, J. 8ehurz, and H. Durchschlag, Mh. Chem. l l l ,  981 

(1980). 
41 p Zipper and H. Durehschlag, Acta Cryst, allogr. A31, S 59 (1975). 
4~ p. Zipper and H. Durchschlag, Abstr. 10th Int. Congr. Biochem., Hamburg 

1976, p. 232 (1976). 
43 p. Zipper and H. Durchschlag, Abstr. Jahrestagg. Deutseh. Ges. Biophys., 

l~egensburg 1976, p. 13 (1976). 
P. Zipper and H. Durchschlag, Biochem. Biophys. l~es. Commun. 75~ 394 
(1977). 

4~ p. Zipper and H. Durch~chlag, Hoppe-SeyleFs Z. Physiol. Chem. 358, 329 
(1977). 

4o p. Zipper and H. Durehschlag, Abstr. 4th InV. Conf. on Small-Angle 
Scattering of X-Rays and Neutrons, Gatlinburg (U.S.A.) 1977, p. 26 (1977). 

47 p. Zipper and H. Durchschlag, Abstr. 12th FEBS-Meeting, Dresden 1978, 
Abstr. :Nr. 2545 (1978). 



Small-Angle X - g a y  Scattering 23 

4s W. M. Dale and C. Russell, Biochem. J. 62, 50 (1956). 
49 G. M. Gaucher, B. L. Mainman, G. P. Thompson~ and D. A. Armstrong, 

Radiat. Res. 46, 457 (1971). 
50 G. Nucifora, B. Smaller, R. Remko, and E. C. Avery, Radiat. Res. 49, 96 

(1972). 
51 H. Schuessler, Int. J. Radiat. Biol. 23~ 175 (1973). 
52 H. Schuessler and P. Denkl, Int. J. Radiat. Biol. 21,435 (1972). 
58 R. Shapira, Int. J. Radiat. Biol. 7, 537 (1963). 
54 j .  W. Purdie and K. R. Lynn, Int. J. g~diat. Biol. 23, 583 (1973). 


