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Recently, several papers reported an artifactual forma- 
tion of a number of modified bases from intact DNA 
bases during derivatization of DNA hydrolysates to be 
analyzed by gas chromatography-mass spectrometry 
(GC/MS). These reports dealt with 8-hydroxyguanine 
(8-OH-Gua), 5-hydroxycytosine (5-OH-Cyt), 8-hy- 
droxyadenine (8-OH-Ade), 5-hydroxymethyluracil 
(5-OHMeUra) and 5-formyluracil that represent only 
a small percentage of the 20 or so modified DNA bases 
that can be analyzed by GC/MS. Removal of intact 
DNA bases by prepurification of calf thymus DNA 
hydrolysates using HPLC was shown to prevent 
artifactual formation of these modified bases during 
derivatization. It needs to be emphasized that the 
procedures for hydrolysis of DNA and derivatization 
of DNA hydrolysates used in these papers substan- 
tially differed from the established procedures pre- 
viously described. Furthermore, a large number of 
relevant papers reporting the levels of these modified 
bases in DNA of various sources have been ignored. 
Interestingly, the levels of modified bases reported in 
the literature were not as high as those reported prior to 
prepurification. Most values for the level of 5-OH-Cyt 
were even lower than the level measured after pre- 
purification. Levels of 8-OH-Ade were quite close 
to, or even the same as, or smaller than the level 
reported after prepurification. The same holds true 
for 5-OHMeUra and 8-OH-Gua. All these facts raise 
the question of the validity of the daims about the 
measurement of these modified DNA bases by GC/MS. 

A recent paper reported a complete destruction of 2, 
6-diamino-4-hydroxy-5-formamidopyrimidine (Fapy- 
Gua) and 4,6-diamino-5-formamidopyrimidine (Fapy- 
Ade) by formic acid under the conditions of DNA 
hydrolysis prior to GC/MS. The complete destruction 
of FapyGua and FapyAde by formic acid is in 
disagreement with the data on these compounds in 
the literature. These two compounds were measured 
by GC/MS following formic acid hydrolysis for many 
years in our laboratory and by other researchers with 
no difficulties. These facts clearly raise the question of 
the validity of the claims made about the previous 
measurements of these compounds by GC/MS. 

Keywords: Derivatization, DNA repair, 
formamidopyrimidines, gas chromatography-mass 
spectrometry, 5-hydroxycytosine, 8-hydroxyguanine 

I N T R O D U C T I O N  

Oxidative DNA damage  is implicated in muta-  
genesis, carcinogenesis and aging (reviewed in 
[11). Among  oxygen-der ived species, hydroxyl  
radical ( 'OH) is highly reactive and can produce  a 
number  of modifications in DNA including base 
lesions by  a variety of mechanisms (reviewed in 
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552 M. DIZDAROGLU 

[2-5]). Hydrated electron (e;q) and H atom 
produced by ionizing radiation from water in 
cells also react with DNA bases producing a 
number of modified bases. [3I The types and yields 
of DNA modifications profoundly depend on the 
free radical-generating system, experimental con- 
ditions, and the presence or absence of oxygen. [4] 
A number of analytical techniques have been 
used to identify and quantify a variety of prod- 
ucts of DNA (reviewed in [6,7]). The detection 
of a product by most techniques is carried out 
with no specific structural evidence. Generally, 
one product or a limited number of products are 
measured at a time. The measurement of a single 
product such as 8-hydroxy-2~-deoxyguanosine 
(8-OH-dG) as done by HPLC with electrochemi- 
cal detection (ECD) may be misleading, because 
oxidative damage generates many lesions in 
DNA at the same time. [2-4] Furthermore, product 

yields and ratios of product yields to one another 
differ depending on the type of DNA-damaging 
agent and experimental conditions. [4"sI 

ANALYSIS OF D N A  BY GAS 
CHROMATOGRAPHY-MASS 
SPECTROMETRY 

For over a decade, we have shown that gas 
chromatography-mass spectrometry (GC/MS) 
is a well-suited technique for the measurement 
of oxidative damage to DNA I9'1°1 (reviewed in 
[11,12]). GC/MS can be applied to DNA itself or 
directly to chromatin, m'12] Of the analytical 
techniques used for the detection of DNA 
damage, GC/MS is the only technique capable 
of positive identification and quantification of a 
large number of base products from all four DNA 
bases in a single DNA sample at the same. [;°-12] 

0 0 0 0 
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5-hydroxy-6-hydro- $-hydroxy-6-hydro- cytosine glycol uracil g lyco l  5-hydroxycytosine 5-hydroxyuracil 
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8-hydroxyadenine 4,6-diamino-$-formamido- 2-hydroxyadsninc 8-hydroxyguauiue 2,6-dlamino-4-hydroxy- 
pyrimidine 5- for mamidopyrimidinc 

FIGURE 1 Structures of  modi f ied  D N A  bases  that  can be m e a s u r e d  by GC/MS.  
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FACTS ABOUT ARTIFACTS IN THE STUDY OF OXIDATIVE DNA DAMAGE 553 

Figure 1 illustrates the structures of modified 
DNA bases that can be measured by GC/MS. The 
analysis of DNA sugar products and DNA- 
protein cross-links by GC/MS has also been 
described (reviewed in [11,12]). The yields of 
products in Figure I and their ratios to each other 
substantially depend on the DNA-damaging 
agent as well as other reaction conditions such 
as the presence or absence of oxygen (reviewed in 
[4]). For this reason, the measurement of multi- 
ple products of all four DNA bases permits 
the precise comparison of DNA damage caused 
by a variety of DNA-damaging agents. I4] This 
may prevent possible misleading conclusions 
obtained by measurement of a single product as 
done by other techniques such as HPLC-ECD. 
Excellent examples of this fact are two recent 
works, which clearly demonstrated the necessity 
of measurement of multiple products at the same 
time. I8'8a] In these cases, the measurement of 
8-OH-dG only would have led to misleading 
results on the activity of vitamin C in vivo. 

For GC/MS analysis, DNA is first hydrolyzed 
to release intact and damaged bases from the 
sugar-phosphate backbone, and formic acid is 
used for this purpose. I1°-121 Subsequently, the 
hydrolysates are derivatized to obtain volatile 
derivatives of intact and damaged bases, which 
are suitable for GC/MS analysis. For this purpose, 
trimethylsilylation is the mode of derivatization 
most frequently used.J131 The measurement at low 
concentrations of modified DNA bases is per- 
formed using GC/MS with selected-ion moni- 
toring (SIM). [11"14] The quantification is best 
achieved by isotope-dilution mass spectrometry 
(IDMS) using stable isotope-labeled analogues of 
modified bases as internal standards. [~4'lsI 

ARTIFACTS DURING GC/MS ANALYSIS? 
HOW M A N Y  PRODUCTS ARE AFFECTED? 

Recently, several papers reported an artifactual 
formation of five modified bases from corre- 
sponding intact DNA bases during derivatization 

of DNA hydrolysates prior to GC/MS E16-~81 
(reviewed in [19]). These modified bases were 
8-hydroxyguanine (8-OH-Gua), 5-hydroxycyto- 
sine (5-OH-Cyt), 8-hydroxyadenine (8-OH-Ade), 
5-hydroxymethyluracil (5-OHMeUra) and 5-for- 
myluracil. It should be pointed out that these 
products are only a few of the many products that 
can be measured by GC/MS (Figure 1). 

8-Hydroxyguanine 

The formation of 8-OH-Gua by oxidation of 
guanine in DNA hydrolysates during trimethyl- 
silylation has been reported.I16'171 The presence of 
oxygen in derivatization mixtures increased the 
amour/t of 8-OH-Gua. Purging the mixtures with 
nitrogen prevented the formation of 8-OH-Gua, 
but not completely at longer derivatization times. 
No evidence was provided to indicate whether 
oxygen was completely removed from derivati- 
zation mixtures. I171 Furthermore, the procedures 
used for hydrolysis and derivatization substan- 
tially differed from those described previously 
for GC/MS analysis of modified DNA bases. The 
procedural differences may have led to the high 
values observed for 8-OH-Gua following deriva- 
tization at high temperature. Derivatization has 
also been performed at room temperature. I16] 
Under these conditions, the levels of 8-OH-Gua 
in calf thymus DNA have been shown to be 
similar to those obtained by analysis using 
HPLC-ECD. I161 On the other hand, it is possible 
that derivatization may have been incomplete 
since 8-OH-Gua is not soluble under the condi- 
tions used, although trifluoroacetic acid was 
added to derivatization mixtures to dissolve the 
purines. No evidence for a complete derivatiza- 
tion at room temperature was provided. A 
subsequent work reported that the addition of 
trifluoroacetic acid to DNA hydrolysates pre- 
vents accurate measurement of pyrimidine- 
derived modified bases. I2°1 

Removal of intact bases from DNA hydroly- 
sates by HPLC or immunoaffinity chromatogra- 
phy prior to derivatization GC/MS led to lower 
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554 M. DIZDAROGLU 

levels of 8-OH-Gua that were similar to those 
measured by HPLC-ECD. [171 However, it was 
assumed that HPLC-ECD provided correct levels 
of 8-OH-Gua in DNA, although possible draw- 
backs and the unacceptable variability of this 
assay have been known for some time (reviewed 
in [6,7,21]). Furthermore, the levels of 8-OH-Gua 
were compared to only a few previously given 
levels in the literature. Unfortunately, the authors 
neglected to refer to the vast majority of publi- 
cations, which had reported much lower levels 
of 8-OH-Gua. I22-321 Subsequent work using 
GC/MS [33-35] also reported levels of 8-OH-Gua, 
which were close to those reported in Refs. 
[16,17]. Background levels of 8-OH-Gua were  
measured by other techniques without derivati- 
zation. Levels found were similar to those 
reported originally using GC/MS. [36-38] For ex- 
ample, guanase digestion was used to remove 
guanine from formic acid-hydrolysates of DNA. 
This was followed by measurement of 8-OH-Gua 
using GC/MS and HPLC-ECD. [36"37] The levels 
obtained for untreated calf thymus DNA or 
v-irradiated DNA by both techniques were very 
similar, but these levels were about 4.5 times 
higher than the level of 8-OH-dGuo measured 
by HPLC-ECD following enzymatic hydrolysis. 
These results indicate that enzymatic hydrolysis 
may not completely release 8-OH-dGuo from 
DNA.[7, 211 

5-Hydroxycytosine, 8-Hydroxyadenine and 
5-Hydroxymethyluracil 

Artifactual formation of 5-OH-Cyt, 8-OH-Ade, 
5-OHMeUra and 5-formyluracil during derivati- 
zation has recently been reported, t18'19j Addi- 
tionally, Cadet et al. have reported artifactual 
formation of 8-OH-Gua. [191 Since 5-formyluracil 
has not been measured in our laboratory, it will 
not be discussed. Removal of intact DNA bases 
by prepurification of calf thymus DNA hydro- 
lysates using HPLC was shown to prevent 
artifactual formation of these modified bases 

during derivatization. However, the procedures 
for hydrolysis and derivatization described in the 
literature have not been followed. Unfortunately, 
the authors failed to mention the significant 
differences in the experimental procedures. I18'191 
Moreover, levels of the modified bases measured 
by GC/MS prior to prepurification were com- 
pared to only two values given in the literature. A 
large number of relevant papers reporting levels 
of these modified bases in DNA were not cited. 
Table I shows the reported values before and 
after prepurification of DNA hydrolysates, I18"191 
and levels of the same modified bases in the 
literature. This is a partial listing due  to space 
limitation. It should be pointed out  that the 
literature values in Table I were obtained with- 
out prepurification of DNA hydrolysates and 
with derivatization under nitrogen atmosphere 
at temperatures such as 120°C. An examination 
of Table I clearly shows that the levels of 5-OH- 
Cyt and 8-OH-Ade in the literature were not as 
high as those reported prior to prepurifica- 
tion. [18'19] Most values for the level of 5-OH-Cyt 
were even lower than the level measured after 
prepurification. [18'~91 Levels of 8-OH-Ade were 
never as high as 157 lesions/106 DNA bases but  
were close to, the same as, or smaller than the 
value after prepurification. The same holds true 
for 5-OHMeUra and 8-OH-Gua (Table I). In fact, 
all the literature levels of 5-OHMeUra shown 
in Table I were smaller than that measured prior 
to prepurification. I18~191 The levels of 8-OH-Gua 
were not as high as 410 lesions/106 DNA bases. A 
number of these values were quite close to those 
obtained after prepurification, t~8'19j Again, it 
should be pointed out that the literature values 
in Table I and elsewhere were not cited by Douki 
et al. and Cadet eta/. I18'191 Furthermore, there was 
no emphasis on the fact that the artifactual 
formation observed in their laboratory was re- 
stricted to only four compounds among the many 
compounds listed in Figure 1. All these facts 
raise the question of the validity of the claims 
about the measurement of DNA base damage 
by GC/MS presented in those papers, f18"191 
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FACTS ABOUT ARTIFACTS IN THE STUDY OF OXIDATIVE DNA DAMAGE 

TABLE I Levels of four modified bases in DNA (lesions/106 DNA b a s e s )  a s  measmt~ci by 
GC/MS in different laboratories 

555 

5-OH-Cyt 8-OH-Ade 8-OH-Gua 5-OHMeUra Reference 

70 158 410 31 direct [18,19] 
24 12 25 - -  prepurificat ion [18,19] 

- -  23 65 - -  [81 
- -  6 3 2  - -  [ 2 2 ]  

- -  t0 30 - -  [231 
10 27 35 3 [241 
7,10 4,7 9,13 4 [26] 
5, 5,12 10, 6, 20 25, 26, 29 4, 5, 6 [27] 
8 16 37 7 [ 2 8 ]  

- -  25 45 - -  [291 
32 26 26 8 [30] 
20 5 22 14 [31] 
32 38 32 22 [321 
4 10 26 2 [33] 
15 15 70 - -  [34] 
14,16 17, 20 18, 22 6,12 [35] 
24 29 77 7 [43] 
19 15 47 3 [46] 
10 6 60 7 [47] 
9 , 1 0 ,  22 11,16,19 22, 31, 37 1 , 1 ,  5 [ 4 8 ]  

19 38 96 - -  [49] 
22 22 90 10 [50] 
22 16 48 - -  [51] 

D E R I V A T I Z A T I O N  AT R O O M  
TEMPERATURE VERSUS AT 
H I G H  TEMPERATURE 

As men t ioned  above,  the der ivat izat ion of 8-OH- 

Gua  was  p e r f o r m e d  by  H a m b e r g  and  Zhang  at 

r o o m  tempera tu re  wi th  a pr ior  addi t ion of 
trifluoroacefic acid to D N A  hydrolysa tes  to make  
8 -OH-Gua  soluble, t161 Recently, the effect of 

t empera tu re  on the der ivat izat ion of mul t ip le  

p roduc t s  f rom all four  D N A  bases was  s tud-  
ied. I2°1 Three different t empera tures  were  u s e d  

including r o o m  tempera ture .  Levels  of e leven 
p roduc t s  were  measured .  Higher  background  

levels of 8-OH-Cyt ,  5 -OHMeUra ,  8 -OH-Ade  and  
8 -OH-Gua  were  observed  at h igher  t empera -  
tures, whereas  the levels of the remain ing  seven 
modi f ied  bases were  not  affected b y  an increase 
in tempera ture .  Formyluraci l  was  not  measured .  
Purg ing  with  ni t rogen prior  to der ivat izat ion 
decreased  the levels of the above  p roduc t s  at 
high tempera tures ,  a l though levels obta ined at 

r oom t empera tu r e  were  still lower. This s tudy  

conf i rmed that  the art ifactual  format ion  of m o d -  
ified bases  is restricted to only  four  modi f ied  

bases a m o n g  the 20 or so modi f ied  bases 
detectable  by  GC/MS,  in contrast  to the claims 
m a d e  b y  Cade t  e t  al. Dgl It was  also repor ted  that 

the addi t ion  of trifluoroacetic acid to derivat iza-  
tion mix tures  was  not suitable for analysis  of 

py r imid ine -de r ived  lesions. 
Table II shows  the levels of 8-OH-Cyt,  5-OH- 

MeUra,  8 -OH-Ade  and  8 -OH-Gua  in commercia l  
calf t h y m u s  D N A  measu red  at three different 
tempera tures ,  t2°l The levels of the latter two 

c o m p o u n d s  measu red  in h u m a n  lymphocy tes  
fol lowing room tempera tu re  der ivat izat ion are 
also shown.  ~sl For compar ison ,  the levels of 
the four  c o m p o u n d s  prev ious ly  publ i shed  in 

the l i terature are given. It should  be  pointed out  
that  the latter levels were  measu red  fol lowing 
der ivat izat ion at h igh t empera tu res  such as 120°C. 
An examina t ion  of Table II reveals that  the 

levels of 8-OH-Cyt,  5 -OHMeUra ,  8 -OH-Ade  and 
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556 M. DIZDAROGLU 

TABLE II Levels of four modified bases in DNA (lesions/10 6 DNA bases) as measured by 
GC/MS following various derivatizafion temperatures 

5-OH-Cyt 8-OH-Ade 8-OH-Gua 5-OHMeUra Reference 

157 159 272 34 140°C [20] 
64 62 82 13 90°C [2O] 
40 30 30 7 room temperature [20] 
- -  23 65 - -  room temperature [8] 
- -  6 3 2  - -  [ 2 2 ]  

- -  10 30 - -  [231  

10 27 35 3 [24] 
7,10 4, 7 9,13 4 [26] 
5, 5,12 10, 6, 20 25, 26, 29 4, 5, 6 [27] 
8 16 37 7 [ 2 8 ]  

- -  25 45 - -  [ 2 9 ]  

32 26 26 8 [30] 
2O 5 22 14 [31] 
32 38 32 22 [32] 
4 10 26 2 [ 3 3 ]  

15 15 70 - -  [34] 
14,16 17, 20 18, 22 6,12 [ 3 5 ]  

24 29 77 7 [43] 
19 15 47 3 [46] 
10 6 60 7 [47] 
9,10,22 11,16,19 22,31,37 1,1,5 [481 
19 38 96 - -  [49] 
22 22 90 10 [50] 
22 16 48 - -  [51] 

8 -OH-Gua  pub l i shed  in the l i terature are smaller  

than  or quite s imilar  to those obta ined at r oom 
tempera ture .  Some  levels of 8 -OH-Gua  and  5- 
O H M e U r a  were  higher. In this context, of course, 
one should  keep  in m i n d  that  different lots of calf 

t hymus  D N A  and  D N A  samples  f rom different 
sources  m a y  contain va ry ing  am oun t s  of  modi -  

fied bases.  The da ta  in Table II clearly indicate 
that  der ivat iza t ion at h igh  t empera tu re  does  not  
a lways  cause art ifactual  format ion  of those four  
p roduc t s  if oxygen  is successfully r e m o v e d  
f rom der ivat iza t ion  mixtures .  It is also clear f rom 

Table II as well  as f rom Table I that  artifacts of 
der ivat iza t ion m a y  va ry  be tween  laboratories  
and  d e p e n d  on the exper imenta l  conditions,  
especial ly on the exclusion of oxygen  dur ing  
derivat izat ion.  If one is not  certain that  oxygen  

can be exc luded  entirely, the der ivat izat ion at 
r oom t e m p e r a t u r e  pe rhaps  m a y  be m o r e  suitable. 
However ,  one  should  keep  in mind  that  not  all 
p roduc t s  m a y  be soluble a n d / o r  der ivat ized 

comple te ly  at r oom tempera ture ,  as was  e m p h a -  
s ized by  England  et al. ~2°1 The facts d iscussed  in 
this section contrast  the claims by  Cade t  eta/. [19] 

P R E P U R I F I C A T I O N  O R  N O T ?  

As d iscussed  above,  Tables I and  II p resen t  
compar i sons  of the levels of four  modi f i ed  
bases  in DNA,  which  were  obta ined  wi th  or  
wi thou t  prepurif icat ion,  Ilsl or der ivat iza t ion  at 
r o o m  tempera tu re ,  [s'2°l wi th  those p rev ious ly  

pub l i shed  levels measu red  us ing  h igh  t empe ra -  

ture derivat izat ion.  These compar i sons  clearly 
show that  there is no need for prepur i f icat ion of 
D N A  hydro lysa tes  pr ior  to der ivat iza t ion if 

oxygen  is exc luded f rom der ivat izaf ion mix tures  
or der ivat izaf ion is done  at  r oom tempera tu re .  

H igh  levels of the four  a forement ioned  p roduc t s  
m e a s u r e d  b y  Douki  et al. [18A91 wi thou t  p repur -  

ification m a y  have  been caused by  the presence  
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FACTS ABOUT ARTIFACTS IN THE STUDY OF OXIDATIVE DNA DAMAGE 557 

of oxygen in derivatization mixtures and/or  
experimental conditions, which were different 
from those previously published. Prepurification 
is a tedious procedure and requires the use of 
stable isotope-labeled analogues of modified 
bases. The work by England et al. [2°1 demon- 
strated that the use of non-labeled internal 
standards may provide similar values to those 
obtained using stable isotope-labeled analogues 
as internal standards. These standards are very 
expensive to obtain and may not be available in 
all laboratories. Even if they are available, the 
data in Tables I and II clearly demonstrate that 
there is no  need for a prepurification of DNA 
hydrolysates prior to derivatization if the deriva- 
tization is performed under proper experimental 
conditions. 

IS CALF THYMUS DNA CELLULAR DNA? 

During the Copenhagen meeting, an argument 
was put forward that calf thymus DNA was not 
cellular DNA and thus the results obtained with 
it could not be compared to those in the literature 
obtained with DNA from cultured cells and 
tissues. Firstly, calf thymus DNA is cellular 
DNA, as it was isolated from calf thymus, a tissue 
as any other tissue. Secondly, even if this argu- 
ment were true, then it would be illogical to 
dismiss all the literature values of the aforemen- 
tioned modified bases, which were measured by 
GC/MS in cellular DNA without so-called pre- 
purification. Unfortunately, that is exactly what 
has been done in the review article by Cadet 
et al. []91 Furthermore, the argument that calf 
thymus DNA may contain metal ions such as 
iron and copper ions, which may cause artifactual 
formation of modified bases, does not make any 
sense in this case. It is true that calf thymus DNA 
may contain metal ions and this has been clearly 
demonstrated previously. [39] However, Douki 
et al. did not attempt to remove metal ions from 
calf thymus DNA prior to hydrolysis and deri- 
vatization. [18] Therefore, the artifactual formation 

of modified bases during hydrolysis and/or  
derivatization may have been due to metal ions. 
For these reasons, the literature values cannot 
be dismissed on the basis of the results obtained 
with calf thymus DNA, as was done by Cadet 
et al. [19] 

FACTS ABOUT ANALYSIS OF 
FORMAMIDOPYRIMIDINES BY GC/MS 

A recent paper by Douki et al. I4°] reported the 
complete destruction of 2,6-diamino-4-hydroxy- 
5-formamidopyrimidine (FapyGua) and 4,6- 
diamino-5-formamidopyrimidine (FapyAde) by 
formic acid (88% or 60%) under the conditions of 
DNA hydrolysis. The results are in disagreement 
with previously published literature data regard- 
ing these compounds. FapyGua and FapyAde 
have been measured by GC/MS following formic 
acid hydrolysis for many years in our laboratory 
and by other researchers with no difficulties. 
Even the publication that reported first the 
application of GC/MS to the measurement of 
oxidative DNA base damage showed the separa- 
tion of these compounds by GC and reported the 
mass spectra of their trimethylsilyl (TMS) deriv- 
atives recorded during GC/MS analysis. I1°] 
Subsequently, the identification and quantifica- 
tion of these compounds by GC/MS have been 
reported for many types of DNA including iso- 
lated DNA, isolated chromatin, or DNA isolated 
from cultured cells or tissues. It is not the purpose 
of this article t0 review all the data in the lit- 
erature. However, a few examples will be pre- 
sented to clarify recent misleading claims about 
the analysis of FapyGua and FapyAde. [19'4°] 
Figure 2 illustrates the ion-current profiles of the 
TMS derivatives of FapyGua and its stable iso- 
tope-labeled analogue recorded during GC/MS 
analysis of a trimethylsilylated formic acid- 
hydrolysate of "r-irradiated chromatin. Ilsl The 
dose--yield plot for the formation of FapyGua 
formed in "r-irradiated chromatin is shown in 
Figure 3. These data contrast a recent claim by 
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FIGURE 2 Ion-current profiles of the trimethylsilyl deriva- 
fives of FapyGua (m/z 442) and its stable isotope-labeled 
analogue (m/z 446) recorded during GC/MS analysis of 
~'-irradiated chromatin. [lsl 
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FIGURE 3 Radiation dose--yield plot of FapyGua formed in 
7-irradiated chromatin. [lsI One nmol of a lesion/rag of 
DNA corresponds to ~32 lesions/105 DNA bases. 

Douki et al. [4°1 that the only information on the 
formation of FapyGua in ?-irradiated DNA had 
been done without the useof  the labeled internal 
standard by citing an earlier work from our 
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FIGURE 4 Formation and repair of FapyGua in mouse 
forebrain following ischemia-reperfusion. I341  

laboratory. [411 Moreover, we have also shown 
the formation of FapyGua and other purine and 
pyrimidine lesions in isolated chromatin by 
exposure to "r-irradiation under various gaseous 
conditions. I421 The formation of FapyGua and 
FapyAde in cultured human cells exposed to 
ionizing radiation has also been demonstrated. I431 
Malins and Gunselman I291 showed the formation 
of FapyGua and FapyAde in the DNA of wild fish 
exposed to toxic chemicals. We demonstrated the 
formation and cellular repair of FapyGua and 
FapyAde, and other lesions in H202-treated 
cultured human cells using GC/MS with formic 
acid hydrolysis of cellular DNA. I331 As Figure 4 
illustrates, the formation and repair of FapyGua 
has been shown in mouse forebrain following 
ischemia-reperfusion. [341 In similar studies, 
Spencer et al. and Abalea et al. demonstrated the 
formation and repair of these compounds among 
other lesions in human respiratory tract epithelial 
cells and in primary rat hepatocyte cultures, 
respectively. [44"45] There are many other examples 
of the application of GC/MS with formic acid 
hydrolysis to the measurement of these com- 
pounds in DNA. The procedures used by Douki 
et al. [4°1 included the hydrolysis of DNA with 
formic acid in sealed vials without the removal 
of oxygen and the removal of formic acid from 
DNA hydrolysates under vacuum at room 
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temperature. In contrast, other studies performed 
the formic acid hydrolysis in evacuated and 
sealed tubes and removed formic acid from 
DNA hydrolysates by lyophilization at low 
temperature. Unfortunately, these authors did 
not mention the significant differences between 
the procedures. Moreover, they did not cite the 
many studies in the literature that have success- 
fully measured FapyGua and FapyAde by 
GC/MS using formic acid hydrolysis. These 
facts question the validity of the recent claims 
about the previous measurements of these com- 
pounds. I19'4°1 At present, it is not clear as to why 
Douki et al. [40] were not able to prevent the de- 
struction of these compounds. Oxygen, which 
was not removed from hydrolysis vials may have 
played a role. Our experience with these com- 
pounds shows that hydrolysis of DNA with for- 
mic acid must be done in evacuated and sealed 
tubes, and DNA hydrolysates must be lyophi- 
lized in order to avoid any artifacts. 

FACTS ABOUT THE MEASUREMENT OF 
DNA REPAIR BY GC/MS 

More than a decade ago, we introduced the 
concept of measurement of DNA repair by 
GC/MS. I1°1 Since then, GC/MS has extensively 
been used for the study of the substrate specific- 
ities of DNA glycosylases. I52-6°1 These included 
E. coli Fpg and Nth proteins, T4 endonuclease V, 
E. coli and human uracil glycosylases, S. pombe 
and human Nth proteins, S. cerevisiae Oggl pro- 
tein and Drosophila ribosomal $3 protein. The 
great advantage of GC/MS is its capacity to si- 
multaneously identify and quantify a multitude 
of base lesions in the same DNA sample. For this 
reason, the technique readily determines which 
lesions are excised or not excised from DNA by a 
given DNA glycosylase under the same condi- 
tions. Simultaneous measurement of excision 
rates of lesions can also be achieved. [57-6°1 Repair 
experiments involving DNA with multiple 
lesions are more representative of the circum- 

stances in a cell than those with an oligonucleo- 
tide containing a single lesion. 

For the purpose of determining the substrate 
specificity of a DNA glycosylase, damaged DNA 
containing multiple lesions is incubated with the 
enzyme and then precipitated with ethanol. This 
is followed by separation of DNA pellets and 
supernatant fractions. Pellets are analyzed by 
GC/MS after hydrolysis and supernatant frac- 
tions without hydrolysis because DNA glycosy- 
lases release free modified basesJ 611 Removal of 
substrate lesions from pellets and appearance of 
lesions in supernatant fractions prove the activity 
of the enzyme on corresponding lesions. I52-6°1 
Typical Michaelis-Menten kinetics of excision are 
also determined. I57-6°1 As examples, Figure 5 
illustrates excision of 8-OH-Gua, FapyGua and 
FapyAde by E. coli Fpg protein from damaged 
DNA. Is71 The amounts removed from the pellet 
fractions by the enzyme were accounted for by 
the appearance of these compounds in the super- 
natant fractions of the same samples. This proved 
that 8-OH-Gua, FapyGua and FapyAde are sub- 
strates of this enzyme. Other base lesions were 
not significantly excised from damaged DNA 
samples by this enzyme. [571 Figure 6 illustrates 
Lineweaver-Burk plots for excision of 8-OH- 
Gua and FapyGua from "~-irradiated DNA b y  
S. cerevisiae Oggl protein. I6°1 The usefulness of 
GC/MS has been demonstrated for the determi- 
nation of DNA repair in cells. 133'34'44"45] AS 
examples, Figure 7 illustrates formation and 
repair of FapyGua and 8-OH-Gua in human 
ceils exposed to H 2 0  2. 

Recently, Cadet et al. questioned the validity 
of the determination of substrate specificities of 
DNA glycosylases by GC/MS. I191 However, no 
data were presented that would disagree with 
the application of GC/MS to the studies of DNA 
repair. As was explained above, the excision of a 
lesion by a given DNA glycosylase is determined 
by measurement of the amounts of the lesion in 
DNA pellets and in supernatant fractions follow- 
ing enzymatic treatment and precipitation with 
ethanol. As Figure 5 and the published data [s2-6°1 
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FIGURE 5 Excision of 8-OH-Gua, FapyGua and FapyAde by E. coli Fpg protein from DNA treated with H202/Fe(III)- 
EDTA. IsT] Dark columns, pellets; light columns, supematant fractions. 1, incubation without Fpg protein; 2, incubation with 
Fpg protein. Each column represents the mean (4-standard deviation) of the values obtained from the analysis of three 
independently prepared samples. One umol of a lesion/mg of DNA corresponds to ~ 32 lesions/105 DNA bases. 
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FIGURE 6 Lineweaver-Burk plots for excision of 8-OH- 
Gua and FapyGua by S. cerevisiae Oggl protein from 
v-irradiated DNA. [6°1 [S], concentration of 8-OH-Gua o r  
FapyGua; v, initial velocity. The amounts of products found 
in supernatant fractions were used for initial velocity. 
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FIGURE 7 Formation and repair of FapyGua and 8-OH- 
Gua in human cells exposed to H202 as determined by 
GC/MS2 ~] 

clearly show, the excision of a lesion is proved by 
the similarity of the amount of the lesion removed 
from the pellet fractions to the amount found in 
the supematant fractions of the same DNA 
sample. Subsequently, supernatant fractions are 
used for determination of excision kinetics. I57-6°1 
These fractions do not contain DNA, which is 
precipitated by ethanol. Furthermore, superna- 
rant fractions are not hydrolyzed. However, they 
are derivatized following lyophilization and 
then analyzed by GC/MS. Therefore, it is not 

possible to artifactually generate any of substrate 
lesions that are detected and quantified using 
supernatant fractions. Even if some lesions are 
artifactually generated in DNA pellets to some 
extent, it would make no difference, because the 
proof of the removal of a lesion is based on sig- 
nificant differences between control samples and 
those treated with the enzyme. All these facts 
have been explained in relevant published 
papers and clearly question the validity of the 
claims made by Cadet et al. [191 
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CONCLUSIONS 

The scientific facts presented 
indicate the following points: 

in this article 

differences between laboratories. In taking this 
approach, misleading claims can be eliminated. 

Acknowledgement 

1. A thorough review of the published data dearly 
shows that recent claims about the artifactual 
formation of modified bases were made with- 
out citing the vast majority of the data. 

2. In those claims, it has not been emphasized 
that artifactual formation during derivatiza- 
tion of DNA hydrolyzates is restricted to only 
four modified bases among the many pyrimi- 
dine- and purine-derived lesions. 

3. There has been no emphasis discussing the 
substantial differences between experimental 
procedures that could account for the artifac- 
tual formation. The previously reported levels 
of those four modified bases were smaller than, 
similar or close to those after prepurification 
of DNA hydrolyzates prior to derivatization. 

4. The facts presented in this article indicate that 
there is no need for prepurification of DNA 
hydrolyzates, if the derivatization is carried 
out under proper experimental conditions. 

5. The same is true for analysis of formamidopyr- 
imidines by GC/MS. In the past, these com- 
pounds have been successfully analyzed by 
GC/MS. This fact has been ignored in recent 
claims indicating that formamidopyrimidines 
were destroyed during formic acid hydrolysis. 
Moreover, the fact that there were substantial 
differences between hydrolysis conditions has 
not been mentioned. A thorough review of 
published data clearly show that these com- 
pounds are hydrolyzed by formic acid without 
destruction if the hydrolysis is performed under 
proper conditions. 

6. It is clear that different results may be obtained 
in different laboratories. Furthermore, different 
techniques may provide different results (other 
papers, this volume). Data obtained in various 
laboratories should be compared by discuss- 
ing all relevant data in the literature and 
all scientific facts including experimental 

Certain commercial equipment or materials are 
identified in this paper in order to specify 
adequately the experimental procedures. Such 
identification does not imply recommendation or 
endorsement by the National Institute of Stan- 
dards and Technology, nor does it imply that the 
materials or equipment identified are necessarily 
the best available for the purpose. 
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