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A new modification of the 32P-postlabelling method was
described for the analysis of lipophilic DNA in human tissues.
To isolate these DNA adducts the method applied nuclease P1
enrichment before labelling and butanol extraction after
labelling, followed by high performance liquid
chromatography (HPLC) separation and flow-through
radioactivity detection. These enrichment methods are known
to work for many adducts of polycyclic aromatic
hydrocarbons (PAHs). In human peripheral lung tissue from
smokers the apparent level of the DNA adducts observed was
25± 244 adducts per 108 nucelotides; in two alleged non-
smokers the level of adducts was 17 and 109 adducts per 108

nucleotides. When the same samples were analysed by thin-
layer chromatography (TLC), as in the conventional
postlabelling assay, the recovery was 5% of that of the HPLC
method. Nevertheless, the results from the two methods
correlated. In TLC the adducts were lost because they did not
remain in the origin in D1 of the TLC development. There was
no large difference in recovery between the two techniques
for the PAH± DNA adduct standards used. The present results
are underestimates of the true adduct levels because there is
no way to correct for labelling efficiency and recovery of
unknown adducts. Yet they give a lower estimate of the level
of lipophilic DNA adducts in human lung tissue.

Keywords: 32P-postlabelling, DNA adducts, DNA damage, PAH,
smoking, lung cancer.

Abbreviations: BP, benzo(a)pyrene; FD, fluorescence detection;
HPLC, high performance liquid chromatography; PAH, polycyclic
aromatic hydrocarbon; PEI, polyethyleneimine; TLC, thin-layer
chromatography.

Introduction
T h e sp ectrum  o f D NA adducts  in  hu man DNA  cover s a  w ide

range of  chemical  c lasse s, form e d b y en do g en ou s a nd

exogenous DNA-binding  agents (IARC 1994, Hem minki et  al .

1995, Bartsch 1996). T he adduct -form ing  ch em ic als  inc lud e

sim ple alkylat ing agents , oxidizing interm ediates ,  di fu nctio nal

alde hy de s an d  l arge arom atic  carc inogen s (Alexand rov et al.

19 92, Ch audh ary  et al. 1994 , Kum ar and  Hem m in ki 199 6,

Ro thm a n  et al . 1996) . Som e individu al  species in  each class

have been q uantif ied in  hum an DN A but the m ult i tude o f  D NA

ad du cts  o bserv ed  b y, for  example, the  3 2P-postlabell ing

tec hn iq u e rem ain s un ide nti f ied .  A ltho ug h m any  ad du cts  h ave

been sh own  to be caused by en viro nm e nta l  che m ical s  p re se n t

in  tobacco sm oke or  in  pollu ted environ m ent (P hil l i ps  et al.

198 8, Hem m ink i et al . 1990 , Rojas et al . 1994 , 1995,  Mölle r e t

al . 199 6),  nu merous other  ad ducts app ear to  be or iginatin g

from  en d og eno u s sou rces (Bart sch 1996).  I t is a major

challenge to  identify  and qu antify  the m ain hum an DNA

addu cts.  T h is wo rk is necessary  for  the es tablishment of  the

pathological s ignif icance of  DN A adducts.

Due to  the chemical diversi ty  of  D NA adducts  they  

can not be analysed in  o ne step or  by a  sing le m ethod.  T he 
3 2P-post labelling  techniqu e is  a  versa t i le  method th at  detects

m any addu cts a t  the sam e t im e, bu t  dep endin g o n th e var iat ion

of the method i t is  se lec t ive toward s c ertain  classes of  adducts

(Rand er ath et al. 1981 , G upta 1985 , R edd y and Randerath

1986, Beach and G upta 1992, IARC 1993). The assa y usua lly

inclu des an enr ichm ent  s tep for  add ucts ,  b ecause no rm a l

nu cl eo tide s,  w h en  presen t  in  m olar  excess  over adducts ,

seve re ly su p p ress the labelling  of  adducts (H em m inki et al.

1993) . Selec tion of  a  cert a in  enr ic hm en t m etho d in vo lve s

assu m p t io n s regard ing the behaviour of  the adducts . F or

example,  applicat ion of  nuclease  P 1 or  b utano l ex tr act ion in

the en richm ent of  adducts ,  bo th co mm on ly u sed for  the

polycyclic  arom a tic  h yd rocarbon (PAH ) addu cts ,  assu mes t hat

th e add u cts  are  reco vered in  the trea tm ent.  T h is  has b een

shown to be the case  for  a num ber  of  spec if ic PAH  ad d u ct s

w h e reas mo st  other  ty pes  of  known  DNA  adducts are  lo st  in

ei th er  one of  these  enr ich ment m ethods (G upta and E arley

1988 , Beach and Gupta  1992, Segerbäck and Vodicka 1993).

In  order  to  emb ar k on the characterizat ion of  h uman D NA

addu cts  we wan ted t o  select  a  m ethod  th at  cou ld d etect  a

sp ec trum  of ad ducts  in  a  sin gle  analy sis  and  that  w ould  be

re p roducible  over t im e. A ccord in g to  prev ious exper ienc e the
3 2P-post labell ing techniqu e co upled to  h ig h-perform a n c e

liqu id  chrom atography (HPL C) separation and f low -thro u g h

detect ion fulf i lled the cri te r ia of  versat i l ity  and re p ro du cib il i ty

(Möller  and  Zeisig 1993, Möller  et al . 1993, 1996, Först i et  al .

1994,  Bykov et al . 1995 , Hem m inki et  al.  1996, 1997, K um ar

and Hem m inki 1996 ).  T h e sam ples  w ere  treate d w ith  n u clea se

P1 before  postlabell ing and with  butanol  af ter  post labell in g to

se lect  for  a  def ined  class  of  D NA adducts . Based  on prior

kn ow led ge m any  PAH ad ducts  wil l  be reco vered  i n  su c h

t reatm en t.  We w ere  h owev er surp rised to  f in d o ther  main

ad d u cts ,  pro bab ly  un re la ted to  PAH s,  in  al l  th e lung sam ples

analysed .  T he H PL C m ethod  was com pare d w i th  th e

conv en tional  thin- layer ch rom atography (TL C) method.

MATERIALS AND METHODS

Chemicals
RNase A, RNase T1, micrococcal nuclease, spleen phosphodiesterase, snake

venom phosphodiesterase and prostatic acid phosphatase were obtained from

Sigma (St Louis, MO, USA). Proteinase K and P1 nuclease were purchased from
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Boehringer Mannheim Biochemica (Mannheim, Germany). T4 polynucleotide

kinase was from United States Biochemicals (Cleveland, OH, USA) and [g -32 P]ATP

from Amersham International (Little Chalfont, UK). Methanol was HPLC grade 

(J. T. Baker B. V., Deventer, The Netherlands). All other chemicals were of

analytical grade and were either from Sigma or from E. Merck (Darmstadt,

Germany).

Sampling, DNA isolation and adduct standards
All the patients underwent lung surgery, seven because of lung cancer and the two

others for cyst and sclerosis. All the patients were male, with no prior chemo- or

radiotherapy nor occupational exposure. The mean age was 50 years (age not

recorded for one patient). All but two were recorded as smokers of 20± 25

cigarettes per day. Peripheral lung tissue, distant from the tumour, was removed

in the operation and frozen for DNA isolation.

Tissue was first homogenized in ca 10 volumes of saline and the mixture was

extracted with 0.5 volumes of phenol. The aqueous phase was mixed with two

volumes of ethanol : cresol (9 : 1) and nucleic acids were spooled on a glass rod

after 30 min. The rod was washed with 70% ethanol, nucleic acids were dissolved

and reprecipitated with ethanol. Nucleic acids were dissolved again, treated with

RNase A and DNA was precipitated with ethanol. The DNA preparation contained

varying amounts of RNA at this stage, as was evident in HPLC analysis of an

aliquot treated with nuclease P1 and alkaline phosphatase. To degrade the

remaining RNA, 5 m l RNase A (10 m g m l ± 1) and 2 m l RNase T1 (20 U m l± 1) were

added in 0.5 ml 50 mM Tris (pH 8.0), followed by incubation at 37 °C for 1 h. The

solution was extracted sequentially with an equal volume of phenol (pre-

equilibrated with 0.1 M Tris, pH 8.0), phenol : sevag (chloroform/isoamyl alcohol,

24 : 1), 1 : 1, and sevag. DNA was precipitated from the aqueous phase by

adding 0.1 volume of 5 M NACl and one volume of chilled ethanol, followed by

centrifuging at 13000 rpm for 5 min. The DNA pellet was then washed once with

70% ethanol and dissolved in Millipore water. DNA concentration was determined

by absorbance at l  260 nm and DNA purity by the A260 nm/A280 nm ratio, which

ranged between 1.6 and 1.8 in water (corresponding to 1.8± 2.0 in buffer).

PAH± DNA adduct standards were prepared by incubating parent hydrocarbons

in the presence of an Arochlor 1254-induced rat liver S9 fraction, and were

provided by Dr D. Segerbäck (Segerbäck and Vodicka 1993). The b̀enzo(a)pyrene

(BP)± DNA’ was obtained by including BP in the incubation mixture, ̀ PAH± DNA’ was

obtained by including 12 different PAHs: pyrene, 2-methyanthracene,

benzo(g,h,i)perylene, fluoranthene, benzo(e)pyrene, BP, dibenz(a,h)anthracene,

benzo(b)fluorathene, chrysene, benz(a)anthracene, cyclopenta(c,d)pyrene and

indeno(c,d)pyrene. A commercial BP diol epoxide-derived adduct at the N2

position of 2Â -deoxyguanosine-3Â -monophosphate (BPDE± dGMP) was also used

(Midwest Research, Kansas City).

DNA digestion and postlabelling using the

`monophosphate method’
The monophosphate modification of the postlabelling procedure was described by

Randerath et al. (1989). A scheme of the monophosphate method, as compared

with the conventional bisphosphate method, is shown in Figure 1. DNA (10 m g)

was hydrolysed with a mixture of nuclease P1 (20 mU per m g DNA) and prostatic

acid phosphatase (0.2 m g per m g DNA) at pH 5. After incubation at 37 °C for 45

min, the reaction was terminated by adding 100 m l chilled ethanol. Proteins were

allowed to precipitate for 20 min at ±  20 °C and after centrifugation water± ethanol

solution was transferred to the fresh tube and evaporated to dryness. The

modified nucleotides were converted to 32P-postlabelled diphosphates in the

labelling mixture (2 m l) containing 2.4 U T4 polynucleotide kinase and 2.3 pmol

ATP (7 m Ci [g 32P]ATP, 3000 Ci mmol± 1). The reaction was carried out at pH 9.6. 

After labelling, the mixture was treated with snake venom phosphodiesterase 

(0.5 mU per m g DNA) for 30 min at 37 °C to yield 32P-labelled monophosphate

adducts.

In order to decrease the background radioactivity and thus increase the

sensitivity, the adducted nucleotides were extracted with butanol after labelling. To

the labelling mixture (volume 3 m l) 2 m l of 6 mM tetrabutylammonium chloride in

0.2 M formate buffer pH 3.5, mixed with blue dextran colour, and 50 m l of 

1-butanol were added. After vortexing the two phases were separated by

centrifugation. The coloured water phase facilitated a complete collection of the

butanol phase. The collected butanol phase was evaporated to dryness.

HPLC and TLC analysis of adducts
For HPLC analysis the mixtures were diluted to 15 m l with water or the dried

sample was dissolved in 15 m l water. The whole sample was injected into the

Beckman HPLC system Gold, used with a Phenomenex Kromasil C18 (2 ́  250 mm,

particle size 5 m m) column. A precolumn filter was installed in front of the

analytical column. The volume of the sample loop was 20 m l.

Radioactivity was measured on-line with a Beckman 171 Radioisotope

detector. The size of the Teflon sample loop in the flow cell was 75 m l, which was

then folded into a scintillation tube containing scintillation liquid (Ready Safe,

Beckman). The adducts were quantified by integration of the peak area after

subtraction of background radioactivity.

Separations were carried out at ambient temperature using a binary gradient

with 0.5 M ammonium formate, 20 mM phosphoric acid (pH 4.6) and methanol.

Labelled adducted nucleoside bisphosphates were analysed using gradients A,

which had initial conditions of 2% methanol for 5 min, after which the proportion of

methanol increased linearly to 70% in 65 min and then further to 100% in 5 min. The

100% methanol was maintained for 10 min before linear decrease to 2% in 10 min.

K. Hemminki et al.342

Figure 1. A scheme of the monophosphate method used in the present study as

compared with the bisphosphate methods. The salient feature of the

monophosphate method is digestion of DNA with nuclease P1 and prostatic acid

phosphatase, leaving adducted dinucleotides for labelling and subsequent

cleavage to 5Â -labelled monophosphates. X = adducted nucleoside, 

N = unmodified nucleoside, *p = 5Â -labelled phosphate group.
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For TLC the solution (3.0 m l) was transferred to a PEI± cellulose TLC plate

(Macherey-Nagel). The DNA adducts were then resolved as follows: 1.0 M sodium

phosphate (pH 6.0) in D1, 3.6 M lithium formate, 8.5 M urea (pH 3.5) in D3, and

0.8 M lithium chloride, 0.5 M Tris, 8.5 M urea (pH 8.0) in D4. A 2.7 cm Whatman 17

paper wick was stapled on the TLC plate in D4 development to remove the frontier

background. Screen-intensified autoradiography was carried out at ± 86 °C for 3

days. All the adduct spots were excised together for Cerenkov counting while

keeping the excised areas in different plates consistent. The radioactivity of the

same area in the negative control plate was used as background value in

calculating adduct levels.

The DNA adducts level was determined at least twice for each sample.

Results
T he postlabel l ing-HPL C assay  using radioac tiv i ty  detect ion

w as de velo ped based on  the  `m o no pho sp hate  m etho d ’  w here

n uclease  P1  was ap plied (Rand erath et al . 1989).  However,  i n

o rder to  reduce r adioactivi ty  introdu ced  to  the H PL C colu mn ,

butano l  extract ion was carr ied out  af te r  postlabel l ing. T his was

v ery  eff ect ive and reduced over  99%  of the radioac tivity  of  th e

postlabell ing  m ixture . Figure 2(A) shows an  HPLC-

radioact ivity  detector  analysis of  a reagent  b lank con ta in ing no

DNA. Some 9  ́  1 06 c o u n t s  m in±1 w e re  used in  the p ost lab ell ing

assay but  af ter  butanol  extract ion 20  000 counts m in±1 (0 .2  %)

w e re  in trod uc ed in  t he co lum n  a s p yro p ho sp h at e  a n d ATP 

(3 min an d 13 min peaks,  respect ively) .  We also check ed that

th e recov ery  of  the BP ±DNA and PAH ±D NA  ad duct  s tand ard s

was good af ter  the butanol  ex tract ion step  (F igure 2(B,C)). This

was done by collect ing HPL C fract ions between 26 and 70 min

for rad ioact ive  counting.  E ssent ial ly  similar  recover ies of

radioactive add uct  peaks fro m  th ese s tan dard s  w e re  n ot e d

wh eth er  or  not  b utanol  extr act ion w as carr ied ou t  before  t he

HPLC ana lysis.  In  Figure  2(B),  the lat te r  peak,  e lu ting at  60

m in,  correspo nded to  the BP DE ±dGM P stand ard ,  a nd  w as t hu s

the diol  epox ide-derived add uct.  I t  may be surpris ing that  the

c h rom atogram  of DNA  adducts form ed  by 12 differe nt  PAH s

(Figure 2(C))  displa ys a rel at ively sim ple pattern of  four  la rge

peaks.  H ow ever, the T LC pat te rn  of  the m ixture  w as also

com posed of  four spots  (S egerbäck and Vodicka 1993).

T he  lu ng sam ples were  analysed  by the post labell ing-HPL C

m ethod  using r ad io ac tivi ty  detect ion.  L arge r adioactive add uct

p eak s we re  observed in  many  but  not  a l l  sam ples (Figu re 3) .

Sam p les in  F igure 3(A±C) were fro m  sm oker s and in  p anel  D

from  a no n-sm ok er. T he fract io ns eluting between 26 and 

70  m in  w ere  co nsid ered to  re p resent  l ipo ph il ic  ma terial  and

th ese w ere  collected for  the determ inatio n of  radioactivi ty. T he

add uct  levels  are  sh ow n  in  Table 1 . T he m ean for  sm okers is

10 6 ad duc ts per  108 nucleotides and for  non- sm oker s 6 3

ad du cts  p er  1 08 nu cleotides.  T h ese  are  v ery  hig h ad duct  levels

as  far  as any prev iou s post labell ing result s are  co ncern e d .

W hen  the lu ng sam ples w ere analysed  by T LC (Figure 4(a))

typica l  diagonal  radio ac tive zon es  (Phil l ips et al. 1988) were

detected together  with som e prom in ent  spots .  T he to tal

radioactive area was  taken for  the counting of  radioactivi ty.

T he ad duct  levels  are  sho w n in  Table 1 , the mean for  sm okers

and n on-smo kers being 4 .5  and 3.5 ad ducts per  108

nu cleot ides,  respe ctively. T hese levels are  qu ite  com patib le

w ith  add u ct  da ta  in  p revio us studies usin g TL C, but  only about

5%  o f the add uct  levels re co rd ed  with HP L C.

T he BP±DN A and PAH±D NA  stand ard s w e re  also analysed

by TLC (Figure  4( c,  e) ) .  T he combined  adduct  areas we re

counted  for  rad ioactivi ty  and  com pared  w ith  th e reco veries

from  HPL C (Figu re 2(b, c) ). The recoveries in T LC were

som ew hat  lower  than those  in  H PLC, 80%  for the BP±D NA

sta n d ard  and 6 0%  for th e PAH ±DN A standard .

T he correlat ion between addu ct  levels in  H PL C and T L C

was ex amined in  th e ind ividu al  lun g sam ples (Fig ure 5) . The

co rrela t ion coeff icient w as  surprisingly high, 0 .94. T he

re lat ion sh ip  between th e adduct  levels  fo l lows the equ atio n:  

Y (HPLC) = ± 22 + 34X  (TLC).

T h e reason for  the differen ce b etw een add uct  lev els  in

HPL C and T LC was invest iga ted  by col lec t ing l ipophil ic

add uc ts  f rom  lung ti ssue in  HPLC (frac tions eluting at 

26±70 m in , F igure  3)  and considering  the losses  in  various

stages of  the T L C analysis. A sm al l  contr ibution to  the

d ifferen ce was a loss of  rad ioactivity  from  T L C plates u pon th e

Analysis of lipophilic DNA adducts in human lung 343

Figure 2. HPLC analysis of postlabelled samples of reagent blank containing no

DNA (A), of BP± DNA standard (B) and of PAH± DNA standard (C). The peaks before

20 min include radioactive phosphate, ATP and normal nucleotides. The peak at

60 min, panel (B), is BPDE± dGMP.
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w ashe s be tw een  th e di rec t io ns. T he p rim ary  re aso n  w a s

m igrat ion of  addu cts  in  direction 1 of  T LC development

(Figure  6) .  As only the  origin is  saved for  developm ent in  other

d i rect ions,  most  of  the rad ioact ive m aterial  reco vered for

HPL C analysis is lost  in  T LC analys is . T his loss was however

quite  select ive:  no BP ±DN A adducts  and only a  sm al l  am ount

of  PAH ±D N A ad du cts were lost  (Figure 6) .

W hen  the HPL C-pur if ied  ad duct  f ract ion o f  hum an lung is

analysed in  TL C, om itt ing direction 1 and use of  a  wick  in  D4,

m ost of  the radioac tivi ty  m igrated  to  the edge of  the pla te

(Figure  4(b)) . T his  could be expected  because  f ast  moving

a d du c t s  w ere  eliminated in  D1 of T LC. By contrast , no

select ive losses were  noted for  PAH  an d B P add uct  st and ard s

(Figure 4(d, f)).

K. Hemminki et al.344

Figure 3. HPLC analysis of postlabelled human lung samples from three workers

(A± C) and from a non-smoker (D). Peaks eluting between 26 and 70 min were

collected for adduct determination.

Adduct level by 32P- Adduct level by 32P-

TLC (adducts per 108 HPLC (adducts per 108 

Sample nucleotides) nucleotides)

Smokers

1 1.2 28

2 7.8 244

3 3.1 44

4 5.4 159

5 3.5 67

6 4.2 177

7 1.0 25

Mean ± SD 3.3 ± 2.4 106 ± 87

Non-smokers

8 3.8 109

9 1.0 17

Mean 2.4 63

Table 1. Lipophilic DNA adducts in nine human lung samples detected by 32P-

TLC and 32P-HPLC.

Each sample was analysed up to four times and means are presented.

Figure 4. TLC analysis of human lung sample from a smoker (a and b), of

PAH± DNA standard (c and d), and of BP± DNA standard (e and f). Samples a, c and

e are analysed after postlabelling; samples b, d and f are postlabelled and purified

by HPLC (fractions 26± 70 min) and then analysed by TLC, omitting D1 and the

wick in D4.
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Discussion
We started  th e s tudy  in  ord er  to  im pro ve the post labell ing

analysis  of  DN A adducts caused  by PAH s, ub iqu ito us

e n v iro nm e ntal  carcinogen s (IARC 1984 , Bostr öm et al. 1994) .

PAH s are  also  a  m ain carc ino gen class presen t  in  to bacco

smok e and for  this  rea son lung t issue w as taken fo r  analysis

(IARC 1986, Phi llips et  al.  1988) .  DNA adducts of  PAHs ap pe ar

to be presen t  in  m ost  hu m an t issues, as sh own  by  four

in depen dent techniq ues availabl e  fo r  PAH±DN A  ad duc t

analysis :  3 2P-post lab el l in g,  im m unoassay,  high-perfo rm a n c e

l iq uid ch rom atograp hy±f luoresc ence detect ion (HPLC±F D)

a n d  sy n c h ron ous f luo rescence  spec trosco py (Alex andro v et  al .

1992, Rojas et  al. 1994, 1995).  The techniques  have diffe re n t

spec if ic i ties to  detect individual  species  of  PAHs, such as BP,

usually  co nst i tut ing  1±2 0%  of  part iculate  PAH . T he appare n t

levels of  PAH±DN A add ucts  in  hu m an t issues d iffer

ex tensively depen ding  on  the m ethod  used,  f or  exam ple in

w hi te  blood cells the post labelling assay apply ing T L C of ten

yields total PAH add uct  levels  low er  than the observ e d

BP ±DN A adduct  levels a lone by  the other  techniques

(He m minki  et al . 1990, 1995, van Schooten et  al. 1992, Rojas e t

al.  1994).  We assu m ed that  the reason wo uld  be a  loss of

addu cts  in  the T L C analy sis (Hem mink i et al . 1996 , 1997),

w hile  in  th e HP L C m eth od such losses could  not  take p lace

b ecause t he w ho le l abelled  ad duct  m ixture  is injec ted in  the

m a ch in e .

I t w as  surprising that  the recove ry  of  the to tal  D NA adducts

fro m the lung sam ples w as on ly 5%  in  T L C as com pare d  w i th

HP LC. T he  main  reason  was show n to be the loss  of  add ucts in

D1 of  TL C: only  the small  frac tion  of adducts re t ain ed  i n  th e

origin is reco vered in  the T L C analysis while  a ll  add ucts  are

recov ered  in  HPLC. This loss aff ec ted  differen t  ad d u c t s

selec t ively:  the BP±DNA  standard  w as alm ost  com pletely

recov ered  in  TL C as were  the adducts of  12 PAH s con taining

3±6 benzene r ings,  form ed in  a  m icro so mal  syst em in  v i tro .  It

t h u s ap p e ared tha t TL C re tain ed an d lo st  two  ent irely  differe n t

se ts of  DNA adducts.  In the study  of  Segerbäck and Vodick a

(1993) on  the recover ies of  12  differen t  PAH s th ere w as  in  fact

a  tend en cy tow ard  po or  recoveries  among sm al l  PAH s, w hich

could  be  expected  to  migrate in D1 of  TL C. In tere st ingly,  th is

st udy also  fo und  the recovery  after  nuclease  P 1 and b utanol

ex tract ion to  be identical  for  al l  but  one PAH .

T he hig h correlation (r = 0.94)  of  adduct  leve ls  in  TL C and

HP LC w as unexpected .  W hether to bacco sm oke m ight  be a

s o u rce of  these  chemicals cannot be reso lved  in  thi s pat ien t

series  because only tw o al leged n on-smok er s w ere  p resen t .

T h ere  was no object ive data  on thei r  t rue non -smo king  st atus.

In  al l  the sam ples stud ied the H PL C chrom ato gram s sh o we d

sim ilar  m ain  groups of  addu cts ,  a l thoug h their  re lat ive

abund ance varied . T his is f urt he r  su pp o rt of  the sam e or igin of

the addu ct  f orm ing  chem ical s but  does n ot  exclud e

en do g en ou s sou rces.

A few fea tures of  the presen t  m eth od should  be com m ented

on.  In  th is method the  tota l post labe ll ing m ixture is subjec ted  to

the HPL C analysis,  a  method  used  in  few human stud ies so  far

(Hemm inki et al. 1996, 1997 , Möller  et al. 1996). A key

modif icat ion in  the m ethod was to  use  bu tanol ex tract ion of  the

adducts af ter  labell ing in  orde r  to decrease  the backg ro u n d

rad ioac tivi ty  in  the HPL C system  and thus enhance the  effecti ve

sensi tivi ty. T his method also enabled the use of  higher  am ounts
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Figure 5. Correlation of the HPLC (Y-axis) and TLC (X-axis) analysis of the nine

lung samples. Observe the different scales of the axes.

Figure 6. D1 TLC analysis of a lung sample (a), PAH± DNA (b) and BP± DNA (c). D1

was developed in 1.0 M sodium phosphate buffer, pH 6.0, as routinely used. The

plates were dried and used for autoradiography.
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of the or igina l sam ple in  analysi s without overload ing the

c h romatographic  system. However, in  order  to  guarantee a good

recovery of PAH adduc ts in  butanol  extrac t ion ,  the adducts had

to be m onophosphates rather  than  bisphosphates , as in  the

conventional  post labe ll ing method. The analys is of  PAH±DNA

adducts  as  mo nophosphates  has  been  described by Rander ath

and  co-workers (1989)  and  this method was applied here . T he

p resen t  proc ed u re  thus consist ed of P1 digest ion before  an d

butanol  ex trac tion  after  postla bel ling . Both  of  these enr ichm ent

m etho ds are  spec if ic  towards certain  adduct c lasse s, PAH±DNA

adducts being those equally  enriched  by  both  methods (Beach

and Gupta 1992) . Yet  w e do not know at  this t ime how nuclease

P1 sensi tivity  compares in  th e m onop hosphate  an d

bisphosphate  methods. A disadvantage of  the monophosphate

m ethod is  that  com mercial  adduct  standard s are  not avai lable in

the form  d irectl y suit abl e for  ana lysis.

T h us acco rd ing to  the availab le  l iterature  bu lky  l ip oph il ic

l ig ands bo und  to  the N2 posit ion  of  gu an ine w ould  be th e

add ucts  to  be enr iched by the com bin ed P 1 and buta nol

techniq ue.  In  addit ion to  PAHs, saf ro l e  and  m ino r addu cts of

l arge arom atic  am ines w ould belong to  this gro up  o f

com pounds (Gu pta and  E ar ley  1988).  T his indirect  evidence,

based on th e available  know ledge on enviro nm e ntal  ch em ica ls

and D NA addu cts , suggests  that  the add ucts  analysed by H PL C

inc lu d e  PAHs. H owever i t  appears l ikely that  other  types of

a dd u ct s  are  also present . Many of  the m ajor adduct  f rac t ions

elute  ear l ier  in  H PL C than the adducts of  typical  ca rc in og enic

PAHs.  Moreo ver,  co-elut ing adduct  fract ions w ere  p rese nt  in

smo kers and  non -sm okers and  w e have also observed  sim ilar

fract ions in  leucocytes of  non- smokers, m aking i t  unlikely that

the early  elu t ing m ain adduct  f ract ions wou ld be re lated  to

PAHs. In  fact  such a  comm on  adduct  could  be of  endogenou s

origin.  Inciden tal ly, 1 ,N 2 cyclic  e theno-  and  pro pa no -g u an ine

derivatives form ed by 4-hyd rox yno nen al  der ivat ives and

c ro to n ald eh yd e are  know n to be resis tant  to  nuclease  P 1

(Hem m in ki et al . 1991a, b) .

We describe here a new modif ica tion of  the post label ling

m ethod suitable  for  analysis and charac ter iza t ion of  the

abu ndant l ipop hil ic  ad ducts  f ro m hu man t issues.  T he two D NA

addu ct enrichm ent m ethod s an d the H PL C separat ion  m ethod

used have a  reasonable specif ic ity, re p roducibil i ty  and a  high

separat ion po wer, w hich should  enable characteriza t ion of

in div idua l  ad duct s once  stand ard  co m p ou n d s a re  ava ilab le.  We

bel ieve that  these modificat ions will  great ly help  effort s to

quanti ta t ively com pare  D N A ad ducts  in  hum an t issues and

assess their  ro le  in  carc inogenesis.
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