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nipause neurons in the brainstem, which gate saccade initiation,cease discharging 8 to 10 ms before
saccade initiation[J. A. Buttner-Ennever, B. Cohen,
M. Pause, W. Fries, J. Comp. Neurol. 267, 307
(1988)], and the transduction time from FEF movement cells to the omnipause cells is around 4 ms [M.
A. Segraves, J. Neurophysiol. 68, 1967 (1992)]. According to these times, then, the FEF cannot influence saccade initiationlaterthan 12 to 14 ms before
the movement begins. Also, the modal time of burst
onset within FEF movement cells is 10 ms before
saccade initiation(7). Finally,the minimumlatency of
the saccades evoked by electrical stimulationof FEF
is around 20 ms [C. J. Bruce, M. E. Goldberg, C.
Bushnell, G. B. Stanton, J. Neurophysiol. 54, 714
(1985)]. The results of the analysis we report did not
change when the level of activation was measured
20 to 30 or 0 to 10 ms before saccade initiation.
Alltrials for a neuron were rank ordered by reaction
time and were split into equal groups containing at
least 10 trialson the basis of reaction time. Thus, the
firstgroup consisted of the trialswith the 10 shortest
reaction times, and so on. The number of reactiontime groups varied across cells because of different
trial numbers. If the total number of no-signal trials
was less than 50, the number of trials in each saccade latency group was set so that five saccade
latency groups were generated.
An algorithm was applied to each trial to identify
periods of activity in which more spikes occurred
than would be predicted from a random Poisson
process having the overallaverage rate of the trial[C.
R. Leg6ndy and M. Salcman, J. Neurophysiol. 53,
926 (1985); (7)]. For each group of reaction time
trials,the mode of the distributionof response beginning times was determined.
There were a total of 190 saccade latency groups
across all 25 cells. The average r2 of the linearregression on the activationfunctionwas 0.79 (minimum=
0.34, maximum= 0.99). A Durbin-Watsontest for autocorrelationof the residuals provided another test of
the goodness of fitof the neuralactivationfunctionwith
a line. For only 12 of the 190 saccade latency groups
was there a significantautocorrelationbetween the residuals. The fact that a linearfunctionprovidedsuch a
good fit to the activationfunction is furtherevidence
againstthe variablethresholdmodel that posits a deceleratingaccumulatorfunction.
The magnitude of the lateralized readiness potential
at movement initiationdoes not vary with reaction
time [G. Gratton, M. G. H. Coles, E. Sirevaag, C. W.
Eriksen, E. Donchin, J. Exp. Psychol. Human Percept. Perform. 14, 331 (1988)], and the lateralized
readiness potential does not reach a criticalthreshold level in signal-inhibittrials [R. DeJong, M. G. H.
Coles, G. D. Logan, G. Gratton,ibid. 16,164 (1990)].
The reactiontime on the ith simulationtrialwas RTf=
tON + (A'Ir;),where t ON is the onset latency of the
cell, A' is the threshold activation level, and r is the
rate of growth of the activation function. The onset
latency of the growth of the accumulator (tON), specified by the Poisson spike-train analysis, was held
constant across simulated trials. The trigger threshold (A') was held constant across simulated trials at
the average threshold activation measured across all
reaction time groups collected for that cell (forexample, Fig. 3D). The rate of growth of the simulated
accumulator function (r)was selected on each simulated trialfrom a Gaussian distribution. The mean
and SD of the sampled Gaussian distributionwere
derived from the rates of growth of the activation
functions across the reaction-time groups collected
for that cell (forexample, Fig. 3E).
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with data acquisition and analysis and N. Bichot, R.
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and K. Thompson for helpful discussion and comments on the manuscript. Supported by National
Institute of Mental Health grants F31 -MH11178 to
D.P.H. and R01-MH55806 to J.D.S. and National
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Preferential Formation of Benzo[a]pyrene
Adducts at Lung Cancer Mutational
Hotspots in P53
Mikhail F. Denissenko, Annie Pao, Moon-shong Tang,*
Gerd P. Pfeifer*
Cigarette smoke carcinogens such as benzo[a]pyrene are implicated in the development
of lung cancer. The distribution of benzo[a]pyrene diol epoxide (BPDE) adducts along
exons of the P53 gene in BPDE-treated HeLa cells and bronchial epithelial cells was
mapped at nucleotide resolution. Strong and selective adduct formation occurred at
guanine positions in codons 157, 248, and 273. These same positions are the major
mutational hotspots in human lung cancers. Thus, targeted adduct formation rather than
phenotypic selection appears to shape the P53 mutational spectrum in lung cancer.
These results provide a direct etiological linkbetween a defined chemical carcinogen and
human cancer.

Lung cancer is currentlythe leadingcause
of cancerdeath in the United States and is
also the most commontypeof tumorworldwide. Tobacco smokingis the single most
importantriskfactorforlungcancer.Among
the many componentsof cigarettesmoke,
polycyclicaromatichydrocarbons
arestrongly implicatedas causativeagentsin the development of these cancers (1). Benzo[a]pyrene,which occursin amountsof 20 to
40 ng per cigarette, is by far the best studied

of these compoundsand is one of the most
potent mutagensand carcinogensknown.
The compoundrequiresmetabolic activation to become the ultimate carcinogenic
metabolite, BPDE [(? )-anti-7,8ox-dihydroxy-9ox,
lOx-epoxy-7,8,9,10-tetrahydrowhich binds to DNA and
benzo[a]pyrene],
formspredominantly
covalent(+) transadductsat the N2 positionof guanine(2).
About 60%of humanlung cancerscontain mutationsin the P53 tumorsuppressor
gene (3). The P53 mutation database(4)
includes more than 500 entries of sequenced P53 mutations for lung cancer.
There is a largepercentageof G to T transversion mutations in these tumors. Such
mutationsare hallmarksof mutagenesisinvolving certaintypesof polycyclicaromatic
hydrocarbons,including BPDE (5), but
they can also be inducedby other agents,
includingoxidativeDNA damage(6). The
distributionof mutations along the P53
gene in lungcanceris nonrandombut rather is characterizedby several mutational
hotspots,in particular,at codons 157, 248,
and 273 (Fig. 1), which correspondto amiM. F. Denissenko and G. P. Pfeifer, Department of Biology, Beckman Research Institute of the City of Hope,
Duarte, CA 91 010, USA.
A. Pao and M.-s. Tang, M. D. Anderson Cancer Center,
Universityof Texas, Science Park, Smithville,TX 78957,
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no acids within the DNA bindingdomain
of p53. Codon 157 is a mutationalhotspot
specificfor lung cancerand does not occur
as a hotspot in any other cancer, but the
other two codons are affectedin manydifferent tumortypes (3, 7). The majorityof
lung cancermutationsat these threecodon
positionsare G to T transversions(4).
To investigate the relation between
BPDEadductformationand P53 mutations,
we mappedthe distributionof BPDE adducts along the P53 gene usinga modification of the ligation-mediatedpolymerase
chain reaction (LMPCR) (8). HeLa cells
were treatedwith variousconcentrationsof
BPDE (9), and DNA was isolated and
cleaved at the sites of modifiedbaseswith
the UvrABC nucleasecomplexfrom Escherichiacoli (10). UvrABC makesa dual incision 5' and 3' to the adductedbase, and
the 3' incision occurs specificallyat the
fourth nucleotide position 3' to a BPDE
adduct(I 1). These breakpositionscan then
be visualizedby LMPCR in which P53specific oligonucleotideprimerswere used
(12, 13). Figure2A showsan analysisof the
upper (nontranscribed)DNA strand of
exon 5. One of the strongestBPDE-derived
signalsalongthe exon is seen at codon 157,
which is one of the majormutationalhotspots in lung cancer. In exon 7, the two
guaninepositionswithin the frequentlymutatedcodon 248 arethe preferredtargetsfor
BPDE adduct formation (Fig. 2B). The
same is truefor exon 8, wherethe strongest
signalcorrespondsto a BPDEadductat the
guanine within the mutational hotspot
codon 273 (Fig. 2C).
To analyzea cell type that is more representative of the target cell population
duringlung tissue transformation,we performed similar experiments with normal
humanbronchialepithelialcells (14). The
BPDEadductpatternswere generallysimi-

REPORTS
lar between HeLa cells and normal bronchial cells. Most important,the adducthotspots were the same in the bronchialepithelial cells (Fig. 3).
To test whetherthe sequencespecificity
is relatedto chromatinstructure,we comparedthe adductpattern in BPDE-treated
HeLacells with the patternin BPDE-treated isolated genomic DNA. The two patternswerealmostidentical(15), which excludeschromatinstructureas a majormodulatingfactorfor the cell typesanalyzed.It
shouldbe noted that the histogenesisof the
differenttypesof lungcanceris incompletely understood.Therefore, it is important
that a similaradduct pattern was seen in
three differentcell types:HeLa cells (Fig.
2), bronchial cells (Fig. 3), and normal
human fibroblasts(15). This pattem does
not appearto be greatly modifiedby cell
type-specific chromatin structure,which
suggeststhat the same adduct pattern is
likely to be presentin the unidentifiedtarget cells for lung tissue transformation.
Strongselectivityof BPDEbindingat guanine positionsin codons 157, 248, and 273
was not observedin previousexperiments
in which a DNA polymerasefingerprint
assaywas used to detect adductsformedin
carcinogen-treated
plasmidDNA (16). The
apparentdiscrepanciesbetween our findings and those of this previousstudycould
be due to differentmethylationpatternsin
E. coli versushuman DNAs; however,the
discrepanciesmay also arisefromdifferences in specificityand sensitivityof the detection method.
The BPDE adducthotspots are on the
nontranscribedDNA strand,which is expected to be repairedrelativelyinefficiently, accordingto the concept of transcription-coupledrepair(17, 18). A strandbias
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Fig. 1. Frequency of P53
mutations in lung cancer
by codon position. Numbers were obtained from
the P53 database (4).
Radon-associated lung
cancers and cancers
from nonsmokers were
excluded. The sequences surrounding the mutational hotspot codons
157, 248, and 273 are
indicated. The asterisks
mark the mutated Gs
within these codons.
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in repair is consistent with the majority

(>90%) of G to T mutationsin lungcancer
attributableto guanines on the nontranscribedstrand(3, 4).
Codon 179, which is also frequently
mutated in lung tumors, is not a strong
target for BPDE adduct formation (Fig.
2A). However, this codon does not contain a guanine on the nontranscribed
strand,and the majorityof mutationsare
A to G transitions at the second codon
base (4). BPDEbinds to guanine 20 times
moreefficiently than to adenine;thus, it is
likely that these mutations are caused by
anothermutageniccomponentof cigarette
smoke. Pronouncedadduct formationwas
observedat codon267 (Figs.2C and3C), for
which there is only one mutationentry in
the P53 database.Here, the most strongly
adducted base correspondsto the third
codon position (CGG), and a mutation

1T 157

C

Intron
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_

]154

would not produce an amino acid change.
It has been generally assumed that P53

monly mutatedamino acids contributeto
stabilizationof the protein (19). In lung
cancers, mutations in the P53 gene are
found at more than 100 differentsequence
positions(Fig. 1), and it is likely that all of
these mutationscan providea growthadvantage. These results, together with our
currentfindingthat P53 mutationhotspots
157, 248, and 273 act as selective BPDE
binding sites, suggest that P53 mutation
hotspots are preferentialtargetsfor DNAdamagingagentsand that selectionmaynot
necessarilyplay a majorrole in the occur-

cancer mutations occur frequently at specific codons because they are selected for in
the cell transformation process. One possibility is that mutational hotspot codons are
sites of preferredgain of function mutations
or sites that are most important for tumor
suppressor function of the protein. The
presence of mutational hotspots has been
correlated with crystal structure data obtained from a p53 protein-DNA complex
(19). The most frequently mutated amino
acids (residues 248 and 273) contact DNA
directly, whereas some of the other com-

n

_

_

_

~~~~~~~~~~~~I

.

C

G_

273

T

]245

c

) 282
2
248*

249

J 175

1179

of BPDEadductsalongP53 exons in HeLacells. Cellswere treatedwithvarious
Fig. 2. Distribution
concentrations
of BPDE,andthe distribution
of adductsinP53 was determined
aftercleavagewithUvrABC
nucleaseand LMPCR(11, 12). Adduct-specific
bands migratefournucleotidepositionsfasterthanthe
bandsintheMaxam-Gilbert
corresponding
sequencingladders(leftthreelanes).Somebandsinthesequencarenotcleaved(13).(A)Exon5, nontranscribed
strand.(B)
inglanesareabsentbecause5-methylcytosines
Exon7, nontranscribed
strand.(C)Exon8, nontranscribed
strand.Bracketsindicatethepositionsof selected
P53 codons.Asterisksmarkthe stronglymodifiedG positionswithincodons 157, 248, and273.
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Fig.3. Distribution
epithelial
of BPDEfor30 min,and the distribution
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strand.(B)Exon7, nontranscribed
strand.(C)Exon8,
(A)Exon5, nontranscribed
nontranscribed
strand.Asterisksmarkthe stronglymodifiedG positionswithincodons 157, 248, and273.

rence of mutationsat these sites.
It is alsoof interestthattwo of the adduct
hotspots (at codons 248 and 273) are at
positionsthat are commonmutationalsites
not only in lung cancer but also in many
othercancers.Almost all of the adducthotspots were at CpG dinucleotides,although
not all CpG sites were strongbindingsites
for BPDE.Becausethe CpG sites in the P53
gene are methylatedin every humantissue
or cell type examined(13, 20), the preferentially adducted sequence in vivo is
5-methyl-CpG. Whether selective DNA
damage also plays a role in the frequent
occurrenceof transitionmutationsat specific CpG codons (codons 175, 245, 248, 273,
and 282) remainsto be determined.
The coincidenceof mutationalhotspots

and adduct hotspots suggeststhat benzo[alpyrenemetabolitesor structurallyrelated
compoundsare involved in transformation
of human lung tissue. Our study thus provides a direct link between a definedcigarette smoke carcinogenand humancancer
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