on the basis of both data sets, C. tigris
(but clearly not C. inornatus or C. sep-
temvittatus) is identified as the most
likely maternal parent species for both
C. neomexicanus and C. tesselatus.
Moreover, the Hind III data indicate
that C. t. marmoratus was the particular
geographic race that was involved in the
hybridizations. This implies that the for-
mation of both parthenogenetic species
has occurred more recently than the di-
vergence of some races of C. tigris (16).
This restriction endonuclease analysis
of mtDNA of bisexual and parthenoge-
netic species of Cnemidophorus in-
dicates a great utility for the approach.
In addition to yielding data for estimating
maternal parentage of parthenogenetic
organisms, the focus of this study, the
results underscore its potential useful-
ness in assessing evolutionary relation-
ships of bisexual organisms.
WESLEY M. BROWN*
JOHN W. WRIGHT
Section of Herpetology,
Natural History Museum,
Los Angeles, California 90007
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Modified Bases Characterized in Intact DNA by
Mass-Analyzed Ion Kinetic Energy Spectrometry

Abstract. Pyrolysis of DNA into a chemical ionization source yields protonated
bases and other base-containing ions. Kinetic energy spectra allow the character-
ization of the bases S5-methylcytosine and [-methyladenine from underivatized
salmon sperm DNA. Isomeric bases are distinguishable with this technique.

A mass spectrometric method has
been developed for the determination of
the four common bases, as well as modi-
fied bases, in intact DNA. It is used to
show the presence of I-methyladenine
(I-MeAde) in salmon sperm DNA. The
procedure depends on kinetic energy
analysis (/) to identify the products of
collision-induced dissociation of charac-
teristic ions in a reversed-geometry mass

126
(-3.3x103) 199

‘] 108

spectrometer (2) fitted with a chemical
ionization (CI) ion source. This method
(3) retains the high sensitivity of tech-
niques (¢) in which elemental composi-
tions from high-resolution mass spec-
trometry are used to characterize the
base. Our technique allows the detection
of components in a mixture by providing
structural information on ions which are
directly formed from given molecules.

5-Methyldeoxycytidine 5'-monophosphoric acid
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Fig. 1. A MIKE spectrum of mass 126* salmon sperm DNA is compared to mass 126* from 5-
methyldeoxycytidine phosphate. The abscissa is calibrated in terms of both the mass and the

kinetic energy of the fragment ions.
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The mass-analyzed ion kinetic energy
(MIKE) spectrum (Fig. 1) of the ion m/z
126" from intact, underivatized salmon
sperm DN A exemplifies the power of the
technique by establishing the presence of
5-methylcytosine (5-MeCyt), which is
present as less than 2 percent of the total
base content (5).

The procedure involves three levels of
simultaneous separation and analysis.
The first is slow pyrolysis of the intact
lyophilized submilligram DNA sample
on a standard heated direct insertion

probe in the ionization chamber of a
chemical ionization source (6). The tem-
perature (175° to 250°C) of the pyrolysis
determines the composition of the ion
beam and can be optimized to enhance a
specific component relative to its abun-
dance in the mixture. The second step is
mass analysis by a magnetic sector,
which selects the ions characteristic of
the component being studied and directs
them into a collision region where they
undergo induced fragmentations. The ki-
netic energies of the fragment ions are
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Fig. 2. Isomeric structufes are easily distinguished by MIKE spectra. A comparison of the m/z
150 from salmon sperm DNA with three isomeric methyladenines identifies the modified residue
in the native DNA as 1-methyladenine. Fragments from interfering ions identified in lower tem-

perature scans are indicated by triangles.
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then- analyzed by an electric sector to
give the resulting MIKE spectrum,
which is characteristic of the structure of
the mass-analyzed ion. The MIKE spec-
trum is solely dependent on the composi-
tion of the mass-analyzed ion beam. A
beam free from interfering ions gives a
reproducible energy spectrum that is in-
dependent of ion source conditions. This
procedure can be thought of as insertion
of a structurally diagnostic probe be-
tween ion mass analysis and detection.

When ions corresponding in mass to
protonated bases are subjected to analy-
sis by the MIKE spectrum technique,
comparison of the resulting spectrum
with that of the authentic compound can
be used to characterize the ion. The
MIKE spectrum structural assignment
goes much further than simply identi-
fying the mass of the ion, as is shown by
the detection of the rare deoxynucleo-
side 5-methyldeoxycytidine (5-MedCyd)
in salmon sperm DNA (Calbiochem)
(Fig. 1). The most abundant ion in the
mass spectrum of the authentic modified
nucleoside monophosphate (Sigma) is
126*. In DNA, however, 126" cannot be
assumed to originate from 5-MedCyd be-
cause of the complexity of the sample.
Conclusive proof of the ion’s origin is
seen by comparison of the energy spec-
trum from the authentic nucleotide’s
126* peak with that from the unde-
rivatized salmon sperm DNA. In con-
trast, a determination by high-resolution
mass spectrometry of the elemental com-
position of 126" as C;HN,O would pro-
vide a less secure assignment.

Isomeric bases can be distinguished by
MIKE spectra even in experiments
where complex samples are studied (7).
Figure 2 compares the MIKE spectra of
the protonated forms N®methyladenine
(N-MeAde), 1-MeAde (P-L Biochemi-
cals), and 2-methyladenine (2-MeAde)
(Cyclochemical Corp.). The isomers are
readily distinguishable in these pyrol-
ysis-independent spectra. When com-
plex mixtures, rather than pure com-
pounds, are sampled, the mass-analyzed
primary beam, here /m/z 150, may con-
tain extraneous ions. This does not pre-
clude the analysis as illustrated by exper-
iments in which lyophilized salmon
sperm DNA is slowly heated and energy
spectra are taken as a function of time
and temperature. The relative abun-
dance of interfering ions is dependent on
the composition of the mass-analyzed
beam, which varies with time and tem-
perature. Initial spectra are assigned to
the complex between protonated cyto-
sine plus a 38-amu fragment (8). At high-
er temperatures a spectrum due chiefly
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to methyladenine is observed (Fig. 2) (9).
Our major finding is that the methyl-
adenine sampled in the pyrolyzate is
clearly 1-MeAde (/0). Crude attempts at
quantification by comparing MIKE peak
heights indicated that 1-MeAde was less
than 1 percent adenine. Treatment of
both native and denatured salmon sperm
DNA with ribonuclease A does not elim-
inate or noticeably attenutate the signal
from 1-MeAde. This lessens the possi-
bility that an RNA impurity is serving as
the source of this modified base. Also,
RNA should give N®-MeAde as well (/1).
This is not observed.

In conclusion, a powerful new method
is presented for the identification of mod-
ified nucleosides in intact DNA. Used in
conjunction, CI and MIKE spectra pro-
vide the maximum advantages for pyrol-
ysis studies on intact DNA. The MIKE
spectrum of a single characteristic ion
(for example, base +H") is used to sup-
ply structural information on ions
formed from the pyrolyzate and to in-
dicate the presence of particular nucle-
osides in the native DNA. Isomeric
bases can be distinguished, and other
ions having the same mass does not in-
validate the procedure. The character-
ization is more secure than earlier proce-
dures based on recognition of sets of
characteristic ions or gas chromatogra-
phy retention times (/2). The detection
of I-methyldeoxyadenosine is notewor-
thy since it has not been detected in
DNA previously (/3).

A. E. SCHOEN

R. G. Cooks

Department of Chemistry,
Purdue University,
West Lafayette, Indiana 47907
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Premature Senescence in Cultured Skin Fibroblasts

from Subjects with Cystic Fibrosis

Abstract. Cultured skin fibroblasts from subjects with cystic fibrosis exhibited nor-
mal population doubling times in early passages. After about 13 cumulative popu-
lation doublings, cystic fibrosis lines doubled more slowly than controls and ceased
doubling after about 19 weekly passages. Control lines continued doubling for 27
passages. The premature senescence noted in cells from subjects with cystic fibrosis
reconciles controversial observations of cell doubling reported in the literature. Data
presented here demonstrate that experiments with cystic fibrosis cells in late passage
may generate misleading results since differences from control lines may be ascribed
to generalized senile changes rather than to specific results of the cystic fibrosis

genotype.

Cystic fibrosis (CF) is a lethal exo-
crinopathy (/) and is transmitted within
families as an autosomal recessive condi-
tion. The primary gene product respon-
sible for CF is not known. Although fi-
broblasts are not exocrine cells they are
regarded typically as secretory cells. Be-
cause of their accessibility and retention
of the donor’s genetic properties over
many generations in vitro, skin fibro-
blasts are a good model system for CF
investigations. Reports from this and
other laboratories suggest that skin fibro-
blasts in culture from subjects with CF
do manifest abnormalities (2). As with
much of the CF literature, however, fre-
quent controversy and failure to confirm
reported findings with these cells have
occurred. A particular area of dis-
agreement concerns cell population ki-
netics. Several laboratories reported that
skin fibroblasts in culture from CF sub-
jects divide more slowly than those from
control subjects (3). Other investiga-
tions, including our own, failed to detect
any differences in population doubling
time (PDT) between lines from controls
and from subjects with CF ¢, 5).

In experiments that we report here the
PDT was dramatically increased in
monolayers derived from CF subjects in
comparison with control lines matched
for sex, age, and passage number. In an
attempt to determine the basis for these
divergent conclusions we analyzed
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weekly mean population doublings
(MPD) in terms of passage number in
lines that had been maintained routinely.
We found that in early passages (until ap-
proximately seven weekly subcultures
had been made) no difference between
CF and control lines occurred. With fur-
ther passages, however, cell lines de-
rived from subjects with CF doubled
more slowly than matched control lines.
Additional experiments confirmed that
the replicative life-span (cumulative pop-
ulation doublings) and the number of
subcultures before the cessation of cell
renewal is significantly less in cells de-
rived from subjects with CF. That is, in
comparison with controls, cells derived
from patients with CF manifest pre-
mature senescence. We propose that the
subculture passage number or cell popu-
lation generation at which PDT is deter-
mined is a crucial factor when CF cells
are compared with controls. These find-
ings appear to reconcile the opposing
points of view concerning PDT in CF
fibroblast monolayers and have major
implications for interpretation of meta-
bolic data derived from CF fibroblasts.
Skin fibroblast cultures were obtained,
maintained, frozen, and thawed as de-
scribed (5). Cell lines from eight subjects
with CF (five males and three females;
mean age 11 years) and five control sub-
jects (two males and three females; mean
age 13.2 years) at passages 9 and 10 were

1251



