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Hybrids were made between a ouabain-resistant, thioguanine-resistant human
lymphoma line able to remove 06-methylguanine from its DNA (Mex+) and
human lymphoblastoid lines deficient in this capability (Mex-). The formation of
hybrids was confirmed by chromosomal analysis. Hybrid cells had an o6-
methylguanine removal capacity per mole of guanine about one third to one half
that of the Mex+ parents, i.e., about the same per cell. Cell hybrids removed the
same amount of the alkylation adduct 3-methyladenine as did their parents per
mole of guanine, i.e., about twice as much per cell. Although the cell hybrids had
intermediate resistance to the cytotoxic action of N-methyl-N'-nitro-N-nitroso-
guanidine used to induce 06-methylguanine and 3-methyladenine, there is evi-
dence that the ability to remove 06-methylguanine and resistance to the cytotoxic
effect of N-methyl-N'-nitro-N-nitrosoguanidine are dissociable characteristics.

The DNA alkylation product 06-methylgua-
nine (O6MeG) plays a central role in carcinogen-
esis and mutagenesis induced by SNi methyl-
ating agents such as N-methyl-N'-nitro-N-nitro-
soguanidine (MNNG) and N-methylnitrosourea
(20, 25). The O6MeG adduct is lost from both
bacterial and mammalian cells by a special reac-
tion mechanism in which the methyl group of the
O6MeG is transferred to the cysteine of an
acceptor protein (3, 21, 24). As a result of this
transfer, the acceptor protein is inactivated.
Repair is therefore a stoichiometric reaction in
which the amount of removal is limited by the
amount of acceptor protein present (4). In Esch-
erichia coli, cells respond to the presence of
O6MeG by the production of acceptor protein
(29). No such inducible process for O6MeG has
yet been definitively observed in mammalian
cells, although some suggestive observations
have been published showing an increased re-
moval capacity in animals pretreated with N-
methylnitrosourea (22) and an increased survival
in cells pretreated with MNNG (27).
The O6MeG removal capacity of different

organs varies. Rodent kidney and brain, for
example, are relatively deficient in acceptor
capacity relative to liver (10, 23). Even different
cells within an organ may have different removal
capacity. For example, parenchymal cells of the
liver have greater capacity for removal than do
their nonparenchymal neighbors (17). Human
lymphoblastoid cells may be either removal
competent (Mex+) or incompetent (Mex-), and

this characteristic is independent of other DNA
repair capabilities: lymphoblastoid lines derived
from different xeroderma pigmentosum comple-
mentation groups deficient in their ability to
remove pyrimidine dimers may be either Mex+
or Mex- (32).
The human fibroblast lines examined to date

have invariably been O6MeG removal compe-
tent (8). However, some (but not all) human
fibroblast lines transformed with simian virus 40
have turned out to be removal negative (8). Day
and Ziolkowski first described this phenomenon
showing that removal competent lines (called
Mer+ by Day) were able to reactivate MNNG-
treated adenovirus in contrast to the lack of
reactivation in removal-deficient (Mer-) lines
(7). Some, but not all, tumor lines are Mer-; all
normal human fibroblast lines so far tested are
Mer+ (Mex+).
The difference between Mex+ and Mex-

strains could be due to some difference in the
structural gene for the methyl acceptor protein,
but it could also be due to a regulatory difference
between the Mex+ and Mex- lines so that Mex-
lines shut off acceptor protein by means of some
diffusible inhibitor. We therefore decided to
attempt a genetic analysis by producing cell
hybrids between Mex+ and Mex- lines. If a
regulatory difference were involved, dominance
of one characteristic over the other would be
expected since many cell lines with capacity for
specialized functions lose this capacity in cell
hybrids, indicating a regulatory turn-off of func-
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tion (14). In this study we report on the forma-
tion of hybrids ofMex+ x Mex- lymphoblastoid
lines and on their ability to remove the 06MeG
methyl group.

MATERIALS AND METHODS
Chemicals. Fetal calf serum, premium horse serum,

and powdered RPMI 1640 (Roswell Park Memorial
Institute medium 1640) were obtained from Kansas
City Biological Inc. Glutamine was obtained from
GIBCO Laboratories, and Sea Plaque Agarose was
from Marine Colloids. Hypoxanthine, thymidine, 6-
thioguanine, ouabain, alpha-ketoglutarate, vinblastine
sulfate, quinacrine mustard dihydrochloride, and 7-
methylguanine were from Sigma Chemical Co. Ami-
nopterin was obtained from Nutritional Biochemical
Corp. 3-Methyladenine was obtained from Cyclo
Chemical Co., and O6MeG was obtained from David
Ludlum and hydrolyzed to the free base. MNNG was

obtained from Aldrich Chemical Co., and N-[methyl-
3H] MNNG (112 or 117.6 mCi/mmol) was obtained
from Amersham Corp. MN 300 cellulose plates were
from Analtech, and polyethylene glycol 6000 was
obtained from the J. T. Baker Co.

Cells. The cell lines used are described in Table 1.
Raji is a Mex+ line able to remove O6MeG; L33-61 is
Mex- (32). Bioassay Systems found these cultures to
be free from mycoplasma contamination. They were
routinely grown as suspension cultures in RPMI 1640
medium without antibiotics, supplemented with 17%
fetal calf serum and 6 mM glutamine. All sera used for

cloning and general stock maintenance were heat
inactivated at 56°C for 30 min.
Cel growth. Cells were cloned by a modification of

the method of Sato et al. (28) with the omission of
feeder layers in a medium consisting of 5% fetal calf
serum, 10%o horse serum, 1 mM alpha-ketoglutarate,
and 6 mM glutamine in a base of RPMI 1640 (1). HAT
medium was RPMI cloning medium containing 10-4M
hypoxanthine, 4.0 x 10-7 M amixopterin, and 1.6 x
lo-5 thymidine (19). HOT medium was made by the
addition of ouabain to HAT medium (5).
MNNG dose responses were determined by a modi-

fication of the microwell test method (15). Samples
containing 2 x 107 logarithmic cells were pelleted at
800 rpm in the HL-4 rotor of the Sorvall GLC-2 clinical
centrifuge, washed once with phosphate-buffered sa-
line, and then suspended in phosphate-buffered saline
in a 37C water bath for 5 min. The cells were treated
with MNNG (made up as a 1-mg/ml stock in 100%o
ethanol) at appropriate dilutions for 15 min at 37°C.
After treatment, the cells were pelleted at 800 rpm,
suspended in cloning medium, counted, and diluted to
10' cells per ml. Serial dilutions were made, and the
cells were plated in Linbro microtiter plates at 2, 20,
and 200 cells per well. The Linbro plates were incubat-
ed at 37°C in humidified incubators and scored after 3
weeks of growth.

Cells for alkylation studies were grown in Spinner
culture. Four logarithmically growing cultures of60 ml
each were pooled, diluted to 300 to 400 ml of culture
having a final cell density of 2 x 105 to 4 x 105 cells per
ml, and transferred to a 1-liter Spinner flask. Cultures

TABLE 1. Lymphoblastoid lines used
Designation Origin Genetic markers Chromosome composition Reference

ROT-5 Raji (male Burkitt's lymphoma) Ouar Thgr 45, XY, lp+, 4q+, -8, 8q-, 26
from Pulvertaft provided by 14q+, 14q+, -18, 19p+, 20q+,
P. Gerber +Ml/46, XY, lp+, 4q+, -8,

8q-, 14q+, 14q+, -18, 19p+,
20q+, +M1, +M1

L6 L33-6-1 (female infectious 47, X, Xq-, 3q+, 7q+, +M2 28
mononucleosis) from P.
Glade, subcloned by Sato,
provided by J. Littlefield

Tk -I- Tk6-/BMS/9 from HH4 from Thymidine kinase- 47, XY, +13, 21p+ 33
WI-L2 (male spherocytosis)
from Skopek provided by H.
Liber

TGL2 From L33-6- by selection in 6-Thgr Not done
thioguanine

Hybrid no. ROT-5 x L6 Ouar± Modal chromosome no. 88, +
1.1 minute or fragment including

lp+., 4q+, 8q-, 14q+, 19p+,
20q+, Y, 2-Mi from ROT-5
and Xq-, 7q+, M2 from L6

Hybrid no. 2 ROT-5 x L6 Ouar Modal chromosome no. 92 in-
cluding lp+, 4q+, 1 or 2-8q-,
2-14q+, 19p+, 20q+, Y, 2-Mi
from ROT-5 and Xq-, 3q+,
7q+, M2 from L6

HAT-1 TGL2 x Tk -I- Modal chromosome no. 94 in-
cluding 7q+ from L33-6- (L6)
and 21p+, Y from Tk -/-

Fl-2 ROT-5 x Tk-/- Not done
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FIG. 1. Karyotypes of two parental lines and of one of their hybrid clones. (a) Karyotype of ROT-5, a Raji
subclone with a bimodal chromosome distribution. The cell illustrated, with 46 chromosomes, is representative
of about 55% of the cells. The remaining 45% have 45 chromosomes and lack a second Ml chromosome. (b)
Karyotype of L6, a derivative of L33-61 with a modal chromosome number of 47. (c) Karyotype of hybrid clone
no. 2, the product offusion ofROT-5 and L6. Marker chromosomes lp+, 4q+, 8q-, 14q+, 19p+, 20q+, and Ml of
undetermined origin and the Y chromosome of ROT-5 and marker chromosomes 3q+, 7q+, and Xq- of L6 are
present in this hybrid clone. The clone, with a modal number of 92, also contains new markers of undetermined
origin (see bottom row of chromosomes) and a new marker 14q+.

were diluted after doubling to give 2 liters of rapidly
growing cells and were then assayed for 06MeG
removal.
Chromosome preparation and analysis. Chromosome

preparation and identification methods were very simi-
lar to those of Farber and Davidson (9). Cells were
seeded at 105 cells per ml and harvested on day 3 after
a 2-h treatment with Velban (vinblastine sulfate) at
0.08 Lg/ml. Cells were treated with 0.075 M KCl for 15
min at 37C, fixed at least three times with Camoy
fixative, and air dried on slides. Preparations were
soaked in pH 4.1 Mcllvaine buffer for 4 min, stained in
50 pg of quinacrine mustard dihydrochloride per ml for
8 to 10 min, and soaked for 4 min in pH 4.1 Mcllvaine
buffer. After rinsing in water, slides were mounted in
pH 7.0 Mcllvaine buffer and photographed. At least 10
cells were karyotyped, and the chromosomes of 40
additional cells were counted for each parent and
hybrid clone analyzed.
Removal of O'MeG. Two liters of cells grown in

Spinner culture was centrifuged, washed, and sus-
pended in 100 ml of phosphate-buffered saline. Cells

were treated with various amounts of [methyl-
3H]MNNG at 37°C for 10 min. The cells were then
suspended in 100 ml of prewarmed RPMI 1640 plus
l0o fetal calf serum and 4 mM L-glutamine and
incubated for 2 h at 37°C. Cells were collected,
washed, and suspended in SSC (0.15 M NaCl plus
0.015 M sodium citrate), and the DNA was isolated as
previously described (31). This DNA was depurinated,
and the purines were chromatographed along with a
mixture of methylated markers on a 0.5-mm cellulose
MN 300 thin layer chromatography plate prechromato-
graphed with solvent and developed in 2-propanol-
28% NH40H-water (7:2:1) (16). UV-absorbing bands
corresponding to the markers and guanine were cir-
cled, removed from the plate with a razor blade,
placed in scintillation vials, eluted, and counted as
described elsewhere (31). The amount of guanine in
the eluted band was determined spectrophotometrical-
ly. The amount of O6MeG removed was calculated as
previously reported (31) and is expressed per mole of
guanine since both O6MeG and guanine can be deter-
mined from the same chromatogram.
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RESULTS
Isolation of hybrids. We de

Mex+ x Mex- hybrids by introd
ers 6-thioguanine resistance (Th
resistance (Oua') into a Mex+ lit
recessive and Ouar is dominant,
a Thgr Oua' x Thg' Ouas cross
plated in medium with hypoxai
terin, thymidine, and ouabain (H
We first determined that Raji c
inhibited at 6-thioguanine doses (

(46% survival), with less than 0.
6 x 10-5M thioguanine. Similarl
line L33-61 fail to grow at oua
tions greater than 10-8 M, wit]
survival at 5 x 10-8 M. A Thgr
the Raji lymphoma line (ROT-5)
plating 5 x 10W Raji cells per 60-i
agarose medium containing 10-
selecting resistant clones. Th
picked with a Pasteur pipette
blood dilution tubes containing 0
plus 10-6M ouabain. When the i
turbid, the tubes were diluted
medium, transferred to Corning
grown in the presence of ouaba
One ouabain-resistant Raji clone
at 10 cells per 60-mm petri e
containing 5 x 10-5 M 6-thiogua
ously arising resistant clones we
passaged for 4 months in clonir

co

I

MNN(

FIG. 2. Reactivity of cellular DN
external MNNG concentration. Cc
with MNNG as described in the tex
isolated as described in the text, an
content of 7-methylguanine. Results
picomoles of 7-methylguanine per n

nine. Symbols: 0, L6; A, ROT-5; 0
2; E, hybrid clone no. 1.1; 0 Tk -/

taming 6 x 10-5 M thioguanine and 106 M
cided to select ouabain. One Thgr Ouar clone (ROT-5) with a
lucing the mark- bimodal chromosome number of 45/46 was cho-
kg') and ouabain sen for these experiments (Fig. 1).
le. Since Thgr is The Mex- parents were first screened for
only hybrids of chromosome number. Since strain L33-6-1 was
will grow when found to display a wide range of chromosome
nthine, aminop- number with a high percentage of polyploids, it
[OT medium; 5). was recloned, and a clone (L6) with a modal
Sells are growth chromosome number of 47 and with the least
over 6 x 10-7M variation in number between cells was picked. A
.01% survival at second derivative of L33-6-1 (TGL2) was isolat-
ly, both Raji and ed by selection in 6 x 10-5 M 6-thioguanine as
Lbain concentra- described for Raji.
h about 0.003% Polyethylene glycol-mediated cell fusion was
Ouar subline of accomplished by slight modification of standard
was obtained by techniques (6, 11). Stationary cells were diluted
mm petri dish in to 2 x 105/ml and maintained at this concentra-
' M ouabain and tion by daily dilution for 3 days. On day 3, 5 x
.e clones were 10' cells of each parental line were pelleted,
and placed in washed in serum-free RPMI, mixed in serum-

1.5 ml ofmedium free RPMI, and pelleted. The pellet was sus-
medium became pended in 1 ml of 50% polyethylene glycol
with 2.5 ml of (molecular weight, 6,000 to 7,500), pH 6.5, for 1
T-25 flasks, and min and then immediately diluted by dropwise
in for 1 month. addition of 1 ml of RPMI without serum. At 1-
was then plated min intervals, 2, 4, 8, and 16 ml ofwarm serum-
dish in medium free RPMI were added, and the suspension was
tnine. Spontane- centrifuged gently. The final cell pellet was
ere selected and suspended in 20 ml of medium without ouabain
ig medium con- or thioguanine, transferred to Coming T-75

flasks, and incubated at 37°C for at least 24 h.
The cells were then plated in selective medium
(HAT or HOT). Each HOT selection was

A * /: screened at ouabain concentrations of 2 x 10-8,
Ro

/ S X 10-8, 10-7, 5 x 10-7, and 10-6 M, but useful
* Rot-5 clones were obtained only after selection at 5 x
. ,> 10-8 M ouabain. Sixteen clones were isolated
, and cultivated in HAT medium containing 5 x

U 10-8 ouabain. Chromosome analysis after 3
months of growth indicated that 8 of the 16

o ° clones were close to tetraploid.
To make sure that these clones represented

° true hybrids and not, for example, spontaneous
polyploids with a slightly increased ouabain
resistance, the chromosomes of both parents
and hybrids were analyzed (Table 1, Fig. 1).
Given the variability in the chromosome consti-
tution of cell hybrids, we karyotyped cells from

__________,the same source as those used for the analysis of
3 4 O6MeG removal capacity (see below). Easily

G (PM) recognizable marker chromosomes from both
parents were present in each of the hybrids

laswefunctionod karyotyped (Table 1, Fig. lc). Clones no. 2 and
[lis were reatedn 1.1 resulting from a cross of ROT-5 x L6, and
,danalyzed for itswne HAT-1 resulting from an TGL2 x Tk -I-
are expressed as cross were analyzed and shown to be true fusion
nicromole of gua- products. We infer that the other clones with
hybrid clone no. high chromosome numbers growing on HAT

'-. plus ouabain are also hybrids.
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Removal of alkylation products. The ability of
the hybrid lines to remove 06MeG was deter-
mined as a function of dose of MNNG. We
found that the cellular reactivity with MNNG of
the different lines used in these experiments
varied (Fig. 2). Line L6, for example, showed
significantly lower reactivity as measured by the
amount of 7-methylguanine produced at any
particular MNNG concentration than did either
ROT-5 or the Tk -/- lymphoblastoid line. The
reactivity of the L6 x ROT-5 hybrids appeared
to be intermediate between the two parental
lines, but there was much variability in the
determinations. To compare 06MeG removal at
the same level of total alkylation, we carried out
dose-response experiments with all strains. We
express our results as picomoles of 06MeG
removed per micromole of guanine by using
picomoles of 7-methylguanine produced per mi-
cromole of guanine as a measure of dose, since
this relatively stable adduct indicates the
amount of total aLkylation. It should be pointed
out that not all 06MeG removal-deficient strains
reacted poorly, since the Tk -/- strain had
greater reactivity combined with low 06MeG
removal capacity as compared with the ROT-5
lymphoma line.
As expected, the ROT-5 parental line was able

to remove 06MeG, whereas the Mex- L6 parent
was deficient in this ability (Fig. 3). We also

determined the amount of 3-methyladenine re-
moved. This alkylation adduct is removed by a
mechanism which differs from that used for the
transfer of the methyl group of 06MeG (18) and
is controlled by a different mechanism since
Mex- strains show no deficiency in 3-methyl-
adenine removal (32). 06MeG removal capacity
plateaus at the higher MNNG concentrations
due to saturation of the methyl acceptor protein
as discussed elsewhere (31). Per micromole of
guanine, the hybrid clone no. 2 had a little less
than half the capacity for 06MeG removal of the
Mex+ parent. However, since the hybrid had
twice the DNA content of the Mex+ parent per
cell, the total amount of 06MeG removed per
cell was about the same in hybrid and Mex+
parental lines. The 3-methyladenine data indi-
cate that per cell, the hybrid has twice the
removal capacity of either parent, both of which
are competent in this reaction. An independent-
ly obtained, recloned hybrid line (no. 1.1) had
significant 06MeG removal activity, although
this seemed to be inhibited at higher MNNG
concentrations (Fig. 3).
To make sure that the increase in chromo-

some number or some other factor associated
with hybridization did not activate the 06MeG
removal system, we also selected hybrids of a
Mex- x Mex- cross made by fusing a Thgr L33-
6-1 derivative with a thymidine kinase-negative

pmol 7MeG/pmol G

FIG. 3. Removal of O6MeG and 3-methyladenine from the DNA of lymphoblastoid lines and their hybrids.
Removal was measured as described in the text. Solid lines and boldface symbols, O6MeG removal; dashed line
and lighter symbols, 3-methyladenine. Adduct removal in picomoles per mole of guanine is plotted as a function
of picomoles of 7-methylguanine produced per mole ofguanine at particularMNNG concentrations. Symbols: 0
and 0, L6; A and A, ROT-5; 0 and 0, hybrid clone no. 2; * and m, hybrid clone no. 1.1.
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line (Tk -/-) and selecting in HAT medium. Tk
-/- and the line from which it was derived,
strain HH-4 (32), appeared to have an O6MeG
removal capacity intermediate between L6 and
ROT-5 (Fig. 4). We found barely detectable
removal of O6MeG at higher MNNG concentra-
tions in the Tk -/- x TGL2 hybrid (Fig. 4). A
hybrid line from the cross ROT-5 x Tk -/- had
removal activity intermediate between these two
parental lines. The 3-methyladenine removal ca-
pacity of the different cell lines and hybrids was
the same per mole of guanine.

Lethal effects of alkylation. There is some
evidence indicating that O6MeG is a lethal lesion
in mammalian cells or, more precisely, that the
ability to remove the O6MeG lesion is correlated
with resistance to MNNG (7, 8, 30). We there-
fore tested the cytotoxicity of MNNG for both
parental and some hybrid clones. Survival in
these experiments was determined by plating in
microtiter plates (15). The results (Fig. 5) are in
accord with the hypothesis that O6MeG is lethal:
cells of the ROT-5 x L6 hybrids had much
greater resistance to MNNG than did cells of the
Mex- parent, but were significantly more sensi-
tive to killing by MNNG than were cells of their
Mex+ parent, even when the data are corrected
for the different reactivities of the strains (Fig.
2). The effective dose of MNNG required to
reduce ROT-5 survival to 37% was 3 ,uM; for L6
the 37% dose was 0.04 ,uM, and for the ROT-5 x
L6 hybrid it was 1.5 ,uM (Fig. 5). The hybrid had
an OMeG removal capacity per cell 80 to 100%o
that of the ROT-5 parental line (Fig. 3), but had

twice as much DNA. Therefore a limiting
amount of acceptor protein (3, 24) just sufficient
to remove all 06MeG from a Mex+ parent will
still leave 50%o of the adduct present in the
hybrid. Notwithstanding this relation, the Tk
-/- line, which removed 06MeG about as well
as do the ROT-5 x L6 hybrids (Fig. 3 and 4) was
almost as sensitive to MNNG-induced killing as
was the absolute Mex- L6 line (Fig. 5).

DISCUSSION
The inability of some lymphoblastoid lines to

remove the alkylation product O6MeG probably
does not reflect a genetic deficiency of the
individuals from whom the lines were derived,
but is more likely a consequence of cell special-
ization or transformation. For example, rat liver
hepatocytes can remove O6MeG, whereas non-
parenchymal cells are relatively deficient (17);
brain tissue from neonate rats excises little o6-
ethylguanine, but liver cells remove large
amounts (10). Most (but not all) simian virus 40-
transformed human fibroblast lines have lost
their capacity to remove O6MeG (7); normal
fibroblasts which are Mex+ and transformed
lymphoblastoid cells which are Mex- can be
obtained from the same individual (Y. Shiloh,
personal communication). One of us (R.S.) has
isolated two lymphoblastoid lines, one Mex+
and the second Mex-, from the same male
individual. This observation does appear to rule
out genetic polymorphism or X inactivation as a
cause of the Mex- phenotype, but is compatible
with the hypothesis that there is a cellular poly-

E

2-~~~~~~~~~~~*Tkc-/

0~~~~~~~0-

06
0 20 40 60 80

pmol 7MeG/pmol G
FIG. 4. Removal of O6MeG and 3-methyladenine by hybrids of ROT-5 x Tk -/- and Tk-/- x TGL2.

Removal was determined as described in the text and in the legend to Fig. 3. Solid lines, O6MeG removal; dashed
line and smaller symbols, 3-methyladenine removal. Symbols: 0, strain L6; A, ROT-5 (same data as for Fig. 3);
0 and *, Tk -/-; O and o, ROT-5 x Tk -/-; A and *, TGL2 x Tk -/- hybrid.
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morphism among lymphocytes or that cell trans-
formation (in this case by Epstein-Barr virus)
either selects or produces cells which are Mex-.
Our data show that cells of the ROT-5 x L6

hybrid no. 2 have about 40 to 50% of the ROT-S
parental capacity for the removal of 06MeG per
mole of guanine. Since the cells of the hybrid
have approximately twice the parental chromo-
some number, they contain about twice the
DNA, and our finding can be restated by saying
that hybrid cells remove as much 06MeG per
cell as does their Mex+ parent. The introduction
of the Mex- chromosomes has little or no effect
on the 06MeG removal capacity of the hybrid! It
is therefore unlikely that a diffusible regulator
shuts off the expression of the genes on the
Mex+ chromosome or that such a regulator
activates the Mex- chromosomes. Some control
mechanism in which the chromosomes act au-
tonomously is operative. It could be argued that
the cellular machinery can only make that
amount of 06MeG acceptor produced in the
Mex+ strains so that it is not possible for the
Mex- genome to be activated in the hybrid.
However, the finding that the hybrids remove
the same amount of 3-methyladenine per mole of
guanine as do the parental lines means that the
cellular capacity for removal of this adduct is
doubled in the hybrid. Therefore, cellular capac-
ity for 3-methyladenine removal depends on the
number of chromosomes which can supply mes-
sage. There is no obvious reason why cell capac-
ity should be dependent on chromosome number
with 3-methyladenine and not with 06MeG. We

therefore conclude that some structural chromo-
somal difference results in the failure of the
Mex- strains to manufacture acceptor protein.
The finding that the Tk -/- strain has a stable,
intermediate level of removal must mean that
there are alternative chromosomal states.
The nature of this control mechanism is made

difficult to define by the complex relationship
between the 06MeG lesion and cytotoxicity. We
found (Fig. 5) that Mex+ x Mex- hybrids had a
resistance to MNNG-induced killing intermedi-
ate to that of the parents. It can also be argued
that the effectiveness of MNNG in inducing
killing is related to the amount of 06MeG in-
duced. The parent strain of L6 (L33-6-1) is
inactivated by methyl methanesulfonate more
readily than is the parental strain of ROT-5
(Raji). At 37% survival the methyl methanesul-
fonate dose reduction factor-comparing Raji
with L33-6-1 is 4 (12). The dose reduction factor
for MNNG killing of ROT-5 compared with L6
at 37% survival is 3/0.04 (Fig. 5) = 75. MNNG is
75/4 = 18.8 times more effective in the differen-
tial killing of L6 than is methyl methanesulfo-
nate. But MNNG is about 21 times more effec-
tive in producing 06MeG than is methyl
methanesulfonate (16). This calculation and a
similar one made previously (30) along with the
findings (30, 32; hybrid data above, Fig. 5) that
sensitivity to MNNG and inability to remove
06MeG are characteristics that tend to occur
together, suggest that MNNG-induced lethality
and failure to remove 06MeG are in some way
related. However, the similar sensitivity of L6

0.1_\

,~~~~~~~~~~~~~~~~~~ A

,o \ \
CO,

0 1 2 3 4 5 6
Effective MNNG DOSE (pM)

FIG. 5. Survival of lymphoblastoid strains and their hybrids after treatment with MNNG. Cells were treated
with MNNG as described in the text. The cells were then diluted and plated in microwells, and the number of
colonies was determined after 3 weeks of incubation at 37°C. Survival was calculated as described by Kraemer et
al. (15). The effective MNNG concentration is calculated by correcting for differing reactivity as shown in Fig. 2
so that the dose shown is that which would be observed if all cells had the reactivity of ROT-5. Symbols: A,
ROT-5; 0, L6; O, hybrid clone no. 2; E, hybrid clone no. 1.1; 0, Tk -/-. The values from several different
experiments are recorded.
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and Tk -/- to MNNG, notwithstanding their
different 06MeG removal capability (Fig. 4),
argues that some additional factor is involved in
lethality. Data in the literature on close deriva-
tives of the strains we use support this conclu-
sion. In the study of Slapikoff et al. (34), WI-L2
(= Tk -/-) had about half the MNNG-induced
mutability of MIT-2 (= L6), as would be expect-
ed if the ability to remove 06MeG determined
mutagenic response. However, both were al-
most identically sensitive to the killing action of
MNNG as compared with a lymphoblastoid line
relatively resistant to both killing and mutagene-
sis. We therefore suppose that strain Tk -/-
and strain L6 are deficient in a reaction which
repairs alkylation damage and which would oth-
erwise result in lethality but not mutagenicity.
This hypothetical alkylation damage would have
to be produced in proportion to the amount of
06MeG made to account for the relative effects
of methyl methanesulfonate and MNNG dis-
cussed above. For example, it might be that the
removal of 06MeG is only the first step in a
repair series that prevents lethality and that it is
the later step(s) which is deficient in Tk -/-.
An alternative way of looking at the data is to

say that in ROT-5, L6, and their hybrids the
repair processes controlling 06MeG removal
(mutagenicity) (34) and toxicity are turned on
together, whereas in Tk -/- these reactions are
separable. A similar situation occurs in bacteria
where mutation can alter the inducibility of the
06MeG removal reaction without altering the
inducibility of the reaction which protects
against cytotoxicity (13). How a gene control
mechanism could act at a chromosomal level
and could, in some (but not all) cases control
separable 06MeG removal and MNNG-induced
cytotoxicity repair reactions remains to be de-
termined. The separation, in human cells, of
mutagenic and inactivating alkylating lesions has
been observed in HeLa variants that become
resistant to the inactivating effects of monofunc-
tional alkylating agents while retaining high mu-
tagenic sensitivity (2).
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