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ABSTRACT

Phenotypic revertants were isolated from two Sh9 mouse lymphoma

tissue culture cell mutants. One mutant carries a base-substitution

mutation in one of two active loci encoding the regulatory (R) subunit

of cAMP-dependent protein kinase (cA-PK). The mutant product (R') is

functionally and electrophoretically distinguishable from the co

expressed wild type R. Revertants of the heterozygote are effectively

induced by base-substitution and frameshift mutagens. Some revertants

carry second-site mutations in the mutant allele that produce new

functional and electrostatic changes in its product. However, most re

vertants express R molecules that are indistinguishable from wild type

R. These revertants are hemizygous for R expression because mutants

isolated from them, that are affected in R function, express new mu

tant but not wild type R polypeptides. The mutant allele of the

heterozygote can therefore be modified in two ways to generate rever

tant phenotypes: By mutations that either restore its wild type func

tion or eliminate its function.

The second mutant lacks detectable cA-PK activity (kinT). This

trait is dominant in hybrid cells formed between kin" and wild type

clones. The locus responsible for this behaviour lies outside the

cA-PK subunit structural genes and that of a soluble inhibitor of cA

PK activity. This locus is believed to be genetically encoded be

cause: 1. Revertants arise at low frequency; 2. Reversion frequency

is increased by mutagenesis; 3. Mutagens act specifically to induce

distinct classes of revertant phenotypes; and k. Some revertants are

temperature-sensitive (kin”). Immunological determination of cellu

lar cA-PK catalytic (C) subunit polypeptide content shows that C ex



pression is absent in kinT cells and temperature-dependent in kinº

cells. The C protein expressed in revertants is structurally identi

cal to that expressed in wild type cells. The kin mutation may de

fine a eukaryotic regulatory locus responsible for setting intracellu

lar levels of C subunit.



INTRODUCTION

The mechanisms by which eukaryotic cells regulate the activation

and levels of expression of their complement of genes are poorly un

derstood. I have used a mammalian somatic tissue culture cell mutant,

defective in its expression of cyclic AMP-dependent protein kinase

(cA-PK), as a model system of a regulated gene, in a genetic study to

determine the nature of the regulatory mechanism. This kinase is bio

logically interesting because: 1. it has a central role in mediating

cellular responsiveness to the effects of a diverse array of extra

cellular stimuli; 2. its expression is subject to developmental regu

lation; 3. its structure/function and gene regulation can be manipu

lated by the introduction of mutations.

Cyclic AMP-dependent protein kinase mediates the effects on cel

lular behaviour of agents that elevate endogenous cAMP levels (1,2).

A general model that describes schematically, the cAMP-response path

way is presented below:
cell

membrane
ATP cA-PK (P)n

effectors -- receptor AC-- biological
Af Af A effects

cAMP *A-PK* YP-pos),
Binding of an effector to its specific receptor on the outside of a

cell's plasma membrane triggers a trans-membrane signal that activates

adenyl cyclase to form cAMP in the cytoplasm. Elevation of the intra

cellular cAMP level activates ca-PK which then catalyzes the transfer

Of the Y phosphate of ATP to specific protein substrates. Phosphory

lation of these proteins leads to changes in metabolism and ultimately

to the changes in cell behaviour. The response of a cell to a particu



lar effector is determined by the presence and specificity of the re

ceptors for that effector and the nature of the proteins that serve as

substrates for cA-PK. Thus, cA-PK is the pivotal intermediary through

which c/MMP effects are exerted .

The kinase is a tetrameric protein composed of two cAMP-binding

regulatory (R) and two phosphokinase catalytic (C) subunits bound in

an inactive holoenzyme complex (2,3). Binding of cAMP to R causes

cA-PK to dissociate into cAMP-bound R dimers and free, active C mono

merS:

–º-

l, cAMP + R2C2 = *2 (cAMP), + 2 C

(inactive) (active)

Active C phosphorylates specific serine and threonine residues on the

target substrates.

Despite its ubiquitous presence in eukaryotic tissues, the ex

pression of cA-PK is regulated. Animal cells express two isozymic

forms of cA-PK. The two forms contain identical C but different R

subunits, designated RI and RII. Functionally, RI and RII are very

similar, but are structurally and antigenically disparate, suggesting

that they are the products of separate genes. Ratios of RI and RII

vary among different tissues within species and among the same tissues

between species. The levels of cA-PK activity varies as well with

cell or tissue differentiation, cell cycle progression or hormone

treatment. Lastly, cA-PK activation itself affects RI synthetic and

turnover rates (11-14).

Genetics and biochemistry have proven to be a powerful combina

tion of tools for investigating the nature of complex regulatory path



ways in prokaryotes. Attempts to apply similar methods of analysis to

determine the biochemical nature of the cAMP response pathway have

been made using mammalian tissue culture cell lines. The sensitivity

of various differentiated cell lines to growth inhibition by cAMP has

been exploited by a number of investigators to isolate mutants affect

ed in specific aspects of their response to cAMP. Such mutants have

been described in neuroblastoma, Y 1 adrenocortical, macrophage-like,

and, Chinese hamster ovary cell lines (15-18). Recently, yeast mu

tants with defects in cA-PK have also been reported (19).

Sl;9 mouse lymphoma cells are well suited to a genetic analysis of

cAMP action, of the role cA-PK plays in mediating cAMP effects, and,

of the regulation of cA-PK expression. They possess a number of pro

perties that allow them to be easily manipulated experimentally. They

grow in single-cell suspension, have a relatively short doubling time,

16 hrs, and are clonable in medium made semi-solid with agarose (20).

Most importantly, Sh9 cells respond to cAMP inducers, and analogues of

cAMP, such as dibutyryl cAMP (Btacarp) and 8-bromo-cAMP, that bypass

the membrane-bound cAMP generation system. Their response takes the

form of an initial, reversible G1 arrest and then rapid cytolysis if

exposure is continued (21,22).

Variants resistant to Bt, AMP can be isolated by cloning Sl;9

cells in its presence. These clones are of mutational origin because

they are stable, arise at low frequency and can be induced by mutagens

(20). Some mutants are affected in their ability to transport Bt., cAMP2

(23). However, most Bt., cAMP-resistant mutants have defects affecting2

the function or expression of cA-PK (21), which is predominantly a

type I enzyme in Slºg cells. Kinase mutants can be grouped in three
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general categories according to their kinetic properties as depicted

below:

1.

w? -- - ka
Protein Kingse Vmax

Activity

kin"

cAMP

*a mutants contain a lesion in the R subunit of cA-PK that lowers

its affinity for cAMP. Consequently, cA-PK has a 5 to 20 fold

higher apparent activation constant (ka) for cAMP, although at

high concentrations of cAMP, the activity of the mutant enzyme

can be stimulated to the same maximal levels as the wild type

enzyme (25).

"max mutants have a “a of cA-PK for cAMP Similar to that

of wild type cells but have less fully stimulable activity. The

lesions resulting in "max phenotypes are not understood.

Hypothetically, these mutants should arise from structural

alterations that decrease the activity, or regulatory lesions

that lower the expression, of cA-PK (24,26).

Kin" mutations affect expression of both R and C subunits; C

subunit activity is absent, and cAMP-binding activity is reduced

by about 80 -85% (26,27).

I chose to study kin' mutants of Sh9 cells because they exhibit,

for somatic cells, a unique and fascinating property. Enzyme

deficiency mutants that result from a loss of gene function should be

recessive when hybrids between mutant and wild type cells are con

structed. Contrary to such an expectation, kin cells are either ful

ly or partially dominant in such hybrids. This phenomenon is illus
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trated below (from ref. 27) :

Porents Hybrids

1.2T- (2)

1.OH- ■ ºlº (3) (3) 2O §
(2) (2) .*.*.** *.*.*.

O 0 H.
- - - -

I6
}

Q 6 H. 12 *

3

|- (2) t
O.2 ;

-...-:-
■

(2) 4.:::::: (2) #3 ::::::: } E.
O – ~! ºn 3: O

Kºr' wºrr" Kut■ ' Hºrr" Ki■■ Hºr■ " ºn HPRT"
x x x x

ºn”. TRT (in TY" º■ mº Tr" ºn- n:-

(in"HPRT" (ºn." HPRT" (wº TK" Kan Tº:"

The existence of a dominant, enzyme-deficiency mutant in Slig

mouse lymphoma cells presents, possibly, an opportunity to analyse a

eukaryotic gene regulatory mechanism by genetic means. Kin" mutants

are pleiotropically negative for all cAMP-mediated functions. Previ

ous reports have provided evidence implying that kin cells do not

result from lesions in cA-PK regulatory (R) or catalytic (C) subunit

structural genes or from overexpression of a soluble inhibitor of cA

PK activity. This lesion appears to specifically affect only cA-PK

expression because no other significant differences can be observed

between kin" and wild type (kin’ cells) among about 1000 proteins

resolved by two-dimensional (O'Farrell) polyacrylamide gel electro

phoresis. Furthermore, the alteration appears to be specific for re

gulation of the C subunit, because changes in R expression can be ex

plained by the absence of C activity (14). Lastly, most kinT mutants

are not leaky; neither kin" diploid nor kin" x kin’ hybrid cells con

tain detectable amounts of cA-PK activity.

i
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Together, these observations suggest that kin mutants arise from

structural lesions in a trans acting regulatory element that in kin’

cells facilitates but in kinT cells eliminates C expression. In

terpretations of mechanism in somatic tissue culture cells must be

made cautiously, however, and can not be derived by simple analogy to

regulatory mechanisms described in prokaryotes.

Many mutational mechanisms that alter the phenotype of

prokaryotes are shared by somatic cells. However, eukaryotes can

display phenotypic alterations of unique origins because they possess

distinctive features that prokaryotes do not. These include: 1. The

structure and organization of chromosomes; 2. The presence, in gen

eral, of genes in two or more copies; 3. "Split" genes and the mechan

isms that process their primary RNA transcripts to functional mRNA; l.

The spatial and temporal separation of transcription and translation;

and 5. The presence of developmental mechanisms that orchestrate the

activation and levels of expression of specific sets of genes.

Examples of non-mutational mechanisms that can alter the pheno

type of eukaryotic cells include, the activation or inactivation of

genes by agents that affect their methylation state but not their pri

mary nucleotide sequence, the unstable expression of previously inac

tive genes, spontaneous rearrangements of chromosomal material such as

occurs during heavy-chain class switching of immunoglobulin molecules

in B lymphoid cells, and oncogene expression (28-31). In addition,

mutational events affecting splicing of split genes can alter the ex

pression of genes in eukaryotic cells (35, 36). The interpretation of

the mechanism that underlies kin must therefore be carefully assessed

within the context of a number of possible mutational and non
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mutational events.

The reported properties of kin" have served little to delimit the

nature of the mechanism that affects C expression. There is no clear

evidence to support the notion that the component(s) of this mechanism

are genetically encoded. It is not known how many components comprise

the kin" mechanism, at what level of C expression this mechanism func

tions nor the specific molecular site of its action. A major obstacle

that has impeded the genetic analysis of kin" is that they arise in

Sl;9 cells at a much lower frequency than other types of kinase mu

tants. Consequently, it has neither been possible to measure their

rate of occurence nor to establish unambiguously their mutational ori

gin.

Revertants of a mutant can provide further information about the

nature of the altered function. Revertants of kin" were sought with

the following general aims: 1. To determine if the kin" phenotype can

be mutationally altered; 2. To introduce mutations into the kin gene,

if it exists, so that its product could be identified; 3. To identify

other components of the kinase regulatory mechanism by isolating re

vertants that can suppress kin" function.

A selection method to isolate phenotypic revertants was devised,

but was used first to ask a simpler question: Can revertants be iso

lated from a *a mutant carrying a base-substitution mutation in one of

two active loci encoding the cA-PK R subunit? By analogy to the

genetics of prokaryotes, the expectation is that reversion of a struc

tural gene mutant, whose product is required to maintain cell viabili

ty, should occur most often by mutations that correct or suppress the

initial defect. This expectation was not fulfilled. Because these
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somatic cells are diploid for R expression, revertants of this mutant

can arise by a unique mechanism. We show that reversion of the *a mul

tant occurs rarely by mutations that restore wild type function to the

mutant product but occurs frequently by mutations that eliminate mu

tant gene function.

Reversion analysis of kin" shows that the regulatory mechanism

that controls C expression is encoded by mutable genes. Revertants

are described whose phenotypic properties should facilitate further

analysis of kin". Further evidence is presented implying that kin"

cannot be accounted for by structural lesions in R or C genes and an

argument is made that the control of C expression probably precedes C

polypeptide synthesis.
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CHAPTER 1

Revertants of an Sl;9 Cell Mutant that Expresses Altered Cyclic AMP

Dependent Protein Kinase.

Theodoor van Daalen Wetters and Philip Coffino
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Revertants of an S49 Cell Mutant That Expresses Altered
Cyclic AMP-Dependent Protein Kinase
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Dibutyryl adenosine 3',5'-phosphate (Bt-cAMP)-sensitive (Bt-cAMP") rever
tants were isolated from a resistant S49 cell mutant carrying a structural gene
lesion in the regulatory subunit of cAMP-dependent protein kinase (cA-PK). This
was accomplished with a counter-selection in which, first, BtzcAMP was used to
reversibly arrest revertants, and then a sequence of treatments with bromodeoxy
uridine, 33258 Hoechst dye, and white light was used to kill cycling mutant cells.
Reversion rates in nonmutagenized cultures could not be accurately measured,
but spontaneous revertants do occur and with frequencies of less than 1077 to
107°. The mutagens ethyl methane sulfonate (EMS), N-methyl-N'-nitro-N-nitro
soguanidine (MNNG), and ICR191 increased the reversion frequency. In all
cases, reversion to BtzcAMP sensitivity was associated with restoration of wild
type levels and apparent activation constant for cAMP of cA-PK. MNNG induced
revertants whose cell extracts contained cA-PK activity distinguishable from that
of wild type by thermal lability. EMS did not. The counter-selection effectively
isolates rare phenotypes and is therefore a useful tool in further somatic genetic
experiments. The association of reversion with alterations in cA-PK function
supports all previous data from this and other laboratories implicating cA-PK as
the intracellular mediator of cAMP effects. Reversion is probably the result of a
mutational event. Induction of reversion by ICR191 suggests the existence of a
novel mechanism for generating revertants in somatic cells.

Adenosine 3',5'-phosphate (cAMP) inducers
and analogs of cAMP cause growth inhibition (6)
and cytolysis (8, 9) in S49 mouse lymphoma
tissue culture cells. We have utilized somatic
cell genetics in an attempt to define the basis of
cAMP action at the molecular level. Variants
selected for resistance to dibutyryl cAMP
(Bt-cAMP) are stable and occur (i) in a single
step, (ii) at low frequency, and (iii) stochastical
ly, and they are inducible by mutagens (5). This
genetic behavior is consistent with a mutational
origin for the acquisition of BtzcAMP resistance
(Bt-cAMP).

Biochemical analysis of the variants has re
vealed them almost exclusively to contain le
sions affecting the function or expression of
cAMP-dependent protein kinase (cA-PK) (12),
the intracellular mediator of cAMP effects (24).
Similar findings have been reported in neuro
blastoma (27), Y1 adrenocortical (14), macro
phage-like (25), and Chinese hamster ovary (28)
cell lines. Only one Bt-cAMP-resistant S49 vari
ant that does not affect ca-PK has been charac
terized (30).

Furthermore, a number of Bt-cAMP mutants
are interesting from a genetic standpoint be

cause they appear to affect functions which
regulate cA-PK subunit levels (31). Revertants
of these mutants could prove to be very valuable
in discerning the nature of the regulatory mecha
mism.

To pursue the search for additional mutants in
the cAMP-response pathway, particularly con
ditional mutants, and to enable us to carry out a
reversion analysis of several BtzcAMP mutants,
we have devised a counter-selection method
specific for the S49 system. Here we describe
the counter-selection and its application to the
isolation of BtzcAMP-sensitive (Bt-cAMP") re
vertants from populations of one Bt-cAMP mu
tant.

This mutant is distinguished from wild-type
cells on the basis of (i) increased effective con
centration of Bt-cAMP for 50% growth inhibi
tion (EC50) (17); (ii) increased apparent activa
tion constant (Ka) of cA-PK for cAMP in vitro
(12); (iii) increased thermal lability of cA-PK
activity; and (iv) altered electrophoretic mobility
of the regulatory (R) subunit of cA-PK in the
charge dimension of two-dimensional gels (29).
Together, these traits suggest that the lesion
accounting for this phenotype is a base substitu

1229



17

1230

tion in an R subunit structural gene. The result is
the substitution of an amino acid of different
charge into the polypeptide such that a function
ally altered protein is formed.

This mutant provides an opportunity to test
the effectiveness of the counter-selection on a
mechanistically simple genetic alteration. Pre
sumably, phenotypic reversions would most
likely arise as a consequence of base substitu
tions in the mutant regulatory subunit gene
which either restore incorporation of the original
amino acid at the mutant site or cause mis
incorporation of an amino acid at the mutant site
or at a second site within the polypeptide, result
ing in partial or full restoration of function.

MATERIALS AND METHODS
Materials. Media and chemicals came from the

following sources. Dulbecco modified Eagle medium
(DMEM), horse serum, and fetal calf serum were from
GIBCO Diagnostics; N-methyl-N'-nitro-N-nitroso
guanidine (MNNG) was from Aldrich Chemical Co.;
ethyl methane sulfonate (EMS) was from Eastman
Kodak Co.; ICR191 lot G was a gift of H. J. Creech
(7). Bt-cAMP, bromodeoxyuridine (BUdR), and his
tone H2b (type V11) were from Sigma Chemical Co.;
33258 Hoechst dye was from Calbiochem; [y-**P)ATP
was from New England Nuclear Corp.; phosphocellu
lose paper was from Whatman, Inc.; agarose was from
Seakem; and Handi-Wrap was from Dow Chemical
Corp.

Cells and culture methods. Stationary suspension
cultures were propagated in DMEM with 3 g of
glucose per liter, supplemented with 10% heat-inacti
vated horse serum. Cloning was performed in the same
medium, but with 4.5 g of glucose per liter and 0.3%
agarose over feeder layers of primary mouse embryo
fibroblasts (4). Irradiation of BUdR-treated cultures
with white light was performed by suspending culture
flasks on Handi-Wrap approximately 1 cm above the
fluorescent bulbs of a viewing box. HAT medium is
DMEM plus horse serum, as described above, and
containing 50 p.M hypoxanthine, 0.4 plM aminopterin,
and 16 AM thymidine (33, 34).

All cells used were clonal sublines of mouse lym
phoma line S49.1 (16). Line 24.3.2 is a serially sub
cloned population of S49.1. U200/65.1 is a subclone of
U200/65, which was derived by plating a MNNG
treated population of 24.3.2 in 0.5 mM Bt-cAMP plus
0.2 mM theophylline (12). T6.2.3 was derived from
U200/65.1 by plating an unmutagenized population in
107° M dexamethasone. Sublines 144.6.1 and 173.2.2
are 6-thioguanine-resistant subclones of 24.3.2 and
24.6.1 (kinase-negative [31]), respectively.

Mutagenesis. U200/65.1 was treated with EMS (500
ug/ml) for 24 h. T6.2.3 was treated with MNNG (2.0
ug/ml) for 4.5 h or ICR191 (0.75 ug/ml) for 24 h.
Surviving fractions ranged between 0.13 and 0.17 as
measured by cloning in nonselective medium. All
mutagenized cultures were allowed a 6-day “expres
sion” period before counter-selection. Further details
of cloning methods and mutagen treatments are de
scribed in Friedrich and Coffino (12).

Kinase assay. A sample of 10’ cells was washed
once with phosphate-buffered saline and then was

VAN DAALEN WETTERS AND COFFINO MoL. CELL. BioL.

lysed by hypotonic shock in 1.0 ml of 10 mM Tris
hydrochloride—3 mM magnesium acetate, pH 7.4. The
lysates were centrifuged for 60 min at 100,000 × g at
4°C, and the supernatants were collected and used to
assay enzyme activity.

The protein kinase assay is a modification of the
procedure of Hochman et al. (15). Activity is deter
mined by measuring the transfer of *P from [y-
*P)ATP to histone. The reaction is initiated by adding
25 pil of cell extract to 100 pil of a reaction mixture
containing the following reagents at the indicated final
concentrations: 30 p.M histone, 50 mM sodium ace
tate, 10 mM magnesium sulfate, 10 mM dithiothreitol,
0.1 mM ethylene glycol-bis (3-aminoethyl ethes)-N,
N-tetraacetic acid, 36 plM bovine serum albumin, and
15 AM [*P)ATP (100 to 400 cpm/pmol). After incuba
tion at 30°C for 5 min, 25-pil samples were spotted onto
extensively, first with 5% trichloroacetic acid and then
several times with water to remove unreacted labeled
metabolite. The paper was air dried, and radioactivity
was determined by scintillation counting.

The protein concentration of cell extracts was deter
mined by the method of Lowry et al. (21), using bovine
serum albumin as a standard.

RESULTS

Development of counter-selection protocol. We
presumed that revertants of Bt-cAMP-resistant
mutants would respond like wild-type cells to
exogenous Bt-cAMP, that is, would arrest re
versibly in the G1 state of the cell cycle after one
generation and then die rapidly upon continued
exposure (5, 6). This reproducible response sug
gested a simple strategy for isolating rare
BtzcAMP revertant cells from populations of
BtzcAMP mutants: Bt-cAMP is added to a
culture of mutant cells to arrest any revertants in
G1; the mutant cells continue to grow and can be
selectively killed by adding an S-phase-specific
drug such as BUdR or cytosine arabinoside.
Revertant cells are then rescued from BtzcAMP
arrest by suspension in fresh medium containing
no drugs. Reconstruction experiments with
wild-type cells as models for revertants helped
us to determine the optimum counter-selection
procedure.

Cells that have incorporated BUdR into their
DNA can be rapidly and efficiently killed by
exposing them sequentially to the DNA-binding
dye 33258 Hoechst and white light. Stetten et al.
(32) demonstrated that the cloning efficiency of
mouse RAG or Chinese hamster YH21 cells
could be reduced approximately 10°-fold by us
ing this modified form of the selection method
devised by Puck and Kao (23). Similarly, grow
ing S49 cells are killed when treated with a
regimen of BUdR–33258 Hoechst—white light.
Figure 1 demonstrates the requirement for all
three agents to achieve effective killing. Expo
nentially growing cells were treated for one
generation, 17 h, with BUdR, the last 2 h of
which included incubation with 33258 Hoechst.
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FIG. 1. Effect of treatment with BUdR, 33258
Hoechst dye, and fluorescent white light on cell
growth. Five cultures of exponentially growing cells
were treated as indicated and suspended in fresh
medium, and cell concentrations were determined at
various intervals thereafter. Symbols: (O) control; (O)
10 ug of BUdR per ml for 17 h; (A) BUdR for 17 h,
then 10 min of irradiation with white light; (E) BUdR
for 17 h, the last 2 of which included 1.0 pig of 33258
Hoechst per ml: (6) BUdR, 33258 Hoechst, and
irradiation.

The cells were then placed over a fluorescent
white light source for 10 min and suspended in
fresh medium. Cell concentrations were deter
mined at intervals thereafter.

Rapid killing clearly depends upon the com
plete regimen of agents (Fig. 1). Cells not ex
posed to BUdR show little or no toxicity after
treatment with the dye, with light, or with both
together (32; unpublished data). The complete
protocol reproducibly reduces survival of cy
cling cells by 10°- to 10°-fold.

A limitation to the effectiveness of the
counter-selection is the lethal effect of Bt-cAMP
on wild-type and, presumably, revertant cells
when exposure becomes prolonged (Fig. 2).
Suspension cells grown in the presence or ab
sence of 0.5 mM BtzcAMP were diluted and
plated at intervals to test their ability to form
colonies on nonselective media. Cloning effi
ciency decreased rapidly when wild-type cells
were exposed to BtzcAMP for more than one
generation (Fig. 2).

The sensitivity of wild-type and presump
tive revertants to Bt-cAMP places a constraint
on the length of time that mutant cell popula
tions can be exposed to BUdR and Bt-cAMP.
We attempted, therefore, to manipulate the
counter-selection conditions to (i) maximize kill
ing of Bt-cAMP cells, (ii) protect Bt-cAMP"

REVERTANTS OF A cAMP PROTEIN KINASE MUTANT 1231

cells from BUdR-induced killing, and (iii) mini
mize Bt-cAMP-induced lethality.

Experiments (not shown) designed to opti
mize these parameters allowed us to devise the
following counter-selection scheme (Fig. 3). At
time zero, Bt-cAMP is added to exponentially
growing cells. Eleven hours later, when
Bt-cAMP cells have left S-phase, BUdR is
added. Nine hours after that, the cells are sus
pended into new medium containing BUdR but
no BtzcAMP. P. Coffino and J. Gray (unpub
lished data) have shown that cells arrested in G1
by BtzcAMP exhibit a lag of approximately 8 h
before entering S-phase; therefore, Bt-cAMP"
cells are protected from incorporating BUdR. At
24 h, 33258 Hoechst dye is added, and 2 h later,
the cultures are placed over a white light source
for 10 to 15 min. The cells are then either
suspended into medium containing 10 M.M. thy
midine or plated on medium containing HAT (to
eliminate coselected BUdR-resistant cells [33,
34]).

In Table 1, we show the effects of the counter
selection on BtzcAMP and Bt-cAMP popu
lations in a reconstruction experiment. The
prototype BtzcAMP' clone, 173.2.2, contains a
6-thioguanine resistance marker and has a low
reversion frequency when plated in HAT medi

1000

F

|

10–5–15–35–36-35-35-35
time (hours)

FIG. 2. Cloning efficiency of wild-type cells after
exposure to Bt-cAMP. At t = 0, Bt-cAMP was added,
at a final concentration of 0.5 mM, to one of two
cultures of wild-type cells. Identical volumes were
taken immediately from each culture and at various
times thereafter, diluted identically, and plated on
nonselective medium to determine cloning efficiency.
Symbols: (O) control; (O) Bt-cAMP treated.
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6 days 11 hrs 9 hrs 4 2

H - - - - - - + | H

A. : | | | | |
Mutagenesis add add remove add light

Bt, cAMP BroUrd Bt, cAMP dye

t = 0 hrs t = 11 hrs t = 26 hrs

G, + M G,
Bt, cAMP" --> --

cells
S

B Exponential “Out of S" G,-arrested

Bt, cAMP" --> ->cells

Exponential incorporate killed
Brd'Urd

FIG. 3. Strategy for counter-selection of Bt-cAMP-sensitive cells from populations of Bt-cAMP-resistant
mutants. A, Drug treatment schedule; B, differential effects of drugs in Bt-cAMP and Bt-cAMP cells on their
distribution among G1, S, and G2 + M. phases of the cell cycle.

um (Table 1). The prototype BtzcAMP" clone,
24.3.2, is 6-thioguanine sensitive and resistant to
HAT. Mixing these clones in a predetermined
ratio, with BtzcAMP cells in excess, and plating
with or without HAT, allows us to measure the
effects of the counter-selection on each popula
tion under identical selection conditions.

Six cultures of 173.2.2 were divided into three
pairs; two of the pairs were seeded with cells
from a culture of 24.3.2 (Table 1). One of each

pair of cultures (2, 4, and 6) was counter
selected as described above, and each culture
was sampled to determine plating efficiency with
and without HAT. The cultures not counter
selected (1, 3, and 5) and plated in HAT gave an
estimate of the reversion frequency of 173.2.2
(culture 1, column E) and the true ratio of
173.2.2 to 24.3.2 in the seeded cultures (3 and 5,
column D). The cultures which were counter
selected (2, 4, and 6) and plated without HAT

TABLE 1. Reconstruction experiment"
(D)(B) (F) (G) (H)

C iti f Cultu (A) No. of º in ** (E) Fractional"| Fractional | Enrichmentº o * Counter; cells cloning| colonies Cloning survival of survival ºf for s

selected | plated per medium r dish efficiency Bt-cAMP" | Bt-cAMP" | Bt-cAMP
dish ■ ij population | population cells

173.2.2 (Bt-cAMP". 1
-

200
-

178 0.89
HAT") only 1.9 x 10°, + 0.4 || 2.1 x 10-7

2 + 1.9 x 10°] — 562 2.9 x 107*| 0.00033
1.9 x 10" + 0

-

173.2.2 + 24.3.2 3
-

200
-

154 0.77
(Bt-cAMP", 1.7 x 10°] + 121 |7.0 x 10^* (6.4/121)
HAT") (10*:1) 4 + 1.7 x 10°] – 246 | 1.4 x 107*| 0.00018 || = 0.053 294

1.7 x 10°| + 6.4 3.8 x 10−"

173.2.2 + 24.3.2 5
-

200
-

140 0.70
(10°:1) 1.8 x 10°| + 7.4 |4.1 x 10^* (0.2/7.4) 117

6 + 1.8 x 10°| – 282 1.6 x 10−"| 0.00023 | = 0.027
1.8 x 10°| + 0.2 1.1 x 10-7

* Bt-cAMP', HAT" (173.2.2) and Btica MP", HAT" (24.3.2) cells were mixed in the indicated proportions,
counter-selected as described in the text, and plated with or without HAT.

* Corrected for cloning efficiency of untreated control culture.
* Expressed as the survival of Bt-cAMP populations relative to that of Bt-cAMP" populations.
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TABLE 2. Isolation of revertants from Bt-cAMP mutant"

No. of cells Total no. of No. of
M

-
HAT' cells Bt.cAMP-

-utant -
at start of

- - -
Reversion

Expt | Mutagen t surviving three colonies/total f b

clone : counter- no. of colonies requency
Selection selection cycles screened

1 U.200/65.1 Control 106 x 10° 348 30/51 3.7 x 10 *
EMS 101 x 10° 3,028 49/56 50 x 10−"

2 T6.2.3 Control 200 x 10° 1.7 x 10^ 0/211 <2.6 x 10-7
ICR191 115 x 10° 1.1 x 10° 41/168 1.5 x 10-5

3 T6.2.3 MNNG 106 x 10° 2,400 18/38 1.3 x 10-5

“Cultures (50 ml) of mutants cells were mutagenized as described in the text, allowed 6 days for expression
and repopulation, subjected to three counter-selection treatments, and plated in HAT medium. Surviving
colonies were retrieved and screened for Bt-cAMP sensitivity.

* Reversion frequency = [(Bt-cAMP colonies/total colonies screened) (total HAT' colonies)]/[(0.053)”
(repopulation factor between treatment 1 and 2) (repopulation factor between treatment 2 and 3) (total cells at
start of first treatment)], where 0.053 is the fractional survival of Bt-cAMP cells after one counter-selection
treatment (Table 1).

approximated the survival of Bt-cAMP cells
(column F), whereas, when plated with HAT,
they approximated the survival of Bt-cAMP"
cells when compared with their unselected
HAT-treated partner (for example, compare cul
ture 3, which plated in HAT yields 121 colonies
per dish, with its partner, culture 4, which plated
in HAT yields 6.4 colonies per dish. Therefore,
fractional survival of Bt-cAMP cells after
counter-selection was 6.4 per 121, or 0.053).

Fractional survival of BtzcAMP cells was
reduced by 3.5 to 3.7 logs after counter-selection
(Table 1, column F). Under the same conditions,
fractional survival of Bt-cAMP” cells was re
duced by 1.3 to 1.6 logs (column G). From the
survival of Bt-cAMP relative to Bt-cAMP pop
ulations, we calculated an enrichment factor for
Bt-cAMP cells of approximately 100- to 300
fold with each counter-selection cycle (column
H).

Isolation of revertants from Ka mutant. In the
experiments of Table 2, the mutant U200/65.1 or
its dexamethasone-resistant (dex') subclone,
T6.2.3, was mutagenized, allowed a 6-day
expression period, and subjected to three
counter-selection cycles. To compensate for
BtzcAMP-mediated toxicity to revertant cells
during selection, the mutagenized populations
were allowed to grow to 10 to 15 times their cell
number after mutagenesis and were allowed a 3
to 7-day repopulation period between selection
cycles. After the last cycle, the remaining cells
were plated on HAT medium, and colonies were
retrieved 10 to 12 days later by transfer to the
wells of a multiwell plate and screened for
sensitivity to Bt-cAMP. The screen involved
simply transferring some cells from each clone
in the wells of the “master” microtiter plate to a
corresponding well in a replicate plate with

medium containing Bt-cAMP and then visually
monitoring for growth inhibition and cytolysis
over 3 days.

The results of three separate experiments are
shown in Table 2. We note first that, as expected
from the reconstruction experiment, not all sur
vivors of three sequential counter-selections
were Bt-cAMP sensitive as indicated in the
table. The large differences in the survival of
BtzcAMP cells observed between experiments
is probably due to variation in the time allowed
for repopulation between counter-selections.
Spontaneous revertants were detected in a non
mutagenized culture of clone U200/65.1, but not
in a nonmutagenized culture of the dex' sub
clone, T6.2.3 (experiments 1 and 2, Table 2). We
shall comment on this variation in the discus
sion. The base substitution mutagens, EMS and
MNNG, both increased the frequency of
BtzcAMP clones, as would be predicted. Sur
prisingly, the frameshift mutagen, ICR191, also
increased their frequency.

Characterization of BtzcAMP" revertants. To
establish that the putative revertant clones were
indeed more sensitive to BtzcAMP than was
their mutant parent, we determined the effect of
BtzcAMP concentration on cell growth for each
clone (Fig. 4: Table 3). Wild-type, mutant, and
revertant clones, at the same initial cell concen
trations, were grown in the presence of various
concentrations of Bt-cAMP for 3 days, and the
amount of cell growth was determined on a
Coulter Counter. The Bt-cAMP concentration
for half-maximum effect (EC50) for wild-type
cells, 0.05 to 0.1 mM, is readily distinguishable
from that of the mutant, which is 20- to 30-fold
higher. The revertant clones had EC50 uniformly
similar to that of wild-type cells. On this basis,
the Bt-cAMP clones isolated from the mutant
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wild-type cells (Fig. 5; Table 3). This behavior
was consistently observed, regardless of which
mutagen induced the reversion.

This result was mildly surprising. We had
anticipated that, if a common way to induce
phenotypic reversion was through compensa
tory mutations, then some, if not many, of the
revertants ought to contain only partially re
stored enzyme activity.

We pursued this by asking whether reversion
had any effect on the thermal lability of cA-PK.
Figure 6 shows the results of a heat inactivation
experiment involving MNNG-induced rever
tants. Cell extracts, prepared as described
above, were heated at 57°C for various periods,
rapidly cooled, and assayed with or without
maximally activating concentrations of cAMP.
Wild-type ca-PK activity remained stable for
about 3 min and then decayed with a half-life of
7.2 min, whereas mutant ca-PK activity de
cayed immediately and rapidly with a half-life of
1.5 min (Fig. 6). The revertants can be grouped
into at least two classes according to their heat
inactivation profiles. One class, represented by
revertants T10.5.12 and T10.5.16, appeared in
distinguishable from wild-type cells. The second
class, which included the remaining four rever
tants, had half-lives intermediate between those
of wild-type and mutant extracts. Interestingly,
all have regained the initial period of resistance
to thermal inactivation characteristic of wild
type extracts.

We conducted similar experiments, utilizing
six EMS-induced revertants, but contrary to the
results obtained above with MNNG-induced re

600

500

# 400
$3
$ E
& E 300
#s:
92
O
à. 200

100

1234 VAN DAALEN WETTERS AND COFFINO

* |0/15; 10
Bt, cAMP (M)

10-2

FIG. 4. Effect of Bt-cAMP on cell growth. Wild
type, mutant, and revertant cells were incubated with
various concentrations of Bt-cAMP for 3 days, and
cell concentrations were determined. Symbols: wild
type (O); mutant (C); EMS-induced revertants T4.4.1
(A), T4.4.6 (C), T4.4.18 (C), T4.4.25 (A), and T4.4.29
(L).

populations appeared to be authentic revertants.
More convincingly, revertants isolated from the
dex' mutant, T6.2.3, the only dex' line currently
maintained in this laboratory, were found to be
similarly resistant to dexamethasone (data not
shown). This marker test establishes the genetic
origin of the revertants as altered subclones of
the mutant rather than as cross-contaminants
from other cultures.

To determine the effect of phenotypic rever
sion on the nature of intracellular cA-PK, we
prepared cell extracts from wild-type, mutant,
and revertant cells and assayed their ability to
phosphorylate histone H2b as a function of
cAMP concentration. As reported previously
(12), mutant extracts require 20- to 30-fold
higher concentrations of cAMP to activate cA
PK than do wild-type extracts (Fig. 5). Rever
tant cell extracts contain cA-PK activity with Ka
values virtually indistinguishable from those of

TABLE 3. Range of ECso values of cells for
BtzcAMP and Ka values of kinase activity for cAMP

in wild-type, mutant, and revertant clones

EC Ka
Clone (M. toº (M x 10')

Wild type 0.6–1.0 0.2–0.8
Mutant 15–25 ~20–30
Revertants:

Spontaneous 0.4–1.1 0.2–0.7
EMS 0.6–1.1 0.3—1.0
MNNG 0.4–1.1 0.9–1.0
ICR191 0.6–0.9 0.8–1.4

l l 1 J
10-5 10-7 10-8 10-5

cAMP (M)

FIG. 5. cAMP-dependent protein kinase activity in
cell extracts. Enzyme activity was measured as de
scribed in the text. Symbols: wild type (O); mutant
(O); MNNG-induced revertants T10.5.2 (6), T10.5.3
(A), and T10.5.5 (L).
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FIG. 6. Heat inactivation of cAMP-dependent pro
tein kinase. Samples (250 pil) of cell extracts were
incubated at 57°C for various times, rapidly cooled on
ice, and assayed for enzyme activity at 30°C in the
presence or absence of maximally activating concen
trations of cAMP. cAMP-dependent kinase activity is
expressed as percent of unheated control. The clones,
with thermal half-lives in parentheses, are: wild-type,
O (7.2 min); mutant, O (1.5 min); MNNG-induced
revertants T10.5.2 (6, 4.0 min), T10.5.3 (A, 4.0 min),
T10.5.5 (C, 4.0 min), T10.5.11 (A, 2.5 min), T10.5.12
(L, 7.0 min), and T10.5.16 (Ö, 7.0 min).

vertants, none had thermal lability significantly
different from that of wild-type cells (data not
shown).

DISCUSSION

The BUdR-33258 Hoechst-white light tech
nique for killing cycling cells (32) has a number
of virtues which make it especially useful in the
context of this work. (i) It is rapid and effective;
(ii) it is highly specific for S-phase cells; and (iii)
it can be applied repeatedly to achieve a high
degree of killing of cycling cells, using HAT to
kill coselected BUdR-resistant cells. The meth
od has been adapted here as a counter-selection
for isolating rare Bt-cAMP revertants from pop
ulations of resistant, mutant S49 cells.

The spontaneous reversion frequency, ap
proximately 1077 to 107*, varies over two orders
of magnitude in different experiments. This may
be attributable to a number of factors, including
(i) statistical fluctuation due to the use of differ
ent subclones of the mutant in each experiment
(22); variation in culture medium which affects
cellular growth rates; variation in survival of
Bt-cAMP" and Bt-cAMP cells with each selec
tion cycle (Table 1); and differences in growth
rates between mutant and revertant cells. For
these reasons, determination of an absolute re
version rate for this mutant gene is not presently
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possible. We consider the calculated reversion
frequencies to be useful only in approximating
the magnitude of induction by mutagens within
each experiment.

The frequency of reversion is increased by the
mutagens EMS, MNNG, and ICR191. This sup
ports the hypothesis that the events responsible
for reversion are mutational. Furthermore, the
finding that MNNG induces revertants contain
ing cA-PK activity with thermal lability different
from that of wild-type cells is consistent with the
interpretation that MNNG has induced the for
mation of a compensatory mutation in the regu
latory subunit gene which has restored wild-type
function to the gene product, but not wild-type
structure. Similar findings and interpretations
have been reported for a number of mammalian
genes (2, 3, 11, 26, 35, 36) and have been
extensively analyzed in bacterial (39) and bacte
riophage (18) gene systems.

EMS appears to differ in its action from
MNNG because it does not induce revertants
distinguishable from wild type on the basis of
thermal lability of cA-PK. This finding is tem
pered by the fact that only six clones from each
set of revertants were examined; therefore, the
differences could simply reflect statistical varia
tion in sampling. In a manuscript we have sub
mitted we shall present additional evidence sug
gesting that EMS and MNNG act differently to
induce revertants.

It was surprising that ICR191, a frameshift
mutagen in bacterial (1) and, apparently, in
mammalian systems (13, 22a, 37), should induce
reversions of this mutant so effectively. cAMP
dependent protein kinase is a tetramer consist
ing of two cam P-binding regulatory (R) and two
phosphokinase-catalytic (C) subunits bound in
an inactive holoenzyme complex (19, 20). Bind
ing of cAMP to R results in dissociation of cA
PK into cAMP-bound R dimers and free, active
C monomers (19, 20). Since catalytic activity of
cA-PK is ultimately harmful to S49 cells, R
subunit expression must, presumably, be equal
to or greater than C expression to maintain C in
inactive complexes. In wild-type cells, R and C
expression is approximately stoichiometric
(R. A. Steinberg and T. van Daalen Wetters,
unpublished data), so that loss of significant
amounts of R expression or activity by mutation
without concomitant reduction in C expression
would be expected to have dire consequences
for cell viability. ICR191 acts primarily to elimi
nate gene function by introducing base deletions
or additions (10, 22a). Therefore, it would not be
expected to effectively induce reversions of this
mutant if these assumptions are valid.

It could be that ICR191 has significant base
substitution activity in this particular gene. We
favor an alternative explanation. S49 cells ex
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press two R subunit alleles, one of which is
mutant in U200/65.1 (29). We propose that re
version can occur upon elimination of functional
expression of the mutant allele accompanied by
enhanced expression of the remaining wild-type
allele. Evidence to support this proposal will be
presented in a forthcoming paper in which we
analyze, by two-dimensional gel electrophore
sis, the effect of reversion on the isoelectric
point of the mutant regulatory subunit (manu
script submitted for publication).

In summary, we have used a counter-selection
method to isolate revertants from a Bt-cAMP
resistant mutant carrying a structural lesion in a
regulatory subunit of cA-PK. We have present
ed evidence suggesting that the mutant allele can
be modified in two ways to generate revertant
phenotypes: (i) by mutations that restore its
wild-type function, and (ii) by mutations that
eliminate its function.
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The regulatory subunits of cyclic AMP (cAMP)-dependent protein kinase from
a dibutyryl cAMP-resistant S49 mouse lymphoma cell mutant, clone U200/65.1,
and its revertants were visualized by two-dimensional polyacrylamide gel electro
phoresis. Clone U200/65.1 co-expressed electrophoretically distinguishable mu
tant and wild-type subunits (Steinberg et al., Cell 10:381–391, 1977). In all 48
clones examined, reversion of the mutant to dibutyryl cAMP sensitivity was
accompanied by alterations in regulatory subunit labeling patterns. Some sponta
neous (3 of 11) and N-methyl-N'-nitro-N-nitrosoguanidine-induced (2 of 11)
revertants retained mutant subunits, but these were altered in charge, degree of
phosphorylation, or both. The charge alterations were consistent with single
amino acid substitutions, suggesting that reversion was the result of second-site
mutations in the mutant regulatory subunit allele that restored wild-type function,
although not wild-type structure, to the gene product. The majority of spontane
ous (8 of 11) and N-methyl-N'-nitro-N-nitrosoguanidine-induced (9 of 11) rever
tants and all of the revertants induced by ethyl methane sulfonate (14 of 14) and
ICR191 (12 of 12) displayed only wild-type subunits. Dibutyryl cAMP-resistant
mutants isolated from several of these revertants displayed new mutant but not
wild-type subunits, suggesting that the revertant parent expresses only a single,
functional regulatory subunit allele. The mutant regulatory subunit allele can,
therefore, be modified in two general ways to produce revertant phenotypes: (i)
by mutations that restore its wild-type function, and (ii) by mutations that
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eliminate its function.

The mechanisms leading to phenotypic rever
Sion of structural gene mutations in mammalian
tissue culture cells appear generally to be analo
gous to those described for procaryotic cells.
Thus, stable reversion of missense mutations in
genes such as those coding for hypoxanthine
phosphoribosyltransferase (HPRT) (15), tRNA
synthetase (28), RNA polymerase II (11), and
dihydrofolate reductase (29) in CHO cells and
for thymidylate synthase (2) in mouse FM3A
cells occurs as a result of new mutations within
the mutant gene which correct or compensate
for the original mutation.

The existence of two or more gene copies in
animal cells can give rise to revertants by mech
anisms not available in haploid cells. For exam
ple, HPRT is X-linked in humans (22). HeLa
cells are derived from a female patient and,
presumably, contain both active and inactive X
chromosomes. Milman et al. (20) described a
HeLa cell mutant, H23, with a missense muta
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tion in HPRT (19) resulting in an inactive en
zyme with an altered isoelectric point. Five
independent revertants isolated from H23 were
found to synthesize both mutant and wild-type
(WT) forms of the protein. HPRT-deficient se
gregants of the revertants arose at high frequen
cies and expressed mutant but not WT HPRT.
The authors concluded that revertants of H23
must be expressing a newly active but previous
ly silent WT gene.

We describe here a phenomenon in S49 mouse
lymphoma cells whereby the presence of a WT
gene affects the phenotypic reversion of a mam
malian structural gene mutation. These cells
contain two active loci that encode the regula
tory subunit of cyclic AMP (cAMP)-dependent
protein kinase (cA-PK) (27). One class of mu
tants (ka mutants), selected for resistance to
dibutyryl cAMP (Bt-cAMP), contain cA-PK ac
tivity with an increased apparent activation con
stant for cAMP (7). This phenotype can general
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ly be attributed to a missense mutation in one of
the two regulatory subunit alleles (27). These
mutants concomitantly express both the mutant
and WT alleles but are of the mutant phenotype,
because they contain only low levels of protein
kinase capable of activation under the condition
of Bt-cAMP selection. We infer from measure
ment of the cA-PK activity in cell lysates pre
pared from multiple independent ka mutants that
this stimulable activity is 25% or less of that
present in WT cells (16). That these cells contain
kinase with more mutant than WT activity is
attributable not to unequal synthesis of the WT
regulatory (R) and mutant regulatory (R') sub
units, but to preferential assembly of kinase
containing R' rather than R subunits (R. A.
Steinberg, personal communication). In addi
tion, it is probable that heterodimers in the
holoenzyme, which contains two (RR, RR', or
R'R') regulatory subunits, have mutant-like ac
tivity and that there is a greater rate of degrada
tion of WT than of mutant subunits.

Revertants of one ka mutant, U200/65.1, are
effectively induced by the base substitution mu
tagens (6) ethyl methane sulfonate (EMS) and N
methyl-N'-nitro-N-nitrosoguanidine (MNNG),
but also by the frame shift mutagen (1, 8, 18)
ICR191 (30). Reversion of U200/65.1 cells al
ways restored the WT levels and activation
constant of cA-PK. In addition, the thermal
lability of cA-PK activity in all revertants, ex
cept some of those induced by MNNG, was
restored to that of the wild type. In sum, rever
sion of U200/65.1 cells apparently leads most
often to production of a WT-like enzyme regard
less of the type of mutagenesis used to induce
revertants.

Since U200/65.1 cells express both mutant and
WT R subunit alleles, the simplest interpretation
of these results is that reversion occurs occa
sionally by compensatory mutations that restore
WT function to the mutant product, but predom
inantly by functional elimination of mutant R'
expression. Our previous study did not assess
the expression of the two individual allelic prod
ucts in mutant and revertant cells. We therefore
could not directly confirm this interpretation.

Many ka mutants, including most of those
induced by MNNG mutagenesis, contain mutant
and WT R subunit proteins that are distinguish
able in the isofocusing dimension of two-dimen
sional (O’Farrell) gel electropherograms (27).
U200/65.1 cells express R and R' alleles that are
so distinguishable. Thus, we could use gel analy
sis to directly ascertain the effects of reversion
on the expression and nature of each product.

In this report we show that only WT R prod
ucts can be detected in most revertants, that
forward mutants selected from these revertants
express new mutant but not WT R subunits, and
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that, therefore, the revertant parents are proba
bly functionally hemizygous for R subunit
expression.

MATERIALS AND METHODS

Materials. Media and chemicals came from the
following sources: Dulbecco modified Eagle medium
(DMEM), horse serum, and fetal calf serum, GIBCO
Diagnostics; methionine-free DMEM was obtained as
a 10x concentrate from Pacific Biological, and low
methionine medium is methionine-free DMEM con
taining 10% fetal calf serum; agarose, Seakem;
MNNG, Aldrich Chemical Co.; Bt-cAMP, N*-(2-
aminoethyl)-cAMP-Sepharose, and histone H2b (type
V11), Sigma Chemical Co.: [Y-*P|ATP, New England
Nuclear Corp.; [*S]methionine, Amersham Corp.;
Nonidet P-40, Almega Corp.; ampholines, LKB; acry
lamide and methylenebisacrylamide, Bio-Rad Labora
tories; sodium dodecyl sulfate, BDH; urea (ultra
pure), Schwarz/Mann; X-ray film and photographic
chemicals, Eastman Kodak Co.

Cells and culture methods. Cells were grown in
suspension culture in DMEM with 3 g of glucose per
liter supplemented with 10% heat-inactivated horse
serum. Cloning was performed in the same medium
but with 4.5 g of glucose per liter and 0.3% agarose
over feeder layers of primary mouse embryo fibro
blasts (3). All cells used were clonal sublines of mouse
lymphoma cell line S49.1 (10). Clone 24.3.2 is a serially
subcloned population of S49.1 cells. Clone U200/65.1
is an unselected subclone of U200/65; the latter was
selected by plating an MNNG-treated population of
24.3.2 cells in 0.5 mM Bt-cAMP plus 0.2 mM theoph
ylline (7). Clone T6.2.3 was derived from U200/65.1 by
plating an unmutagenized population in 1.0 p.M. dexa
methasone to select for resistance to that drug. Dexa
methasone resistance (Dex') was employed solely as a
means of genetically marking cell lines to rule out
cross-cultural contamination among S49 clones (30).
Bt-cAMP-sensitive revertants were isolated from
U200/65.1 or T6.2.3 cells after EMS, MNNG, or
ICR191 mutagenesis as described in a separate com
munication (30). Briefly, mutagenized cultures were
treated sequentially with Bt-cAMP to arrest revertant
cells and then with bromodeoxyuridine, 33258
Hoechst dye, and white light to kill cycling mutant
cells. Clones surviving multiple applications of this
counterselection panel were retrieved and screened
for sensitivity to Bt-cAMP. Mutants of the revertants
were isolated after mutagenesis with MNNG and
plating in 0.5 mM Bt-cAMP. A list of the clones and
their phenotypes and origins is given in Table 1.

Kinase assay. Cells were lysed in 10 mM Tris
hydrochloride—3.0 mM magnesium acetate (pH 7.4),
100,000 × g supernatants were prepared, and protein
kinase activity was determined by measuring the
transfer of *P from [y-”P|ATP to histone Hit as
previously described (30).

The protein concentration of cell extracts was deter
mined by the method of Lowry et al. (17), with bovine
serum albumin used as the standard.

[*Slmethionine labeling and extract preparation. La
beling procedures were slightly modified from those of
Steinberg (27). Cells (2 x 10°) were suspended in 1.0
ml of low-methionine DMEM and incubated for 60 min
at 37°C. [*S]methionine (800 to 1,200 Ci/mmol) was
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TABLE 1. Clones used

Clone Phenotype Origin

24.3.2 WT Unselected subclone of S49.1
U200/65.1 Bt-cAMP MNNG-induced mutant of

24.3.2
T6.2.3 Dex' Bt-cAMP" Dex' subclone of U200/65.1
T4.2.4, Bt-cAMP" Spontaneous revertants of

T4.2.5, U200/65.1
T4.2.3

T4.4.6 Bt-cAMP" EMS-induced revertant of
U200/65.1

T10.5.6, Dex' Bt-cAMP" MNNG-induced revertants of
T10.5.11, T6.2.3
T10.5.14

T24.7.1, Dex' Bt-cAMP" ICR191-induced revertants of
T24.7.3 T6.2.3

T30.4.6, Dex' Bt.cAMP" MNNG-induced mutants of
T30.4.7, T24.7 clones
T30.8.3

then added to a final concentration of 100 p.Ci/ml, and
incubation was continued for 3 to 4h at 37°C. Incorpo
ration was stopped by adding cold phosphate-buffered
saline containing 4 mM L-methionine. The cells were
washed once and then lysed in 100 pil of buffer
containing 10 mM Tris-hydrochloride (pH 7.5), 2 mM
dithiothreitol, 2 mM L-methionine, and 0.5% (vol/vol)
Nonidet P-40. Extracts were centrifuged for 15 min in
a Beckman Microfuge, and the supernatants were used
for column chromatography.

Affinity column chromatography. Radiolabeled ex
tracts were subjected to affinity chromatography over
40-pil columns of N*-(2-aminoethyl)-cAMP-Sepharose
as described by Steinberg (27).

Two-dimensional gel electrophoresis. The O'Farrell
two-dimensional gel electrophoresis procedure (21)
was used with the modifications described by Stein
berg (26). Second-dimension sodium dodecyl sulfate
gels were brought to 7.5% in polyacrylamide. All gel
patterns are shown with the acidic end of the isoelec
tric focusing dimension at the right and the low
molecular-weight region of the second dimension at
the bottom.

RESULTS

Expression of two R subunit alleles in WT and
mutant cells. S49 cell R subunits can be visual
ized by two-dimensional polyacrylamide gel
electrophoresis (27). Cells were metabolically
labeled with [*S]methionine, cytosols were
chromatographed over a cAMP affinity resin,
the R subunits were eluted with a strongly
denaturing buffer, and the eluates were subject
ed to electrophoresis. The single-step affinity
chromatography yielded a preparation that con
tained R polypeptide of sufficient relative abun
dance for ready visualization on gels and a
background of other polypeptides. These pro
vided a reference system against which changes
in R mobility due to mutation- or phosphoryla
tion-dependent charge modifications could be
observed. WT cells contain a single R subunit

polypeptide present in both a phosphorylated
and nonphosphorylated form. These had nearly
identical molecular weights, about 50,000, and
distinct isoelectric points, pI 6.0 and 6.3, respec
tively, in urea gels (Fig. 1a) (27). They were
separated in the isofocusing dimension by ap
proximately one charge unit. The more acidic
and abundant form is phosphorylated (24, 27).

Many ka mutants contain four, rather than
two, isoelectric forms of R (27). The labeling
pattern of the basic shift ka mutant clone U200/
65.1 is shown in Fig. 1b. It contained two R
forms that comigrated with those present in WT
cells; however, the label now resided primarily
in the dephosphorylated form. Two new spots
appeared that migrated to the basic side of the
WT pattern and were clearly resolved from the
others. The more acidic and abundant of the new
spots was phosphorylated. Each mutant product
was separated from its respective WT form by
about two charge units. It was concluded from
these and similar data that S49 cells express two
R alleles and that ka mutants generally carry a
missense mutation in one of the alleles (27).
Among the ka mutants analyzed in this way, all
of the more than 50 that expressed electropho
retically distinguishable products of the mutant
allele also expressed the product of the WT
allele, i.e., mutant cells were never observed to
shut off expression of the WT allele.

Effects of reversion on R subunit labeling pat
terns. A total of 48 Bt-cAMP-sensitive rever
tants of U200/65.1 cells were analyzed. In every
case, the labeling pattern of R subunits was
altered from that found in the parent mutant
(Fig. 1d through g). However, three BtzcAMP
resistant clones, adventitious survivors of the
selection for sensitive revertants, retained the
mutant labeling pattern (Fig. 1c). Alterations in
R subunit labeling patterns in the revertants
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FIG. 1. R subunit expression in S49 WT, mutant,
and revertant cells. The relevant portions of autoradio
grams obtained after in vivo (“Slmethionine labeling
of cells, cAMP affinity column chromatography of cell
extracts, and two-dimensional gel electrophoresis of
the column eluates are shown. The acidic end of the
gels is to the right. Solid arrows, Positions to which
WT subunits migrated; open arrows, new spots ap
pearing in mutant and revertant patterns. The numbers
in parentheses indicate the frequency with which each
phenotype was observed among the total number of
revertants examined within each class. Clones: (a)
24.3.2; (b) U200/65.1; (c) T24.7.2, a Bt-cAMP-resis
tant survivor of the selection for ICR191-induced
Bt-cAMP-sensitive revertants; in each column, the
revertants are (from the top); (d) T4.2.4, T4.2.5, and
T4.2.3; (e) T4.4.1: (f) T10.5.6, T10.5.11, and T10.5.14;
(g) T24.7.1.

therefore were probably not induced by the
selection protocol, but instead reflect mutational
events associated with reversion of the pheno
type.

A number of types of changes from the mutant
labeling pattern were observed among the rever
tants. In a few rare cases, among spontaneous
(Fig. 1d) and MNNG-induced (Fig. 1■ ) rever
tants, mutant subunits were retained but
changed in charge, degree of phosphorylation,
or both. The mutant spots in the basic shift
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spontaneous revertant clone (T4.2.3) and the
acidic shift MNNG-induced revertant clone
(T10.5.14) were altered by a single unit of charge
or less. In addition, the MNNG-induced rever
tant clone (T10.5.11), displaying a change only
in the degree of phosphorylation of the mutant
and WT subunits, was previously shown to
contain cA-PK activity, with a half-life for ther
mal denaturation more nearly like that of the
mutant than of the WT ca-PK (30). These
observations are consistent with the interpreta
tion that the mutant R' subunit genes in these
revertants experienced second-site mutations
that restored their WT function, but not the WT
Structure.

The most striking result was that the large
majority of revertants had R subunit labeling
patterns indistinguishable from that of the WT
(Fig. 1d through g). Most of the spontaneous (8
of 11) and MNNG-induced (9 of 11) and all of the
EMS- (14 of 14) and ICR191-induced revertants
(12 of 12) appeared to have a gel pattern identical
to that of the WT cells.

Two alternative hypotheses can explain this
result. (i) The mutant gene is particularly sus
ceptible to mutagenesis at a specific site(s), i.e.,
has a hot spot, which neutralizes both the phe
notypic effects and charge change of the original
mutation, thus leading to a WT-like R product,
phenotype, and R subunit labeling pattern; or (ii)
the expression of mutant R' is eliminated either
by mutations within the structural gene that lead
to nonfunctional products not detected on the
gels or by repression of mutant R' synthesis.
The labeling patterns in the second case thus
reflect the expression of the single remaining
WT allele.

These hypotheses make a powerful and test
able prediction. Suppose that revertants express
two R subunit alleles whose products exactly
comigrate electrophoretically; then MNNG-in
duced ka mutants selected from the revertants
that newly express a mutant R should also
express WT R. However, if revertants express
only a single R allele, then such derived mutants
should express no WT subunits, a result never
observed when ka mutants selected from WT
Bt-cAMP rather than revertant Bt-cAMP cells
were so analyzed.

Functionally hemizygous expression of R sub
units. Three revertants, one induced by EMS
(T4.4.1) and two induced by ICR191 (T24.7.1
and T24.7.3), were mutagenized with MNNG,
allowed a 3- to 6-day expression period, and
plated in the presence of Bt-cAMP. Resistant
mutants arose at frequencies of about 107*.
Several BtzcAMP' clones contained cA-PK ac
tivity with increased Ka for cAMP (Fig. 2) and
therefore could possibly carry R proteins with
discernible charge alterations.
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FIG. 2. cA-PK activity in cell extracts. Cells:
24.3.2 (O); U200/65.1 (O); ICR191-induced revertants
T24.7.1 (A) and T24.7.3. (E); Bt-cAMP" segregants of
ICR191-induced revertants T30.4.6 (A), T30.4.7 (C),
and T30.8.3 (Ö).

Figure 3 shows the genealogy of clones lead
ing to the Bt-cAMP mutant of one revertant,
their respective R subunit electrophoretic pat
terns, and our interpretation of them in terms of
the nature and number of R alleles expressed. Of
the mutants isolated from the revertants, two
from T24.7.1, one from T24.7.3, and two from
T4.4.1 displayed R subunits with charge alter
ations in the acidic direction varying in magni
tude from 1 to 2 charge units. Figure 3d shows
the electropherogram of one such mutant isolat
ed from T24.7.1. The charge shift in R was
associated with an absence of detectable label in
the location to which WT R subunits migrated
(Fig. 3d). Similar results were obtained with the
other four mutants analyzed in this way (data
not shown). These data are consistent with the
hypothesis that reversion of U200/65.1 cells can
occur as the result of events that eliminate
functional expression of the mutant R' allele.

DISCUSSION

The presence of two active genes encoding the
R subunit of cA-PK and the dominant effect of
mutant R' on the cellular phenotype make possi
ble a novel mechanism for the reversion of a
mammalian structural gene mutant. Phenotypic
reversion of this mutant, which coexpresses the
products of mutant and WT genes, can occur by
functional elimination of mutant R subunit
expression. The following observations support
this. (i) ICR191, a frame shift mutagen in bacteri
al (1) and apparently in mammalian systems (8,
18), very effectively increased the frequency of
revertants (spontaneous, 3 × 107; ICR191,
1.5 × 107*) (30). (ii) Reversion of phenotype
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almost always resulted in the production of a
single kind of functional R subunit, with WT
enzymatic and electrophoretic properties
regardless of the type of mutagen used to induce
revertants (30; this paper). (iii) When mutants
that newly express mutant R subunits were
derived from revertants with WT subunits, the
mutants never expressed detectable WT sub
units. The presumed genotypic changes that
underly these alterations are R/R (WT) → R/R'
(mutant) → R/0 (revertant) → R*/0 (mutant),
where R' and R* denote distinct alterations of
the WT R allele.

Gene conversion (23) could be an alternative
mechanism leading to reversion of the mutant.
This requires that the nucleotide sequence of the
mutant R subunit gene be converted to that of
the WT sequence, so that revertants express two
WT genes, i.e., R/R (WT) → R/R' (mutant) →
R/R (revertant). Therefore, an explanation of the
results (Fig. 3e), i.e., that further forward muta
tion of revertants yields Bt-cAMP cells that
express only R*, would require postulating the
occurrence of a mutational event in one WT
allele (R/R → R*/R), accompanied by either a
gene inactivation event (R*/R → R*/0) or a gene

Nature of R
Clone Phenotype Gel Pattern Expression
wild type Bt, cAMP -- *- : *

Sensitive - T---- --
- y =

2-MNNG - H. : RR

w

mutant resistant --- º

- y V
| ----- -V-1CR 4 4 –

w - -

ICR-Induced sensitive T-T
revertant T---- " -

- ºf-3
~MNNG = − R

w -

Bt, cAMP resistant * -

mutant - - - - -
from - y y :
ICR-Induced - - - -' '... -- &
revertant - A 4 R

FIG. 3. Hemizygous expression of R subunits in
ICR191-induced revertants. Solid arrows, Positions to
which WT subunits migrated; open arrows, new spots
appearing in mutant and revertant patterns. Cells: (a)
24.3.2; (b) U200/65.1; (c) T24.7.1; (d) T30.4.6.
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conversion (R*/R → R*/R*) of the remaining
WT allele. We believe the data are more simply
explained by the functional elimination of mu
tant R' than by gene conversion.

Functional elimination of mutant allele
expression is likely to account for most rever
tants, because mutagens, especially ICR191, are
more likely to mutate genes encoding R' to
produce an inactive product than a product with
WT activity. Indeed, most (43 of 48) of the
revertants we obtained had phenotypes and la
beling patterns consistent with this notion. Fur
thermore, three randomly selected revertants
among this predominant class all appeared to be
functionally hemizygous for R subunit expres
SiOn.

Functional elimination of the products of one
R subunit allele may require enhanced expres
sion of the remaining allele to maintain cell
viability and the WT phenotype. Dissociation of
the inactive cA-PK tetramer by cAMP results in
the release and activation of catalytic (C) sub
units (13, 14), an event that is ultimately lethal
for WT (4, 5) and revertant (30) S49 cells. In the
unstimulated state, R subunit expression must
be at least equal to C subunit expression to
maintain C subunits in the inactive holoenzyme
complex. WT cells contain approximately equal
levels of R and C subunits (R. A. Steinberg and
T. R. van Daalen Wetters, unpublished data), so
that loss of significant amounts of R expression
or activity by mutation, without concomitant
reduction in C expression, would seriously com
promise cell viability. The ICR191-induced re
vertants had WT levels of CA-PK activity and,
in addition, showed no appreciable activity
above WT levels in the unstimulated state (Fig.
2). The stoichiometry of the dissociation reac
tion for cA-PK,

4 cAMP + R3 C2 = R2 camp, + 2 C
(catalytically (catalytically

inactive) active)

implies that the revertants must, therefore, con
tain WT levels of R as well as C subunits. The
steady-state level of the R product in a cell with
a single WT allele could equal that in a cell with
two such alleles as the result of compensatory
mechanisms that increase synthesis or decrease
turnover of the polypeptide, mechanisms that
are available to affect levels of R subunit expres
Sion in WT cells (24, 25). Studies on R subunit
metabolism in these revertants are required to
resolve this question.

It is possible that most ICR191-induced rever
tants express truncated R subunit polypeptides
whose synthesis is directed by the mutant allele
as a result of nonsense or deletion mutations.
These products were probably not detected on
the gels because they are too small or because
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they have lost the ability to bind cAMP and are
therefore lost in the affinity chromatography
step before electrophoresis. The identification of
such fragments, as by immunoprecipitation,
would constitute powerful evidence in support
of our model for the predominant mechanism of
reversion of U200/65.1 cells.

Some spontaneous and MNNG-induced re
vertants have been identified as potential sec
ond-site revertants. Reversion of phenotype in
these cells occurred because a second mutation
al event within the mutant R subunit gene re
stored WT function to its product. These rever
tants expressed products from the mutant allele
that were altered in charge, degree of phosphor
ylation, or both (Fig. 1). Two revertants display
ing charge changes, T4.2.3 and T10.5.14, con
tained R subunits that, after proteolytic
digestion, showed electrophoretic patterns dif
fering from those in WT or mutant cells (R. A.
Steinberg, unpublished data). This result pro
vides strong evidence that these revertants in
deed result from second-site genetic alterations
in the mutant allele.

Lastly, the conclusion that Ka mutants carry
true structural gene mutations in R subunit
genes and that these mutations result in the
mutant phenotype was based on the regular
association of alterations in R subunit polypep
tide function (9, 12) and charge (27) with the
altered phenotype. Because, as reported here,
all of the 48 phenotypic revertants of one ka
mutant examined by gel analysis carried new
alterations in the mutant R subunit polypeptide,
we confirm that conclusion.
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CHAPTER 3

Revertants of a Trans-Dominant Mouse Cell Mutant that Affects Expression

of cAMP-Dependent Protein Kinase.

Theodoor van Daalen Wetters, Michael P. Murtaugh and Philip Coffino
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ABSTRACT

Phenotypic revertants were isolated from an Sl;9 mouse lymphoma

tissue culture cell mutant that lacks cAMP-dependent protein kinase

(cA-PK) activity (kin"). The mutant phenotype is trans-dominant and

results from a lesion that probably lies outside the cA-PK subunit

structural genes (Steinberg et al., Cell 15: 1351–1361, 1978). The na

ture of the event that produces the kin" phenotype is unknown, howev

er, the mechanism that is responsible for its behaviour is genetically

encoded because: 1. Spontaneous revertants arise at low frequency, 2 x

10-%; 2. Reversion frequency is increased 50 to 100 fold by mutagen

treatment; 3. Mutagen-specific classes of revertant phenotypes are

induced by frameshift and base-substitution mutagens; and H. Some re

vertants are temperature-sensitive for expression of cA-PK subunit po

lypeptides.

Additional evidence is provided that argues against structural

lesions in cA-PK catalytic (c) subunits as explanatory of the kin"

phenotype. Kin cells do not express an immunologically detectable C

polypeptide, whereas C expression is restored in revertant cells. Re

vertants in which phenotype and cA-PK activity levels are only par

tially restored to that of wild type cells contain a commensurately

reduced amount of C polypeptide. Lastly, the structure of C polypep

tide in partial revertants is unaltered from that of wild type C, as

determined by two-dimensional polyacrylamide gel electrophoresis.

The evidence supports the hypothesis that the kin lesion defines

a regulatory gene responsible for setting intracellular levels of cA

PK C subunit expression.
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INTRODUCTION

The nature of the regulatory mechanisms that control gene expres

sion in higher eukaryotes has remained largely mysterious. Somatic

genetic approaches toward isolating and characterizing mutants affect

ed in their ability to regulate specific genes have met with little

success, because it has been difficult to select appropriate mutants

in systems where gene regulation has been shown to occur or to demon

strate regulation in systems for which powerful selection methods ex

ist. If mutants carrying lesions in regulatory genes are to be detect

ed in diploid organisms they should possess two identifying proper

ties: i. they express altered levels of a wild type product encoded by

the regulated gene; ii. they are dominant. Here we further describe a

mammalian somatic cell enzyme deficiency mutant that displays these

properties.

Sl;9 mouse lymphoma cells are killed by inducers of cAMP and

analogues of cAMP (Daniel et al., 1973). These agents provide a power

ful selection for non-responsive variants (Coffino et al., 1975). Dibu

tyryl cAMP-resistant (Bt,cAMP") variants, almost exclusively, carry

lesions affecting the function or expression of cAMP-dependent protein

kinase (cA-PK) (Friedrich and Coffino, 1977). We have described a

Bt, AMP" variant of Sl;9 cells that lacks measurable cA-PK activity

(Steinberg et al., 1978). These kinase minus (kin") mutants are unique

among somatic cell enzyme-deficiency mutants in that the kin" pheno

type is completely dominant in a mutant-wild type hybrid cell. We

have presented evidence suggesting that kin cells do not result from

lesions in either of the cA-PK subunit structural genes or from excess

expression of a soluble inhibitor of cA-PK activity.
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The kin cells exhibit a number of additional features: 1. The

lesion appears to affect specifically cA-PK catalytic (C) subunit ex

pression. Among about 1000 polypeptides that can be resolved on a

two-dimensional (O'Farrell) polyacrylamide gel, the only discernable

difference observed between kin" and wild-type cells is a lowered ex

pression and decreased phosphorylation of cA-PK regulatory (R) subunit

(Steinberg and Coffino, 1979). (The C subunit is not resolved in this

gel system.) The altered expression of R is probably secondary to the

absence of C subunit activity (Steinberg and Agard, 1981). 2. The mu

tation is not leaky: neither kin cells nor hybrids between kin" and

wild-type cells contain detectable levels of cA-PK activity. 3. The

cells are pleiotropically negative for all cAMP-mediated responses

(Steinberg and Coffino, 1979).

Together, these properties imply the existence of a trans acting

regulatory mechanism that, in wild type cells allows, but in kin"

cells extinguishes, expression of cA-PK C subunit activity. The re

ported properties of kin" have served little to delimit the nature of

this mechanism. Of fundamental concern is the question of whether re

gulation of C expression is carried out by components that are geneti

cally encoded or through the operation of an epigenetic mechanism.

Kin" cells arise at low frequency and are stable in the absence of the

selective agent through multiple subclonings (Friedrich and Coffino,

1977; R. A. Steinberg, pers. commun.). However, the distinction

between genetic or epigenetic phenomena can not be made on the basis

of these two criteria alone. Kin" clones arise at a much lower fre

quency than other Bt cAMP" phenotypes. Therefore it has neither been2

possible to measure accurately their rate of occurence nor to demon
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strate unambiguously their inducibility by mutagens.

Revertants of a mutant can provide further information about the

nature of the altered function. We have therefore isolated BtacAMP

sensitive (Bt,saur") revertants of kin cells. Here we show that the
kin regulatory mechanism is encoded by a mutable gene(s); we describe

revertant phenotypes whose properties should facilitate further

analysis of this mechanism and we present additional evidence implying

that structural mutations in C genes cannot account for the kin"

phenotype. Lastly, we show that regulation of C gene expression prob

ably occurs at a step that precedes polypeptide synthesis.
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MATERIALS AND METHODS

Materials.

Media and chemicals came from the following sources: Dulbecco

modified Eagle medium (DMEM), horse serum, and fetal calf serum were

from GIBCO Diagnostics; methionine-free DMEM is from Irvine Scientif

ic, low methionine medium is methionine-free DMEM containing 10% fetal

calf serum; polyethylene glycol 1000 (PEG 1000) was from BDH Chemicals

Ltd.; N-methyl-N'-nitro-N-nitrosoguanidine (MNNG) was from Aldrich

Chemical Co.; ICR191 lot G was a gift of Dr. H. J. Creech (1972).

Bt, AMP, bromodeoxyuridine (BUdR), and histone *2b (type Wlll) were
35from Sigma Chemical Co.; 33258 Hoechst dye was from Calbiochem; S

25r WaSmethionine and [Y-3°P)-ATP were from New England Nuclear; Na'

from Amersham Corp.; agarose was from Seakem; purified beef heart

cAMP-dependent protein kinase catalytic subunit was a gift of Dr. E. H.

Fischer (Univ. Washington, Seattle).

Cells and culture methods.

Sl;9 cells were grown at 37° in DMEM containing 3 g of glucose per

liter, supplemented with 10% heat inactivated horse serum. Cell clon

ing was performed in the same medium, but with 11.5 g of glucose per

liter and 0.3% agarose (cloning medium), over feeder layers of primary

embryo fibroblasts (Coffino et al., 1972). HAT medium is DMEM plus

horse serum, as described above, and containing 50 yum hypoxanthine,

0.1 mM aminopterin, and 16 Jum thymidine (Littlefield, 1961).

All cells used were clonal sublines of mouse lymphoma line Sh9. 1

or its thymidine kinase minus (TKT) derivative Sh9. 1TB4 (Horibata and

Harris, 1970). Line 28.3.2 is a serially subcloned population of
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Sl;9. 1. U36 is a ouabain-resistant (oua") subclone derived from

sug. 1TB4 (Steinberg et al., 1978). 21.6.1 (kin") was derived from an

unselected subclone of Sh9. 1 by plating an unmutagenized population in

0.5 mM Bt., cAMP plus 0.2 mm theophylline (Bourne et al., 1975; Coffino2

et al., 1975). TS. 2. 1 and T5.2.2 were derived from 21.6.1 by plating

an unmutagenized population in 1.0 jum dexamethasone. OR 1.7 is a Tr",

oua" derivative of 24.6.1 obtained after mutagenesis and step-wise

selection for resistance to 30 JuM BUdR and 10 mM ouabain.

Cell-cell hybridizations were carried out by combining and spin

ning down 5 x 10% cells from each clone. The cell pellets were ex

posed to 0.5 ml of l;7% PEG 1000 in DMEM for 90 seconds then immediate

ly diluted with 12 ml DMEM. The cells were then resuspended in DMEM

plus 10% horse serum, incubated overnight and plated the following

day. To facilitate hybridization experiments involving large numbers

of revertant clones containing no complementable marker, we used Tr",

oua" sublines of kin’ (U36) and kin" (OR1.7) cells as hybridization

partners for the revertants and selected the fusion products in clon

ing medium containing HAT plus 1.0 mM ouabain.

Mutagenesis and counter-selection.

T5.2.1 was treated with ICR191 (0.75 pug/ml) for 21, h. TS. 2.2 was

treated with MNNG (2.0 pg/ml) for 1.5 h. Surviving fractions were

0.21 and 0.01 for T5.2.1 and T5.2.2, respectively, as measured by

cloning in non-selective medium following mutagenesis. Mutagenized

cultures were allowed a 6-day "expression" period before counter

selection. Further details of cloning methods and mutagen treatments

are described in previous work (Friedrich and Coffino, 1977).

Counter-selection for Bt, AMP" cells is carried out as diagramed
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below.

6 days 11 hrs 9 hrs l; hrs 2 hrs

Mutagenesis add add remove add light
BtacAMP Brd Urd BtacAMP dye

Briefly, exponentially growing kin cells are treated with 1.0 mM

Btecap for 11 h until putative revertants have left S-phase. The

cells are then exposed to 10 July BUdR for 15 h. ; the last 6 h. in the

absence of Bt, AMP and the last 2 h. in the presence of 1.0 puM 33258

Hoechst dye (Stetten et al., 1976). The culture flasks are then placed

on Handi-wrap and suspended 1 cm. over a white neon light source for

10 to 15 min. Further rationale and description of this protocol is

provided in the text and has been reported previously (van Daalen

Wetters and Coffino, 1982; Stetten et al., 1976).

Kinase assay.

Cells were lysed in 10 mM Tris-HCl, 3.0 mM magnesium acetate, pH

7. 1, 100,000g or microfuged supernatants prepared, and protein kinase

activity determined by measuring the transfer of 32p from [Y_*P)-ATP

to histone *2b as described (van Daalen Wetters and Coffino, 1982).

The protein concentration in cell extracts was determined by the

method of Lowry et al (1951), using bovine serum albumin as standard.

*s-Methionine Labelling and Extract Preparation.

Cells were resuspended in low-methionine DMEM at 2 x 10% cells/ml

35
and incubated for 2 hr at 37° C. S-methionine (800 - 1200 Ci/mmole)

was then added to a final concentration of 100 pici/ml and incubation
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continued for 3 - l; hr at 37°. Incorporations were stopped by adding

cold phosphate buffered saline containing l; mM L-methionine. The

cells were washed once and then lysed to give a cell concentration of

l; x 107 cells/ml in buffer containing 10 mM Tris-HCl (pH 7.5) and 2 mm

dithiothreitol. Cell extracts were microfuged for 15 min and the su

pernatants prepared for electrophoresis by adding an equal volume of

2X sample buffer containing lº■ Nonidet-P l;0, 10% ampholines (pH 3.5 -

10, 3%; pH 5 - 7, 7%), 20% glycerol and 10% 2-mercaptoethanol. To

release catalytic subunit from holoenzyme complexes, supernatants were

first brought to 10 pum cAMP prior to addition of 2X sample buffer.

Two-dimensional gels.

Analysis of catalytic subunit physical properties in revertant

cells was carried out using non-equilibrium pH gel electrophoresis

(NEPHGE) in first dimension tube gels and sodium dodecyl sulfate (SDS)

molecular sieving chromatography in second dimension gels, 10% in po

lyacrylamide, as described (O'Farrell et al., 1977) but with the fol

lowing modifications of the first dimension electrophoresis procedure:

1. electrophoresis is carried out in the absence of urea; 2. ampho

lines are pH 3.5 - 10, 30%; pH 5 - 7, 70%; 3. electrophoresis time is

1 hrs. All gel patterns are shown with the acidic end of the charge

dimension at the right and the low molecular weight region of the

second dimension at the bottom.

Pure beef heart catalytic subunit, provided by Dr. Edmond Fisch

er, was used to establish conditions for resolving the polypeptide in

the non-denaturing, first dimension gels. Partially purified, ra

diolabelled Sh9 C (fig. 4) was obtained by eluting a column of DEAE
35bound "S-methionine labelled wild type cell extract with cAMP (Kinzel
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et al., 1976). The kinase activity eluting from the column was shown

to be inhibitable by the cA-PK-specific inhibitor protein (Walsh et

al, 1971; data not shown). Furthermore, the band appearing in the

wild type autoradiogram in response to cAMP (fig. lic) was cut from the

dried gel, resolubilized, subjected to Cleveland mapping (1977) and

shown to share close homology, in its protease digestion pattern, with

beef heart C (data not shown).

Pure beef heart C has three charge forms of identical molecular

weight in this system that are separated by the distances indicated by

the small arrows in figure la and le. Three isozymic forms of beef

heart C have also been reported in other non-denaturing, isofocusing

systems and have plof 7.0.1, 7.48 and 7.78 (Peters et al., 1977). Sl;9

C appears to be slightly smaller and more alkaline than the most abun

dant and basic form of the beef heart forms.

Western blotting.

Levels of cA-PK catalytic subunit polypeptide expression in mu

tant and revertant cells was assessed by fractionating unlabeled whole

cell extracts on SDS gels containing 10% polyacrylamide, blotting onto

nitrocellulose paper by horizontal electrophoresis and probing the

blots with affinity-purified 125 I-labelled anti-catalytic subunit an

tibody as described (Murtaugh et al., 1982).

Mixing experiments of wild-type and kin" cell extracts establish

a minimum detection limit for catalytic subunit of 10% of that ex

pressed in wild type cells by this method (data not shown).
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RESULTS

kin" is revertable

Bt, AMP" revertants were isolated from populations of resistant

kin" cells using a counter-selection. Exposure of wild type and,

presumably, revertant cells to Btecarp causes them to arrest reversi

bly in the Gi phase of the cell cycle (Coffino et al., 1975), whereas

kin cells continue to cycle. We used a strategy that takes advantage

of this behavioural difference to isolate revertants. We treated popu

lations of kin cells with Bt-cAMP to arrest revertant cells in G1,2

then added an S-phase specific cytotoxic agent, bromodeoxyuridine

(BUdR), to kill cycling kin" cells. The cells were then rescued from

drug treatment by resuspending them in fresh medium containing thymi

dine or plating in HAT medium (to eliminate co-selected BUdR-resistant

cells (Thompson and Baker, 1973)). This selection procedure has been

previously used to isolate revertants of a Bt cAMP" structural gene2

mutant of cA-PK (van Daalen Wetters and Coffino, 1982).

Each application of this protocol enriches approximately 100 to

300 fold for wild type cells (van Daalen Wetters and Coffino, 1982).

It was therefore necessary to apply the counter-selection multiple

times to enrich kin cell populations sufficiently with the rever

tants, which proved to be rare.

In the experiments summarized in Table 1, two independent

dexamethasone-resistant (dex') subclones of kin cells (T5.2.1 and

T5.2.2) were mutagenized with either MNNG or ICR191, allowed a 6-day

expression period, subjected to two selection treatments and the sur

viving cells plated in medium containing HAT. To compensate for
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drug-induced toxicity to revertants during selection, the survivors of

mutagenesis were allowed to repopulate at least 10-fold prior to the

first selection and about 6 to 10 fold between the first and second

selection. Ten to twelve days after cloning, colonies growing up on

HAT medium were retrieved and screened for sensitivity to BtegaNP.
The dex"-marked kin" clones were the only cells growing in this

laboratory that were so marked at the time these experiments were car

ried out. This additional mutation is phenotypically and genetically

unrelated to Bt., cAMP-resistance (Gehring and Coffino, 1977). All of2

more than 100 Bt, AMP" survivors of the selection that we tested were

found to be dex". Therefore, these clones are true revertants and not

cross-contaminants from wild type cultures. As indicated in table 1,

the incidence of revertants in non-mutagenized cultures of kin cells

was low, 2 - 6 x 10-6. Mutagenesis greatly increased the incidence of

revertants, to 119 - 11.7 x 10-6. Furthermore, both ICR191, a frame

shift mutagen (Ames and Whitfield, 1966; MacInnes et al., 1982) and

MNNG, a base-substitution mutagen (Drake and Baltz, 1976), very effec

tively induced revertants.

Characterization of revertants

To determine the extent to which sensitivity to Bt., cAMP had been2

restored in revertants, we measured the effect of Btecarp on their

growth. Wild type, kin" and revertant clones were grown in the pres

ence of various concentrations of BtacAMP. After three days the ex

tent of growth in control and treated cultures was determined. The

BtegaNP concentration for half-maximum effect (B.C.so) for wild type

cells is about 0.1 mM (fig. 1), whereas, kin cells are resistant to

at least 30-fold higher levels of Bt, AMP. All revertants induced by
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MNNG and ICR 191 have an B-C-50 in the range of that of wild-type cells

(fig. 1, table 2).

A number of revertants retain some resistance to Btecarp (fig.

1). These clones have an B-C-50 for inhibition of cell growth similar

to that of wild type cells but do not exhibit the same degree of

growth inhibition. This behaviour suggests that an incomplete rever

sion event had occured. Cross-cultural contamination of revertants

with parent kin cells, both dex", does not explain this result be

cause subclones of these revertants retain the partially resistant

phenotype (data not shown).

To ascertain the degree of association between phenotypic rever

sion and restoration of cA-PK expression we measured the activity of

that enzyme in extracts of revertant cells. Figure 2 shows that cA-PK

activity is absent in kinT cells and that this loss is not associated

with an increase in cyclic AMP-independent kinase activity. Rever

tants of kin" have cA-PK activity with an apparent activation constant

(ka) for cAMP similar to that of wild type cells. Among more than 100

revertants examined, none differed from wild type cells in their

E.C. O for Bt, AMP or in the apparent ka of CA-PK for cAMP. If clones5

with altered B-C-50 Orº “a had been found, this would have implied that

kin" was the result of a mutation in a cA-PK subunit structural gene.

Interestingly, revertants that retain partial resistance to

BtegaNP also express lower levels of cA-PK activity than do wild type

cells (fig. 2). Furthermore, comparison of figures 1 and 2 reveals

that the extent to which Bt, AMP affects growth is related to the

amount of kinase activity stimulated by cAMP. That is, the degree of

sensitivity the cells display to maximal concentrations of Bt., cAMP is2
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directly proportional to the amounts of cA-PK activity they express.

We have used this relationship to screen revertant clones induced

by MNNG and ICR191, measuring the effect of BtacAMP on growth, to

identify partial revertants that potentially have alterations in cA

PK. Clones so identified were subjected to assay of kinase activity

to confirm the presence of enzyme alterations. The data in table 2

show that both mutagens induced primarily revertants with cA-PK ac

tivity like that of wild type cells. However, MNNG, a base

substitution mutagen, was much better than ICR191, a frameshift mu

tagen, at inducing partial revertants.

Is kin a C structural gene mutant?

If kinT cells arose through structural mutations in cA-PK C

subunit genes, then partial revertants could be generated by second

site mutations that restore function to the gene products. Here we

show that C polypeptide is not detectable in kin" cell extracts and

that partial revertants contain a wild type C polypeptide that is ex

pressed at lower levels than that in wild type cells.

Any C mutation model, explanatory of the dominant kin" phenotype,

requires that the mutant express C polypeptide. Specific antisera

raised against C from beef heart muscle can be used to detect and

quantitate C polypeptide. We therefore used "Western" blot analysis

to determine the levels of C polypeptide expression in wild type, kin"

and revertant cells (Murtaugh et al., 1982). Sonicated whole-cell

lysates were fractionated by SDS-polyacrylamide slab gel electro

phoresis, electroblotted onto nitrocellulose paper and the blots

protes with affinity-purified '**r-labelled anti-C antibody as previ

ously described (Murtaugh et al., 1982). Figure 3a shows that a 39 ki
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lodalton (kd.) protein is visualized in wild type Sh9 cells that co

migrates with similarly labelled purified beef heart C (lanes 1 - 3).

This protein in Sl;9 cells is antigenically related to C because it ap

pears when immune but not pre-immune serum is used to probe the blots

(fig. 3b lanes 5 and 1, respectively). Except for the 58 kd protein

(fig. 3b, lanes 5 - 7), all other bands appearing in the autora

diograms label non-specifically and inconsistently.

Sh9 kin cells contain no detectable C polypeptide (fig. 3b, lane

6), nor do they contain detectable immunoreactive fragments smaller

than C. The 58 kd band in figure 3b (lanes 5 - 7) appears occasionally

in blots probed with immune serum; it also appears occasionally in

blots probed with pre-immune sera, whereas the 39 kd protein always

appears when immune but never when pre-immune serum is used as probe.

Also, in temperature-sensitive revertants, described below, the 39 kd

but not the 58 kd polypeptide shows temperature-dependent changes in

its expression (fig. 5). Under conditions where the 39 kd band is

quantitatively immunoprecipitated from Chinese hamster ovary cell ex

tracts, the 58 kd band is not (data not shown). Lastly, in vitro

translation of bovine mRNA, enriched in C sequences by polysome pre

cipitation, yields a product that co-migrates on SDS-polyacrylamide

gels, with native C, i.e. , 39 kd, polypeptide (S. McKnight, D. Carmi

chael and D. Lee, pers. commun.). This implies that the 39 kd pro

tein is not generated by post-translational processing of a larger

precursor. Although not formally proved, we do not believe the 58 kd

protein to represent a precursor to C. Experiments to resolve this

point are currently in progress.

Expression of C protein is restored in a revertant of kin" (lane
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7). Furthermore, as suggested in the figure and quantitated by densi

tometry, the revertant contains about 70% as much C as is present in

wild type cells. This is consistent with our observation that this

revertant expresses only about 70% as much cA-PK activity as does wild

type cells. A similar concordance between levels of cA-PK activity

and immunologically detectable C polypeptide exists for other partial

revertants (fig. 6). We conclude that levels of cA-PK activity in

kin" and revertant cells is determined by the amounts of C polypeptide

they express.

Figure 1, shows further that C polypeptide in partial revertants

retains the isoelectric point and molecular weight characteristic of

wild type cells, as determined by two dimensional polyacrylamide gel

electrophoresis. A C mutation model for kin", in which partial rever

tants represent second-site mutations in C, predicts, on the basis of

random genetic code alterations, that 30% of partial revertants ought

to contain C polypeptide with charge alterations (Steinberg et al.,

1977). Extracts of cells, metabolically labelled with 35 S-methionine,

were subjected to non-denaturing, non-equilibrium phase gel electro

phoresis (NEPHGE) in the first dimension and SDS slab gel electro

phoresis in the second dimension. Because charge separation is per

formed in a non-denaturing system, cA-PK migrates as the native

holoenzyme complex. Wisualization of C requires that it first be

released from the complex. This is done by treating cell extracts

with cAMP prior to electrophoresis. In wild type cells a spot of

about 38 kd appears in response to cAMP. That spot co-migrates with

partially purified, *s-methionine labelled Sh9 catalytic subunit

(fig. H., a - e). A similar spot does not appear in extracts of kin"
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cells treated with cAMP (fig. H., f and g), although the purified, ra

diolabelled C is not prevented from migrating to its homologous posi

tion when mixed with these extracts (fig. 1, h and i). The electro

phoretic mobility of C polypeptide in extracts of 9 partial revertants

was not distinguishable from that of wild type C (fig. 1, j - m, and

data not shown).

Similarly, to determine if reversion of kin" induced alterations

in the electrophoretic mobility of R subunits, extracts of 35s

methionine labelled cells were subjected to cAMP-affinity chromatogra

phy and the partially purified R polypeptide visualised by two dimen

sional (O'Farrell) gel electrophoresis (Steinberg and Coffino, 1977).

Of 9 revertants examined, none were found to contain R with charge

heterogeneity (data not shown). This supports earlier data (Steinberg

et al., 1978) arguing that R subunit alterations cannot account for the

kin" phenotype.

We conclude that individual revertants express C polypeptide at

diverse levels but do not express C polypeptide with altered struc

ture. This result makes untenable the notion that kin results from a

structural alteration in the C subunit gene. These data support our

previous contention (Steinberg et al., 1978) that the kin" phenotype

results from alterations affecting a gene(s) that is responsible for

setting levels of C expression.

Some partial revertants are temperature-sensitive

The existence of partial revertants and their selective increased

incidence following base-substitution mutagenesis suggest that these

phenotypes arose through a subtle mutational alteration of a kin gene

which allows its product to retain partially its mutant function.
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Jarvik and Botstein (1975) showed that reversion of a structural gene

mutation in phage P22 frequently results in temperature-sensitive (ts)

phenotypes. In addition, Campbell (1961) showed that missense muta

tions in phage lambda often confer ts phenotypes. If partial rever

tants of kin", indeed, arise through missense mutations in the kin"

gene, then it may be reasonable to expect some of these revertants to

be ts, as observed in other revertants of somatic cell mutants (In

gles, 1978; Thompson et al., 1978; Urlaub and Chasin, 1980; Ayusawa et

al 1981).

We therefore screened a collection of spontaneous and MNNG

induced partial revertants for temperature-dependent expression of

cA-PK activity. Cells were grown at 33°, 37° or 39° for several days,

then harvested, lysed and their extracts assayed for cA-PK activity.

Most clones showed at least some thermal lability in expression of

cA-PK activity (table 3); one (2.1LI3G) appears to be cold-sensitive.

However, seven clones are strongly ts, displaying at 33° less than 5%,

and at 39°, 35 - 50% of wild type cA-PK activity. Taking into con

sideration the small temperature-shift involved (6°) and the fact

these revertants were selected at 37°, the change in cA-PK activity in

these latter clones is marked.

To confirm that temperature-dependent changes in cA-PK activity

reflect changes in C polypeptide levels, two revertants, T26. H. 1 and

T26. li.57, were grown at 33° and 39°, cell extracts prepared from them

and subjected to Western blot analysis. Figure 5 shows the autora

diogram of this blot. It appears that in these revertants, C polypep

tide is expressed at 39°, but not at 33°. The amount of C polypeptide

in labelled bands was then determined by laser scan densitometry of



51

the autoradiograms. Figure 6 shows that as noted above, the levels of

cA-PK activity in these cells is proportional to the amounts of C. po

lypeptide they contain. We interpret the temperature-dependent

behaviour of C expression in ts revertants as follows: The kin gene

has undergone a missense mutation that results in a product that, at

33°, is fully functional and extinguishes C gene expression, but at

39° undergoes some alteration that impairs its function, allowing C to

be expressed. 33° is therefore the permissive and 39° the non

permissive temperature for kin gene function.

To confirm that the lesion resulting in ts revertants in fact re

sides in a kin" gene and is not due to a lesion in a second gene that

suppresses kin" function, we showed that ts phenotypes are dominant in

a wild type background but are recessive to the parent kin' mutant.

Cell - cell hybrids were formed between clones of appropriate back

ground by fusing cells with PEG 1000 and isolating hybrids by plating

in HAT - ouabain medium. The resulting hybrids were examined for

temperature-dependent cA-PK expression. Figure 7 shows that cA-PK ac

tivity in kin’ x kin’ hybrids is independent of temperature and is un

detectable in kin" x kin’ hybrids at either temperature. The domi

nance of kin" in crosses with kin’ cells is independent of the nature

of the HAT-selectable markers carried by the diploid parent clones

(Steinberg et al., 1978).

If the ts function were incapable of exerting any effects on the

expression of cA-PK from the kin’ genome in ts x kin’ hybrids, then,

such hybrids, when grown at 33° or 39°, would be expected to contain

levels of cA-PK activity that is the sum of the contributions of each

genome. Instead, ts x kin’ hybrids contain cA-PK activity that is
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less than additive at 33°; they contain 25% rather than the predicted

50% of wild type enzyme activity (fig. 7). This result indicates that

the ts function is repressing C expression by the wild type genome.

The ts property of the revertants is therefore dominant at the permis

sive temperature for kin" function. At 39°, the restrictive tempera

ture for kin" function, these hybrids contain greater than 70% of wild

type cA-PK activity, as would be predicted on the basis of simple ad

ditivity. Kin" x ts hybrids contain no cA-PK activity at either tem

perature (fig. 7). Therefore, ts revertants are recessive to kin"

cells, not leaky suppressors of kin".

Most revertants are recessive to kin"

The kin" gene product acts to repress C subunit expression. To

do so it must operate at some site which is either itself DNA, such as

an operator, or, if the regulatory function is carried out at a post

transcriptional step, is encoded by DNA. In either event, this site

may be amenable to genetic analysis. It might be possible, for exam

ple, to induce suppressor mutations at this site that will not allow

the kin gene product to carry out its function, and thereby, allow

expression of C subunit. If such phenotypes can exist, they should

arise as revertants of kin". Furthermore, this model predicts that

revertants of this kind will not be recessive to kin".

Taking this view, we screened for revertants that suppress kin"

by hybridizing revertants with kin" cells and determining whether the

hybrids expressed cA-PK activity. 28 revertants have been analysed in

this way; all were found to be recessive to kin" (data not shown). We

have therefore not yet found any second site revertants of kin". How

ever, this result does imply that revertants must be generated most
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DISCUSSION

Kin" is a dominant enzyme-deficiency mutant. In contrast, most

enzyme deficiency mutants of somatic tissue culture cells have been

shown to be recessive. Recessive mutants probably result from lesions

either within or near the structural gene encoding the affected func

tion, leading to polypeptides impaired in function or expression

(Rosenstraus and Chasin, 1978; Fenwick et al., 1977; Murtaugh et al.,

1982; Singh et al., 1981). Loss of chromosomal material can also gen

erate recessive mutants (Rosenstraus and Chasin, 1978).

In prokaryotes, enzyme deficiency mutants can result from similar

structural gene lesions. They also have been shown to arise from le

sions in secondary genes; those regulating the expression of the

structural gene. In such mutants, aberrant function of the regulatory

gene results in lowered expression of a normal product from the struc

tural gene. Mutants of this kind were identified by their ability to

regulate the expression of a wild type gene product in trans, that is,

cells with both genes have the mutant phenotype.

Dominance of an enzyme-deficiency mutant does not necessarily di

agnose the presence of a regulatory mechanism. Mutant subunits that

inactivate a multimeric enzyme when the holoenzyme complex is formed

can also confer a dominant enzyme-deficiency phenotype on a cell.

Negative complementation mutants of this kind have been described in

prokaryotic (Charette et al., 1982; Gibbons et al., 1975; Miller, 1978)

and eukaryotic (Foley et al., 1965) organisms. Normal steady-state

levels of a mutant polypeptide distinguishes this type of mutant from

the resulatory mutants we discussed above.

Cyclic AMP-dependent protein kinase is a tetrameric enzyme com



55

posed of two R and two C subunits (Krebs, 1972; Krebs and Beavo,

1979). There exist Sl;9 Btecarp" mutants carrying structural lesions

in one of two active R loci that lower the affinity of the mutant pro

duct for cAMP (ka mutants; Steinberg et al., 1977). Negative comple

mentation and preferential assembly of mutant over wild type subunits

into the holoenzyme explains why these cells have greater than 80%

rather than 50% of mutant cA-PK (Steinberg, 1983). The presence of

mostly mutant enzyme can also explain why the diploid cell is resis

tant to BtacAMP. It is unlikely that kin" is simply a more extreme
form of this type of mutant. The evidence opposing the view that kin"

results from a structural lesion in R or C subunits is compelling.

Kin" cells do not appear to result from mutations in R genes because:

1. R subunits from kin cells retain the functional and physical

properties of wild type R, as shown by reconstitution with wild type C

subunits and the migration of R on two-dimensional gels (Steinberg et al.,

1978).

2. The lowered expression of R in kin" cells can be explained by an

increase in its turnover due to the absence of C (Steinberg and Agard,

1981).

3. Nine revertants of kin" do not contain R subunits with isoelectric

alterations.

Similarly, kin cells are not C mutants because:

1. Kin" is dominant yet R subunits exist free in these cells (Steinberg

et al., 1978).

2. Kin" cells lack material that cross-reacts antigenically with anti-C

antibody and, levels of cA-PK activity in partial revertants is concordant

with the amounts of immunologically detectable C polypeptide they contain.



56

3. Nine partial revertants of kin do not contain C subunits with

isoelectric alterations.

These facts argue that the kin" phenotype can not be explained by

a negative complementation mechanism or any other mechanism that re

quires intrinsic alterations in R or C molecules.

What then is the nature of this mechanism? Firstly, we have

presented evidence indicating that this mechanism is not epigenetic.

The low incidence of revertants, their increased incidence following

mutagenesis, the mutagen-specific induction of classes of revertant

phenotypes and the generation of partial and temperature-sensitive re

vertants imply that the mechanism affecting C expression in kin" cells

is genetically encoded. Together, these observations imply the ex

istence of a gene (s) whose product(s) functions in either the regula

tion or metabolism of C.

Are there other non-regulatory mechanisms compatible with the sum

of these observations? One such is suggested by the 58 kd protein

that appears to cross-react with anti-C antibody (fig. 3). A

precursor-product relationship between this and C polypeptides and the

absence of the processing step would lead to an enzyme-deficiency

phenotype. To explain the complete dominance of kin" demands that the

processing molecules must be, simultaneously, incapable of carrying

out the processing step and able to prevent all wild type molecules

from doing so. These processing molecules must also act very specifi

cally in C polypeptide metabolism. We think this is an implausible

model to explain the kin" phenotype. It is made more unlikely because

the 58 kd protein appears to be unrelated to C, and because in vitro

translation experiments imply that C is not a processed protein.
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Similarly, kinT could arise through mutations in processing en

zymes involved in the maturation of C RNA primary transcripts to func

tional mRNA, or through mutations in molecules responsible for tran

sport of C mRNA from the nucleus to the cytoplasm. Again, the speci

ficity and non-leakiness (Steinberg et al., 1978) of kin" argues

against such models.

Finally, kin" mutants might result from the altered behaviour of

a protease that degrades C. To explain the kin" phenotype, the pro

tease must be specific for C and highly efficient. Furthermore, it

must be inactive in vitro since kin" extracts cannot inactivate C from

wild type extracts (Steinberg et al., 1978). A protease has been re

ported that degrades C from a h0 to a stable, 34 kd protein (Alhanaty

et al., 1981). This protease acts only on native C, ie, uncomplexed

with R, and is active in vitro. It is not known whether the action of

this protease is restricted to C. A 34 kd protein does not appear in

Western blots of kin" cell extracts (fig. 3); it seems unlikely that

the antigenicity of C should reside in the small fragment, 6 kd, re

moved by digestion with this protease. A definitive answer to this

question may require probing kin" cells for the presence of mRNA that

can be translated to yield C polypeptide.

The simplest hypothesis unifying our observations is that the

kin" phenotype results from lesions affecting a regulatory gene

responsible for setting intracellular levels of C. The existence of

such a regulatory gene is plausible because expression of cA-PK ap

pears to be developmentally regulated. The ratios of two isozymic

forms of R subunit (RI and RII) varies among tissues within species

and among the same tissues from different animal species (Sugden and
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Corbin, 1976; Weber et al., 1981). R and C subunit levels appear to be

coordinated in tissues expressing different amounts of cA-PK (Hofmann

et al 1980). Lastly, kinase levels are temporally regulated during

differentiation of normal (Lee et al., 1976; Knight and Skala, 1977)

and transformed (Liu, 1982; Plet et al., 1982) tissues. An attractive

possibility, therefore, is that the kin" gene product interacts with

or is part of this normally functioning regulatory system.



59

REFERENCES

Alhanaty, E., J. Patinkin, M. Tauber-Finkelstein and S. Shaltiel.

1981. Degradative inactivation of cyclic AMP-dependent protein kinase

by a membranal proteinase is restricted to the free catalytic subunit

in its native conformation. Proc. Nat. Acad. Sci. 78:3492-3495.

Ames, B.N., and H. J. Whitfield. 1966. Frameshift mutagenesis in Sal

monella. Cold Spring Harbor Symp. Quant. Biol. 31:221-225.

Ayusawa, D., K. Iwata and T. Seno. 1981. Conditional thymidine auxO

trophic mutants of mouse FM3A cells due to thermosensitive thymidylate

synthase and their prototrophic revertants. J. Biol. Chem.

256: 12005-12012.

Bourne, H. R., P. Coffino and G.M. Tomkins. 1975. Somatic genetic

analysis of cyclic AMP action: characterization of unresponsive mu

tants. J. Cell Physiol. 85:611-620.

Campbell, A. 1961. Sensitive mutants of bacteriophage lambda.

Virology. 11:22-32.

Charette, M.F., G.W. Henderson, F. J. Kezdy and A. Markovitz. 1982.

Molecular mechanism for dominance of a mutant allele of an ATP

dependent protease. J. Mol. Biol. 162:503–510.

Cleveland, D.W., S.G. Fischer, M.W. Kirschner and U.K. Laemmli. 1977.

Peptide mapping by limited proteolysis in sodium dodecyl sulfate and

analysis by gel electrophoresis. J. Biol. Chem. 252: 1102-1 106.

Coffino, P., R. Baumal, R. Laskov, and M.D. Scharff. 1972. Cloning



60

of mouse myeloma cells and detection of rare variants. J. Cell. Phy

siol. 19:429-1140.

Coffino, P., H. R. Bourne, and G.M. Tompkins. 1975. Somatic genetic

analysis of cyclic AMP action: selection of unresponsive mutants. J.

Cell. Physiol. 85:603–610.

Coffino, P., J.W. Gray, and G.M. Tompkins. 1975. Cyclic AMP, a

nonessential regulator of the cell cycle. Proc. Natl. Acad. Sci.,

U.S. A. 72:878-882.

Creech, H. J., R. K. Preston, R.M. Peck, and A.P. O'Connell. 1972. An

titumor and mutagenic properties of a variety of heterocyclic nitrogen

and sulfur mustards. J. Med. Chem. 15:739–745.

Daniel, W., G. Litwack, and G.M. Tompkins. 1973. Induction of cyto

lysis of cultured lymphoma cells by adenosine 3' : 5'-cyclic monophos

phate and isolation of resistant variants. Proc. Natl. Acad. Sci.,

U.S. A. 70:76-79.

Drake, J.W. and R. H. Baltz. 1976. The biochemistry of mutagenesis.

Annu. Rev. Biochem. us: 11-37.

Fenwick, R.G. Jr., T.H. Sawyer, G.D. Kruh, K.H. Astrin and C.T. Cas

key. 1977. Forward and reverse mutations affecting the kinetics and

apparent molecular weight of mammalian HGPRT. Cell. 12:383-391.

Foley, J.M. , N.H. Giles and C.F. Roberts. 1965. Complementation at

the adenylosuccinase locus in Aspergillus Nidulans. Genetics.

52; 1247-1263.



61

Friedrich, U. , and P. Coffino. 1977. Mutagenesis in Sl■ º mouse lym

phoma cells: induction of resistance to ouabain, 6-thioguanine and di

butyryl cyclic AMP. Proc. Natl. Acad. Sci., U.S.A. 71:679-683.

Gehring, U. and P. Coffino. 1977. Independent mechanisms of cyclic

AMP and glucocoriticoid action. Nature 268: 167.

Gibbons, I., J.E. Flatgaard and H.K. Schachman. 1975. Quaternary

constraint in hybrid of aspartate transcarbamylase containing wild

type and mutant catalytic subunits. Proc. Nat. Acad. Sci. (U.S.A.).

72; H298–1302.

Horibata, K., and A.W. Harris. 1970. Mouse myelomas and lymphomas in

culture. Exp. Cell Res. 60:61-77.

Ingles, C.J. 1978. Temperature-sensitive RNA polymerase II mutations

in Chinese hamster ovary cells. Proc. Nat. Acad. Sci. (U.S.A.).

Jarvik, J. and D. Botstein. 1975. Conditional lethal mutations that

suppress genetic defects in morphogenesis by altering structural pro

teins. Proc. Natl. Acad. Sci. U.S.A. 12:2738–2742.

Kinzel, W. and D. Kubler. 1976. Single-step purification of the ca

talytic subunits of cyclic 3':5'-adenosine monophosphate-dependent

protein kinase (s) from rat muscle. Biochem. Biophys. Res. Commun.

Knight, B.L. and J. P. Skala. 1977. Protein kinases in brown adipose

tissue of developing rats. Electrophoretic separation and assay of

soluble protein kinases on polyacrylamide gels and a study of their



62

properties and changes during development. J. Biol. Chem. 252:5356

5362.

Krebs, E.G. 1972. Protein Kinases. Curr. Top. Cell. Regul. 5: 99

133.

Krebs, E.G. and J. A. Beavo. 1979. Phosphorylation-dephosphorylation

of enzymes. Annu. Rev. Biochem. u8: 923–959.

Lee, P.C., D. Radloff, J.S. Schweppe and R. H. Jungmann. 1976. Tes

ticular protein kinase. Characterization of multiple forms and onto

Littlefield, J.W. 1964. Selection of hybrids from matings of fibrob

lasts in vitro and their presumed recombinants. Science. 11.5: 709

710.

Liu, A.Y.-C. 1982. Differentiation-specific increase of cAMP

dependent protein kinase in the 3T3-L1 cells. J. Biol. Chem.

257:298–306.

Lowry, O.H. , N. J. Rosebrough, A. L. Farr, and R. J. Randall. 1951.

Protein measurement with the Folin phenol reagent. J. Biol. Chem.

193:265-275.

MacInnes, M.A., U. Friedrich, T. van Daalen Wetters and P. Coffino.

1982. Forward mutation specificity of monofunctional alkylating

agents, ICR 191 and aflatoxin B. in mouse lymphoma cells. Mutat. Res.

Miller, J.H. 1978. In The Operon (Miller, J.H. and Reznikoff W.S.,



63

eds.) pp. 31-88. Cold Spring Harbor Laboratory, New York.
/

Milman, G., S.W. Krauss and A.S. Olsen. 1977. Tryptic peptide

analysis of normal and mutant forms of hypoxanthine phosphoribosyl

transferase from HeLa cells. Proc. Nat. Acad. Sci. (U.S.A.).

Murtaugh, M.P., A. L. Steiner and P.J. A. Davies. 1982. Localization

of the catalytic subunit of cyclic AMP-dependent protein kinase in

cultured cells using a specific antibody. J. Cell Biol. 95:64-72.

O'Farrell, P.Z., H.M. Goodman and P.H. O'Farrell. 1977. High resolu

tion two-dimensional electrophoresis of basic as well as acidic pro

teins. Cell 12: 1133-1142.

Peters, K.A., J.G. Demaille and E.H. Fischer. 1977. Adenosine

3':5'-monophosphate dependent protein kinase from bovine heart. Char

acterization of the catalytic subunit. Biochemistry. 16:5691-5697.

Plet, A., D. Evain, and W.B. Anderson. 1982. Effect of retinoic acid

treatment of F9 embryonal carcinoma cells on the activity and distri

bution of cyclic AMP-dependent protein kinase. J. Biol. Chem.

257:889-893.

Rosenstraus, M. J. and L. A. Chasin. 1978. Separation of linked mark

ers in Chinese hamster cell hybrids: Mitotic recombination is not in

volved. Genetics. 90:735-760.

Singh, T.J., C. Roth, M.M. Gottesmann, and I. Pastan. 1981. Charac

terization of cyclic AMP-resistant Chinese hamster ovary cell mutants

lacking type I protein kinase. J. Biol. Chem. 256:926-932.



6!!

Steinberg, R.A., P. H. O'Farrell, U. Friedrich and P. Coffino. 1977.

Mutations causing charge alterations in regulatory subunits of the

cAMP-dependent protein kinase of cultured Sh9 lymphoma cells. Cell

10:38.1-391.

Steinberg, R.A., T. van Daalen Wetters and P. Coffino. 1978. Kinase

negative mutants of Sl;9 mouse lymphoma cells carry a trans-dominant

mutation affecting expression of cAMP-dependent protein kinase. Cell

15: 1351–1361.

Steinberg, R. A. and P. Coffino. 1979. Two-dimensional gel analysis

of cyclic AMP effects in cultured mouse lymphoma cells: Protein

modifications, inductions and repressions. Cell 18:719-733.

Steinberg, R. A. and D. A. Agard. 1981. Turnover of regulatory subunit

of cyclic AMP-dependent protein kinase in Sl;9 mouse lymphoma cells:

Regulation by catalytic subunit and analogs of cyclic AMP. J. Biol.

Chem. 256: 10731-10734.

Steinberg, R. A. 1983. Molecular approaches to the study of cyclic

AMP action. Biochemical Actions of Hormones, vol. 11. (G. Litwack,

ed.). Academic Press, N.Y.

Stetten, G., S.A. Latt, and R.L. Davidson. 1976. 33258 Hoechst

enhancement of the photosensitivity of bromodeoxyuridine-substituted

cells. Somatic Cell Genet. 2:285-290.

Sugden, P.H., and J.D. Corbin. 1976. Adenosine 3' : 5'-cyclic

monophosphate-binding proteins in bovine and rat tissues. Biochem. J.

159:423-437.



65

Thompson, L.H. and R.M. Baker. 1973. Isolation of mutants of cul

tured mammalian cells. Methods Cell Biol. 6: 209-281.

Thompson, L.H., D. J. Lofgren and G.M. Adair. 1978. Evidence for

structural gene alterations affecting aminoacyl-tRNA synthetases in

CHO cell mutants and revertants. Som. Cell Genet. It liz3-435.

Urlaub, G. and L. A. Chasin. 1980. Isolation of Chinese hamster cell

mutants deficient in dihydrofolate reductase activity. Proc. Nat.

Acad. Sci. (U.S.A.). 77: 1216-1220.

van Daalen Wetters, T. and P. Coffino. 1982. Revertants of an Sl;9

cell mutant that expresses altered cyclic AMP-dependent protein

kinase. Molec. and Cellul. Biol. 2: 1229-1237.

van Daalen Wetters, T. and P. Coffino. 1983. Reversion of an Sl;9

cell cAMP- dependent protein kinase structural gene mutant occurs pri

marily by functional elimination of mutant gene expression. Molec.

and Cellul. Biol. 3:250–256.

Walsh, A.D., C.D. Ashby, C. Gonzalez, D. Calkins, E.H. Fischer and

E.G. Krebs. 1971. Purification and characterization of a protein in

hibitor of adenosine 3': 5'-monophosphate-dependent protein kinase. J.

Weber, W., H. Schroder and H. Hilz. 1981. Quantitation of heterolo

gous protein kinase subunits RI and RII with the aid of type specific

antibodies. Biochem. Biophys. Res. Commun. 99:175-183.



66

l

Figure 1. Effect of Bt.2cAMP on cell growth. Wild-type, mutant, and

revertant cells were incubated with various concentrations of BtegaNP
for 3 days, and cell concentrations were determined. Symbols: wild

type (o); kinT mutant (e); MNNG-induced revertants T26.4. 121 (A),

T26.4. 126 (A), T26.4. 128 (G), T26.4. 122 (s), and T26.4.134 (o).
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Figure 3. Determination of C polypeptide expression in cell extracts

by Western blot analysis. Cell extracts were fractionated on 7.5% (A)

and 10% (B) polyacrylamide gels, blotted onto nitrocellulose and

probed with '*r-labelled affinity-purified anti-C antibody. (A)

identification of Sl;9 C by co-migration with purified beef heart C.

Lane 1, 5 ug of beef heart C; lane 2, 90 ug of Sl;9 wild type cell ex

tract; lane 3, 90 pug of wild type extract plus 5 pug beef heart C. (B)

expression of C in kin mutant and its revertant. Lane 1, molecular

weight standards, phosphorylase (95,000), bovine serum albumin

(67,000) and ovalbumin (1,1,000); Lanes 2 - 11, blots probed with pre

immune sera; lanes 5 - 7, blots probed with immune sera. Lanes 2 and

5, wild type; lanes 3 and 6, kin mutant; lanes 4 and 7, ICR191

induced revertant of kin".
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Figure 1. Catalytic subunit expression in Sligº wild-type, mutant and

revertant cells. Displayed are the relevant portions of autora

diograms obtained after in vivo *s-methionine labelling of cells and

two-dimensional gel electrophoresis of the extracts as described in

Methods. The acidic end of the gels is on the right. The large arrow

indicates where wild type C subunit migrates; the three small arrows

indicate where purified C from beef heart muscle migrates as visual

ised by Coomassie blue staining. Extracts of the cells were treated

prior to electrophoresis as depicted in the figure. "c is Sl;9 cata

35
lytic subunit labelled with S-methionine and purified as described

in Methods.
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Figure 5. Temperature-dependent expression of C polypeptide in rever

tants of kinT. Cells were grown at 33° Orº 39°, lysed and their ex

tracts subjected to Western blot analysis. Lanes 1 and 10, 10 and 20

ng of purified beef heart catalytic subunit, respectively. All other

lanes, 150 ug of cell extracts from wild type, lanes 2 and 6; kin",

lanes 3 and 7; ts1, lanes l; and 8; ts2, lanes 5 and 9.
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Figure 6. Comparison of cA-PK C activity and polypeptide expression

in partial revertants. Cells were grown at 33° Or 39°, lysed and

their extracts examined for expression of cA-PK activity by kinase as

say and C polypeptide levels by Western blot analysis (from experiment

of fig. 5). Open bars represent cAMP-dependent kinase activity;

cross-hatched bars the amount of C determined by densitometry of la

belled bands on Western blots.



77

-i 3.0

(u■ e■ oudI■ eo■ o■ o,6rfog
1/■ unqns6u)uo■ sseudx3ep■■ dedÅ■ od4■ unqnso■■ A■ o■ op

33°

oooooc^.|-croc^■ -II-ITT
|
■

390NN

900 r

800 –

700 H.

600 H.

500 H.

400 H.

300 H.

200 H.

100 H.

700 H.

600 H.

500 H.

400H

300 H.

200 H.

100 H.

(6uu/u■ uu/Joud)
A■■ a!!3Vesoulxu■ e■ oudquepuedep-dwyo

kinT ts l fs2w.f.



79

|
800

700

600

500

400

300

200

100

800

700

600

500

400

300

200

100

330

390

kin’ kinT tsl is 2 tsl is 2
* + , * + , * + , * : * – ,” –kin’ kin’ kin’ kin’ kin kin



g

TABLE1.
Isolation
of

Bt,cAMP"RevertantsfromKin"cells”

Totalno.ofHAT"

r-No.ofcellscellssurvivingtwoNo.ofBt..cAMP"
dex
,
kinatstartof
applications
of
counter-colonies/tótal
no.Reversion

Expt.SubcloneMutagencounter-selectionselectionprotocol
of
coloniesscreenedfrequency

T5.2.1
Control176x10°33655/1725.6x10"

ICR191162x10°55783/125147x10"

T5.2.2Control154x10°6054/932.3x10"

MNNG96x10°979134/272119x10"

50ml
cultures
ofkincellsweremutagenized
as
described
inthetext,allowed
6
daysforexpressionand

repopulation,thensubjected
totwo
applications
ofthe
counter-selectionprotocol,andplatedinHATmedium. SurvivingcolonieswereretrievedandscreenedforBt,cAMPsensitivity.

2

Reversionfrequency
=

[(Bt,cAMP"colonies/totalcoloniesscreened)(totalHAT."colonies)l/■(0.053) (repopulationfactorbetweentreatment
1
and2)(totalcellsatstartoffirsttreatment)
),where0.053isthe

s

fractionalsurvival
ofBt,cAMPcellsafterone

counter-selectiontreatment(van).
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Mutagen

ICR191

MNNG

Table 2. Screen for Partial Revertants”

number of revertants as number of partial”
sensitive to Bt., cAMP as wild- revertants

type cells

28 1

62
-

1 l;

a. Clones were screened by determining the effect of Bt-cAMP on growth.
b. Partial revertants identified in the screen were confirmed to have lowered
cAMP-dependent protein kinase levels by kinase assay. See table 3, for example.
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Table 3. Temperature-dependent cA-PK expression in partial
revertants.

cAMP-dependent protein kinase activity”

clone 33° 370 39°

wild type 838 806 60 l;

kin" O O O

rever tant S :
spontaneous

2. 1 II 1 E 5 61, 62
2. 1 II 3G l; 16 395 239
2. 1 Ilf 96

-
229

MNNG-induced
T26. l. 1 21, 173 302
T26. 1.3 35 191 21,3
T26. l. l. 35 101 13||
T26. 1.27 155 281, 262
T26. l. 30 361 l, l;7 l!!! 1
T26.11.37 19 168 277
T26. 1.57 2 183 21,8
T26. 1.62 22 173 265
T26. 11.69 O 132 212
T26. l. 81, 15 33 l;9
T26. l. 122 628 61.2

-

T26. l. 126 17 173 231,
T26. l. 128 256 372 383

a. cA-PK activity is expressed as pmol/min/mg protein.
b. At 33°, 37° and 39°, cAMP-independent protein

kinase activity, in pnol/min/mg, is respectively, 119, 11.6 and 134 for wild
type cell extracts; 119, 113 and 99 for kinT cell extracts and ranges
from 59 - 177, 113 - 170 and 86 - 150 for revertant cell extracts.
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CHAPTER l;

Unpublished Results and Prospects
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This chapter reports briefly the partial characterization of two

classes of revertant phenotypes, each displaying an intriguing set of

properties. The first class I will describe consists of a pair of

EMS-induced revertants of the ka mutant, U200/65. 1.

I. Revertants of the “a mutant that are sensitive to short term but

not long term effects of Bt, AMP.
A• Phenomenology

As I reported in chapters 1 and 2, EMS-induced revertants of

U200/65. 1 were indistinguishable from wild type cells on the basis of

their E. C.
O of cells for Bt-cAMP, “a of CA-PK for CAMP and R Subunit5 2

electrophoretic migration patterns. The two clones described here,

Tl. 1.6 and Tl. 1.23, share those properties as shown in figure 1.

When these revertants were treated with MNNG and then plated in

the presence of 0.5 mM Btecarp, to determine if they were hemizygous

for R expression, they displayed a surprisingly high cloning efficien

cy that was independent of mutagen treatment as shown in Table 1.

Table 1

clone MNNG I■ lO e colonies/dish"?

Tl!. l!. 1 - 25

4- 2883
Tl. 1.6 -

tmtc.” (> 1,000)
* º

Tl. 1.23 - n

4- º

1. 10° cells plated per dish.
2. corrected for cloning efficiency of unselected controls.
3. too many to count.

Clone Tl. l. 1 behaved predictably, the incidence of BtacAM * variants

was low and was increased by mutagenesis. This revertant was subse

quently shown to be hemizygous for R expression (Chapter 2). Clones
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Tl. 1.6 and Tll. 1.23 had a cloning efficiency greater than 0.1% in the

presence of Bt camp. Mutagenesis had no apparent effect.

To determine the extent of their sensitivity to BtacAMP, Selected

and unselected subclones retrieved from this experiment were grown in

the presence of Bt., cAMP. Figure 2 shows that both sets of clones have2

an E. C. of cells for BtacAMP similar to that of wild type cells and50

appear to be more sensitive than the “a mutant parent. However, these

clones do not show the same extent of growth inhibition as do wild

type cells. Most surprisingly, selected and unselected clones occu

pied the same range of sensitivity to Bt., cAMP. When examined visually,2

most cells from both sets of clones appeared to be alive even at the

highest concentration of Btzcarp, 3.0 mM. Additionally, as suggested

from comparison of figures 1 and 2, and from what I have observed in a

number of growth experiments of this kind, the maximal inhibitory ef

fect Of BtacAMP on growth displayed by clones Th. 1.6 and Tk. 1.23, and

their unselected subclones, fluctuates unpredictably.

One trivial explanation of these results is that these clones are

not revertants but instead are cAMP-"deathless" (DT) cells (37) that

cross-contaminated the “a mutant culture prior to counter-selection

for revertants. DT cells are sensitive to the growth inhibitory ef

fects of Btacarp when grown in suspension, but not when plated in

agarose (van Daalen Wetters, unpublished results). To determine more

precisely the effect of Btzcarp on selected and unselected subclones

of Th.H.6 and Th.H. 23, we first plated wild type, DT and unselected

subclones of the revertants at low cell number, with and without

Btecarp. From this plating experiment, subclones were then retrieved

from selective and non-selective dishes and these re-plated with and
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without Bt., cAMP. Table 2 shows the result of the first plating exper2

iment:

Table 2

Btzcarp number Cloning Efficiency tº *
0.5m M cells/dish w.t. D Th. 11.6a Tk. l.23a

- 300 :133 .96 .93 .96
4. 300 K 10 l! . 115 .0117 .020
+ 1000 <3 x 10... .58 .057 .015
4. 3000 3 x 10 tmtc .061 .021,

* unselected subclones from table 1.

The ability of Tl. 1.6 and Th.H. 23 subclones to form colonies in

the presence of Bt, AMP was both qualitatively and quantitatively dif

ferent from that of wild type and DT clones. The average colony size

of the two revertant subclones grown in Btecarp was much smaller than

that of the clones growing on control dishes, whereas, the average

colony size of DT cells was nearly the same on selective and non

selective dishes. These results suggest that the Tl. 1.6 and Tl. 1.23

clones are probably not DT cells.

Selected and unselected subclones from this experiment were each

replated with and without BtacAMP. Table 3 shows the results of this

part of the experiment:

Table 3
*

Cloning Efficiency
Bt-camp number Th. 1.6 subclones Th. 1.23 subclones

0.5 mM cells/dish unselected selected unselected selected

- 300 .95 .63 .75 .80
+ 300 • 20 . 18 .038 .23

* average of l; clones for each set of selected or unselected subclones
and five dishes per clone.

This experiment shows quantitatively that revertant clones, selected
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for growth in Bt., cAMP, are relatively unchanged in their colony2

forming ability in Btecarp compared to unselected clones.

If these revertants are so strongly resistant to Btzeaup effects,

why did they survive three cycles of the counter-selection protocol in

detectable numbers? The protocol requires cells to be arrested for 26

hours to be protected from BUdR-induced cytolysis. Figure 3 suggests

that clones Tl. 1.6 and Tll. 1.23 are arrested in Gl after 21, hours of

exposure to Bt., cAMP. Displayed are the size histograms of cells from2

wild type and revertant clones grown for 21, hours in the presence or

absence of BtacAMP. It has been shown that there is a direct correla

tion between a cell's size and its position in the cell cycle (38):

The Smallest cells are in Gl and have divided most recently; the larg—

est cells are those in mitosis, about to divide. Figure 3 shows that

the revertant cell populations are initially as sensitive to the

growth inhibitory effects of BtacAMP as are wild type cells. This can

therefore explain their ability to survive the counter-selection.

Prospects

Clones Tl. 1.6 and Tl. 1.23 are apparently sensitive to short term

but not to long-term effects of Btzcamp. How can this be explained in

terms of an alteration of the mutant cA-PK regulatory (R') subunit al

lele in generating these revertants of the ka mutant? It is clear

that these revertants have a change either in the expression or struc

ture of the mutant R polypeptide (figure 1C). Unless a loss of R'

function was accompanied by a second mysterious alteration that

confers this behaviour, it can be inferred that the phenotype of these

revertants results solely from a change in the behaviour or expression

of R".
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Models to explain this phenotype based on second-site mutations

in R', ie, R’—-R", that change its function are difficult to envi

sion. The revertants express wild type levels and *a for CAMP Of CA

PK activity. This implies that they must express wild type levels of a

wild type-like polypeptide. In addition, in such a model, expression
*

of R function, after stimulation of the cells by Bt.,CAMP, must take2

effect slowly because the cells undergo normal Gl arrest. One model

that can satisfy these conditions requires R" to have the following

properties: 1. R" binds cAMP poorly, if at all; 2. R" competes poorly

with wild type R for assembly into cA-PK tetramers; 3. Free R" is ra

pidly degraded when not complexed with C; t■ . No R"-R" or R-R" dimers

are formed; and 5. R" can inhibit C activity when complexed with C.

Under homeostatic conditions, most cA-PK molecules will contain

only wild type Rs and the cells will contain a negligible pool of R".

When the cells are treated with BtacAMP, cA-PK is fully stimulable and

the cells will begin to accumulate in G1. Meanwhile, R" synthesis

continues and, in the absence of competition with cAMP-bound, wild

type R, can now bind free Cs and inactivate them. When a sufficient

amount of Cs have been inactivated, the cells can resume growth. This

model predicts that cells will contain relatively low levels of R" po

lypeptide but wild type levels of its mRNA, and that after long
*

periods of exposure to Bt., cAMP, the level of R" polypeptides should2

approach that of R levels in wild type cells.

Regulatory models that can explain these revertant phenotypes are

easier to construct but not necessarily more valid. In such models

the structure of R' expressed in revertant cells is unchanged from

that expressed in the mutant parent. To explain the initially wild
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type-like phenotype of the revertants requires that expression of the

mutant polypeptide be diminished, so that the holoenzyme is assembled

almost exclusively with wild type R. When cA-PK is activated by

BtacAMP, synthesis of R" is induced, can bind free Cs and inactivate

them. This model predicts that revertant cells will contain decreased

levels of both R" polypeptide and mRNA, and that after long exposure

to BtacAMP, both species will increase.

To pursue investigations into the nature of the mechanisms that

underlie these phenotypes requires first determining whether the cells

express R' or R" polypeptide or mRNA. Initially, it should be deter

mined whether the labelled species migrating to the wild type posi

tions in the gel of figure 10 are the products of one or two alleles.

By mutagenizing and enriching for cells resistant to growth inhibition

by BtacAMP, through multiple cycles of Bt., cAMP treatment, it should be2

possible to obtain “a phenotypes. Among these may be clones that ex

press R subunits with new charge alterations. If this experiment

shows that the spots appearing in the revertants are the products of

one allele, it would rule out definitively the possibility that the

revertants are DT cross-contaminants and imply that changes in R'

structure or expression had indeed occured.

Recombinant clones carrying DNA sequences complementary to bovine

RI mRNA exist. Hybrid selection, using the cloned cDNA probe, could

be used to isolate RI mRNA from the cells. Methods have also been

developed to translate RI mRNA in vitro, recover the products by immu

noprecipitation and to visualise these by polyacrylamide gel electro

phoresis (S. McKnight, paper in press). These reagents and methods

can be used to test directly the question of whether Th. 1.6 and
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Tl!. l.23 express mutant R mRNA that encodes a polypeptide altered in

its physical properties.

By carrying out this analysis on mRNA isolated from cells treated

or not with BtacAMP, a decision can be made between structural and re

gulatory models as explanations for the phenotype of Tl. 1.6 and

Tl. l. 23.
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II. Reversion of the kin mutant occasionally yields revertants also

containing mutations in ribonucleotide reductase.

A. Phenomenology

Ribonucleotide reductase catalyzes the specific reduction of the

2'-hydroxy moiety of ribonucleoside diphosphates to form the

corresponding deoxyribonucleosides (39, 110). It is the only enzyme in

mammalian cells that is capable of synthesizing de novo the deoxyri

bonucleoside precursors required for DNA synthesis. The reductase is

composed of two different subunits, M1 and M2, that are assembled into

a tetrameric holoenzyme (1,1).

Mutations affecting ribonucleotide reductase can be obtained by

growing Sl;9 cells in the presence of high concentrations of deoxy

adenosine (dAdo) (in the presence of an adenosine deaminase inhibi

tor), deoxyguanosine (dGuo) or thymidine (Tdr) (1,2-lik). By allosteric

inhibition of the reductase, the deoxynucleotides formed from these

agents, cause the depletion of intracellular deoxyCTP (dGTP) to levels

inadequate for DNA synthesis. The lesions affecting reductase general

ly reside in its M1 subunit (1.5-l;7).

Sl!9 clones selected for resistance to high TöR concentrations

contain lesions that alter the kinetic properties of ribonucleotide

reductase. Remarkably, although no apparent pressure is exerted

through the cAMP-response pathway during their selection, one out of

five of such clones displayed additionally, a kin" phenotype. This

clone (HAT1.5) lacks cA-PK activity and expresses this as a dominant

trait (B. Ullman, unpublished results).

Was this a wildly fortuitous occurrence or is there some genetic

or functional relationship between kin" and ribonucleotide reductase?
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Further genetic experiments suggest that a relationship exists but do

not clarify its nature.

As noted above, drug selection favouring survival of ribonucleo

tide reductase mutants were found to co-select a kin" phenotype. If

these entities are somehow related then the converse may also be true,

ie, selection for mutations affecting kin" may also select for reduc

tase mutations within the same cells. Accordingly, I screened spon

taneous, ICR 191- and MNNG-induced revertants for resistance to 100 yuM

TöR. Of these, 1 of 28 ICR191-induced revertants was resistant, but

no resistant clones were found among 30 spontaneous or 26 MNNG-induced

revertants.

The single Tdr" clone, ICRIII.7G, was characterized further to

determine if a reductase mutation could explain its thymidine

resistant phenotype. Figure la shows more precisely the effect of Td R

on the growth of this clone. Cells from ICRIII7G (Tdr") have an

B.C. so for TáR that is about 12-fold greater than cells from wild type

(kin’), kin", and an ICR191-induced revertant that is sensitive to Târ

(Tdr”). A mutant lacking thymidine kinase (TKT) is even more resistant

than ICRIII7G to Târ. Is ICRIII7G a TKT mutant? Figure lib shows that

TKT cells but neither ICRIII7G, kin”, kin" nor Tdrº cells are sensi

tive to growth inhibition by HAT.

The inference that a cell carries a mutation in ribonucleotide

reductase can be made more strongly if that cell displays cross

resistance to other deoxyribonucleosides. Figure lic shows that

ICRIII.7G is resistant as well to deoxyadenosine and deoxyguanosine

concentrations that kill kin”, kin" and Tdrº cells. Lastly, direct

assay of ribonucleotide reductase enzyme activity shows that activity
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of the enzyme from ICRIII7G is more resistant to feedback regulation

by dATP than the enzyme from wild type cells (Eriksson, S., unpub

lished data).

The evidence presented here strongly suggests that ICRIII7G car

ries a mutation that affects ribonucleotide reductase function. In

terestingly, this clone is also the only partial revertant of kin"

identified among ICR 191-induced revertants (reported in Chapter 3),

whereas none of 11 MNNG-induced partial revertants was Tdr".

A final experiment worth mentioning asks whether reversion of one

marker in a doubly mutant cell will simultaneously cause reversion of

the second marker. Presumably, if a single mutation generates a

deoxyguanosine-resistant, kin" phenotype, clone dGuo?00-1, then single

mutational events should also revert both markers concurrently, at a

reasonable frequency. Contrary to this prediction, clones selected

for reversion of the ribonucleotide reductase mutation retain the kin"

phenotype (Eriksson unpublished results).

Prospects

The data above present murky but suggestive evidence that a

genetic or functional relationship exists between ribonucleotide

reductase and the kin gene or its product. The key question, raised

but not answered directly by these experiments, is the following: Can

a single event spawn a cell that is affected in both reductase and

kin" functions? The very high frequency of coincidence of these mark

ers, following selection for a single phenotype, suggest that this is

so. However, I should note at this point that both reductase and kin"

mutants have mutator phenotypes (1,8; van Daalen Wetters, unpublished
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observations). Conceivably, therefore, the appearance of both markers

within the cells may have been due to sequential events and not to a

single event.

The experiment that can directly decide this issue is to deter

mine the frequency of appearance of clones carrying both markers when

wild type cells are subjected to simultaneous selection with Ta R and

Bt, AMP.
It seems to me that this is a pivotal experiment the answer to

which must be obtained before deciding whether additional work or

speculation is worthwile.
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Fig. 1. At first glance, revertants Th.H. 6 and Th.H. 23 appear indis

tinguishable from wild type cells.

A. Brrect of BtacAMP on cell growth. Symbols: wild type (o); ka mu
tant (e); Th. 1.6 (x) and Ti. H.23 (o).

B. cAMP-dependent protein kinase activity in cell extracts. Symbols,

as in A.

C. R subunit expression in wild type, mutant and revertant cells.
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Fig. 2. Effect of Bt, AMP on growth of selected and unselected sub

clones of Tl. 11.6 and Tl. 1.23. Clones retrieved from the experiment of

Table 1 were grown in the presence of Bt., cAMP for three days and cell2

concentrations were determined. Symbols: wild type (o); mutant (e);

unselected subclones, Tll. 11.6a (#) and Tl. 1.23a (x); selected subclones

of Tl. 1.6 (D and s ), and Tl. 1.23 (o and a ).
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Fig. 3. Effect of Bt, AMP on cell size. Cells were grown with or

without 0.5 mM Bt, AMP for 21, hours, then their size distribution was

determined on a Coulter Size Channelizer. For all three clones, the

broad curves represent exponentially growing cells not treated with

Bt,ear■ p; the narrow curves represent smaller, arrested cells after

treatment with BtacAMP.
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Fig. 1. Phenotypic characterization of ICRIII.7G, a Tdr" cell identi

fied among ICR191-induced revertants of kin".

A. Effect of thymidine on cell growth. Cells were grown in the pres

ence of various concentrations of thymidine for three days and cell

concentrations were determined. Symbols: wild type (o); kin" (e);

TK" (x); tdR* (a); and ICRIII7G (*).

B. Effect of HAT on cell growth. HAT is 0.5 mM hypoxanthine, 0.1 mM

aminopterin and 16 puM thymidine.

C. Effect of deoxyribonucleosides on cell growth. Cells were grown

either with 20 puM deoxyadenosine (dAdo) plus 10 puM EHNA (an adenosine

deaminase inhibitor) or 100 pm deoxyguanosine (dGuo) plus 50 pum aden

ine (Ado).
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Consistent with the dichotomy of this thesis, I will discuss

separately the reversion studies of the *a and kinT mutants.

I. Reversion analysis of a “a mutant.

A. Summary:

Reversion of the “a mutant, heterozygous for R expression, occurs

rarely by mutations that restore wild type function to the mutant po

lypeptide but frequently by mutations that eliminate its function.

B. Significance:

The analysis of “a mutants and phenotypic revertants of one “a
mutant have been instructional from a genetic standpoint. The isola

tion of both phenotypes was influenced by the expression of diploid R

alleles in their respective parent cells. Ka mutants, whose resis

tance to Bt,0AMP probably results from a dominant effect of the mutant

R product when mutant-wild type R heterodimers are formed, are

favoured under selective conditions over other R mutants that cannot

act dominantly. The presence of two functional alleles in wild type

cells therefore restricts the variety of mutational alterations that

might be available to affect R function. On the other hand, the pres

ence of a wild type product in the “a mutant increases the variety of

mechanisms by which revertants of the mutant can be obtained.

C. Thoughts:

The mechanisms by which R" function can be eliminated to generate

hemizygous revertants are expected to be diverse. They should include

lesions that affect processing or translation of RNA, that alter po
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lypeptide primary sequence, that delete or cause rearrangements of

chromosomal material and that alter the expression of R".

The nature of the inactivating lesions may be discerned using

cloned RI DNA to: 1. probe Southern blots of restricted genomic DNA

from mutant and wild type cells to determine if gross changes in gene

structure have occured; 2. probe Northern blots of mRNA isolated from

the cells to detect, similarly, changes in RNA structure; 3. hybrid

select mRNA and analyse its in vitro translation products to determine

if the mutant mRNA encodes a full-length RI polypeptide; and l. iden

tify mutant RI DNA restriction fragments by their ability to alter R

function after insertion into wild type genomic RI clones and

transfection into suitable host cells. This last experiment will al

low identification and mapping of more subtle mutational events, such

as base-substitutions, that may not be detectable by the previous

three experiments.

Hemizygous revertants may be useful in studies attempting to de

fine the location and properties of structural domains involved in R

subunit function. Regulatory subunits have at least three known func

tions: They bind cAMP, form R-R dimers and, bind and inactivate cata

lytic subunits. Figure 1 shows a topological map assigning the loca

tions of these functions to broad regions of the R subunit polypeptide

(19). This map can be further subdivided according to the arrangement

of specific proteolytic cleavage sites generated by partial digestion

of R with papain, thermolysin or chymotrypsin. Analysis of partial

proteolytic digests of R from a variety of “a mutants has been used to

map, approximately, a number of mutations that alter the function and

electrostatic charge of R. In addition, this map locates the second
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site mutations resulting in the two revertants (Tl. 2.3 and T 10.5. 11)

of U200/65 that were reported in Chapter 2.

Obviously, by extending this analysis to a large enough collec

tion of R mutants, it should be possible to map precisely the loca

tions of R subunit functional domains. Because R-R" interactions af

fect selectability, such an analysis of R mutants derived from wild

type cells is likely to provide only limited information. Further

more, the analysis of the proteolytic digests themselves is complicat

ed by the presence of the wild type products. It has been shown in

chapter 2 that mutants affecting R function are selectable from hemiz

ygous revertants. A structure-function analysis employing hemizygous

revertants as a source to generate R mutants, whose selection is un

restricted by R-R interactions, is therefore a highly desirable pros

pect.



107

II. Reversion analysis of the kin" mutant.

A. Summary:

Reversion analysis of a trans-dominant somatic cell variant that

negatively regulates cA-PK expression has determined that the function

responsible for this regulation is probably genetically encoded. This

study has generated a number of revertants whose properties may facil

itate further investigation into the nature of the regulatory mechan

ism. Lastly, evidence has been presented that implies that regulation

of C expression in kin cells occurs prior to polypeptide synthesis.

B. Significance:

The reversion analysis suggests that kin cells are not a biolog

ical artifact; the product of some undefinable epigenetic event that

eliminates kinase expression. Instead, the evidence gathered here

supports the notion that the kin lesion identifies a eukaryotic regu

latory locus responsible for setting levels of cA-PK C subunit expres

sion. In a broad sense, this work demonstrates the feasability of em

ploying genetic approaches to the study of gene regulation in somatic

cells.

C. Thoughts:

The nature of the mechanism by which C expression is regulated in

kin cells remains mysterious. What is the nature of the functional

kin" gene product? Where and how are its effects manifested? Is this

weenant- part of or does it interact with other developmentally or

hormonally regulated mechanisms that affect cA-PK expression? Is the
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kin" locus linked to the cA-PK subunit structural genes?

I will suggest experiments to achieve these general aims: 1.

Determine the location of kin" gene function, ie, the stage of C ex

pression at which its effects are exerted; 2. Isolate the kin" gene

and its product; and 3. identify the site of kin" action.

Recent advances in molecular genetics have made it possible to

clone individual genes, re-introduce them, in functional form, into

living cells and use them to probe the structure and primary expres

sion of genes within cells. In addition, this thesis has described

the existence of immunological probes which can detect the polypeptide

products of the regulated gene. These methods provide a powerful ar

ray of tools with which to dissect the kin" regulatory mechanism.

Initially, it might be determined where regulation of C gene ex

pression takes place. It may be easiest to ask directly if the mu

tants express C RNA. Unfortunately, a cloned DNA probe complementary

to C subunit has not yet been isolated. Efforts are underway in a

number of laboratories to clone catalytic subunit cDNA, and I expect

its achievement to be imminent. In any event, the simplest experi

ment, to probe a Northern blot of kin' RNA with such a probe, can

therefore not be done at this time. Alternatively, C mRNA could be

detected by in vitro translation of cellular RNA, and immunoprecipita

tion and SDS polyacrylamide gel analysis of the products. This second

experiment can only decide whether regulation takes place prior to po

lypeptide synthesis. If regulation involved some RNA processing step,

then the precursors to that step, would go undetected by this method.

Further exploration into the biochemical nature and mode of ac

tion of the kin" gene product requires its isolation. This may
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perhaps be most readily accomplished by first cloning its gene. The

properties of kin cells, ie, their strong dominance and cAMP

resistance, suggest a seemingly straightforward approach: Transform

suitable recipient cells with DNA isolated from kin" cells and select

for kin" transformants. The recipient cells must possess three pro

perties: 1. Their growth should be inhibited when exposed to Bt, AMP;
2. They should be recessive to kin"; and 3. They should be transform

able with DNA. This approach can be further aided by the existence of

kin.” mutants, isolated as revertants of kin" and described in chapter

3. The ts property will uniquely identify cells transformed with and

expressing the kin.” gene from other cells surviving cAMP selection.

Furthermore, the ts property will aid in identifying the kin" gene

product and in discerning its function.

If the transformation strategy is successful, it should then be

possible to construct a plasmid containing the functional kin.” gene

adjacent to a strong and regulable promoter, such as the metal

lothionein promoter. This will allow expression of the gene to be

both regulated and overproduced, and thereby aid the isolation of the

kin" gene product.

Cloned kin genomic DNA might be first used to determine if an

RNA product is transcribed in cells actively expressing the gene. If

so, purification of this RNA product by hybrid selection and in vitro

translation will determine if the gene encodes a polypeptide product.

Alternatively, an assay may be designed to isolate and characterize

the functional kin" gene product. A number of cell lines undergo

changes in morphology in response to stimulation by cAMP. By microin

jection of these cells with extracts from kin cells it may be possi
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ble to confer transiently the kin" phenotype, and prevent cAMP

dependent morphologic alterations. This assay, like the transforma

tion experiments described above, depends on the existence of cultured

lines that are recessive to kin". If successful, these experiments

will allow biochemical and subcellular fractionation to determine the

nature of the functional kin molecules and their location within the

cells.

Lastly, we would like to identify the molecular site at which the

kin gene product acts. It is obviously not known whether kin" func

tions directly on or in the vicinity of the C molecules whose expres

sion it regulates. It may be possible to identify the molecules on

which kin acts and delimit its site of action on those molecules by

mapping mutations that prevent kin" binding. Such mutants may be ob

tainable as revertants of kin" that can suppress the kin" phenotype,

ie, a kin' x revertant hybrid cell should express C polypeptide.

Second-site mutants of this kind were not found among 28 revertants so

far screened (chapter 3). I think it is likely that, if such pheno

types exist, they will be rare among revertant phenotypes generated by

mutations that eliminate kin function. I propose, therefore, that

the screen for second-site revertants be continued.
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Fig. 1. Maps of proteolytic cleavage sites, charge-shift structural

mutations, and charge density distribution in Sl;9 cell R. Sites for

proteolysis of native R by chymotrypsin (Ch.), thermolysin (Th), papain

(P), or a protease endogenous to Sh9 cell extracts (E). Larger arrows

indicate sites preferred by the various proteases. Regions containing

an endogenous phosphorylation site (ser-P) and the sites of charge

shift mutations (designated by strains in which they are found) are

indicated with brackets. The histogram of charge density distribution

was constructed by using mutational charge-shifts to calibrate charge

differences between peptides in gel patterns. Regions of dimer in

teraction (R-R), of interaction of R with C (R*-*C), and of cAMP

binding. (Shown with permission from R. A. Steinberg: Charge-shift

mutations in regulatory subunit of type I cyclic AMP-dependent protein

kinase: Fine-structure mapping within the regulatory subunit polypep

tide chain; submitted to J. Biol. Chem.).
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