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The ultraviolet radiation mutant frequency response (MFR) curve for Escherichia
coli K-12 uvrB5 (SR250) has been resolved into three components that were
suggested to be the result of three independent mutagenic mechanisms (Sargentini
and Smith, 1979). They are: a ‘one-hit’ mechanism that determines the observable
linear MFR at UV radiation fluences of 0-0.5 J m ™2, but which operates at least up
to 6 J m 2, a ‘two-hit’ mechanism that yields a fluence-squared MFR at fluences
greater than ~0.5J m™?; and a kinetically complex (KC) process (previously we
have called this the ?-hit process) that yields a third MFR component that is
observed only between 1 and 3J m~2 The theoretical nature of these three
independent mutagenic mechanisms was deduced largely from the calculated resolu-
tion of three MFR components from the observed UV radiation-induced MFR.

In this study we have examined the UV radiation fluence relationship for the
production of two classes of amber nonsense mutation revertants: suppressor
mutants and back mutants. Our results support the existence of the proposed three
mutagenic mechanisms, and associate the two-hit and KC mechanisms with suppres-
sor mutant production, and the one-hit mechanism with back mutant production.

The E. coli strains used in this study are listed in Table 1. The origin of the
lacZ53(Am) mutation has been described (Sargentini and Smith, 1979). The leu-
308(Am) mutation (allele number provided by B.J. Bachmann, personal communica-
tion) is discussed in Bockrath and Palmer (1977), and was put into the uorB5 lacZ53
strain (SR250) to produce the double-amber strain (SR825), as described in Table 1.
Media, preparation of cells, and UV radiation mutagenesis procedure were as before
(Sargentini and Smith, 1979), with three exceptions: each mutant-selection plate was
spread with 0.1 ml of cells (~1X 107 colony-forming units per ml), the Lac™
selection plates contained glucose at 300 pg/ml, and the Leu" selection plates
contained L-leucine at 6 ug/ml.

Abbreviations: KC, kinetically complex; MFR, mutant frequency response.
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TABLE 1
STRAINS OF E. coli USED

Stanford Genotype * Source or derivation P

Radiology

No.

SR250 F~ leuBl19 metE70 thyA36 deo(C2?) lucZ53(Am) DY 145 (Youngs and Smith,
rha-5 rpsL151 uorBS A (P1 ) 1973)

SR719 F' prot lac' 1Q L8/ara A(pro lac) thi GMI1. J.H. Miller

SR733 leu-308(Am) tvr(Oc) WU36-10, R.C. Bockrath

SRg24 F7 metE70 thyA36 deo(C2?) ara lacZ53(Am) SR250XP1::Tn%ts-SR719,
rha-5 rpsL151 uvrBS A select Leu

SR825 F ' leu-308(Am) metE70 thyA36 deo(C2?) SR824 X Pl::Tn9cts-SR733,
lacZ53(Am) rha-5 rpsL151 uerB5 A (P1 ) select Ara '

* Genotype nomenclature is that used by Bachmann and Low (1980). All strains are derivatives of . coli
K-12 except SR733, which is a derivative of E. coli B/r.

" The transduction procedure using bacteriophage P1 has been described (Sargentini and Smith, 1979).
Leu’ indicates leucine prototrophy. Ara' indicates ability to grow on minimal medium containing
0.4% L-arabinose as the sole carbon source.

Lac" (able to grow on lactose in place of glucose) or Leu’ (prototrophic for
leucine) revertant colonies (generally a 200 colony sample for each UV radiation
fluence tested) were picked from mutant-selection plates and isolated by transferring
them onto lactose plates (for Lac' revertants) or leucine-deficient plates (for Leu '
revertants). These isolated revertants were then analyzed to determine if they were
back mutants or suppressor mutants. To analyze Lac’ and Leu™ revertants of strain
SR825 (leu|Am] lac[Am)), cells were transferred onto both leucine-deficient plates
and lactose plates. Isolates that could grow on both kinds of plates were classified as
suppressor mutants (Witkin, 1963). Those that could only grow on one kind of plate
were considered to be back mutants. To analyze Lac' revertants of strain SR250,
isolates were tested with a wild-type and three nonsense mutant strains (NG75,
NG273, and PS205) of bacteriophage T4. This is the assay of Bockrath and Palmer
(1977) except that the isolates were tested for phage-mediated cytolysis on R-plates
(Miller, 1972), and incubation was for 2 days at 37°C. These protocol modifications
produced more distinct lysis patterns. This assay separates revertants into back
mutants and suppressor mutants [class 1 amber, class 2 amber or class 3 amber
(indistinguishable from class 3 ochre) suppressor mutants].

In the experiments with strain SR250 (mutants differentiated by their sensitivity
to bacteriophage T4 mutants), the spectrum of mutants induced by UV radiation
was quite different from that arising spontaneously (data not shown). Back mutants
were the most common class of spontaneous mutants, except in a few experiments
where the class 3 amber /ochre suppressor mutants prevailed. Class 1 and class 2
amber suppressor mutants were always rare (~5%). After UV irradiation, only back
mutants and class 2 amber suppressor mutants (supE mutants; i.e., tRNA recogniz-
ing UAG and specifying glutamine) were produced, but their MFR were clearly
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different. The mutant frequency data for back mutants and class 2 amber suppressor
mutants correlated well with the theoretical curves (Sargentini and Smith, 1979) for
the one-hit and two-hit mutagenic processes, respectively, in strain SR250 (Fig. 1a).
In the fluence range 1-2.5J m *. the suppressor MFR. but not the back MFR.
correlates with the KC component (Fig. 1a). Thus, we assume that the KC mecha-
nism is involved only in the production of class 2 amber Suppressor mutants.

UV radiation-induced MFR data have been plotted with logarithmic coordinates
(e.g., Witkin, 1974; Sargentini and Smith, 1979) in order to gain information
regarding the number of radiation ‘hits’ required to produce a mutation. We have
plotted our Lac® data (strain SR250) in this fashion (Fig. 1b) and found that the
back mutants yield a slope close to 1.0, while the suppressor mutants have a slope
close to 2.0. These data were also linearly regressed, fitting the expression: log MF =
k+hlogf. where MF is the UV radiation-induced mutant frequency. Ak is an
extrapolation constant, % is the linear regression slope (i.e.. presumably the number
of hits required for mutation induction), and fis the UV radiation fluence. The mean
linear regression slopes for the regressed data obtained with strain SR250 are
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Fig. 1. UV radiation mutagenesis to Lac' of E. coli K-12 uvrBS lacZ53 (SR250). Lac' mutants were
separated by bacteriophage T4 sensitivity into class 2 amber suppressor mutants () and back mutants
(A). These data (the means of data from 4 to 7 experiments) are superimposed over previously published
curves (one-hit, two-hit, and KC) that were resolved from a total Lac* MFR curve for strain SR250
(Sargentini and Smith, 1979) (a), or their logarithmic values are compared to lines with slopes of 1.0 or 2.0

(b).



220

'A10821e0 JUuBINW [210)
2y} 10j passasBal soquinu 3y1 01 pareduwios sa110g91es Jueinw Jossarddns pue yoeq a1 ut passarSor syutod eiep Jo rPqUINU Y) UIMIDQ DUIIIP Y} surepdxs
SIY L, "papr[oxd os[e sem *A[panosadsal ‘1uiod weinw yoeq 10 1ossarddns Suipuodsasiod oY) uay) ‘papnoxa sem ‘Juswradxs usad € ur yurod yueinw sossaiddns
10 jorq E I ‘soourisul Yioq u] ‘siutod eiep sjeredsip Ajopim [BUOISEOO0 2I9m SB ‘SISA[EUE UOISSIIZal JESUI| 3Y) WIOLJ PIpPN[oXa aIam (S[[30 paleipeuiun Ioj
anfea 3yl UBY) 3] 2JaMm 1Y) SAN[RA JUBINW PAOTNPUT JO 1[Nsai 3y “'2°1) syutod eiep aanedaN -passaifal siutod eiep Jo zaquinu ay) st sasayjuased ur anjea sy |,

‘sadoys pary8iam Jo uvaw a1 ureqo o1 pagesaae arom syonpoid ayJ yuswadxs reyy ur (eiep

11V, 10§ syutod g1 -g pue . _w [ 9-7, 10§ stutod 91 -9) siutod ejep jo rsquinu oy £q parpdunw sem (U243s Jo [€101 B) Justuiiadxa yoes woiy anjea adojs ay
‘adojs uo1ss248a4 4pauil 3Y) JUTINIP

01 pasn uay} pue san[ea SlwyL1eo] 01 PILIFAUOD 31am (18101 pue ‘10ssa1ddns *yorq) syueinui |, oe Ioj eiep asuodsal Aousnbalj jueinu paonpul-uoneIpes A

o

(16) 951 (¥S) 861 6L) 51 (€9) 691 (6L) 1T°1 (£9) €01 syuduruadxa [[e ‘elep
I1e jo uoissaiFar wolj adojg
(16) 6%°1 #S) 9p'1 (6L) st'1 (€9) LL'1 (6L) s1°t >{(€$) 960 q $2dors paiySiom jo ueapy

BIED |1V L Wfr9-¢
eIEp [V L W9-g elep [V W97

siueInui 1ossarddns uoneALdp adofs
sjuginw |, oeJ {BI0 nque g sse[) syugnwl Yoeg UBdU 10] POYIdWN
< (0$TUS) £67901
gg4an 71-3 1702 "7 4O SINV.LNW JOSSTIAddNS ANV MOVE .9¢T IDNANI-NOLLVIAVY AN Y04 STdOTS NOISSTIOTY YVANIT NVIN
79714VL



221

presented in Table 2. Values derived for UV radiation fluences of 2-6J m ? are
given separately because this analysis would allow us to mainly see the effect of the
one-hit and two-hit mechanisms (Fig. la). This analysis also indicates that Lac™
back mutants are produced by a one-hit mechanism. The suppressor mutants,
however, even in the range of 2-6J m "2, have a regression slope that seems
consistently less than 2.0 (i.e., ~1.7) (Table2) and is suggestive of a MFR having
both one-hit and two-hit components (as discussed in Sargentini and Smith, 1979).

In an attempt to clarify this situation, a second procedure was developed for
analyzing back and suppressor mutants. This used strain SR825, the lacZ53 leu-305
double-amber derivative of strain SR250. As with strain SR250, the spontaneous
Lac™ or Leu™ revertants of strain SR825 were almost always back mutants (data not
shown). The MFR for the total UV radiation-induced Lac™ or Leu’ mutants of
strain SR825 are shown in Fig. 2a. These curves generally resemble the shape of the
curve for the total MFR for Lac reversion in strain SR250, with the major difference
being the lack of a low fluence, nonlinear MFR in the 0-1.5J m~? fluence range, as
was seen for strain SR250 (included in Fig. 2a for comparison). The Lac* and Leu "
mutants from the experiments described in Fig. 2a were separated into back or
suppressor mutants, and the logarithmic values of these data were plotted (Fig. 2b.
Lac"’; Fig. 2c, Leu ™). As with strain SR250, the Lac* back mutants of strain SR825
had a slope of 1.0 (Fig. 2b). The Leu™ back mutants comprised only about 2% of the
total UV radiation-induced Leu® mutants (data not shown). The suppressor MFR
for strain SR825 showed a large component with a slope of 1.0 at low fluences (Figs.
2b, ¢), while the low fluence suppressor MFR for strain SR250 was nonlinear (Fig.
la) and had a slope of ~ 2 (Fig. 1b). A similar change from a nonlinear low fluence
MFR (approximating a two-hit phenomenon) to a linear MFR (approximating a
one-hit phenomenon) has also been accomplished in E. coli B/r uvr4 by inducing
the cells for error-prone repair (reviewed in Witkin, 1976) either with thermo-induc-
tion of a tif strain (Witkin, 1974, 1975) or with a UV radiation pretreatment
(Doudney, 1976). However, unlike the thermo-induced ¢if strain, strain SR825 was
not significantly different from the parent strain (SR250) in its level of spontaneous
mutagenesis (Lac™) (data not shown). We presume that the KC mechanism was
modified in strain SR825 (relative to strain SR250), because the ‘bump’ is missing in
the total (Fig. 2a) and suppressor MFR curves (cf. Figs. 1b and 2b, c).

The net result from both procedures for differentiating UV radiation-induced
mutants was that the production of back mutants and suppressor mutants (especially
at fluences of 3-6J m~2) was associated with the respective one-hit and two-hit
mutagenic mechanisms proposed earlier (Sargentini and Smith, 1979). A comparison
of MFR shapes for strains SR250 and SR825, and knowledge of the effects on the
MFR shape associated with the induction of error-prone repair in the experiments of
Witkin (1974, 1975) and Doudney (1976) suggest to us that the KC process is
inducible and is also associated with suppressor mutant production (the small bump
in Figs. la, b and the slope = 1.0 component in Figs. 2b, ¢), but this point needs
verification.

Even though the correlation of back and suppressor mutant production with the
previously proposed theoretical MFR components (Sargentini and Smith, 1979)
provides good support for the validity of those components, several questions still
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remain. (1) Why did Bridges et al. (1967), who performed a similar study for Trp
(ochre) reversion (from tryptophan auxotrophy) in E. coli B /r strain WP2, find that
the UV radiation induction of suppressor mutants showed two-hit kinetics and back
mutants showed one-hit kinetics in the uor™ strain, but both classes of mutants
showed two-hit kinetics in the wvrd strain (WP2_)? A possible explanation is the
difference in strain background and mutation assay used. (2) What is the molecular
nature of the two-hit and KC mutagenic mechanisms, and why does this latter
mechanism cease to function above ~3J m "2 in a uvrB strain? We suspect that our
KC mechanism is the two-hit process described by Witkin (1976) where one hit
induces the premutational lesion and the other hit somehow induces error-prone
repair (Doudney and Young, 1962; Witkin and George, 1973; Doudney, 1975). The
data to support this two-hit process (Witkin, 1976; Doudney, 1976) not only shows
an inducible character, but also is consistent with this process ceasing to operate in
uvrA cells irradiated with more than 3J m ?*. We suspect that our two-hit
mechanism is the alternative two-hit process reviewed by Witkin (1976), where the
two hits produce lesions in close proximity but in opposite strands of the DNA
duplex. When this portion of the chromosome is replicated, overlapping daughter-
strand gaps are formed and together may represent a lesion that can only be
repaired by an error-prone process (Doubleday et al., 1975; Sedgwick, 1975a, b,
1976). This two-hit process would be expected to play a larger role at higher fluences
(as our two-hit mechanism does), where lesions have a higher probability of being
produced in close proximity to each other. Another possible explanation for our
two-hit component is that it arises from a stochastic interdependence of mutation
and killing, i.e., 8-effects (Eckardt and Haynes, 1977). However, the parallelness of
the UV radiation survival curve for strain SR250 and the ‘apparent survival’ curve
for the Lac* mutants of strain SR250 (calculated according to Eckardt et al., 1982)
over the range of 0-6J m™~? (data not shown) suggests that a true two-hit mechanis-
tic component (and not 8-effects) is involved in our data. (3) What is the molecular
nature of the one-hit process, and why does it correlate only with the induction of
back mutants? It may simply result from single one-hit lesions being acted upon by a
constitutive level of error-prone postreplication repair, or alternatively, it may result
from base excision repair (reviewed in Lindahl, 1979). In connection with the latter
possibility, a uor gene-independent excision repair process for nondimer photo-
products has been reported (Youngs and Smith, 1976).
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