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A General Method for Saturation 
Mutagenesis of Cloned DNA Fragments 

Richard M. Myers, Leonard S. Lerman, Tom Maniatis 

The development of procedures for 
introducing single-base substitutions into 
specific cloned DNA sequences has pro- 
vided important tools for studying the 
molecular genetics of eukaryotes ( 1 ,  2 )  
and prokaryotes (3). Two general strate- 
gies have been used for site-directed 
mutagenesis. First, single-base substitu- 
tions have been introduced into cloned 
DNA at specific nucleotide positions by 
oligonucleotide-directed mutagenesis 
procedures ( 2 , 4 , 5 ) .  Second, a variety of 
approaches have been developed for in- 
troducing random base substitutions into 
specific DNA sequences. One approach 
involves the use of various types of 
nucleotide misincorporation procedures 
(6). Alternatively, random mutations 
have been generated by treatment of 
single-stranded DNA with chemical mu- 
tagens followed by enzymatic synthesis 

242 

of the complementary DNA strand (7,8). 
For example, sodium bisulfite treatment 
of DNA molecules containing a single- 
stranded gap generates C to T transitions 
(7). However, unlike sodium bisulfite, 
chemicals that generate other transitions 
and transversions do not react preferen- 
tially with single-stranded DNA and 
therefore cannot be used to introduce 
mutations specifically at gaps. To over- 
come this problem the entire DNA mole- 
cule can be treated with these chemicals 
under conditions that minimize the fre- 
quency of multiple base substitutions in 
the sequence of interest. However, un- 
der these conditions, only a fraction of 
the target DNA fragments will contain a 

mutation. Therefore this approach is lim- 
ited to situations where DNA molecules 
carrying a mutation can be identified by 
a genetic screen or selection. In particu- 
lar, it is difficult to use these procedures 
to study DNA sequences involved in 
developmental or tissue-specific gene 
regulation, or to study structure-function 
relationships in proteins for which a ge- 
netic selection is not available. We have 
circumvented this difficulty by making 
use of a denaturing gradient gel electro- 
phoresis procedure to identify and purify 
mutant DNA molecules in the absence of 
a phenotypic selection. 

DNA fragments differing by single- 
base substitutions can be separated from 
each other by electrophoresis in poly- 
acrylamide gels containing an ascending 
gradient of the DNA denaturants urea 
and formamide (9-14). DNA fragments 
of identical size, but differing by a single- 
base change, will initially move through 
the polyacrylamide gel at a constant rate. 
As they migrate into a critical concentra- 
tion of denaturant, specific regions or 
"domains" within the fragment melt to 
produce partially denatured DNA. Melt- 
ing of a domain is accompanied by an 
abrupt decrease in mobility, which is a 
consequence of the entanglement of 
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branched DNA molecules in the acryl- 
amide matrix. The position in the dena- 
turing gradient gel at which the decrease 
in mobility is observed corresponds to 
the melting temperature (T,) of the do- 
main. Since a single-base substitution 
within the melting domain results in a T, 
difference, partial denaturation of the 
mutant and wild-type DNA fragments 
will occur at different positions in the 
gel. DNA molecules can therefore be 
separated on the basis of very small 
differences in the T,'s of their melting 
domains. 

A typical DNA fragment of around 400 
base pairs (bp) will have more than one 
melting domain. Although a decrease in 
the mobility of the fragment will occur 
when the domain with the lowest T, 
melts, the molecules continue to move 
slowly into higher concentrations of de- 
naturant, where the other melting do- 
mains undergo strand separation. Since 
single-base mutations in any of these 
domains will alter their melting proper- 
ties, these mutations will lead to differ- 
ences in the pattern of electrophoresis. 
However, when the highest temperature 
domain melts, the fragment undergoes 
complete strand dissociation, and the 
resolving power of the gel is lost (13, 14). 
Thus, mutations in the melting domain 
with the highest T, cannot be separated 
from the wild-type DNA fragment. This 
limitation of the denaturing gradient gel 
system has been overcome by attaching 
a GC-rich DNA sequence, designated a 
"GC-clamp," next to the DNA fragment 
of interest (13, 14). This GC-clamp 
makes it possible to detect single-base 
substitutions in all melting domains of an 
attached DNA fragment by preventing 
complete strand dissociation as it pro- 
ceeds through the denaturing gradient 
gel. 

We now describe a new chemical mu- 
tagenesis procedure for introducing all 
types of single-base substitutions into 
cloned DNA fragments. In addition, we 
demonstrate the feasibility of purifying 
large numbers of single-base mutations 
by preparative denaturing gradient gel 
electrophoresis. This approach to satura- 
tion mutagenesis is rapid and is applica- 
ble to any DNA fragment from 30 to 600 
bp in length. 

Mutagenesis strategy. The steps in the 
mutagenesis procedure are outlined in 
Fig. 1. (i) Single-stranded DNA contain- 
ing the DNA fragment to be mutagenized 
(target DNA) is obtained with either an 
M13 bacteriophage DNA vector (15), or 
a GC-clamp vector (Fig. 2) that contains 
both a plasmid and a bacteriophage M13 
origin of DNA replication (17). In the 
latter case the resulting plasmid is used 

to transform bacteria to ampicillin resist- transcriptase. At a high frequency the 
ance, and single-stranded DNA contain- primer extension products will contain 
ing the target sequence is produced by an incorrect base at positions corre- 
infecting the transformed cells with M13 sponding to the damaged base on the 
phage. (ii) The single-stranded DNA is single-stranded template DNA. (iv) The 
treated with a chemical under conditions duplex target-DNA fragments are ex- 
in which approximately 10 to 20 percent cised by restriction enzymes (A plus B) 

Abstract. A new procedure for generating and isolating random single-base 
substitutions in cloned DNA fragments is presented. The mutations are generated by 
treatment of single-stranded DNA with various chemicals, followed by the synthesis 
of the complementary strand with reverse transcriptase. Misincorporation frequently 
occurs when the enzyme encounters a damaged base in the mutagenized template 
DNA. The resulting duplex DNA fragments containing random single-base substitu- 
tions are cloned, ampliJied as a population, and isolated from wild-type DNA by 
preparative denaturing gradient gel electrophoresis. The physical separation of 
mutant DNA fragments makes it possible to isolate and characterize large numbers 
of site-directed single-base substitutions in the absence of a phenotypic selection. 
This procedure should be generally applicable to the fine-structure genetic analysis 
of regulatory and protein-coding sequences. 

of the target DNA sequences contain one 
hit. The use of more severe mutagenesis 
conditions produces multiple mutations 
in many of the target DNA fragments. 
(iii) After removal of the chemicals, an 
oligonucleotide primer is annealed to 
the DNA and then extended with avian 
myeloblastosis virus (AMV) reverse 

Target  DNA 

-13 origin 
Chemical 
treatment1 

Primer , 
extension i 

and inserted into a plasmid that is suit- 
able for genetic screening or selection, or 
into a GC-clamp vector. If the latter 
approach is taken, the ligated DNA is 
used to transform bacterial cells to ampi- 
cillin resistance, and plasmid DNA is 
isolated from pooled colonies. (v) The 
pooled plasmid DNA is digested with 

Transform E. coli  
Pool colonies 
Isolate plasmid DNA 

1 Exc ise  target  DNA and GC-clamp (A+C) 

A ?  1 ; 
T a r g e t  DNA GC-clamp 

1 Preparat ive denaturing 
gradient gel  

Mutants {E Direct ion o f  
Wild-type---- Mutants {s eelctrophoresls  I 

I n e r t  for genet ic  into p l a s m i d n  screen A B ' 1 
1 

- 
or select ion Wild - -  - I Direction of 

type-- - - electrophoresis - - 

Insert into 
G C - c l a m  vector  

I n e r t  for genet ic  into p l a s m i d n  screen A B ' 1 or select ion Wild- 

Recover  mutant DNA fragments 
Reclone into pGC1  or pGC2  
Isolate  plasrnid DNA from 

single colonies 

I Analyt ical  denaturing 
gradient gel 

Direction of I - I - - * - -3horesis  

Determine sequence of mutants 

Fig. 1 .  Schematic diagram of the mutagenesis scheme. The circles labeled 1 through 3 represent 
single-stranded plasmid DNA containing the target sequence, the GC-clamp, the M13 origin of 
DNA replication and pBR322 DNA. The letters A, B, and C indicate restriction enzyme 
cleavage sites that are used to remove the target DNA (digestion with A + B) or target 
DNA + GC-clamp (A + C). The asterisks in circles 2 and 3 represent bases damaged by 
chemical treatment. The wavy arrow on circle 3 represents newly synthesized DNA primed by 
the GC-primer. Circle 4 represents the duplex pGCl or pGC2 containing the damaged target 
DNA [see text and (18, 22, 23)] .  

19 JULY 1985 



restriction enzymes (C plus A) to excise 
a DNA fragment containing the target 
DNA and GC-clamp. The digestion 
products are then subjected to electro- 
phoresis on a preparative denaturing gra- 
dient gel to separate the mutant and wild- 
type target DNA fragments. (vi) The 
mutant DNA fragments are recovered 
from the gel and ligated into a plasmid 
vector. The ligation mixture is used to 
transform Escherichia coli cells to ampi- 
cillin resistance, individual colonies are 
isolated, and the mutants are identified 
on an analytical denaturing gradient gel 
by again excising a DNA fragment con- 
taining both the target DNA and the GC- 
clamp. The DNA sequence of mutants is 
then determined. The details of each step 
in the mutagenesis procedure are de- 
scribed below. 

Insertion of target DNA into M13 ori- 
gin plasrnids. Single-stranded DNA is 
required for the chemical mutagenesis 
step and serves as the template for the 
synthesis of a complementary DNA 
strand after chemical treatment. More- 
over, separated single strands are useful 
for determining the sequence of the re- 
sulting mutants. Bacterial plasmids con- 
taining an origin of DNA replication 
from phage fd (16) or M13 (1 7) provide a 
convenient means of propagating the tar- 
get DNA fragment as a plasmid, which 
can be used to generate large amounts of 
strand-specific single-stranded DNA. 
The plasmids pGCl and pGC2 contain 
the bacteriophage M13 origin of replica- 
tion (13,  the ampicillin resistance gene, 

PSt 

Table 1. The major targets for the three chem- 
icals are shown and the time of incubation 
required to generate one damaged base every 
1.500 bp. 

Compound Primary Time 
targets (minutes) 

Nitrous acid C, A, G 60 
Formic acid G,  A 10 
Bydrazine C, T 10 

the GC-clamp, and a 65-bp polylinker 
(Fig. 2). The two plasmids differ only in 
the orientation of the polylinker. The 
target DNA fragment is inserted into the 
polylinker of pGCl and pGC2 in oppo- 
site orientations with respect to the M13 
origin so that each DNA strand can be 
separately mutagenized. In general, it is 
preferable to use naturally occurring re- 
striction sites flanking the target DNA 
for the manipulations, so that the frag- 
ment can be reinserted into its original 
context after mutagenesis. However, if 
this is not essential, synthetic linkers can 
be used. 

Chemical mutagenesis. To maximize 
the chances of obtaining single-base sub- 
stitutions in all positions of the target 
DNA, several different chemicals that 
damage DNA without breaking the phos- 
phodiester backbone were tested (Table 
1) (18). Nitrous acid is a widely used 
chemical mutagen that deaminates 
deoxycytosine, deoxyadenosine, and de- 
oxyguanosine, changing these bases to 
deoxyuridine, deoxyhypoxanthine, and 

- - -  - r = -  
srOi2 E - , S -  Fig. 2. Maps of GC- 

clamp plasmids. The 
Polylinker YX plasmids pGCl and 

oGC2 are composed of 
i900 bp of - p ~ ~ 3 2 2  
DNA which contains 
the ampicillin resist- 
ance gene and the 
colEl origin (from nu- 
cleotides 2440 to 4362 
on the pBR322 map), 
the bacteriophage M13 
origin of replication 
(clockwise containing 
nucleotides 5330 to 
6001 of M13), the GC- 

P G C ~  Polylinker sequence Hlnc II clamp (13, 141, and a 
Act I 65-bp polylinker. The 

GC primer sequence Cla I Xho I Sal I 
5 b ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  ~ ~ ~ ~ ~ ~ ~ ~ r ~ e i ~ ~ ~ ~ :  

tation of the polylinker. 
Xba I BamHI Bgl I1 Nco I EcoRI  

~ ~ ~ ~ ~ ~ C C Z C A T C T J G G G G ~ ~ C ~  3' 
A sequence homolo- 
gous to the GC-primer 
used for the synthesis 

pGC 2 Polylinker sequence of second strand DNA 
and for dideoxy se- 

GC primer sequence E C O R I  NCO I quence analysis is lo- 
5 ' G ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~  cated at the junction be- 

tween the GC-clamp 
Bgl II B a m H l  Xba 1 Sal I Xho I Cla l and the polylinker. 

[ A G A T C ~ G G / G G A T C C I ( T ~ T A G A I ~ C ~ G C C ~ A T C G A T ] G ~ '  

deoxyxanthine, respectively (19). For- 
mic acid depurinates DNA by breaking 
the N-glycosyl bonds of purine bases, 
while hydrazine breaks pyrimidine rings 
(20). 

To establish conditions for mutagene- 
sis, the time of treatment with chemicals 
was varied, whereas the concentration of 
each chemical and the temperature were 
kept constant. If we assume that each 
mutagenic event is independent, the ra- 
tio of single to multiple base mutations in 
the target DNA follows a simple Poisson 
distribution. On the basis of this assump- 
tion, we adjusted the mutagenesis condi- 
tions so that approximately 10 to 20 
percent of the target DNA fragments 
contain at least one mutation. This level 
of mutagenesis is sufficient to allow visu- 
alization and isolation of mutant DNA 
fragments on preparative denaturing gra- 
dient gels, yet only a small fraction (7 to 
14 percent) of the mutant fragments will 
contain more than one base change. The 
level of mutagenesis was monitored by 
estimating the ratio of mutant and wild- 
type target DNA fragments by electro- 
phoresis of pooled plasmid DNA on de- 
naturing gradient gels. The time required 
to achieve approximately 10 to 20 per- 
cent mutagenesis in a target fragment of 
135 bp varies from 10 to 60 minutes 
depending on the chemical (Table 1). 
since the rate of base modification is 
linear with respect to time, treatment 
times should be doubled for fragments 
half this size. 

Synthesis of duplex DNA from muta- 
genized single-stranded template. Site- 
directed chemical mutagenesis proce- 
dures usually involve treatment of sin- 
gle-stranded DNA with a chemical fol- 
lowed by synthesis of a complementary 
strand with DNA polymerase (7, 21). 
This step leads to misincorporation op- 
posite the damaged base, and it gener- 
ates a molecule that can be used to 
transform bacteria. If the target DNA is 
cloned into a single-stranded vector and 
the entire molecule is treated with the 
chemical, the frequency of damaged 
bases must be very low to avoid inacti- 
vating the phage vector (21). We have 
circumvented this problem by recloning 
the newly synthesized target DNA frag- 
ment into an untreated vector (22). With 
this approach it is possible to achieve a 
much higher frequency of single-base 
substitutions, and they are confined to 
the target DNA. AMV reverse transcrip- 
tase was chosen for second strand syn- 
thesis because previous studies indicated 
that depurination inhibits DNA synthesis 
by E. coli DNA polymerase I but not by 
reverse transcriptase (21). Indeed, we 
find that the reverse transcriptase copies 
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chemically treated and untreated DNA 
with equal efficiencies. 

Denaturing gradient gel electrophore- 
sis. Under optimal conditions, approxi- 
mately 10 to 20 percent of the duplex 
target DNA fragments generated above 
contain single-base substitutions. Even 
with this relatively high efficiency of 
mutagenesis, it would be prohibitive to 
identify mutant DNA fragments by DNA 
sequence analysis. In some cases this 
problem can be solved by inserting the 
population of target DNA fragments into 
a plasmid that can be used in a genetic 
screen or selection. The alternative ap- 
proach used here is to physically sepa- 
rate the fragments containing base sub- 
stitutions from the wild-type fragments. 

The first step in the denaturing gradi- 
ent gel system is to establish optimal 
conditions for separating single-base 
substitutions in the target DNA fragment 
of interest (23). This optimization is ac- 
complished by determining the concen- 
tration of denaturant at which melting 
domains within the target DNA undergo 
a helix-to-coil transition. This concentra- 
tion can be easily derived by running the 
target DNA and the attached GC-clamp 
on a polyacrylamide gel containing a 

concentration gradient of denaturants 
perpendicular to the direction of electro- 
phoresis (perpendicular gradient gel) 
(Fig. 3). When the mouse p-globin pro- 
moter fragment is attached to the GC- 
clamp in one orientation, a single melting 
transition is observed at a position in the 
gel corresponding to a denaturant con- 
centration of 58 percent (Fig. 3A). The 
best resolution between wild-type and 
mutant DNA fragments is achieved 
when the domain of interest melts ap- 
proximately in the middle of a gradient 
gel containing a total range of denaturant 
concentrations of 25 to 30 percent (13). 
In practice, gels containing a gradient of 
denaturants parallel to the direction of 
electrophoresis are used for preparative 
purposes and for the analysis of a large 
number of different mutants. Thus, from 
the data of Fig. 3A, a parallel gradient of 
approximately 45 to 70 percent denatur- 
ants would be used for the p-globin pro- 
moter fragment in this orientation. 

Different gradient conditions are used 
when the p-globin promoter fragment is 
attached to the GC-clamp in the opposite 
orientation. As shown in the perpendicu- 
lar gel in Fig. 3B, the promoter in this 
orientation displays two discrete melting 

transitions at denaturant concentrations 
of 38 and 68 percent. When a fragment 
attached to the GC-clamp melts in two 
domains, the best resolution is achieved 
with two types of parallel denaturing 
gradient gels. For mutants in the first 
melting domain, a gel with a 25 to 50 
percent gradient of denaturants is used, 
whereas for the second domain mutants, 
a 55 to 80 percent gradient of denaturants 
is used (13, 14). 

In practice, the target DNA of interest 
should be examined on perpendicular 
gels in both orientations with respect to 
the GC-clamp. The orientation with the 
fewest melting transitions should then be 
used in the preparative gradient gel elec- 
trophoresis step of the procedure. The 
time of electrophoresis is established by 
estimating the time required for the du- 
plex DNA to reach the middle of the gel 
where melting begins (typically 5 to 6 
hours for a 135-bp fragment attached to 
the GC-clamp), and then continuing elec- 
trophoresis for an additional 1 to 2 hours. 

The results of a typical preparative gel 
of pools of mutagenized target DNA 
fragments are shown in Fig. 4A. Al- 
though most of the DNA migrates to the 
same position in the gel as the wild-type 
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Fig. 3. Optimization of the denaturing gradient for maximal separation B of mutant and wild-type target DNA fragments. (A) Perpendicular 
denaturing gradient gel of a fragment containing the GC-clamp and the / mouse p-globin promoter fragment in one orientation. A gel contain- 
ing a linear 20 to 80 percent gradient of denaturants perpendicular to 
the direction of electrophoresis was prepared as described (13, 14). 
The DNA sample was digested with restriction enzymes and layered 
across the top of the gel. Electrophoresis was canied out at 150 V for 
5 hours, and the DNA was visualized by ethidium bromide staining. 
The midpoint of the melting transition corresponds to the Tm of the 
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Fig. 4. Reparative and analytical denaturing gradient gel electropho- 
resis of mutant and wild-type DNA fragments. (A) A preparative 
denaturing gradient gel of pooled mutagenized fragments containing 

I B 
the GC-clamp and the target fragment. (Lane 1) Nitrous acid pool; 
(lane 2) formic acid pool; (lane 3) hydrazine pool. The nitrous acid 
pool shown in this gel was composed of approximately 30 percent f 

a .- 

, , ;, single melting domain of the attached target DNA fragment. The 
40 2 20 40 , ? percentage of denaturant corresponding to the T,  can be determined 

% Denal % Denal by measuring the position of the midpoint of the transition on the 
horizontal axis of the gel. In the example shown, the T, corresponds 

to a denaturant concentration of approximately 58 percent. The bracket indicates the range of denaturant concentrations to be used in the 
preparative denaturing gradient gel step in the mutagenesis procedure. (B) Perpendicular denaturing gradient gel of a fragment containing the GC- 
clamp and the mouse p-globin promoter fragment in the orientation opposite to that in (A). The gel and electrophoresis conditions were the same 
as those described in (A). In this orientation the promoter melts in two domains, as indicated by the presence of two distinct melting transitions. 
The Tm of the first domain corresponds to approximately 38 percent denaturant, whereas the Tm of the second domain corresponds to 68 percent 
denaturant. As in (A), the brackets indicate the optimal range of denaturant concentrations for each domain used in the preparative denaturing 
gradient gel. 
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mutant and 70 percent wild-type DNA fragments. As was expected, a Z 
higher proportion (-20 percent) of the mutants isolated from this pool 2 
contained multiple (mostly two) base changes. The two other pools in 
this gel (representing approximately 10 and 15 percent mutagenesis t 
efficiencies) resulted in fewer multiple mutants. (B) Analytical dena- 2 
turing gradient gel of individual mutant DNA fragments purified from 
the preparative denaturing gradient gel and cloned into pGC1. The O 

DNA in each lane was obtained from a plasmid miniprep of individual .z 
colonies and digested with restriction enzymes that release the target ;; 

In 
? 

c a 
2 * 
0 
0 - 
a, - 
0 

c 
0 .- - 
? 

DNA fragment attached to the GC-clamp. The left lane contains the .: 7 
.- 
C. 

wild-type DNA fragment and the remaining lanes contain examples of i 2 ? 
different mutant DNA fragments. 
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Fig. 5. Distribution of single-base substitutions in the mouse P-globin promoter region. (A) 
Compilation of the single-base substitutions obtained with the three chemicals discussed in the 
text. (B) Location of single-base substitutions in the mouse P-globin promoter region. The wild- 
type sequence is written as a continuous line, and the mutants appearing at each position are 
above the wild-type sequence. 
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DNA fragment, faint bands can be seen 
above and below the position of wild- 
type DNA. The mutant fragments are 
carefully excised and eluted from the gel 
and cloned as a population in the pGCl 
or pGC2 vector. Individual colonies 
from the population are picked, and the 
plasmid DNA is examined by analytical 
denaturing gradient gel electrophoresis. 
An example of such an analysis is shown 
in Fig. 4B. Each transformant contains a 
different single-base substitution, and 
the separation from the wild-type DNA 
fragment ranges from 1 to 12 mm. De- 
pending on the extent of mutagenesis 
and the care that is taken in recovering 
the mutant fragments from the prepara- 
tive gel, anywhere from 35 to 100 percent 
of the colonies examined contain a mu- 
tant DNA fragment. Because of this vari- 
ability we routinely check individual 
transformants to avoid unnecessary se- 
quencing of wild-type DNA fragments. 

Characterization of mutant frag- 
ments. Rapid sequence analysis of mu- 
tant DNA fragments is facilitated by the 
presence of the M13 origin in the pGC 
plasmids. After production of single- 
stranded DNA, the sequence of the tar- 
get DNA is determined by the dideoxy 
sequencing method (24) with the GC- 
primer. If the target DNA insert is 150 to 
200 bp in length or less, the entire se- 
quence can be determined on one gel. 

A tabulation of the 132 single-base 
mutations obtained thus far is presented 
in Fig. 5. Significantly, the distribution 
of the mutations obtained with each 
chemical appears to be random. Nitrous 
acid deaminates C, A, and G, which 
usually results in C to T and A to G 
transitions (deaminated G, which is xan- 
thine, forms base pairs with C, so that no 

1 G-T 
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- 
Formic acid I: 4 

Hydrazine 1 

T& 

base substitution is expected). Indeed, 
the majority of the mutations observed 
with nitrous acid were the expected tran- 
sitions. However, for reasons not under- 
stood, a few other transitions and trans- 
versions also occurred. Formic acid de- 
purination resulted in a wide spectrum of 
transitions and transversions, including 
unexpected changes at pyrimidine resi- 
dues. Finally, breakage of pyrimidine 
rings by hydrazine treatment resulted 
primarily in C to T and T to C transi- 
tions, but a number of other transitions 
and transversions were also observed. 
The mechanisms by which these unex- 
pected base changes were generated are 
not understood. Nevertheless, by muta- 
genizing both strands of the target DNA 
with all three chemicals separately it 
should be possible to obtain nearly all 
base changes at every position in the 
target DNA. 

Conclusion. We have described a rap- 
id and efficient method for generating 
and isolating large numbers of random 
single-base substitutions. This procedure 
should be generally applicable to any 
DNA fragment in the size range of 30 to 
600 bp in length. In practice, fragments 
smaller than 200 bp are chosen to facili- 
tate DNA sequence analysis of the muta- 
genized target DNA. The generation of 
mutations by chemical treatment is sim- 
ple, and the conditions are reproducible. 
In previously described chemical muta- 
genesis procedures, mild mutagenesis 
conditions were used to ensure viability 
of the vector (21). We circumvented this 
problem by using more severe chemical 
treatment conditions and then transfer- 
ring the target DNA to an untreated 
plasmid vector. The target DNA reclon- 
ing strategy was also used in oligonucle- 
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otide-directed and chemical-induced mu- 
tagenesis procedures (25). In conjunc- 
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tion with the chemical mutagenesis pro- 
cedure this strategy allows the maximum 
possible frequency of single-base muta- 

18 tions, and it ensures that the mutations 
are exclusively localized in the target 
DNA. 

The mutant DNA fragments produced 
by this procedure may be used directly in 
a genetic selection or screen, or they can 

-G-C 

1 

6 

1 

be purified by gradient gel electrophore- 
sis. The advantage of the latter approach 
is that base changes that do not affect 
function can be studied. We have esti- 
mated that 95 percent of all possible 
single-base substitutions can be resolved 

A-T 

1 

1 

by denaturing gradient gel electrophore- 
sis if the target DNA is attached to a GC- 
clamp (13, 14). The GC-clamp vectors 
(Fig. 2) were designed for easy move- 
ment of the target DNA between plas- 
mids, and for the placement of the frag- 
ment in both orientations with respect to 
the clamp and M13 origin of replication. 

Saturation mutagenesis in the absence 
of a phenotypic selection should be 

A-C 
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widely applicable to problems in molecu- 
lar genetics and protein engineering. For 
example, this approach should be espe- 
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cially useful for analyzing elements in- 
volved in developmental or tissue-specif- 
ic gene regulation. In the analysis of 
structure-function relationships of pro- 
teins, it is sometimes possible to predict 
the effect of specific amino acid changes 
on enzymatic activity (26). In this case, 
oligonucleotide-directed mutagenesis is 
preferable to random mutagenesis. How- 
ever, in many circumstances it would be 
useful to generate large collections of 
random amino acid substitutions in spe- 
cific regions of a protein. 
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