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A PCR-Derived Library of Random Point 
Mutations within the V3 Region of Simian 

Immunodeficiency Virus 
Frank Kirchhoff and Ronald C. Desrosiers 

New England Regional Primate Research Center, Harvard Medical School, Southborough, Massachusetts 01772-9102 

Oligonucleotide primers correspond- 
Ing to variable region 3 0/3)  of sim- 
Ian immunodeflciency virus (SIV) 
were randomly mutagenized during 
synthesis by doping each of the four 
nucleoside phosphoramidites with a 
small amount of the other three. PCR 
was then used to incorporate the al- 
tered sequences into larger, clonable 
DNA fragments by spliced overlap ex- 
tension (SOE). With the composition 
of the phosphoramidites used, 53 of 
the 100 clones analyzed were unique, 
having one or more point mutation 
within the 84-bp target sequence. 
These 53 unique clones contained an 
average of 2.1 nucleotide substitu- 
tions and 1.5 amino acid substitu- 
tions per clone within the target V3 
sequence. Of the internal 25 amino 
acid positions within the V3 domain, 
23 were changed at least once. This 
method should be generally useful 
for the construction of libraries of 
random point mutations within a de- 
fined target DNA sequence. 

A m o n g  the methods that have been 
developed for the specific mutagenesis 
of DNA sequences, PCR is one of the 
most powerful. ~1-6~ It allows rapid prep- 
aration of relatively large quantities of 
mutated DNA with the use of mutated 
oligonucleotide primers. Because of the 
error frequency of Taq and other poly- 
merases used in PCR, it is generally most 
convenient  to use PCR-based rnutagene- 
sis strategies which minimize  the length 
of the PCR-derived DNA, r rather than 
amplifying entire plasmids. 14-7~ Re- 
cently, Morrison and Desrosiers used 
PCR with spliced overlap extension 
(SOE) in the presence of mixed popula- 
tions of oligonucleotide primers to mu- 
tagenize selected sites in a target DNA 
sequence. (7~ 

In some cases, it is desirable to ana- 
lyze an extensive collection of mutations 
over the full length of a defined target 
DNA sequence. Hutchinson et al. de- 
scribed the generation of a library con- 
taining all possible point mutations 
within a 30-bp target sequence) 8~ They 
doped each of the four nucleoside phos- 
phoramidites with a small amount  of the 
other three and cloned the two comple- 
mentary mutagenic oligonucleotides 
bearing cohesive ends directly into an 
M13 vector. This specific approach does 
not have general utility because of the 
need for conveniently located restriction 
sites at the ends of the target sequence. 
However, it did set the stage for develop- 
ment  of protocols for extensive mu- 
tagenesis of target DNA sequences in 
phage vectors. r176 

Here, we present a method that com- 
bines the advantages of the SOE PCR 
method with the doping procedure orig- 
inally used by Hutchinson et al. for the 

generation of potentially complete li- 
braries of point  substitutions. This pro- 
cedure is likely to be generally useful for 
saturation mutagenesis of small target 
regions. Because it is easy to generate a 
large number  of variants in a defined 
area with this method, it may also be 
useful for biological selection experi- 
ments. 

MATERIALS AND METHODS 
Oligonucleotide Synthesis 

Oligonucleotides were synthesized with 
a Cyclone DNA synthesizer (Milligen-Bi- 
osearch, Burlington, MA). Prior to syn- 
thesis, each vial of phosphoramidi te  was 
doped with 1.5% (vol/vol) of each of the 
other three. The primers were purified 
on oligonucleotide purification car- 
tridges (Applied Biosystems Inc., Foster 
City, CA). The four mutagenic  primers 
that were used span nucleotides 7535- 
7618 of the s imian immunodef ic iency  
virus (SIV)mac239 sequence. r The 
primer sequences are shown in Table 1. 
The expected number  of nucleotide 
changes per oligonucleotide was calcu- 
lated on the basis of the concentrat ion of 
the other three nucleotides [4.5% (vol! 
vol)] versus the concentrat ion of the 
wild-type nucleotide [95.5% (vol/vol)]. 

PCR Conditions 

Twenty-five nanograms of the p316EM* 
plasmid served as the template for PCR 
amplification; p316EM* contains the 
env gene of a macrophage tropic variant 
of the SIVmac239 clone. ~ Reactions 
were performed using a DNA thermal  cy- 
cler (Perkin-Elmer Cetus, Norwalk, CT) 
and the manufacturer 's  PCR reagent kit. 
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TABLE 1 Oligonucleotides Used for Mutagenesis of the SIVmac V3 Region 

Primer Sequence (5' ~ 3') 

Position in Expected number of 
SlVmac239 nucleotide changes 
sequence per oligonucleotide 

F5 CCACTGTAACACTFCTG 7230 --, 7246 0 
F6 CTGTATFCCTATCTFCTACC 7852 ~ 7833 0 
F7 GGTGACTGGTAAAACTGTCTFATYFCCTGGTCTFCTAC 7572 --* 7535 1.7 
F8 AGACAGTTITACCAGTCACCATTATGTCTGGATFGGTITrCC 7553 --, 7594 1.9 
F9 GGAAAACCAATCCAGACATAATGGTGACTGGTAAAACTGTC 7594 --, 7554 1.8 
F10 TATGTCTGGATFGGTTI~CCACTCACAACCAATCAATGATAGGC 7575 --, 7618 2.0 

For the synthesis of oligonucleotides F7-FIO, 1.5% (vol/vol) of each of the other phosphoramidite nucleoside mixes was added to each vial. Thus, 
the probability for a change at each position is 4.5%. 

The PCR mutagenesis strategy is shown 
schematically in Figure 1. The first 
round of amplification using primer 
pairs F5/7, F5/9, F6/8, or F6/10 was per- 

formed in a 100-#1 volume using 60 
pmoles of each primer (25 cycles, 1 min 
at 94~ 1 rnin at 45~ 1 rain at 68~ 2.5 
mM MgClz). Thereafter, 25 i-d of the PCR 

F5 

Ap/LI 

p316EM* template 
primerpairs F 5/7 
(A), 5/9 (B) or 6/8 
(C) and 6/10 (D) 

A 

equimolar amounts of fragments 
A + C, B + Cand B +D 
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FIGURE 1 Strategy for random mutagenesis of the SIVmac V3 region. The p316EM* plasmid was 
used as a template for amplification with doped oligonucleotides (see Table 1). First round, 
PCR-generated DNA fragments A-D were subsequently used for the synthesis of DNA fragments 
containing random changes in the V3 region at three slightly different locations, as indicated. 

products was analyzed by electrophore- 
sis in a 1.5% agarose gel. PCR products of 
the expected size, ranging from 280-362 
bp, were isolated with the GeneCleanlI  
kit (BIO101 Inc., La Jolla, CA). To gener- 
ate a linear double-stranded template,  
0.1 pmole of the left and right half frag- 
ments were combined and six cycles of 
amplification without  any additional 
primer were performed. Then, 50 
pmoles of outer primers pF5 and pF6 
were added and another  28 cycles of am- 
plification were performed to generate 
the three classes of 622-bp products, 
which differ slightly in the positions of 
mutat ions (Fig. 1). 

Cloning and DNA Sequencing 

The PCR products were isolated from 
agarose gels and digested with ApaLI and 
BspEI. Because three ApaLI sites are 
present in the p316EM* plasmid, a gel 
purified subfragment  of p316EM* was 
used for insertion of the mutan t  PCR 
products. The p316EM* vector DNA was 
obtained after t ransformat ion of the 
d a m -  strain of Escherichia coli JM110 
(Stratagene, La Jolla, CA). The unmethy-  
lated p316EM* DNA was digested with 
BspEI, dephosphorylated,  and digested 
with SphI. The 7.7-kbp restriction frag- 
ment  was isolated and ligated to the de- 
phosphorylated 0.85-kpb SphI/ApaLI re- 
striction fragment  derived from the 
same vector. The 8.6-kbp ligation prod- 
uct was isolated from an agarose gel, li- 
gated to a fivefold molar excess of an 
equimolar  mixture of the three different 
457-bp ApaLI/BspEI PCR fragments, and 
transformed into supercompetent  E. coli 
XL-1 Blue cells (Stratagene). About 10% 
of the t ransformation mix was spread on 
LB-Amp plates in serial dilutions, and 
the rest was used directly for plasmid 
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DNA preparation. The resulting plasmid 
products varied considerably in size and 
95% were smaller than expected. Plas- 
mids migrating at the correct size were 
purified from an agarose gel and retrans- 
formed into E. coli XL-1 Blue. Plasmid 
DNA was prepared from single colonies, 
and the V3 target sequence was deter- 
mined. For a subset of clones containing 
changes wi thin  V3, the entire sequence 
between the ApaLI and BspEI sites was 
determined. 

Serial dilutions of the transformation 
mixture showed that the mixed plasmid 
population represented - 4 0 0 0  colonies. 
Agarose gel analysis revealed that only 
- 5 %  of the plasmid populat ion ob- 
tained had the correct size. Therefore, 
the plasmid populat ion used to retrans- 
form E. coli after the purification step 
represented only - 2 0 0  different PCR 
fragments. The low proportion of cor- 
rectly sized plasmids obtained after the 
first round of transformation was proba- 
bly related to the unmethyla ted  status of 
the vector DNA. In recent experiments 
using normal ly  methylated p316EM* 
DNA cut with MroI (Boehringer-Man- 
nheim) instead of BspEI, - 9 0 %  of the 
plasmid populat ion after initial transfor- 
mation had the correct electrophoretic 
mobil i ty on an agarose gel. In addition, 
cloning efficiencies were -20- fo ld  
higher than in the initial experiment.  

RESULTS AND DISCUSSION 

The analysis of 105 single colonies 
showed that 100 of them contained the 
insertion of a 0.46-kbp restriction frag- 
ment.  Sequencing of the variable region 
3 (V3) target region wi thin  these lO0 
clones showed that 69 contained at least 

TABLE 2 Numbers of Amino Acid and 
Nucleotide Substitutions in the 53 
Unique V3 Mutant Clones 

Number of nucleotide 
changes/number of 
amino acid changes Number of clones 

1/0 10 
1/1 10 
2/1 9 
2/2 9 
3/1 1 
3/2 4 
3/3 1 
4/2 2 
4/3 4 
4/4 1 
5/4 2 

Total 53 

one nucleotide change from the paren- 
tal. Of these 69 clones, 53 had a unique 
sequence (Table 2). Eight sequences 
were present twice and four sequences 
were present three times in the plasmid 
population. 

Among the 53 unique clones, there 
were 112 nucleotide substitutions and 77 
predicted amino acid substitutions (Ta- 
ble 2); thus, the average number  of nu- 
cleotide substitutions per V3 target se- 
quence was 2.1 per clone, and the 
average number  of translated amino  acid 
substitutions per V3 target sequence was 
1.5 per clone. If one assumes no selec- 
tion against incorporation of nucleotide 
substitutions into cloned DNA, we 
would have expected an average of 1.9 
nucteotide substitutions per clone. This 
expectation is based on an average of 1.9 
nucleotide misincorporations per single- 
stranded oligonucleotide primer (Table 

1), 3.8 single-stranded nucleotide substi- 
tutions per double-stranded DNA frag- 
ment,  and it assumes equidirectional res- 
olution to 1.9 matched base-pair 
substitutions per clone by the PCR pro- 
cess and mismatch  repair in E. coll. Thus, 
the 53 unique clones had an average nu- 
cleotide substitution frequency (2.1) 
that was close to what would be expected 
(1.9) based on these assumptions. If, 
however, one includes the total 100 
clones, 31 of which had no substitutions 
at all in the target sequence, the ob- 
served frequency was somewhat  less 
than expected. Other investigators have 
observed a somewhat  lower than ex- 
pected mutat ion frequency among the 
final clones analyzed following oligonu- 
cleotide doping. (7~ Inefficient PCR am- 
plification with mismatched primers 
and inefficient survival of mismatched 
sequences in E. coli may contribute to a 
lower than  expected frequency of nucle- 
otide substitutions in the final clones. 
PCR amplif icat ion may be especially in- 
efficient when  the sequences near the 3' 
end of the primer are not perfectly 
matched. 

Despite the fact that the 84-bp target 
sequence was AT rich (59.5%), 73 of the 
112 nucleotide substitutions (65%) were 
changes to A or T (Fig. 2). Hutchinson et 
al. r also observed a higher  than ex- 
pected frequency of changes to A or T. 
The reasons for this are not clear but 
could possibly involve the kinetics of 
phosphoramidi te  condensat ion during 
oligonucleotide synthesis. 

Of the 53 mutan t  clones, 20 had a sin- 
gle nucleotide change, 18 had two 
changes, 6 had three changes, 7 had four 
changes, and 2 had five changes in the 
V3 target sequence (Table 2). Two clones 

7534 
T G T A G A A G A C C A G G A A A T A A G A C A G T  T T T A C C A G T C A C C A T  T A T G T C T G G A T T G G  

T G T T A2A C C C2C A G A T3C A C T2A3 A C A2C C A C A C4C2T2 
G C T2T3 T3 G T2G T2/ G2T2T T C2 T3 

/ T4 

7635 
T T T TC CACT C A C A A C C A A T C A A T  G A T A G G C C A A A G C  A G G C A T G G T G T  

C2A3C A2 C A2A T A2 
G C T 3 T G T 

G2 /-/ T2 

A2T A C A 2 T A C 
T2 G T 

FIGURE 2 Nucleotide changes in the SIVmac p316EM* V3 region resulting from PCR-directed mutagenesis. Numbers indicate the frequency of 
mutations if greater than one. (/) A single nucleotide deletion; (/-/) -a double nucleotide deletion. The complete length of the V3 cysteine loop is 
shown. The target sequences for mutagenesis include bases 7535-7618. 
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FIGURE 3 Amino acid changes in the SIVmac p316EM* V3 region resulting from PCR-directed 
mutagenesis. Numbers indicate frequency of the mutation when greater than one. (*) Change to 
a stop condon. (/) Location of nucleotide deletions resulting in a frameshift of downstream 
sequences. 

had a deletion of a single nucleotide and 
one clone had a deletion of two nucle- 
otides (Fig. 2). The use of PCR fragments 
A and C, B and D, and A and D allowed 
nucleotide substi tution over the full 84 
bp of target sequence (Fig. 1). This pro- 
cedure was also intended to obtain 
higher frequencies of point  mutat ions 
within the central part of the V3 region 
due to the overlapping nature of the mu- 
tagenic F7, F8, F9, and FIO primers (Fig. 
1). A higher frequency of mutat ions was 
concentrated in this central region (Figs. 
2 and 3). This basic mutagenesis strategy 
can be easily modified to distribute 
point  mutat ions in any manner  desired. 

The vast majority of changes occurred 
in the region covered by the mutagenic 
oligonucleotides. However, eight addi- 
tional changes, which were most likely 
due to errors by the Taq polymerase, 
were identified elsewhere in the 0.46-kb 
PCR fragments analyzed. This random 
substitution rate was - 1  per 3300 bp 
and, thus, similar to the rate of 1 per 
4000 bp reported by Ho et al. (1~ and 
much lower than  the I per 840 bp found 
by Morrison and Desrosiers. (7~ 

For the random mutagenesis of short 
target regions within longer DNA se- 
quences, the method  described here has 
some advantages over those described 
previously. (1'2'7'8~ The doped oligonucle- 
otide synthesis, PCR, and cloning steps 
are easy to perform and require no un- 
usual advanced preparation. The average 
number  of mismatches in each oligonu- 
cleotide and any preference for desired 
changes (e.g., by adding only one addi- 
t ional nucleoside solution) can easily be 
varied. The choice of the external prim- 
ers makes it possible to minimize the 
size of the mutated PCR fragment and 
also makes it easy to reclone the mutated 
fragments into longer sequences. 

The retrieval of 53 unique mutants  
from a populat ion of 100 clones shows 
that this approach is useful for the ex- 

tensive random mutagenesis of defined 
target sequences. PCR fragments ob- 
tained with this mutagenesis strategy po- 
tentially contain all possible point  sub- 
sti tution mutations. With high cloning 
efficiencies, this approach can also be 
useful for biological selection experi- 
ments. For example, we have used mixed 
plasmid populations containing a high 
number  of changes within V3 to select 
variants with altered cell tropism and to 
identify changes within V3 that can 
compensate for defects in other regions 
of the SIV envelope. 
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