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Long-Inverse PCR To
Generate Regional
PeptideLibraries By
Codon Mutagenesis

BioTechniques 22:250-254 (February 1997)

We have developed a method to con-
struct protein libraries by codon muta-
genesis, which can be applied to any
plasmid-encoded gene without the need
for appropriate restriction sites and sub-
cloning. The procedure entails synthe-
sis of two oligonucleotides, in one of
which selected codons are partially ran-
domized, alkaline denaturation of tem-
plate plasmid followed by long-inverse
polymerase chain reaction (PCR) and
treatment of DNA termini for blunt-end
self-ligation to generate a mutagenized
plasmid library.

Changes of amino acids by mutage-
nesis of cloned genes is increasingly
used to examine structure-function re-
lationships in proteins. Though useful,
site-directed oligonucleotide mutagen-
esis is labor-intensive when many
changes are required. Random mutage-
nesis of plasmids with chemical agents
or E. coli mutator strains generates mu-
tations outside of the gene of interest
and becomes increasingly impractical
asthe sizeratio of the plasmid to target
geneincreases. Procedures in which the
target gene is amplified by PCR under
conditions that increase the mis-incor-
poration rate by Tag DNA polymerase
narrow the mutagenized region to the
area of interest, but require high-effi-
ciency cloning of the product and suit-
ablerestriction sitesin both the product
and target vector to generate a library
of sufficient size (10). In addition, these
methods are biased for transition muta-
tions over transversions, which limits
the amino acid substitutions at any giv-
en position. Furthermore, the genetic
code itself minimizes the harmful ef-
fects of mutations (9). For example,
pyrimidines in the second codon posi-
tion specify predominately hydropho-
bic amino acids. An additional limita-
tion in obtaining a broad spectrum of
amino acid substitutions at a given
codon is the extremely rare occurrence
of an adjacent double-point mutation.

Codon-based mutagenesis or region-
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al codon randomi zation generates high-
ly complex yet condensed protein li-
braries (2,4). This procedure relies on
complex oligonucleotide synthesis in
which a portion of the appropriate
codons are randomized using all 64
codons or a subset of codons on one
DNA synthesis column while the wild-
type codon is synthesized on another
column. The matrices from the two
columns are mixed and split again for
the next randomized codon, and the
process is repeated for each random-
ized codon. The mutation frequency is
set by the ratio of resin in the column
containing the mutated codon vs. that
containing the wild-type codon and is
biased to the wild-type sequence. Typi-
cally, conditions are chosen such that
for a 20-amino acid sequence, 3000
clones will contain all possible single
amino acid substitutions in addition to
multiple substitutions at more than one
position (2). Thetechniqueisnot yetin
widespread use, partly because of diffi-
cultiesin generating a representative li-
brary and the necessity of introducing
specific restriction enzyme sites.

We were recently unable to isolate
temperature-sensitive mutations in the
essential  Saccharomyces cerevisiae
gene QSR1 (11) by random mutagene-
sis procedures, which were successful
in our hands with agene of similar size
(5). The possihility exists that atemper-
ature-sensitive QSR1 allele was not ob-
tained since not all proteins can be ren-
dered thermolabile by the limited
amino acid substitutions possible by
single mutations (7). We thus devel-
oped a smple method of regional
codon randomization mutagenesis. We
targeted the mutagenesis to a highly
charged 20-amino acid sequence on the
premise that clusters of charged resi-
dues are likely to be on the surface of
the protein and may be important for
protein-protein interactions (12). With
this procedure, we obtained 25 unique
temperature-sensitive mutants from a
singlelibrary.

The procedure is outlined in Figure
1 and simplifies randomization or site-
directed mutagenesis of any region on
any sized plasmid without the need for
restriction enzymes. Long PCR (1) of
two primers back to back (inverse
PCR) (8) formsan 8-kb fragment of the
entire plasmid. Long PCR allows for
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high-yield amplification of fragments
in the 6-25-kb range and has the added
benefit that fidelity isincreased several
fold because of the addition of a proof-
reading thermostable DNA polyme-
rase. The fragment is treated with T4
DNA polymerase to remove 3¢ over-
hanging A’s added by Taq polymerase,
then phosphorylated and self-ligated to
regenerate a plasmid library incorporat-
ing the oligonucl eotide mixture.

Three micrograms of the 8-kb plas-
mid pDEQ2 were denatured in 200 L
of 0.2 M NaOH and 2 mM EDTA for
10 min at 37°C, then precipitated at
-20°C by adding 20 nL of 3 M Na
acetate (pH 5.2) and 700 i of ethanaol.
The pellet was washed and resuspend-

ed in 300 niL of water at afinal concen-
tration of 10 ng/m. Alkaline denatura-
tion before PCR increases product
yield and eliminates unwanted back-
ground transformants from the tem-
plate plasmid (3).

The ExpandO Long-Template PCR
system (Boehringer Mannheim, Indi-
anapolis, IN, USA) was used to gener-
ate a plasmid library incorporating the
20-amino acid randomized codon re-
gion. A partially randomized 81-nu-
cleotide (nt) oligonucleotide was syn-
thesized (2). A titration of MgCl,
concentration was carried out by using
all 3 supplied 10" buffers, and buffer
No. 2 (2.25 mM MgCl,) was chosen on
the basis of a high product yield. All
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Figure 1. Mutagenesis by long-inver se PCR. Primers were designed in a back-to-back configuration
(inverse PCR) such that self-ligation of the PCR product regenerates the template plasmid. The C1
primer is 21-nt long, the R1 is 81 nt in length with the 5¢60 nt consisting of a mixture of wild-type and
randomized codons (hatched area), while the 3¢21 nt are wild-type for efficient annealing. Thefour steps
are: 1. Long-inverse PCR with the two primers, 2. removal of 3¢overhanging A’s with T4 DNA poly-
merase, 3. phosphorylation of 5¢termini and 4. self-ligation to regenerate aplasmid library incorporating

the randomized oligonucleotide pool.
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components were mixed on ice, and a
200-mmL reaction was split into 4 thin-
walled 0.6-mL PCR tubes (Robbins
Scientific, Sunnyvale, CA, USA). Fina
concentrations were 350 mM dNTPs,
1" PCR buffer, 1.5 L of enzyme mix-
ture and 200 nM for each primer. After
overlaying with minera oil and placing
in athermal cycler preheated to 94°C,
0.2 ng of denatured template in 2 nL
was added to each tube. Cycling condi-
tions were 94°C for 10 s, 50°C for 2
min and 68°C for 6 min for 10 cycles
followed by 15 cycles with a 20-s ex-
tension successively added to each
68°C extension step. At the end of 25
cycles, an additional 68°C extension
for 10 min was included before cooling
to 4°C. Depending upon the primer
pairs, yields ranged from 1-10 ng of
product.

The PCRs were pooled with 200 L
of 2" proteinase K buffer (20 mM Tris-
HCI, pH 7.5, 200 mM NaCl, 2 mM
EDTA, 1% sodium dodecy! sulfate) and
20 ng of proteinase K (Boehringer
Mannheim) and incubated for 30 min at
37°C. After successive phenol, phe-
nol/chloroform and chloroform extrac-
tions, the DNA product was precipitat-
ed with 1 mL of ethanol at -70°C for 10
min. After washing with 70% ethanol
and air drying, the pellet was resus-
pended in water and blunted with 4 U of
T4 DNA polymerase (Boehringer
Mannheim) in the presence of 80 mv
dNTPs for 2 h a 16°C. To change
buffers, the DNA was purified by
GENECLEAN® (BIO 101, Vista, CA,
USA) and eluted in 16 L of water. To
this, 2 mL of 10" polynuclectide kinase
buffer, 1 mL of 2mM ATPand 1 i (10
U) of polynuclectide kinase (Boeh-
ringer Mannheim) were added. After in-
cubation at 37°C for 1 h, the 8-kb prod-
uct band was gel-purified on a 0.7%
agarose gel in 40 mM Tris acetate, 2
mM EDTA, pH 8.5, and eluted at a con-
centration of approximately 10 ng/ni_,
assuming a’50% loss with all manipula
tions. The kinasing step can be omitted
if the primers are phosphorylated.

A self-ligation with 60 ng of DNA
in avolume of 10 nL with 40 U of T4
ligase (New England Biolabs, Beverly,
MA, USA) was carried out for 16 h at
16°C. Transformation  competent
DHb5a cellswere prepared by the high-
efficiency procedure of Hanahan (6),
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and 8000 individual colonies were ob-
tained per 5 ni of ligation transformed,
which is greater than 10° clones per ng
of DNA. A control lacking ligase gave
a negligible background of 4 colonies.
A library was made by pooling 18000
colonies and purifying the plasmid
DNA. Sequence analysis of 30 random
clonesrevealed an average of 1.08 mu-
tated codons per clone, whereas the 25
temperature-sensitive clones isolated
had an average of 1.8 mutated codons
per clone and were primarily single and
double amino acid substitutions with a
few triple substitutions. This higher
rate of multiple mutated codons and the
observation that only unique substitu-
tionswere obtained at a given codon re-
inforce the hypothesis that some genes
are not rendered thermolabile by sin-
gle-point mutations.

We have described a method of
long-inverse PCR to make compact
peptide libraries by codon mutagenesis
on any plasmid. The procedure is aso
applicable to other gene modifications,
and we have successfully used it for
site-directed mutagenesis, protein trun-
cations and epitope tagging.
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Family of Plasmid Vectors
for the Expression of b-
galactosidase Fusion Pro-
teinsin Eukaryotic Cells

BioTechniques 22:254-258 (February 1997)

LacZ isapopular reporter genefor a
variety of biochemical and genetic ana-
lyses. The enzymatic activity of its pro-
tein product, b-galactosidase, can be
easily measured by well-developed
spectrophotometric (4) and luminomet-
ric (1) assays in vitro and by histo-
chemical staining in vivo (10). More-
over, it is possible to follow the spatial
distribution of the gene product in situ,
even in living animals, using lipophilic
substrates (7,11). Antibodies against b-
galactosidase made it possible to
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