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Mutagenic PCR of Protein-Coding Genes for In Vitro
Evolution

Ichiro Matsumura and Andrew D. Ellington

1. Introduction

In vitro protein evolution is an efficient approach for study of the structure
and function of a protein, or to enhance its industrial uiilily One round of
evolution consists of random mutation of a protein-coding gene, expressing
the resulting library in a population of micro-organisms, and high-throughput
screening or selection of clones that most strongly exhibit a desired phenotype
(“winners”). After many rounds, mutations that confer the phenotype accumu-
late on a single allele, e.g., the authors have isolated an octuple mutant of the
Escherichia colip-glucuronidase with catalytic activity resistant to roughly
80-fold higher concentrations of glutaraldehyde than that of the wild-type
enzyme(2). Here we describe a variation of the mutagenic polymerase chain
reaction (PCR{3,4), and explaination of why the authors prefer this method to
other random mutagenesis techniques.

The expression system and high-throughput assay should be developed priot
to any random mutagenesis. The latter has utility only in the context of a screen
that is precise, high-throughput, and sensitive enough to detect the desired
activity in the ancestral protein, under stringent assay conditions. The follow-
ing expression/assay system is used as an exadplli colonies, trans-
formed with the wild-typ@-glucuronidase expression vectgusApB3A, turn
green when induced on Luria-Bertani (LB) plates containing 5-bromo-4-
chloro-3-indolylf3-p-glucuronide (X-gluc). The stringency of this assay can
increased by pretreating the colonies with glutaraldehyde before incubation
with X-gluc (2).
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E ? In mutagenic PCR, manganese (Mn) ions, excess magnesium (Mg), and a
- 8 nucleotide imbalancé), or synthetic nucleotide analo¢fs), are added to a
-9 PCR reaction to decrease the fidelity of Taqg polymerase. Sequence diversity
—10 can also be generated by mutator stré@)s hypermutagenesi§), cassette
11 mutagenesi§8), DNA shuffling (9), or family shuffling(10). The virtues and
—12 disadvantages of each method is summarizetable 1 The authors preferable 1
—13 mutagenic PCR4) when mutating whole genes, because it allows a series of
:—14 libraries to be made, which differ in mutation frequency simply by altering
_—15 PCR conditions, which is important, because libraries with too many wild-
_—i? type or overmutated clones decrease the effective throughput of the screen.
18 The appropriate mutation frequency is theoretically dependant on the length
19 of the gene, the average number of random mutations that the protein can accept
Ezo without unfolding, the mutation bias, and the throughput of the screen. This
=21 chapter shows that, in practice, the simplest way to evaluate a library of ran-
=22 dom mutants is to utde the high-throughput assay under permissive conditions.
—23 One drawback of mutagenic PCR is that not all types of nucleotide changes
—24 occur at equal frequeng$1). The authors sometimé®), although not always
~25 (12), observe a significant transition bias among winners. All PCR-generated
—26 libraries have similar transition biases, and selection will magnify or diminish
:—27 this bias, depending on the nature of the beneficial mutations. Mutagenic PCR,
_—28 using the commercially available nucleotide analogs 8-oxo-deoxyguanosine
_—§§ triphosphate (dGTP) and dPTP, rather than Mn, can alter the bias and fuﬂhas
—_— increase sequence divers{y). Cassette mutagenesis, based on oligonugkéine dPTP
. otides with random codons, does not exert a codon bias, but only permits ran-
533 domization of a small number of nearby amino acid resi(B)eMiyazaki and
—34 Arnold (13) have used cassette mutagenesis to randomize codons that were
=35 identified by sequencing winners generated by mutagenic PCR.
—36 The mutation rates of the other methods are more difficult to control. In
—37 vitro random recombination by DNA shuffling is attractive, because it can theo-
—38 retically unite all beneficial mutations from a screen in a single round. In prac-
=39 tice, however, the 0.7% mutation rate associated with DNA shufBinig too
:—40 high for many applications, which necessitates multiple rounds of shuffling
:41 and screenin¢,14-17) or labor-intensive procedures, to reduce the mutation
:42 rate (18). The mutation rate of the family shuffling process has not been as
—43 : :
—_ well-characterized, but thus far seems even hi¢t@x
—_ Propagation of the vector in a mutator strain, such as XL-1(®et also
=46 attractive, because this can obviate the labor of subcloning. The latter proce-
=47 dure induces a maximum mutation rate of 0.0005 mutations/bp, after propaga-
—48 tion of a high-copy-number plasmid for 30 generations of bacterial growth,
—49 which is somewhat lower than the authors’ target. Mutagenic PCR is therefore
—50 appropriate for most experiments in which the relationship between protein
~s51
52
~53
~54
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structure and function is unclear. The following protocol details the random
mutation of a gene, the subcloning and transformation of the resulting library,
and the evaluation of the library using a high-throughput assay.

2. Materials
2.1. Reagents and Buffers

1.

DNA oligonucleotides can be purchased commercially from GenSet (La Jolla,
CA) or Operon (Alameda, CA), and stored as a [W@®| concentrated stock
solution in 10 "M Tris-HCI, pH 9.5, at —2TC. These can be diluted in water to
1/10umol stocks, and stored at <20 The primers should contain complemen-
tary region of primers, so that the melting temperaflige=(4°C x [G + C] + 2C

x [A + T]) is 75-80C. Primers should include restriction sites at the 5' ends so
that the gene can be subcloned into the expression vector, to express the gene in-
frame, plus four or more additional nucleotides at the extreme 5' end.

Buffered deoxynucleotide triphosphates (dNTPs) (Amersham Pharmacia
Biotech, Piscataway, NJ), should be mixed and diluted td/(@ach dNTP) in
water, and stored at —20.

5X normal PCR buffer: 300 kh Tris-HCI, pH 8.5, 75 il (NH,)SO,, 10 nM
MgCl,. If PCR yields are low, the DNA optimizer kit, containing a series of
alternative buffers, can be purchased from Invitrogen (Carlsbad, CA).

Agarose (for 1-10-kb DNA fragments): 0.8% LE agarose (FMC, Rockland, ME)
in 1X TAE (40 nM Tris-acetate, 1 M EDTA), 0.5pg/mL ethidium bromide.

10X mutagenic addition buffer. The mutagenic PCR protocol is based on that of
Cadwell and Joycé3). Their buffer differs from normal (nonmutagenic) PCR
buffer, in that it contains final (1X) concentrations an additional ON m
deoxythymidine triphosphate (dTTP), 0.8 deoxycytidine triphosphate (dCTP),
4.8 mM MgCl,, 0.5 mM MnCl,. The authors therefore make a 10X cocktail o8 m
dTTP, 8 dCTP, 48 M MgCl,, 5 mM MnCl, that can be added to otherwise nor-
mal TagPCR reactions to make them mutagenic. Cadwell and Jdye&ld the
MnCl, last, to prevent precipitation, but the authors do not do this, and have not
had this problem. The cocktail is stored at %20

Qiaquick PCR purification and gel extraction kits were purchased from Qiagen
(Chatsworth, CA), and stored at room temperature.

5X Gibco-BRL T4 DNA ligase buffer: 250 Tris-HCI, pH 7.6, 50 iyl MgClI2,

25% (w/v) polyethylene glycol 8000, SNihadenosine triphosphate (ATP), B/m
dithiothreitol (DTT)(19). This buffer comes with the enzyme, if purchased from
Gibco-BRL Life Technologies (Bethesda, MD). Store at>€0

SOC: Mix (per L) 20 g tryptone, 5 g yeast extract, 0.5 g NaCl, 25Kel.
Autoclave for 20 min (12°C, 14 atmospheres, slow cooling). Autoclavéll
MgCI2 and 20% (w/v) glucose, separately, and add WDMgCI2 and 20 rivl
glucose to the media, after it has cooled to room temperature.

. TB buffer: Mix 10 nM PIPES, 15 vl CaC}, 250 mM KCI; pH to 6.7, using

KOH, then add 55 M MnCl,, and filter-sterilize, and store at@ (20).
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10.

11.
12.

2.2.

Chemically competent cells (20):

a. Propagate 50 mE. coli cells to mid-log (Olgyy ~0.5) at 18C (room tem-
perature works almost as well). Incubate on ice for 10 min or more.

b. Harvest cells by centrifuging at 25903000 rpm in Beckman J-6B centri-
fuge) for 10 min at 4C.

c. Resuspend gently in a small volume of ice cold TB, bring up to 16 mL, and
spin down again.

d. Resuspend in 3.72 mL TB, add 0.28 mL dimethylsulfoxide (DMSO), aliquot
20 x 0.2 mL portions into microcentrifuge tubes in powdered dry ice.

e. Store competent cells at 280

Butterfly nitrocellulose membranes (Schleicher and Schuell, Keene, NH).

LB agar plates should be poured the evening before the transformation, and

allowed to cool at room temperature overnight:

a. Mix (per L) 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar. Autoclave
for 20 min (122C, 14 atmospheres, slow cooling).

b. Mix the following stocks in sterile water: 100 mg/mL ampicillin (AMP),
25 mg/mL kanamycin (KM), 100 M isopropylthiof-p-galactoside (IPTG).
These can be stored at 220 Mix 50 mg/mL X-gluc in DMSQO; this cannot
be stored long; do not mix more than need.

c. Let the LB agar media cool to 8D (when flask can be held in one’s bare
hands). Add 1 mL AMP and 1 mL KM stocks/L LB agar plates. For some
plates, also add 0.5MhIPTG and 0.08% X-gluc. Unused plates can be stored
at £C, but the X-gluc in plates is unstable, so they should be used within 1 wk.

Enzymes

All enzymes can be obtained from the indicated manufacturer, and storetCat —20

1.
2.

P w

Taq polymerase: Perkin-Elmer (Foster City, CA) or Promega (Madison, WI).
Proteinase K: Boehringer-Mannheim (Indianapolis, IN). Mix small volumes
(<100 L) of 10 mg/mL stock solution in 0, and store at —2C. Mix new
stock, if precipitation is visible after thawing.

Restriction enzymes (New England Biolabs [NEB], Beverly, MA).

Shrimp alkaline phosphatase (Boehringer-Mannheim, Indianapolis, IN).

T4 DNA ligase (Gibco-BRL Life Technologies, Bethesda, MD). Just prior to
use, add L of T4 DNA ligase (1 U) into QL of 1X ligase buffer (1/10 dilu-
tion). Note that NEB uses a different unit definition of ligase activity, and does
not provide a buffer containing polyethylene glycol.

. Expression System

gusApBSA is an expression vector that useslgtopromoter to drive the expres-
sion of B-glucuronidase. It is based on pBluescript (Stratagene, La Jolla, CA),
which confers AMP resistand@).

The Il'tF'/pREP4 straiif2) expresses little endogenofglucuronidase activ-

ity. The pPREP4 plasmid (Qiagen, Chatsworth, CA) is a constitlattvespres-
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sor expression vector that stabilizrsApBSA. It is based on pACYC184, which
confers resistance to 28/mL KM.

3. Method
3.1. Mutagenic PCR

1.

Set up a 5L PCR reaction containing 1X normal PCR buffer, 26l dNTPs,
100-500 M primers, 20 fmol template, and 0, 0.312, 0.625, 1.25, 2.5,ubr 5
10X mutagenic addition buffeséeNote 1). Add water to 4L, then 1uL (2.5 U)

Tag polymerase.

Overlay a drop of light mineral oil, and amplify for 25 cycles of PCR. For prim-
ers with 75-80C T,,;s, 25< (94°C for 30 s, 72C for 1 min/kb of desired product).
Check yield by running a microliter of each reaction in an agarose gel, with a known
quantity of a mol wt standard. The total yield should be Jsgl@eeNote 2).
EliminateTagpolymerase. Add EDTA to 5kh, sodium dodecyl sulfate to 0.5%,
and proteinase K to 5@y/mL, and incubate at 86 for 15 min éeeNote 3.

Purify PCR product, using Qiagen Qiaquick PCR purification kit, as directed by
the manufacturerseeNote 4.

3.2. Subcloning

1.

Set up 5QiL restriction digests: 1-1(L of each purified PCR product, opg of

the expression vector, separately, with the appropriate restriction buffer and an

excess of restriction enzyme overnigkeéNote 5).

Confirm digestion by running fiL of each reaction in an agarose gel, with a

known quantity of a mol wt standard.

Dephosphorylate the vector by adding-lof shrimp alkaline phosphatase to the

restriction digest, and incubate at&7for another hoursgeNote 5.

Gel purify the insert and vector:

a. Pour a 0.8% agarose gel with one large well.

b. Add loading dye to each digest, and run in separate gels.

c. Visualize bands on UV light box, and excise desired bands, using a clean razor blade.

d. Purify agarose-encased DNA, using the Qiagen Qiaquick gel extraction kit,
as directed by the manufactureeéNote 4).

Check the purification yield by runningul of each reaction in an agarose gel,

with a known quantity of a mol wt standard.

Ligate 20 fmol purified vector with 60 fmolf insegegeNote 6) in 2044L reac-

tions with 1X BRL T4 DNA ligase buffer + 0.1 U T4 DNA ligagi9). Set up one

ligation for each library, plus control reactions without insert, and without insert

or ligase. Incubate at 16 overnight.

3.3. Determination of Inactivation Rate (Using  [B-Glucuronidase
as Example)

1.

Transform library into chemically competdatcoli(20) (seeNote 7):
a. Treat kill ligase by incubating each ligation at®%or 10 min.
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b. Thaw frozen competent cells at room temperature, and place on ice after thaw-
ing has started.

c. Add equal volumes of each ligation to competent cells, so that npl200-
aliquot of cells receives more than 10 ng total DNA. Incubate on ice for 30 min.

d. Heat shock cells by incubating tubes &t@for 40 s. Place tubes back on ice
briefly, and add 80QlL SOC. Incubate at 3T for 1 h. I—s

e. Plate serial dilutions of each transformation onto noninducing LB agar Aj\éiﬁ? soc

KM plates, in order to estimate the size of each library, and to propagate—ea@—

library at an appropriate colony density for the high-throughput screen.

. Assess the enzyme activity of each clone in the high-throughput screen, under

permissive conditions. Adsorb the transformed colonies to a nitrocellulose filter,
and transfer them (colony side up) to a second LB agar AMP/KM/IPTG/X-gluc
plate, and incubate for 2 h at°8 The authors generally look for libraries that
contain 70-99% clones exhibiting less than wild-type actiggellote 8).

4. Notes
1. Each of these should yield a library mutated at a different rate, although the

authors do not expect a linear relationship between Mn concentration and muta-
tion rate(21).

. If PCR instep 2fails, try the different PCR buffers in the PCR Optimizer kit in

conjunction with 0 and 0.62%8. 10X mutagenic addition buffer. PCRs of longer
templates (> 2 kb) generally do not amplify at higher concentrations of Mn, but
these should not be mutated at such high rates.

. Tagpolymerase interferes with cloning by filling in restriction digested DNA. It

binds tightly to the ends of PCR products, and cannot be eliminated through silica
chromatography alon@2).

. The Wizard PCR prep kit (Promega) and the Geneclean DNA purification kit

(Bio101, Vista, CA) should also work.

. In order to reduce the background of colonies transformed with uncut vector, the

authors prefer long double digestions of small amounts of vector, followed by
dephosphorylation using the thermolabile shrimp alkaline phosphatase.

. 20 fmol of a 1-kb fragment of DNA is 13 i(#y9).
. Ifthe library size is smaller than the throughput of the screen, try electroporation:

Denature T4 DNA ligase by heating reaction fof®&%or 10 min. Remove salt,
as follows. Add 3QuL H,O and 500uL butanol to each ligation. Vortex, and
precipitate in microcentrifuge (13,06)0for 10 min. Carefully remove superna-
tant, air-dry pellet, and resuspend ipl5H,0 (23). Electroporate each ligation
into E. coli (24). Plate small portions of each transformation (i0Qdiluted 1/
10, 1/100, 1/1000) onto LB agar AMP/KM plates.

. The authors conservatively consider any colony less green than the wild-type

control to be inactivated. Most random mutations, particularly transitions, will
be silent or selectively neutré?5). The actual numbers of mutations/allele will

follow a Poisson distribution, so that the variation among clones within any li-
brary will be greaf4). The authors’ experience so far is that libraries containing
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50-99% inactivated clones will yield winners for screens of 1000-10,000 clones.
Higher frequencies may be advantageous for higher-throughput screens and
selections (>19) (26).
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