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ABSTRACT

Protein engineering uses oligonucleotide-directed
mutagenesis to modify DNA sequences through a
two-step process of hybridization and enzymatic
synthesis. Inefficient reactions confound attempts
to introduce mutations, especially for the construc-
tion of vast combinatorial protein libraries. This paper
applied computational approaches to the problem of
inefficient mutagenesis. Several results implicated
oligonucleotide annealing to non-target sites, termed
‘cross-hybridization’, as a significant contributor to
mutagenesis reaction failures. Test oligonucleotides
demonstrated control over reaction outcomes. A
novel cross-hybridization score, quickly computable
for any plasmid and oligonucleotide mixture, directly
correlated with yields of deleterious mutagenesis
side products. Cross-hybridization was confirmed
conclusively by partial incorporation of an oligonu-
cleotide ata predicted cross-hybridization site, and by
modification of putative template secondary structure
to control cross-hybridization. Even in low concentra-
tions, cross-hybridizing species in mixtures poisoned
reactions. These results provide a basis for improved
mutagenesis efficiencies and increased diversities of
cognate protein libraries.

INTRODUCTION

In protein engineering, mutagenesis is used to alter and dissect
protein function (1). Example applications include antibodies
(2,3), enzymes (4-6), other receptor—ligand interactions (7,8),
binding partner discovery (9) and epitope mapping (7,8,10).
The technique requires the introduction of mutations into a
gene encoding the protein target, resulting in a modified
protein and a potentially altered function or activity. Perhaps
due to an incomplete understanding of the relationship
between protein sequence and structure/function, successful
approaches to protein engineering often apply library-based
mutagenesis, screens and selections.

Protein engineering uses many different molecular display
scaffolds, including phage (11,12), yeast (13), mRNA (14),

ribosome (15) and plasmid display (16,17). All link individual
members of a protein library with encoding information. This
linkage expedites identification of library members and can
allow rapid molecular evolution through mutagenesis of the
encoding information.

Mutations for protein engineering can be introduced into
specific sites (rational protein design), randomly (stochastic
search), or by a combination of the two (guided protein evolu-
tion). Stochastic techniques rely upon DNA copy errors intro-
duced by PCR (18-21), propagation in a DNA repair-deficient
strain of bacteria (13), recombination (22-24) or other tech-
niques. Site-directed mutagenesis relies upon hybridization of
a mutation-encoding oligonucleotide to a specific location in
the gene encoding the protein of interest. This hybridization
step is potentially problematic, and is the focus of this paper.

Site-directed combinatorial mutagenesis depends upon
highly efficient chemical synthesis of degenerate oligonucleo-
tide mixtures (also called degenerate sequences). This results
in the construction and subsequent display of many different
mutant proteins. In principle, increasing the diversity of pro-
tein libraries should increase the efficiency of protein engi-
neering by exploring more protein function space. In practice,
mutagenesis with diverse oligonucleotide mixtures presents
technical challenges owing to many reasons, of which some
are poorly understood.

Oligonucleotide-directed mutagenesis

The method for site-directed mutagenesis applied here, termed
‘Kunkel mutagenesis’, features hybridization of a mutation-
encoding oligonucleotide to a target site on a uracil-doped
template plasmid (25). The oligonucleotide consists of a vari-
able region sandwiched between two annealing sequences that
are complementary to the target site. Phosphorylated oligonu-
cleotides are annealed to the template plasmid, followed by
in vitro enzymatic synthesis of the complementary DNA
strand. A successful reaction yields the desired product, cova-
lently closed circular double-stranded DNA (ccc-dsDNA,
termed ‘good’, Figure 1). Two undesirable side products con-
sume template DNA and degrade the reaction efficiency.
Nicked DNA (termed ‘bad’) results from failed phosphoryla-
tion or ligation reactions, and is often observed as a minor side
product. Strand-displaced DNA (termed ‘ugly’) results from
aberrant DNA polymerization. During mutagenesis, ugly is
always observed, and consumes a significant fraction of the
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good:ugly 0.702 0.933 0.983 0.020 0.675 0.028

standard

error
experimental s s 5 F s F
outcome

0.175 0.133 0.051 0.008 0.032 0.019

Figure 1. Mutagenesis with predicted successful and failure oligonucleotides.
Mutagenesis reactions on template plasmid Stop4 used control (Xg-library),
predicted successful (PS1 and PS2) and predicted failure (PF1, PF2 and PF3)
oligonucleotides. Arrows indicate good, bad and ugly products, as described in
the text. Good:ugly ratios are an average of two mutagenesis reactions with the
indicated standard error. All depicted gels feature electrophoresis of
approximately equal quantities of each mutagenesis reaction or template,
with 1 kb indicating a 1 kilobase DNA ladder and the experimental
outcome as described in Table 1. Each band indicates a different product,
with consequent different levels of ethidium bromide intercalation.
Therefore, integrating the intensities of the bands for comparison between
reactions is potentially unreliable, and may not accurately represent the total
amount of DNA.

starting materials. The mixture of good, bad and ugly is trans-
formed into a bacteria host with intact uracil N-glycosylase,
leading to uracil-targeted degradation of the template. The
efficiency of a Kunkel mutagenesis reaction depends upon
the fraction of completely filled-in and ligated reaction pro-
ducts, the good. In general, mutagenesis failures are associated
with high levels of ugly (26). This side product could cause
poor mutagenesis due to inefficient transformation of Escher-
ichia coli (27), leading to reduced protein library diversity.

During synthesis of diverse phage-displayed peptide
libraries, we observed many oligonucleotide mixtures that
consistently yielded poor mutagenesis efficiencies and mini-
mal amounts of good. Oligonucleotide mixtures yielding both
low and high efficiencies had identical annealing sequences
and mutagenesis conditions. Variable region length and
sequence showed no discernable association with the success
or failure of the reaction. These observations, which
appeared to defy simple explanations, led us to explore
possible mechanisms for different outcomes from similar
oligonucleotide mixtures.

A hypothesis for mutagenesis reaction failures

Many possible factors could contribute to the generation of
ugly, including DNA secondary structure, reaction conditions
(salt concentration, annealing temperature, etc.), oligonucleo-
tide purity and cross-hybridization. Of these, cross-
hybridization, defined here as oligonucleotide annealing to
incorrect locations, emerged as a significant predictor of
experimentally observed ugly levels. The potential for
cross-hybridization to cause deleterious effects has been

described for DNA computing (28), DNA-based nanotechnol-
ogy (29), PCR primer design (30), microarrays (31,32) and
siRNAs (33). Cross-hybridization in combinatorial oligonu-
cleotide-directed mutagenesis, to date, has not been studied
extensively.

Perhaps this is due to the enormous theoretical diversities
involved. Oligonucleotide mixtures for typical phage-
displayed libraries range in theoretical diversities from
~10° to ~10?” unique DNA sequences. Therefore, exhaustive
analysis of every sequence in an oligonucleotide mixture is
time-prohibitive.

The goal of this paper is to elucidate one important source of
difficulty in protein engineering: problems associated with the
oligonucleotide hybridization step of mutagenesis. This paper
provides an (i) efficient algorithm to compute a cross-
hybridization score for any oligonucleotide mixture to any
template plasmid, and (ii) experimental verification that
cross-hybridization can decrease the mutagenesis reaction
efficiency.

MATERIALS AND METHODS
Materials

Reagents. The following materials were purchased commer-
cially: Tag DNA polymerase and 10x PCR buffer from
Continental Laboratory Products; M13-KO7 helper phage
from Amersham—Pharmacia Life Science; E.coli XL1-Blue
from Stratagene; exonuclease I and shrimp alkaline phospha-
tase from US Biochemicals; BigDye® terminator v3.1 sequen-
cing reagents from Applied Biosystems; T4 polynucleotide
kinase, T4 DNA ligase and T7 DNA polymerase (unmodified)
from New England Biolabs; oligonucleotides from Sigma-—
Genosys; and 1 kb ladder from Promega. All other general
reagents were of molecular biology grade or higher from
commercial sources.

All buffers and media were prepared using water purified
from a Millipore Nanopure™ system and sterilized as neces-
sary, either by autoclave or by filtration through a 0.22 um pore
size filter (Corning). All enzymatic reactions were performed
with irrigation water (Phoenix Pharmaceutical, Inc.).

Oligonucleotides. PS, PF and Xg oligonucleotides were pur-
ified by PAGE. Lyophilized oligonucleotides were redissolved
to a concentration of 330 ng/ul. Sequencing primers M13-F1
and M13-R were diluted to working concentrations of 0.8
pmol/ul. Variable or modified regions below are highlighted
in bold. Degenerate bases in Xg are named in accordance with
IUBMB convention.

Xs
5'-GCTACAAATGCCTATGCANNSNNSNNSNNSNNSNNSS -
NNSGGTGGAGGATCCGGA-3'

PS1 (Predicted Successful 1)
5'-GCTACAAATGCCTATGCAAAGAAGAAGCTCGAGAACT-
TGATCGCTGGAGGATCCGGA-3’

PS2 (Predicted Successful 2)
5'-GCTACAAATGCCTATGCAACCTAGTAGCTCGAGTAGA-
AGATCGGTGGAGGATCCGGA-3’

PF1 (Predicted Failure 1)
5'-GCTACAAATGCCTATGCACGGGTGCGCATGATCGTGC -
TCCTGGGTGGAGGATCCGGA-3/



PF2 (Predicted Failure 2)
5'-GCTACAAATGCCTATGCAATGGCCCACTACGTGAACCA-
GATCGCGTGGAGGATCCGGA-3’

PF3 (Predicted Failure 3)
5'-GCTACAAATGCCTATGCAGTGGACCGCTTGCTGCACAT -
GATCGGTGGAGGATCCGGA-3’

Stop4A-fix
5'-CAAAGGGCGAAAAACCGTCATGGCCCACTACGTGAACC -
AAAGTTTTTTGGGGTCGAGGTG-3’

Stop4A-fix
5'-CAAAGGGCGAAAAACCGTCTTTTTTTTTTATGGCCCAC -
TACGTGAACCATTTTTTTTTTTAAGTTTTTTGGGGTCGAG-
GTG-3’

SAV-F1 5 -TGTAAAACGACGGCCAGTCGAGCACTTCAC-
CAACAA-3’
SAV-R2 5'-CAGGAAACAGCTATGACGACAACAACCATC-
Geee-3/

3-fwd 5'-TGTAAAACGACGGCCAGTTGGTGCGGATATCT-
CGGTAG-3'

3-rev 5'-CAGGAAACAGCTATGACTTGTTGGTGAAGTGC-
TCGTG-3’

7-fwd 5 -TGTAAAACGACGGCCAGTAACTGTGAATGCGC-
AAACC-3/

7-rev 5 -CAGGAAACAGCTATGACATAAAGCGGGCCATG-
TTAAG-3’

8-fwd 5'-TGTAAAACGACGGCCAGTTGAGCATCCTCTCT-
CGTTTCA-3'

8-rev 5'-CAGGAAACAGCTATGACCGCTTTCTTCCCTTC-
cTTTC-3’

MI13-F1 5'-TGTAAAACGACGGCCAGT-3’

MI13-R 5'-CAGGAAACAGCTATGAC-3’

Computing the cross-hybridization score

The cross-hybridization score can be computed for any tem-
plate plasmid and for any oligonucleotide mixture. It is the
odds ratio of correct hybridization to cross-hybridization, as
estimated by the following equation:

- . a—AG;/RT
Zicofrec‘ ﬁ e
S (ﬁ.e—AGﬂRT'

Jeross—hybridization

Score =

Here, the numerator sums over correct hybridizations, the
denominator sums over cross-hybridizations, AG is the free
energy of a given hybridization site, f counts its occurrences in
the mixture, R is the molar gas constant, 7 is the temperature
and e ““RT is the Boltzmann probability weight (likelihood).
To compute the cross-hybridization score of Equation 1
requires (i) identifying hybridization sites, (ii) counting
their occurrences in the mixture, and (iii) estimating their
free energies.

The first step applies regular expression matching to iden-
tify initial seed hybridization sites. Small contiguous stretches
of Watson—Crick base pairing occur in most significant cross-
hybridizations. The oligonucleotide mixture, represented as a
regular expression by a sequence of [UBMB degenerate base
codes, is matched against the template plasmid to yield a list of
all exact 8mer matches. The running time to find all 8mer
matches is proportional to the product of the lengths of the
template and the oligonucleotide.
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The next step is to extend and count occurrences of N-mer
matches. Longer exact N-mer matches are created from
(N — 1)-mer matches sharing an exact N—2 overlap at the
same template site. This process continues until all possible
longer exact matches have been constructed and added to the
list. Each template site may be covered by several different
N-mers of different lengths that match with different parts of
the oligonucleotide degenerate sequence. Equation 1 sums up
the final list of all matches. The count (fin Equation 1) of each
N-mer match is the diversity of the degenerate bases not fixed
by the N-mer, minus the counts of every longer match that
contains it. This can be computed efficiently, because the
relationship of superstring containment induces a directed
acyclic graph over N-mers, which can be traversed easily.
The time complexity of this step is bounded by the square
of the number of 8mer matches found in the first step.

In the final step, free energies are estimated using nearest
neighbor thermodynamic parameters (34). The running time of
this step is proportional to the sum of the N-mer lengths in the
final list.

Equation 1 is an approximate quantity, which neglects ther-
modynamic contributions from the oligonucleotide mixture
bases not specified by the N-mer match, dangling ends,
base mismatches, loops and other sources. In turn, the algo-
rithm computes an approximate estimate of Equation 1 by
examining only the strongest hybridizations.

Source code of the algorithms described here is freely available
to users upon email request to cwassman@uci.edu. The algo-
rithms were implemented on the Java™ 2 Platform, JDK 1.3.1.

Computational design of PS and PF oligonucleotides

Oligonucleotides predicted to have strong cross-hybridization
(Predicted Failure, PF, oligonucleotides) were identified from
the list of N-mer matches described above. Three N-mer
matches, each with a low free energy, were chosen as PF1,
PF2 and PF3. Unspecified bases were replaced randomly
within the oligonucleotide mixture.

Oligonucleotides predicted to have very weak cross-
hybridization (Predicted Success, PS, oligonucleotides)
were chosen by template walking. A probe sequence, ran-
domly chosen from Xg by fixing degenerate bases, was com-
pared stepwise with the template plasmid. Steps were 300
bases in length with an overlap of 150 bases, so step boundary
end effects were avoided. Hybridization was tested at each
step by predicting minimal energy structures between the
probe and template (34-36). Bases in the probe sequence
with the most tendency to cross-hybridize were identified
by measuring the energy-weighted frequency of base pairing.
Those bases most susceptible to cross-hybridization were
changed in the probe sequence, and the walk was repeated.
After quiescence or 200 mutations, the probe sequence with
weakest cross-hybridization was recorded. This process was
repeated 500 times. PS1 and PS2 were chosen from the 20 best
probe sequences, in order to maximize sequence diversity.

Oligonucleotide mutagenesis

Mutagenesis reactions with PS, PF and Xy oligonucleotides
applied previously described protocols (25,27), using template
Stop4 (pM1165a) (8) with analysis by 1% agarose gel
electrophoresis. Mutagenesis reactions were conducted in



6410 Nucleic Acids Research, 2004, Vol. 32, No. 21

10x TM buffer (0.5 M Tris, pH 7.5 and 0.1 M MgCl,) diluted
to 1x as necessary. Mutagenic oligonucleotides (330 ng, 17.5
pmol) were phosphorylated at 37°C for 1 h in 10 pl reactions
containing | mM ATP, 5 mM DTT and 5 U T4 polynucleotide
kinase. Phosphorylated oligonucleotides (2 ul from the above
solution) were annealed to Stop4 (1 pg, 0.49 pmol), for an
oligonucleotide:template ratio of 7.16, in 25 Ul reactions with
an Eppendorf Mastercycler®™ thermocycler cycled at 85°C for
1 min, 50°C for 3 min and held at 4°C for 5 min (default
temperature ramp time). The annealed oligonucleotide reac-
tion was subjected to a complementary strand DNA synthesis
in a reaction containing 0.34 mM ATP, 0.85 mM dNTPs,
5.10 mM DTT, 240 U T4 DNA ligase and 3 U T7 DNA
polymerase, with overnight incubation at room temperature.
Band intensity was quantified using Bio-Rad Quantity One
1-D software (version 4.5.0). Importantly, (good:ugly) product
ratios were only compared among bands run on the same gel.
The ratio form cancels many unknown common factors and
mitigates the possibility that good and ugly might intercalate
different levels of ethidium bromide. Comparisons of ratios
across gels could encounter other experimental non-linearities.

DNA transformants into E.coli XL1-Blue were sequenced
from individual colonies. PCR for sequencing used the SAV-
F1/R2 (mutagenesis target site), 3-fwd/rev (PF3 cross-
hybridization site), 7-fwd/rev (PF1 cross-hybridization site)
or 8-fwd/rev (PF2 cross-hybridization site) primer pairs.
PCR consisted of incubation at 94°C for 3 min; followed
with 30 cycles of 30 s at 94°C, 30 s at 55°C and 30 s at
72°C; and finally incubation at 72°C for 7 min. PCR products
were subjected to BigDye® terminator sequencing with the
M13-F1 or M13-R sequencing primers, following the manu-
facturer’s protocols.

Hairpin analysis and Stop4 mutations

Secondary structure at the PF2 predicted cross-hybridization
site was analyzed with the mFold software package (34-36).
All options were set to default values, with the exception of
folding temperature (50°C) and Na™ concentration (0.01 M).
The PF2 cross-hybridization site of the Stop4 template, located
in a non-coding region, was mutated with Stop4A-fix and
Stop4A-fix to produce Stop4A and Stop4A, respectively
(25,27). DNA sequencing, as described above, was used to
confirm incorporation of the Stop4A and Stop4A mutations.

RESULTS

An efficient algorithm predicted cross-hybridization sites and
calculated a cross-hybridization score, which correlated well
with observed mutagenesis reaction efficiencies. Experimental
evidence demonstrated the deleterious effects of cross-
hybridization during mutagenesis for both single oligonucleo-
tides and simple mixtures. A fragment of one oligonucleotide
was incorporated at a cross-hybridization site. A putative 15 bp
hairpin on the template plasmid blocked one predicted cross-
hybridization, which was restored by hairpin destabilization.

Prediction and mutagenesis with oligonucleotide
mixtures

Kunkel mutagenesis outcomes from 16 oligonucleotide
mixtures were classified as Successful (S), Acceptable (A)

Table 1. Predicted and experimental outcomes with oligonucleotide mixtures

Oligonucleotide DNA  Mixture Experimental ~ Cross-hybridization
mixture insert diversity outcome score
size

XsCXoCXy 60 124 %10 F 0.24
X4CX10CXy 60 124%x 107 F 1.21
CX5CX, 27 344 x 10" F 44.86
XCXsC 24 1.07x10° F 77.10
X,CX5CXg 60 124x 107 F 91.90

CXsC 21 336x 10" F 1.10 x 10?
CXsCX 24 1.07x10° F 7.86 x 10°
XCX7CXs 60 124x 107 F 4.10 x 10°
X,CX4CX5 60 124 x 107 F 1.09 x 10*
X,CX5CXs 33 3.52%x 10" S 4.72 x 10"
X,CXsC 27 344 %10 A 9.22 x 10"
Xs 24 1.10x 10" 'S 2.18 x 10"
X>CXCXs 36 1.13x 10" S 9.16 x 10"
X>CX4CX, 30 1.10x 10'* F 9.39 x 10"
X>CX7CX, 39 3.60 x 10" F 230 x 10"
X,CX5CXs 42 1L.15x 10" A 239 x 10"

Oligonucleotide mixture is a degenerate sequence describing the variable
region, where X is a degenerate NNS codon encoding any of the 20 amino
acids; X,, is X concatenated n times; C is variously TGC or TGT encoding
cysteine; N is A, C, G or T; and S is C or G. DNA insert size is the number of
nucleotides in the variable region. Mixture diversity is the number of distinct
DNA sequences, calculated as 32 raised to the number of NNS codons. The
experimental outcome is Successful (S), Acceptable (A) or Failure (F). Success-
ful reactions yielded approximately equal amounts of good and ugly products.
Failures were dominated by ugly. Acceptable reactions had intermediate ratios.
Cross-hybridization scores were calculated from Equation 1.

or Failure (F). Categories were assigned based on the muta-
genesis efficiency characterized by gel electrophoresis of the
reaction products. Each mixture also received a cross-
hybridization score calculated from Equation 1, which assessed
cross-hybridization to the template plasmid. High scores were
associated with successful mutagenesis reactions (Table 1). On
a 2.2 GHz Pentium 4 Linux workstation, the mean time to
calculate the cross-hybridization scores for the libraries in
Table 1 was 7.2 min and the maximum was 17.2 min.

Testing cross-hybridization effects on mutagenesis

The association between experimental outcomes and cross-
hybridization scores in Table 1 implicated cross-hybridization
as a factor in mutagenesis efficiency. To validate this hypoth-
esis experimentally, several oligonucleotides were chosen
from the high mutagenesis efficiency Xg mixture (Table 1).
Predicted Successful oligonucleotides, PS1 and PS2, should
avoid cross-hybridization. Predicted Failure oligonucleotides,
PF1, PF2 and PF3, should exhibit strong cross-hybridization.

Each PS and PF oligonucleotide was used for a separate site-
directed Kunkel mutagenesis reaction. The outcome of each
reaction was quantified by gel electrophoresis band intensities
(Figure 1). DNA sequencing of four PF1 mutants revealed one
clone with the 5" portion of PF1 incorporated precisely at the
predicted cross-hybridization site (Figure 2).

Unexpectedly efficient mutagenesis with
the PF2 oligonucleotide

The PF2 oligonucleotide, chosen for its strong predicted cross-
hybridization, unexpectedly yielded more good product during
mutagenesis than either PF1 or PF3. Yields of good from
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AGCGTTGGGTCCTGGCCACGGGTGCGCATGATCGTGCTCCTG|TCGTTGAGGACCCGGC|

PF1 mutant

GCTACAAATGCCTATGCACGGGTGCGCAT GATCGTGCTCCTG|TCGTTGAGGACCCGGC|

FEEETTErrrrr ettt ettt ettt b==rr=rrrri=rrii=

Oligonucleotide (PF1)

GCTACAAATGCCTATGCACGGGTGCGCATGATCGTGCTCCTGG-GTGGAGGATCCGGA

Figure 2. Sequence analysis of the PF1 cross-hybridization site. The Stop4 template sequence is from the predicted PF1 cross-hybridization site. The PF1 mutant is
the cross-hybridization site sequence from one PF1 mutant. Oligonucleotide (PF1) is the PF1 sequence. Boxes or vertical bars indicate identical bases. The hyphen
indicates a gap in the local alignment. Boldface indicates the oligonucleotide variable region.

(a) (b)
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good :ugly

standard
error

outcome

experimental s

1.1580.345 0.479%

0.0530.016 0.027

F F

Figure 3. Mutagenesis with modified Stop4 templates. (A) A putative hairpin at the predicted PF2 cross-hybridization site. Horizontal lines indicate Watson—Crick
base pairs. Dashed lines indicate G-T base pairs. Boxes enclose bases that were mutated from Stop4 by deletion (Stop4A) or replacement with adenosine (Stop4A).
Unboxed bases are the predicted PF2 cross-hybridization site. (B) PF2 mutagenesis reactions on Stop4 templates. PF2-Stop4(A, A) shows mutagenesis reaction
products. Stop4(A, A) template indicates the template starting material. Good:ugly ratios are an average of three mutagenesis reactions with the indicated standard

error. Experimental outcomes are labeled as in Table 1.

PF2 were comparable to mutagenesis with Xg. Subsequent
secondary structure analysis (34-36) revealed a putative
hairpin (T, = 60.2°C) at the PF2 cross-hybridization site
(Figure 3A). Since this hairpin could interfere with PF2
cross-hybridization, site-directed mutagenesis of the template
was used to reduce hairpin formation. Deletion of template
nucleotides (Stop4A) or replacement with adenosines
(Stop4A) was performed at bases required for hairpin forma-
tion, but not for cross-hybridization (Figure 3A). PF2 had
lower mutagenesis efficiency with both Stop4A and Stop4A,
as expected (Figure 3B).

Cross-hybridization in oligonucleotide mixtures

Complex reaction mixtures were modeled by mixing PS1
(correctly hybridizing) with PF1 (cross-hybridizing). With
no PF1 added, the reaction was successful. The addition of

10% PF1 degraded the reaction substantially, and levels of
PF1 =25% resulted in reaction failure. Thus, even small frac-
tions of cross-hybridizing oligonucleotides dominated the
reaction outcome (Figure 4).

DISCUSSION

As demonstrated, mutagenesis failures can arise from cross-
hybridizing members of oligonucleotide mixtures. First, anovel
computational approach for estimating cross-hybridization
correlated well with observed experimental outcomes across
a wide range of existing libraries (Table 1). This led us to
construct individual oligonucleotides predicted to yield muta-
genesis success or failure, which behaved as expected
(Figure 1). Several results provided direct experimental
evidence that cross-hybridization affects mutagenesis: DNA
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Figure 4. Mutagenesis with mixtures of oligonucleotides. Mutagenesis
reactions with mixtures of PS1 (predicted successful) and PF1 (predicted
failure) oligonucleotides. Stop4 is the template. Percentages of PS1:PF1 are
indicated above each lane. The total quantity of oligonucleotides was 0.2 ng for
all reactions. Good:uglyratios are an average of two mutagenesis reactions with
the indicated standard error. Experimental outcomes are labeled as in Table 1.

sequencing revealed partial oligonucleotide incorporation at a
predicted cross-hybridization site (Figure 2), and putative
template secondary structure blocked a cross-hybridization
site (Figure 3). Dramatically, mutagenesis failed when
cross-hybridizing species were present even in low concentra-
tions relative to an excess of non-cross-hybridizing species
(Figure 4).

Experimental and computational results suggest several
mechanisms for mutagenesis failures mediated by cross-
hybridization. Cross-hybridization could consume template
plasmid, block DNA polymerase or incorrectly incorporate the
mutagenic oligonucleotide. The resulting ugly would reduce
the efficiency of competent cell transformation. The net effect
of these mechanisms would limit protein library diversity.

Computational analysis

Computational prediction of nucleic acid hybridization
appears in many contexts, but to our knowledge, not in degen-
erate oligonucleotide mixtures for combinatorial mutagenesis.
Such mixtures can pose computationally intense problems due
to their tremendous theoretical diversities.

Based on the computational analysis, the main contributor
to cross-hybridization is the central, variable region of the
oligonucleotides. Deleterious cross-hybridization events
involve large numbers of oligonucleotides with low AG’s.
The resulting high melting temperatures are often greater
than the annealing temperature of 50°C. Thus, cross-
hybridization can out-compete annealing to the target site.

Equation 1 is not a partition function, which we presume to
be intractable. A full partition function for an oligonucleotide

mixture in a mutagenesis reaction would account for many
interaction terms omitted here; for example, oligonucleotides
from the mixture could bind to the same template plasmid at
partially overlapping sites, some mutually exclusive and some
not, resulting in different AG values for every combination of
occupancy states. Instead, the odds ratio form of Equation 1
allows many unknown common factors to cancel from both
numerator and denominator, including the partition function
and most concentration-dependent effects. The result is an
efficient predictive score, without requiring a partition func-
tion. The calculated cross-hybridization scores shown in
Table 1 vary non-linearly, because the odds ratio is a non-
linear transformation with numerator and denominator not
linearly related.

This computational approach works particularly well for
comparing cross-hybridization scores of degenerate oligonu-
cleotide mixtures. However, cross-hybridization scores are not
comparable between degenerate oligonucleotide mixtures and
single oligonucleotides for several fundamental physical rea-
sons. These include differences in the levels of oligonucleotide
(i) dimers, (ii) hairpins and (iii) incomplete annealing at cross-
hybridization sites. Dimeric and hairpin structures are inherent
to degenerate mixtures, and are generally not present in
designed single oligonucleotides. In degenerate mixtures,
whenever one oligonucleotide anneals to a site, there are
always a large number of related species that partially anneal
to the same site, each with a potentially different binding mode
and AG. This results in a spread distribution of binding modes
and AG values at a given site. In contrast, a single oligonu-
cleotide has only one binding mode and a single AG at any site,
resulting in a point distribution and thus different behavior in
Equation 1.

Mutagenesis with computational test oligonucleotides

Oligonucleotide mixtures contain both efficient and inefficient
oligonucleotides. The PS and PF oligonucleotides were chosen
from Xg to examine the cross-hybridization scores at the high
and low efficiency extremes of the mixture. These oligonu-
cleotides had equal lengths, similar levels of secondary struc-
ture and identical annealing sequences. Their behavior in
mutagenesis reactions is completely predicted by cross-
hybridization effects.

The fragment of PF1 incorporated into the template plasmid
of Figure 2 confirmed the predicted cross-hybridization. Incor-
poration of only a fragment of PF1 is puzzling. Oligonucleo-
tides used in these experiments were PAGE-purified, so the
original oligonucleotide was probably the correct length. Thus,
this incorporation likely required a non-conventional mechan-
ism, perhaps involving exonuclease activity by T7 DNA
polymerase.

Modifying a putative hairpin at the PF2 cross-hybridization
site determined the PF2 mutagenesis efficiency. The hairpin
melts above the temperature used during PF2 annealing, and
could block access to the site. Two approaches to reduce hair-
pin formation increased the levels of ugly. Manipulating
access to a cross-hybridization site controlled the success or
failure of mutagenesis.

Cross-hybridization poisoning in complex oligonucleotide
mixtures was modeled by mixing PS1 and PF1. As expected,
in a solution lacking cross-hybridizing members (100% PS1),



the reaction was successful. Some ugly was produced, as usual,
so minor inefficiency in mutagenesis reactions is perhaps una-
voidable with current protocols. Levels of PF1 above 10%
resulted in failed mutagenesis reactions. Thus, low levels of
cross-hybridizing oligonucleotides can poison mutagenesis
reactions.

Outlook

These experiments, both computational and empirical,
elucidate cross-hybridization problems in mutagenesis. If
site-directed mutagenesis was better understood, one could
engineer plasmids or alter mixture compositions to obtain
mutagenesis reactions with improved success rates. Though
plasmids for phage-displayed peptide libraries were used here,
the ability to predict and control mutagenesis outcomes could
lead to higher protein library diversities for many protein
engineering techniques.
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