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Presented here is the development a semi-rational protein engineering
approach that uses information from protein structure coupled with
established DNA manipulation techniques to design and create multiple
crossover libraries from non-homologous genes. The utility of structure-
based combinatorial protein engineering (SCOPE) was demonstrated by
its application to two distantly related members of the X-family of DNA
polymerases: rat DNA polymerase beta (Pol b) and African swine fever
virus DNA polymerase X (Pol X). These proteins share similar folds but
have low sequence identity, and differ greatly in both size and activity.
“Equivalent” subdomain elements of structure were designed on the
basis of the tertiary structure of Pol b and the corresponding regions of
Pol X were inferred from homology modeling and sequence alignment
analysis. Libraries of chimeric genes with up to five crossovers were
synthesized in a series of PCR reactions by employing hybrid oligonucleo-
tides that code for variable connections between structural elements.
Genetic complementation in Escherichia coli enabled identification of
several novel DNA polymerases with enhanced phenotypes. Both the
composition of structural elements and the manner in which they
were linked were shown to be essential for this property, indicating the
importance of these aspects of design.
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Introduction

The exon shuffling hypothesis asserts that nature
constructs proteins by “shuffling” blocks of coding
sequence (exons) mediated by recombination
between non-coding regions of genes (introns).1,2

Although exons generally lack correspondence to
a single aspect of protein structure (they can code
for autonomous domains or to simpler subdomain
elements), there are many instances of the conser-
vation of exon structure between homologous
genes in different organisms.

These observations have significantly influenced
approaches to structure–function studies of pro-
teins, prompting investigators to make simple
chimeras by exchanging equivalent structural
elements between homologs. Substituting “modules”

between hemoglobin subunits,3 or different
domains in terpene cyclases4 or transferrin
receptors5 has been used to evaluate their func-
tional significance. More recently, a “module
shuffling” approach has been applied to define the
contribution of different structural elements to the
kinetic properties of the F/10 family of xylanases.6,7

The impact of “exon shuffling” on protein engi-
neering strategies is also evident. Using a build-
ing-block approach has guided the construction of
hybrid enzymes with novel properties. Linking
protein modules from N 10-formyltetrahydrofolate
hydrolase and glycinamide ribonucleotide
transformylase,8 subdomain shuffling of factor
Xa and trypsin,9 and permutation of secondary
structure units of barnase10,11 to build novel
globular proteins illustrate this point.

Our goal was to study the structure–function
relationships between two members of the
X-family of DNA polymerases: rat DNA poly-
merase beta (Pol b) and African swine fever virus
DNA polymerase X (Pol X). Functionally, these
enzymes have substantial differences in nucleotide
incorporation efficiencies and fidelities (the inverse
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of the error frequency) as determined by pre-
steady-state kinetic analysis.12,13 Structurally, they
share similar folds but have low amino acid
sequence identity. The challenge of creating func-
tional enzymes from proteins with low identity
and the absence of combinatorial methods for
creating highly mosaic (multiple crossover-con-
taining) chimeras from non-homologous genes,
at the time this work was initiated, motivated
the development of structure-based combinatorial
protein engineering (SCOPE).

On the basis of the concept of exon shuffling,
SCOPE utilizes structural information from
proteins to design coding segments of genes that
correspond to structural elements present in both
proteins. In a series of PCR reactions, hybrid oligo-
nucleotides (primers composed of sequence from
both parents that code for variable connections
between structural elements) act as surrogate
introns to direct the assembly of coding segments
to create hybrid genes. Iteration of the process
enables the synthesis of all desired combinations
of structural elements.

The effectiveness of SCOPE was demonstrated
by its successful application to a pair of distantly
related proteins, Pol X and Pol b. Given the low
sequence identity of these proteins, flexibility was
designed into the segment boundaries to accom-
modate the best fit between structural elements.
Use of an established E. coli genetic complemen-
tation system enabled the identification of chimeric
proteins with multiple crossovers and enhanced
complementation phenotypes. Our results indicate
that the activities of chimeric proteins hinge upon
the composition and connectivity of equivalent
subdomain elements of structure. Further, the
design principles and construction strategies out-
lined here are readily adaptable to other systems
and provide a basis for creation and exploration of
global protein space.

Results

The system

Pol b is a 39 kDa (335 amino acid residues)
protein14 that catalyzes gap-filling DNA synthesis
as a part of base excision-repair (BER) pathways.15

The protein possesses two distinct enzymatic
activities: 50-deoxyribose phosphodiesterase
activity contributed by the lyase domain16 and
DNA-directed nucleotidyltransferase activity sup-
plied by the polymerase domain.17 Its structure
resembles a right hand and described using the

Figure 1. Structural comparison of Pol b and Pol X.
(a) A ribbon diagram of Pol b derived from the crystal
structure (PDB code 1bpyx).60 Color is used to illustrate
the location of equivalent structural elements used for
SCOPE (going from N to C terminus: the lyase domain
and the thumb subdomain (gray), palm (yellow, blue,
and aqua), and fingers (red and green) subdomains).
(b) A ribbon diagram of Pol X derived from the solution
structure (PDB code 1jqra)22 using the same color scheme
used for Pol b. All structures displayed using
MOLMOL.61 (c) Structure-based sequence alignment of

Pol b and Pol X. Sequence is colored according to the
scheme used for the tertiary structures. The X-family
consensus24 is underlined. Arrows or blocks above and
below the alignment are used to indicate secondary
structures of Pol X and Pol b, respectively.
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nomenclature suggested by Steitz18 is composed of
the 8 kDa (lyase) domain, followed by the poly-
merase domain (consisting of thumb, palm and
fingers subdomains) in going from N to C terminus
as shown in Figure 1(a). The 8 kDa domain and
thumb subdomain are responsible for binding to
DNA, while the palm and fingers subdomains
catalyze the nucleotidyl-transferase reaction and
accommodate dNTP selection, respectively.19

Pol X is a 20 kDa (174 amino acid residues)
protein20 that consists of only palm and fingers
subdomains and is the smallest known DNA
polymerase.21 Lacking a dedicated DNA-binding
domain (or thumb analog) this property is dis-
persed between the palm and fingers, which
together constitute the minimal X-family poly-
merase domain, as defined here. Interestingly,
detailed kinetic analysis indicated that Pol X is
among the most mutagenic of polymerases, with
specificity for five base-pairs12 and has been
proposed to function as a part of a viral mutagenic
BER system to increase the hypervariability of the
ASFV genome. The tertiary structure of Pol X was
unknown during the process of this work, but it
has now been solved by our laboratory22 and
others23 as shown in Figure 1(b).

Both proteins belong to the X-family of DNA
polymerases,24 a subclass of an ancient nucleotidyl-
transferase superfamily.25,26 Inspection of a struc-
ture-based sequence alignment of the palm and
fingers subdomains reveals numerous gaps and
differences in secondary structure content as
shown in Figure 1(c). Pol b and Pol X share only
18% amino acid identity throughout this region
and the corresponding DNA sequences share no
significant similarity. However, they share similar
folds apparent from visual inspection and their
Ca atoms can be superimposed with a Z
score ¼ 16.7 and a root mean square (r.m.s.)
deviation ¼ 2.3 Å (PDB codes 1bpyx and 1jqra for
Pol b and Pol X, respectively) over 164 aligned resi-
dues as determined by DALI.27 According to the
relation between the divergence of sequence and
structure in proteins,28 Pol b and Pol X are classi-
fied as distantly related proteins. At this level of
identity, significant changes in both “peripheral
elements” (i.e. loops between major elements of
secondary structure, at the end of helices, or at the
edge of b-sheets) and the “common core” (i.e.

major elements of secondary structure and regions
forming the active site) have accumulated while
catalytically essential residues and active site
geometry remain intact. Therefore, producing
functional chimeric enzymes by exchanging sub-
domain elements of structure between these
proteins becomes a challenge.

Library design

The assignment of equivalent elements of
structure between the proteins of interest can be
accomplished using a variety of domain-finding
algorithms,29 – 33 the exon structure of the genes, or
visual inspection of three-dimensional structures.
Here, the tertiary structure of Pol b guided the
division of the core X-family polymerase domain
into five structural elements of ca. 35 amino acid
residues each, and the boundaries between
segments were chosen to reside in turns or loops
connecting elements of secondary structure. A
division was made between palm and fingers, and
each of these subdomains was further partitioned
into three and two fragments, respectively, as
illustrated in Figure 2. In the absence of tertiary
structural information, the corresponding struc-
tural elements of Pol X were designed based upon
sequence alignment information and homology
modeling. The interchange of these structural
elements produces 32 core X-family polymerase
domain ensembles (i.e. five positions occupied by
one of two structural elements results in 25 ¼ 32
combinations, including wild-type). The remaining
residues at the N terminus (the first 150 amino acid
residues of Pol b, which is the 8 kDa domain and
thumb subdomain, or the first 14 amino acid
residues of Pol X), which bear no structural or
functional analogy to one another, constitute the
sixth segment and give rise to Pol X and Pol
b-sized hybrids, respectively.

As proteins diverge during evolution, insertions
and deletions accumulate while the level of
sequence identity diminishes. In constructing
functional chimeras from a pair of such proteins,
as in the case of Pol X and Pol b, these differences
give rise to uncertainty in the design of crossovers
and concerns about structural element compati-
bility. To account for this, linkage variability was
designed into segment boundaries connecting

Figure 2. Design of chimeras. Structural elements and segment boundaries as they relate to the subdomain struc-
tures of Pol X and Pol b are shown using the color scheme described in the legend to Figure 1. The listed % identity
of a pair of equivalent structural elements was determined from the structure-based sequence alignment.
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structural elements derived from different pro-
teins. This concept and a few examples are
described in Figure 3. For this set of experiments,
uncorrelated linkage variability was used; the N
terminus of a structural element is held constant
while the C terminus is allowed to vary in length
by seven amino acid residues resulting in ^
three amino acid residues expansion or contraction
about a chosen zero point at each segment boun-
dary. Therefore, the diversity of the resulting
library derives from the composition and variable
linkage of structural elements.

Library construction

The idea of breeding molecules in the same
manner as plants was the basis for the develop-
ment of DNA shuffling.34 The breeding scheme

used by Gregor Mendel35 provided the conceptual
basis for this work and the corresponding notation
system is used. In principle, this entails “crossing”
the parent genes (P) to make an initial population
of hybrid genes (with a single crossover) called
the first filial generation (F1). The subsequent
generation produced by “inbreeding” F1 offspring
(which contains an additional crossover) is termed
the F2 generation. Further iterations are performed
until all possible arrangements of the structural
elements are attained.

PCR-based methods have previously been
developed36 and used to construct simple chimeras
(one or two crossovers), and here a similar
approach was employed and adapted to enable
the synthesis of hybrid gene libraries with linkage
variability at multiple crossover locations. A three-
phase PCR process, indicated by roman numerals
as depicted in Figure 4(a), was used to create the
F1 generation of hybrid genes. On the basis of the
design of structural elements and boundaries,
hybrid oligonucleotides were synthesized, which
span a given segment boundary and code for each
linkage. Their use in independent reactions as
downstream primers in conventional PCR produce
a set of the seven different hybrid gene fragments
(labeled as þ3 to 23) for a given segment
boundary (phase I). The primers corresponding to
the chosen zero point of fusion for each segment
boundary are listed in Table 1, while all others are
in Materials and Methods. Each product was
verified on and purified from agarose gels. Since
these fragments contain sequence derived from
the other gene at their 30 ends, they can serve as
forward primers to direct assembly of hybrid
genes during primerless PCR (phase II). A final
round of conventional PCR (phase III) with the
appropriate primer set (depending on the identity
of the 50 and 30 ends of the crossover product) was
used to selectively amplify the nascent hybrid
genes. Once confirmed that each gene fragment
was synthesized (phase I) and their ability to direct
the synthesis of hybrid genes verified (phases II
and III), sets of gel-purified hybrid gene fragments
or hybrid genes were pooled and used as collec-
tions in various combinations for subsequent steps
of library construction.

More complex chimeras can be produced from
simpler ones by repeating phases II and III, using
hybrid genes instead of the Pol X and Pol b, as
depicted in Figure 4(b). Alternative approaches
achieved the same goal. For example, pairs of
F1-hybrid genes with overlapping regions of identi-
cal sequence and termini from different parental
genes were “crossed” by DNA shuffling or a
variation of the technique such as StEP-PCR.37 In
another approach, restriction digestion of one
hybrid gene produced fragments that served as
primers while another hybrid gene served as
template in a round of primerless PCR. In all
cases, conventional PCR with the appropriate
primer set was used to selectively amplify the
nascent crossover product.

Figure 3. Linkage variability. Part of a superposition of
Pol X and Pol b structures (PDB codes 1jqra and 1bpyx,
respectively) in the vicinity of segment boundary I is
shown, along with the corresponding portion of the
structure-based sequence alignment. Below this, three
types of linkage variability are depicted for a crossover
region where Pol X contributes structural element 2
(in red) and Pol b contributes structural element 1
(in green). Linkage variability is defined in terms of
changes in each structural element at the segment
boundary. If changes in both structural elements are
coupled (i.e. a deletion of one amino acid from one struc-
tural element is reciprocated by an insertion from the
other or vice versa ) then linkage variability is correlated.
This gives rise to a “sliding” crossover, with no net loss
or gain of amino acid residues in the crossover region.
Uncoupling these changes, either by holding one end
constant while the other changes or allowing both ends
to change, produces uncorrelated or semi-correlated
types of linkage variability, respectively. These types of
local changes at the segment boundary generate inser-
tions or deletions (relative to a chosen zero point of
fusion) with the global effect of altering the size of the
hybrid gene.
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Controlled synthesis of discrete hybrid popu-
lations in this manner gave rise to a library with a
hierarchical structure where each consecutive
generation contains an additional crossover until

all desired structural element ensembles (segment
configurations) were produced as shown in Figure
5. Each ensemble was synthesized independently
totaling 62 hybrid libraries from the F1 to the F5

generation. Naı̈ve (unselected) libraries were
analyzed at various stages of synthesis by RFLP
and sequence analysis to confirm the successful
construction of desired products. Hybrid libraries
were independently cloned into the plasmid
pTH18cr for selection experiments to give ,105

independent clones each.
An exponential relation defines the numerical

complexity of SCOPE libraries in terms of the
number and linkage of structural elements:

n ¼ lg ð1Þ

where n is the number of unique members, l is
the linkage variability, and g is the generation (g ¼
number of crossovers or the number of structural
elements 2 1). For a library with five generations
and a seven amino acid residue linkage variability,
the most shuffled generation (F5) is the product of
five crossovers between six segments of alternating
paternal origin resulting in 16,807 (i.e. 75) possible
combinations as shown in Figure 5. Combining all
generations, parents included, of both Pol X and
Pol b-sized hybrids, gives 65,536 members.

Selection experiments

Selection system

Active hybrid polymerases were selected for in
an E. coli B/r strain SC18-12, which has the
recA718 polA12 genotype, which gives rise to a
temperature-sensitive phenotype (at high tempera-
ture and low cell density, the bacteria are unable
to grow on rich media). The loss of Pol I function
at elevated temperature renders the bacterium
incapable of replicating its genome. However,
introduction of a variety of exogenous DNA
polymerases such as Pol b, HIV-RT, and Taq Pol I
have been demonstrated to complement this
deficiency and restore viability.38 – 40 This system
has been used extensively as a tool to identify func-
tional DNA polymerases41,39,42 and was employed
in this work for in vivo selection of functional
chimeric polymerases.

We first evaluated the ability of Pol X to comp-
lement. Despite its low activity, Pol X has a weak
ability to complement at 37 8C and low cell density,
but failed to complement at the non-permissive
temperature of 42 8C (Figure 6). Here, all selection
experiments were performed at cell densities of
1000 colonies per 150 mm diameter plate at 42 8C
as described in Materials and Methods. Under this
condition, Pol b transformants retain viability,
whereas Pol X or empty vector transformants
exhibit less than 0.1% survival (defined as the
ratio of the no. of colonies at 42 8C to that at 30 8C
multiplied by 100). At higher cell densities, the
survival rate of Pol X and background from empty

Figure 4. Library construction. (a) F1 hybrid synthesis:
in phase I, gene fragments were amplified from the Pol
b gene (labeled as Pb), in this example, using the Pol b
forward primer and one of seven hybrid oligo-
nucleotides as reverse primers by conventional PCR.
Though these primers are all specific for the same
segment boundary, and therefore give rise to products
of nearly identical size, they differ by a single codon to
produce the designed linkage variability realized in
subsequent steps of construction. Correct amplification
of gene fragments was verified on an agarose gel (þ3
through 23 referring to each product). Gel-purified
gene fragments from phase I were then mixed with Pol
X (labeled as PX and indicated by shading) and used to
synthesize a set of hybrid genes by primerless PCR
(phase II). Subsequently, conventional PCR (phase III),
with primers directed toward opposite termini (Pol b
forward and Pol X reverse primers in this example),
was used to amplify each F1 hybrid gene (labeled as F1).
Full-length hybrid gene products were verified on an
agarose gel (labeled þ3 through 23 corresponding to
each linkage). (b) Synthesis of subsequent generations:
iteration of phases II and III (described in (a)) enabled
synthesis of the next generation of hybrids. A collection
of gene fragments from phase I (þ3 to 23 in this
example) was mixed with a collection of gel-purified F1

hybrid genes (labeled F1) to assemble (7 F1 hybrids £ 7
gene fragments ¼ 49) F2 hybrids in a single primerless
PCR reaction. Conventional PCR (phase III) with the
appropriate primer set (Pol b forward and reverse
primers in this case), allowed selective amplification of
F2 hybrid genes (labeled F2). Continuation of the process
produced all desired hybrid genes.
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vector transformants increases markedly (data not
shown).

Library selection

In this example, the throughput of the selection
system is limited by the cell density dependence
of the complementation phenomenon. Therefore,
selection experiments were performed for indi-
vidual generations by plating out the number
of colonies ca ten times the complexity of each
generation (e.g. ca. 34,000 colonies for the F3

generation). Sampling many simple mixtures,
where each represents a discrete collection, as
opposed to a single complex mixture, increases
the probability that each unique member is
screened for the same sample size. This result can
be formally expressed in equation (2), assuming
that the number of copies of a gene in a collection
of unique members is not limiting:

pðnÞ ¼ 1 2
Xn21

i¼1

ð21Þiþ1 n!

i!ðn 2 iÞ!

ðn 2 iÞ

n

� �k

ð2Þ

For k $ n, where k is the sample size and n is the
number of unique members defined here by n ¼ l g

(equation (1) and Figure 5), the probability ( p )
that a sample of size k contains at least one
representative of each unique member can be
calculated. For k as a fixed multiple of n (k ¼ 10n
for example) as the number of unique members of
the library increases, the probability that the sample
contains a copy of each gene decreases exponen-
tially. Therefore, the limitations of the selection
system and the desired probability of “covering”
the library provide an upper limit on its complex-
ity. This in turn can be related to the number of
structural elements and the variability in the junc-
tions connecting them in the design of libraries.

Table 1. Hybrid oligonucleotides used for library construction

F1 hybrida Hybrid oligonucleotidesb aa positionc

XbI-0
XbII-0
XbIII-0
XbIV-0
XbV-0
bXI-0
bXII-0
bXIII-0
bXIV-0
bXV-0

a The name given to an F1 hybrid gene indicates its sequence composition (in going from 50 to 30), segment boundary, and the point
of fusion at the boundary (i.e. hybrid XbI-0 is composed of Pol X and Pol b sequence at the 50 and 30 ends, fused at segment boundary I
at the “zero” point of fusion). Of note, seven points of fusion were designed per segment boundary (þ3 to 23) and only the zero point
is shown here (the sequences of other primers are listed in Materials and Methods). A schematic representation is shown for each
hybrid and Pol X-derived sequence is shaded.

b Antisense primers (listed 50 to 30) used in phase I of F1 hybrid synthesis reactions as depicted in Figure 4. Each primer listed codes
for the zero point of the specified segment boundary. The additional primers, which code for the other linkages (not shown) differ by a
codon at the crossover region. Pol X-derived sequence is shaded.

c The amino acid position indicates the location of the zero point (using Pol X (shaded) and Pol b numbering systems) of the
segment boundary.

Figure 5. Hierarchical structure of a SCOPE library.
Segment configurations are displayed as filled rectangles
where black and white boxes represent structural seg-
ments derived from Pol X and Pol b, respectively. Each
generation is labeled, starting with the parental (P) and
descending to the 5th (F5). Complexity of a given gener-
ation is defined as the product of the no. of segment
configurations and l g, where l is the linkage variability
(seven in this case), and g is the generation (or no. of
crossovers). For simplicity, only Pol X-sized hybrid
libraries are represented by the segment configurations
and complexity values shown here.
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Iterative rounds of selection were performed
for each generation to enrich for the most
active polymerases. Isolated plasmid DNA from
pooled surviving colonies was retransformed into
SC18-12 and selection was repeated under the
conditions described in Materials and Methods.
After three rounds of selection, the percentage of
surviving colonies for the most shuffled Pol
X-sized chimeras (generations F3 –F5) rose from
close to background levels to as high as 86%,
whereas no change was observed for the least
complex chimeras (F1 and F2) as illustrated in
Figure 7(a). For Pol b-sized hybrid libraries, the
percentage of surviving colonies during the first
round of selection was significantly above back-
ground (except for the F5 generation), and by the
third round survival reached 90% or greater for
the most complex libraries (F2 –F5) as illustrated
in Figure 7(b). The increase in the % survival
following multiple rounds of selection indicates
that enrichment of the “strongest” complementors
occurred. On the basis of the % survival from the
first round of selection and the number of unique
members in a particular generation, an estimated
1000 Pol b-sized and 100 Pol X-sized comple-
menting hybrids were identified as summarized in
Table 2.

The ability of a number of randomly picked
individual hybrid polymerases from enriched
populations to complement was confirmed by
comparison to the parental genes and a representa-
tive is shown in Figure 6. Minimal X-family poly-

merases that are the product of multiple
crossovers (from generations F3 and up) were able
to confer survival to the SC18-12 strain at 42 8C
and low cell densities, whereas the same con-
ditions were lethal for Pol X or empty vector
transformants. This result indicates that Pol
X-sized chimeras created by SCOPE posses an
enhanced complementation phenotype relative to
wild-type Pol X.

Sequence analysis

Naı̈ve library

Library construction was monitored by RFLP
analysis, which indicated that the desired chimeric
genes were created and this was confirmed by
sequence analysis. A total of 96 independent
clones from unselected Pol X-sized hybrid libraries
(from the F3, F4, and F5 generations) were
sequenced. The amino acid sequences derived
from this information were analyzed, and all
clones were found to be unique. Also, the intended

Figure 6. Rotary streak complementation analysis.
Approximately 104 SC18-12 transformants containing
pTH18cr plasmid without insert or with Pol X, Pol b,
or a representative Pol X-sized hybrid from selection
experiments were deposited in the center of a NATCI

plate and diluted as sterile loop streaks from the
center to the perimeter as described in Materials and
Methods. Following 24-hours incubation at the indicated
temperature, plate images were recorded.

Figure 7. Iterative reselection. Each hybrid generation
was plated out individually. The resulting survivors
from plates at 42 8C were pooled, their plasmid DNA
was isolated and used for another round of trans-
formation and plating. A total of three rounds of
selection were performed. The % survival (defined as
the ratio of the no. of colonies at 42 8C to that at 30 8C
multiplied by 100) is plotted for each generation of (a)
Pol X or (b) Pol b-sized hybrids as a function of the
round of selection.
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crossover locations, and hence the desired compo-
sition of structural elements (as designed by the
oligonucleotides used for their construction), were
observed. Each of the seven variable linkages for a

given segment boundary were represented with
the exception of þ3 at segment boundary I; a
hybrid Xf4-5m from selected libraries was found
to have this linkage. No occurrence of any

Table 2. Results of selection experiments on hybrid libraries

Pol X-sized Pol b-sized

Generationa Complexityb %Survivalc Estimated no. of complementorsd %Survival Estimated no. of complementors

F1 35 0.26 1 6.5 2
F2 490 0.23 1 26.8 132
F3 3430 0.20 6 15.1 515
F4 12,005 0.75 90 3.0 360
F5 16,807 0.11 17 0.17 29

a Generation is defined as the number of crossovers.
b Complexity is the number of unique hybrids for a particular generation as described in Figure 5.
c The % survival is defined as the ratio of the no. of colonies at 42 8C to that at 30 8C multiplied by 100.
d The number of complementing Pol X or Pol b-sized polymerases per generation is approximated by multiplying the fraction of

survivors from the first round of selection (averaged from multiple platings) by the number of unique members of the generation.

Table 3. Segment compositions and frequency of occurrence of complementing hybrids

Generationa Hybridb Segment configurationc Frequencyd Totale

Pol X-sized hybrids
F3 xf3-8g 5

xf3-2a 10
xf3-9a 1 23
xf3-9d 6
xf3-9e 1

F4 xf4-5m 2
xf4-6h 8
xf4-4l 3
xf4-7b 1 16
xf4-3n 1
xf4-5n 1

F5 xf5-5e 1
xf5-3a 6
xf5-2c 5 21
xf5-5c 1
xf5-2e 8

Pol b-sized hybrids
F4 bf4-1 1

bf4-20 1
bf4-11 1
bf4-13 1
bf4-2 2
bf4-18 1
bf4-16 1 19
bf4-10 1
bf4-8 1
bf4-19 1
bf4-4 1
bf4-17 1
bf4-7 4
bf4-15 1
bf4-12 1

F3 bf3-4a 10 10
F2 bf2-2 1

bf2-8 5 10
bf2-7 1
bf2-7a 3

a Hybrids are separated into generations on the basis of the number of crossovers which they contain as described in Figure 5.
b The unique Pol X or Pol b-sized hybrids found in selection experiments are named according to their size and the generation

which they belong to (i.e. xf3-8g refers to a Pol X-sized hybrid from the F3 generation and 8g indicates the master plate coordinates
of the clone).

c Shading is used to indicate blocks of sequence derived from Pol X as described in Figure 5.
d Of the 60 Pol X and 39 Pol b-sized hybrid clones sequenced, multiple copies of some were found and the number of which is

listed.
e Total refers to the number of clones sequenced for a given generation.
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sequences found in selected libraries or wild-type
genes was discovered. Therefore, the synthesis
methods employed are able to produce sufficiently
random libraries of the intended composition.

Selected library

Following multiple rounds of selection, plasmid
DNA from surviving colonies was isolated and
analyzed by sequencing and results are summar-
ized in Table 3. For Pol X-sized hybrid libraries, 16
unique sequences were identified from 60 inde-
pendent clones and 20 unique Pol b-sized comple-
mentors were among the 39 independent clones
sequenced. A total of 36 unique sequences out of
an estimated 1100 complementing hybrids were
obtained, and of the 99 clones analyzed, and no
wild-type genes were observed. For both Pol X
and Pol b-sized libraries, the same combinations
of structural elements connected by different
linkages were observed among the isolated clones.

In the case of the F3 generation of Pol b-sized
hybrids, all ten sequenced clones were identical.
Of 23 Pol X-sized hybrid clones from the F3

generation, only two out of a possible ten segment
configurations were observed. Taken together,
only three out of 20 possible F3 hybrids types were
observed, indicating a preference for certain
ensembles of structural elements.

The amino acid sequences of the five segment
boundaries (I–V) connecting six structural
elements are displayed in Figure 8. Interestingly,
segment boundary IV was found to be quite
variable among the complementing hybrids. This
crossover region is immediately adjacent to the
X-family consensus and proximal to the enzyme
active site. In segment boundary I, which is more
distant from the active site, a strong consensus for
deletion emerges. In most boundaries, a wide
range of linkages was observed. Of note, a tran-
sition point mutation (c to t) was discovered in
clone xf4-5m, which results in T to M mutation

Figure 8. Sequences of the segment boundaries of complementing hybrids. The amino acid sequences of the five
crossover regions (segment boundaries I–V) that connect the structural elements (labeled 1–5) of the X-family poly-
merase domain are shown. The amino acid sequences of unique hybrids, derived from DNA sequencing data, were
grouped according to size (Pol X and Pol b-sized hybrids are shown above and below the schematic in the center,
respectively) and generation (the number of crossovers increases in going toward the center of the Figure). The
names and order of hybrids are the same as those listed in Table 3. Pol X-derived sequence is shaded gray and the
corresponding numbering system is shown at the top of the Figure, while Pol b-derived sequence is non-shaded and
the corresponding numbering system is shown along the bottom. Dashes are used to indicate gaps in the aligned
sequences and crossovers are indicated by transitions from shaded to non-shaded sequence (or vice versa ).
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(residue T103M in Pol X-derived structural
element 3). This mutation occurs in a region of the
segment boundary coded for by a hybrid oligo-
nucleotide, but was not observed in any other
sequence, suggesting that it occurred during
PCR. In addition to this, L228R mutation in Pol
b-derived structural element 3 was observed in
some Pol X and Pol b-sized hybrids from selected
libraries. This substitution has been reported for
other rat Pol b sequences (accession no. J02776)
and likely arose during library construction.

The frequency with which a particular linkage
was chosen for a given segment boundary for
all hybrids was plotted as shown in Figure 9.
Immediately obvious is the pronounced preference
for deletion in segment boundary I. This particular
boundary occurs in a region of relatively high
sequence and structural homology as apparent
from the structure-based sequence alignment and
the superposition of structures (Figure 3). Even
though a variety of linkages for a given segment
boundary were found among the selected library
(Figure 8), only a fraction of all hybrid genes
(about 0.35% and 3.2% of Pol X and Pol b-sized
hybrids, respectively) give rise to functional
proteins under the employed selection conditions.
The observed bias for deleted or expanded junc-
tions further underscores the importance of con-
sidering a variable connectivity between structural
elements derived from different proteins.

Discussion

Our results demonstrate how simple PCR-based
techniques, with the guidance of protein structural

information, can be adapted into combinatorial
approaches to create multiple crossover libraries
from non-homologous genes. SCOPE was applied
to a pair of distantly related proteins, Pol X
and Pol b, and despite the low amino acid
sequence identity and differences in 28 structures
of equivalent structural elements (as shown in
Figure 1), highly mosaic hybrid enzymes with in
vivo function were produced. Selection experi-
ments suggest that the relative phenotypic strength
of hybrids increases with the number of crossovers,
but they become increasingly rare in later gener-
ations. This is especially evident in the case of Pol
X-sized hybrid libraries (Figure 7(a) and Table 2),
where strong complementors only appear in the F3

generation or higher.
Pol b has the superior complementation pheno-

type of the two parents and under the selection
conditions used here, Pol X is unable to comple-
ment, as evident in Figure 6. The tenfold greater
number of Pol b-sized complementing hybrids
suggests the thumb subdomain and the 8 kDa
domain influence the complementation phenotype
of the core X-family polymerase domain. However,
the discovery of numerous Pol X-sized hybrids
with strong complementation phenotypes indicates
that the core X-family polymerase architecture is
sufficient for this property. Several chimeras with
the same segment configuration but different
linkages (Figure 8 and Table 3) are strong comple-
mentors, which indicates that there are degenerate
solutions to reconstituting a functional enzyme
from the same fragments. Only a small fraction of
hybrids in a given generation (about one in 1000
F5 Pol X-sized hybrids) have this property,
suggesting that the interchangeability of struc-
tural elements is critically dependent upon their
connectivity.

DNA shuffling43 and variations on the
approach37,44 – 47 are powerful in vitro recombination
methods, but require substantial sequence identity
in the genes being shuffled, and are restricted to
local regions of sequence space. The conservation
of structure and divergence of sequence has
motivated the development of homology-indepen-
dent in vitro recombination methods. Incremental
truncation for the creation of hybrid enzymes
(ITCHY)48,49 and sequence homology-independent
recombination (SHIPREC)50 allow exploration of
all fusion points between two genes irrespective
of homology to generate products having a single
crossover. Both methods employ enzymatic
digestion of genes followed by ligation of their
fragments, which produces semi-correlated types
of linkage variability in the resulting hybrid genes.
A liability common to both of these approaches is
that only a third of the initial gene-fusion library
are in the same reading frame. Shuffling such
libraries requires pre-selection, since the number
of in-frame hybrids would decrease exponentially
with the total number of crossovers. This intro-
duces a bias through the elimination of some
in-frame fusion points in the single crossover

Figure 9. The linkage sequences of complementing
hybrids. A total of 60 complementing Pol X-sized
hybrids from the F3, F4, and F5 generations and 39
complementing Pol b-sized hybrids from F2, F3, and F4

generations were sequenced. Using the amino acid
sequences derived from this information, linkages (þ3
to 23) were tabulated for segment boundaries I through
V. The % occurrence is calculated as the no. of times a
junction position occurred divided by the total no. of
sequenced hybrids possessing that segment boundary
multiplied by 100.
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library that may be beneficial in the context of a
multiple crossover gene. DNA shuffling has been
successfully applied to ITCHY libraries, termed
SCRATCHY, to produce genes with up to three
crossovers.51 This required careful control of
the ratio of the participating ITCHY libraries,
generated substantial wild-type background, and
no hybrids with improved phenotypes were
produced.

Modeling the DNA shuffling process is currently
an active area of research.52 – 54 A recently published
analysis of shuffled gene libraries indicates that, as
expected, crossovers occur mainly in regions of
high sequence identity, which in turn limits the
accessible genetic diversity (sequence space) of
these approaches.55 As an alternative, SCOPE can
be used to create multiple crossover libraries
irrespective of the sequence identity between the
genes, and the experimenter can determine the
number, location, and linkage type of crossovers
(Figure 3). At the cost of additional labor in
library construction relative to other approaches,
an experimentally defined region of sequence
space can be synthesized for subsequent
exploration.

The possibility of shuffling exons as nature does
for directed evolution of enzymes has been pre-
viously suggested56 and one group have reported
the development of PCR-based approaches that
could be applied in such a manner. Their approach,
called random multi-recombinant PCR (RM-PCR),
takes a block shuffling approach to constructing
protein libraries.57 The method consists of a PCR
step to amplify a given building block followed by
blunt-end ligation of various pairs of them. The
desired building block dimers are PCR amplified
from isolated plasmids, gel purified, and mixed
and assembled into full-length products in a single
PCR reaction. This process has successfully gener-
ated random shuffling and alternate splicing
libraries. The diversity of proposed libraries
produced by these methods derive from the
number and combination of modules with fixed
linkages. Our results suggest that the activities of
chimeras, especially those created from distantly
related proteins, are influenced by the connectivity
of their structural elements; an element of design
neglected by these proposed approaches.

In conclusion, in light of accumulating data from
structural biology efforts and the desire to engineer
the activities of proteins for commercial, thera-
peutic, and fundamental scientific pursuits, the
SCOPE approach will likely become of increasing
utility. Functional proteins are estimated to be
sufficiently abundant in sequence space, (occurring
,1 in 1011).58 Searching large regions of sequence
space using a block-wise or exon shuffling
approach with distantly related proteins and an
intelligent bias from structural information
narrows the search considerably. Current models
of evolution predict that the rate-limiting event in
the acquisition of new protein folds and functions
is the exchange of low energy secondary struc-

tures providing a theoretical underpinning.59 One
caveat, as it has been suggested, is that proteins
made by building-block approaches may require
further optimization by exploration of local
sequence space by random mutagenesis and DNA
shuffling.11 In sum, the controlled construction of
chimeras by SCOPE provides a means of exploring
global protein space with a knowable probability
of searching it.

Materials and Methods

Strains, media, and plasmids

Strain SC18-12, which was used for genetic comple-
mentation, was derived from E. coli B/r and has the
genotype recA718 polA12 uvrA155 trpE65 lon-11 sulA1
and was a gift from Joan Sweasy. DH5-a strain (F 2 ,
f80dlacZXM15, endA1, recA1, hsdR17 (rK 2 ,mK þ ),
supE44, thi-1, gyrA96, relA1, D(lacZYA-argF )U169, l 2 )
was used for cloning and plasmid maintenance (Invitro-
gen Corporation). Nutrient agar (NA) or nutrient broth
(NB) were purchased from Difco and made according to
directions with the exception that 4 g/l NaCl was
added. Luria–Bertani (LB) medium (10 g/l tryptone,
5 g/l yeast extract, and 10 g/l NaCl) was used for cultur-
ing DH5-a. The SC18-12 strain was cultured on or in NA
and NB, respectively, with 4 g/l NaCl and antibiotics.
NATCI plates were made from nutrient agar as described
above and TCI (12.5 mg/ml tetracycline, 35 mg/ml
chloramphenicol, 1 mM IPTG). The plasmid pTH18cr
was used for all complementation studies and was a gift
from Tam Gotoh.

Sequencing

All sequencing was performed at the Plant-Microbe
Genomics Facility (Ohio State University).

PCR conditions

All PCR reactions were conducted with Perkin–Elmer
GeneAmp PCR system 2400 using a standard set of com-
ponents (2.5 units PfuTurbo DNA polymerase (Strata-
gene), 10 ml of 10 £ cloned Pfu reaction buffer, 1 ml
10 mg/ml BSA, and 0.8 ml dNTP mix (25 mM each)
with primers at 0.1 mM and 1–10 ng template per 100 ml
reaction volume) and cycling conditions (cycling pro-
gram 95 8C for five minutes, followed by 25 cycles of
95 8C for 30 seconds, 58 8C for 30 seconds, and 72 8C
(two minutes/kb) followed by seven minutes at 72 8C)
unless stated otherwise. Pol X and Pol b genes pre-
viously cloned into pET17b (Novagen, Inc.) were used
as templates for PCR.

All primers were obtained from Integrated DNA
Technologies (IDT). Primers coding for Pol X or Pol b N
or Ctermini were labeled as forward and reverse,
respectively. Their sequences (50 to 30) were as follows,
Pol b forward: GGCATATGATGAGCAAACGCAAGGC-
GCCGCAGG, Pol X forward: GGCATATGATGTTAACG-
CTTATTCAAGGAAAAAAAATTGTAAATCAC, Pol b
reverse: GGGAGCCCAAGGACAGGAGTGAATGAGG-
TACCGG, and Pol X reverse: GGATTTACGTATCGCAT-
ACCTAAGAAACGTTTATAAGGTACCGG. The primers
that code for the zero point of fusion for the segment
boundaries are listed in Table 1 and the remainder of
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sequences (labeled according to the system described in
the legend of Table 1, with þ or 2 to indicate the junc-
tion position) are as follows: XbI-3(2): CTCATTGATTG-
TGAAGCCTAACGCGGCTCGAATTCT, XbI-2(2):
CTCATTGATTGTGAAGCCTAACGCGGCTCGAATTCT,
XbI-1(2): CTCATTGATTGTGAAGCCTTTTTTTAACGC-
GGCTCG, XbI-1(þ): CTCATTGATTGTGAAGCCATTCT-
TTTTTTTTAACGC, XbI-2(þ ): CTCATTGATTGTGAAG-
CCATAATTCTTTTTTTTTAA, XbI-3(þ): CTCATTGATT-
GTGAAGCCCTTATAATTCTTTTTTTT, XbII-3(2): GTA-
GTACTGATCTTTGGGAAAAAGATCAAGTTGATA,
XbII-2(2 ): GTAGTACTGATCTTTGGGCGTAAAAAGAT-
CAAGTTG, XbII-1(2 ): GTAGTACTGATCTTTGGGAGC-
CGTAAAAAGATCAAG, XbII-1(þ): GTAGTACTGATCT-
TTGGGGGCTAAAGCCGTAAAAAG, XbII-2(þ): GTAG-
TACTGATCTTTGGGCTCGGCTAAAGCCGTAAA,
XbII-3(þ ): GTAGTACTGATCTTTGGGTTCCTCGGCTA-
AAGCCGT, XbIII-3(2 ): AGTATCTGTAATGAAACGGG-
GCAGGACGTGTTTTAAAAG, XbIII-2(2 ): AGTATCTG-
TAATGAAACGGTTGGGCAGGACGTGTTT, XbIII-1(2):
AGTATCTGTAATGAAACG AATGTTGGGCAGGA-
CGTG, XbIII-1(þ ): AGTATCTGTAATGAAACGTATGCG-
AATGTTGGGCAG, XbIII-2(þ): AGTATCTGTAATGAA-
ACGCTTTATGCGAATGTTGGG, XbIII-3(þ): AGTATCT-
GTAATGAAACGACCCTTTATGCGAATGTTG, XbIV-3(2):
GCCTCTTCGGAAACTGCCAACGATGTTTTTTGATAA,
XbIV-2(2): GCCTCTTCGGAAACTGCCAGCAACGATG-
TTTTTTGA, XbIV-1(2 ): GCCTCTTCGGAAACTGCCAA-
CAGCAACGATGTTTTTTG, XbIV-1(þ ): GCCTCTTCGG-
AAACTGCCACTACCAACAGCAACGATG, XbIV-2(þ):
GCCTCTTCGGAAACTGCCTAAACTACCAACAGCAAC,
XbIV-3(þ): GCCTCTTCGGAAACTGCCTCTTAAACTA-
CCAACAGC, XbV-3(2 ): TCTCTTTTCAAAGTCCTCTA-
CAATTTTTTTTCCTTG, XbV-2(2 ): TCTCTTTTCAAAG-
TCCTCATTTACAATTTTTTTTCC, XbV-1(2 ): TCTCTTT-
TCAAAGTCCTCGTGATTTACAATTTTTTT, XbV-1(þ):
TCTCTTTTCAAAGTCCTCACGTAAGTGATTTACAAT,
XbV-2(þ): TCTCTTTTCAAAGTCCTCGGAACGTAAGT-
GATTTAC, XbV-3(þ): TCTCTTTTCAAAGTCCTCTCGG-
GAACGTAAGTGATT, bXI-3(2): AATATGAGAGCGCA-
TGCCAATTATAAGCTAAATCAG, bXI-2(2): ATGAGA-
GCGCATGCCCTGAATTATAAGCTAAATCAG, bXI-1(2):
AGAGCGCATGCCCTGGAAAATTATAAGCTAAATCAG,
bXI-1(þ): CATGCCCTGGAAAAGGGGAATTATAAGCT-
AAATCAG, bXI-2(þ): GCCCTGGAAAAGGGCTTCAAT-
TATAAGCTAAATCAG bXI-3(þ): CTGGAAAAGGGCTT-
CACAAATTATAAGCTAAATCAG, bXII-3(2): GTATGGT-
TTTTCCTCGGCCAACCTGATATCGATTCT, bXII-2(2):
GTATGGTTTTTCCTCGGCGATCAACCTGATATCGAT,
bXII-1(2): GTATGGTTTTTCCTCGGCGGGGATCAACCT-
GATATC, bXII-1(þ): GTATGGTTTTTCCTCGGCATCTTT-
GGGGATCAACCT, bXII-2(þ): GTATGGTTTTTCCTCGG-
CCTGATCTTTGGGGATCAA, bXII-3(þ): GTATGGTTTTT-
CCTCGGCGTACTGATCTTTGGGGAT, bXIII-3(2):
AGAAAGACCCTTTATGCGTAACTGTTCCACAACACG,
bXIII-2(2): AGAAAGACCCTTTATGCGTTGTAACTGTT-
CCACAAC, bXIII-1(2): AGAAAGACCCTTTATGCGTTTT-
TGTAACTGTTCCAC, bXIII-1(þ): AGAAAGACCCTTTAT-
GCGACGGACTTTTTGTAACTG, bXIII-2(þ): AGAAAGA-
CCCTTTATGCGGAAACGGACTTTTTGTAA, bXIII-3(þ):
AGAAAGACCCTTTATGCGAATGAAACGGACTTTTTG,
bXIV-3(2): TTCGCGTCTTAAACTACCAGCGATGTACTC-
GGGATC, bXIV-2(2): TTCGCGTCTTAAACTACCTGTAG-
CGATGTACTCGGG, bXIV-1(2): TTCGCGTCTTAAACTA-
CCGACTGTAGCGATGTACTC, bXIV-1(þ): TTCGCGTCT-
TAAACTACCGCCGCAGACTGTAGCGAT, bXIV-2(þ):
TTCGCGTCTTAAACTACCACTGCCGCAGACTGTAGC,
bXIV-3(þ): TTCGCGTCTTAAACTACCGAAACTGCCGC-
AGACTGT, bXV-3(2): CAATTTTTTTTCCTTGAATAAGC-

TTTTCAAAGTCCTCAAA, bXV-2(2): CAATTTTTTTTCC-
TTGAATAAGTCTCTTTTCAAAGTCCTC, bXV-1(2):
CAATTTTTTTTCCTTGAATAAGAATTCTCTTTTCAA-
AGTC, bXV-1(þ): CAATTTTTTTTCCTTGAATAAGACG-
AGGAATTCTCTTTTC, bXV-2(þ): CAATTTTTTTTCCTT-
GAATAAGCTCACGAGGAATTCTCTT, bXV-3(þ): CAAT-
TTTTTTTCCTTGAATAAGCTCCTCACGAGGAATTCT.

Library construction

Gene fragments were amplified from the plasmid
pET17b-Pol b using Pol b forward primer and one of
seven hybrid oligonucleotides (bX) as reverse primers
for a given segment boundary under standard amplifi-
cation conditions (phase I). Products were verified on
and purified from agarose gels by QIAquick Gel
Extraction Kit (Qiagen). About 1 ng of a gene fragment
and 1 ng of pET17b-Pol X were mixed in a 20 ml primer-
less PCR reaction using the cycling program 95 8C for
five minutes, followed by ten cycles of 95 8C for 30
seconds, 50 8C for 30 seconds, and 72 8C for one minute
(phase II). Subsequently, 1 ml of the primerless PCR reac-
tion and Pol b forward and Pol X reverse primer set were
mixed and standard amplification conditions enabled the
synthesis of full-length F1 hybrid genes (phase III). The
same process was used to make Pol X-sized F1 hybrid
genes, but using the appropriate templates and primers
(phase I: pET17b-Pol X, Pol X forward and Xb primers;
phase II: gene fragments and pET17b-Pol b; phase III:
Pol X forward and Pol b reverse primers). Repeating
phases II and III using the appropriate gene fragments
and hybrid genes (collections of seven at ,1 pg each)
enabled synthesis of more complex generations. Alterna-
tively, restriction digestion of hybrid genes produced
fragments followed by gel purification for use in primer-
less reassembly reactions (described above). StEP PCR37

was used for shuffling hybrid genes by mixing ,1 pg of
each hybrid gene and the desired primer set under
standard reaction conditions using the cycling program
96 8C for five minutes, followed by 80 cycles of 95 8C for
30 seconds, 55 8C for five seconds. A further round
of standard amplification was performed to produce a
sufficient amount of insert for subsequent cloning.

Ligation reactions and bacterial transformation

All hybrid gene inserts were digested for directional
cloning with Nde I/Kpn I (New England Biolabs Inc.)
using manufacturer suggested conditions followed by
QIAquick Gel Extraction prior to cloning into pTH18cr
plasmid cut at these sites. A standard set of conditions
was used: 10 ml reactions with 1 ml of 10 £ reaction
buffer, 1000 units T4 DNA ligase (New England Biolabs
Inc.), 50 ng linearized pTH18cr vector DNA and 100 ng
insert DNA at 16 8C overnight. Ligation reactions were
desalted by tRNA precipitation prior to transformation
by electroporation. Desalting was as follows: 10 mg of
tRNA and 20 ml 5 M ammonium acetate was added to a
10 ml ligation reaction, mixed well, followed by addition
of 100 ml absolute ethanol. Samples were frozen with
N2(l) and centrifuged at .12,000g for 30 minutes at 4 8C.
The supernatant was decanted and the precipitate
washed with 60 ml of 70% (v/v) ethanol. After another
round of centrifugation at .12,000g for 15 minutes at
room temperature, the supernatant was decanted and
the pellet was allowed to air dry. Pellets were resus-
pended in 10 ml ddH2O, and typically, 1 ml was used for
every transformation reaction. All transformations were
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conducted with a BioRad Gene Pulser II apparatus using
the following instrument settings and parameters: 0.1 cm
cuvette gap, 1.8 kV voltage, 25 mF capacitance, 200 V
(Pulse Controller) resistance, and ,5 ms time constant.
Cells are recovered with 0.5–1 ml of SOC media fol-
lowed by either one hour outgrowth at 37 8C (for DH5-a
and BL21(lDE3)[pLysS]) or two hours at 30 8C (for
SC18-12) with shaking followed by spreading onto
media containing the appropriate antibiotics.

Plasmid library amplification

Library plasmid DNA was prepared by transform-
ation of ligation reactions into DH5-a cells by electro-
poration (as described above) followed by plating the
transformation outgrowths onto LB media containing
antibiotics and incubating the plates at 37 8C overnight.
The number of independent clones in a library was esti-
mated by counting the number of colonies from serial
dilutions. Biomass was harvested in 1 £ PBS and the
resulting pellet subjected to plasmid miniprep to isolate
plasmid DNA.

Selection experiments

Aliquots (50 ml) of SC18-12 cells were transformed by
electroporation with 1 ml of ,5 ng/ml of pTH18cr-library
plasmid followed by a 500 ml NB recovery and two
hours incubation at 30 8C. Serial dilutions are plated
onto NATCI and incubated at 30 8C for 18 hours while
the remainder of the transformation outgrowth was
kept at 4 8C overnight. The titer of transformation is
calculated from counting colonies from the serial
dilutions and on the basis of which, ,1000 colony-
forming units (cfu) were plated onto 150 mm diameter
NATCI plates and incubated at 42 8C for 20 hours.
Survivors were isolated by transferring single colonies
to NBTCI media and culturing ,16 hours at 37 8C
followed by QIAquick plasmid miniprep for purification
of pTH18-hybrid plasmid DNA. Reselection was per-
formed by harvesting all survivors by suspension with
1 £ PBS, recovering plasmid with Qiagen QIAspin
miniprep kit, and retransforming and replating.

Rotary streak

Single SC18-12 transformants were transferred to
NBTCI liquid culture and grown to mid-log phase at
30 8C. An A600 of 0.226 corresponds to approximately
2 £ 108 cfu/ml and ,104 cfu in 10 ml was deposited in
the center of an NATCI plate which was rotated as an
inoculation loop was dragged from the center to the
perimeter producing a serial dilution on the same plate.
Duplicate plates were incubated at 30 8C, 37 8C, or 42 8C
for 24 hours.

Atomic coordinates

All hybrid polymerase sequences obtained from selec-
tion experiments (as listed in Table 3 and Figure 8) have
been deposited to the European Molecular Biology
Laboratory (EMBL) Nucleotide Sequence Database and
accession numbers are as follows: AJ439649, bf4-1;
AJ439650, bf4-2; AJ439651, bf4-4; AJ439652, bf4-7;
AJ439653, bf4-8; AJ439654, bf4-10; AJ439655, bf4-11;
AJ439656, bf4-12; AJ439657, bf4-13; AJ439658, bf4-15;
AJ439659, bf4-16; AJ439660, bf4-17; AJ439661, bf4-18;
AJ439662, bf4-19; AJ439663, bf4-20; AJ439664, bf4-3a;

AJ439665, bf2-2; AJ439666, bf2-8; AJ439667, bf2-7a;
AJ439668, bf2-7; AJ439669, xf5-2c; AJ439670, xf5-5e;
AJ439671, xf5-3a; AJ439672, xf5-2e; AJ439673, xf5-5c;
AJ439674, xf3-9d; AJ439675, xf3-9e; AJ439676, xf3-8g;
AJ439677, xf3-2a; AJ439678, xf3-9a; AJ439679, xf4-6h;
AJ439680, xf4-7b; AJ439681, xf4-4l; AJ439682, xf4-5m;
AJ439683, xf4-3n; AJ439684, xf4-5n.
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