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enzymes independent of DNA homology
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We present a methodology, termed incremental truncation for the creation of hybrid enzymes (ITCHY),
that creates combinatorial fusion libraries between genes in a manner that is independent of DNA homol-
ogy. We compared the ability of ITCHY and DNA shuffling to create interspecies fusion libraries between
fragments of the Escherichia coli and human glycinamide ribonucleotide transformylase genes, which
have only 50% identity on the DNA level. Sequencing of several randomly selected positives from each
library illustrated that ITCHY identified a more diverse set of active fusion points including those in
regions of nonhomology and those with crossover points that diverged from the sequence alignment.
Furthermore, some of the hybrids found by ITCHY that were fused at nonhomologous locations had
activities that were greater than or equal to the activity of the hybrids found by DNA shuffling.
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The introduction of DNA shuffling1 in 1994 has had an enormous
impact on the field of protein engineering. DNA shuffling or varia-
tions of the technique2–4 have been used to improve enzyme activi-
ty2,5–7, stability8–10, and folding11,12, and to alter substrate specificity13.
All of these methods require relatively high levels of DNA homology
to recombine genes in vitro. They are effective tools for the directed
evolution of proteins because of the rational, combinatorial manner
in which sequence and structural space is explored. However, DNA
shuffling cannot exploit a large portion of the total combinatorial
space, because crossover points between shuffled genes occurs only in
regions of relatively high-level DNA homology and at loci of identity.
It can be argued that crossovers between structurally homologous
proteins at sites lacking DNA homology are likely to be productive for
protein engineering. In fact, Monte Carlo simulations of directed
evolution strategies found that exchange of nonhomologous low-
energy structures was a more productive strategy than DNA shuf-
fling14. However, no combinatorial strategy for creating hybrids
between genes that lack DNA homology has been demonstrated.

We have described how incremental gene truncation libraries can
be used to identify loci for the functional bisection of proteins15 and
have proposed a number of protein engineering strategies that utilize
incremental truncation16. Here we present a methodology termed
incremental truncation for the creation of hybrid enzymes (ITCHY)
that creates combinatorial libraries between two genes in a manner that
is independent of DNA sequence homology. We examined the utility of
ITCHY to create functional interspecies hybrids between the
Escherichia coli and human glycinamide ribonucleotide (GAR) formyl-
transferases, which have only 50% identity on the DNA level. Using
this model system, we show that ITCHY libraries allow the identifica-
tion of a more diverse set of functional fusions than DNA shuffling.
Furthermore, a subset of the functional fusion points uniquely identi-
fied using ITCHY contained fusions at nonhomologous locations, and
the corresponding hybrid enzymes were as active or more active than
any of the functional hybrids found by DNA shuffling.

Results
ITCHY allows the creation of hybrid enzyme libraries between a
random-length 5′ fragment of the gene encoding protein A and a

random-length 3′ fragment of the gene encoding protein B (Fig. 1).
A key step in this process is the digestion of the parent genes with
exonuclease III (ExoIII) in the presence of NaCl such that the reac-
tion rate is limited to ≤10 bases/min (ref. 17). During ExoIII diges-
tion, small aliquots are removed at short intervals and quenched by
addition to a low-pH, high-salt buffer. As ExoIII digests DNA at a
relatively uniform rate18, members of the library ostensibly corre-
spond to progressive 1 bp deletions.

Description of model system. We tested our method by creating
interspecies hybrids between the E. coli and human genes for GAR
transformylase. In E. coli, the product of the purN gene encodes a
monofunctional GAR transformylase of 212 amino acids that cat-
alyzes the transfer of the formyl group from the cofactor N10-formyl-
tetrahydrofolate (fTHF) to the amino group of GAR to yield formyl-
glycinamide ribonucleotide (fGAR)19. In humans, GAR transformy-
lase activity resides on the trifunctional enzyme glycinamide
ribonucleotide synthetase–aminoimidazole ribonucleotide syn-
thetase–glycinamide ribonucleotide transformylase (GARS-AIRS-
GART)20. The GART segment, like PurN, utilizes the cofactor fTHF
and is functional as a separate domain21,22. There is 50% identity at
the DNA level between the two genes and 41% identity (60% homol-
ogy) on the amino acid level. An amino acid alignment between
PurN and the GART segment reveals no gaps, although GART lacks
nine amino acids at the C terminus. Based on this alignment, we
refer to the GART segment of the human trifunctional enzyme as
GART[1–203] for simplicity. The structures of the active sites of the
two enzymes have been reported to be essentially identical23, but the
structure of GART is not available in the Protein Data Bank24.

ITCHY libraries. Two ITCHY libraries were created between 5′
fragments of purN[1–144] and 3′ fragments of GART[54–203].
The first (IT-A; 1.3 × 105 independent clones) was created by elec-
troporation into DH5α (2 × 108 transformants/µg DNA). In order
to obtain a larger library, a second library (IT-B, 1.2 × 106 clones)
was created by electroporation into DH5α-E (approximately 1 ×
1010 transformants/µg DNA). The chosen gene fragments have
1–270 bp of overlap; thus, as each gene fragment would have 1 to
270 bp truncated, an ideal library containing one member of each
of the desired fusions would have 270 × 270 = 72,900 members.
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Provided there is no significant bias in the libraries, IT-B, with 16-
fold more library members than the ideal library size, should con-
tain all possible fusions between the two gene fragments in the
region of overlap. The size diversity of IT-A and IT-B was evaluated
on randomly selected library members and found to be essentially
random, but with a bias against small fusions (Fig. 2).

Hybrids of PurN and GART with GAR transformylase activity
were selected for on minimal media using E. coli auxotroph TX680F’,
which lacks a functional GAR transformylase15. Because GAR trans-
formylase activity is essential for purine biosynthesis, TX680F’ is
unable to grow on minimal media in the absence of purines. Plasmid
DNA was purified from the libraries and transformed into TX680F’.
Several steps were taken to ensure that complementation resulted
from a purN–GART gene fusion including PCR screening for recom-
binants and retransformation of the plasmid back into the aux-
otroph to confirm complementation. The number of active fusions
per library of IT-A and IT-B was estimated to be 9 and 111, respec-
tively, by multiplying the number of colonies on the selective plates
by the library size and dividing by the number of colony-forming
units (c.f.u.; rich media) plated on the selective plates.

The amino acid sequences of randomly selected active fusions of
IT-A and IT-B were determined by DNA sequencing (Table 1). Active
genes were found with fusions in regions of high and low homology
(Fig. 3) and within loops, α-helices and β-sheets of PurN (Fig. 4).
Somewhat surprisingly, almost all fusion points of active hybrids
occurred at sites of exact alignment. The exception is IT-A18, in which
an extra glycine results from a fusion of the first base of A101 of purN
to the last two bases of Trp100 of GART. Fusions IT-A12 and IT-B9
result from a fusion of the entire length of purN[1–144], including the
first base of a stop codon located immediately after purN[1–144] to
the last two bases of codon Ala145 of GART plus GART[146–203] to
create serine at position 145 instead of glycine (in PurN) or alanine (in
GART). None of the sequenced, active members of IT-A or IT-B had
any other mutations. Covalent fusion of the two fragments was found
to be necessary as no interspecies heterodimers between any combina-
tion of truncated fragments of PurN[1–144] and GART[54–203] were
able to complement the auxotroph (data not shown).

DNA shuffling libraries. To compare ITCHY to DNA shuffling,
we created purN–GART gene fusions by DNA shuffling (library
SH-A). The same gene fragments used in ITCHY were used to cre-
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Figure 2. Size distribution of libraries. The sizes of the gene fusions
of randomly selected members of IT-A (m) and IT-B (P) were
estimated by gel electrophoresis and arranged in descending size
order. The shaded area represents the theoretical size range based
on the deletion of 1–270 bases of each fragment. Fusions larger than
the desired size range result from fusion of gene fragments in which
truncation has stopped in the approximately 30 bp spacer between
the start of truncation and the gene to be truncated. The dashed line
indicates the size of hybrid genes that are fused where their parents’
sequences align.

Table 1. Active PurN–GART fusions.

Library Representative Amino acid sequencea Number of 
positive number times foundb

PurN Link GART

ITCHY A IT-A18 1–100 G 101–203 2 (1)
IT-A8 1–113 – 114–203 9 (4)
IT-A5 1–129 – 130–203 3 (1)
IT-A26 1–136 – 137–203 1 (1)
IT-A3 1–140 – 141–203 3 (1)
IT-A1 1–144 – 145–203 3 (1)
IT-A12 1–144 S 146–203 3 (1)

ITCHY B IT-B12 1–102 – 103–203 1 (1)
IT-B4 1–113 – 114–203 8 (5)
IT-B3 1–129 – 130–203 3 (1)
IT-B17 1–130 – 131–203 1 (1)
IT-B6 1–134 – 135–203 1 (1)
IT-B5 1–140 – 140–203 2 (1)
IT-B9 1–144 S 146-203 4 (1)

Shuffled SH-5 1–113c – 114–203c 24 (5)

aWhen the fusion point occurs within a region of amino acid identity, the region
of identity is listed as from PurN.
bNumber in parentheses is the number of different DNA sequences found cod-
ing for a particular protein sequence (ignoring point mutations for the shuffled
library).
cSome members had point mutations.

Figure 1. ITCHY combinatorial protein engineering. A large 5′
fragment of gene A is cloned into phagemid pDIM-N2, and a large 3′
fragment of gene B is cloned into phagemid pDIM-C8. pDIM-N2 and
pDIM-C8 contain different antibiotic resistance genes (Amp, Cm) and
different origins of replication (ColE1 ori and p15A ori), so that both
can be maintained in the same cell. The phagemids also have
restriction sites designed for creating incremental truncation libraries
from the 3′ end of the gene fragment in pDIM-N2 and the 5′ end of the
gene fragment in pDIM-C8. Incremental truncation is followed by
digestion with restriction enzyme NsiI, isolation of the indicated DNA
fragments, and ligation to form a library of gene fusions.
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ate SH-A, limiting crossovers to points between amino acids 54
and 144. A low annealing temperature for the reassembly PCR was
necessary to create fusions between these genes. From a library of
2.4 × 105 transformants, 10 random, naive library members were
selected and sequenced to evaluate the diversity of crossover
points. Although this DNA shuffling procedure could, in theory,
create hybrids with any odd number of crossovers, only single
crossovers were found, ostensibly because of the low homology
between the two genes and the relatively short (270 bp) segment of
overlap. Of the 10 randomly selected, naive library members, three
had crossovers at base 320 of purN, one at base 371, and five at
base 379. In addition, one crossover was the result of mispriming
between nonaligned sequences to produce a hybrid gene shorter
than either of the two parent genes. This lack of diversity was not
surprising considering that the two gene fragments have only 47%
identity in the region of overlap and have an average length of
identity of less than two bases. The fusion resulting from mis-
priming illustrates that an annealing temperature of 43°C is a rea-
sonable compromise between having a low enough annealing tem-
perature to allow for the creation of crossovers at low homology
and having a high enough
annealing temperature to pre-
vent extensive mispriming.

From complementation of
TX680F’ it was determined that
∼ 7.5% of the members of library
SH-A contained active fusions.
The amino acid sequences of
randomly selected active fusions
were determined by DNA

sequencing (Table 1). In contrast to the variety of fusions found by
ITCHY, 24 of 24 active SH-A members were fused in one region of
high homology (Fig. 3). Although five different fusion points in the
DNA sequence were found, all of them resulted in fusion proteins
with identical amino acid sequences. Of the 24 active members of
SH-A, 50% had one or more missense mutations.

Kinetic characterization of active hybrids. Initial velocity studies
were initiated to determine the kinetic parameters of representative
active PurN–GART fusions of IT-A, IT-B, and SH-A (Table 2). Based
on kcat/Km(GAR), all characterized fusions were found to have activities
of at least 500-fold less than wild-type PurN. However, in a very sim-
plistic view, one might expect the Km of the hybrids to be similar to that
of PurN (because the PurN fragment contains most of the residues
important for binding) and the kcat to be similar to that of GART
(because all or part of the key active site residues derive from GART).
Thus, the hybrids would be expected to have a kcat of 4.9 s-1, a
kcat/Km(GAR) of 42 × 10-3 µM-1 s-1 and a kcat/Km(fDDF) of 0.4 µM-1 s-1.
These values are only 5-fold, 28-fold, and 4-fold higher, respectively,
than that of the most active fusion (IT-A5). The IT-A5 fusion was iden-
tified by ITCHY and was created by fusion at a region of nonidentity.

RESEARCH

Figure 3. Fusion points of active PurN–GART hybrids relative to the alignment of PurN and GART. Crossovers of active fusions found by ITCHY
are shown by a solid line and those found by DNA shuffling are shown by a dashed line. To the left of the crossover point, the fusion has
sequence from PurN. To the right of the crossover point, the fusion has sequence from GART. If the crossover occurred in a region of DNA
identity, the exact fusion point could not be assigned and is shown at the 3′ end of the region of identity. Regions of sequence identity are
indicated in gray. *Three key active site residues. The region chosen to search for active fusions is shown between the long dashed lines.

*

* *

gccagagtggctgtcttaatatctggaacaggatcgaacctgcaagcacttatagacagtactcgggaaccaaatagctctgcacaaattgat

attgttatctccaacaaagccgcagtagctgggttagataaagcggaaagagctggtattcccactagagtaattaatcataaactgtataaa

aatcgtgtagaatttgacagtgcaattgacctagtccttgaagagttctccatagacatagtctgtcttgcaggattcatgagaattctttct

ggcccctttgtccaaaagtggaatggaaaaatgctcaatatccacccatccttgctcccttcttttaagggttcaaatgcccatgagcaagcc

ctggaaaccggagtcacagttactgggtgcactgtacactttgtagctgaagatgtggatgctggacagattattttgcaagaagctgttccc

gtgaagaggggtgatactgtcgcaactctttctgaaagagtaaaattagcagaacataaaatatttcctgcagcccttcagctggtggccagt

ggaactgtacagcttggagaaaatggcaagatctgttgggttaaa---------------------------gaggaa

atgaatattgtggtgcttatttccggcaacggaagtaatttacaggcaattattgacgcctgtaaaaccaacaaaattaaaggcaccgtacgg

gcagttttcagcaataaggccgacgcgttcggccttgaacgcgcccgccaggcgggtattgcaacgcatacgctcatcgccagcgcgtttgac

agtcgtgaagcctatgaccgggagttgattcatgaaatcgacatgtacgcacccgatgtggtcgtgctggctggttttatgcgcattctcagc

ccggcgtttgtctcccactatgccgggcgtttgctgaacattcacccttctctgctgccgaaatatcccggattacacacccatcgtcaggcg

ctggaaaatggcgatgaagagcacggtacatcggtgcatttcgtcaccgatgaactggacggtggcccggttattttacaggcgaaagtcccg

gtatttgctggtgattcggaagatgacatcaccgcccgcgtgcaaacccaggaacacgccatttatccactggtgattagctggtttgccgat

ggtcgtctgaaaatgcacgaaaacgccgcgtggctggatggtcaacgtctgccgccgcagggctacgctgccgacgag

M  N  I  V  V  L  I  S  G  N  G  S  N  L  Q  A  I  I  D  A  C  K  T  N  K  I  K  G  T  V  R

A  V  F  S  N  K  A  D  A  F  G  L  E  R  A  R  Q  A  G  I  A  T  H  T  L  I  A  S  A  F  D

S  R  E  A  Y  D  R  E  L  I  H  E  I  D  M  Y  A  P  D  V  V  V  L  A  G  F  M  R  I  L  S

P  A  F  V  S  H  Y  A  G  R  L  L  N  I  H  P  S  L  L  P  K  Y  P  G  L  H  T  H  R  Q  A

L  E  N  G  D  E  E  H  G  T  S  V  H  F  V  T  D  E  L  D  G  G  P  V  I  L  Q  A  K  V  P

V  F  A  G  D  S  E  D  D  I  T  A  R  V  Q  T  Q  E  H  A  I  Y  P  L  V  I  S  W  F  A  D

G  R  L  K  M  H  E  N  A  A  W  L  D  G  Q  R  L  P  P  Q  G  Y  A  A  D  E  

A  R  V  A  V  L  I  S  G  T  G  S  N  L  Q  A  L  I  D  S  T  R  E  P  N  S  S  A  Q  I  D

I  V  I  S  N  K  A  A  V  A  G  L  D  K  A  E  R  A  G  I  P  T  R  V  I  N  H  K  L  Y  K

N  R  V  E  F  D  S  A  I  D  L  V  L  E  E  F  S  I  D  I  V  C  L  A  G  F  M  R  I  L  S

G  P  F  V  Q  K  W  N  G  K  M  L  N  I  H  P  S  L  L  P  S  F  K  G  S  N  A  H  E  Q  A

L  E  T  G  V  T  V  T  G  C  T  V  H  F  V  A  E  D  V  D  A  G  Q  I  I  L  Q  E  A  V  P

V  K  R  G  D  T  V  A  T  L  S  E  R  V  K  L  A  E  H  K  I  F  P  A  A  L  Q  L  V  A  S

G  T  V  Q  L  G  E  N  G  K  I  C  W  V  K  -  -  -  -  -  -  -  -  -  E  E    

1                          10                            20                            30

32                      40                            50                            60

63                   70                            80                            90

94                100                           110                           120

125            130                           140                           150

156         160                           170                           180

187      190                           200                           210

PurN
GART

PurN
GART

PurN
GART

PurN
GART

PurN
GART

PurN
GART

PurN
GART

ITCHY

DNA
Shuffling

Table 2. Kinetic constants of selected PurN–GART fusions.

Fusion Enzyme Km (GAR) Km (fDDF) kcat (s-1) Kcat/Km (GAR) kcat/Km (fDDF)
point (µM) (µM) (µM-1·s-1) X 103 (µM-1·s-1)

Wild type (human) 4.9 ± 0.4 1.0 ± 0.2 ~4.9 ~1,000 ~4.9
102 IT-B12 3,800 ± 1,300 500 ± 280 ~0.3 ~0.08 ~0.0006
113 IT-A8, SH-5 2,300 ± 500 116 ± 19 ~2.1 ~0.9 ~0.02
129 IT-A5 584 ± 37 10 ± 1 ~0.9 ~1.5 ~0.09
144 IT-A1 589 ± 56 50.5 ± 5.3 ~1.0 ~1.7 ~0.02

Wild type (E. coli) 118 ± 3 12.3 ± 1.3 90 ± 2 760 7.5
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We observed substrate inhibition by GAR with the wild-type human
trifunctional enzyme at ≥15 µM, as has been observed for the GART
domain alone21. Neither PurN nor any of the active PurN–GART
fusions exhibited substrate inhibition by GAR, suggesting that the site
for substrate inhibition does not lie solely on GART[100–203].

Discussion
We have demonstrated that ITCHY can create combinatorial libraries of
genes in a manner that is independent of DNA sequence homology by
identifying 10 active PurN–GART fusion proteins between N-terminal
fragments of E. coli GAR transformylase PurN and C-terminal frag-
ments of human GAR transformylase GART. Fusions of the N terminus
of GART to the C terminus of PurN could have been explored in an
analogous fashion. However, the optimum start of the GART domain
may have been difficult to define, and nonnative E. coli codon usage at
the N terminus of the fusions might have led to poor expression.

It appears that fusions within the active site may be less disrup-
tive because of structural similarity within this region, whereas
fusions distal to the active site, with lesser homology, may be more
disruptive. All active fusions except one resulted from the
crossover of precisely aligned genes. The only active crossover at a
point of nonalignment was ITA-18, which had an extra glycine
inserted between PurN 100 and GART 101. An otherwise identical
fusion lacking the inserted glycine (constructed by overlap exten-
sion25) was found to be equally active by complementation of
TX680F’. Insertions of a few amino acids26,27 or even entire pro-
teins28,29 have been shown to be compatible with activity in other
enzymes. Thus, we had expected that fusions with a few extra
amino acids would not only be active, but that they would be the
predominant active species.

There are two possible explanations for the predominance of
crossovers at positions of precise alignment. First, the linear dis-
tances between conserved residues may have some importance for
structure and/or function. This is supported by the fact that

although E. coli and humans are evolutionarily distant, the linear
distance between any two pairs of aligned residues is identical
throughout protein. A second possibility is that the decrease in activ-
ity caused by extra amino acids is small, but this small decrease may
be enough to prevent complementation of the auxotroph since
kcat/Km is already reduced 500- to 10,000-fold for active fusions.
Previous work with mutants of PurN suggested that the cutoff for
successful complementation of the auxotroph appeared to be a dif-
ference in kcat/Km of somewhere between 2,000-fold and 12,000-fold
when the mutants were expressed from the stronger T7 promoter30.
It is conceivable that the insertion or deletion of residues in hybrids
could prove advantageous for the engineering of other proteins.

Previous work suggested that residues 63 and 112 of PurN might
be good choices as fusion points for creating hybrid enzymes15.
Although fusion between PurN and GART at residue 112 proved to
be active, no active fusions were found with a PurN fragment short-
er than 1–100 residues. The lack of active fusions between residues
54 and 100 was confirmed with a third ITCHY library (IT-C) using
fragments PurN[1–99] and GART[54–203]. Kinetic characterization
of four active hybrids from IT-A and IT-B (Table 2) suggests that
hybrids fused between residues 54 and 100 are not active because of
weak binding of the substrate and cofactor, as the Km values for both
substrate and cofactor increase with the length of the GART in the
fusion. The exception is that IT-A1 has a higher Km(fDDF) than IT-
A5, even though IT-A1 contains less of GART. Presumably, this is
attributable to IT-A1 being fused in the 140–144 loop, which has
been shown to have a role in binding the cofactor31.

The ITCHY method enabled identification of a more diverse set
of active chimeras than DNA shuffling, principally as a result of the
relatively nonbiased and non-homology based method that creates
the fusions. The active fusions identified by ITCHY demonstrate
that crossovers between genes at regions of structural homology,
irrespective of DNA sequence homology, are important for creat-
ing functional hybrid enzymes. The most active fusion (IT-A5) was
fused at a nonhomologous location and was produced in E. coli at
levels fourfold higher than those fusions found by DNA shuffling.
Presumably, the better expression is due to efficient translation,
efficient folding, or proteolytic stability, which are desired proper-
ties of an enzyme.

Although the library created by DNA shuffling had a higher fre-
quency of positives, it was not very diverse. Approximately 30%
(3/10) of the naive library and 100% (24/24) of the selected library
had crossovers in the region of identity between amino acids 104 and
114, crossovers previously shown by ITCHY to create active hybrids.
Outside of this region, the frequency of active hybrids must be
≥0.3% and may be zero, since none were found. Fused genes of
ITCHY libraries could have been initially selected for size (e.g. the
size of the original genes) resulting in an enrichment for active mem-
bers of probably 10- to 100-fold to give a frequency of 0.1-1.0%.

DNA shuffling can create hybrids with multiple crossovers,
whereas ITCHY libraries are limited to one crossover point per
library member. One can envision an iterative method for ITCHY
in order to create library members with multiple crossovers.
However, as ITCHY libraries create all possible crossovers between
two genes, DNA shuffling of ITCHY libraries should allow one to
create a library of genes with multiple crossovers that include
crossovers at regions of no homology, thus accessing a more diverse
sequence space16. In a fashion analogous to DNA family shuffling,
which improves directed evolution by accessing a more diverse yet
functional sequence space2, such a strategy should prove useful for
the directed evolution of proteins. In addition, ITCHY libraries
should have applications in the creation of novel enzymes by
domain and subdomain swapping32,33, as well as in the determina-
tion of structure/function relationships by characterizing hybrids of
interspecies homologs34.
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Figure 4. Fusion points of active PurN–GART hybrids mapped onto the
structure of PurN31. The region searched for active fusions (residues
54–144) is shown in green, and the area outside the search region is
shown in blue. The side chains of the three key active site residues,
Asn106, His108, and Asp144, are shown in yellow. The substrate GAR
(top) and a cofactor analog (5-deaza-5,6,7,8-tetrahydrofolate) are
shown in white. The amino acids of PurN to which fusion of a GART
fragment results in an active enzyme are shown in red. These include
fusion points identified by sequencing and those that can be inferred
given that an active fusion was found elsewhere in a region of amino
acid identity (e.g., 104–113). The location of fusion points of hybrids
characterized in Table 2 are indicated by the numbers.
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Experimental protocol
Plasmids. Phagemids pDIM-N2 and pDIM-C6 have been described15.
Phagemid pDIM-C8 is identical to pDIM-C6 except for the substitution of a
BglII site for the BamHI site and the substitution of a NsiI site for a PstI site 10
bp downstream from the SpeI site.

Incremental truncation for the creation of hybrid enzymes (ITCHY).
Incremental truncation was performed essentially as described15 with the fol-
lowing modifications. Supercoiled pDIM-N2 and pDIM-C8 were linearized
by digestion with XbaI/PstI and SacI/XhoI, respectively. The ExoIII digestion
was performed at 22°C in 60 µl of 66 mM Tris (pH 8.0), 0.66 mM MgCl2, 100
mM NaCl. After inactivation of ExoIII and S1 nuclease, the ethanol-precipi-
tated DNA was resuspended in 70 µl water. After the addition of 10 µl of 0.125
mM each dNTP, 2.5 U of Klenow fragment (in 2 mM Tris-HCl, 10 mM MgCl2,
pH 8.0) were added, and the mixture was incubated for 5 min at 37°C followed
by heat inactivation of Klenow fragment at 72ºC for 20 min. The DNA was
digested with NsiI (15 U) at 37°C for 2 h, and the desired fragments were iso-
lated by gel electrophoresis using Elutrap (Schleicher & Schuell, Keene, NH),
combined, and concentrated by ethanol precipitation. Ligation was carried
out at 15°C overnight in a total volume of 20 µl using 6 Weiss units of T4 DNA
ligase. The ligated DNA was desalted by ethanol precipitation into 30 µl of
water and was electroporated into DH5α cells by six electroporations of 5 µl
DNA each or into DH5α-E (Life Technologies, Rockville, MD) by two electro-
porations of 4 µl each. Libraries were recovered and stored as described15.

DNA shuffling. DNA shuffling was performed as described35 using the
gene fragments PurN[1–144] and GART[54–203] with the following modifi-
cations: (1) the DNA was digested with 0.045 U of DNase for 1 min; (2)
reassembly PCR used an annealing temperature of 43°C; and (3) the amplifi-
cation of reassembled products (using a forward primer for the N terminus of
the purN gene and a reverse primer for the C terminus of the GART gene)
used the following program: 94°C for 5 min, 25 cycles of 1 min at 94°C, 1 min
at 52°C, and 1 min at 72°C, followed by 7 min at 72°C. This protocol pro-
duced three visible bands. The correct-sized band was isolated by gel elec-
trophoresis using Wizard PCR Preps (Promega, Madison, WI) and amplified
further, as described above, by 10 additional cycles of PCR. All PCR was per-
formed using Taq polymerase. The PCR product was ligated into vector
pDIMN2 between the NdeI and SpeI sites, and the ligated plasmid was trans-
formed into DH5α. The library was recovered and frozen in small aliquots.

Selection of active hybrids. Plasmid DNA of the ITCHY and DNA shuf-
fling libraries were transformed into TX680F’, recovered, and frozen as
described above. In a 250 ml shake flask, 50 ml of 2× TY/Amp/Kan/0.2% glu-
cose was inoculated with 10 µl of the frozen library (>108 c.f.u.) and grown at
37°C until OD600nm = 0.2. Cells from 10 ml of culture were pelleted by cen-
trifugation, washed once with 10 ml selective media15, and resuspended in 2
ml selective media. After 2 h of shaking at 37°C, approximately 2.5 × 106 c.f.u.
(rich media) were plated onto selective plates containing 0.3 mM isopropy-
lthiogalactoside. Plates were incubated at 37°C for up to 48 h. Randomly cho-
sen colonies were processed and sequenced, and complementation was veri-
fied as described15.

Kinetic characterization. Kinetic measurements using GAR and fDDF
were performed as described36. Wild-type E. coli PurN was prepared as
described31. The PurN–GART fusions were prepared by the same method
using the vector isolated from the positives (pDIM-N2) and TX680F’ cells.
Fusion concentrations were estimated by densitometry of SDS–PAGE separa-
tion of the most active gel filtration fraction. Purified GARS-AIRS-GART was
a gift from L.T. Gooljarsingh (The Pennsylvania State University, University
Park, PA).
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