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We constructed a library of B-lactamases by recombining
three naturally occurring homologs (TEM-1, PSE-4,
SED-1) that share 34-42% sequence identity. Most
chimeras created by recombining such distantly related
proteins are unfolded due to unfavorable side-chain inter-
actions that destabilize the folded structure. To enhance
the fraction of properly folded chimeras, we designed
the library using SCHEMA, a structure-guided approach
to choosing the least disruptive crossover locations.
Recombination at seven selected crossover positions gener-
ated 6561 chimeric sequences that differ from their closest
parent at an average of 66 positions. Of 553 unique charac-
terized chimeras, 111 (20%) retained p-lactamase activity;
the library contains hundreds more novel f-lactamases. The
functional chimeras share as little as 70 % sequence identity
with any known sequence and are characterized by low
SCHEMA disruption (E) compared to the average nonfunc-
tional chimera. Furthermore, many nonfunctional chi-
meras with low E are readily rescued by low error-rate
random mutagenesis or by the introduction of a known
stabilizing mutation (TEM-1 M182T). These results show
that structure-guided recombination effectively generates
a family of diverse, folded proteins even when the parents
exhibit only 34% sequence identity. Furthermore, the frac-
tion of sequences that encode folded and functional proteins
can be enhanced by utilizing previously stabilized parental
sequences.

Keywords: chimera/directed evolution/mutational
robustness/protein design

Introduction

Directed evolution has proven to be an effective technique for
engineering proteins with desired properties. Because the
probability of a protein retaining its fold and function
decreases exponentially with the number of random substi-
tutions introduced (Bloom et al., 2005), only a few mutations
are made in each generation in order to maintain a reasonable
fraction of functional proteins for screening (Voigt et al.,
2001). Creating libraries with higher levels of mutation
while maintaining structure and function requires identifying
mutations that are less likely to disrupt the structure (Lutz
and Patrick, 2004). One strategy to accomplish this is homo-
logous recombination: mutations introduced by recombination

are less deleterious than random mutations because they are
compatible with the backbone structure (Drummond et al.,
2005). Random recombination of highly similar proteins
often generates libraries with a high fraction of functional
sequences (Ness et al., 1999). However, as more distantly
related proteins are recombined, the fraction of chimeric
proteins that fold correctly decreases significantly (Ostermeier
et al., 1999; Sieber et al., 2001; Ostermeier, 2003).

Computational methods that rely on sequence and structure
information have been developed to predict which chimeras
are likely to function (Voigt et al., 2002; Moore and Maranas,
2003; Saraf and Maranas, 2003; Saraf et al., 2004). We have
developed the SCHEMA energy function to aid in designing
libraries of protein chimeras. SCHEMA uses structural
information to identify interacting amino acid residue pairs;
interactions that are broken upon recombination then count
toward a disruption score, or E (Voigt et al., 2002). We have
shown that B-lactamase (Meyer et al., 2003) and cytochrome
P450 heme domain (Otey et al., 2006) chimeras with lower E
are more likely to retain fold and function. In a SCHEMA-
designed library of cytochromes P450 sharing ~63% sequence
identity, 47% of the chimeras correctly bound the heme cofac-
tor, indicating a folded structure (Otey et al., 2006). Of the
folded chimeras, at least 72% were catalytically active. Thus
SCHEMA enables us to produce a synthetic family of >2300
diverse, catalytically active, P450s.

The ~63% sequence identity shared by the cytochromes
P450 in the Otey et al. (2006) study is still high compared
to that of many known homolog pairs. For proteins of
approximately the same length, recombining more distantly
related homologs generates greater sequence diversity and
a higher mutation level in the chimeras. More mutation
generally leads to more disruption, but the nature of the dis-
ruption can also change as the proteins diverge. For example,
proteins tend to accumulate more mutations in core positions
as they diverge; disruption of core interactions may be
more destabilizing on average than disruption of surface
interactions. To examine these effects, we tested
SCHEMA recombination of proteins sharing only 34-42%
sequence identity. The three [B-lactamases [PSE-4, TEM-1
and SED-1 (Jelsch et al., 1993; Lim et al., 2001; Petrella
et al., 2001)] recombined in this study are much closer to
the ‘twilight zone’ (20-35% identity) where sequence identity
can no longer be used as a surrogate for homology (Doolittle,
1986; Rost, 1999).

Recombination, while less disruptive than random mutation,
nonetheless introduces disruptive mutations. Many ‘global
suppressor’ substitutions have been identified that can increase
a protein’s tolerance to random mutation by increasing stability
(Shortle and Lin, 1985; Poteete et al., 1997; Bloom et al.,
2005). However, it is unknown whether such mutations can
increase a protein’s tolerance to the multiple disruptions
introduced by recombination. We therefore tested the extent to
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which the nonfunctional chimeras from the library could be
‘rescued’ by random mutagenesis.

Materials and methods

SCHEMA calculations
The SCHEMA disruption (E) for a chimera was calculated

according to

E=) Y Ciy, (1)

i J>i

where Cj; =1 if any side-chain heavy atoms or main-chain
carbons in amino acid residues i and j are within 4.5 A
(Voigt et al., 2002). The p-lactamase parent sequences
are assumed to fold into (approximately) the same
3-dimensional structures [described by the contact map
(C)l. The structures of TEM-1 (Maveyraudaet al., 1998)
and PSE-4 (Lim et al., 2001) have only 0.98 A RMSD over
the backbone atoms. No structure is available for SED-1. The
structure of PSE-4 (1G68) was used to calculate Cy; using a
TEM-1 structure (1BT5) causes only slight changes. The A;; is
calculated from the sequence alignment of the parent proteins:
A; = 0 if amino acids i and j in the chimera are found at the
same positions in any parental protein sequence, otherwise the
interaction is broken and A; = 1. The sequences of TEM-I,
SED-1 and PSE-4 were aligned using clustalW (Chenna et al.,
2003). This alignment shows no differences from a structural
alignment between TEM-1 (1BTS5) and PSE-4 (1G68) gener-
ated in Swiss-PDB Viewer (Guex and Peitsch, 1997). Python
scripts for calculating E are available on the Arnold lab website
http://www.che.caltech.edu/groups/fha/.

Library design

The RASPP (Recombination as a Shortest Path Problem)
algorithm (Endelman ef al., 2004) was used to identify the
combinatorial libraries with the lowest average SCHEMA
disruption <E> at many levels of diversity. RASPP was run
iteratively with a minimum block length L of 5-33 amino acids
and a <m> bin size of 1. Python scripts to perform RASPP can
be found at the Arnold lab website http://www.che.caltech.edu/
groups/tha/.

Library construction

The parental genes PSE-4, TEM-1 and SED-1 were described
previously (Jelsch er al., 1993; Lim et al., 2001; Petrella et al.,
2001). The SCHEMA library was constructed following the
method of Hiraga and Arnold (2003) and Meyer et al. (2006),
using the type IIb restriction endonuclease BsaX1. All restric-
tion endonucleases and other enzymes for molecular biology
were purchased from New England Biolabs, and oligo-
nucleotides from Operon. Due to the small size of block 2
(24 nt), the parental gene fragments were added to the ligation
reaction as annealed and phosphorylated oligonucleotides. The
library of full-length chimeras was ligated into pProTet E.333
(Clontech) and transformed into Escherichai coli XL-1 Blue
(Stratagene) where the protein is constitutively expressed.
Additional details of library construction can be found in
the Supplementary data available at PEDS online.

Sequence analysis

The sequences of 1100 chimeras were determined using high-
throughput probe hybridization as described previously
(Meinhold et al., 2003) and detailed in the supplementary
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information. From these sequences, 811 complete sequences
were obtained, of which 553 were unique.

Functional screen

To screen for chimera function, deep-well 96-well plates con-
taining 500 pl of LB medium with 35 pg/ml chloramphenicol
were inoculated from previously grown cultures in 384-well
plates and incubated with shaking for 18 h at 37°C, 80%
humidity. Approximately 2 pl aliquots of each culture were
transferred to duplicate LB agar plates containing varying
concentrations of ampicillin (0, 5, 10, 25, 50, 100, 250,
500, 1000, 2000 pg/ml) using a 96-well stamp and were
allowed to grow at 37°C. After 18 h the plates were observed
for growth. Colonies growing at concentrations of ampicillin
25 pg/ml or greater were considered to express functional
chimeras. XL-1 Blue cells containing pProTet E.333 with
no PB-lactamase insert survive to 5 pg/ml ampicillin in this
assay. The concentration of ampicillin necessary to prevent
growth was recorded as the MIC (minimal inhibitory concen-
tration). Chimeras that grew on the 2000 pg/ml plates are
recorded as 2000+.

Random mutagenesis

DNA for nonfunctional chimeras was sequenced prior to
mutagenesis to confirm that no point mutations were present.
Error-prone PCR was performed on each chimera in the fol-
lowing 100 pl reaction: 3 ng template, 1 pM forward and
reverse primers matched to the parental sequences of blocks
1 and 8, 7 mM MgCl,, 75 pM MnCl,, 200 uM dATP and
dGTP, 50 pM dTTP and dCTP, 1x PCR buffer without MgCl,
and 5 U of Taq polymerase (Applied Biosystems). Reactions
were heated to 95°C for 5 min and 14 cycles of 30 s at 95°C,
30 s at 55°C and 1 min at 72°C were completed. PCR products
were digested with Kpnl and PstI, cloned into pProTet E.333
(Clontech) cut with the same enzymes and transformed into
E.coli XL-1 Blue (Stratagene).

Transformed E.coli XL-1 Blue were plated onto selective
medium (35 pg/ml chloramphenicol and 10 pg/ml ampicillin)
to identify sequences conferring resistance to ampicillin.
Untransformed XL-1 is resistant to <5 pg/ml of ampicillin.
To estimate the number of independent clones in the selected
sample, an aliquot was plated on nonselective medium
(35 pg/ml chloramphenicol). Colonies present on selective
plates after 18 h of growth at 37°C were picked and the
DNA extracted. The DNA was sequenced to identify mutations
and retransformed into E.coli. For all functional sequences
reported, the survival rate of retransformed E.coli on selective
medium was high, indicating plasmid conferred resistance. A
minimum of ~20000 colonies were examined for each
chimera. If no colonies were present on selective plates, 10 col-
onies were picked from nonselective plates to determine the
insert incorporation frequency. Typically five of these colonies
were sequenced to verify successful random mutagenesis
(error rate was 1.85 £ 0.8 nt changes per gene).

Site-directed mutagenesis

The TEM-1 M182T mutation was introduced into 29 selected
chimeras using QuikChange Mutagenesis (Stratagene) with the
following primer and its reverse complement: 5'-CGT GAC
ACC ACG ACC CCT GTA GCA ATG G. The altered codon is
underlined. Mutagenesis reactions were transformed into
E.coli XL-1 Blue (Stratagene) and equal aliquots were plated
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onto the selective and nonselective media described above.
Colonies growing on selective medium (35 pg/ml chloram-
phenicol and 10 pg/ml ampicillin) after 18 h at 37°C were
picked and the DNA extracted for sequencing. For chimeras
for which no colonies appeared on selective plates, two col-
onies were picked from the nonselective plates and the DNA
was sequenced to verify that the mutation was properly incor-
porated. All sequences were retransformed into E.coli to verify
that the plasmid conferred resistance.

Results

Library design using SCHEMA

We generated a library of chimeric B-lactamases by recom-
bining fragments of the genes for PSE-4, TEM-1 and SED-1.
These proteins are ~265 amino acids in length and share
between 34 and 42% sequence identity. We chose to construct
a combinatorial library with eight blocks (seven recombination
sites), giving 3% = 6561 possible chimeras. To ensure that a
significant fraction of the chimeras fold, we used the optim-
ization algorithm RASPP (Recombination as a Shortest Path
Problem) (Endelman et al., 2004) to choose recombination
sites that minimize the library average SCHEMA energy
(<E>). Because minimizing sequence changes also minimizes
<E>, RASPP is performed with minimum length constraints
(L) on the sequence fragments between the recombination sites
to ensure a diverse population of chimeras. RASPP was iter-
ated using different L to identify optimal libraries over a range
of average mutation levels with respect to the closest parent
sequence, <m>. Optimal libraries identified by RASPP are
shown in Figure 1 for a wide range of <m>.

B-Lactamases are often considered single-domain proteins
(Jones et al., 1997) but are divided into two subdomains by
some structural classification schemes (Murzin et al., 1995).
The subdomains consist of an o+ sandwich formed by the
N- and C-termini and an a-helical subdomain. Recombination
sites that appear in many RASPP-identified libraries lie at the
boundaries of these subdomains {approximately residues
63 and 216 [Ambler standard numbering (Ambler et al.,
1991)], see Figure 1}, similar to what was observed for the
SCHEMA library design for cytochrome P450 (Otey et al.,
2006). The C-terminal subdomain boundary (residue 216) was
chosen for the new N- and C-termini in a functional circularly
permutated TEM-1 (Osuna et al., 2002). The third recombina-
tion site at residue 150 that appears in many of the RASPP
libraries does not correspond to any previously identified
subdomain boundaries.

The libraries identified by RASPP fall into three categories.
The first group of libraries (Figure 1, black), at low <m>, have
chimeras composed of a single large block with most of the
recombination sites pushed toward the termini. These are the
libraries with lowest <E> given the small fragment size (L =15
or 6) allowed. While a large proportion of chimeras in these
libraries are predicted to fold correctly, they are not very
different from one another or from the parental sequences. The
second group of libraries (Figure 1, red) has recombination
sites that are distributed over the protein, yielding more diverse
populations of chimeras. The <E> of these libraries are not
significantly larger than those of the previous group. However,
the blocks produced by the recombination sites vary consi-
derably in size. The third group (Figure 1, green) has
recombination sites that are well distributed over the protein
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Fig. I. The RASPP optimization algorithm produces a set of libraries with
the lowest <E> at a range of <m> values. The libraries separate into three
groups, designated by different colors (see text). (A) Plot of <E> versus <m>
for RASPP libraries. The large gap in <m> is due to the difference between
minimum fragment length, L, and <m> as measures of library diversity
(Endelman et al., 2004). In the region of <m> between 25 and 55 there exist
no libraries that have lower <E> than libraries identified at higher <m>. (B)
The recombination sites of the RASPP libraries shown in order of decreasing
<m> for the library. Black triangles indicate subdomain boundaries. The
library chosen for construction is indicated by an open diamond on (A) and by
a border on (B).

and blocks that are relatively uniform in size, yielding libraries
of chimeras with high <m> and high <E>. Based on previous
experiments with B-lactamases (Hiraga and Arnold, 2003;
Meyer et al., 2003), the vast majority chimeras in this third
group of libraries are predicted to be unfolded.

The second group was inspected further because these
libraries are likely to yield diverse chimeras with relatively low
E, and therefore a high fraction of folded proteins. From this
group, the library with the greatest number of mutations per
disruption (<m/E>) was chosen for construction. Two of the
recombination sites were shifted by 1 or 2 amino acids from the
recombination sites generated by RASPP to accommodate
limitations of the construction protocol (Hiraga and Arnold,
2003). The shifted recombination sites do not change the
overall characteristics of the library significantly. The library
that was constructed recombines gene fragments of TEM-1,
SED-1 and PSE-4 corresponding to the following blocks of
amino acids [Ambler standard numbering (Ambler er al.,
1991)]: 1-65, 66-73, 74-149, 150-161, 162-176, 177-190,
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Fig. 2. Structure of TEM-1 (1BTL) showing positions of the sequence blocks
that were recombined, colored coded as indicated, to generate the library.

191-218, 219-290. The corresponding structural elements are
shown in Figure 2.

The B-lactamase signal sequence is included as part of the
first block. However, all E and m calculations take into account
only the mature proteins. The catalytically important residues
are distant in the linear sequence and are therefore found on
several different blocks, including blocks 2, 3, 5 and 8. Blocks
1 and 8 together comprise almost half the protein, consisting of
the N- and C-terminal o+f3 subdomain. The final library design
balances high <m> (66) for a diverse population with relatively
low <E> (44) to ensure a large proportion of folded chimeras.
Using previous data from a much smaller set of B-lactamase
chimeras (Hiraga and Arnold, 2003), we estimated the proba-
bility of chimera folding based on E and predicted that ~10%
of chimeras in the library should retain fold and function.

The gene fragments from the three parental proteins cor-
responding to each block were combinatorially assembled
using SISDC (Sequence Independent Site-Directed Chimera-
genesis) (Hiraga and Arnold, 2003) to create a library of 6561
possible chimeric sequences. These genes were expressed in
E.coli, and the sequences and functional status were deter-
mined by high-throughput probe hybridization and functional
screening.

Sequence analysis of chimeras

The DNA sequences of 553 unique sequences were obtained
by probe hybridization sequencing (Meinhold et al., 2003) of
1100 randomly selected clones. To determine the accuracy of
the probe hybridization, we completely sequenced 48 ran-
domly chosen chimeras. Comparison of the sequences with the
block sequences determined by probe hybridization showed
that the probe hybridization accurately determined the
sequences of 47 of 48 chimeras. In the same group of chimeras
we found two point mutations and ten deletions affecting 11
of the 48 chimeras. Of the 10 deletions, 3 were found at
segment junctions and the remaining seven were found in
regions within PCR primers used during construction, usually
at the N-terminus.

Examining the sequence composition of the characterized
chimeras on a ternary diagram shows that the characterized
library does not have equal representation of the different
parents (Figure 3A). In particular, many chimeras similar to
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Fig. 3. The composition of characterized chimeras. (A) Ternary diagram
showing the composition of unique characterized chimeras. Each chimera is
represented by a data point whose position is determined by the sequence
identity of the chimera to each parental sequence, not including residues
shared by all three parents. The parents (open diamonds) are not at the corners
of the diagram because each parent shares some identity with the other two.
(B) The percentage parental sequences at each block for all characterized
chimeras. Black represents PSE-4, white SED-1 and gray TEM-1. For the
characterized library to perfectly reflect the theoretical library the percentage
of each parent at each block should be 33%.

TEM-1 were characterized; only two inherit no block from
TEM-1. The proportion of the different parents at each position
shows that PSE-4 was severely underrepresented at block 8
(Figure 3B). This is due to an error in construction: a restriction
site within block 8 from PSE-4 was used in the construction
process. Chimeras that do contain PSE-4 at block 8 are a result
of incomplete cleavage of the site. Examination of the E and m
distributions of the characterized chimeras shows that the char-
acterized library has disruption and mutation levels similar to
the designed library, despite its biases (E =44 = 17 and m = 66
#+ 22 for chimeras in the designed library versus E =45 *= 17
and m = 66 = 24 for chimeras in the characterized library).

Functional analysis of chimeras

In contrast to the cytochromes P450 previously studied by
SCHEMA-guided recombination (Otey et al., 2006), there is



no simple assay for the folding status of [P-lactamases.
Consequently, we used a low stringency screen for catalytic
activity to assess which chimeras retained basic catalytic
function and thus a folded structure. Chimeras were screened
for the ability to confer ampicillin resistance, a function shared
by all three parental proteins. The screen was conducted at very
low stringency (>500x lower concentration of ampicillin than
the wild-type MIC) to capture chimeras with even very minimal
activity. Sequences and functional status of the 553 unique char-
acterized chimeras are presented in Supplementary Table S1
available at PEDS online. Of the 553 unique sequences tested,
111 (20%) conferred resistance to ampicillin and are consid-
ered functional B-lactamases (See Supplementary Table SI
available at PEDS online). Of the functional chimeras, 57%
conferred an MIC of 2000 pg/ml ampicillin or greater, indi-
cating approximately wild-type activity (~5000 pg/ml for all
three parents) and 15% of functional chimeras were weakly
active, displaying a MIC of 50 pg/ml or below. Chimeras that
did not confer resistance to ampicillin may not fold, may not be
well-expressed or may be folded but not catalytically active.

The functional B-lactamases are highly mosaic and have up
to 86 mutations to the closest parental sequence (Figure 4).
Most (75%) functional chimeras contain blocks from all three
parents. Similar to previous observations for [B-lactamase
chimeras (Hiraga and Arnold, 2003; Meyer et al., 2003), the
majority of the functional chimeras (80%) retain the N- and
C- terminal fragments from the same parent. The functional
B-lactamases have lower SCHEMA disruption than the non-
functional B-lactamases (E = 23 ®£17 versus E = 49 *14)
and fewer mutations (m = 44 *= 29 versus m = 71 *= 31).
Examination of the E and m for functional and nonfunctional
chimeras in the library shows that, at the same level of
mutation, chimeras with lower E are much more likely to
function and fold (Figure 5A).

Altering the MIC of ampicillin used as the functional cut-off
does not significantly change the disruption distribution of
the functional chimeras. However, nearly half of the chimeras
with very high m (>75) are marginally functional (MIC <
50 pg/ml). Removing the marginally functional chimeras
from the population leaves 96 chimeras with E = 23 = 11
and m =42 = 27. Allowing only chimeras with approximately
wild-type activity (MIC = 2000 pg/ml) results in a population
of 63 chimeras with E =21 =10 and m = 41 £ 27.

Rescue of nonfunctional chimeras

While chimeras with low E are more likely than chimeras with
high E to retain at least weak catalytic activity, there remain
many low-E chimeras that are nonfunctional. To examine
whether and how nonfunctional chimeras could be rescued, we
individually randomly mutated 10 low-E chimeras (E < 35)
using error-prone PCR and selected clones conferring resis-
tance to ampicillin. Of the ten chimeras, eight were rescued,
most of them by a single mutation (Table I). There are 177
characterized chimeras with E < 35, of which 78 are nonfunc-
tional. It is likely that many of these low-E chimeras can also
be rescued. To examine whether all nonfunctional chimeras are
as easily rescued by random mutagenesis, we chose an addi-
tional 12 chimeras with higher £ (E > 40) and randomly
mutated them (Supplementary Table SII available at PEDS
online). None of these chimeras was rescued (Figure 5B).
Table I lists the mutations that rescue the eight low-E
chimeras. About half change a single amino acid to an amino
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Fig. 4. The sequences of functional chimeras indicated by the parent from
which each block is inherited, green for PSE-4, red for SED-1 and blue for
TEM-1. The number of mutations to the closest parent (m) for each chimera is
indicated by the length of the black bar and ranges between O for the parental
sequences to 86.

acid found in one or both of the other parents. This is not
surprising for several reasons. First, the residues in the other
parents are more likely to appear upon random nucleotide
mutation due to conservation in the genetic code. Second,
changing a residue to match one found in another parent may
correct a beneficial interaction that was disrupted in the chi-
mera. The mutations that introduce an amino acid found in a
parental protein sequence are twice as likely to occur in
interface or buried positions (<50% solvent exposed surface
area) than on the surface of the protein compared with the
mutations that introduce an amino acid not observed in the
parental sequences. Two of the mutations have been described
previously: HI53R and M182T in TEM-1 not only revert to
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Fig. 5. Disruption (E) and mutations to the closest parent (m) for
characterized chimeras shows that lower-E chimeras are more likely to be
functional (A) and also are more likely to be rescued by random mutagenesis
(B) or by the stabilizing mutation TEM-1 M182T (C).

the amino acids found in PSE-4 or SED-1 but are also known
stabilizing mutations frequently identified in extended-
spectrum TEM-1 variants (Knox, 1995). Most of the remaining
mutations are on the protein surface or in interface regions, and
the rescue mechanism is not immediately apparent. There is,
for example, no trend to replace an amino acid residue with one
that appears more frequently in the f-lactamase PFAM seed
alignment (Bateman et al., 2004). All positions identified were
shown to be tolerant to mutation in a site-saturation study of
TEM-1 (Huang et al., 1996).

The TEM-1 M182T mutation was identified in half of the
chimeras rescued, and it was the most frequently observed.
It has been shown to suppress the effects of other deleterious
mutations by increasing the stability of TEM-1 by 2.7 kcal/mol
(Wang et al., 2002) and most likely has the same effect in the
chimeric proteins. To examine whether TEM-1 M182T could
rescue other chimeras, we introduced it into 29 nonfunctional
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chimeras with a range of disruption levels (Supplementary
Table SII available at PEDS online). Of the 29 chimeras,
two were rescued by this single mutation. Similarly to chi-
meras rescued by random mutation, chimeras with low
E appear more likely to be rescued (Figure 5C). Both
of the chimeras rescued by M182T have E < 35 and the
N- and C-termini from the same parent.

Discussion

There are 1785 B-lactamase sequences in the PFAM database
for protein families (Bateman et al., 2004), of which at least
450 are class A P-lactamases by phylogenetic analysis.
However, many of the characterized B-lactamases are minor
variants of a few very prevalent sequences. For example, there
are over 100 characterized variants of TEM-1 that differ from
TEM-1 by only a few amino acids (Jacoby and Bush, 2005).
The B-lactamase structure is relatively tolerant to mutation:
220 of 263 positions in TEM-1 accept at least one other amino
acid when mutated (Huang et al., 1996), and several other
experiments indicate that PSE-4 and TEM-1 can easily tolerate
minor modifications (Petrosino and Palzkill, 1996; Matagne
et al., 1998; Sanschagrin et al., 2000; Osuna et al., 2002). The
robustness of the B-lactamase structure is also apparent from
the work performed here. We have identified >100 new
B-lactamases which share as little as 70% sequence identity
with any known sequence. While many of the chimeras are
quite similar to one of the parental sequences, the majority
have 45 or more sequence changes compared to the closest
parent. The library contains many hundreds more new func-
tional B-lactamases.

In contrast to our previous work with B-lactamase chimera
libraries (Hiraga and Arnold, 2003; Meyer et al., 2003), this
library was specifically designed to minimize the average
disruption (<E>) of the population of chimeras. While the
chimeras analyzed in the Meyer et al. study are not directly
comparable due to differences in the experimental system used
to define a functional B-lactamase, the chimeras in the Hiraga
et al. study are directly comparable. The library described in
this work contains approximately a 4-fold greater fraction of
functional chimeras while maintaining a higher average level
of mutation (m = 66 = 24 in this work versus m =52 * 16 for
the Hiraga et al. library). The increase in fraction of folded
chimeras is a reflection of the lower E of chimeras in the library
described here (E =44 = 17) compared with the Hiraga et al.
library (E = 54 = 17).

Maranas and co-workers have proposed a computational
procedure for library design, OPTCOMB, which permits leav-
ing out specific parental fragments at key positions in order to
reduce the disruption caused by recombination (Saraf et al.,
2005). In this work we observed that functional chimeras tend
to have the N- and C- termini from the same parent.
The population of 2187 chimeras in the library whose
N- and C- termini originate from the same parent in fact
have a much lower E (27 = 7). However, there is currently
no good method for constructing such a constrained library.

We observed that ~20% of characterized chimeras in the
library retained function. The true fraction of folded chimeras
is most likely higher because there are false-negative signals
resulting from the single base-pair deletions. The SCHEMA-
guided library of cytochrome P450 heme domains described
previously (Otey et al., 2006) contains a significantly higher



SCHEMA Recombination of f-Lactamases

Table I. Mutations that rescue low-E chimeras

Position 8 2° 27 63 72 99 100 114 120 147 153 171 174 182 191 193 224 261
PSE-4 N F K A G D G R E L T N F \Y% \%
SED-1 Q H E S K A G A N R T P S R L G L
TEM-1 F D F Q N T R E H E P M R L A \%
STSPTSS E-S
QL F-S
TSTSSTTT M-T
T-S M-T
TTTSSTPT M-T
QR M-T
M-T AT
R-G EG N-Y
FL
F-L T-S F-L
PTTTPTTP M-T
SPTTPSTS L-P
L-P LA
E-G L-P
SPPTTSTS  Q-L H-L H-R
PSTTSTTP M-T
SSTTTPTS Q-L
QL E-G
N-S L-A
TPSPTTTT
TSSSSSTT

“Residue found in the signal sequence of the protein. This region is not included in the protein alignment.

fraction of folded chimeras (47%). The lower PB-lactamase
functional fraction likely reflects the greater divergence
of the P-lactamase parental sequences (34-42% versus
~61-63% for the cytochrome P450 heme domains), which
results in more disruption in the chimeras. Although the
B-lactamase is considerably smaller than the cytochrome
P450 heme domain (~265 versus ~460 amino acids), the
SCHEMA disruption is higher for the B-lactamase chimeras
than for the cytochrome P450 chimeras (E = 44 *= 17 versus
E =32 = 10). Individual mutations may also be inherently
more disruptive for the more diverged sequences, because
these sequences accumulate more mutations in core regions.

We have also shown that at least some nonfunctional chi-
meras can be rescued by point mutations. The most common
mutation observed to rescue B-lactamase function, TEM-1
M182T, is a well-known stabilizing mutation, which suggests
that many chimeras fail to function due to loss of stability. We
have recently shown that more stable proteins are more tolerant
to random mutations (Bloom et al., 2005) and therefore have a
greater capacity to evolve functionally because they can accept
more destabilizing mutations (Bloom ez al., 2006). More stable
proteins will also be more robust to the mutations introduced
by recombination.

SCHEMA-guided recombination is an effective way to
generate synthetic protein families with broad sequence
diversity while maintaining a relatively high percentage of
folded and functional proteins. Furthermore, the proportion of

folded variants can probably be increased through simple
solutions such as utilizing stabilized parental sequences. Large
datasets are generated by characterizing these libraries, and,
unlike natural protein families, these sets include both func-
tional and nonfunctional sequences that can be queried for
specific properties in high throughput formats. The value
of this resource for sequence-structure-function analyses was
recently demonstrated by Li, Y., Drummond, D.A., Otey, C.R.,
Landwehr, M. and Arnold, F.H. (unpublished data) who
showed that folding status and thermostability can be predicted
from analyzing the multiple sequence alignments of folded and
not-folded chimeras.
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