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Libraries of hybrid proteins from distantly 
related sequences

Volker Sieber, Carlos A. Martinez, and Frances H. Arnold*

We introduce a method for sequence homology–independent protein recombination (SHIPREC) that can cre-
ate libraries of single-crossover hybrids of unrelated or distantly related proteins. The method maintains the
proper sequence alignment between the parents and introduces crossovers mainly at structurally related sites
distributed over the aligned sequences. We used SHIPREC to create a library of interspecies hybrids of a
membrane-associated human cytochrome P450 (1A2) and the heme domain of a soluble bacterial P450
(BM3). By fusing the hybrid gene library to the gene for chloramphenicol acetyl transferase (CAT), we were
able to select for soluble and properly folded protein variants. Screening for 1A2 activity (deethylation of 
7-ethoxyresorufin) identified two functional P450 hybrids that were more soluble in the bacterial cytoplasm
than the wild-type 1A2 enzyme.

Recombination is an important mechanism for the acquisition of
novel function in proteins. Various methods for using recombina-
tion in the design of protein libraries for laboratory evolution have
been described1–6. The majority of these “DNA-shuffling” methods
can recombine only closely related sequences (more than ∼ 70%
identity) and generate crossovers only in regions of the highest
sequence identity. However, many proteins having closely similar
three-dimensional structures show low or even no discernible
sequence similarity. Rational design7,8, computational9, and combi-
natorial6 approaches have nonetheless shown that functional pro-
teins can be obtained by recombination of such distantly related
sequences.

Ostermeier et al. recently reported a method for constructing
hybrid gene libraries that is independent of sequence homology6.
Two parent genes are truncated incrementally and the fragments
are fused pairwise, creating libraries of single-crossover hybrid
sequences. However, because random-length fragments are fused
to other random-length fragments, the gene length is not con-
served and recombination occurs mainly at sites that are not struc-
turally related. Only a tiny fraction of the crossovers connect the
two parent genes at sites where the sequences align. Thus this
approach is most useful when crossover is limited to a small 
section of the gene and in combination with a powerful selection
system.

Here we present a method for sequence homology–independent
protein recombination (SHIPREC) that produces libraries of hybrid
sequences in which the crossovers retain proper sequence alignment
and therefore occur predominantly at structurally related sites. We
have used this method to produce hybrids of a membrane-associated
human cytochrome P450 (1A2)10 and a soluble bacterial P450 (the
heme domain of cytochrome P450 BM3 from Bacillus megateri-
um)11. These proteins share only 16% amino acid sequence identity.
We generated a SHIPREC library of sequences with single crossovers
all along the aligned genes. An efficient selection for hybrid genes
encoding soluble, folded proteins was followed by screening of the
selected cells for P450 enzyme activity. In this way we were able to
find sequences encoding human P450 enzymes that were more solu-
ble in the bacterial cytoplasm.

Results and discussion
The recombination method. The goal is to create libraries of hybrid
genes from distantly related sequences. To maximize the fraction of
hybrid genes encoding functional proteins, the crossovers should
occur at positions that are in similar structural environments.
However, without sufficient sequence similarity to direct homologous
recombination, known DNA-shuffling methods will not work. We
therefore developed a method that uses sequence length rather than
sequence similarity to achieve crossovers at positions likely to be struc-
turally related.

The SHIPREC method is outlined in Figure 1. The key step is the
fusion of two parent genes to form a gene dimer, which is then
digested with DNase I to form an ensemble of random-length 
fragments. Fragments of a length corresponding to either of the par-
ent sequences are isolated. After S1 treatment to produce blunt ends,
the remaining ends of the two genes are fused by circularization. The
gene that was at the 5′ position in the dimer will now be at the 
3′ position and will donate the C terminus of the hybrid protein. The
fragment size selection ensures that the two amino acids that meet at
the crossover are in similar positions in the parent structures.

Library construction. A dimer of the genes for 1A2 and BM3 was
constructed with a short linker sequence that contains unique
restriction sites (Fig. 1). This dimer of ∼ 3 kilobases was digested
with DNase I in the presence of Mn2+ to favor double-strand breaks
over nicks1,12 until a smear from 3 kilobases down to 0 appeared on
an agarose gel. The DNA ends were converted from staggered to
blunt ends by treatment with S1 nuclease. It was important to use 
S1 nuclease in this step; the use of DNA polymerases (T4, Vent) to
repair nicks and gaps and create blunt ends, reminiscent of methods
for creating libraries of circularly permutated sequences13,14, yielded
fragments that could not be resolved well in later steps. Fragments
in the range of 1,450–1,550 base pairs were isolated by preparative
agarose gel electrophoresis, circularized by intramolecular blunt-
end ligation, and linearized by restriction digestion using an
enzyme that has a site in the linker region between the two genes. To
improve the yield in subsequent steps, we amplified the fragment
pool by PCR using an N-terminal primer of BM3 and a C-terminal
primer of 1A2.
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Library analysis. The amplified library was cloned into pBluescript
KS(II)+ and analyzed by colony PCR on 44 randomly chosen colonies.
The length variation was determined by PCR with primers that anneal
to the termini of the hybrid genes. About 20% of the fragments were
significantly smaller than 1.5 kilobases (mostly <500 base pairs). The
average length of the remaining fragments was 1.4 kilobases with a
standard deviation of 0.1 kilobases. (Note that the fragments purified
from the agarose gel contain an additional 40 base-pair linker.)

The locations of the crossovers in the full-length variants were
determined by colony PCR with different combinations of internal
and terminal primers and found to be distributed over the gene, with

43% in the first third and ∼ 28% each in the central and last thirds.
Three randomly chosen clones were sequenced and found to consist
of the first 612, 810, and 1,182 base pairs of BM3 followed by the last
816, 547, and 283 base pairs of 1A2.

Library pre-selection. Although sequence alignment is retained,
we still expect that a significant fraction of the hybrid genes code for
unfolded or unstable proteins. For one thing, two thirds of the library
should have a frameshift at the crossover position, leading to massive
mutation and premature truncation of the proteins. We wished to
eliminate these variants and at the same time isolate hybrid proteins
that are more soluble than P450 1A2. We therefore used a general pre-
selection to eliminate unfolded and insoluble variants and greatly
reduce the number that had to be screened for enzyme activity.

For this pre-selection, the library variants were fused to CAT.
Bacteria containing P450 variants with a frameshift will express CAT
in the wrong frame and not be resistant to chloramphenicol (cam). In
addition, Maxwell et al.15 recently showed that cells expressing fusions
of an insoluble protein to CAT had decreased resistance to cam 
compared with fusions with soluble proteins. We reasoned that the
localization of 1A2 in the membrane would impede the efficient
trimerization required for the function of the fused CAT15,16. In con-
trast, fusion to cytosolic proteins (BM3 and any folded, soluble

hybrid) should allow CAT to be
fully active. CAT fusion selection
would therefore eliminate
incomplete variants and also
select more soluble ones.

To test this approach we con-
structed several derivatives of 1A2
and BM3 fused to CAT and 
analyzed their influence on the
resistance of XL1-Blue cells to dif-
ferent levels of cam (Table 1). We
found it essential to remove the
start codon of cat to avoid reinitia-
tion of translation in reading
frame (RF) variants. Cells with the
negative controls (empty, 1A2)
did not grow on cam concentra-
tions ≥10 µg/ml, whereas cells
with the positive control (catctrl)
grew without detectable differ-
ences at cam concentrations as
high as 1 mg/ml. Cells with the
1A2-cat fusion showed decreased
growth even at 10 µg/ml and did
not grow above 40 µg/ml cam
concentration, whereas those with
the BM3 fusions grew very well

Table 1. Resistance toward chloramphenicol conferred by different cat fusions when expressed in
XL1-Blue cellsa

Variantb Descriptionc Liquidd Agar40e,f Agar200e

Empty No insert – – –
1A2 Full-length 1A2 – – –
1A2cat Full-length 1A2, fused to cat gene – + –
BM3cat Full-length BM3, fused to cat gene ++++                          +++ ++
1A2rfcat Full-length 1A2 with shift in RF – – –

at AA 478, fused to cat gene
BM3rfcat Full-length BM3 with shift in RF +++                            +++ +

at AA 485, fused to cat gene
1A2delcat 1A2 with deletion of amino acids 60–478, ++++ ++ –

fused to cat gene
BM3delcat BM3 with deletion of amino acids 60–390, +++ ++ ++

fused to cat gene
BM3rfdel- BM3 with deletion of amino acids 60–390, ++                              +++ –
cat including shift in RF,

fused to cat gene
catctrl cat gene ++++                           +++ ++

aResistance was measured by growth rate.
bName of variant as it appears in the text in italics.
cGene that replaces 1A2 in pCW1A2.
dCells were grown in TB++ medium with different concentrations of chloramphenicol (cam). OD was measured after 12 h and
compared to OD of the cam-free control. Shown are the concentrations of cam at which the growth was still >20% of the con-
trol: ++++, ≥160 µg/ml; +++, 80 µg/ml; ++, 40 µg/ml; +, 20 µg/ml; –, <20 µg/ml. eCells were grown for several days at 30°C on
TB++ agar with 40 or 200 µg/ml cam. Times that colonies appeared are given: +++, ≤24 h; ++, 36 h; +, 48 h; –, no colonies
after 60 h. fConditions chosen for the pre-selection (see Experimental Protocol for details).

Figure 1. SHIPREC procedure. A gene dimer that consists of (from 5′ to
3′) the gene of protein 1 (1A2), a linker sequence containing useful
restriction sites, and the gene of protein 2 (BM3) is constructed. (1) This
dimer is fragmented (e.g., by digestion with DNase I in the presence of
Mn2+) and treated to produce blunt ends (e.g., using S1 nuclease or T4
polymerase). (2) Fragments of the length of a single gene (plus the length
of the linker sequence) are separated from the pool (e.g., by agarose gel
electrophoresis). (3) Single-gene length fragments are circularized by
intramolecular blunt-end ligation. (4) Linearization of the circular DNA
pieces by restriction digestion in the linker region creates a library of
chimeric genes with members having an N-terminal part from protein 2
and a C-terminal part from protein 1, the crossovers being distributed over
the entire length of the gene. (5) The chimeric genes are cloned into an
expression vector directly or after amplification by PCR using one terminal
primer from each of the two parents. The numbering shown in the genes
represents percentage of gene length.
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even at the highest concentration of the antibiotic. The amount of fold-
ed protein in the cells, determined by the absorption at 450 nm after
reduction and CO binding17, is similar for 1A2-CAT and BM3-CAT
and cannot be the cause of this difference. Instead, it indicates that the
position or flexibility of the protein (free in cytoplasm or rigid in mem-
brane) indeed affects the activity of CAT and that selection for soluble,
folded proteins is feasible.

Cells with 1A2rfcat, a frameshift mutant, did not grow in the pres-
ence of cam at all. But those with BM3rfdelcat grew unexpectedly well.
Upstream from cat, within the BM3 gene, there is an ATG codon that
could be acting as an initiation codon because it keeps the correct
frame of the expressed cat. This, however, should not significantly
affect the selection of the hybrid library because the hybrids have the C
terminus of 1A2, not BM3. There is also a difference between the two
deletion variants 1A2delcat and BM3delcat in that the latter confers a
higher resistance than the former. Neither is expected to form a folded
protein. Due to its higher hydrophobicity, 1A2del, when overex-
pressed, is more prone than BM3del to form inclusion bodies, pulling
CAT into inclusion bodies as well15. The ability of the pre-selection to
eliminate 1A2 reading frame variants is very helpful, and if the selec-
tion pressure is adjusted carefully, small increases in solubility should
be observable.

For the library pre-selection, we chose to grow the cells on agar
plates with 40 µg/ml cam. The hybrid DNA library was cloned into
pCW1A2rfcat, an inactive variant, chosen so that unrestricted vector
contamination will not appear as false positives and also because
these contaminants are efficiently removed by the cat selection.
Approximately 250,000 clones were obtained after plating on
Luria–Bertani broth containing ampicillin (LB Amp). Cells were
resuspended in LB, and dilutions were plated on TB-expression agar
(see Experimental Protocol), including 40 µg/ml cam, and on LB as a
reference. The number of colonies appearing on the selection agar
was ∼ 20% of those on LB.

CO-binding screen for folded P450s. To test the efficiency of the
selection, 116 variants from the selected library were analyzed for the
production of folded P450 protein using the increase in absorbance
upon reduction and CO binding17. Approximately 80% showed a
strong peak at 450 nm, indicating that the hybrid variants were prop-
erly folded. PCR analysis and sequencing of several clones showed

that all these folded variants consisted of mostly BM3 with a
crossover to 1A2 at the far C terminus. All the folded variants had the
junction in the correct reading frame.

Screen for active P450 chimeras. Approximately 2,000 variants
from the selected library were grown in 96-well plates and screened for
the deethylation of 7-ethoxyresorufin, an activity that is exhibited by
1A2 (ref. 18) but not BM3. Twelve variants that showed the greatest
increase in fluorescence were rescreened. The DNA was purified from
cells in the microplate and used to transform Escherichia coli
XL1-Blue. Expression and activity of each variant were tested after
growth in 5 ml cultures and in parallel in microtiter plates. Two vari-
ants, termed RC1 and RC2, showed the characteristic P450 absorption
at 450 nm as well as enzyme activity (development of fluorescence);
the remaining 10 were false positives. RC1 and RC2 were sequenced to
determine the position of the crossover (Fig. 2). In RC1 the first 
15 amino acids of 1A2 were replaced by the 14 N-terminal amino acids
of BM3. RC1, therefore, is nearly a full-length 1A2 with a more
hydrophilic N terminus. RC2 contains the first 44 nucleotides from
BM3 but with a deletion of one A in the A-quintuplet at nucleotides
27–31. This results in a frameshift at amino acid 11 of BM3. The
crossover 12 nucleotides further downstream restores the correct
reading frame at amino acid 25 of 1A2.

Characterization of RC1 and RC2. Cytochrome P450 1A2 and
chimeras RC1 and RC2 were subcloned to remove the cat fusions
from the C terminus and expressed in E. coli DH5α. Cells were lysed,
the cytosolic fraction was separated from the membrane by ultracen-
trifugation, and the concentrations of folded P450 in each fraction
and in the whole cells were determined using the absorption at 
450 nm after reduction and CO binding (see Table 2).

When lysates of E. coli expressing the chimeric proteins and the
parent 1A2 sequence were prepared using 50 mM KPi buffer, it was
found that both hybrids expressed well and at levels close to 1A2.
Whereas almost no 1A2 could be found in the soluble, cytosolic frac-
tion, RC1 and RC2 appear there at concentrations of 8.8 nM and
30.4 nM, respectively. This corresponds to partitioning into the
cytosol of ∼ 14% for RC2 and 5% for RC1, compared with < 1.5% for
1A2. Western blot analysis of the different fractions using polyclonal
antibodies against 1A2 gave the same result: the cytosolic fractions
gave a signal for RC2, whereas no protein could be detected for 1A2.

Table 2. Distribution and activity of P450 enzymes in different E. coli cell compartments

1A2 RC1 RC2

[Phosphate buffer] 10 mM 50 mM 100 mM 500 mM 50 mM 10 mM 50 mM 100 mM 500 mM
Cytosolic P450 (%)a 2.5 ± 0.8 1.5 ± 0.9 4.9 ± 0.5 23 ± 1.7 5.0 ± 1.2 5.1 ± 0.5 14 ± 1.4 34 ± 3.3 97 ± 2.1
NADH oxidase activity 2.1 ± 1.1 2.7 ± 0.8 2.7 ± 0.7 4.1 ± 0.3 5.0 ± 0.8 2.7 ± 1.3 10 ± 0.8 10 ± 0.3 12 ± 0.5

in cytosol (%)b

1A2 RC1 RC2

[P450]c 88 ± 0.3 nM 177 ± 0.8 nM 217 ± 0.1 nM
P450 activity in 1 1.5 8

cytosolic fractiond

P450 activity in 1 0.66 0.63
membrane fractiond

P450 Specific activity 1 0.76 0.52
in membranee

aData represent average percentage ± s.d. of the total P450.Three measurements per sample were taken in each case. All samples were obtained from single lysates
of 1 L cultures.
bNADH oxidase activity was measured from the initial decrease in absorbance of NADH with the addition of 10 µl of cytosolic fraction.
cTotal concentration of cytochrome P450 estimated from CO-reduced difference spectra using an extinction coefficient of 91 nM/cm. The change in absorbance was
obtained by subtracting the absorbance at 450 nM from the one at 490 nM.Thus, [P450] = ∆A × 91 nM for measurements made on a 1 cm path cuvette. Samples were
prepared by fractionation with 50 mM KPi buffer.
dTotal activity was measured from the initial increase in fluorescence of 7-ethoxyresorufin with the addition of 2.0 mM NADP+, 5.0 mM glucose-6-phosphate, 
0.6 units/ml glucose-6-phosphate dehydrogenase, and 30 µg/ml oxidoreductase, relative to 1A2wt for samples obtained by fractionation at 50 mM KPi buffer.
eIn the absence of reliable concentration data for 1A2wt released in the cytosol after fractionation at 50 mM KPi buffer, specific activity of the soluble enzymes was not
calculated.
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RC1 and RC2 from the membrane fraction could also be solubilized
with lower levels of detergents than 1A2. Both RC1 and RC2 were
completely solubilized in 0.5% sodium cholate and 0.05% Triton 
X-100, whereas 1A2 was still bound to the membrane.

When lysates of E. coli expressing chimera RC2 were prepared at
moderate (100 mM KPi buffer) or high (500 mM) ionic strengths,
the P450 partitioned readily into the cytosol (Table 2). At medium
ionic strength, RC2 was solubilized to 34%, compared to only 4% for
the mammalian CYP1A2. High concentrations of phosphate buffer
afforded almost 100% of RC2 in the cytoplasm, compared to 23% for
the mammalian parent. Even under these latter conditions, only
∼ 10% of the total NADH oxidase activity is found in the cytosol,
demonstrating a significant difference in the properties of RC2 
relative to other membrane proteins. The lower solubility of RC1
compared to RC2 is due to the amino acid sequence VLKGLRPR still
present in RC1. This combination of hydrophobic and basic residues
probably sticks to the surface of the membrane, with the result that
RC1 distributes less into the cytosol.

The P450 activities in each compartment were analyzed using an
NADPH regeneration system and P450 oxidoreductase from rat in
microsomes. RC1 and RC2 have slightly lower specific activity than
1A2. Dong et al.19 reported a similar result for variants of 1A2 with
deletions in the N terminus, and postulated less favorable interaction
with the oxidoreductase. Indeed, we found that increasing the con-
centration of the reductase led to a greater increase in the activity of
RC1 and RC2 than for 1A2 (data not shown).

All the soluble, folded hybrid P450s have the crossover close to one
of the termini, where there is no structural similarity between 1A2
and BM3. SHIPREC efficiently produces the sequences with
crossovers farther into the protein, but these apparently do not fold
and bind heme. Earlier experiments to produce single-crossover
hybrids of two very closely related cytochrome P450s 1A2 and 1A1
using homologous recombination in yeast also generated only vari-
ants with crossovers very close to the N or the C terminus20. Single
crossovers in the interior of this protein are apparently too disrup-
tive. The generation of useful hybrid cytochrome P450s will
undoubtedly require multiple crossovers or, alternatively, mutational
fine-tuning to counter the disruption introduced by recombination.
Libraries containing multiple crossovers can be generated by itera-
tive SHIPREC, ideally coupled with the cat-fusion selection to main-
tain a high concentration of folded, soluble hybrids.

Conclusions. Recombination by DNA shuffling has become an
essential tool for creating high-quality sequence diversity for direct-
ed evolution. Unfortunately, methods for DNA shuffling usually
cannot recombine sequences that are <70–80% identical. Most
homologous sequences, however, show much less sequence similari-
ty, and these sequences are valuable, untapped sources of diversity
for directed evolution21. With SHIPREC we introduce an approach

to overcome this limitation of current methods. SHIPREC can pro-
duce combinatorial libraries of hybrid proteins with single
crossovers from proteins of low, and even no, sequence identity.

The cat-fusion pre-selection is a useful and generally applicable
tool for eliminating variants that do not have a continuous reading
frame or otherwise lead to nonfolded proteins: 80% of the hybrid
P450s from the selected library bound heme and presumably were
properly folded. To distinguish between soluble and membrane-
bound proteins, careful adjustment of the selection pressure was
necessary in order to retain partially soluble variants.

Experimental protocol
Construction of gene dimer. The gene of BM3 was kindly provided by Dr.
Ulrich Schwaneberg. The 1A2 gene was kindly provided by Prof. F.P.
Guengerich in pCWori+ (pCW1A2), which contains the gene for rat NADPH-
oxidoreductase in the same cistron22. The genes of BM3 and of 1A2 were
amplified by PCR and cloned separately into pBluescript KS(II)+ by using
XhoI + BamHI to obtain pB-B' (BM3) and XbaI + SacI to obtain pB-1' (1A2).
During the PCR, two restriction sites on the interior of BM3 (NdeI and MfeI)
were removed by introducing synonymous mutations using overlap exten-
sion PCR. Both constructs were verified by sequencing. The gene of BM3 was
then excised from pB-B' by XhoI + BamHI and inserted into appropriately
restricted pB-1' to yield pB-1B.

Library preparation. A 100 µg aliquot of pB-1B was digested with AsnI, SspI,
XhoI, and SacI, concentrated by EtOH precipitation, and used for the DNase I
digestion. Next, 25 µg DNA in a volume of 300 µl of 25 mM Tris-HCl pH 7.5,
10 mM MnCl2, 0.05 mg/ml BSA, were digested with 1,250 mU DNase I
(Sigma, St. Louis, MO; 1 mg/ml correspond to 500 mU/µl) for 15 min at
26°C. The reaction was stopped by addition of 900 µl QX1-buffer (QiaexII
kit, Qiagen, Valencia, CA). Using the QiaexII kit the DNA was desalted and
the DNase removed. The DNA was then digested with 34 units S1 nuclease
(MBI Fermentas, Hanover, MD) in 35 µl S1 buffer for 40 min at 22°C. The
reaction was stopped by addition of ethylenediamine tetraacetic acid (EDTA)
to 5 mM and incubation at 70º C for 10 min. After separation by agarose gel
electrophoresis, fragments of ∼ 1,500 bases were purified using the QiaexII
kit. The fragments were circularized by ligation in 27 µl 100 mM Tris-HCl,
pH 7.5, 10 mM MgCl2, 25 µg/ml BSA, 3 mM dithiothreitol (DTT), 50 µM
ATP, and 1,400 units T4 DNA Ligase (NEB, Beverly, MA) for 16 h at room
temperature. The DNA concentration was kept below 3 ng/µl to favor the
intramolecular reaction12. Five microliters of each ligation mix were digested
with 0.3 units XbaI in 20 µl total volume to linearize the circular DNA in the
linker region between the gene fragments of 1A2 and BM3. With a 1:10 dilu-
tion this preparation was used as template for a PCR using Vent-polymerase
(NEB) and the primer pair 1a2d (5′-CGCTCTAGAGGTACCCCAATTGATG-
GAGAAGCGCCGC-3′, anneals to 3′ end of the 1A2 gene) and bm3u 
(5′-CGACGGATCCGGAAGGAAGGGCCCATAT GACAATTAAAGAAAT-
GCCTCAG-3′, anneals to 5′ end of the BM3 gene) to amplify the libraries.
The restriction digestion preceding the PCR, though in theory unnecessary,
proved important in obtaining good PCR products.

Library analysis. The libraries were cloned into pBluescript KS(II)+ using
BamHI and XbaI restriction sites, and XL1-Blue cells were transformed and
plated on Xgal/isopropyl-β-D-thiogalactoside (IPTG). White colonies were
used as templates for colony PCR with the primer pair bm3u and 1a2d. The
length variation of the fragments was analyzed by agarose gel electrophoresis
and the gel analysis software package Quantity One (Bio-Rad, Hercules, CA).
The same colonies were used as templates for colony PCR with primers that
bind inside the gene of either BM3 or 1A2 to estimate the crossover positions.

Construction of cat-fusion variants: The cat gene was amplified from
pACYC184 (NEB) by PCR and inserted into pCW1A2 using MfeI and XbaI to
produce pCW1A2'cat. This leaves a linker peptide sequence of WPGSPA
between the gene of 1A2 and cat. The gene of 1A2 was replaced in this construct
by the PCR-amplified gene of BM3 using NdeI and MfeI to yield pCWBM3'cat.
pCW1A2rf 'cat was obtained by linearizing pCW1A2'cat with SalI, overhang
fill-in and religation, pCW1A2del'cat by restricting pCW1A2'cat with SalI and
Eco47III, overhang fill-in and religation. pCWBM3rf 'cat was obtained by lin-
earizing pCWBM3'cat with MfeI, overhang fill-in and religation,
pCWBM3del'cat by restricting pCWBM3'cat with SphI, overhang removal and
religation, and pCWBM3rfdel'cat by restricting pCWBM3'cat with SphI and

Figure 2. Nucleotide and amino acid sequences in the region of the
crossover of functional hybrid cytochrome P450s RC1 and RC2. BM3
sequences are shown in bold and 1A2 sequences are shown in italics,
both with the amino acid numbering of the respective wild type. (A) RC1;
(B) RC2. The deleted A base is shown in outline, and the resulting new
amino acid sequence is underlined.

A

B
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religation. The cat start codon was removed from these variants using the
Quickchange mutagenesis protocol (Stratagene, La Jolla, CA) to change ATG
(Met) to AGC (Ser) and introduce a restriction site for NheI. As a positive con-
trol, pCWcatctrl was constructed by restricting pCW1A2'cat with NdeI and
PpuMI. As a negative control, pCWempty was constructed by removing the
gene for CAT as well as for the oxidoreductase from pCWcatctrl using BamHI
and HindIII and religating the vector after creating blunt ends.

Chloramphenicol (cam) resistance analysis. XL1-Blue cells transformed by
the different variants were grown on TB medium supplemented with trace
elements22 and 1 mM thiamine (termed TB+) at 30°C or in LB medium con-
taining 0.01% glucose until an optical density (OD) of ∼ 1 was reached. For
liquid growth, cells were diluted to an OD of 0.02 into TB+ medium supple-
mented by 0.5 mM δ-aminolevulenic acid23 and 1 mM IPTG (termed TB++)
and 0 to 1 mg/ml cam and grown for 12 h at 30°C, and the OD analyzed. For
growth on agar plates, cells were diluted and spread onto TB++ agar with
0–200 µg/ml cam. Plates were incubated at 30°C for several days and the
appearance of colonies was observed.

Pre-selection and screening: The hybrid library was PCR amplified using
the primer pair bm3u and 1a2d and cloned into pCW1A2rfcat (no cat start
codon) using restriction sites for BamHI and MfeI after 1A2rf had been
removed. XL1-Blue cells were transformed by electroporation to obtain 
2.5 × 105 colonies on LB agar. Cells were scraped from the plates, resuspend-
ed in LB medium, and plated on to TB++ agar plates containing 40 µg/ml
cam and in parallel on LB Amp. After 36 h at 30°C ∼ 2,000 colonies were
picked from the TB plates and used to inoculate 25 µl TB+ medium in 
96-well fluorescence microtiter plates. Cells were grown at 30°C at 270 r.p.m.
for 30h, then 100 µl TB++ were added to induce expression. After additional
growth for 20 h, 125 µl of 5 µM 7-ethoxyresorufin in 25 mM Tris-HCl,
pH 7.4, 100 mM KCl and 10 mM MgCl2 were added and the fluorescence
emission was measured immediately and after 3 h at 595 nm after excitation
at 550 nm. The plates were incubated at 37°C for 2 h and the fluorescence
was measured again. From wells that showed the largest increase in fluores-
cence, cells were plated on LB Amp agar, from which colonies were
rescreened using the same protocol.

Expression of hybrid proteins. RC1 and RC2 were subcloned, using BamHI
and MfeI to remove the cat-fusions from the C termini, by reintroducing the
native stop codons. The proteins were expressed in DH5α cells as
described24.

Subcellular fractionation. Membranes and soluble fractions were prepared as
described24. For detergent treatment, the membrane fractions were analyzed
for the total protein content with the BCA assay (Pierce, Rockford, IL) and
BSA as standard. Membranes were diluted into 0.5 % sodium cholate and 0,
0.01, 0.05, or 0.2% Triton X-100 so that the concentration of total protein was
2 mg/ml. The samples were incubated at 4°C for 2 h at 50 r.p.m. and cen-
trifuged at >150,000 g (Airfuge; Beckman Coulter, Fullerton, CA). The pellet
was resuspended in 0.25 M sucrose.

Activity assay. Whole cells were incubated at 37°C with 2.5 µM 7-ethoxyre-
sorufin in 25 mM Tris-HCl, pH 7.4, 100 mM KCl and 10 mM MgCl2 and the
fluorescence emission at 595 nm after excitation at 550 nm was measured at
different time points. The slope of the initial increase in fluorescence was
used as a measure of activity.

CO-binding assay. P450 content was estimated from CO reduced difference
spectra, as described17 using an extinction coefficient of 91 nM-1 cm-1.

Western blot analysis. Protein samples were separated by sodium dodecyl
sulfate (SDS) gel electrophoresis (Nupage 10% Bis-Tris; Novex, San Diego,
CA). Western blotting was performed using polyclonal antibodies against
human P450 1A1/1A2 as primary antibodies (Gentest, 1:500 dilution) and
anti-goat antibodies coupled to horseradish peroxidase (HRP; Sigma, 1:2000
dilution) as secondary antibodies and detected with the ECL system
(Amersham Pharmacia, Piscataway, NJ).
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