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ABSTRACT

To facilitate our study of the molecular
basis for the estrogen receptor (ER) subtype
selectivity of novel ligands, we used DNA
shuffling to construct chimeric ERs having
ligand binding domains derived from both
ERα and ERβ. The efficiency of chimera
generation was low with traditional DNA
shuffling protocols. Furthermore, ER ligand
binding domain sequences lack convenient
restriction sites for introducing chimeric lig-
and binding domain sequences into expres-
sion vectors. To overcome these problems,
we developed a modified strategy whereby
chimeric sequences were exclusively ampli-
fied from among the reassembled products
from DNA shuffling using a special pair of
PCR primers whose 3′ ends specifically
match the α and β sequences, respectively,
and whose 5′ ends match sequences outside
the ERβ ligand binding domain. When
chimeric ligand binding domain DNA se-
quences, amplified with these primers, were
co-transformed into a yeast strain with a
linearized expression vector for ERβ, an ac-
tive expression vector was produced by ho-
mologous recombination. Twenty-two dif-

ferent crossover sites were found; most oc-
curred when there was a stretch of eight or
more identical base pairs in both sequences,
and many were concentrated in the regions
important for studying ligand binding and
transactivation. This method should prove
to be useful for generating chimeric gene
products from parent templates that share
relatively low sequence identity.

INTRODUCTION

Chimeric gene products can be pro-
duced from two homologous parent
genes using restriction enzyme digestion
and fragment ligation (15,19). However,
the number and position of correspond-
ing restriction sites are often very limit-
ed, making this strategy less general.
Restriction sites can be engineered into
the genes to facilitate gene fragment
swapping, but this quickly becomes te-
dious when numerous chimeras are
needed. Also, it is not always possible to
introduce a restriction site at a desired
position without changing the coded
amino acids. Blunt-end ligation of PCR-
generated fragments can be used to gen-
erate chimeras at any position, but this
becomes cumbersome for more than one
crossover and requires the rational de-
sign of crossover positions.

DNA shuffling involves in vitro or in
vivo recombination methods for gener-
ating chimeric genes that rely on short
stretches of identical DNA sequence in
the homologous parent genes. DNA
shuffling for chimeragenesis in gene
families (13,17,18) has been widely
used in directed evolution, examples of
which include changing enzyme sub-
strate specificity (24), improving en-
zyme thermostability (3), distinguish-
ing functional and nonfunctional
mutations (25), and probing protein
structure-function relationships (4). The
original Stemmer method for DNA
shuffling uses DNase I fragmentation
and gene reassembly (17); however, a
variety of modified methods has been
developed to improve the efficiency of
in vitro recombination: staggered ex-
tension (5,26), shuffling with restriction
enzyme-cleaved DNA fragments (6),
shuffling using ssDNA (7,23), random
chimeragenesis on transient templates
(RACHITT) (1), the homology inde-
pendent ITCHY method (12), and the
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SHIPREC method of Sieber et al. (16).
These modified methods are often tech-
nically more challenging and require
additional steps; some of them can only
be applied to highly homologous genes.
Some DNA shuffling methods have
higher tolerance for parent genes with
relatively low homology, but generally
the efficiency of chimera generation de-
creases significantly as nucleotide se-
quence identities decline, and special
approaches are needed.

We were motivated to generate a se-
ries of estrogen receptor (ER) chimeric
constructs using DNA shuffling tech-
niques to facilitate the study of the mol-
ecular basis of the subtype selectivity
of some novel ER ligands. Since our
targets, which are the ligand binding
domains from ERα and ERβ share only
63% identity at the DNA level, they
would be considered non-ideal sub-
strates for application of the DNA shuf-
fling technique. Here we describe the
development of a simple but efficient
and generally applicable DNA shuf-
fling method to generate ER chimera
constructs in a yeast system, with the
sequences of their ligand binding do-
mains derived from the two parent se-
quences in ERα and ERβ.

MATERIALS AND METHODS

Yeast Strain and Plasmid Constructs

The yeast reporter strain BJ-ECZ
(ura3, trp1, leu2, pep4, prc1, prb1)
containing nine tandem copies of an es-
trogen responsive LacZ reporter con-
struct integrated into the ura3 locus
was generated in our laboratory previ-
ously (22). To construct the human
ERβ yeast expression vector, a 1.5-kb
BamHI fragment of human ERβ cDNA
from pNGV1-ERβ (10) was inserted
into YEpERα (22) by replacing the
1.8-kb BamHI fragment containing hu-
man ERα cDNA.

DNA Shuffling

The strategy used is illustrated in
Figure 1. It employs DNA shuffling
(21) with several modifications to opti-
mize the generation of crossovers and
production of chimeras. Primers
ERαA289f (5′-GCCAACCTTTGGC-
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Figure 1. DNA shuffling /homologous recombination system. (A) The assembled ER ligand binding
domain (LBD) pool after DNA shuffling. The full-length assembled ligand binding domains are mostly
non-chimeric, either ERα or ERβ, with a small portion of chimeric ERα/β and ERβ/α. (B) Use of primer
pairs ERαA242f and ERβ/αLBDr or ERβ/αLBDf and ERβE516r in the PCR amplification from assem-
bled ligand binding domain products. (C) Only chimeric sequences can be successfully amplified using
the above primer pairs. (D) In vivo homologous recombination between the chimeric ligand binding do-
main sequences and digested YEpERβ vector, based on the identical sequences at both ends of the ligand
binding domains and sequences in the vector, as indicated by the crossing lines. (E) In vivo homologous
recombination within the ligand binding domain sequence results in wild-type products. (F) Two pairs
of primers used for PCR generate two partial but overlapping chimeric ligand binding domain fragments;
those fragments undergo homologous recombination with a linearized vector to form an ER expression
vector carrying two crossovers in the ligand binding domain.
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CAAGCCC-3′) and ERαS566r (5′-
GCTTTGGTCCGTCTCCTCCAC-3′)
were used to amplify the cDNA of the
ERα ligand binding domain from a
plasmid template pCMV5-ERα. To
amplify ERβ ligand binding domain
cDNA, primers ERβA242f (5′-GCCG-
GCAAGGCCAAGAGAAGT-3′) and
ERβE516r (5′-CTCTGCCGGGCTG-
CACTC-3′) were used in a PCR using
pCMV5-ERβ (9) as a template. After
gel purification using the QIAquick

Gel Extraction Kit (Qiagen, Valencia,
CA, USA), 2 µg ERα and ERβ ligand
binding domain were mixed, and 2.5
µL 1 M Tris-HCl (pH 7.5) and 2.5 µL
200 mM MnCl2 were added. The vol-
ume was brought to 49 µL with dis-
tilled water. The mixture was equili-
brated at 15°C for 5 min. DNase I (1
U/µL; Invitrogen, Carlsbad, CA, USA)
was freshly diluted 1:10 in distilled wa-
ter, and 1 µL of it was added to the re-
action. The digestion was performed at
15°C for 90 s and was stopped by
adding 5 µL ice-cold stop buffer con-
taining 50 mM EDTA and 30% (v/v)
glycerol. The digested products were
separated by electrophoresis in a 2%
(w/v) agarose gel. The DNA fragments
of about 100 bp were recovered from
the gel. About 0.5 µg of them was com-
bined with 0.5 µL (2.5 U) Pfu DNA
polymerase (Stratagene, La Jolla, CA,
USA), 3 µL 10× Pfu DNA polymerase
reaction buffer, 1.5 µL 2.5 mM dNTP
(Applied Biosystems, Foster City, CA,
USA) in a total volume of 30 µL.
Proofreading DNA polymerase was
used so as to minimize the frequency of
point mutations that could be intro-
duced into the progeny (shuffled
genes). These point mutations would
complicate functional studies of the
chimeric genes because some of the
point mutations may affect protein
functions. The reassembling reaction
was performed in a PCR machine
(PTC-100; MJ Research, Waltham,
MA, USA) with the following condi-
tions: 60 s at 94°C, followed by 40 cy-
cles of 30 s at 94°C, 1 min at 40°C and
1 min at 72°C. The recombined prod-
ucts were amplified in a standard PCR
(40 cycles of 45 s at 94°C, 30 s at 50°C,
and 1 min at 72°C), using 1 µL 1:10 di-
luted reassembled products as template,
ERβ/αLBDf (5′-GCCAAGAGAAGT-
GGCGGCCACGCGCCCCGAAAGA-

AGAACAGCCTGGCC-3′; underlined
sequences match ERα ligand binding
domain cDNA, sequences in italics
match ERβ cDNA outside the ligand
binding domain) and ERβE516r, or
ERβA242f and ERβ/αLBDr (5′-GC-
TGCACTCGGACCCCGTGATGGAGG
ACTTGGGCGCATGTAGGCGGTG-3′)
as primers. After gel purification of the
properly sized products, they were
transformed with the YEpERβ vector
fragment (BglII and SacI digested)
(100 ng PCR products with 25 ng lin-
earized vector) into the yeast strain BJ-
ECZ using a LiOAc-based method (2).
Transformed cells were plated onto
synthetic minimal medium lacking
tryptophan (SD-Trp). After 2–3 days at
30°C, the individual transformants
were transferred to approximately 3
mL liquid SD-Trp medium and incubat-
ed at 30°C for two days. The plasmids
were rescued from yeast cells using Y-
DER yeast DNA extraction reagent
(Pierce Biotechnology, Rockford, IL,
USA) and transformed into E. coli
DH5α cells. The chimeric sequences
were checked by DNA sequencing per-
formed from plasmids purified from E.
coli cells using BigDye and an ABI
PRISM® 3700 sequencer (Applied
Biosystems).

RESULTS AND DISCUSSION

We applied the DNA shuffling tech-
nique to generate ERs containing
chimeric ligand binding domain se-
quences from the two ER subtypes,
ERα and ERβ, to facilitate our studies
of the molecular basis for the ER sub-
type-selectivity of novel, non-steroidal
ligands. The nucleotide sequence iden-
tity between the two ER ligand binding
domains is 63% when the alignment is
based on the amino acid sequence
alignment. Hence, our initial results in-
dicated that most of the assembled
products were wild-type sequences in-
stead of the chimeric products in which
we were interested, presumably be-
cause of the low percent sequence iden-
tity between the two parent sequences.
Another obstacle we encountered was
that there are no convenient restriction
enzyme sites available at both ends of
the ligand binding domain for introduc-
ing the chimeric sequences into the ER

expression vector. Therefore, we de-
signed a strategy (Figure 1) to over-
come both of these problems, increas-
ing the efficiency of chimera
generation by amplifying only the
chimeric products from a pool of re-
assembled gene products and integrat-
ing the chimeric sequences into the
yeast expression vector YEpERβ
through homologous recombination in
yeast cells.

We first amplified the two ER ligand
binding domain cDNAs with an ap-
proximately 40-bp extension outside
the ligand binding domain at both ends
(approximately 0.8 kb) by standard
PCR methods (Figure 2A). The puri-
fied PCR products underwent DNase I
partial digestion, followed by separa-
tion on a 2% agarose gel (Figure 2B).
After we isolated approximately 100-
bp fragments from the agarose gel, we
assembled them in a PCR without
adding additional primers. The size of
the assembled products ranged from
approximately 300 bp to well over 1 kb.
Since the latter length is longer than the
input ligand binding domain sequence,
this is an indication of the complexity
of the reaction mixture (Figure 2C). We
also tried to use approximately 50-bp
fragments for the assembling reaction,
but we failed to get the spectrum of the
assembled products as shown in Figure
2C, most likely because of the low se-
quence identity between the two parent
genes.

After PCR amplification of this as-
sembled product using primer pairs
ERβ/αLBDf and ERβE516r or
ERβA242f and ERβ/αLBDr (Figure
1B), a major product having the correct
size of the full-length ligand binding
domain was obtained (Figure 2D). Be-
cause we had designed the two amplifi-
cation primers so that their 3′ ends
specifically match only one and the
other of the two parent genes, respec-
tively, the PCR products are guaranteed
to be chimeric, and wild-type se-
quences are completely eliminated
(Figure 1C). Taking advantage of the
plasmid construction by homologous
recombination in yeast (8), we integrat-
ed the chimeric ligand binding domain
sequences into the yeast expression
vector by co-transforming the purified
products with BglII and SacI double-di-
gested YEpERβ vector into the yeast
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test strain BJ-ECZ (Figure 1D). The
homologous sequences between the
ends of the products and the linearized
vector are at least 40 bp long, which is
enough to elicit efficient recombination
in yeast (11,14).

By functional assays, we found that
the majority of the yeast transformants
responded to the hormone 17β-estradi-
ol in a β-galactosidase plate assay. By
DNA sequencing, we found that about
half of them had chimeric ligand bind-
ing domains with one crossover occur-
ring at those sites indicated in Figure 3.
A similar approach was used to gener-
ate ERα expression vectors containing
chimeric ligand binding domains. Us-
ing this recombination-based method,
we have also constructed ER expres-
sion vectors with their whole ligand
binding domain swapped.

Throughout the approximately 0.75-
kb ligand binding domain regions, 22
crossover positions have been found in
the sequenced chimeric clones (Figure
3). Most of these sites are concentrated
at both ends of the domain, correspond-
ing to the regions having the highest se-
quence identity between the two ligand
binding domains. The encoding
residues from most of these sites are in
the ligand binding pocket and are close
to the ligand binding sites. These
chimeric constructs have proved to be
useful to us in studying the molecular
basis of action of ER subtype-selective
ligands through structure-function
analyses of the activity of ERα- or
ERβ-specific ligands on ERβ/α
chimeric proteins (J. Sun Ph.D. thesis,
University of Illinois, Urbana, 2002;
Reference 20; and manuscripts in
preparation). We have found that a
stretch of eight or more base pairs that
are identical in both the ERα and ERβ
sequences is sufficient to trigger an ef-
ficient recombination process in the
shuffling reaction. In regions that share,
overall, a very high DNA sequence
similarity between the two ligand bind-
ing domains, as few as two identical
base pairs sufficed to generate a
crossover (Figure 3).

Parent sequence contamination is a
significant problem associated with
DNA shuffling. Here, in the PCR am-
plification step, we use primers that are
specific to the two different ER subtype
sequences so as to amplify only

chimeric sequences out of the pool of
reassembled products. Nevertheless,
during our screen for ER expression
vectors that contain shuffled ligand
binding domain sequences, we found
that half of the clones were wild type.
Although we used double enzyme di-
gestion to excise a small piece fragment
in the wild-type ligand binding domain
cDNAs, so as to make the DNA pool
free from the complete wild-type se-
quence, some recombination did occur
between the remaining ligand binding
domain cDNA sequences in the plas-
mid and the amplified shuffled ligand
binding domain cDNAs, and this gave a
significant background of wild-type se-
quence (Figure 1E). One approach to
reducing this background might be to
remove most of the ligand binding do-
main sequence from the parent expres-
sion plasmid.

Theoretically, all of the amplified
products should carry an odd number
of crossovers. In reality, we found only
a single crossover for each chimeric se-
quence; sequences containing three
crossovers must be very rare, if they ex-
ist at all. This may be largely due to the
annealing of DNA fragments derived
from the same parental genes (homod-
uplex formation), whose probability is
much higher than that of heteroduplex
formation. By using the strategy illus-
trated in Figure 1F, which is a three-
component homologous recombination
system in yeast, we were able to gener-
ate chimeric ligand binding domains
carrying two crossovers.

The strategies described here for
generating chimeric gene products
from the two homologous ER subtype
genes provide a quick and efficacious
way to perform DNA shuffling on tar-

Figure 2. DNA shuffling between ERαα and ERββ ligand binding domains. (A) The ligand binding do-
main cDNAs from ERα and ERβ were amplified with primer pairs ERαA289f and ERαS566r (lane α) or
ERβA242f and ERβE516r (lane β), respectively. Lane M, 1-kb DNA ladder (Invitrogen). (B) The partial
DNase I digestion of cDNAs of ERα ligand binding domain (lane αD) and ERβ LBD (lane βD). Their
original size is shown in Lane α+β for comparison. Lane M, 100-bp DNA ladder (Invitrogen). (C) Lane
R, the products after assembly; lane M, 1-kb DNA ladder (Invitrogen). (D) The amplifications of
chimeric products from the assembled products. Primers ERβ/αLBDf and ERβE516r were used in the
PCR to amplify chimeric ligand binding domains that have N-terminal sequences from ERα and C-ter-
minal sequences from ERβ (lane βα-β). Primers ERβA242f and ERβ/αLBDr were used in the PCR to
amplify chimeric ligand binding domains that have N-terminal sequences from ERβ and C-terminal se-
quences from ERα (lane β-αβ). Lane M, 1-kb DNA ladder (Invitrogen).



gets with low sequence identity that
would not be good candidates for DNA
shuffling by standard methodologies.
This approach should be applicable to
other homologous genes, including
those for other nuclear hormone recep-
tor subtypes.
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