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Rapid Creation of a Novel Protein Function by in Vitro
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We have developed a simple and efficient method for creation of novel
protein functions in an existing protein scaffold. The in vitro coevolution
method involves design of a hypothetical pathway for the target function
followed by stepwise directed evolution of the corresponding protein along
the pathway. As a test case, this strategy was used to engineer variants of
human estrogen receptor a ligand-binding domain (hERaLBD) with novel
corticosterone activity. Two steroids, testosterone and progesterone, that
provide a progressive structural bridge between 17b-estradiol and
corticosterone, were chosen to assist the directed evolution of hERaLBD.
A total of approximately 106 variants were screened in four rounds of
random mutagenesis, resulting in two hERaLBD variants that respond to
corticosterone. Creation of this new ligand activity required the presence
of four simultaneous mutations. In addition, several required mutations
were located outside the ligand binding pocket and yet exerted important
action on ligand binding. Our results demonstrate the ability of in vitro
coevolution to create novel protein function that is difficult or impossible to
achieve by existing protein engineering approaches and also shed light on
the natural evolution of nuclear hormone receptors. This in vitro
coevolution approach should provide a powerful, broadly applicable tool
for engineering biological molecules and systems with novel functions.
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Introduction

Protein engineers now possess an unprecedented
capability to design, modify and engineer naturally
occurring proteins at the molecular level. Two dif-
ferent yet complementary approaches have been
developed in the past two decades: rational design
and directed evolution.1–3 Rational design involves
the rational alterations of selected residues in a
protein via site-directed mutagenesis, and requires
detailed knowledge of protein folding, structure,
function, and dynamics. In contrast, directed evo-
lution mimics the process of natural evolution in the
test-tube, involving repeated cycles of creating
molecular diversity by random mutagenesis and/or
lsevier Ltd. All rights reserve
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gene recombination and screening/selecting the
functionally improved variants. Both approaches
have been used successfully to engineer a wide
variety of protein functions such as stability,
activity, affinity, selectivity and pH profiles.1–5

However, most of the protein engineering studies
are concernedwith improvement of existing protein
functions, whereas creation of novel protein func-
tions remains an overwhelming challenge in pro-
tein engineering.1,2,6 This challenge may come from
the fact that multiple simultaneous or synergistic
mutations are required for the creation of a novel
protein function, which represents a huge jump in
the sequence space.7 Currently, identifying these
simultaneous residues proves to be too difficult for
either rational design or direct evolution. For
example, conventional directed evolution generally
requires a starting protein with some detectable
activity toward the desired function.8 Moreover, the
potential library size of a typical protein of 300
amino acid residues with three simultaneous
mutations is w3!1010, which is often too large to
be experimentally screened in a conventional
d.
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directed evolution experiment. On the other hand,
despite recent advances in computational protein
design and structural proteomics, identifying the
molecular basis for the desired protein function
by rational design is not straightforward and
reliable.3 In addition, recent findings that many
protein functions are not confined to a small set of
amino acids but are affected by residues far away
from active sites9–12 have added another level of
difficulty.

Here, we describe a novel protein engineering
strategy, in vitro coevolution, that allows creation of
novel protein functions. Coevolution is a ubiquitous
process that is responsible for the parallel adaptive
evolution of plant–insect interactions, host–parasite
interactions, protein–protein interactions, and pro-
tein–DNA/RNA interactions.13–17 Our in vitro
coevolution approach mimics the process of natural
coevolution in the test-tube, and involves the design
of a hypothetical evolutionary pathway for the
target function followed by stepwise directed
evolution of the corresponding protein along the
pathway (Figure 1). Since the target function cannot
be screened experimentally for the wild-type pro-
tein, the hypothetical pathway is designed such that
each intermediate function can be screened experi-
mentally. With the progression of directed evolu-
tion, these evolved intermediate functions will
eventually bridge the functional gap between the
wild-type protein function and the novel protein
function.

To demonstrate the utility of this in vitro coevo-
lution strategy, we have chosen human estrogen
receptor a ligand-binding domain (hERaLBD) as a
model system. Human estrogen receptor (hER) is a
ligand-regulated transcription factor that mediates
the actions of estrogen in different target tissues
including the reproductive, pituitary, hypothala-
mus, bone, liver, and cardiovascular systems.18 It is
a member of the nuclear receptor superfamily that
comprises steroid receptors, non-steroid receptors,
and orphan receptors.19 Like other members of the
Figure 1. The strategy of in vitro coevolution for
engineering novel protein functions. The wild-type
(WT) protein function and the novel protein function
are separated by an inactive region of sequence space,
which may be filled by two intermediate functions (I1 and
I2) that are amenable to conventional directed evolution.
The arrows illustrate a potential evolutionary path
leading to the novel protein function.
superfamily, the hER has three modular structural
domains: an amino-terminal ligand-independent
transactivation domain, a central DNA-binding
domain (DBD), and a carboxy-terminal ligand-
binding domain (LBD). The hER LBD interacts
specifically with its physiological ligand 17b-estra-
diol (E2) and contains a dimerization function and a
ligand-dependent activation function. The hER has
been linked with several human diseases such as
breast cancer and osteoporosis, and considerable
effort has been directed at understanding the
molecular basis of the estrogen receptor and ligand
interactions.18–21 It should be noted that, despite the
low level of sequence homology, as low as 20%
between the LBDs of different nuclear receptors, all
these proteins share a similar fold consisting of 11 or
12 a-helices and a small b-sheet arranged in an
antiparallel sandwich structure.

Here, we have for the first time demonstrated that
in vitro coevolution can be used to create novel
corticosterone activity in the hERaLBD. Remark-
ably, creation of this novel ligand activity required
four simultaneous mutations. In addition, several
required mutations were located outside the ligand
binding pocket and yet exerted important action on
ligand binding. Our findings provide new insights
into the natural evolution and molecular basis of
ligand specificity of nuclear hormone receptors.
More importantly, our in vitro coevolution approach
allows creation of novel protein functions, which is
difficult to achieve by rational design and conven-
tional directed evolution, and may provide a
powerful, broadly applicable tool for engineering
novel protein functions.
Results and Discussion

Corticosterone activity is a novel function to the
hERaLBD

The hERa has exquisite ligand specificity and
sensitivity that enables it to discriminate between
different classes of steroids with closely related
structures.22,23 For example, although the chemical
structure of testosterone (a C19 steroid) and E2 (a C18

steroid) differ only slightly in the A-ring region, the
activation of the hERa requires at least 10,000-fold
higher concentration of testosterone than that of
E2.

10 Since corticosterone (a C21 steroid) differs from
E2 in four positions in their chemical structures, we
reasoned that corticosterone may not be able to
activate the hERa.

To test this hypothesis, we used a yeast two-
hybrid-based cell growth assay to determine the
dose-response profiles of E2, testosterone, pro-
gesterone, and corticosterone to the wild-type
hERaLBD. As shown in Figure 2, the hERaLBD
responds to sub-nanomolar concentrations of E2

and micromolar concentrations of testosterone. It
barely responds to progesterone at saturating
ligand concentrations (w10K5 M), and does not
respond at all to corticosterone at saturating ligand



Figure 2. Dose-response profiles of E2, testosterone,
progesterone, and corticosterone to the wild-type hER-
aLBD determined by a yeast two-hybrid-based cell
growth assay.
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concentration (w10K4 M). Furthermore, we deter-
mined the dose-response profile of corticosterone to
the full-length hERa in ER-negative human endo-
metrial cancer (HEC-1) cells. Although the HEC-1
cell transactivation assay is more sensitive than the
yeast cell transactivation assay,10 the hERa still
failed to respond to corticosterone at 10K4 M (data
not shown). Thus, we suggest that the cortico-
sterone activity is a novel function to the hERaLBD
in the transcriptional activation assays.

In vitro coevolution of novel corticosterone
activity in the hERaLBD

To create avariant of thehERaLBD that responds to
corticosterone, we first used testosterone and pro-
gesterone to construct a hypothetical evolutionary
Figure 3. In vitro coevolution of novel corticosterone activit
(b) Experimental implementation of the strategy. The library s
each round of directed evolution are shown below the arrow. T
the parent for the next round of directed evolution.
pathway between E2 and corticosterone (Figure 3(a)),
and then we used directed evolution to evolve,
sequentially, hERaLBD variants that act on these
two hypothetical evolutionary intermediates. It
should be noted that steroids E2, testosterone,
progesterone, and corticosterone are the physio-
logical ligands for estrogen receptor (ER), androgen
receptor (AR), progesterone receptor (PR), and
glucocorticoid receptor (GR), respectively. In addi-
tion, these four steroids are important intermediates
in the same biochemical pathway of cholesterol
biosynthesis.
The first and second rounds of directed evolution

were carried out to obtain hERaLBD variants with
increased potency to testosterone, whereas the third
and fourth rounds were to obtain hERaLBD
variants with increased potency to progesterone.
In each round, error-prone PCR was used to intro-
duce a low frequency of random point mutations
(one or two amino acid substitutions per gene on
average.24) into the LBD fragment consisting of
hERa amino acid residues 312–595. A total of
approximately 106 variants were screened using a
yeast two-hybrid system (Figure 3(b)).10

The first two rounds of directed evolution
resulted in a hERaLBD variant, T17-2, that showed
O500-fold increased sensitivity toward testosterone
in yeast compared to the wild-type hERaLBD, and
also responded to progesterone at micromolar
concentrations (Figure 4).10 The wild-type hER-
aLBD had an almost undetectable response to
progesterone at saturating ligand concentration of
10K5 M in yeast (Figures 2 and 4). The subsequent
two rounds of directed evolution led to two new
variants, Pg10-1 and Pg10-16, that showed
responses to progesterone at nanomolar concen-
trations, and more importantly, showed significant
responses to corticosterone (10K4 M) within 24
y in the hERaLBD. (a) Schematic diagram of the strategy.
ize and the number of positive variants (in parentheses) in
he best mutant identified from each roundwas selected as



Figure 4. Comparison of dose-response profiles of the wild-type hERaLBD and various hERaLBD mutants
determined by a yeast two-hybrid-based cell growth assay. (a) E2, (b) testosterone, (c) progesterone, and (d)
corticosterone. E2, testosterone and progesterone were dissolved in 100% ethanol, whereas corticosterone was dissolved
in 100% DMSO. The ligand concentrations are shown in molarity.

1276 In vitro Coevolution of a Novel Protein Function
hours in yeast. In comparison, all the other
evolved hERaLBD variants and the wild-type
hERaLBD showed no corticosterone-dependent
response in yeast, even after incubation at 30 8C
for four days (data not shown). However, it
should be noted that the level of corticosterone
response is still quite low compared to that of E2

response. Further improvement of the corticoster-
one response by another round of directed
evolution and saturation mutagenesis at the
residue positions identified from the last round
failed to yield any improved variants, suggesting
that a local maximum in the sequence space may
be reached.

It should be noted that although the ligand is not
experimentally evolved in the above-described
in vitro coevolution strategy, testosterone and pro-
gesteronemaybe considered as the intermediates of a
hypothetical evolutionary pathway between E2 and
corticosterone because of the progressive changes in
their chemical structures. The evolution of the
corticosterone activity in the hERaLBD protein is
directed by these ligands, which, to a large extent,
mimics the principle of natural coevolution.
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Characterization of the evolved hERaLBD
variants

To confirm the evolved corticosterone activity in
mammalian cells, we determined the dose-response
profiles of corticosterone to the full-length wild-
type hERa and the variants identified from the last
round of directed evolution in HEC-1 cells. Plas-
mids containing the full-length wild-type hERa and
variants were transiently transfected into HEC-1
cells, together with an internal control and a
reporter plasmid. The wild-type hERa did not
respond to corticosterone at the saturating concen-
tration, 10K4 M, while both Pg10-1 and Pg10-16
responded to corticosterone with an EC50 value of
w3!10K6 M (data not shown). The maximum
transactivation potency of Pg10-1 and Pg10-16 is
w80% that of the wild-type hERa in response to
10K8 M E2 and both variants showed slightly
elevated basal level responses.

We also performed in vitro hormone binding
assays to determine whether the observed tran-
scriptional activities of various variants correspond
to their ligand affinities. Wild-type and mutant
hERaLBDs (amino acid residues 312–595) were
cloned into the pET15b vector and expressed in
BL21(DE3) cells. This plasmid introduced a 6!
histidine tag to the N terminus of the expressed ER.
The expressed receptors were purified to near-
homogeneity using a nickel resin column and used
in the ligand binding assays. The E2 binding
affinities of wild-type and mutant hERaLBDs, KE2

d ,
were determined using a direct hormone binding
assay. As shown in Table 1, T17, Pg10, and Pg10-16
all showed decreased affinity toward E2 compared
to the wild-type hERaLBD. This result agreed well
with the in vivo E2 activity measured in yeast, in
which T17 and Pg10, and Pg10-16 showedwtenfold
and wfivefold decreased E2 response, respectively,
compared to that of the wild-type hERaLBD. The
KE2
d s of T17-2 and Pg10-1 were similar to that of the

wild-type hERaLBD, so did their dose-response
profiles measured in yeast. The binding affinities of
wild-type and mutant hERaLBDs for testosterone,
Table 1. The ligand binding affinities of the wild-type and mu
and corticosterone (Cs)

Estrogen
receptor KE2

d (nM)a RBA

T Pg

Wild-type 0.21G0.12 (3) !10K4 (2) !10K4

T17 1.01G0.44 (2) 0.52G0.18 (2) 0.016G0.0
T17-2 0.31G0.13 (2) 0.97G0.20 (3) 0.017G0.0
Pg10 1.28G0.09 (2) 0.15G0.08 (2) 0.674G0.0
Pg10-1 0.81G0.23 (3) 0.21G0.06 (3) 0.679G0.0
Pg10-16 2.95G0.27 (2) 0.10G0.03 (3) 2.184G1.

a KE2
d values were determined by Scatchard analysis from multip

represent the range (nZ2) or S.E. (nO2).
b RBA values were determined with 2 nM [3H]E2 for wild-type a

average of multiple independent determinations (nZ2 or 3).
c The binding affinity of testosterone, progesterone or corticostero
progesterone and corticosterone were determined
using a competitive hormone binding assay and
characterized as the relative binding affinities
(RBAs). The wild-type hERa had similar RBAs to
testosterone, progesterone and corticosterone.
However, it showed different dose-response pro-
files for testosterone, progesterone, and cortico-
sterone in both yeast and mammalian cells. In
addition, although Pg10, Pg10-1 and Pg10-16 have
similar RBAs to corticosterone, only Pg10-1 and
Pg10-16 showed sub-millimolar corticosterone
activity in yeast cells.
The lack of full correlation between ligand

binding and transactivation activity is not surpris-
ing. As a multi-domain, multifunctional protein, the
transcriptional activity of hER depends not only on
ligand binding, but also on dimerization, DNA
binding, and more importantly, cofactor (coactivator
or corepressor) recruitment.Consequently, the results
from cell-based transactivation assay may likely be
different from those from in vitro ligand binding
assays. For example, although the in vitro competi-
tive hormone binding assay suggested some kind of
weak ligand interaction between corticosterone and
the wild-type hERaLBD protein (Table 1), the cell-
based transactivation assays did not show any
corticosterone activity. This could be due to the
extra large size of the hERa ligand binding pocket
(450 Å3 determined from the crystal structure versus
245 Å3 of E2).

25 It is possible that a compoundwith a
scaffold similar to E2 may fit into the ligand binding
pocket and displace E2 at sufficiently high concen-
trations (w106-fold higher than E2) in the in vitro
hormone binding assays, even though the ligand
cannot activate the hERa.
Molecular basis for the creation of novel
corticosterone activity

To identify the molecular basis for the creation of
this novel ligand activity, we sequenced all five
evolved variants and found seven non-synony-
mous mutations (Table 2). Mutation E353Q is
located in the ligand binding pocket and alters the
tant hERaLBDs to E2, testosterone (T), progesterone (Pg),

b Kd (nM)c

Cs T Pg Cs

(2) !10K4 (2)
14 (2) !10K4 (2) 193 6334
05 (3) !10K3 (2) 32 1801
63 (2) 0.017G0.002 (2) 832 191 7612
21 (3) 0.008G0.001 (3) 388 119 10,288
3 (3) 0.015G0.009 (3) 2872 135 20,227

le independent experiments (nZ2 or 3), and the error bounds

nd all mutants. RBAZECE2
50 =EC

ligand
50 !100. Values represent the

ne was calculated with K
ligand
d Z ðKE2

d =RBAÞ!100.



Table 2. DNA sequencing results of the selected evolved
hERaLBD variants

hERa variants Amino acid substitutions

T17 E353Q
T17-2 E353Q, G390D
Pg10 E353Q, G390D, H524N
Pg10-1 E353Q, G390D, H524N, L536H, T585S
Pg10-16 E353Q, G390D, H524N, M528L, L536P
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hydrogen-bonding pattern near the A-ring of the
ligand between the receptor and the ligand
(Figure 5). E353 (a hydrogen bond acceptor) pairs
well with the 3-phenolic group of E2 (a hydrogen
bond donor), whereas Q353 (a hydrogen bond
donor) pairs well with the 3-keto group of testos-
terone, progesterone, or corticosterone (a hydrogen
bond acceptor). Thus, mutation E353Qmay account
for the emergence of ligand activity of the evolved
hERaLBD variants toward 3-ketosteroids. Indeed,
residue Q353 is conserved in AR, PR, GR and
mineralocorticoid receptor (MR).

Mutation G390D is not within the ligand binding
pocket. Molecular modeling suggests that this
mutation may form a new electrostatic interaction
with R394 to compensate the loss of the electrostatic
LBD (yellow) and mutation His536 (elemental color) are show
shown in red and green, respectively.
interaction formed between E353 and R394 in the
wild-type hERaLBD (Figure 5)10 thus stabilizing the
overall interactions between the receptor and the
ligand.

Mutation H524N might abolish the hydrogen
bond formed between the d nitrogen atom of
histidine and the 17b-hydroxyl group of E2, while
establishing a new hydrogen bond between the 20-
keto group of progesterone or corticosterone and
the g-amino group of asparagine (Figure 5). Indeed,
Pg10 (E353Q,G390D,H524N) showed wtenfold
higher sensitity to progesterone, and wtenfold and
w50-fold lower sensitivity to E2 and testosterone,
respectively, than T17-2 (E353Q,G390D) (Figure 4)
in yeast cells. In vitro hormone binding assay also
suggested that Pg-10 showed increased KE2

d and KT
d,

and decreased K
Pg
d (Table 1). Similarly, the single

mutant H524N showed a slightly increased sensi-
tivity to progesterone, and wfivefold decreased
sensitivity to E2 compared to the wild-type hER-
aLBD in yeast cells (data not shown).

None of the three selected variants from the first
three rounds of directed evolution (i.e. T17, T17-2,
and Pg10) showed any response to corticosterone
(Figure 4); only the two fourth round variants,
Pg10-1 and Pg10-16, responded to corticosterone
at submillimolar concentrations in yeast cells. In
Figure 5. Molecule modeling
studies. (a) Ribbon diagram of the
superimposed three-dimensional
structures of hERaLBD (red) com-
plexed with E2 (orange) and
human GR LBD (green) com-
plexed with docked corticosterone
(cyan). The functional mutations
except for T585S are shown in CPK
model (yellow). T585S is not
located in the LBD. (b) The struc-
tural model showing the E353Q,
H524N and G390D mutations and
Arg394 and the ligands (E2,
orange; corticosterone, elemental
color). All mutated residues are
shown in elemental colors while
the original residues are in pink.
The altered hydrogen bonds are
highlighted in broken lines (yellow
in the wild-type hERaLBD and E2

complex, green in the mutant
hERaLBD and corticosterone com-
plex). The distances (Å) shown
are from hydrogen bond acceptor
atoms to hydrogen atoms. (c) The
structuralmodel showing themuta-
tion L536H. Leu525 in the wild-
type hERaLBD sterically clashes
with the large subtituent at the
C17a position of corticosterone
(indicated by an arrow). Leu525
is 2.55 Å away from the closest
atom in Leu536. Residues from
hERaLBD (pink) and human GR

n as sticks. The helices 11 (H11) and 12 (H12) of hERa are
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comparison with Pg10, both Pg10-1 and Pg10-16
contained two additional mutations, with one
occurring at the same position (L536). Four quad-
ruple mutants, Pg10CL536H, Pg10CL536P, Pg10C
T585S, and Pg10CM528L, were created by site-
directed mutagenesis and assayed for their trans-
activation activity in yeast cells. All of them showed
increased sensitivity to progesterone, but only the
first three showed response to corticosterone.

None of these four mutations is within the ligand
binding pocket. Residue L536 is located in the loop
connecting helix 11 and helix 12, and is thought to
be critical in coupling the binding of ligand to the
modulation of the conformation and activity of the
hERa.26 Consistent with our previous findings,10

the functions of both L536H and L536P are context-
dependent: quadruple mutants Pg10CL536H and
Pg10CL536P showed no or negligible ligand-
independent response, whereas single mutants
L536H and L536P showed significantly elevated
ligand-independent response in yeast cells.

Molecular modeling (Figure 5) suggests that L525
(located on helix 11) forms a van der Waals
interaction with L536 and, unlike its corresponding
residue in human GR (C736), L525 sterically clashes
with the larger substituent at the C17a position of
corticosterone compared with the corresponding
substituent in E2, testosterone or progesterone.
Thus, the substitution of L536 by a residue with a
smaller side-chain (L536H or L536P) will likely shift
the side-chain position of L525, resulting in a larger
side pocket of hERa near the C17 atom of E2 to
accommodate the large substituent at the C17a
position of corticosterone. Mutation T585S is not
located in the ligand binding domain, and its effect
on ligand binding is unclear. Saturation muta-
genesis at residue 536 or 585 on the Pg-10 back-
ground failed to produce variants with further
increased corticosterone activity. However, a few
amino acid substitutions, mostly smaller or polar
residues, at the 536 position rendered quadruple
mutants with low but distinct corticosterone
activity.

Of note, none of the single mutants containing
each of the seven mutations showed any response
to corticosterone. In addition, using corticosterone
as a selection ligand, we screened two hERaLBD
libraries (w106 variants per library) created by
error-prone PCR with low and high mutagenesis
rate (1.7 and 11 nucleotide substitutions per gene,
respectively), and failed to identify any mutants
responding to corticosterone. Furthermore, triple
mutants (E353QCG390DCL536H, E353QCG390DC
L536P, E353QCG390DCT585S, and E353QC
G390DCM528L) did not show any corticosterone-
dependent response in yeast cells. Together, we
suggest that creation of the corticosterone activity in
the wild-type hERaLBD using the yeast two-hybrid
system-based screening method requires at least
four simultaneous mutations and that, while we
could not obtain these changes directly by a one-
step directed evolution using corticosterone as the
selection ligand, we could access them efficiently
by our progressive ligand-receptor coevolution
strategy.

Implications in molecular evolution of nuclear
receptors

Our results shed new light on molecular evolu-
tion of nuclear steroid receptors. Six evolutionarily
related steroid receptors have been discovered,
including estrogen receptors a and b (ERa and
ERb), PR, AR, GR, and MR. Molecular phylogenetic
analysis suggests that all steroid receptors have
evolved from an ancestral estrogen receptor
through a series of gene duplication and divergent
evolution.27 A ligand exploitation model was
proposed as an evolutionary mechanism for the
creation of a novel ligand-receptor pair. New
hormones emerged when duplicated receptors
evolved increased affinity for biochemical inter-
mediates in a biosynthetic pathway.28,29

Consistent with this model, our results indicate
that a novel corticosterone activity could be readily
created in the laboratory by coevolving the estrogen
receptor and biochemical intermediates including
testesterone and progesterone from the cholesterol
biosynthetic pathway. However, it should be noted
that, unlike the naturally occurring steroid recep-
tors, the laboratory-evolved hERa variants are
promiscuous receptors. Thebroadeningof substrate/
ligand specificity is a widely observed phenomenon
in coventional directed evolution experiments to
evolve new substrate/ligand specificity.30 Such
findings might not be surprising, given that only a
positive selection was applied in most conventional
directed evolution experiments as well as in our
work. When both positive selection and negative
selection are used, more specific receptor mutants
might be created. For example, using yeast two-
hybrid system-based positive and negative selec-
tion, we have successfully reduced the ligand
sensitivity of hERaLBD towards E2 by ~140-fold
while increasing its sensitivity towards 4,4 0-
dihydroxybenzil by ~50-fold, resulting in an hER-
aLBD variant with 7000-fold ligand selectivity
alteration compared to the wild-type hERaLBD.31

Thus, our laboratory evolution experiments suggest
that both positive and negative selection may
operate simultaneously in the natural evolution of
human estrogen receptors. The ligand promiscuity
may account for the creation of new steroid
receptors by providing a head start towards being
captured by adaptive evolution, with further
mutations providing the required specificity
toward the newly adopted ligand, as is the case in
the natural evolution of novel enzyme activities.32

In vitro coevolution as a novel protein
engineering approach

The described in vitro coevolution approach has
some key distinctions from rational design and
conventional directed evolution approaches.
Although structure-based computational design
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allows a vast number of protein variants to be
screened in silico (O1014), the search for mutations is
limited to a particular region, i.e. residues forming
direct contacts with the substrate or ligand.33,34 As
shown here and in many other studies,9–11 resi-
dues far away from the enzyme active site or
ligand-binding pocket can exert their effects on
protein functions through long-range interactions
whose analysis is still beyond the capability of
existing computational design approaches. Thus,
rational design is not as well suited for engineering
novel protein functions.

On the other hand, conventional directed evolu-
tion generally requires a screening or selection
method that can detect the target function in the
wild-type protein. As such, conventional directed
evolution is typically involved in improving an
existing function or a promiscuous function that
was already present in the wild-type protein. In
addition, the power of conventional directed
evolution is limited by the number of sequences
(library size) that can be screened experimentally
(about 1014 for library panning and 107 for high
throughput screening).33 Thus, conventional
directed evolution is best at hill-climbing in the
sequence landscape (fine-tuning the protein func-
tion), and is not well suited for creating a com-
pletely novel function that may require multiple
simultaneous mutations. However, by using in vitro
coevolution, the target novel function may be
divided into a few intermediate functions that are
amenable to conventional directed evolution. Since
single or double mutations will likely show bene-
ficial effects in these intermediate functions, only a
small library of protein variants (less than 104–105)
need to be screened in each round of directed
evolution. The accumulation of these beneficial
mutations will eventually lead to the creation of
the target novel function that requires multiple
simultaneous mutations.

Take the hERaLBD for example; the number of
possible hERaLBD variants containing four simul-
taneous mutations is 6.9!1013, which is extremely
difficult to be screened experimentally by any
existing technology. In other words, the chance of
identifying the four simultaneous mutations
required for the corticosterone activity as described
here is almost zero. Consequently, it is not surpris-
ing that screening of large libraries of hERaLBD
variants (O106) directly for corticostrone activity
failed to yield any positive mutants. However, by
coevolving the receptor and the ligand, we were
able to create the novel corticosterone activity in the
hERaLBD. In total, we only screened approximately
106 variants in four rounds, and the number of
identified positive variants ranged from two
(rounds 1 and 3) to 30 (round 4) (Figure 3). Thus,
the in vitro coevolution approach overcomes the
library size limitation in conventional directed
evolution and represents a new strategy for creating
novel protein functions. It may also represent a
general approach to engineering biomolecules and
biosystems such as receptors, enzymes, antibodies,
ribosyzmes, DNAzymes, and viruses with novel
functions.
Materials and Methods
Reagents and plasmids

All restriction enzymes and DNA modifying enzymes
were obtained fromNew England BioLabs (Beverly, MA).
Yeast strain YRG-2 (Mat a ura3-52 his3-200 ade2-101 lys2-
801 trp1-901 leu2-3 112 gal4-542 gal80-538 LYS2TUASGAL1-
TATAGAL1-HIS3 URA3TUASGAL4 17mers(x3)-TATACYC1-lacZ)
was from Stratagene (La Jolla, CA). Taq DNA polymerase
was from Promega (Madison, WI). QIAprep spin plasmid
mini-prep kit, QIAEX II gel purification kit, and QIAquick
PCR purification kit were purchased from Qiagen
(Valencia, CA). Various oligonucleotide primers were
obtained from Integrated DNA Technologies (Coralville,
IA). Unless otherwise specified, all chemicals were
obtained from Sigma (St. Louis, MO). Plasmid pBD-
Gal4 hERa containing hERa amino acid residues 312–595
fused to the Gal4 DNA-binding domain and plasmid
pGAD424 SRC-1 containing the full-length coactivator
SRC-1 fused to the Gal4 activation domain were
constructed as described.10 Plasmid pBD-Gal4-Cam was
obtained from Stratagene (San Diego, CA). The cloning of
hERa LBD mutant constructs into the mammalian
expression vector pCMV5 and Escherichia coli expression
vector pET15b were as described.10
Library construction and screening

Library construction and screening have been
described.10 Briefly, a two-tiered strategy consisting of
an agar plate-based selection followed by a 96-well plate-
based screening was used. In the selection method, the
mutagenized LBD fragments containing hERa amino acid
residues 312–595 were co-transformed with the EcoRI-
SalI-digested pBD-Gal4-Cam hERa vector into Sacchar-
omyces cerevisiae YRG2 cells harboring pGAD424 SRC-1.
The transformed cells were plated on an agar plate
containing minimum medium lacking tryptophan, leu-
cine and histidine, and supplemented with an appro-
priate ligand concentration. The ligand concentration was
chosen such that yeast cells bearing the parental hERa
LBD in each round of directed evolution cannot form
colonies, whereas yeast cells bearing a variant with five-
to ten-fold improvement in ligand binding affinity may
form colonies. To eliminate the false positives caused by
mutations resulting in ligand-independent responses, the
colonies that appeared on agar plates after incubation at
30 8C for two days were picked with toothpicks and
grown in minimal medium lacking tryptophan and
leucine in the 96-well plate. The overnight cultures were
then transferred into two replica 96-well plates containing
the minimum medium lacking tryptophan, leucine and
histidine and supplemented with the same ligand
concentration as during the selection or ethanol (EtOH).
Variants with ligand-dependent growth responses were
selected and assayed using the ligand dose-response
assay. The first and second libraries were screened on 5!
10K7 M and 10K8 M testosterone, respectively, whereas
the third and fourth libraries of variants were screened on
5!10K8 M and 5!10K9 M progesterone, respectively.
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Mutagenic PCR

Mutagenic PCR was performed as described.10 The
average mutagenic rate was determined by DNA
sequencing of nine randomly picked clones from the
mutant library.

Site-directed mutagenesis

The single, triple and quadruple site-directed mutants
were created using overlap extension PCR and yeast
in vivo recombination.10 Plasmids of the different site-
directed mutants were rescued from yeast cells, trans-
ferred into E. coli, and sequenced to confirm the presence
of the introduced specific mutations and the absence of
PCR-associated random mutations.

Ligand dose-response assay

A yeast two-hybrid-based cell growth assay was used
to quantify the ligand activity of the wild-type and
mutant hERaLBD in 96-well plates.10 Briefly, yeast cells
harboring the plasmid containing the target hERaLBD
and plasmid pGAD424 SRC-1 were grown to saturation
(A600 4–5) in 2–3 ml of minimal medium lacking trypto-
phan and leucine, and then diluted to A600 0.002 using
minimal medium lacking tryptophan, leucine and histi-
dine. Each well contained 200 ml of diluted yeast cells and
0.2 ml of specified ligand dissolved in 100% ethanol
(E2, testosterone, and progesterone) or DMSO (cortico-
sterone). The 96-well plates were incubated at 30 8C for
24 hours and the cell density was measured at 600 nm
using a SpectraMax plate reader (Molecular Devices,
Sunnyvale, CA).

Molecular modeling

Ligand corticosterone, generated using the Builder
function of MOE (Molecular Operating Environment,
Chemical Computing Group Inc., Montreal, Quebec,
Canada) and energy minimized under the MMFF94s
forcefield, was docked into the ligand binding pocket of
human GR LBD (PDB code 1M2Z) using the MOE Dock
function. The lowest-energy docked conformation was
further energy minimized. The resulting three-dimen-
sional structure of human GR LBD complexed with
corticosterone was structurally aligned with the crystal
structure of hERaLBD complexed with E2 (PDB code
1GWR) and imported into Visual Molecular Dynamics
(VMD).35 Residues Glu353, Gly390, His524, and Leu536
were mutated to Gln, Asp, Asn, and His, respectively,
using the MOE Rotamer Explorer and the appropriate
conformations were manually selected.

Mammalian cell transfection and luciferase assay

Mammalian transfection and luciferase assay were
performed as described.10

Hormone binding assay

Wild-type andmutant hERaLBD (312–595) were cloned
into pET15b vector and transformed into E. coli
BL21(DE3) cells. For protein expression, cells were
grown in LB medium supplemented with 10% (w/v)
sucrose36 at 37 8C until A600Z0.6 and induced with
0.5 mM isopropyl-b-D-thiogalactopyranoside at 25 8C for
eight hours. Cells were harvested by centrifugation and
resuspended in lysis buffer (50 mM NaH2PO4, 300 mM
NaCl, 10 mM imidazole, pH 8.0), and lysed by a French
press according to the standard protocol suggested by the
manufacturer. To separate the cell debris from soluble
proteins, lysed cells were centrifuged for 30 minutes at
25,000g. The resulting supernatants (10 ml) were mixed
with 0.25 ml of Ni-NTA agarose (QIAgen) and incubated
at 4 8C for two hours with constant mixing, and proteins
were purified according to the QIAgen standard protocol
to near homogeneity, and used in all hormone binding
assays.
The competitive hormone binding assay and Scatchard

analysis were performed as described.10 Briefly, for RBA
measurement, purified wild-type or mutant hERaLBD
was diluted to 2 nM in buffer B (50 mM Tris (pH 8.0), 10%
(v/v) glycerol, 10 mM b-mercaptoethanol) and incubated
with 2 nM [3H]E2 together with various concentrations of
the unlabeled competitor at 0 8C for 18–24 hours. The
protein was stable under these conditions. For Scatchard
analysis, the protein was diluted to 0.1–0.3 nM in buffer B
and incubated with various concentrations of [3H]E2

(Amersham, Piscataway, NJ) in the absence or presence of
a 100-fold excess of the unlabeled ligand for 12–14 hours
at 0 8C. Aliquots of the incubation solution were used to
determine the total concentration of [3H]E2 in the sample.
The incubation solutions were then assayed by adsorp-
tion onto hydroxyapatite (BioRad, Hercules, CA).
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