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Random Mutagenesis of Human Estrogen
Receptor Ligand Binding Domain Identifies
Mutations that Decrease Sensitivity to
Estradiol and Increase Sensitivity to a
Diphenol Indene-ol Compound: Basis for a
Regulatable Expression System

Nicholas Miller* and James Whelan

Geneva Biomedical Research Institute, 14 Chemin-les-Aulx, Plan-les-Ouates, 1228 Geneva, Switzerland

We have used low fidelity polymerase chain reaction amplification to generate mutations in the
human estrogen receptor ligand binding domain (LBD). Screening of libraries of mutants in yeast
revealed a variety of phenotypic changes including decreased responsiveness to estradiol and
increased responsiveness to synthetic compounds. Identification of the mutations responsible for
these phenotypic changes indicated discrete regions of the LBD that are important for human estro-
gen receptor function. Cumulative rounds of mutagenesis and screening allowed us to produce a
mutant estrogen receptor that was of reversed specificity as compared with the wild type LBD, in
that it was more responsive to a diphenol indene-ol than to estradiol. This mutant may form the
basis of a useful regulatable expression system in mammalian cells. (C 1998 Elsevier Science Ltd. All
rights reserved.
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INTRODUCTION ably immunogenic [7], or the inducers are not always
benign [5, 6,8,9] or are likely to activate cellular pro-

We are interested in creating a regulatable expression
moters as well as the transgene promoter [4].

system for use in human gene therapy. A detailed ) * L ]
description of our approach has been given Our approach is to use the ligand-binding domain
elsewhere [1]. In brief, our system has three com- (LBD) of the human estrogen receptor (hER) as a
ponents; a non-toxic synthetic small molecule which ~component of our synthetic transcription factor, the
acts as an inducer, a synthetic transcription factor aim being to mutate the LBD until it responds to a
which is activated by the inducer and an artificial pro-  synthetic inducer and not to estradiol. We have
moter containing non-mammalian DNA motifs to already demonstrated the principle of  this
which the activated transcription factor specifically —approach [1]. Here we describe LBD mutations that
binds. This design allows precise inducer-dependent  change the responsiveness of the hER such that it is
regulation of a transgene driven by the artificial pro- more sensitive to a diphenol indene-ol compound
moter, without non-specific cellular effects [2]. There than to its natural ligand, estradiol; we propose that
have been several systems of this or similar design this mutated LBD, when incorporated into the syn-
produced in recent years [3-9] but none have been  thetic transcription factor that we have previously
ideal for purposes of human therapy; for example, the  described [1] will form the basis of a useful regulata-
transactivator proteins used may be toxic [3] or prob- e expression system. Furthermore, our data suggest
_ that particular regions of the LBD are critical in hER
*Correspondence to N. Miller at: Cambric_lge An'tibody Technolcigy structure and function and may be of use in the

Il;;?{’ fzi:ricf();’ zrﬁka’ ﬁ?lboum’ Cambridgeshire, UK 5G8 65S. i ha] design of anti-estrogens for the therapy of
Received 23 May 1997; accepted 14 Oct. 1997. breast cancer[10].
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MATERIALS AND METHODS

Our materials and methods have been previously
described in detail [1] and therefore are only briefly
summarized here.

Materials

The Glaxo compounds GR132706X [Fig. 1(A)]
and CCI5309 [Fig. 1(B)] are small synthetic com-
pounds produced by GlaxoWellcome Research and
Development (Stevenage, U.K.). Salmon sperm
DNA, 17p-estradiol and o-nitrophenyl-f-galactoside
(ONPG) were from Sigma Chemical Co. and zymo-
lyase was from Seikagaku Corporation.

The two plasmid constructs used in these exper-
iments were YEpCuphER and YCpERElacZ [1].
YepCuphER contains the human estrogen receptor,
while YCpERElacZ contains a fj-galactosidase gene
under the control of an estrogen responsive promoter.
In yeast cells containing both YEpCuphER and
YCpERElacZ, f-galactosidase activity is a reflection
of the extent of activation of hER. In addition,
YEpCuphER contains the LEU gene and
YCpERElacZ contains the URA. gene; growth of
yeast containing these plasmids can therefore be
selected for in medium deficient in URA and LEU.

\

Fig. 1. Structures of the Glaxo compounds used in this study.

A) Structure of GR132706X; formula = C;; H,;40,

mol. wt. = 284.36; (B) Structure of CCI5309;
formula = C,;,H,3Cl10,, mol. wt. = 360.93.

Nicholas Miller and James Whelan

Methods

Mutagenic PCR. Our protocol was based on a pub-
lished method [11]. Briefly, the PCR buffer contains
0.5 mM MnCl,; and 7 mM MgCl, to decrease poly-
merase template specificity and stabilize mismatches,
respectively; Tag polymerase in excess (5 units in
100 ul) to encourage chain extension beyond mis-
matches and a biased nucleotide mixture (dCTP and
dTTP at 1 mM each, dATP and dAGTP at 0.2 mM
each) to encourage misincorporation. The amplifica-
tion reaction consisted of 30 cycles of 94°C/1 min,
45°C/1 min, and 72°C/1 min. The template DNA
used in the low-fidelity PCR reactions was the
1.6 kb fragment produced by Ascl/Sacl digestion of
YEpCuphER. The primers used were as follows: (5"

TCTAAGAAGAACAGCCTG and 3"
AGTGGGCGCATGTAGGCG.

Yeast strain, growth conditions and transfections. In all
cases the Saccharomyces cerevisiae yeast strain

YPH499 [12] was used. Yeast cells were grown at
30°C in minimal yeast medium (0.67% [w/v] yeast
nitrogen base without amino acids and 2% [w/v] glu-
cose) supplemented with the required amino acids.
Yeast were transformed by a lithium acetate pro-
cedure based on a published method [13]. Briefly, a
logarithmically growing culture of optical density 0.5-
0.6 (600 nm) was washed in 0.1 M LiAc in TE
(10 mM Tris, ] mM EDTA, pH 7.5) and incubated
in 500yl of 0.1 LiAc/TE at 30°C for 30-90 min.
100 ul of these cells was mixed with up to 10 ug of
plasmid DNA, 10 ug of salmon sperm DNA and
500 ul of 50% (w/v) polyethylene glycol 6000 in
0.1 M LiAc/TE (filter sterilized) and incubated with
agitation for 30 min at 30°C, followed by a 20 min
heat shock at 42°C. Cells were pelleted gently and
PEG removed prior to resuspension in sterile water
and plating out on selective medium.

In these transformations, plasmid DNA consisted
of a 2:1 mixture of mutagenic PCR product and
YEpCuphER plasmid, the latter having been gapped
with Ncol and Bg/Il; this enzyme treatment removes
an 84bp sequence from the ER LBD in
YEpCuphER. The purpose of gapping YEpCuphER
prior to transformation is to favour yeast-mediated
homologous recombination between the PCR product
and the plasmid backbone.

In situ f-galactosidase assay. In order to screen the
yeast libraries for mutant LBDs that possessed poten-
tially useful ligand specificities, the libraries were
replicated onto solid media containing the appropri-
ate amino acid mix plus either estradiol, Glaxo com-
pound or their diluents (ethanol and DMSO,
respectively) as controls. Concentrations of Glaxo
compound and estradiol used in the first round of in
situ screens were, respectively, 250 and 0.5 nM; in
subsequent screens of libraries containing mutated
LBDs of improved phenotype, concentrations were
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changed to 1 nM estradiol and 25 nM Glaxo com-
pound. After growth for 10-16 h, colonies on these
replica plates were assayed in situ for f-galactosidase
activity according to a published method [14]. In
brief, the agar plates supporting the colonies were
covered with a warm solution of 0.5% agarose, 0.1%
SDS, 2% dimethylformamide, 0.5 M phosphate pH 7
and 0.05% X-gal and incubated for 2—4 h. This mix-
ture provokes lysis of the cells and thus allows f-
galactosidase to come into contact with X-gal sub-
strate, resulting in a blue colouration the intensity of
which is proportional to the quantity of f-galactosi-
dase in the yeast, which is itself proportional to the
activation of the ER. In this way colcnies were picked
from the original plates for further analysis on the
basis of, for example, a strong coloration in the pre-
sence of Glaxo compound and a weak coloration in
the presence of estradiol.

Quantitative f-galactosidase assays. These were per-
formed according to a published method [14]. Briefly,
yeast clones identified using the in sizu screen were
grown overnight in selective medium and then diluted
to an optical density of 0.1. Subcultures of 2 ml
volume were set up and allowed to grow for up to
16h in the presence of various concentrations of
estradiol, Glaxo compound or controls. After record-
ing the optical density at 600 nm of each of the sub-
cultures, yeast cells were pelleted, washed in lacZ
buffer (10 mM KCIl, 1 mM MgSO,4, 50 mM f-mer-
captoethanol and 100 mM phosphate, pH 7) and
resuspended in 50 pl of lacZ buffer. After addition of
50 ul of chloroform and 20 ul of 0.1% SDS, cells
were vortexed for 1 min to ensure lysis. Cell lysates
were then warmed to 30°C and mixed with 0.5 ml of
2 mg/ml ONPG (substrate). After 10 min at 30°C,
the reaction was stopped by the addition of 0.5 ml of
1 M Na,COs;, the chloroform removed by centrifu-
gation and the yellow colouration quantified by read-
ing the optical density at 420 nm. Units of f-
galactosidase are then defined by 1000x change in
OD at 420 nm divided by (assay duration in min-
x culture volume in ml x OD at 600 nM).

Plasmid rescue from veast. Yeast clones were grown
to saturation (48 h at 30°C) in a volume of 15 ml,
then pelleted, washed in water and cell walls dis-
solved by incubation for 1 h in 1 ml of zymolyase sol-
ution (2 mg/ml zymolyase, 100 mM KH,PO,, 1.2 M
sorbitol, pH 7.5) at 37°C. Lysis was then effected by
the addition of 200 ul of lysis solution (ProMega
“Magic”’ Minipreps) and incubation of the cells for
5 min at 65°C. Subsequent procedure was according
to ProMega “Magic Miniprep” inst-uctions. Rescued
plasmid was transformed into comraercially available
DHSa bacteria (Gibco BRL) accorcing to the manu-
facturers instructions and plasmid DNA prepared by
normal methods.
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Table 1. Incidence of mutation types using low-fidelity PCR

Mutation %
G-A 13.5
G-T 4.8
G-C 1.9
A-G 10.6
A-T 16.5
A-C 3.8
T-G 3.8
T-A 17.4
T-C 13.5
C-A 2.9
C-T 12.6
C-G 0

RESULTS

Mutragenic PCR

We determined the types and frequencies of mu-
tations obtained with low fidelity PCR mutagenesis
by sequencing hER-containing plasmids from a num-
ber of yeast clones that showed loss of responsiveness
to estradiol in the i situ f-galactosidase screen. The
results are summarised in Table 1 and Figs 2 and 3.
Table 1 shows that, with the exception of C-G, all
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Fig. 2. Comparison of observed and expected mutation types
obtained with low fidelity PCR. (A) Mutations of the form X
to N; (B) mutations of the form N to X (N=G, A, C, T;
X = any nucleotide except N). %O/%E = observed percentage
incidence divided by expected percentage incidence.
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Fig. 3. Distribution of observed mutations per 50 bp of the
hER LBD.

types of murtation were generated. There were how-
ever distinct variations in the relative proportions of
mutation types, with T—A for example being about
8x as frequent as G-C. The overall result is a slight
bias towards mutations to or from A and T, and a
corresponding bias against mutations to or from C
and G (Fig. 2). There was however no strong bias
towards either transitions or transversions; using data
from Table 1, the transitions/transversions ratio is
0.93. These results are in broad agreement with those
of Cadwell and Joyce [15]. We also checked the distri-
bution of mutations within the ER LBD. It can be
seen that there is a slight bias towards finding mu-
tations towards the centre of the target sequence
(Fig. 3). However the bias is not so strong as to con-
stitute a significant problem as, on the 50 bp scale
shown in Fig. 3, mutations occur in all regions of the
LBD.

Screening of yeast libraries

From the in situ assays, colonies were picked that
showed either a decrease in sensitivity to estradiol
without a decrease in sensitivity to compound, or that
showed an increase in sensitivity to compound. After
this initial cursory screen, the mutants were grown up
in liquid culture to confirm the ER phenotype by the
more sensitive quantitative ff-galactosidase assay.

Treatment with synthetic compound CCI5309. A
library screened on plates containing 250nM
CCI5309 or 0.5 nM estradiol revealed two colonies,
named D1 and D2, that were blue in the presence of
CCI5309 but not in the presence of estradiol. Quan-
titative f-galactosidase assays of liquid cultures of
these clones confirmed a significant decrease in
responsiveness to estradiol (in both cases half-maxi-
mal activation occurred at apprcximately 5 nM, as
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compared with approximately 0.1 nM for the wrt)
with an unchanged responsiveness to CCI5309 (half-
maximal activation at approximately 100 nM) (data
not shown). This change in phenotype was due in D1
to one or both of the mutations V368E and L387Q
and in D2 to the mutation M421T (numbering
according to Green [16]). We used the D1 and D2
sequences as templates for further mutagenesis, with
the aim of increasing their responsiveness to
CCI5309 while retaining their decreased responsive-
ness to estradiol. However, substantial efforts includ-
ing the use of DNA shuffling [17] failed to produce
any such improved phenotypes and these mutants
were therefore discarded.

Trearment with the synthetic compound GRI132706X.
We have already described an H524Q mutation
(from a clone termed 15A) that has the effect of sim-
ultaneously increasing responsiveness to GR132706X
by 2-5x and decreasing responsiveness to estradiol by
9-10x [1]. We have now used this mutant LBD as
template in further rounds of PCR mutagenesis with
the object of further decreasing the responsiveness to
estradiol and increasing the responsiveness to
GR132706X. Quantitative f-galactosidase assays
identified four clones which exhibited a profound
decrease in responsiveness to estradiol while retaining
the increased responsiveness to GR132706X con-
ferred by the 15A mutation (Fig. 4, A-D); these
clones were named CA7, CB7, BA7 and BI4. Plas-
mids were rescued from these clones and sequenced;
mutations were identified as M343L (BA7), V533E
(CAT), V533M (CB7) and L536F/1.345S (BI4). We
took the most promising three mutant LBDs (CA7,
CB7 and BA7) and used these as template in further
rounds of mutagenic PCR; our aim was to identify
mutants that showed increased sensitivity to
GR132706X while retaining the reduced responsive-
ness to estradiol exhibited by the above three
mutants. In spite of screening a large number of
libraries of mutated CA7, CB7 and BA7 LBDs, we
identified only one such mutation, H513Q. This was
rescued from a clone named F12, and has a halfmaxi-
mal response to GR132706X at 2-5nM (as com-
pared with about 50 nM for the wt) and a half-
maximal response to estradiol at about 5 nM (as com-
pared with <0.1 nM for the wt). F12 was created by
mutagenesis of the CA7 LBD; the F12 LBD there-
fore contains three mutations, H524Q (from 15A),
V533E (from CA7) and H513Q. Clearly F12 is now
more responsive to synthetic activator than to estra-
diol (Fig. 5). We have therefore succeeded in our
intention of reversing the human ER LBD specificity
by successive rounds of mutagenesis and screening.

DISCUSSION

Although our protocol does not produce exactly
equal numbers of all forms of mutation, equally dis-
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Fig. 4. Phenotypes, as determined by quantitative f-galactosidase assay, of four mutant hERs that exhibit pro-

foundly decreased responsiveness to estradiol, but unchanged (A, B, C) or only slightly decreased (D) respon-

siveness to GR132706X. The phenotype of the parental mutant, 15A, is shown for comparison. A = mutant
CA7, B == mutant CB7, C = mutant BA7, D = mutant BI4.

tributed throughout the LBD, nevertheless we find a
wide variety of mutations (Table 1, Fig. 2) produced
in a broad range of locations (Fig. %). We conclude
therefore that this method constitutes a useful mech-
anism for generating mutations in a relatively
unbiased fashion. This, together with the rapid yeast
screening system we use, makes our method emi-
NETRYy UYVACHUR @ QR %, Ui <CEEayn Ul el TR
LBD.

We found several mutants exhibiting decreased
responsiveness to estradiol, without any concomitant
decreases in responsiveness to GR132706X.
Sequencing of those mutants with the most promising
phenotypes (i.e. most decreased response to estradiol
and least decreased response to GR132706X) indi-
canad tne Sthowing Meatavems deat dewrease siopem-
siveness to estradiol but not to GR132706X lie in
two discrete regions of the LBD, naraely amino acids
533-536 and 343-345 (Figs 4 and 6). In the case of
CA7 and CB7, different base changes altered the
SRS Amane b (PSR or YSELND), emphusisiog
the importance of this residue in estradiol recognition.
In all these cases the loss of response to estradiol was
such that the mutants were more responsive to syn-
thetic compounds than to their natural ligand.
However, an ideal gene reguiation system would need

to respond strongly to the synthetic activator at con-
centrations lower than those required to activate these
mutants. We therefore took the most promising three
mutant LBDs (CA7, CB7 and BA7) and used these
as template in further rounds of mutagenic PCR, in
order to produce mutants of further increased respon-
siveness to GR132706X. Only one such mutant was
Guearel., T T2y S O Tl TR GIOPUITRL 4T
synthetic activator than to estradioi (Fig. 5). We have
therefore succeeded in our intention of reversing the
human ER LBD specificity by successive rounds of
mutagenesis and screening.

Previously, we have used the 15A mutant LBD as
a component of a synthetic transcription factor in a
regulatable expression system and have shown that
33TE0Es EmE Sisseseiss b mmomumsolien s3lls som be
controlled by administration of GR132706X [1]. We
therefore now suggest that replacement of the 15A
LBD in this synthetic transcription factor by the F12
LBD would give a protein that would be even more
seopemsing 5 ORLIZTEYE amsd e ssspemsing
estradiol and which would result in an improved reg-
ulatable expression system.

We feel that we have described a promising tech-
nique for the in vizro evolution of proteins to desired
ends. However, it should be noted that attempts to
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Fig. 5. Phenotype of mutant hER F12, as determined by
quantitative f-galactosidase assay. The phenotype of the wt
hER is shown for comparison. Note that concentrations of
estradiol that give maximal activation of the wt hER (about
0.5 nM) do not activate the F12 mutant hER, while concen-
trations of GR132706X that give half-rnaximal activation of
the F12 mutant hER (2-5 nM) give only minimal activation of
the wt hER.

produce ER mutants highly sensitive to CCI5309,
from the estrogen-insensitive mutants D1 and D2,
were unproductive. Possible further improvement in
sensitivity to CCI5309 is impossible in the presence
of D1 and D2 mutations; i.e. these mutants may rep-
resent evolutionary dead-ends in this context.
Alternatively, the structure of CCI5309 may be inher-
ently unsuitable as a ligand for ER-based receptor
mutants. In any event, it would seem that multiple
rounds of mutagenesis are not guaranteed to improve
the phenotype of the estrogen receptor.

Our data may also be relevant to the structure—
function relationships of the human ER. The results
we describe suggest that there are at least four dis-
crete regions of the LBD that are important in hER
function. These are (a) a region around amino acids
343-345 (in which mutations M343L (BA7) and
possibly 1.345S (one of the two Bl4 mutations) result

343 345
SKKNSLALSLTADQMVSALLDAEPPILYSEYDPTRPFSEASMLGSLTN

368 387
LADRELVHMINWAERVPGFEDLTLHDQVHLLECAWLEIQMIGLVWR

421
SMEHPGKLLFAPNLLLDRDQGKCVEGTVEIFDMLLATSSRFRMMNL

QGEEFVCLKSHLLNSGVYTFLSSTLKSLEEKDHIHRVLDKITDTLIHLM

513 524 533 536
AKAGLTLQQQHQRLAQLLLI.SQIRHMSNKGMEQLYSMKCKNE/MVPF

YDLLLEMLDARLHAPT

Fig. 6. Positions of mutations identified in this study.

Mutated amino acids are shown in large font and bold type

and their positions are defined by number above each mu-

tation. Two mutations, V-E and V-M, were both found at
533. See text for details.
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in decreased responsiveness to estradiol but do not
decrease responsiveness to GR132706X), (b) a region
between 368 and 387 (in which one or both of the
D1 mutations decrease responsiveness to estradiol),
(c) a region around 421 (in which the D2 mutation
decreases response to estradiol) and (d) a region
around 513-533 (in which mutations V533E (CA7)
and V533M (CB7) result in decreased response to
estradiol, but not to GR132706X; mutation H524Q
(ISA) results in both a decreased response to estradiol
and an increased response to GR132706X and mu-
tation H513Q (F12) results in an increased response
to GR132706X and a smaller increase in response to
estradiol). The region from 507-538 has previously
been proposed to be critical for hormone binding, as
receptors containing 121-538 display estradiol bind-
ing of appropriate affinity, whereas receptors contain-
ing 121-507 show no estradiol binding at all [18].
Also, other studies have reported point mutations in
this region which alter estradiol affinity, sometimes
without affecting anti-estrogen affinity [19-21]. Our
data therefore confirm the importance of this region
in ligand recognition and define previously unre-
ported critical residues within this sequence.
Mutations at 364 and 383 have also been shown to
be of importance in ligand binding [20] and this sup-
ports our data suggesting the involvement of residues
368 and 387 in hER function. Similarly, a previous
study [20] has indicated that mutations at 351 and
426 decrease affinity for estradiol and this is not
incompatible with our data suggesting that residues
343/345 or 421 are important in hER function.

In conclusion, we have used repeated rounds of
PCR mutagenesis and yeast library screening to cre-
ate a modified hER that is more responsive to a syn-
thetic compound than to its natural ligand, estradiol.
The LBD from this receptor is likely to form the
basis of a synthetic transcription factor for a regulata-
ble expression system. Furthermore, our data, in
combination with data from other studies, indicates
four regions of the LBD which are critical to hER
function and which may be involved in hormone
binding; within these regions, we have defined par-
ticular residues which are important in hER function.
These residues have not to our knowledge previously
been reported to be directly involved in hER func-
tion. Such data may be of use in the rational design
of anti-estrogens for the sequestration of ER in breast
cancer therapy.
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