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ABSTRACT: Estradiol (E2), a female sex hormone, has important biological functions. Human pancreas-
specific protein disulfide isomerase (PDIp), a protein folding catalyst, was recently found to be able to bind E2.
Here we report the characterization of its E2-binding site by using biochemical methods coupled with
molecular modeling tools. Analysis of various truncated PDIp proteins showed that the b-b0 fragment
contains an intact E2-binding site that has the same binding affinity as the full-length PDIp protein, with
apparent Kd values of approximately 170 nM. Computational modeling and docking analyses revealed that
the E2-binding site in the b-b0 fragment is located in a hydrophobic pocket composedmainly of the b0 domain and
partially of the b domain. The hydrogen bond, formed between the 3-hydroxyl group of E2 (donor) and PDIp’s
His278 (acceptor), is indispensable for its binding. By contrast, the 17β-hydroxyl group of E2 is of negligible
importance for E2 binding. This binding model was jointly confirmed by a series of experiments, such as selective
mutation of the binding site amino acid residues and selective modification of the ligand structures.

Estradiol (E2),
1 an important endogenous female sex hor-

mone, exerts a wide array of biological functions in various target
organs or tissues in a woman’s body, such as the development of
reproductive organs and secondary sex characteristics. Many of
the well-known physiological functions of E2 are mediated by the
genomic actions of estrogen receptors R and β (1), which are
transcription factors that can initiate the expression of various
target genes. In addition, the nongenomic actions of ERs have
also been suggested to play a role in mediating E2-induced rapid
signal transduction in certain systems (2, 3).

Besides ERs, a few other proteins have also been found to have
the ability to bind endogenous estrogens, serving as important
modulators of the biological actions of these female hormones.
For instance, the sex hormone binding globulin (SHBG), a well-
known estrogen-binding protein present in large quantities in
circulation, can profoundly modulate the bioavailability of free
circulating estrogens, subsequently altering the tissue and intra-
cellular levels of estrogens and their hormonal activity in various
target sites (4, 5). Protein disulfide isomerase (PDI), awell-known
protein folding catalyst for disulfide bond formation (6, 7), can
also bind estrogens (8-10) and modulate the estrogen level and
hormonal actions in human breast cancer cells (11). Recently, we
reported, for the first time, that the human pancreas-specific PDI
homologue (PDIp), which is strongly expressed in pancreatic
acinar cells (12, 13) and has both disulfide isomerase (12, 14) and
chaperone activities (14, 15), is another intracellular E2-binding

protein that can modulate estrogen actions in mammalian
cells (16). In light of these earlier observations, and also given
the fact that these two intracellular proteins are present at
unusually high levels in certain human tissues or cells [e.g., the
pancreatic PDIp accounts for approximately 0.1% of the total
cellular protein (16)], there was speculation that PDI and PDIp
may function as important intracellular E2 storage proteins in
these cells (9, 11, 16). In addition, the recent observation showing
the copresence of PDIp with ERR and ERβ in the pancreas of
humans and animals (16) also points to the possibility that PDIp
may be a viable modulator of the actions of endogenous
estrogens in this nonclassical target tissue.

At present, the E2-binding site structures of human PDI and
PDIp are not known, although a few earlier studies have
suggested that their peptide-binding sites may overlap with their
E2-binding sites (9, 15, 17). Elucidation of the estrogen-binding
site structures of these intracellular proteins is of considerable
interest because it will aid in the identification of potential
xenobiotics that may be able to alter estrogen action bymodulat-
ing the estrogen binding activity of these intracellular proteins.
The main purpose of this study, therefore, was to delineate the
structural basis of human PDIp’s E2 binding activity. Through a
combined use of computational modeling analysis, site-directed
mutagenesis, and selective ligand modifications, we located the
PDIp’s E2-binding site to a hydrophobic pocket between the b0

and b domains. In addition, we have also built the PDIp-E2

binding model and have identified a hydrogen bond formed
between His278 of PDIp and the 3-hydroxyl group of E2 to be
essential for their binding interaction.

MATERIALS AND METHODS

Chemicals, Reagents, Cell Lines, and Tissues. E2 and its
structural analogueswere purchased fromSteraloids (Newport, RI).
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[3H]E2 (specific activity of 110 Ci/mmol) was obtained from Perkin-
Elmer (Waltham, MA). Mastoparan (Ile-Asn-Leu-Lys-Ala-Leu-
Ala-Ala-Leu-Ala-Lys-Lys-Ile-Leu) was obtained from Sigma-Al-
drich (St. Louis, MO). All other chemicals and reagents used in this
study were of analytical grade or higher. The mouse anti-PDIp
antiserum (1:2500 dilution for Western blotting) was raised in our
laboratory (16). The monkey kidney cos-7 cells were obtained from
the ATCC (Manassas, VA) and cultured in the DMEM medium
supplemented with 10% fetal bovine serum (FBS).
Plasmid Construction and Protein Purification. Human

PDIp (its cDNA clone was obtained from ATCC, catalog no.
6706839) was cloned into the pET-19b vector at the sites of 50-
NdeI/XhoI-30 without a signal peptide and also cloned into the
pcDNA3.1 vector with a signal peptide at the sites of 50-HindIII/
XhoI-30. The plasmids for the expression of histidine-tagged
truncated PDIp proteins (a-b, b-b0, and b0-x-a0-c fragments)
were constructed by cloning the corresponding cDNA sequences
into a modified pET-19b vector as described previously (16).
Purification of the recombinant histidine-tagged proteins ex-
pressed in Escherichia coli was conducted as described pre-
viously (14, 16). The PDIp b, b0, and x-a0-c fragments were
cloned into a modified pGEX-4T-1 vector containing the NdeI
sites at 50-NdeI/SalI-30 and expressed as the GST-tagged fusion
proteins. After being expressed inE. coli cells, these proteins were
purified using the Glutathione Sepharose 4 Fast Flow column

(GEHealthcare). Site-directed mutagenesis was performed using
the Phusion Site-Directed Mutagenesis Kit from New England
Biolabs according to the manufacturer’s instructions.
[3H]E2 Binding Assay for Purified PDIp Proteins. De-

salting was employed to separate the free [3H]E2 and protein-
bound [3H]E2 as described previously (16). Proteins were incu-
bated with [3H]E2 (typically at a final concentration of 4.5 nM) in
10 mM sodium phosphate buffer (pH 7.4) at 4 �C overnight. The
incubation mixture (100 μL) was subjected to desalting using the
PD miniTrap G-25 columns (from GE health) pre-equilibrated
with 10 mM sodium phosphate buffer (pH 7.4, 0.15 M NaCl).
Eluted fractions from 0.5 to 1.15 mL were collected and mixed
with 3 mL of the scintillation cocktail (Fisher Scientific, Pitts-
burgh, PA) for radioactivity measurement on a Beta Counter
(Perkin-Elmer). For saturation experiments, increasing concen-
trations of [3H]E2 were present during the incubation. The
nonspecific binding was assessed in the presence of excess
nonradiolabeled E2 (10 μM).
Computational Homology Modeling. Because the X-ray

structure of the human PDIp b-b0 fragment is not available at
present, the human PDI b-b0 domain structure [Protein Data
Bank (PDB) entry 2k18] (18) was thus used as a template to build
the homology structural model for the human PDIp b-b0

fragment. Protein sequence alignment shows that the sequence
identity between the human PDIp b-b0 fragment and the human

FIGURE 1: Human PDIp b-b0 fragment containing the E2-binding site. (A) Domain organization of the human PDIp protein (based on
UniProtKB entry Q13087). Domain boundaries of human PDIp are determined by sequence alignment of PDIp with PDI, whose domain
boundaries were described previously (28). Fragments a-b, b-b0, and b0-x-a0-cwere constructed as histidine-tagged fusion proteins. The b, b0,
and x-a0-c fragments were constructed asGST-tagged fusion proteins. (B) SDS-PAGE analysis of three histidine-tagged PDIp fragments (left
part) and three GST-tagged fragments (right part), which were selectively expressed in E. coli cells and then purified using chromatography. (C)
Binding of [3H]E2 by each of the purified PDIp fragments (at a final concentration of 0.5 μM) after incubation with 4.5 nM [3H]E2 in 10 mM
sodium phosphate buffer (pH 7.4) in the absence or presence of 10 μM cold E2. Each value is the mean( standard deviation (SD) of triplicate
determinations. Compared to the corresponding nonspecific binding, *P<0.05 and **P<0.01. In other experiments,P values were also<0.05
(for the b0-x-a0-c domain) or <0.01 (for the b-b0 domain).
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PDI b-b0 fragment is 38% (data presented in Results and
Discussion). The Homology Modeling module of Insight II
(Accelrys, Inc., San Diego, CA) was used to generate the three-
dimensional structuremodel for the human PDIp b-b0 fragment.
The side chain rotamers were manually optimized to minimize
the intramolecular bump, and then the protein structure was
further optimized with the Discover module of Insight II.
Binding Site Determination andMolecular Docking. The

E2-binding sites on the homology structural model of the human
PDIp b-b0 fragment were identified by using the Active-Site-
Search function in the Binding-Sitemodule of Insight II. The site-
open-size parameter was set at 5 Å, and the site-cutoff-size
parameter was set at 150 Å3. We defined the binding pocket
with amino acid residues within 5 Å of the candidate binding site.
The Simulated Annealing docking method in the Affinitymodule
was used to dock E2 into the candidate binding pocket. Water
molecules were excluded, and side chains in the binding site were
allowed to move in the docking analysis. One hundred docking
modes were calculated, and the ones with the lowest binding
energy were chosen for further minimization.

RESULTS AND DISCUSSION

As depicted in Figure 1A, the human PDIp protein is a large
protein composed of four thioredoxin-like domains, a, b, b0, and
a0, and a small linker region x between b0 and a0 and a C-terminal
acidic extension c. To experimentally locate the E2-binding site in
this protein, we designed three truncated human PDIp fragments
(namely, a-b, b-b0, and b0-x-a0-c, as depicted in Figure 1A),
with a His tag attached to their N-termini for the convenience of
purification. Because these three fragments cover the full length
of the PDIp protein with each fragment containing two neigh-
boring main domains (i.e., a-b, b-b0, and b0-a0), theoretically
they would allow us to determine whether the E2-binding site is
only associated with any of the individual domains or jointly
formed by any of the two neighboring domains. These three
PDIp fragments as designed above were selectively overexpressed
in E. coli cells and purified (left part of Figure 1B) and then
subjected to in vitro analysis of their [3H]E2 binding ability. The
results (Figure 1C) showed that the b-b0 fragment has a distinct,
high specific binding activity for [3H]E2, although a weak binding
activity was also detected for the b0-x-a0-c fragment. No

FIGURE 2: Determination of the dissociation constant (Kd) of the human b-b0 fragment and the full-length humanPDIp for E2. The total binding
(TB) of [3H]E2 by the b-b0 fragment or the full-length PDIp protein (at a final concentration of 20 μg/mL) was determined in the presence of
increasing concentrations of [3H]E2 (22-660 nM) in 10mMsodiumphosphate buffer (pH7.4). The nonspecific binding (NSB)was determined in
the presence of excess nonradiolabeled E2 (10 μM). Total binding (TB) withNSB subtracted gives rise to specific binding (SB). The binding curve
(left part) was obtained using curve regression analysis (hyperbola model) of SigmaPlot. The corresponding Scatchard plot is shown in the right
part of eachpanel. PanelA shows the dataobtainedwith the purified recombinant PDIpb-b0 fragment expressed inE. coli cells. PanelB shows the
data for the purified human PDIp protein selectively expressed in cos-7 cells (the purification procedures are described in the Supporting
Information and shown in Figure S1). Each value is the mean of duplicate measurements.
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binding activity was detected for the a-b fragment when it was
assayed at an equivalent molar protein concentration under the
same conditions. These observations were repeated by using
proteins prepared from over four independent experiments, and
the b-b0 fragment was consistently found to have a very high E2

binding activity. Accordingly, these results suggest that the E2-
binding site is not associated with each individual domain, but
with the b-b0 domain complex.

To further verify the observations described above, next we
selectively expressed the single b and b0 domains for testing of
their individual E2 binding activity. In our initial experiments, we
also adopted the strategy of attaching a His tag to the b and b0

single-domain fragments. Unfortunately, the yield of the b and b0

single-domain proteins (with a His tag) was very low when they
were individually expressed in E. coli cells, likely because of their
much smaller sizes and lower stabilities. After we modified the
strategy by attaching a GST tag to the N-termini of the b and b0

fragments, the problemof lowprotein yieldwas solved. The b and
b0 single-domain fragments (with a GST tag) were purified
(Figure 1B) and then subjected to analysis of their ability to
bind [3H]E2. However, the protein fragment that contained either

the b or b0 single domain did not have an appreciable [3H]E2

binding activity (Figure 1C). The experiment was repeated three
times, and each time the same observations were made. For
comparison, we have also prepared the single a0 domain (in the
formof x-a0-c), and this fragment also did not have appreciable
[3H]E2 bidning activity (Figure 1C).

Using the purified b-b0 fragment, next we determined its E2

binding affinity (i.e., the Kd value) when different concentrations
(1-650 nM) of the radiolabeled E2 were tested as the binding
ligand. Analysis of the binding curve pattern as well as the
Scatchard plot suggests that the PDIp b-b0 fragment displays
single-binding site kinetics, with an apparent Kd value of
153-181 nM (Figure 2A). To verify that the human PDIp has
only a single E2-binding site, we also determined the [3H]E2

binding affinity of the full-length PDIp that was selectively
overexpressed in the cos-7 mammalian cells. The preparation
and purification of this protein are summarized in Figure S1 of
the Supporting Information. Similarly, analysis of the binding
curve pattern and Scatchard plot shows that the recombinant
full-length human PDIp protein also exhibits single-site binding
kinetics, with an apparent Kd value of approximately 170 nM

FIGURE 3: Docking analysis of the binding mode of E2 inside the human PDIp b-b0 fragment. (A) Overview of the docking result (mode I) of E2

binding inside the PDIpb-b0 fragment. E2 andH278are shown in the ball-and-stick format and colored according toatoms.The protein structure
is shown as a ribbon. The yellow region represents the b domain and themagenta region the b0 domain. (B) Close-up view of the docking result of
the E2-PDIp bindingmodel, showing that a hydrogen bond is formed between the 3-hydroxyl group of E2 (a hydrogen bond donor) and PDIp’s
His278 (a hydrogenbondacceptor). (C) Interaction ofE2with amino acid residues in the binding pocket (mode I). Labelingof amino acid residues
is shown in yellow for the b domain and inmagenta for the b0 domain. The E2molecule is colored yellow. Amino acids are shown in the ball-and-
stick format and colored according to atoms, i.e., green for carbon, red for oxygen, white for hydrogen, and blue for nitrogen. (D) Plots of the
docking results of E2 binding with the PDIp b-b0 fragment in modes I and II. The distances are in angstroms. E2 is colored blue, and H278 and
Q265 are colored magenta.
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(Figure 2B), which is very similar to the apparent Kd value of the
purified recombinant b-b0 fragment.Notably, theKd value of the
full-length PDIp purified from E. coli cells was approximately
1500 nM (16), which is much higher than the Kd values for the
b-b0 fragment purified fromE. coli cells and the full-length PDIp
purified from mammalian cells. We suspect that the lower E2

binding affinity of the full-length PDIp expressed in E. coli cells
might be due to impact folding of the protein. Taken together,
these observations suggest that the human PDIp protein has only
a single binding site for E2, and the binding site is located in its
b-b0 fragment.

Next we sought to predict the three-dimensional (3D) E2-
binding pocket structure of the PDIp b-b0 fragment by using
computational modeling analysis. To achieve this goal, we first
built the 3D structure of the b-b0 fragment by using the
homology modeling approach according to the known structure
of the b-b0 fragment of the human PDI protein (18), which is
38% identical in sequence with the human PDIp (as shown in
Figure S2A of the Supporting Information). On the basis of the
homology structural model of the human PDIp b-b0 fragment,
we noticed that its backbone structure is very similar to that of the
human PDI b-b0 fragment (Figure S2B of the Supporting
Information). The most notable differences between these two
structures are β5 and the starting region of R4, where PDIp has
four more amino acid residues. The other small differences

between these two structures are in the R30 region, because of
the difference in their amino acid compositions.

Topredict the E2-binding pocket in the b-b0 fragment, weused
the Insight IImodeling program to calculate the size of the cavities
present in the protein structure. Three cavities were found in the
b-b0 fragment (Figure S2C of the Supporting Information): cavity
I located between the b and b0 domains, i.e., formed jointly by these
two domains (cavity size of 376 Å3). In comparison, cavity II is
solely formed by the b domain (size of 207 Å3), and cavity III is
solely formed by the b0 domain (size of 129 Å3). On the basis of the
experimental data that showed that the single b or b0 domain does
not have an intact E2-binding site whereas the b-b0 domain
complex has the binding site, these experimental data were
considered as the scientific basis for excluding cavities II and III
for further consideration as viable E2-binding sites. By contrast,
cavity I matches the experimental findings; i.e., the binding pocket
is formed by both b and b0 domains but not by the individual
domain present alone. Here it should also be noted that cavity I
also has an optimal size that would enable it to function as a low-
affinity E2-binding site. Earlier studies (19-21) showed that the
volumes of theE2-binding pockets of humanERR andERβ are 266
and 275 Å3, respectively. The fact that cavity I (376 Å3) is slightly
larger than the E2-binding pockets of human ERs suggests that E2

likely will bind more loosely inside PDIp’s binding pocket than
inside the binding pockets of ERs, which agrees well with the

FIGURE 4: H278Lmutant protein that lacksE2 binding activity. (A)Total [3H]E2 binding bypurifiedPDIp b-b0 fragments (wild-type andH278L
mutant proteins, purified from E. coli cells) after incubation with 4.5 nM [3H]E2 in the absence or presence of excess cold E2 (10 μM) in 10 mM
sodiumphosphate buffer. The inset shows the SDS-PAGEanalysis of the purified proteins. (B) Total [3H]E2 binding byPDIp b-b0 fragments (at
the final concentration of 20 μg/mL, wild-type protein and H278L mutant protein) determined in the presence of increasing concentrations of
[3H]E2 (from26 to420nM) in 10mMsodiumphosphate buffer (pH7.4). (C)Total [3H]E2 binding bySEC fractions of cos-7 cell lysates containing
the expressed full-length wild-type PDIp or the H278Lmutant protein (see Figure S4 of the Supporting Information). The final concentration of
[3H]E2 in these incubations was 4.5 nM. Each value is the mean of duplicate determinations.
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known differences in their E2 binding affinities. On the other hand,
the much smaller sizes of cavities I and II compared to those of the
human ERs further suggest that they are unlikely to be viable E2-
binding sites.

Next, we used theAffinitymodule of Insight II to dock E2 into
cavity I. The overall E2-PDIp binding interaction is shown in
panels A and B of Figure 3, and the amino acid residues
surrounding the binding pocket are shown in Figure 3C. Two
candidate E2 binding modes are suggested (Figure 3D). In both
binding modes, E2 has a very similar overall orientation and
positioning inside the binding pocket, and hydrogen bonds are
formed between E2 and the PDIp b-b0 fragment. In mode I (left
part of Figure 3D), one hydrogen bond is formed between the
3-hydroxyl groupofE2 and the nitrogen atomofHis278 of PDIp.
In mode II (right part of Figure 3D), two hydrogen bonds are
formed: one between the 3-hydroxyl group of E2 and His278 of
PDIp and the other between the 17-hydroxyl group of E2 and
Gln265 of PDIp. To experimentally test the binding modes as
suggested by our computational docking analysis, we first sought
to determine whether the two identified amino acid residues,
His278 and Gln265, are indeed involved in the binding interac-
tions between PDIp and E2 through the formation of hydrogen
bonds. To do so, we introduced point mutations to probe
whether changes in these two amino acid residues would alter
PDIp’s E2 binding activity.

We first chose to mutate His278 to leucine (H278L). Accord-
ing to earlier studies (22, 23), the side chain length of leucine is
similar to that of histidine, but the leucine does not contain
electronegative atoms that are necessary for the formation of
hydrogen bonds. As shown in Figure 4A, the purified H278L
b-b0 fragment completely lost its [3H]E2 binding activity. A
saturation binding assay further confirmed that this mutant
fragment did not have appreciable [3H]E2 binding activity even
when very high concentrations of [3H]E2 were present
(Figure 4B). Similarly, we also introduced the H278L mutation
into full-length PDIp, which was overexpressed in mammalian
cells and isolated by SEC (Figure S3 of the Supporting In-
formation). An assay of the [3H]E2 binding activity of each of the
SEC fractions showed that the PDIpH278Lmutant protein does
not have appreciable [3H]E2 binding activity (Figure 4C). Taken
together, these data show that PDIp’s His278 is indispensable for
its binding interaction with E2.

Using the same approach, we also mutated Gln265 to leucine
(Q265L). As suggested by binding mode II (Figure 3D), Gln265
may form a hydrogen bond with the 17-hydroxyl group of E2.
[3H]E2 binding assays showed that the purified Q265L b-b0

fragment [overexpressed in E. coli cells (Figure S4A of the
Supporting Information)] and the full-length PDIp Q265L
mutant protein [overexpressed in cos-7 cells (Figure S4B of the
Supporting Information)] each display [3H]E2 binding activity

FIGURE 5: Relative binding activity of PDIp for several E2 derivatives. (A) Chemical structures of E2 and several of its analogues used in this
study. (B)Relative bindingof [3H]E2 by the recombinant PDIpb-b0 fragment (at a final concentrationof 20μg/mL, purified fromE. coli cells) (see
Figure 1B) or by purified recombinant full-length PDIp protein expressed in cos-7 cells [at a final concentration of 20 μg/mL (see Figure S1 of the
Supporting Information)]. Proteinwas incubatedwith 4.5 nM [3H]E2 in the absence or presence of 10μME2or its analogues in sodiumphosphate
buffer (10mM, pH 7.4). (C) Relative [3H]E2 binding by the PDIp b-b0 fragment purified fromE. coli cells after incubationwith 4.5 nM [3H]E2 in
10 mM sodium phosphate buffer (pH 7.4) in the absence (control, set as 100%) or presence of increasing concentrations of E2, E1, and C2. Each
value is the mean( SD of triplicate determinations.
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similar to that of the corresponding wild-type proteins. The
apparentKd value for Q265L b-b0 fragment was found to be 185
( 8 nM (Figure S4C of the Supporting Information), which is
nearly the same as that of the wild-type b-b0 fragment. In
addition, we have also prepared the double mutant protein
Q265L/H278L for testing its [3H]E2 binding activity. As ex-
pected, this double mutant protein does not have any [3H]E2

binding activity. Collectively, these observations suggest that
PDIp’s Gln265 either may form a nonessential, weak hydrogen
bond with the 17-hydroxyl group of E2 [as suggested by binding
mode II (Figure 3D)] or may not form a viable hydrogen bond at
all [as suggested by binding mode I (Figure 3D)]. In addition, we
performed the in silico analysis (using Insight II) to predict the
effect of pointmutations (H278L andQ265L) on the structures of
the PDIp b-b0 fragment. No appreciable differences were
observed between the wild-type fragment and these two mutant
fragments in terms of their secondary structures (which were also
predicted by Jpred 3, http://www.compbio.dundee.ac.uk/www-
jpred/) or tertiary structures (data not shown).

To provide further experimental support for the conclusions of
themutagenesis studies, we employed an alternative approach by
using a number of E2 derivatives that share the same core
structure as E2 but with their C-3 or C-17 hydroxyl group

selectively modified such that they cannot form the same type
of hydrogen bonds with PDIp that E2 does. In these experiments,
both the purified b-b0 fragment (expressed in E. coli cells) and
purified full-length recombinant human PDIp (expressed in cos-7
cells) were used to assay their relative binding activity by
measuring their ability to compete off the binding of [3H]E2.
We found that E1, E3, and C2, all of which contain an intact
3-hydroxyl group but differ in their 17-hydroxyl group
(structures shown in Figure 5A), could efficiently compete with
[3H]E2 for binding to the b-b0 fragment or full-length PDIp
(Figure 5B). There is no significant difference among the IC50

values of E2, E1, andC2 (Figure 5C). In contrast, C3, which lacks
the 3-hydroxyl group (Figure 5A), displayed no appreciable
binding activity (Figure 5B). These observations provide further
support for the suggestion that the 3-hydroxyl group of E2 is
essential for the binding interaction with PDIp via the formation
of hydrogen bond(s), whereas the 17-hydroxyl group of E2 is not
important. These results are in agreement with the observations
made with the point mutation studies as described above.

Notably, while the two binding modes suggested by the
docking studies are very similar in their overall structure and
binding interaction, there are also some notable subtle differ-
ences. In mode I (Figure 3D), the 3-hydroxyl group of E2 is a

FIGURE 6: Docking analysis of the interaction of PDIp with E2 analogue C1. (A) Chemical structure of 3-methoxyestradiol (C1). (B) Docking
analysis of the modes of binding of E2 and C1 in the binding pocket of the PDIp b-b0 fragment. The protein structure is shown as a ribbon and
colored magenta. E2, C1, and His278 are shown in the ball-and-stick format. C1 and His278 are colored according to atoms, and E2 is colored
yellow. Green dashes denote hydrogen bonds. R-Helices and β-sheets are labeled according to Figure S2A of the Supporting Information. (C)
Relative [3H]E2 binding by the recombinant PDIp b-b0 fragment or by purified recombinant full-length PDIp in the absence or presence of 10μM
E2 or its C1 analogue. Each value is the mean( SD of triplicate determinations.
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hydrogen bond donor and the nitrogen atom of His278 of PDIp
is a hydrogen bond acceptor. Inmode II, the 3-hydroxyl group of
E2 serves as a hydrogen bond acceptor and His278 of PDIp as a
hydrogen bond donor in the formation of a hydrogen bond. On
the basis of our earlier experience, it is almost certain that only
one of the modes is the preferred binding mode. On the basis of
the known difference in the strength of the OH-N hydrogen
bond (6.9 kcal/mol) versus the O-HN hydrogen bond (1.9 kcal/
mol) (24), it is predicted that binding mode I, which contains the
stronger OH-N hydrogen bond, would be the preferred binding
mode over mode II, which contains the weaker O-HNhydrogen
bond. To provide experimental evidence for this prediction, we
chose to determine the binding activity of 3-methoxyestradiol

(structure shown in Figure 6A) for PDIp. Theoretically, the
oxygen atom in the 3-methoxy group of 3-methoxyestradiol will
be able to serve only as a hydrogen bond acceptor, not as a
hydrogen bond donor, in forming a hydrogen bond (i.e., it can
bind to PDIp only in mode I, not in mode II). Computational
docking analysis showed that 3-methoxyestradiol can still bind
inside the pocket in a similar way like E2, because there is enough
space around His278 to fully accommodate the methoxy group
(Figure 6B). As expected, the computational binding model
showed that 3-methoxyestradiol (serving as a hydrogen bond
acceptor) still can form a hydrogen bond with His278 (serving as
a hydrogen bond donor). However, in the binding assay,
we found that 3-methoxyestradiol has no appreciable binding

FIGURE 7: Docking analysis of the interaction of PDIp with ICI-172,780. (A) Chemical structures of ICI-172,780 and tamoxifen. (B) Relative
[3H]E2 binding in the absence or presence of excess E2, tamoxifen, or ICI compound (10 μM) by the recombinant PDIp b-b0 fragment (at a final
concentration of 20 μg/mL, purified from E. coli cells) or by the recombinant full-length PDIp protein (at a final concentration of 20 μg/mL,
purified from cos-7 cells). These proteins were incubated with 4.5 nM [3H]E2 in sodium phosphate buffer (10mM, pH 7.4). Each data point is the
mean( SD of triplicate determinations. (C) Docking results showing the binding interaction of ICI-172,780 with the PDIp b-b0 fragment. (D)
Close-up view of the docking result of ICI-172,780 binding in the PDIp b-b0 fragment, showing that a hydrogen bond (represented by the green
dashed line) was formed between the 3-hydroxyl group of ICI-172,780 (hydrogen bond donor) and His278 of PDIp (hydrogen bond acceptor).
The protein structure is shown as a ribbon.Yellow regions represent the bdomain andmagenta regions the b0 domain. ICI-172,780 andHis278 are
shown in ball-and-stick format and colored according to atoms. R-Helices and β-sheets are labeled according to Figure S2A of the Supporting
Information.
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activity for the b-b0 fragment or full-length PDIp (Figure 6C).
This experimental observation suggests that the hydrogen
bond formed between 3-methoxyestradiol and His278 likely is
extremely weak or, more likely, not formed at all. Taking all
the data together, we conclude that E2 binds to PDIp by forming
a hydrogen bond between the 3-hydroxyl group of E2 and
His278 of PDIp according to mode I, but not mode II
(Figure 3D).

The results of this study also provide a good explanation for
our early observation thatwhile PDIp has no appreciable binding
affinity for tamoxifen, it still retains considerable binding affinity
for ICI-172,780 (16) (also see Figure 7B). It is known that
tamoxifen does not have a phenolic OH group in its structure
(see Figure 7A) and thus cannot form the necessary hydrogen
bond with His278 of PDIp. In comparison, ICI-172,780 has the
same core steroid structure as E2 (see Figure 7D). Our docking
analysis showed that ICI-172,780 can still be bound inside PDIp’s
binding pocket in a manner like that of E2 (Figure 7C,D),
although its long side chain at the C-7 position slightly interferes
with the binding, which is consistent with its lower binding
affinity (Figure 7B).

On the basis of the sequence and structural similarities between
their b-b0 fragments (Figure S2A,B of the Supporting In-
formation), it is suggested that PDI and PDIp may share a
similar overall E2-binding pocket, although additional experi-
mental evidence is needed to verify this possibility. Despite their
potential structural similarity, it is of interest to note that the
affinity of PDI for E2 [∼1500 nM, as reported previously (9, 10)]
is considerably lower than that of PDIp. The lower binding
affinity of PDI for E2 was also reflected in another study that
showed that the peptide binding activity of PDI is markedly less
sensitive to the competitive inhibition by E2 compared to the
peptide binding activity of PDIp (15).

Notably, it is well-known that the 3-hydroxyl group ofE2 plays
an essential role in its binding interaction with human ERR and
ERβ by forming hydrogen bonds (19, 25, 26). The structural
model developed in this study offers a good explanation for the
experimental observation that the humanPDIp has amuch lower
E2 binding affinity than humanERs, for the following reasons. (i)
PDIp forms only one hydrogen bond with the 3-hydroxyl group
of E2, whereas human ERs form two hydrogen bonds with this
hydroxyl group. (ii) Whereas the 17β-hydroxyl group of E2 plays
an important role in its interactionwith humanERR orERβ (25),
its role in the interaction with human PDIp appears to be of
minimal importance or simply nonexistent. (iii) The E2-binding
site of PDIp is significantly larger than those of human ERR and
ERβ; i.e., it is less compact, which would suggest a relatively
looser binding interaction. (iv) For both ERR and ERβ, almost
all amino acid residues in their binding pockets, except those that
form hydrogen bonds with E2, are hydrophobic residues, which
provide stronger hydrophobic interactions with the four aliphatic
rings of E2. However, in the case of PDIp, some polar residues
(Thr253, Thr260, Thr266, Ser225, and Gln265 shown in
Figure 3C,D) are also present in the binding pocket, which may
weaken the hydrophobic interactions with E2. These notable
differences distinguish human ERs from PDIp in their binding
interactions with E2.

Lastly, it is of note that observations made in this study may
also shed light on understanding the binding interaction of PDIp
with its substrate peptides, which was shown to be inhibited by E2

and its analogues (15, 17). In support of this suggestion, we found
thatmastoparan, a peptide that can bind toPDIp and the binding

of which can be inhibited by E2 as reported in an early study (15),
can inhibit PDIp’s [3H]E2 binding activity (Figure S5 of the
Supporting Information). Therefore, the reciprocal inhibition of
PDIp’s ligand binding activity between E2 and mastoparan
suggests that they share the same or partially overlapping binding
site in PDIp. Interestingly, an earlier study reported that the
specificity of the peptide substrates during their interaction with
PDIp is associated with the tyrosine and/or tryptophan residues
in the peptide substrates (27). Because these two residues contain
a free phenolic hydroxyl group and phenolic amine group,
respectively, it is tempting to suggest that these amino acid
residues may serve as hydrogen bond donors in forming hydro-
gen bonds with His278 of PDIp during PDIp-peptide interac-
tion, in a manner similar to that observed for the 3-hydroxyl
phenolic group inE2. This possibilitymerits further investigation.

In conclusion, the human PDIp has a single E2-binding site
(apparent Kd of approximately 170 nM), and its E2-binding site is
located in a hydrophobic pocket largely composed of the b0 domain
and partially of the b domain. The hydrogen bond formed between
the 3-hydroxyl group of E2 (hydrogen bond donor) and His278 of
PDIp (hydrogen bond acceptor) is indispensable for E2 binding.
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