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ABSTRACT: The estrogen receptors (ERs) feature, next to their transcrip-
tional role, important nongenomic signaling actions, with emerging clinical
relevance. The Src Homology 2 (SH2) domain mediated interaction between
cSrc kinase and ER plays a key role in this; however the molecular determinants
of this interaction have not been elucidated. Here, we used phosphorylated ER
peptide and semisynthetic protein constructs in a combined biochemical and
structural study to, for the first time, provide a quantitative and structural
characterization of the cSrc SH2—ER interaction. Fluorescence polarization
experiments delineated the SH2 binding motif in the ER sequence. Chemical
shift perturbation analysis by nuclear magnetic resonance (NMR) together with

cSrc SH2

Estrogen Receptor

molecular dynamics (MD) simulations allowed us to put forward a 3D model of

the ER-SH2 interaction. The structural basis of this protein—protein interaction has been compared with that of the high affinity
SH2 binding sequence GpYEEL The ER features a different binding mode from that of the “two-pronged plug two-hole socket”
model in the so-called specificity determining region. This alternative binding mode is modulated via the folding of ER helix 12, a
structural element directly C-terminal of the key phosphorylated tyrosine. The present findings provide novel molecular entries

for understanding nongenomic ER signaling and targeting the corresponding disease states.

he estrogen receptors (ERs) a and f are members of the

nuclear receptor transcription factor family. They are
typically characterized as ligand-activated transcription factors
that control gene expression by direct binding to estrogen
ligands such as the endogenous estradiol, E2." The C-terminal
activation function 2 (AF2) of the ER, comprising the most C-
terminal regulatory helix 12 (H12) of the ER ligand binding
domain (LBD), is of central importance in the control of this
activation mechanism.” Transcriptional regulation is addition-
ally controlled by various other mechanisms such as interacting
coregulator proteins” and post-translational modifications
(PTMs)."® For instance, recent studies on the phosphor-
ylation of tyrosines (Y) Y537 and Y488, in the ERa and ERf
LBDs, respectively, have shown a subtype-specific modulation
of ER-coactivator interaction by phosphorylation.” Next to this
classical genomic mechanism, the ER also plays an important
role in various rapid signaling pathways by nongenomic
mechanisms, including the Ras/Raf/MAPK, p38/MAPK,
PI3K/AKT, PLC/PKC, and cAMP/PKA pathways.'"™"* ER
can activate the MAPK pathway by binding to several signaling
proteins simultaneously, such as to the cSrc kinase and to
MNAR, the modulator of nongenomic activity of ER."*'* This
protein interplay results in the activation of the c¢Src/MAPK-
pathway, which subsequently leads to ERar phosphorylation on
S118 and thereby enhanced ERa transcriptional activity. It has
also been reported that agonistic steroid ligands induce the
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formation of a complex between ER, the androgen receptor
(AR), and the cSrc kinase.'® This ternary complex results in
downstream modulation of the cSrc/Raf-1/Erks-pathway.'*"'®
In these nongenomic actions of ER, PTMs play a key role in
regulating the function of the receptor. The interaction
between ER and the phosphotyrosine-interacting SH2 domain
of cSrc kinase has been proposed to depend on the
phosphorylation state of AF2—more specifically of Y537 and
Y488, in ERa and ERp, respectively.lé_18 In line with this,
mutations of these phosphorylatable residues as well as
mutations in their direct vicinity significantly modify the
receptors’ activity.'”~>> Interestingly, the aforementioned
tyrosine Y537 has been demonstrated to be a hotspot for
mutations in ER in hormone-resistant metastatic breast
cancer.”>~*® These findings, together with the fact that elevated
expression levels of cSrc kinase have been reported in cancer
cells,”” ™" show the clinical relevance of these protein—protein
interactions.**>*

Studies into the nontranscriptional functions of ER have
been limited to cellular work. The temporal character of PTMs
in the cellular setting and the absence of techniques to provide
structural information in cells have prevented the molecular
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Table 1. Peptide Sequences of FAM-labeled Phosphorylated and Nonphosphorylated ER Peptides and Proteins and Their Ky,
Values (in #M) As Determined by a Direct FP Binding Assay in the Titration with vSrc and cSrc Kinase SH2 Domains

peptide number peptide/protein® sequence cSrc SH2 Ky (uM) vSrc SH2 Ky (uM)

1 ERa 21-mer :CKNVVPLYDLLLEMLDAHRLK,,-(FAM) nb? nb.

2 pERa 21-mer 40CKNVVPLpYDLLLEMLDAHRLK ;5-(FAM) 11+ 06 42402

3 ERf 21-mer 5y CKNVVPVYDLLLEMLNAHVLK,,-(FAM) nb. nb.

4 PERS 21-mer 151 CKNVVPVpYDLLLEMLNAHVLK ,-(FAM) 8.5+ 0.5 57 + 04

S hmT antigen S-mer (FAM)-3,;GYEEL,, nb. nb.

6 phmT antigen S-mer (FAM)-3,;GpYEEL,, 04S + 0.03 0.98 + 0.05
ERS LBD ERS LBD (L260-K501)-FAM nb. nb.
pERS LBD ERS LBD (L260-pTyr488-K501)-FAM’ 12+4 nd<

“ER = estrogen receptor. p = phosphorylated. hmT antigen = hamster polyomavirus middle size tumor antigen. nb. = no binding. “n.d. = not

determined.

characterization of these interactions. As such, the exact
molecular determinants of this interaction are not known and
require elucidation to provide novel molecular entries for
understanding the resulting signaling and targeting the
corresponding disease states. In this work, we combined
biochemical and NMR techniques to study the interaction
between phosphorylated segments of the ERa and ERf
subtypes and the cSrc kinase SH2 domain. Peptide constructs
were studied to delineate the SH2 binding motif in the ER
sequences. The complete and phosphorylated ER LBD,
obtained via a protein semisynthesis approach,”*>*® was used
to obtain the first molecular characterization of the interaction
between an entire ER LBD and the cSrc kinase SH2 domain.
The structural basis of this protein—protein interaction has
been compared with that of the high affinity SH2 binding
sequence GpYEEL"’ finding a different binding mode to that of
the “two-pronged plug two-hole socket” model in the so-called
specificity determining region. The present findings provide the
first molecular insights on how ER interacts with cSrc and how
ER PTMs control nuclear receptor nongenomic signaling in
synergy with protein folding.

Bl RESULTS AND DISCUSSION

Molecular Determinants of ER—SH2 Interaction. A set
of relatively long peptide sequences (21 amino acids length),
were prepared to evaluate the binding characteristics to Src
SH2 domains. The peptides were designed to feature
substantial amino acids flanking the tyrosines of interest of
both ER subtype sequences and were synthesized in their
phosphorylated (pERa/pERf) and nonphosphorylated state
and featuring a C-terminal incorporated fluorescent label
(Table 1, 1-4). A fluorescence polarization (FP) binding
assay was performed to determine the binding affinities of these
ER peptides to the cSrc SH2 as well as to its viral homologue
vSrc SH2 domain (97% identical in sequence), for reference.
Also the binding of the full length, tyrosine phosphorylated, and
C-terminal fluorescently labeled ERS LBD’ to cSrc SH2 was
studied. Serial dilutions of the SH2 protein were titrated to
constant concentrations of the peptide or protein (Table 1,
Figures 1A and SS). For comparison, a high affinity binding
sequence (GpYEEI) derived from the hamster polyomavirus
middle size tumor antigen and its nonphosphorylated
homologue were studied (Table 1, 5 and 6, Figure 1B). For
all constructs, tyrosine phosphorylation turned out to be an
absolute necessity for the interaction with SH2. This is in line
with the described switch function of tyrosine phosphorylation
for the Src SH2 interaction with its cognate proteins.’® Binding
to the phosphorylated ER sequences revealed similar affinities
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Figure 1. Fluorescence polarization assay (A). Titration of cSrc SH2
domain to FAM-labeled phosphorylated (‘p’, circles) and non-
phosphorylated (squares) ERa (black) and ERf (gray) H12 peptides
(corresponding to peptides 1—4 in Table 1). For comparison (B):
Titrations of the phosphorylated (circles) and nonphosphorylated
(squares) FAM-labeled high affinity binding motif hmT antigen S-mer
peptides (corresponding to peptides § and 6 in Table 1) with the cSrc
kinase SH2 domain. The titrations with the vSrc kinase SH2 domain
and of the full length phosphorylated ERf LBD can be found in the
Supporting Information (Figure SS).

in the low micromolar range, for the full-length ERS LBD and
the ER 21-mer peptides. The binding affinities of the peptides
showed only modest differences between the ER subtypes, in
line with their highly similar amino acid sequences (Table 1).
The overall affinities of the phosphorylated ER sequences were
approximately 1 order of magnitude weaker than that of the
SH2 high-affinity binding peptide 6.”” These binding affinities
most probably result from variations in the amino acid
sequence immediately C-terminal of the phoighotyrosine, as
shown before for other Src target sequences,” * and bring
forward an archetypal affinity regime for SH2 binding by the
phosphorylated ER constructs.

In order to identify the minimal ER binding motif, an FP
based competition assay with pERa and pERS peptides of
different lengths was performed. Nonphosphorylated ERa/j
sequences were each time included but did not exhibit any
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Figure 2. Characterization of the phosphorylated ER binding site on cSrc kinase SH2 domain (cSrc SH2). (A) Superimposition of a zoomed area
from the “N-HSQC spectra of *N-cSrc SH2 in the presence of increasing amounts of the pERS 6-mer peptide (PVpYDLL), at 1:0 (blue), 1:1
(red), 1:3 (black), and 1:6 (green) protein/peptide ratios. (B) Backbone chemical shift perturbations (CSP) of cSrc SH2 in complex with peptides
pERa 6-mer (top, black), pERa 22-mer (top, cyan), pERf 6-mer (bottom, black), and pERf} 22-mer (bottom, cyan). (C) Residues significantly
perturbed (with a cutoff value CSP > 0.15 ppm) upon ER binding are highlighted in orange on the cSrc SH2 structure”” (PBD file IHCS). (D)
Sequence of the cSrc SH2 domain secondary structure elements. Residues significantly perturbed upon ER binding (as in C) are shaded in orange.
For comparison, residues significantly perturbed upon GpYEEI binding (with a cutoff value CSP > 0.15 ppm) are colored red.

detectable binding affinity to the Src SH2 domains. Moreover,
any substitution of the phosphotyrosine of interest for either
phosphoserine or glutamic acid as a negatively charged analog
resulted to be detrimental for SH2 binding (Figure S7A,B).
This is in line with previous results that indicate that the SH2
phosphotyrosine (pY) pocket is tightly structured and hence
not adaptable to other amino acids.”* ICy, values in the
micromolar range were typically observed for all the relevant
phosphorylated ER peptides (Table S2). Shortening the
phosphorylated peptide length to 6-mers did typically not
affect the binding affinity strongly. To pinpoint the minimal
binding sequence, specific N- and C-terminal truncations were
made based on the ERa 6-mer 3 PLpYDLL.,, sequence
(Figure S7C, Table S3). Compared to this motif, the C-
terminal truncated peptide 3,VPLpYDg;s featured a 3-fold
weaker ICy, indicating that the two leucines at the +2 and +3
positions of the phosphotyrosine are involved in the peptide
binding to SH2. Further C-terminal truncation of the aspartic
acid, resulting in peptide §3;3VVPLpYs;;, yielded a 12-fold
weaker ICgy. These results bring forward the important role of
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the previously described ionic interaction via the negatively
charged amino acid side chain in the +1 position with respect to
the phosphotyrosine.”> For the phosphorylated ER sequence,
this ionic interaction increases the affinity approximately 10-
fold, which is in line with results from MD simulations (vide
infra).

Mapping the SH2-ER Binding Site by NMR. 'H—'°N-
HSQC titrations*® were performed to monitor local changes in
cSrc SH2 protein structure upon binding of phosphorylated
ERa/p peptide sequences of different lengths and the
phosphorylated complete ER LBD. The observed chemical
shift perturbations (CSP) provide a qualitative analysis of the
resulting structural effects. The cSrc kinase SH2 domain was
SN-enriched, and the assignment of its 'H and "N resonances
(Figure S8) was based on those reported earlier by Xu et al.*’
As an example for the SH2-pER binding studies, the short
pERJ 6-mer peptide (PVpYDLL) was titrated to a solution of
N-enriched cSrc kinase SH2 domain, and "H—'*N-HSQC
experiments were collected at four protein/peptide ratios,
namely 1:0, 1:1, 1:3, and 1:6 (Figure 2A). The addition of the
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Figure 3. Characterization of the interaction of the phosphorylated ER LBD with the cSrc kinase SH2 domain. (A) Superimposition of a zoomed
area from the ""N-HSQC spectra of ""N-cSrc SH2 in the absence (blue) and in the presence (1:1) of pERB LBD (red). Residue peaks significantly
affected upon the addition of pERf LBD are highlighted with dotted circles. (B) Fractional changes in resonance intensities (I/I,) observed for cSrc
SH2 resonances in complex with 1:1 pERf LBD. Note that a value of zero indicates that the resonance associated is no longer apparent or not
measurable. The peaks corresponding to residues N193, S216, and S248 were not detected at pH 7.5 and were thus included with a value of zero in
this graph. (C) Residues significantly perturbed upon ER LBD domain binding (with a cutoff value I/, < 0.25) are highlighted in orange on the cSrc
SH2 structure”’” (PBD 1HCS). Residues of additional extended recognition regions by the entire LBD, when compared to the titrations of the ER
peptides, are highlighted in a red circle. Residue Q219 is affected in all titrations, but only slightly above the threshold for the titration of the ER

entire LBD.

peptide resulted in strong and clear chemical shift changes in
the HSQC spectra. No further chemical shift changes were
observed beyond the 1:3 titration point, indicating binding
saturation. Spectra for other cSrc SH2-pERa/ff complexes were
therefore subsequently recorded with a 6-fold molar excess of
the phosphorylated peptide to ensure saturation of complex
formation. The SH2 chemical shift changes upon addition of
the phosphorylated peptides were as a whole rather similar
(Figures 2B and S9). No differences (CSPs > 0.0S ppm) were
observed when comparing the ERa and ERf subtypes for
peptides of the same length. This shows, as observed with the
fluorescence data, that the ER—SH2 interaction has no specific
ER subtype preference, in line with the very similar peptide
sequences of the ERa and ERf around the phosphorylated
tyrosine. Relevant differences (CSPs > 0.05 ppm) did come
forward when comparing ER peptides of different lengths (6-
mer versus 22-mer)

The SH2 residues strongly affected in the titrations with the
four different ER peptides (CSP > 0.15 ppm) were summed up
in a model (highlighted in orange in Figure 2C). Some of the
most pronounced CSPs were observed for SH2 residues
located at the core of its central f-sheet structure. These
residues, located in the more rigid SH2 secondary structure
regions, correspond to E176 (/B strand), Y184 and L186 (C
strand), V199 and H201-1204 (fD strand), R20S (BD’
strand), and T218 (fF strand). Overall, these spectral changes
can be explained by binding of the phosphopeptides to the
canonical phosphorylation recognition site of the SH2 domain.
In addition, residues E178—T180 in the BC loop, residues
T215—R217 in the EF loop, and residues A234—R240 in the
BG loop experienced large chemical-shift changes upon pER
binding. Particularly, residues E178 and S216, located in BC
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and EF loops, respectively, showed the two highest CSP values
identified (above 1 ppm). Residue E178 is located in the
vicinity (<3 A) of the ER phosphotyrosine, whereas residue
§216 is close to the C-terminal side of the peptide binding
motif: the Leu+3 side chain of pYDLL in the ERar/ff sequences.
As reported earlier for other phosphopeptides,” our data
indicate that binding of ER peptides to the cSrc SH2 domain
could involve the ordering of the BG loop and a movement of
the EF loop away from the BG loop, to accommodate the
binding of the +3 position leucine and adjacent residues.

A more detailed analysis of the CSPs revealed specific
differences (CSPs > 0.05 ppm) between the titrations of the
PER peptides of different lengths (Figure 2B). Residues 1214
(BE4) and 1237 (BG4) were more affected in the titration with
the 6-mer peptides (black) than with the 22-mer peptides
(cyan). According to the available crystal structure of the SH2—
PYEEI complex,” these SH2 residues are in close proximity to
each other and are involved in direct interactions with the +2
and +3 positions with respect to the phosphotyrosine of
interest. SH2 residues 1.223 and V227, located in the aB helix,
were more affected in the titration of the ERf 22-mer peptide
compared to the ERf 6-mer peptide. Other residues of the BG
loop, such as H239, R240, T242, and T243, also shifted more
upon the addition of the long peptides. These residues are in
the vicinity of G236 and L1237, key residues in mediating
peptide binding at the +3 site, and thus providing an indication
for direct and/or indirect contacts beyond the minimal binding
motif. The segment C-terminal to the phosphorylated tyrosine,
including the leucines at the +2 and +3 positions, constitutes
the helix 12 of the ER LBD. Phosphorylation of the tyrosine
has been shown to have a structuring effect on helix 127
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A

cSrc SH2

Figure 4. 3D model of the pERf# LBD—cSrc SH2 complex. The SH2 domain is shown in gray and ERf LBD in green. SH2 residues significantly
perturbed in the NMR titration with the ER LBD are highlighted in orange. (A) Full view of the complex, including a surface representation. (B)
Close-up of the conserved interactions of the ER phosphotyrosine with cSrc SH2 residues and the helical organization of the amino acids C-terminal
to the pY488, located in helix 12 (H12). Because of the H12 folding, the aspartic acid (D489) is well positioned to undergo ionic interactions with
the SH2 lysine (K203). ER leucines L490 and especially L491 are oriented away from the SH2 domain and not available for interactions via the

“Two-Pronged Plug Two-Holed Socket.”

providing a first explanation for these peptide length dependent
observations (vide infra).

Comparison of ER Motif and Consensus Sequence. A
general comparison of the pER sequence titrations with a
titration of the consensus peptide GpYEEI (Figures 2D and
S10) showed that the cSrc SH2 domain generally uses similar
interactions to mediate binding to these two types of peptides.
A more detailed analysis of the CSPs, however, reveals
interesting differences between the titrations of the pER 6-
mer peptides and the GpYEEI peptide, resulting from
interactions of the different residues in the epitope binding
sequence (Figure S10C). On one hand, cSrc SH2 residues
T179 (loop BC), L186 (SC), and V199 (fD) experienced
larger perturbations (CSP > 0.2 ppm) upon the addition of the
phosphorylated ER sequences compared to the GpYEEI
titration. In the original crystal structure of the 11-mer
-GpYEElI-peptide-Src SH2 complex,” T179 (loop BC) and
L186 (fC) are in close vicinity to the pY side chain. On the
other hand, cSrc SH2 residue Y202 (DS) showed clearly a
higher CSP value (CSP > 0.2 ppm) in the case of the GpYEEI
titration. In the aforementioned crystal structure, Y202 (5DS)
appears to play a key role in the interaction with SH2, by
forming a portion of the Ile+3 binding cavity and specifically
interacting with the Ile+3 side chain. Also this residue has direct
contact with the Glu+1 side chain of the pYEEI peptide. Asp+1
in the ER sequences, in contrast, interacts through electrostatic
interactions with H201 (fD4) and K203 (D6) on the surface
of the SH2 domain (vide infra MD simulations). In the ER
sequence, the replacement of Glu+1l by Asp+1 and Ile+3 by
Leu+3 may lead, according to the obtained CSPs, to weaker
interactions with Y202 (8DS5). This observation provides for a
molecular explanation of the around 10-fold lower SH2 binding
affinities obtained for the pER peptides, compared to the
GpYEEI peptide.

Full-length pERS LBD Binding to ¢Src SH2. We have
previously developed a protein semisynthesis approach to
generate tyrosine-phosphorylated ER LBDs, and this strategy
allowed, for the first time, crystallization of a PTM-containing
ER LBD.” For the current work, a series of cocrystallization
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studies with the full length tyrosine-phosphorylated ER LBD
and cSrc SH2 domain were attempted. Unfortunately, this did
not lead to well diffracting protein crystals. Therefore, the
molecular characteristics of the interaction of the full length
tyrosine-phosphorylated ER LBD with the c¢Src SH2 domain
were elucidated by NMR. Titration of the ~30 kDa
phosphorylated ERS LBD to the cSrc SH2 domain resulted
in significant effects on the signal intensities of the SH2 domain
(Figure 3A,B). These observations suggest the SH2 resonances
to be in intermediate chemical exchange. Especially, residues
S177 and E178 ($B) and Y202 (BDS)-R205 (SD’1) became
almost undetectable (see also inset in Figure 3A). Also, a
significant intensity decrease was observed for residues R156
(aA), E176 (BB), T179 (BC), Y184, L186—S187 (BC), H201
(D), K206 (SD’), 1214 (BE4), T215 (EF1), T218—Q219
(PF), and L1223 and A234—C238 ($G4) (Figure 3). The
resonances affected by line broadening were coherent with
those featuring chemical shift changes in the experiments
carried out with the phosphorylated ER peptides. Beyond this
molecular regime, also the SH2 residues G182, A183, C18S
(BC) and S158, E159, and R160 (@A) were affected upon
titration of pERf LBD (Figure 3). This observation hints to an
additional extended recognition region upon ER LBD binding,
comprising certain residues of the SC sheet and aA helix of the
SH2 domain. The full length ER LBD thus addresses similar
SH2 amino acids as the ER peptide but also provides additional
contacts.

MD- and NMR-based 3D Model of ER-SH2 Complex.
Based on the NMR titration data, a 3D model of the pERS—
cSrc SH2 complex was formulated by molecular dynamics
(MD) simulations. The complex of the ERf subtype with cSrc
SH2 was pursued since the crystal structure of the
phosphorylated ERfS LBD protein is available.”® Initial
coordinates were obtained by superposition of the phosphory-
lated ER peptide (43sPVpYDLL,,;; see the Methods Section) or
the pERS LBD protein (PDB 30LL), with the phosphotyr-
osine as a reference, into the NMR coordinates of the binary
pYEEI—cSrc SH2 complex’” (PDB 1HCS). This assumption
was based on the high similarities of SH2 residues binding to
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the phosphorytosine affected in the titrations with the ER and
pYEEI peptides. During S ns MD simulations, the overall
binding orientation and dynamics of the complexes were
maintained and the ER contacts with the SH2 domain were
optimized (Figures S11 and S12). Interestingly, and in contrast
to the known X-ray structure of the pYEEI-cSrc SH2
complex,” the SH2-bound pERJ peptide was found in both
a partially extended and a helical conformation along the MD
simulation. The leucine at the pTyr+2 position showed a
preferred helical conformation at about 70% of the simulation,
whereas the leucine at the pTyr+3 position showed a preferred
extended conformation at about 60% of the simulation. This
dual conformation can be seen in the ¢/ distributions for the
two leucine residues +2 and +3 from the phosphorylated
tyrosine in Figure S13. Sequences that bind to SH2 in a
partially helical conformation have been reported before and
have been directly correlated with the nature of the residue at
position pTyr+3.” In the MD simulations, the segment of
residues pTyr—1 to +1 (45,VpYD,g0) showed a stable extended
conformation (Figure S13) and resembles well the ¢/ values
of the initial NMR coordinates from the pYEEI—cSrc SH2
complex (PDB 1HCS;"” Table $4). During the simulation, the
6-mer pERJ peptide was able to make stable contacts with the
tightly structured pY pocket of the SH2 domain, for instance,
between the phosphate of the pTyr and SH2 residues R175
(pBS), S177, and T179 (Table SS). In contrast, the pTyr+3
binding pocket was clearly less defined in the SH2 structures
during the simulation. The ER Leu+3 was located far from the
hydrophobic cavity that is present in the “two-pronged” model
of binding. The observation of the deviation from the two-
pronged model as a result of ER binding indicates that our SH2
structure is more similar to the apo SH2 NMR structure,*
upon ER binding, showing a shallower, weaker, second binding
pocket. These observations further demonstrate the ability of
the SH2 domain to accommodate diverse ligands, via
conformational adaptation.**

For the full length LBD, residues pTyr+l, + 2, and +3
(430DLLyo;) are actually part of the LBD helix 12 (Figure 4B).
In previous CD spectroscopy and structural studies in the
absence of SH2, we have observed the intrinsically helical
secondary structure of the HI2 region of ER LBD, whose
length can be regulated by phosphorylation of the key tyrosine
residue.” In both phosphorylated and nonphosphorylated
states, the here disclosed SH2 binding motif was found to be
helical. The leucine amino acids, located at the pTyr+2 and +3
positions (pYDLL), are strong helix formers, whereas the
tyrosine acts as a helix initiator upon phosphorylation, as also
visible in the crystal structure of the pERS LBD.*® In the
binding model of the pERS LBD—SH2 complex, the ¢/y
distributions showed a defined conformational space along the
MD simulation for the dihedral angles of the ER epitope
486PVpYDLL,g,, well resembling the initial coordinates for the
ER LBD structure (30LL, Table S4). During the 5 ns MD
simulation of the SH2 bound to the complete pERS LBD
protein, the leucine amino acids located at the pTyr+2 and +3
positions were found solely in a helical conformation. The
analysis of the intermolecular hydrogen bonds showed several
hydrogen bonds conserved throughout the simulation time. For
instance, the phosphate group of the ER phosphotyrosine was
kept salt-bridged to the SH2-conserved R175 (#BS), with an
occupancy of 97% during the simulation. Other hydrogen
bonds found involving pTyr were with S177 (72%), H201
(57%), R1SS (27%), and T179 (19%). It is worth noting that
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not all these key interacting residues showed important
variations in the HSQC experiments. This can be explained
by the earlier proposition that the primary pTyr pocket is
largely predefined before binding, with the structure and
dynamics unchanged upon SH2 partner binding,**

The ER LBD Asp+1 showed transient salt-bridges with basic
residues H201 (28%) and K203 (40%) on the SH2 surface. In
the 3D model of the complex shown in Figure 4B, Asp+1 is
making interactions that explain the importance of Asp+1 in the
binding to SH2, as observed during the binding studies. As
observed for the ERf peptide, also for the full length LBD the
Leu+3 is located far from the hydrophobic cavity that would
support the “two-pronged” model binding. A comparison of the
binding mode of the pYEEI consensus sequence with that of
the corresponding pERf sequence reveals the different
orientation between both sequences of the amino acids C-
terminal of the phosphorylated tyrosine (Figure S14). The
pYEEI sequence features an extended conformation with the
isoleucine (I+3) addressing the hydrophobic cavity that is
present in the “two-pronged” model of binding. For the pERf
LBD, the aspartic acid (D+1) and two leucines (L+2 and L+3)
are in a helical conformation with their side-chains repositioned
and not addressing the hydrophobic cavity present in the “two-
pronged” binding model. Because of this helical orientation, the
Leu3+ residue does not play a key role in determining the
binding affinity of the full ER to cSrc SH2, as also supported by
the binding data. The interaction of the ER LBD with the cSrc
SH2 domain is, thus, not surprisingly, primarily dictated by the
phosphotyrosine binding to the SH2 binding site. The ER LBD,
and specifically the AF2 domain, subsequently modulates the
binding of the surrounding amino acids and tunes the
interaction strength via the folding into a novel helical SH2
binding mode.

Conclusions. The first molecular insights in a protein—
protein interaction relevant for nongenomic estrogen receptor
signaling were obtained in a chemical biology approach, rooted
in well-defined semisynthetic protein constructs and a
combined biochemical and structural biology approach. The
estrogen receptor—cSrc kinase interaction could be charac-
terized, and a 3D model of the pER LBD—SH2 complex was
obtained, culminating in the elucidation of a novel binding
modus, strongly modulated by the folding of the ER helix 12.
This mode of interaction constitutes a remarkable difference
from the classical mode of binding in the archetypal pYEEI—
cSrc SH2 complex.

The short ERa and ERf peptide motifs 3sPLpYDLLs,, and
4s6PVPYDLL,,, encompass the minimal binding epitope for
binding to SH2. The central phosphotyrosine is, expectedly, of
absolute necessity for the interaction and binds to the Src SH2
domain via its canonical phosphorylation recognition site. The
C-terminal leucines in the ER peptides address the second SH2
binding site in a partially helical conformation. Within the full
length ER LBD, the phosphotyrosine binding motif is folded
but functionally available for binding to cSrc SH2. The folding
of the ER helix 12 provides for previously unrecognized binding
interactions between the two proteins. Especially the C-
terminal amino acids flanking the phosphotyrosine convey an
ER specific interaction modus to the SH2 domain. The
aspartate and two leucines at position pTyr+1, +2, and +3 are
helical in the model, in agreement with the ER LBD helix 12-
fold. As a result, especially the two leucines adopt a position
away from the second, hydrophobic, SH2 cavity that would
support the so-called classical “two-pronged” model binding. "
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The binding of the ER to this so-called specificity determining
region of SH2 thus results from an interplay between SH2
plasticity and ER-determined protein folding.

The novel binding modus demonstrates the ability of the
SH2 domain to accommodate sequences that bind in the
secondary SH2 binding site with a largely dynamic con-
formation. This also highlights the difficulty of targeting SH2
domains for pharmaceutical purposes. Additionally, mutations
around the ER phosphotzrosine, such as those reported to
occur in breast cancer,”**’ might further modulate the ER—
cSrc interaction, resulting in a misregulation of both the
genomic and nongenomic ER mediated signaling. The novel
molecular approach reported here now provides an entry for
the molecular elucidation of such events, potentially allowing
for targeting the corresponding disease states.

B METHODS

Protein Expression and Purification of Src SH2 Domains.
Expression and purification of the cSrc and vSrc SH2 domains were
performed as previously described,”® with a few adjustments of the
protocol, including cell lysis by using ice-water-cooled homogenization
(EmulsiFlex C3, Avestin) in the presence of S mM DTT, 200 uM
PMSF, and 1 pg mL™" DNase.

The plasmid pET-3a_cSrcSH2 was transformed into E. coli
BL21(DE) cells and grown overnight at 37 °C in 25 mL of LB
medium precultures, containing 100 ug mL™" ampicillin. Transfected
expression cells were diluted in 2 L of rich TB medium in the presence
of 100 ug mL™" ampicillin at 37 °C. At an optical density of ODgg nm
~ 0.9, cells were pelleted (centrifugation at 6000 rpm for 10 min at 4
°C) and resuspended in 1 L of M9 minimal medium followed by the
induction of protein expression by the addition of IPTG at a final
concentration of 0.5 mM. Cells were incubated at 37 °C and 220 rpm
overnight for protein expression, harvested by centrifugation at 7500
rpm and 4 °C, snap-frozen in N, (1), and stored at —80 °C until
protein purification. Clarified and filtered cell extract was passed
through two coupled S mL HiTrap SP FF columns (GE Healthcare)
using an automated FPLC system (AKTA purifier). After washing off
unbound protein, target protein was eluted with a gradient from 0 to
0.5 M NaCl in 20 mM Hepes at pH 7.5, S mM EDTA, and 5 mM
DTT. The protein eluted at a salt concentration of about 0.2 M.
Protein peak fractions were pooled and concentrated by Amicon Ultra
3K centrifugal filter devices, snap-frozen in aliquots, and stored at —80
°C in the elution buffer conditions.

ERex and ERS LBD Protein Semisynthesis. The protein
semisynthesis was performed as previously described.”**

Fluorescence Polarization (FP) Direct Binding and Competi-
tion Assays. All peptides were dissolved in the buffer at pH 7.4 (50
mM Tris at pH 7.4, 150 mM NaCl, 10 mM MgCl, 0.05% (v/v)
Tween-20, 0.5 mg mL™" BSA, 1 mM TCEP). FAM-peptide assay
concentrations were kept constant at 50 nM, and SH2 domains were
serially diluted from high micromolar to low nanomolar concentration
ranges. Fluorescence polarization was measured with a Tecan Safire
monochromator microplate reader. Fluorescence polarization was
determined by recording the excitation at 470 nm and emission at 519
nm. In the direct FP assay, the polarization ([mP], Y) was plotted
against the protein concentration ([log M], X). The resulting binding
curves of the direct interaction assays were analyzed by formula I,
yielding the Kp, values for the interactions.

Y = Bmax X X/(Kp + X) + BG (1)

with the maximum binding at saturating titrant concentrations (Bmax)
and the background binding at low concentrations of titrant (BG).

In the FP competition assay, the fluorescent probe was kept
constant at 20—25 nM and SH2 domain at 4—10 M in 50 mM Tris-
HCI at pH 7.5 with 100 mM NaCl and 2 mM DTT. The binding
curves of the competition experiments were analyzed with formula 2,
yielding the IC, values for the competition by the individual peptide
sequences.
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Y= Pbottom + (P

top

= Psorrom)/ (1 + 10 A ((X — logIC,))))
)
with the top and bottom plateau (P).

NMR Spectroscopy. All NMR experiments were acquired at 298
K on a Bruker 750 or 900 MHz spectrometer. Unless otherwise stated,
NMR samples of the "*N-cSrc SH2 domain were prepared in MES
buffer (pH 6.0) to a final concentration of 150 M, containing 10%
(v/v) D,0. 'H-""N HSQC (heteronuclear single quantum
correlation) spectra were acquired with 1024 complex data points in
the 'H dimension and 256 increments in the indirect dimension. For
full details, see the Supporting Information.

Mapping the Interaction Surface. Backbone amide HSQC
cross-peaks of the cSrc SH2 domain were monitored for each titration
point of every experiment with each binding partner. A composite
chemical shift change (A§,,) for each residue was calculated as the
weighted sum of the 'H (Adyyy) and '*N (Ady) chemical shift changes

as given in formula 3.

A, = {[(As)” + (A5N/5)2]}1/2 3)

Notation of cSrc SH2 secondary structure elements and residues was
done according to the nomenclature of Waksman et al.**

Molecular Dynamic Simulations. MD simulations of three
different pER—SH2 complexes were performed using an explicit
solvent environment and the ff99SB force field”' in the AMBER suite
of programs®” for (a) pERa 6-mer peptide-cSrc SH2, (b) pERf 6-mer
peptide-cSrc SH2, and (c) pERS LBD-cSrc SH2. For full details, see
the Supporting Information.
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