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Live-cell fluorescence microscopy is broadly applied to study the dynamics of receptor-mediated cell signaling,
but the availability of intracellular biosensors is limited. A biosensor based on the tandem SH2 domains from
phospholipase C—y1 (PLCy1), tSH2-WT, has been used to measure phosphorylation of the epidermal growth
factor receptor (EGFR). Here, we found that tSH2-WT lacked specificity for phosphorylated EGFR, consistent with
the known promiscuity of SH2 domains. Further, EGF-stimulated membrane recruitment of tSH2-WT differed
qualitatively from the expected kinetics of EGFR phosphorylation. Analysis of a mathematical model suggested,
and experiments confirmed, that the high avidity of tSH2-WT resulted in saturation of its target and interference
with EGFR endocytosis. To overcome the apparent target specificity and saturation issues, we implemented two
protein engineering strategies. In the first approach, we screened a combinatorial library generated by random
mutagenesis of the C-terminal SH2 domain (cSH2) of PLCy1 and isolated a mutant form (mSH2) with enhanced
specificity for phosphorylated Tyr?®? (pTyr®®?) of EGFR. A biosensor based on mSH2 closely reported the kinetics
of EGFR phosphorylation but retained cross-reactivity similar to tSH2-WT. In the second approach, we isolated a
pTyr®*2-binding protein (SPY992) from a combinatorial library generated by mutagenesis of the Sso7d protein
scaffold. Compared to tSH2-WT and mSH2, SPY992 exhibited superior performance as a specific, moderate-affinity
biosensor. We extended this approach to isolate a biosensor for EGFR pTyr'"*® (SPY1148). This approach of in-
tegrating theoretical considerations with protein engineering strategies can be generalized to design and evalu-

ate suitable biosensors for various phospho-specific targets.

INTRODUCTION

Receptor tyrosine kinases (RTKs) are cell surface receptors that
mediate many key cellular processes including proliferation, dif-
ferentiation, and cell migration (I, 2). Aberrant activation of RTKs
and their downstream signaling pathways is a hallmark of most hu-
man cancers. Typically, ligand binding to the extracellular domain
of the receptor results in activation of tyrosine kinase function in the
cytoplasmic domain, which, in turn, results in autophosphorylation
of specific residues in the receptor and phosphorylation of receptor-
associated proteins. Thus, ligand binding triggers RTK activation
and initiation of downstream signaling pathways. The ability to ob-
tain spatially resolved measurements of receptor activation using live-
cell imaging can uniquely enable a mechanistic understanding of the
relationship between dynamic changes in signaling and resulting cell
behavior. Yet, implementation of live-cell imaging using intracellular
biosensors remains a considerable challenge.

Intracellular biosensors contain a molecular recognition element
that should specifically recognize the target(s) of interest. However,
there are only a small number of highly specific protein biosensors
currently available. A second and arguably greater limitation is that
biosensors may interfere with or otherwise modulate the signaling
process they are meant to detect. In this latter context, we have pre-
viously outlined a theoretical framework for understanding the rela-
tionship between fidelity of biosensor readout and binding affinity of
the biosensor for its target (3). An ideal biosensor should have an
intermediate affinity for its target. Whereas low affinity results in very
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little binding, very high affinity may result in saturation of readout if
the target species is present at high concentration or perturb the target
or its ability to stimulate endogenous downstream signaling molecules
if the biosensor is present in excess. Conversely, biosensors with low
affinities for their targets may not accurately reflect the activity of the
target, resulting in a misleadingly low measure of signaling. Thus, both
specificity and binding affinity determine the fidelity of the biosensor
readout to dynamic changes in the concentration of the target species
being detected. Here, we applied protein engineering tools in conjunc-
tion with the aforementioned theoretical principles to design protein
biosensors targeting a specific phosphotyrosine (pTyr) site in the ep-
idermal growth factor receptor (EGFR).

Ligand binding to the extracellular domain of EGFR results in re-
ceptor dimerization and subsequent autophosphorylation of multiple
tyrosine residues in the cytoplasmic domain, leading to the recruit-
ment of downstream signaling components that contain pTyr-binding
SH2 domains. We evaluated the tandem SH2 domains from wild-type
phospholipase C—y1 (PLCy1) fused to enhanced green fluorescent pro-
tein (EGFP), hereafter denoted as tSH2-WT, as a biosensor for study-
ing the dynamics of EGFR autophosphorylation at Tyr””?. Fluorescent
protein fusions of SH2 domains have been previously used to study
EGEFR signaling (4, 5). Consistent with previous reports of promiscuous
binding of SH2 domains (6-8), we show that tSH2-WT lacked speci-
ficity for EGFR pTyr’. Furthermore, the juxtaposition of two SH2
domains in tSH2-WT resulted in intramolecular avidity; the two
SH2 domains could simultaneously bind to two pTyr-containing epi-
topes. This resulted in high effective affinity of the interaction between
tSH2-WT and EGFR, which, in turn, distorted the readout
corresponding to the abundance of phosphorylated EGFR (pEGFR)
in the plasma membrane. Therefore, we investigated the use of two
distinct strategies for generating more accurate intracellular biosensors
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for EGFR pTyr’” By screening a combinatorial library generated by
random mutagenesis of the C-terminal SH2 domain (cSH2) of tSH2-
WT, we isolated a mutant protein (mSH2) with enhanced specificity
for EGFR pTyr”>. An mSH2-based biosensor faithfully reported the
expected kinetics of Tyr’*> phosphorylation. However, like tSH2-WTT,
mSH2 retained cross-reactivity with the Tyr'*" phosphorylation site
in platelet-derived growth factor B-receptor (PDGFR).

To overcome the limitations imposed by promiscuous binding of
SH2 domain proteins, we investigated the use of an “inert” protein
scaffold with no known native binding interactions with intracellular
proteins in mammalian cells. Specifically, we isolated an EGFR
pTyr’*-binding protein (SPY992) from a combinatorial library con-
structed by mutagenesis of the Sso7d protein from the hyperthermo-
philic archaeon Sulfolobus solfataricus (9). In previous studies, binding
proteins for a wide spectrum of targets have been obtained by muta-
genesis of the Sso7d protein (9-13). SPY992 exhibited not only a readout
that was consistent with the expected phosphorylation dynamics of EGFR
but also no cross-reactivity with PDGFR. Moreover, unlike mSH2 and
tSH2-WT, SPY992 did not affect receptor internalization. Last, generation
of an Sso7d-based intracellular biosensor for EGFR pTyr''*® confirmed
the generalizability of our strategy to other pTyr targets.

RESULTS

The tSH2-WT biosensor lacks specificity and does not
faithfully track kinetics of EGFR phosphorylation

The paired PLCyl SH2 domain tSH2-WT has been shown to bind
PEGER and prevent tyrosine dephosphorylation of EGFR in vitro,
and pTyr® has been identified as its major binding site (14). Fur-
ther, tSH2-W'T tagged with a fluorescent protein has been used in
live-cell imaging studies (5, 15). Therefore, we evaluated tSH2-WT
tagged with EGFP as a biosensor to monitor the dynamics of EGFR
phosphorylation at pTyr’*2. We expressed an EGFP-tSH2-WT fusion
protein by transient transfection in parental NR6 mouse fibroblast
cells (control) or NR6 cells expressing human EGER, treated the cells
with EGF, and observed membrane localization of tSH2-WT using
total internal reflection fluorescence (TIRF) microscopy. The fluores-
cence signal increased substantially in response to EGF stimulation in
EGFR-expressing cells but not in parental cells (Fig. 1A), demonstrat-
ing that tSH2-WT may be useful for monitoring the kinetics of EGFR
phosphorylation. The next step was to characterize the critical attri-
butes of specificity and fidelity for this biosensor.

To assess the specificity of tSH2-WT, we monitored the fluores-
cence readout upon treatment of NR6 parental cells with sodium
orthovanadate, an inhibitor of protein tyrosine phosphatases. Because
NRG6 parental cells do not produce EGFR, any recruitment of tSH2-WT
to the cell membrane must be due to recognition of other pTyr motifs.
tSH2-WT produces a significant TIRF readout in sodium orthovanadate-
treated parental cells, indicating poor specificity (Fig. 1B). To further
assess specificity of tSH2-WT, we conducted far-Western blotting anal-
ysis. Lysates of NR6 parental cells and EGFR-expressing NR6 cells
treated with sodium orthovanadate or EGF were probed with glutathione
S-transferase (GST)-tagged tSH2-WT (Fig. 1C). Although a high-intensity
band corresponding to the molecular mass of EGFR was observed in
lysates of EGF-stimulated, EGFR-expressing cells as expected, the pres-
ence of other bands in both cell lines confirms the promiscuity of tSH2-
WT binding.

To investigate the fidelity of tSH2-WT as a biosensor for live-cell
imaging, it is instructive to review the expected kinetics of EGFR phos-
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phorylation, which is well-established in the literature (16-18). In re-
sponse to a saturating dose of EGF well above its apparent binding
equilibrium dissociation constant (Kp) (~1 nM), receptor activation
at the cell surface peaks rapidly and then decreases because of enhanced
endocytosis of the active receptor complex (19). These kinetics are
typified by a simple mathematical model of EGFR dynamics (20-22)
(see Materials and Methods) that calculates the characteristic, transient
kinetics of pPEGFR at the cell surface (Fig. 1D). In contrast to the kinetics
of EGFR phosphorylation, the experimental readout from the tSH2-
WT sensor showed little adaptation corresponding to internalization
of the receptor (Fig. 1B). The cooperative binding of the two SH2 do-
mains in tSH2-WT yields high binding avidity between the tSH2-WT
biosensor and pEGFR (23). Kinetic model calculations further sug-
gested that the apparent lack of adaptation seen in the experiments
was consistent with high overall binding affinity (low dissociation rate
constant) of tSH2-WT for pEGEFR (Fig. 1E). Conversely, the model also
predicted that a substantial increase in the dissociation rate constant
(thus reducing the affinity) of biosensor binding to pEGFR would result
in a readout that is consistent with the true time course of pEGFR (com-
pare Fig. 1, D and E). Consistent with the model assumptions, we found
that the presence of tSH2-WT affected the kinetics of receptor internal-
ization. We measured the internalization of fluorescently labeled EGF in
EGFR-expressing NR6 cells, in the absence (control) or presence of
tSH2-WT. A significant decrease in internalization of EGF in the cells
expressing tSH2-WT, relative to control cells, was observed (Fig. 1F).

Together, our experimental data and modeling analysis lead to two
insights. First, tSH2-WT is not a suitable biosensor because it lacks
specificity and does not faithfully track the expected kinetics of pEGFR.
Second, the lack of fidelity of the tSH2-W'T biosensor can be attributed
to its high binding affinity for pEGFR; therefore, the use of a biosensor
with lower affinity for pPEGFR would be predicted to alleviate this
discrepancy.

The engineered protein mSH2 tracks the expected kinetics
of EGFR phosphorylation and shows specificity for EGFR
pTyr®®? in live-cell imaging experiments

Use of a single SH2 domain instead of the tandem SH2 domains in
tSH2-WT should eliminate the high affinity for pEGFR arising from
the avidity effect. However, when GST-tagged cSH2 was used to probe
cell lysates in far-Western blotting assays, no specific band cor-
responding to the molecular mass of EGFR was detected (Fig. 2A).
We also assessed the use of cSH2 as a biosensor in TIRF microscopy.
The kinetics of EGFR phosphorylation reported by cSH2 upon addi-
tion to EGF to EGFR-expressing NR6 cells were more consistent than
tSH2-WT with the readout expected from the EGFR activation ki-
netics model (Fig. 2B). Nevertheless, the fluorescence readout upon
treatment of NR6 parental cells with sodium orthovanadate indi-
cated poor specificity of the cSH2 biosensor (Fig. 2B). This result
was expected given that SH2 domains are inherently promiscuous; the
consensus pYXXP motif bound by SH2 domains is present in many
proteins (24).

To identify an improved biosensor, we generated a combinatorial
library by random mutagenesis of cSH2 and screened for mutants that
showed specific and detectable binding to pTyr’> of EGFR. A library
of ~10” mutants was generated using yeast surface display and screened
using magnetic selection and fluorescence-activated cell sorting
(FACS) (25) with a synthetic peptide corresponding to the pTyr**” site
as the target. Negative selection steps were used to eliminate proteins
that bound to peptides corresponding to the nonphosphorylated
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Fig. 1. The tSH2-WT biosensor lacks specificity and does not faithfully track EGFR phosphorylation kinetics. (A) Normalized membrane recruitment of tSH2-WT
in response to stimulation of NR6 parental cells and EGFR-expressing NR6 cells with EGF, as measured by TIRF microscopy (n = 5 cells from five independent
experiments). (B) Normalized membrane recruitment of tSH2-WT in NR6 parental cells treated with sodium orthovanadate (n = 7 cells from seven independent
experiments). For (A) and (B), error bars indicating 95% confidence intervals are shaded. (C) Far-Western blotting analysis of NR6 parental cells (P) and NR6 cells
expressing wild-type EGFR (W) stimulated with sodium orthovanadate (V) for 60 min or EGF (E) for 10 min. Cell lysates were blotted and probed with tSH2-WT. Blot
is representative of n = 3 independent experiments. Rightmost lane shows molecular weight ladder. (D) Kinetics of pEGFR predicted by the mathematical model. (E) Predicted
effect of binding affinity on the interaction between an idealized biosensor and the target on biosensor readout. The desired k. is higher (lower affinity), and therefore,
biosensor binding does not markedly perturb receptor dynamics. (F) Internalization of labeled EGF measured by flow cytometry in EGFR-expressing NR6 cells transfected with

tSH2-WT, compared to untransfected cells (UC). *P < 0.05 for comparison with untransfected cells (n = 3 independent experiments).

Tyr’” site, other phosphorylation sites in EGFR, and putative tyrosine

phosphorylation motifs in other proteins that have sequence homology
to the pTyr motifs in EGFR. The population of cells obtained after
magnetic selection and two rounds of FACS was plated, and single
clones were analyzed (fig. S1, A to D). DNA sequencing (table S1) iden-
tified a mutant form (mSH2) with a single amino acid substitution
(C65G) at a residue that has been implicated in the determination of
binding specificity of SH2 domains (26).

We used yeast surface-displayed mSH2 and synthetic peptides to
assess the specificity of binding to the pTyr®” site in EGFR relative to
other phosphorylation sites. mSH2 exhibited >10-fold greater signal
for binding to the pTyr’>* peptide relative to the pTyr''*® peptide
and no binding to the pTyr'*® peptide (Fig. 2C). To evaluate mSH2
as a biosensor, an mSH2-tdTomato or mSH2-EGFP fusion was tran-
siently transfected into NR6 parental cells or into NR6 cells expressing
either EGFR or variants thereof. The cells were treated with EGF or
sodium orthovanadate, and membrane localization of mSH2 was ob-
served using TIRF microscopy. Compared with the EGF-stimulated
translocation of tSH2-WT in EGFR-expressing cells (Fig. 1A), the
corresponding time course of mSH2 recruitment showed a signifi-
cantly lower fold change (Fig. 2D and fig. S2A). A similar compari-
son held true for sodium orthovanadate treatment of NR6 parental
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cells that lack EGFR (Fig. 2E and fig. S2B). Unlike tSH2-WT, mSH2
exhibited the transient, EGF-stimulated response that is charac-
teristic of pEGFR on the cell surface. Last, the intracellular concen-
tration of the biosensor also affected readout in our model (fig. S3, A
and B). Nevertheless, it is important to note that higher affinity of
interaction between the biosensor and pEGEFR resulted in signifi-
cantly greater distortion of the readout relative to the true pEGFR
concentration compared with changes in biosensor concentration
(fig. S3, A and B).

To further evaluate the specificity of mSH2 for EGFR pTyr™?, we
compared the readout from mSH2 and tSH2-WT in NR6 cells ex-
pressing truncation mutants of EGFR, ¢’1000 or ¢’1000F. The cyto-
plasmic domain of EGFR is truncated at residue 1000 in the ¢’1000
mutant, leaving Tyr’”* as the only major phosphorylation site. In
the ¢/1000F variant, Tyr’** is mutated to phenylalanine and there-
fore cannot be phosphorylated at that site; however, it is established
that ¢’1000F mediates intracellular signaling in response to EGF stim-
ulation through heterodimerization with ErbB2 (27). Similar to the
responses in cells expressing wild-type EGFR, there was a substantial
difference between the EGF-stimulated responses of mSH2 and
tSH2-WT in cells expressing the ¢'1000 mutant, in terms of both
their magnitudes and shapes (Fig. 2F). The most compelling contrast
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NR6 cells (n = 18 cells analyzed from five independent experiments). (E) Normalized membrane recruitment of mSH2, measured by TIRF microscopy, in response to sodium
orthovanadate treatment of NR6 parental cells (n = 7 cells from seven independent experiments). (F and G) Normalized expression of either the ¢'1000 EGFR truncation
mutant (F) (n = 5 cells from five independent experiments) or the c'1000F EGFR mutant with the Y992F mutation (G) (n = 6 cells from six independent experiments). The

95% confidence intervals for normalized recruitment are shaded in each figure.

was observed in the ¢’1000F-expressing cells: Whereas tSH2-WT
was recruited in response to EGF, albeit to a lesser extent than in cells
expressing wild-type EGFR, mSH2 showed no discernable response to
the activated EGFR lacking pTyr”* (Fig. 2G).

Together, these results demonstrate the suitability of the engineered
mutant, mSH2, for live-cell imaging experiments. Unlike tSH2-WT,
the mSH2 biosensor better tracks the kinetics of EGFR phosphoryl-
ation at the cell surface and exhibits greater specificity for its intended
target, pTyr’*>. The findings also demonstrate that biosensors with
improved specificity can be obtained through random mutagenesis
of native protein domains and combinatorial screening of variants
with prescribed properties.
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The mSH2 biosensor exhibits cross-reactivity with

PDGFR pTyr'%%

To further test the binding specificity of mSH2, we performed far-
Western blotting analysis of NR6 parental and EGFR-expressing
cells treated with EGF or sodium orthovanadate. Cell lysates were
blotted and probed with GST-tagged mSH2 (Fig. 3A). A comparison
with the corresponding analysis with tSH2-WT (Fig. 1C) indicated
that mSH2 has greater specificity for EGFR. Nonspecific bands are
absent in parental NR6 cells stimulated with EGF. However, a single
high-molecular weight band was seen in sodium orthovanadate—
stimulated parental NR6 cells. We hypothesized that this band could
be the PDGFR, because tSH2-WT is known to bind pTyr'**' of
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Fig. 3. mSH2 displays affinity for pTyr'°?' of PDGFR in addition to pTyr®*? of EGFR. (A) Far-Western blotting analysis of NR6 parental cells (P) and NR6 cells
expressing wild-type EGFR (W) stimulated with sodium orthovanadate (V) or EGF (E). Cell lysates were blotted and probed with mSH2. Blot is representative of n = 3
independent experiments. Rightmost lane shows molecular weight ladder. (B) Yeast cells displaying mSH2 or tSH2-WT on the cell surface were labeled with a biotinylated

synthetic peptide corresponding to the pTyr'®%'

site in PDGFR, followed by secondary labeling with SA-PE. A control sample of yeast cells labeled with only SA-PE is also shown

(n = 3 independent experiments). (C) Normalized membrane recruitment of mSH2 (n = 27 cells from seven independent experiments) and tSH2-WT (n = 4 cells from four
independent experiments) in response to PDGF stimulation of NR6 parental cells. The 95% confidence intervals are shaded.

PDGEFR (28-30). Consistent with this hypothesis, both mSH2 and
tSH2-WT displayed on yeast cells bound to a synthetic peptide
corresponding to the pTyr'?' site in PDGFR (Fig. 3B). We further
evaluated the readout of mSH2 and tSH2-WT in NR6 parental cells,
which do not produce EGFR, treated with platelet-derived growth
factor (PDGF). Both tSH2-WT and mSH2 exhibited responsiveness
to PDGF stimulation (Fig. 3C). The statistically significantly higher
readout for tSH2-WTT relative to mSH2 may be attributed to the higher
avidity of the tSH2-WT biosensor.

The nonspecific binding of mSH2 to PDGFR, and consequently
the responsiveness of the mSH2 biosensor to PDGF stimulation, is
consistent with our experimental protocol for library screening, which
did not incorporate a negative selection step to eliminate proteins that
bound to phosphorylation motifs on PDGFR. These results highlight
the importance of a carefully designed negative selection strategy for
engineering intracellular biosensors with high specificity. These results
also reveal the disadvantages of using protein domains with promis-
cuous binding as the starting point for engineering biosensors.

The engineered SPY992 biosensor has specificity for EGFR
pTyr’®? and shows no cross-reactivity with PDGFR

The cross-reactivity of mSH2 with PDGFR may be attributed to the
promiscuous binding of SH2 domains. Therefore, we hypothesized
that an inert protein, one with no known intracellular interactions
in mammalian cells, is likely to be better suited for use as a de novo
scaffold for generation of intracellular biosensors with high specificity.
Accordingly, to obtain an improved pTyr”®* biosensor with no cross-
reactivity to PDGFR, we screened a combinatorial library constructed
by mutagenesis of the Sso7d protein scaffold as previously described
(9). A library of ~10® Sso7d mutants in yeast surface display format
was screened by magnetic selection and FACS, using a synthetic pep-
tide corresponding to the pTyr”” site as the target. Negative selection
steps were used to eliminate proteins that bound to peptides correspond-
ing to the nonphosphorylated EGFR Tyr*”, other phosphorylation
sites in EGFR, putative tyrosine phosphorylation motifs in other pro-
teins that have sequence homology to the pTyr motifs in EGFR, and
PDGFR pTyr'®". SPY992 (table S1) was identified after magnetic se-
lection and three rounds of FACS. Analysis of SPY992 binding using
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yeast surface—displayed SPY992 and peptides corresponding to the
phosphorylated and nonphosphorylated Tyr’®* site in EGFR and
the pTyr'®*' site of PDGFR confirmed the specificity of SPY992 for
the pTyr™ site in EGFR (Fig. 4A).

We next evaluated the use of SPY992 as a biosensor in EGFR-
expressing NR6 cells. The readout from SPY992 in EGF-stimulated
cells was consistent with the expected readout (Fig. 4B). In contrast,
no response was observed in EGF-stimulated cells treated with the
EGEFR inhibitor gefitinib. In addition, no SPY992 response was ob-
served in NR6 parental cells stimulated with EGF (fig. S4A). The
SPY992 response was similar to that of mSH2 in NR6 parental cells
treated with sodium orthovanadate (fig. S4B). Further, similar to
mSH2, SPY992 was recruited to the membrane upon EGF stimulation
in NR6 cells expressing the ¢'1000 EGFR mutant, but not in cells
expressing the ¢'1000F mutant that lacks the Tyr’*> phosphorylation
site (Fig. 4C). However, strikingly different from tSH2-WT and mSH2,
SPY992 did not respond to PDGF stimulation in NR6 parental cells
lacking EGFR (Fig. 4D and fig. S4C). Thus, unlike tSH2-WT and
mSH2, SPY992 does not exhibit cross-reactivity with PDGFR. We fur-
ther confirmed that SPY992 reported the kinetics of EGFR phosphoryl-
ation in MDA-MB-231 breast cancer epithelial cells (Fig. 4E). SPY992
showed an expected readout in EGF-stimulated cells, although the sig-
nal intensity was lower than that observed in NR6 cells (Fig. 4E). Last,
we also observed that SPY992 did not significantly affect internalization
of EGF in NR6 cells, unlike tSH2-WT or mSH2, both of which cause a
reduction in EGF internalization, as measured by flow cytometry anal-
ysis using fluorescently labeled EGF (fig. S4D).

Having validated SPY992 as an effective biosensor for pTry
EGFR, we investigated the kinetics of Tyr®*> phosphorylation in
EGFR-expressing NR6 cells upon stimulation with EGF at a con-
centration (300 pM) lower than the apparent Kp, of EGF binding to
EGFR (~1 nM). The cells exhibited a bimodal SPY992 readout under
these conditions. No SPY992 readout was observed in a fraction of
cells; however, the remaining cells showed a response consistent with
the expected readout, similar to cells stimulated with a saturating con-
centration of EGF (Fig. 4F).

Together, these results demonstrate the superiority of SPY992
over mSH2 and tSH2-WT as a specific biosensor for live-cell imaging

992
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Fig. 4. The SPY992 biosensor closely tracks the expected kinetics of EGFR phosphorylation and displays increased
specificity for the EGFR pTyr®®? site of EGFR in live-cell imaging. (A) Yeast cells displaying SPY992 on the cell surface were
labeled with biotinylated synthetic peptides corresponding to the pTyr®®? or Tyr**? site in EGFR and the pTyr'®' site in
PDGFR, followed by secondary labeling with SA-PE. A control sample of yeast cells labeled with only SA-PE is also shown
(n = 3 independent experiments). (B) Normalized membrane recruitment of SPY992 in response to EGF stimulation of EGFR-
expressing NR6 cells pretreated with gefitinib (n = 27 cells from two independent experiments) or not pretreated (n = 110
cells from five independent experiments), as measured by TIRF microscopy. P < 0.0001 by two-way analysis of variance
(ANOVA). (€) Normalized membrane recruitment of SPY992 in response to EGF stimulation of NR6 cells expressing the ¢'1000
EGFR truncation mutant (n = 20 cells from four independent experiments) and NR6 cells expressing the c'1000F EGFR mutant
with the Y992F mutation (n = 23 cells from five independent experiments). P < 0.0001 by two-way ANOVA. (D) Normalized mem-
brane recruitment of SPY992 in response to PDGF stimulation of NR6 parental cells (n = 21 cells from four independent
experiments). (E) Normalized membrane recruitment of SPY992 in response to EGF stimulation of MDA-MB-231 cells pretreated
with gefitinib for 5 min (n = 97 cells from four independent experiments) or not pretreated (n = 52 cells from six independent
experiments). P < 0.0001 by two-way ANOVA. (F) Normalized membrane recruitment of SPY992 in EGFR-expressing NR6 cells in
response to stimulation with a subthreshold concentration of EGF (300 pM). Data from cells with an active response (n = 105 cells
from five independent experiments) and no response (n = 95 cells from five independent experiments) are shown. P < 0.0001 by
two-way ANOVA. The 95% confidence intervals are shaded (B to F).

of EGFR phosphorylation at Tyr*%. Our results also show that gener-
ation of intracellular biosensors by combinatorial screening of libraries
derived from non-native, inert protein scaffolds is a powerful approach.
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SPY1148 reports

kinetics of Tyr''*®

EGFR phosphorylation

We screened the library of Sso7d
variants to isolate a mutant pro-
tein, SPY1148 (table S1), that
bound to a phosphopeptide corre-
sponding to the Tyr"'** phospho-
rylation site (pTyr''*®) in EGFR.
SPY1148 bound to the pTyr''*®
phosphopeptide, but not to a pep-
tide corresponding to the non-
phosphorylated Tyr''*® site in
EGEFR in vitro (Fig. 5A). Subse-
quently, we evaluated SPY1148
as a biosensor in EGFR-expressing
NR6 cells. SPY1148 showed an
expected readout in response
to EGF stimulation, similar to
SPY992 (Fig. 5B). We further eval-
uated the specificity of SPY1148
by observing the readout upon
EGF stimulation in cells express-
ing the ¢'1000 or ¢'1000F EGFR mu-
tants (Fig. 5, C and D). SPY1148
showed no response in cells ex-
pressing these mutants that lack
the Tyr''*® phosphorylation site.
These results confirm the broader
applicability of our approach for
generating biosensors specific
to other phosphorylation sites
in EGFR.

DISCUSSION
Live-cell imaging studies of in-
tracellular dynamics are limited
by the availability of suitable bio-
sensors. Here, we show that a pre-
viously described biosensor using
the tandem SH2 domains of PLCy1
(tSH2-WT) suffers from two major
limitations in the context of study-
ing EGFR phosphorylation dynam-
ics. First, tSH2-WT lacks specificity,
consistent with the inherent prom-
iscuity of SH2 domain recognition
(6-8). Second, EGF-stimulated
translocation of tSH2-WT, although
robust in magnitude, exhibits ki-
netics that qualitatively deviate
from the expected transient changes
in abundance of pEGFR at the
cell surface.

Analysis of a basic kinetic

model shows that the inability of tSH2-WT to faithfully track cell
surface pEGFR can be explained by its high binding affinity and oc-
cupancy of more than one site in the dimerized pEGFR complex. The
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Fig. 5. The SPY1148 biosensor responds to EGFR phosphorylation and displays increased specificity for the
pTyr'**® site of EGFR in live-cell imaging experiments. (A) Yeast cells displaying SPY1148 on the cell surface were
labeled with biotinylated synthetic peptides corresponding to the pTyr''*® or Tyr''*® site in EGFR, followed by secondary
labeling with SA-PE. A control sample of yeast cells labeled with only SA-PE is also shown. (B to D) Normalized membrane
recruitment of SPY1148 in response to EGF stimulation of NR6 cells expressing wild-type EGFR (B) (n = 213 cells from eight
independent experiments), the c'1000 EGFR truncation mutant (C) (n = 144 cells from five independent experiments), or
the c'1000F EGFR mutant with the Y992F mutation (D) (n = 144 cells from five independent experiments). EGFR compared
to ¢'1000 and c'1000f is significantly different, P < 0.0001 by two-way ANOVA, and 95% confidence intervals are shaded in

plasma membrane translocation of
mSH2 shows a nearly complete re-
covery during the course of chronic
EGF stimulation, a much greater ex-
tent of adaptation than previously
inferred from population measure-
ments for the same cell line (33). In
that study, a general pTyr-recognizing
antibody was used to quantify pEGFR,
and a mild acid strip was used to dis-
tinguish cell surface and internalized
PEGFR. The quantitative differences
between these measurements might
reflect distinct, site-specific kinetics
of EGFR phosphorylation or dif-
ferential endocytosis of the various
phosphorylated forms of EGFR. De-
velopment of other phospho-specific
biosensors will allow such hypothe-
ses to be addressed.

Although mSH2 exhibited greater
specificity for pTyr””> of EGFR than
did tSH2-WT, it also retained af-
finity for the pTyr'%*' site of PDGFR
(28-30). We used extensive nega-
tive selection steps using synthetic
peptides corresponding to proteins
containing phosphorylation motifs
homologous to EGFR. However, neg-
ative selection against the PDGFR
site, which lacks homology with
the sequence surrounding Tyr”*>
of EGFR, was not carried out; SH2
domain binding is based on the

(B) to (D).

avidity of the two linked SH2 domains in tSH2-WT results in high
overall binding affinity with pEGFR in cells. As discussed earlier,
high affinity of the biosensor-target interaction can result in satura-
tion of the biosensor readout or perturbation of the target’s dynamics
(3). Mutant SH2 domains evolved for high-affinity pTyr binding
have been shown to antagonize pTyr-mediated signaling (31), and
binding of tSH2-WT to pTyr®** from EGFR prevents tyrosine de-
phosphorylation in vitro (14). In addition, binding of SH2 domain
biosensors may alter the kinetics of EGFR phosphorylation by
protecting SH2-bound phosphosites from phosphatase-mediated
dephosphorylation (32). Our modeling results suggest that tSH2-WT
perturbs EGFR dynamics by interfering with endocytosis of the
complex. Our experiments confirm that tSH2-WT does indeed affect
internalization of receptor-bound EGF.

We applied protein engineering tools to overcome limitations
associated with high target binding affinity and lack of specificity of
the tSH2-WT biosensor. Live-cell imaging studies confirmed that the
mSH2 biosensor indeed exhibited specificity for EGFR pTyr”**. The
readout from the mSH2 biosensor was qualitatively consistent with
the kinetics of EGFR phosphorylation in response to EGF treatment.
Phosphorylation of cell surface EGFR peaks and then shows adap-
tation, in large part because of ligand-induced endocytosis. The
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consensus pYXXP motif present in

both the pTyr®* site in EGFR and

the pTyr'®*' site in PDGFR (24).
This result underscores the importance of the negative selection
strategy in our approach.

To overcome reduced specificity resulting from promiscuous in-
teraction of SH2 domains and to assess the use of inert protein scaf-
folds, we screened a combinatorial library derived from the Sso7d
protein scaffold to isolate a mutant protein—SPY992—that selectively
binds the Tyr”®* phosphorylation site in EGFR and exhibits no cross-
reactivity with PDGFR. Evaluation of SPY992 in TIRF microscopy
studies confirmed the superiority of SPY992 over mSH2 and tSH2-
WT. The SPY992 readout was specific to phosphorylation of Tyr**
in EGFR, and unlike mSH2 and tSH2-WT, SPY992 was not respon-
sive to PDGFR phosphorylation. In addition, SPY992 also did not per-
turb receptor endocytosis. Validation of SPY1148, a protein similarly
isolated as an effective biosensor for pTyr''*® EGFR, suggests general-
izability of this approach.

Together, the isolation of mSH2, SPY992, and SPY1148 illustrates
two distinct strategies for the generation of intracellular biosensors.
In the case of mSH2, a native protein with promiscuous binding for a
pTyr-containing motif was mutagenized to select for mutants that
were more specific than the original protein for binding to EGFR
pTyr’% In contrast, SP'Y992 and SPY 1148 were constructed by creat-
ing binding affinity and specificity for target phosphopeptides through
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mutagenesis of a protein that has no known pTyr binding. Negative
selection steps are critical in both strategies to eliminate proteins that
bind to nontarget species. From a practical standpoint, it is reason-
able to assume that the negative selection steps are more likely to
require greater stringency when a native protein with promiscuous
binding is used as the starting point for biosensor development. Thus,
it is conceivable that using protein scaffolds with no native binding
for intracellular proteins (9, 34) may be better suited for engineering
intracellular biosensors.

Studies on EGFR Tyr”*? phosphorylation in cells stimulated with
a subsaturating concentration of EGF revealed a bimodal SPY992
response. A substantial fraction of the cells analyzed showed no de-
tectable SPY992 readout under these conditions. This result may be
explained by heterogeneity in receptor expression or reduced recep-
tor occupancy with subsaturating EGF concentrations. In cells with
lower EGFR copy number, it is conceivable that protein tyrosine
phosphatase activity could set a threshold receptor occupancy, be-
low which there is negligible net phosphorylation of EGFR at
Tyr”®? (35). Alternatively, the bimodal response might be a conse-
quence of competition between the biosensor and endogenous
PLCy1 and other proteins that bind EGFR pTyr’*’. Either case il-
lustrates that the SPY992 biosensor does not interfere with endog-
enous cellular processes due to its modest binding affinity. A
biosensor with low binding affinity for its target phosphorylation
site is particularly relevant in the context of EGFR. The amino acid
composition of residues surrounding the phosphosites in EGFR has
likely evolved to avoid off-pathway phosphorylation by intracellu-
lar kinases, a consequence of which is weaker binding to adapter
proteins (36).

Specificity and binding affinity are critical properties that affect
biosensor performance. Our results show that specificity of binding
can be engineered by judicious choice of a native protein or protein
scaffold and careful negative selections during combinatorial
library screening. However, the optimal binding affinity is context
specific; it depends on factors such as the abundance of the target
and the presence of adapter proteins competing for the target and
their binding affinities for the target. The optimal binding affinity
of the biosensor represents a trade-off: High affinity affects cellular
processes associated with the target, whereas low affinity reduces
the signal-to-noise ratio. From the practical standpoint of biosensor
design by protein engineering, a useful heuristic may be to select a
binding protein with the lowest affinity that gives a workable readout
in the cell type of interest. In general, combinatorial library screens
can identify several binding proteins with a range of binding affi-
nities (13, 37).

In summary, we demonstrate the integration of theoretical con-
siderations with two distinct protein engineering strategies to design
intracellular biosensors for site-specific phosphorylation of EGFR. Our
approach serves as a blueprint for the design and evaluation of intra-
cellular biosensors, toward the development of a broad palette of high-
ly specific live-cell imaging reagents on par with phospho-specific
antibodies used for immunoblotting.

MATERIALS AND METHODS

Base model of EGFR dynamics

We adopt a highly simplified description of receptor dynamics similar
to the classic model of Wiley and Cunningham (22). This model does
not consider complexities such as, receptor dimerization. In the ab-
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sence of the SH2 biosensor, the dynamic equations and initial con-
ditions are as follows

dR Ve
— = Vg — kR — ke[L]R + k,C;;  R(0) = —2

dt ke

dc,

e ke[L]R — k,C; — k.Cs;  C(0) =0

dc;

dt = keCs - kdegcﬁ CI(O) =0

The model assumes that free, surface receptor (R) is produced via
de novo synthesis at a constant rate, V. It is consumed via basal
turnover of the membrane, with first-order rate constant k.. These
two parameters determine the initial density of R. At time zero, the
ligand EGF is added to the external medium with concentration
[L], and this concentration is held constant in the model (i.e., its de-
pletion is considered negligible). Formation of the ligand-receptor
complex on the cell surface (C,) occurs by mass-action kinetics (for-
ward rate constant k¢ and reverse rate constant k;). Internalization of
C, is characterized by the first-order endocytic rate constant, k., which
is greater than k;; thus, ligand binding induces overall receptor down-
regulation. Last, the internalized ligand-receptor complex (C;) is de-
graded with first-order rate constant Kge,.

The values of the kinetic parameters described above were assigned
according to order-of-magnitude estimates: V,, = 1 nM/min (cyto-
solic volume basis), k, = 0.01 min %, kf = 0.1 nM™ ! min™}, k, =
k.= 0.1 min~}, and kgeg = 0.05 min~". The initial receptor expres-
sion on the surface is Viyu/k = 100 nM or roughly ~10° molecules
per cell.

Introduction of the SH2 biosensor in model

The SH2 biosensor binds to the phosphorylated EGFR. Receptor
phosphorylation is presumably rapid upon ligand binding, and
therefore, we assume that all ligated receptors are phosphorylated
(or rapidly come to an equilibrium of fast phosphorylation and de-
phosphorylation rates). Conversely, we assume that dissociation of
ligand from the receptor, or of the biosensor from an unligated recep-
tor, is followed by rapid dephosphorylation. After internalization, the
EGF-EGFR complex remains phosphorylated, with its phosphoryl-
ation sites exposed to the cytoplasm (20, 33, 38). Phosphorylated recep-
tors, whether on the surface or internalized, bind the SH2 biosensor
with mass-action kinetics (association rate constant k,,, and dissociation
rate constant ko). With these assumptions in place, the full set of equa-
tions and initial conditions are as follows

dR .
E = Vsyn - ktR - kf [L]R + krcs + koffR*
dcs

;; — K [LJR = ko — keCy — kon[B|Co + ko C
dc;
g = kecs - kdegci - kon [B} Ci + koffcl*
dR* .
—= —kf[L]R* + er: — kogR*
e

dts = kon[B|Cs — kot C; + k¢[L]R" — k;C; — kesti2C;
dcC; . .

Cl = kon [B] Ci - koﬂfC;F + keSHZ C; - kdegci*
b
7 - _kon[BKCs + C1) + koff(R>:< + C: + C:) + kdegcf<
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In this model, the new species are the receptor species with asterisk
superscripts, signifying that the SH2 biosensor is bound, and [B] is the
concentration of biosensor in the cytosol. Besides the aforementioned
kon and kg, the other new rate constant is kg, the endocytic rate
constant for the ligated receptor with SH2 bound. We fixed k,, =
0.1 nM ™" min~" and varied kog = Kpkop. The high-affinity variant was
ko = 1 min~' (Kp = 10 nM), whereas the low-affinity variant was
ko= 100 min~" (Kp = 1 uM). Note that, in both cases, ko > k,; there-
fore, the abundance of R is negligible. As for the parameter keg,, we
investigated the hypothesis that SH2 binding interferes with endocy-
tosis and chose kegyyp = 0.1 ke (i.e., kespp = ky). Last, one must specify
the initial value of [B]. This parameter was set in the range of 100 nM
to 1 uM as is typical for expressed fluorescent protein fusions, as in-
dicated in the corresponding figure caption.

Numerical implementation of model

All calculations were performed in the freely available Virtual Cell software
environment (21), using the Combined Stiff Solver (IDA/CVODE) solver
option. The Biomodel “SH2 biosensor” is publicly available via http://vcell.
org (note that the default units of VCell are micromolar and seconds, so we
have externally converted those to units of nanomolar and minutes).

Library generation

The cSH2 was amplified using primers FP1 and RP1 from a plasmid
containing the rat PLCGI gene (5) by error-prone polymerase chain
reaction (PCR) as described (11). All primers were obtained from
Integrated DNA Technologies, and sequences are listed in table
S2. Nucleotide analogs 8-0x0-2'-deoxyguanosine 5'-triphosphate
and 2’'-deoxy-P-nucleoside-5'-triphosphate (TriLink Biotechnologies)
were added at a final concentration of 10 uM to Taq 2x Master Mix
[New England Biolabs (NEB)] along with 0.2 uM of each primer and
10 ng of template DNA. The PCR product after 30 cycles was visua-
lized on 1% agarose gel and then used as a template for amplification
by Phusion DNA polymerase (NEB) using primers PCTF1 and
PCTRI to generate at least 50 ug of the final PCR product containing
the sequences necessary for homologous recombination. The PCR
product was concentrated by using Pellet Paint (Novagen). A yeast
display library was generated using the PCR product through homolo-
gous recombination as described (25). Briefly, the yeast display vector
pCTCON was linearized by restriction digestion with Nhel and BamHI
(NEB) and concentrated using Pellet Paint. Four micrograms of the lin-
earized vector and 12 ug of the PCR product were added to 400 ul of
electrocompetent yeast cells, and electroporation was performed using
a 2-mm electrode gap cuvette in a Bio-Rad Gene Pulser system (Bio-
Rad) at 2.5 kV and 25 pF. Four such transformations were per-
formed, and after a 1-hour outgrowth in 32 ml of 1:1 mix of 1M Sorbitol
and YPD [yeast extract (10 g/liter), peptone (20 g/liter), and dextrose
(20 g/liter)], the electroporated cells were expanded in 1 liter of synthetic
defined medium with casamino acids (SDCAA) [dextrose (20 g/liter),
Casamino acids (5 g/liter), yeast nitrogen base (6.7 g/liter), Na,HPO,
(5.40 g/liter), and NaH,PO, (7.45 g/liter)]. Simultaneously, an aliquot
was grown on SDCAA agar plates to estimate library size. A library of
~10® Ss07d mutants that was previously constructed and characterized
was used in this study (9).

Isolation of mutant proteins binding the pTyr®? and
pTyr''8 sites in EGFR

Peptides listed in table S3 were obtained from GenScript. All peptides
were at least 90% pure and contained an N-terminal biotin moiety.

Tiruthani et al,, Sci. Signal. 12, eaap7584 (2019) 4 June 2019

The yeast display library of ¢cSH2 mutants generated, or the Sso7d
library, was grown in SGCAA [galactose (20 g/liter), Casamino acids
(5 g/liter), yeast nitrogen base (6.7 g/liter), Na,HPO, (5.40 g/liter), and
NaH,PO, (7.45 g/liter)] to induce surface protein expression. Binders
to nontarget species were eliminated by negative selection using
magnetic sorting as described (25). Biotinylated peptides were immo-
bilized on biotin binder beads (Life Technologies). An equimolar mix
of all bead-immobilized peptides other than the target peptide was
prepared. This mix was incubated with ~10' cells of the induced
cSH2 library, or ~10° cells of the Sso7d library, for an hour, and the
beads were removed using a magnet. The remaining cells were incu-
bated with beads containing the target peptide for 30 min. After three
washes in 1 ml of phosphate-buffered saline (PBS)-bovine serum al-
bumin (BSA) (PBS + 0.1% BSA), the beads were collected and grown
in SDCAA. These expanded cells were again grown in SGCAA to in-
duce surface protein expression, and FACS was performed using a
MoFlo cell sorter (Beckman Coulter Inc.). For cytometry, about
5 x 107 induced cells were labeled simultaneously with an anti-
c-Myec chicken antibody (Life Technologies) to quantify surface
protein expression and a biotinylated peptide to quantify binding to
the peptide. The secondary antibodies used were SA-PE and goat-
anti-chicken conjugated to Alexa Fluor 633 (Life Technologies).
Cells obtained after the magnetic selection step were sorted by suc-
cessive rounds of FACS, and the final pool of cells was grown on
SDCAA plates. Yeast colonies were sequenced by Genewiz. Further
analysis of the sorted population and individual clones were per-
formed using an Accuri C6 analyzer (BD Biosciences).

Recombinant expression and purification of SH2

domain mutants

mSH2, cSH2, and tSH2-WT were cloned from the yeast display vector
into the pET42 vector using the restriction sites Spel and Xhol to gen-
erate GST-tagged fusions. Primers FP2 and RP2 were used to intro-
duce the restriction sites by PCR to facilitate cloning of mSH2 and
cSH2, whereas primers FP3 and RP2 were used for cloning of tSH2-
WT. Sequences were verified by colony sequencing using a T7 reverse
primer by Genewiz. Subsequently, plasmids were introduced into
Rosetta Cells (EMD Biosciences). Protein expression was induced
by addition of 1 mM isopropyl-B-p-thiogalactopyranoside, followed
by incubation at 20°C for 12 hours with shaking at 250 rpm. After
induction, cells were harvested by centrifugation (4800g for 10 min),
resuspended in PBS with 0.2 mM phenylmethylsulfonyl fluoride
(Sigma-Aldrich), and lysed by sonication (2 s on, 5 s off) for 7 min.
The lysate was cleared by centrifugation and filtration through a
0.22-um filter and purified using a GSTrap FF column (GE Healthcare
Bio-Sciences) on a Bio-Rad Biologic LP system using a linear glutathione
gradient. The eluted fractions were analyzed by SDS—polyacrylamide gel
electrophoresis (PAGE), and pure fractions were combined and dia-
lyzed into 4 liters of PBS using a 3.5-kDa molecular weight cut-off filter
(Thermo Fisher Scientific). Protein concentrations were determined by
bicinchoninic acid assay (Thermo Fisher Scientific).

Far-Western blotting

Far-Western blotting was performed following the protocol of (8).
Cells were lysed in lysis buffer containing protease and phosphatase
inhibitors (50 mM Hepes, 100 mM NaCl, 10% glycerol, 1% Triton
X-100, 1 mM sodium orthovanadate, 50 mM B-glycerophosphate, 5 mM
NaF, 1 mM EGTA, 10 mM sodium pyrophosphate, and 10 pg/ml each
of aprotinin, leupeptin, pepstatin A, and chymostatin). Lysates from
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NR6 parental cells and EGFR-overexpressing NR6 cells, stimulated with
EGF (PeproTech) or sodium orthovanadate (Thermo Fisher Scientific),
were electrophoresed on a 7.5% SDS-PAGE gel and transferred to poly-
vinylidene difluoride membranes using standard protocols. The mem-
branes were blocked overnight at 4°C in 5% nonfat dry milk in tris
buffered saline with 0.1% Tween 20 (TBST) with 1 mM sodium ortho-
vanadate and 5 mM EDTA. Primary incubation was performed using
20 nM mSH2-GST, 20 nM tSH2-WT-GST, and 100 nM c¢SH2-GST,
and the membranes were then washed with TBST and blocked for
1 hour at room temperature in 5% nonfat dry milk in TBST. Anti-
GST horseradish peroxidase (GE Healthcare Bio-Sciences) was used
to probe for the GST tag, and SuperSignal West Femto substrate (Thermo
Fisher Scientific) was used to obtain a chemiluminescent readout. A
biotinylated molecular weight ladder was used (Cell Signaling) in
conjunction with anti-biotin horseradish peroxidase.

Cell culture

Parental mouse NR6 cells (39) were cultured at 37°C, 5% CO, in
Dulbecco’s Minimum Essential Medium o (MEMa) supplemented
with 7.5% fetal bovine serum, 1% sodium pyruvate, 1% nonessential
amino acids, and 1% PSG (L-glutamine and antibiotics penicillin and
streptomycin). Three variants of this cell line with full-length EGFR
(wild-type), C-terminal truncation mutants (c'1000), and Y to F mu-
tants of ¢’1000 (c'1000F) (5, 40) were cultured in same media, addition-
ally supplemented with G418 antibiotic (350 ug/ml). MDA-MB-231
cells were cultured at 37°C, 5% CO, in Dulbecco’s MEM supplemented
with 10% fetal bovine serum and 1% PSG. All tissue culture reagents
were purchased from Thermo Fisher Scientific. EGF and PDGF were
obtained from R&D Systems and PeproTech, respectively. EGF concen-
tration was 10 nM unless otherwise specified. PDGF concentration used
was 15 ng/ml. Sodium orthovanadate (Sigma-Aldrich) and gefitinib
(R&D Systems) were used at concentrations of 1 mM and 500 nM, re-
spectively. NR6 and MDA-MB-231 cell lines were transiently trans-
fected with tSH2-WT-EGFP, mSH2-EGFP, ¢SH2-EGFP, SPY992-EGFP,
SPY1148-EGFP, or mSH2-tdTomato using Lipofectamine 3000 with
Plus reagent (Thermo Fisher Scientific), as per the manufacturer’s
protocol, and a plasmid amount of 700 ng.

TIRF imaging and image analysis

Using PCR amplification with primers tdEF1 and tdXR1, tdTomato
from tdTomato-Lifeact was cloned into EcoRI and Xhol digested
pET28 vector. Then, mSH2 was subcloned into this construct from
the yeast display vector using Nhel and BamHI to generate a tdTomato
fusion. These fusions were then cloned into pBM-IRES-puro through
the restriction sites NotI and HindIII using primers FP4 and tdHR2.
Each of the biosensors, cSH2, mSH2, SPY992, and SPY1148 were sub-
cloned into the vector containing EGFP-tSH2-WT [pEGFP-C1 plasmid
with fusion of tSH2-WT to C terminus of EGFP (5)] vector through
BglII and EcoRI replacing tSH2-WT. Cells were detached with a brief
trypsin-EDTA treatment and suspended in growth medium. After
centrifugation at 300g for 5 min, the cells were resuspended in growth
medium and counted using a Beckman Coulter Counter. Adhesive
surfaces were prepared on clean, sterile 3.5-cm glass plates (MatTek),
which were coated with fibronectin (25 pg/ml; R&D systems) for 1 hour
at room temperature, and washed with culture medium. NR6 and
MDA-MB-231 cells were plated at 50,000 and 125,000 cells, respective-
ly, and allowed to spread for 24 hours. The cells were transiently trans-
fected with fluorescent protein-tagged biosensors (tSH2-WT-EGEFP,
mSH2-EGFP, ¢SH2-EGFP, SPY992-EGFP, SPY1148-EGFP, or mSH2-
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tdTomato) for 24 hours and then were subsequently serum-starved
in imaging buffer [20 mM Hepes (pH 7.4), 125 mM NaCl, 5 mM KC],
1.5 mM MgCl,, 1.5 mM CaCl,, 10 mM glucose, and fatty acid—free BSA
(2 mg/ml)] for 4 hours before imaging. Mineral oil was layered on top of
the buffer to prevent evaporation and cellular oxidation during the ex-
periment. Growth factors and inhibitors were diluted in the same buffer
before adding to the cells. Images were acquired using TIRF microscopy
with excitation of EGFP (488 nm) and tdTomato (561 nm) achieved
with incident beam energy of roughly 20 to 50 m] per image. A 40x
water immersion objective (0.8 numerical aperture; Zeiss Achroplan)
and 0.63x camera mount were used. Digital images were acquired using
a cooled charge-coupled device (ORCA-ER; Hamamatsu Photonics)
and MetaMorph software (Universal Imaging). In each image, the in-
tensity of the acellular region was defined as background and subtracted
from the intensity of each pixel before further analysis. Images were
analyzed using MATLAB and Image]J. For each cell, the background-
subtracted average intensity was calculated for each frame and then nor-
malized by the average intensity measured before stimulation.

Analysis of EGFR internalization

NRG6 cells expressing EGFR were transfected with tSH2-WT-EGFP,
mSH2-EGFP, or SPY992-EGFP using Lipofectamine 3000 with Plus re-
agent as per the manufacturer’s protocol. The cells were removed from
the plate with 0.05% trypsin, inactivated with culture medium, and
washed with Dulbecco’s phosphate-buffered saline (DPBS) at room
temperature. The cells were resuspended in DPBS at 37°C supplemen-
ted with biotinylated EGF complexed to Alexa Fluor 647 Streptavidin
(Thermo Fisher Scientific). The cells were incubated away from light
for 15 min at 37°C, washed with ice-cold DPBS, and resuspended gently
in ice-cold acid strip buffer (50 mM glycine-HCI, 100 mM NaCl, and
2 M urea). The cells were then immediately washed with ice-cold DPBS,
resuspended in ice-cold DPBS, and analyzed by flow cytometry using
Accuri C6 analyzer (BD Biosciences). EGF uptake was measured in cells
transfected with biosensor (gated on EGFP fluorescence).

Statistical analysis

For comparison of the time courses for different biosensors, ANOVA
(two-factor with replication) of normalized intensity was performed,
and a P value was obtained for the sample being the source of varia-
tion. For analysis of EGF internalization, a two-tailed ¢ test was used to
compare the median fluorescence of cells expressing the biosensor,
with that from untransfected cells, using data from three independent
experiments.

SUPPLEMENTARY MATERIALS
stke.sciencemag.org/cgi/content/full/12/584/eaap7584/DC1

Fig. S1. Analysis of intermediate cell populations during library screening.

Fig. S2. Normalized recruitment of tSH2-WT and mSH2 biosensors.

Fig. S3. Effect of changing binding affinity or biosensor concentration on the readout from
the biosensor.

Fig. S4. Comparison of biosensor responses.

Table S1. Protein sequences of mSH2, SPY992, and SPY1148.

Table S2. Primer sequences.

Table S3. Peptides used for library screening.
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Building better biosensors

The accuracy of a biosensor used to measure signaling events in live cells depends on both the specificity of the
biosensor for its intended target and the absence of interference with the signaling pathway. Phosphotyrosine-binding
SH2 domains have been used as biosensors for receptor tyrosine kinase activation. Tiruthani et al. showed ﬂbag}f paired
SH2 domain biosensor for monitoring phosphorylation of the epidermal growth factor receptor (EGFR) at Tyr was not
specific for EGFR and was not recruited to the membrane in a manner that accurately reflected the kinetics of EGFR
signaling. Hence, the authors used two different mutagenesis and s&)ezenlng approaches to engineer new biosensors,
mSH2 and SPY992, that exhibited greater specificity for EGFR Tyr and more accurately reported EGFR ygnaﬂmép8
kinetics. These approaches were extended to develop SPY1148, a biosensor for phosphorylation of EGFR at Tyr
and could be extended to generate phospho-specific biosensors for various targets.
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