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Abstract

Fyn kinase plays crucial roles in hematology and T cell signaling; however, there are currently
limited tools to visualize the dynamic Fyn activity in live cells. Here we developed and
characterized a highly sensitive Fyn biosensor based on fluorescence resonance energy transfer
(FRET) to monitor Fyn kinase activity in live cells. Our results show that Fyn kinase activity can
be induced in both mouse embryonic fibroblasts (MEFs) and T cells by ligand engagement. Two
different motifs were further introduced to target the biosensor at the cellular membrane
microdomains in MEFs, revealing that the Fyn-tagged biosensor had 70% greater response to
growth factor stimulation than the Lyn-tagged version. This suggests that the plasma membrane
microdomains can be categorized into different functional subdomains. Further experiments show
that while the membrane accessibility is necessary for Fyn activation, the localization of Fyn
outside of its microdomains causes its hyperactivity, indicating that membrane microdomains
provide a suppressive microenvironment for Fyn regulation in MEFs. Interestingly, a relatively
high Fyn activity can be observed at perinuclear regions, further supporting the notion that the
membrane microenvironment has a significant impact on the local molecular functions. Our work
hence highlights a novel Fyn FRET biosensor for live cell imaging and its application in revealing
an intricate submembrane regulation of Fyn in live MEFs.
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Fyn is a nonreceptor tyrosine kinase in the Src family, which plays critical roles in a variety
of pathophysiological processes including T cell regulation, neuronal learning and memory,
and cell adhesion.! The precise activation of Fyn together with Lck in space and time is
essential for the tyrosine phosphorylation of the T cell receptor (TCR) complex and the
propagation of signals to downstream molecules in T-cells.1¢d Dysregulation of the Fyn
function can lead to autoimmune diseases, neurodegenerative diseases, and cancer.? Like
other Src family members, Fyn consists of a unique N-terminal SH4 domain, an SH3
domain, an SH2 domain, a proline-rich linker, an SH1 kinase domain, and an inhibitory C-
tail containing a regulatory tyrosine site Y528.193 The unique Fyn N-terminal sequence
GCVQCKDK allows myristic (at the Gly site) and palmitic (at the two Cys sites) fatty
acylations, which can target Fyn at the plasma membrane.? Early work also showed that the
activated Fyn is associated with endosomes as well as on plasma membranes in fibroblasts.*2
Active Fyn can phosphorylate the transmembrane adapter molecule PAG (phosphoprotein
associated with glycosphingolipid-enriched microdomains) and allows the recruitment of
Csk (C-terminal Src kinase), which in-turn negatively regulates Src family kinases including
Fyn itself.1d Although PAG has been shown to be membrane-bound,® how Fyn activity is
dynamically regulated at the submembrane compartments remains unclear.

The kinase activity of Fyn is mainly controlled by the intramolecular interaction between its
SH2 domain and the phosphorylated cytoplasmic tail and a weak binding between the SH3
domain and the proline-rich linker.3%:6 Phosphorylation of the C-tail tyrosine site by Csk
deactivates, while dephosphorylation by the phosphatase CD45 activates Fyn.3d.6.7
Alternatively, Fyn can also be activated by intermolecular interaction between its SH2 or
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SH3 domain with other tyrosine-phosphorylated sequences or proline-rich motifs,
respectively.8 In CD4+ T cells, active Lck kinase can translocate to membrane lipid rafts and
activate Fyn downstream of TCR/CDA4 signaling.? Despite the importance of membrane
localization in the regulation of Fyn function, there is a lack of imaging tools that can
directly visualize Fyn activities at the plasma membrane and its submembrane
microdomains.

FRET-based technology has risen as a powerful approach to monitor dynamic molecular
activities in live cells during the past decades.19 The genetically encoded FRET-based
biosensors can be expressed either in the cytoplasm or targeted to the inside or outside of
functional microdomains at the plasma membrane, allowing precise visualization of
molecular activities in subcellular compartments.1%211 Our group has optimized FRET
donor and acceptor pair consisting of an enhanced cyan fluorescent protein (ECFP) and a
variant of yellow fluorescence protein (YPet) for FRET biosensor engineering, which can
form a weak dimer and subsequently enhance the FRET efficiency and sensitivity of the
biosensors.192 Subsequently, this FRET pair has also been applied to engineer highly
sensitive Racl, Syk, and Zap70 FRET biosensors,10a.12

While the choice of the donor and acceptor fluorescent proteins contribute significantly to
the sensitivity of the biosensor, the SH2 domain and substrate tyrosine peptide are a crucial
determinant of the biosensor specificity and sensitivity. Therefore, utilizing the above design
strategy and the ECFP/YPet FRET pair, we engineered new Fyn FRET biosensors and
characterized the sensitivity and specificity of these designs /n vitroand in MEFs to select
the optimal biosensor. Fyn activity was also detected by the FRET response of the biosensor
in T cells. By targeting the FRET-based biosensor to membrane microdomains in MEF cells,
we observed a substantial population of active Fyn kinase around the perinuclear region.
Further mutational experiments on the membrane-targeting sequence of Fyn kinase revealed
that Fyn kinase activity is fine-tuned and precisely regulated by its submembrane
localization. Therefore, our work provides a highly sensitive Fyn FRET biosensor for live-
cell imaging although it also displays a certain reaction to Src and Yes kinase activities /n
vitro and further reveals a Fyn activity regulation mechanism by different membrane
compartments in MEFs.

Biosensor Design and in Vitro Characterization.

Here we constructed a genetically encoded FRET biosensor to measure Fyn kinase activity,
which has a design similar to the previously reported Src FRET biosensor.108P The
biosensor consists of an ECFP at the N-terminus, followed by an SH2 domain from Src, a
flexible linker with 15 amino acids, a Fyn substrate peptide, and a YPet at the C-terminus
(Figure 1A). The Fyn substrate peptide (EKIEGTYGVV) was derived from p34¢dc2 an
established downstream effector molecule of Fyn kinase.1® As shown in Figure 1B, when the
substrate is not phosphorylated, because of the spatial proximity between N- and C-termini
of SH2 domain in the three-dimensional structure,14 the donor ECFP is positioned close to
the acceptor YPet with a high FRET efficiency. Upon tyrosine phosphorylation by kinase,
the phosphorylated substrate binds to the SH2 pocket located at the opposite site of its two
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termini, which leads to a separation of YPet from ECFP and a decrease of FRET efficiency.
These phosphorylations and FRET changes are reversible upon the dephosphorylation of the
substrate within the biosensor. As a result, the ECFP/FRET emission ratio of the biosensor
can be applied to represent Fyn kinase activity /n vitroand in live cells.

Recently our group discovered that introducing a single mutation (C185A) in the SH2
domain results in a significant increase of FRET sensitivity for a Src biosensor.1°> Two
versions of SH2 domain including wild-type (wt) and C185A mutant were hence tested in
the Fyn biosensor. /n vitro assays revealed that the biosensor with C185A-SH2 had a much
larger and quicker FRET response (160% FRET ratio change at 21 min) to active Fyn kinase
than that with wt-SH2 (108% FRET ratio change at 30 min) based on the FRET ratio of
emission 478 nm/emission 528 nm (Figure 1C).

We further examined the specificity of the biosensors toward Fyn kinase activity by applying
and comparing the effect of multiple tyrosine kinases with /n7 vitro kinase assays. The
biosensor with either wt- or C185A-SH2 showed a clear preference to active Fyn over other
kinases tested, including the Src family kinases Src, Yes, and Abl (Figures 1D and S1B).
Within ~20 min after adding ATP (when the two versions of biosensor display nearly the
largest difference in FRET response to active Fyn), the wt-SH2 and C185A-SH2 biosensors
displayed about 50% and 140% increases in the ECFP/FRET ratio from their basal levels
toward active Fyn, respectively, but <8% increase toward all other kinases (Figures 1D and
S1B). Indeed, as shown by the biosensor spectra in Figure S2, the biosensor with C185A-
SH2 had significant changes of the FRET emission ratio (~60% decrease) within ~20 min
when incubated with active Fyn but much less with active Yes or Src kinase. The active
domains of PDGFR (platelet-derived growth factor receptor), EGFR (epidemic growth factor
receptor), FAK (focal adhesion kinase), or Abl did not have a significant effect on the
responses of both wt-SH2 and C185A-SH2 biosensors during this period (Figure 1D). As
noted, it may be difficult though to draw firm conclusions about in situ specificity from in
vitro assays, as the concentrations/activities of kinases may be different in different types of
cells.

Since Fyn and Lck are both Src family kinases critical for TCR signaling during T cell
activation,1¢.d the Fyn biosensor was also specifically evaluated and compared in response to
Fyn or Lck phosphorylation by the /n vitro kinase assay. After ATP addition, Fyn caused a
much quicker and larger response of the biosensor than Lck (Figure S3). This result
demonstrates that the Fyn biosensor is highly sensitive with relative specificity toward Fyn
kinase activity. The Fyn biosensor containing C185A-SH2 has better sensitivity than that
containing wt-SH2, although both versions have a significant improvement in sensitivity
compared to our previously developed Src FRET biosensors.104.0 Therefore, the C185A-
SH2 version is chosen as the optimal Fyn biosensor and referred to as the Fyn biosensor in
the remainder of the work.

Characterizing the Sensitivity, Activation Mechanism, and Specificity of the Fyn Biosensor
in Mammalian Cells.

The C185A-SH2 Fyn biosensor was further examined in live mammalian cells.#2 Since
tyrosine kinase activations and the subsequent substrate phosphorylation are relatively fast
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reactions, typically reaching plateau in growth factors-stimulated cells within 10-15 min,16
we focus on this physiologically relevant period and monitor the biosensor within 30 min of
activation in live cells. In fact, as shown in MEFs which express the PDGF receptor, Fyn
kinase, and other Src family kinases, the FRET response of the Fyn biosensor mostly
completed within 5 min upon kinase activation by PDGF stimulation (Figure 2A and Movie
S1). These results suggest that the observed biosensor response in MEFs is mainly due to the
specific activation of Fyn since other kinases have much slower kinetics in phosphorylating
the biosensor in /n vitro kinase assays (Figure 1D). The ECFP/FRET emission ratio, which
represents Fyn kinase activity, increased from 0.23 to 0.5 and reached a stable plateau in
about 5 min (Figure 2B). A mutant biosensor with a single tyrosine (Y) mutation to
unphosphorylatable phenylalanine (F) in its peptide substrate had almost no change upon
PDGF stimulation, in contrast to the ~130% ECFP/FRET ratio increase of the wild-type
C185A-SH2 biosensor (Figures 2C, S4). These results suggest that the FRET response of the
biosensor is dependent on the tyrosine phosphorylation of the Fyn substrate sequence as
designed (Figure 1B). Furthermore, coexpression of Fyn kinase-dead mutant Fyn(K299M)
also inhibited the FRET response of the wild-type Fyn biosensor in MEFs (Figures 2C, S4)
but not that of the Src biosensor (Figure S5B). These results suggest that the FRET response
of the Fyn biosensor is mainly attributed to the activity of Fyn kinase in MEFs.

The biosensor was further introduced into SYF(-/-) cells in which Src, Yes, and Fyn kinases
are deficient, and the biosensor activation was measured in these cells with Fyn, Src, or Yes
kinase reconstituted during integrin-mediated adhesion. SYF(-/-) cells cotransfected with
the biosensor and kinase plasmids were seeded on fibronectin(Fn)-coated glass-bottom
dishes overnight before imaging, hence the kinases can be sufficiently activated by Fn-
dependent integrin signals. Indeed, the expression of Fyn kinase in SYF(=/-) cells led to a
57% increase of the biosensor ECFP/FRET ratio from the cells without Fyn, which is
significantly higher than that resulting from Src or Yes expression (Figure 2D). The large
cell—cell heterogeneity of the FRET level in Figure 2D could be partly due to the
cotransfection efficiency in addition to the intrinsic noise at single cell levels. Specifically,
exogenous kinase DNA was introduced into the cells together with the Fyn biosensor by
cotransfection, and individual cells might uptake varying levels of DNA plasmids, which
together with different translational and transcriptional activities in individual cells may lead
to the difference in kinase expressions and hence biosensor measurements. As control, the
expression of Src kinase in SYF(=/-) cells led to a ~70% increase of the ECFP/FRET ratio
of a Src biosensor (Figure S5A).198 These results demonstrate that the Fyn biosensor has a
relatively specific preference toward Fyn kinase over Src or Yes in mammalian cells, which
is consistent with the results from the /n vitro assay (Figure 1D).

Detection of Fyn Activation in Jurkat T Cells.

During T cell activation, Fyn can be activated in the TCR signaling pathways, which is
crucial in further activating downstream target molecules such as ERK, PI3K, and PLC.1d
We hence examined our biosensor in monitoring Fyn activation in Jurkat T cell lines. CD3
(one type of subunits of the TCR complex) antibody binding to cell surface can cause
clustering of TCR molecules and activate TCR signaling.}” Indeed, when Jurkat T cells
expressing the Fyn biosensor adhered onto the CD3 antibody-coated glass surface, an
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obvious FRET response was observed (Figure 3A,B). In contrast, no FRET change was
detected in cells expressing the Fyn(Y/F) mutant biosensor, indicating the FRET response of
our biosensor can reflect the kinase-mediated phosphorylation (largely from Fyn as
characterized above) in the biosensor substrate sequence (Figure 3A,B).

We further examined whether our biosensor can monitor the Fyn activation mediated by Lck
in T cells, a crucial signaling pathway as previously reported.%¢ The wild-type Lck (Lck-
WT) was introduced together with the Fyn biosensor into Lck-deficient J.Cam1.6 (J.Cam)
cells, a derivative from the E6-1 clone of the Jurkat T cell line (ATCC).18 The adherent cells
were then stimulated with the preclustered CD3/CD28 antibody complexes to activate TCR
signals.19 J.Cam cells reconstituted with Lck had a higher Fyn activity both before and after
the antibody stimulation, whereas the J.Cam control cells had low Fyn activity throughout
the experiment (Figure 3C,D). These results indicate a positive impact of Lck on Fyn
activation in T cells, consistent with the previous report for Fyn regulation by Lck.%2
Therefore, our Fyn biosensor can be used to monitor the dynamic Fyn activities in live T
cells and verify the underlying regulatory signaling pathway.

Detection of Subcellular Distribution of Fyn Kinase Activity.

It has been reported that Fyn kinase can localize to membrane microdomains via its N-
terminal palmitoylation and myristoylation.4%:2.9 To position the Fyn biosensor in a close
proximity of Fyn kinase at intracellular plasma membrane or the outer side of cellular
organelle membranes in MEFs, a peptide “MGCIKSKRKDNLNDDE” derived from the N-
terminus of Lyn kinase (Lyn tag) was added to the N-terminus of the Fyn biosensor, named
as the Lyn-Fyn biosensor4.2:90 (Figure 4A). Upon PDGF stimulation, the Lyn-Fyn
biosensor in MEF cells showed an immediate increase in the ECFP/FRET ratio (Figure 4B
and Movie S2) but at a lower level (~60% increase) (Figure 5) than that reported by the
cytosolic biosensor (Figure 2A).

The cytosolic biosensor can diffuse in 3D throughout the whole cell body, while the Lyn-Fyn
biosensor is constrained to the microdomains along the 2D cellular membrane.20 This
difference in local topology where the biosensors are localized may contribute to the
response dynamic range. Interestingly, a group of more activated Lyn-Fyn biosensors (higher
ECFP/FRET ratio) was observed to localize around perinuclear regions in MEFs (Figure 4B
and Movie S2). Adding Src family inhibitor PP1 to these cells immediately caused the
decrease of the ECFP/FRET ratio and eliminated the spatial pattern of the high biosensor
signals concentrated at perinuclear regions (Figures 4C and 5A). Consistently, this
perinuclear high FRET ratio was not observed in cells with the Y/F mutant biosensor (Figure
4D). These results suggest that the perinuclear pool of biosensors with the higher ECFP/
FRET ratio is due to the specific tyrosine phosphorylation but not from nonspecific
biosensor aggregation or misfolding at perinuclear organelles.

In order to assess the impact of the Lyn tag itself, we further fused the N-terminal sequence
from Fyn to the biosensor to target the biosensor more precisely at the location of Fyn
kinase. The Fyn-tagged biosensor showed a prominent subcellular pattern of high ECFP/
FRET ratios at perinuclear regions, similar to that of the Lyn-tagged version (Figure 4E and
Movie S3). This result suggests that the perinuclear high FRET activity observed is unlikely
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due to targeting tags but a possible Fyn activation occurring at the membrane of perinuclear
organelles. Our results hence demonstrate that, although we cannot completely exclude the
contributions of other localized kinases, the membrane-targeted Fyn biosensor can highlight
the perinuclear-localized activation pattern of Fyn kinase at perinuclear regions upon PDGF
stimulation, which is not possible with the cytosolic biosensor. Although the membrane-
targeted biosensor did not detect obvious Fyn activation on the cell boundaries which was
documented by antiphospho-Y416 Src antibody,*@ we reasoned that the biosensor may be
diffusible and not have the resolution needed for the detection of Fyn activation occurring on
the local plasma membranes of fibroblasts.

Characterization of Fyn Activity at the Membrane Microdomains.

The quantified ECFP/FRET ratio time courses showed that the Fyn-tagged biosensor had a
significantly stronger response (106% increase) to PDGF stimulation than the Lyn-tagged
biosensor (63% increase, Figure 5C). The length of the Lyn tag is not a significant factor
affecting the FRET response in comparison, as the biosensors with 16aa- or 21aa-Lyn tag
showed FRET changes at a similar scale (~50-60%) in response to PDGF stimulation
(Figures 5B and S6). Although both Lyn and Fyn tags can target the biosensor at the
intracellular membrane, one possible reason for the difference of the FRET response is the
closer localization of the Fyn-tagged biosensor to Fyn kinase. The Lyn tag has one Cys (C3)
and the Fyn tag has two (C3 and C6) at their N-termini. Palmitoylation at two Cys residues
in the Fyn tag could cause its different spatial partition in the membrane microdomains from
the Lyn tag. As such, the Fyn-tagged biosensor may locate closer to Fyn kinase with higher
stability anchoring at the membrane than the Lyn-Fyn biosensor.

In Fyn kinase, the N-terminal starting sequence MGCVQCKDK is important for its
membrane localization through fatty acylation. Myristoylation occurs at the first glycine
(G2) and palmitoylation at the third and sixth cysteines (C3 and C6), which are required for
membrane localization of Fyn and its interaction with the TCR complex in T-cells.21 While
myristoylation can help the target proteins to interact with intracellular membrane,
palmitoylation facilitates the stable anchoring of the protein.21P To examine the roles of
specific residues within the Fyn-tag in regulating the membrane localization of Fyn kinase,
the palmitoylation sites, C3 and C6, were mutated to serine,*® and the Fyn kinase activity
was monitored by the cytosolic Fyn biosensor (Figure 6). Surprisingly, the mutant Fyn
C3S/C6S (Fyn(GSS)) displays much more elevated activity than wild-type Fyn both before
and after PDGF stimulation in MEFs (Figure 6). In this case, the overall Fyn kinase
activities at both basal level and that with PDGF stimulation measured with the cytosolic-
Fyn-BS ratio value were detected to be higher for the mutant Fyn(GSS) compared to the Fyn
(WT) kinase. This result suggests that Fyn may become more active outside of its
microdomains. When the myristoylation site (G2) was further mutated to serine, this triple
mutant Fyn kinase (G2S/C3S/C6S) (Fyn(SSS)) lost plasma membrane anchoring and
became less active (Figure 6). The activities of Fyn mutants were further confirmed in
SYF(-/-) cells coexpressing the cytosolic biosensor: Fyn(GSS) can activate the biosensor
much more than the wild-type Fyn, while Fyn(SSS) is relatively inactive (Figures 7A and
7B). Indeed, the Lyn-tagged biosensor did not detect the hyperactivity of Fyn(GSS) in either
MEF or SYF(=/-) cells (Figure S7), supporting a spatial separation between Fyn(GSS)

ACS Sens. Author manuscript; available in PMC 2021 May 12.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Ouyang et al. Page 8
localization and the Lyn-tagged membrane microdomains (Figure 7C). Collectively, our
results suggest that the membrane accessibility is critical for Fyn activation; however, Fyn
localization in the specific membrane microdomains may provide a suppressive regulation of
Fyn activity.

DISCUSSION

The Fyn tyrosine kinase plays important physiological roles in the immune and neuronal
systems. Our work developed and characterized the first Fyn FRET biosensor for monitoring
the Fyn kinase activity in live-cells with high sensitivity. Utilizing the SH2 domain with
tuned binding affinity to tyrosine-phosphorylated substrate peptide, an optimized biosensor
containing the C185A-SH2 and a tyrosine peptide from Fyn substrate p34CDC2 is
engineered, which shows a 140% increase of the ECFP/FRET ratio toward Fyn kinase
activation (Figure 1D). The C185A-SH2 domain has also been applied to improve the
sensitivity of a Src biosensor,1® highlighting the broad applicability of the C185A-SH2
domain to serve as a binding partner for tyrosine phosphorylated peptide motifs. Through
the comparison among different tyrosine kinases, the biosensor displays a clear preference
for Fyn activity over other kinases. This result is also consistent with a previous report that
this specific substrate peptide employed in our biosensor displayed a higher sensitivity to
Fyn than to Src or Lck.13P

Fyn is localized at the cell membrane via its SH4 domain with fatty acylation. Here, we
positioned the Fyn biosensor close to Fyn kinase at cell membranes through a Lyn or Fyn
tag, to monitor Fyn activity at different membrane microdomains. Surprisingly, a
subpopulation of Fyn with high kinase activity is observed around the perinuclear area by
the membrane-targeted biosensor. This result highlights the spatial resolution achievable by
the genetically targeted and subcellularly anchored Fyn FRET biosensors, which should be
difficult for cytosolic biosensors diffusible in the cell body with the reported signals
averaged across space. The population of highly active Fyn is possibly localized on the
surface of the perinuclear membrane structures such as ER compartments related to
endosomes.*2

The existence of microdomains in the cell membrane has been well reported, although direct
visualization of the microdomains in live cells has been difficult due to their nanoscale size
and dynamic organization.22 Fyn kinase is known to localize at these membrane
microdomains through N-terminal modification with palmitoylation and myristoylation.
4b.21b The Fyn-tagged biosensor has more FRET response than that of the Lyn-tagged one in
response to PDGF stimulation (Figure 5). This is surprising, considering that the two
versions of biosensor are identical except for the small tags at the N-terminus. The double
palmitoylation sites on the Fyn tag may bring the biosensor close to interact with Fyn kinase
more stably than the single site of palmitoylation on the Lyn tag. Their sensitivity difference
may also imply that signal molecules could be spatially separated in membrane
microdomains through their fatty acid modifications. This observation is consistent with the
study that the trafficking pathways of Fyn and Lyn kinases to the plasma membrane differ
due to their specific N-terminal palmitoylation states.23 It will be interesting to further
understand how these microdomains are sorted into different kinds of compartments based
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on their specific functional molecules. Biosensors with specific targeting tags hence may
help to characterize the subtle difference among different membrane microdomains and to
study the underlying mechanism of local molecular regulations.

It is surprising that nonmicrodomain-targeted Fyn has higher kinase activity than wild-type
Fyn (Figures 5B and 6B). Although previously antibody staining (a less quantitative method)
showed palmitoylation-deficient Fyn can still be moderately activated in cells,*@ its
significantly enhanced activity measured by our FRET biosensor provides new insights on
the regulation of cellular Fyn activity. Our observation suggests that when located outside of
these microdomains, Fyn can be highly active, probably due to segregation from deactivator
such as Csk via biophysical properties or lipids ionic interactions.1d-24 This result again
highlights the critical biological function of the membrane microdomains which not only
provide docking sites for Fyn kinase but also the spatial platforms for appropriate regulation
of functional Fyn activity. Palmitoylation-deficiency may cause malfunction of Fyn in cells
by location of Fyn outside of the microdomains, with the elevated Fyn activity potentially
leading to diseases, including immunological disorders and cancers.3:25 For instances,
overexpression of Fyn is detected in multiple cancers3@ and in T cells with a
lymphoproliferative disorder;24 hyperactivity of Fyn is also connected with brain migration
disorder and T cell activation deficiency.2%

Therefore, we hypothesize the following model based on the current data (Figure 7C): Fyn
with N-terminal palmitoylation is located at specific membrane microdomains and maintains
relatively low activity, possibly due to the local phosphorylation of PAG/CBP (Csk-binding
protein) followed by recruitment of Csk, a negative regulator of Fyn kinase, whereas N-
terminal nonpalmitoylated Fyn located outside these microdomains has loose association
with plasma membrane and shows constitutively high activity.>26 The highly active signals
of the Fyn biosensor at the perinuclear regions also suggest that membrane compositions at
these perinuclear organelles can be significantly different from those of the plasma
membrane. In fact, it was reported that there is a lack of rafts in mitochondria.2’” Therefore, a
negative control mechanism of Fyn kinase may be lacking in perinuclear membranes. In
considering that the contribution of other localized kinases to the biosensor activation cannot
be completely excluded in this study, alternative models could be possible.

MATERIALS AND METHODS

DNA Constructs.

The Fyn biosensor was first constructed into the vector pRSETb for bacterial expression.
The DNA fragment including SH2 domain, a 15 amino acids linker and the substrate peptide
EKIEGTYGVYV, was amplified by PCR based on the template of a Src biosensor.1%8 The
PCR fragment with SH2 domain containing a single-site mutation (C185A) was amplified
similarly from two newly improved Src biosensors as the template.® The individual PCR
fragment was ligated between ECFP and YPet fluorescent proteins from the Src biosensor
by Sphl/Sacl restriction sites. The biosensors with the two versions of SH2 are the same
except for the mutation in SH2 domain. The biosensor in pRSETb was further amplified by
PCR and ligated into the mammalian expression vector pPCAGGS?8 by using £coR1/Sal
sites. The negative Y/F mutation in the substrate of the biosensor was introduced by site-
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directed mutagenesis (following the protocol from Agilent Technologies) in the pRSETb
version, and the mutated biosensor was further subcloned into the pCAGGS vector. The
membrane-targeted biosensors were constructed by PCR amplification of the biosensor
while adding the Lyn tag (MGCIKSKRKDNLNDDE), the longer Lyn tag with 21aa
(MGCIKSKRKDNLNDDGVDMKT) or the Fyn tag
(MGCVQCKDKEATKLTEERDGSLNQ) at the N-terminus of the biosensor and then by
ligation into the pCAGGS vector with £coR1/Sal sites. The DNA constructs containing
wild-type Fyn, Fyn(K299M) mutant, and c-Src were described previously.100.29

Fyn N-terminal mutation from G2C3C6 (GCC) to G2S3S6 (GSS) or S253S6 (SSS) was
generated by site-directed mutagenesis (following the protocol from Agilent Technologies).

The other experimental procedures are available in the Supporting Information.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figurel.

Design of Fyn biosensor and /i vitro kinase assay. (A) The schematics of the biosensor. (B)
The schematic drawing depicting the conformational change of the biosensor upon tyrosine
phosphorylation at the substrate. (C) The /n vitro activation of the biosensors with wild-type
SH2 (wt-SH2) or SH2 with mutation (C185A) by adding active Fyn kinase and ATP at 0
min. The control groups were in the absence of active Fyn kinase. (D) Comparison of the in
vitro activation of the C185A-SH2 biosensor by different active tyrosine kinases. These
reaction assays were performed simultaneously on a fluorescence plate reader. The dashed
line indicates the time point at ~20 min after adding ATP to initiate the enzymatic reactions.
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Figure 2.
PDGF induced a fast and dramatic FRET response of the Fyn biosensor in MEF cells. (A)

The ECFP/FRET ratio images of MEFs treated with PDGF. The color bar from blue to red
represents the emission ratio (ECFP/FRET) of biosensors from low to high, respectively. (B)
The time courses of the ECFP/FRET emission ratio were quantified for the cells shown in
(A). (C) The scatter plots (showing all individual data points plus mean = SD) show
quantified FRET changes of the C185A-SH2 Fyn biosensor, its negative Y/F mutant, and
with coexpression of dominant-negative Fyn(K299M) in response to 25 pg/mL PDGF in
MEFs (n= 12, 12, 5 for each group, and p-value <1078). (D) The biosensor ECFP/FRET
emission ratio is compared among SYF(—/-) cells cotransfected with the control vector
(scatter plots with mean = SD, 0.246 + 0.0037), Fyn (0.387 + 0.094), Src kinase (0.270 =
0.075), or Yes kinase (0.247 + 0.039) at the same amount for each (1.0 1g of biosensor + 0.3
1 of kinase DNA per well in 24-well plate). The cells were seeded on 10 rg/mL
fibronectin-coated glass-bottom dishes. *** indicates statistically significant difference from
all other groups with p-value <1.0e-19, n= 133, 187, 87, 109 respectively.
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Figure 3.
Fyn activity in Jurkat cells. The Fyn biosensor construct was introduced into cells by

electroporation. (A) The FRET response of the wild-type biosensor (top panel) or the mutant
Fyn(Y/F) biosensor (bottom panel) in Jurkat cells when they were adhered on CD3
antibody-coated (10 pg/mL) glass-bottom dishes. Imaging started within about 10 min after
cells were settled onto the coated surface. (B) The quantified FRET changes (mean + SD, 7
= 16, 18) from the groups of cells in (A). (C) The FRET response of the Fyn biosensor in
Jurkat or JCam cells treated with the preclustered CD3/CD28 antibody complexes. Cells
were transfected with the biosensor alone or together with the Lck construct (Lck-WT) by
electroporation. (D) The quantified FRET changes (mean = SD, n= 26, 22, 21) from the
groups of cells in (C).
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Figure 4.
Detection of Fyn activity around the perinuclear area by the membrane-targeted biosensor.

(A) The schematics of Lyn- and Fyn N-terminal peptide-tagged (Fyn-Fyn) biosensors. (B)
The ratiometric (ECFP/FRET) images of the Lyn-Fyn biosensor in a representative MEF
before and after PDGF stimulation. The arrows point to the perinuclear regions of high
FRET activity. (C) The high FRET of the Lyn-Fyn biosensor around the perinuclear area
was inhibited by Src family inhibitor PP1 (10 #M). (D) The Y/F mutant of the Lyn-Fyn
biosensor displays low and relatively uniform FRET distribution in MEF, distinct from the
wild-type biosensor. (E) The Fyn-tagged Fyn biosensor displays a similar FRET distribution
pattern as the Lyn-Fyn biosensor, with high FRET activity at perinuclear regions (arrows) in
MEFs.

ACS Sens. Author manuscript; available in PMC 2021 May 12.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnue Joyiny

1duosnue Joyiny

Ouyang et al. Page 18
A B

0.6 - 0.6
B PDGF PP1 B
®0.5 1 ®0.5 1
e e
0.4 0.4
o o
L0.3 4 Lw0.3
o - o
502 £V G0.2 ==
3 : Lyn-tagged Biosensor w Fyn-tagged Biosensor
0.1 ——— 0.1 ———

10 0 10 20 30 40 50 60 70 10 0 10 20 30 40 50 60 70
Time(min) Time(min)
= 25 4 B

2 *
E PDGF PP1 g 25 .
e 21 | P
w H
x W 2l 7T "
& 74 .
&1 5 w . b o
w S 15 sk

g 17 @ -

B —Fyn-tagged BS %

] ——Lyn-tagged BS 2 4

0.5 T T T T T T T T

40 0 10 20 30 40 50 60 70 g g
Time(min) K o
:@Q ,\"9
s F

Figure5.
Detection of distinct Fyn activity by Lyn-tagged or Fyn-tagged biosensor. The time course

curves show the PDGF-induced FRET response of (A) the Lyn-tagged biosensor or (B) the
Fyn-tagged biosensor from a group of MEF cells, followed by the addition of Src family
inhibitor PP1 (10 xM). Each colored line was quantified from one single cell. (C) The
normalized time courses of the ECFP/FRET ratio from the group of cells in (A) and (B).
Error bars: SEM. (D) Compare the normalized maximal ECFP/FRET ratio reported by the
Fyn-tagged (scatter plots with mean + SD: 2.06 + 0.19) and Lyn-tagged (1.63 = 0.14)
biosensors after PDGF stimulation (* p< 0.001 by Student’s ttest, 7= 24).
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Figure6.

The effect of Fyn N-terminal fatty acylation on Fyn activation in MEF cells. Change of
palmitoylation or myristoylation modification at the Fyn N-terminal was introduced by
mutation of wild-type Fyn(GCC) to Fyn(GSS) or Fyn(SSS). (A) Representative ECFP/
FRET ratio images of PDGF-stimulated MEF cells cotransfected with the cytosolic Fyn
biosensor (1.0 1g of DNA on a 24-well plate) with vector only or the indicated Fyn mutants
(0.3 1g of DNA each). (B) The average time courses of the ECFP/FRET ratio of the
cytosolic Fyn biosensor in cells coexpressing the Fyn mutants or control vector in (A) when
they are treated with PDGF (mean = SEM). (C) The scatter plots with mean + SD compare
the basal level and maximal ECFP/FRET ratio in cells with time courses shown in (B). (*
indicates a statistically significant difference when compared with the control vector group
by Student’s ttest, p< 1.0e-4, n= 25, 27, 29, 27). In cells cotransfected with Fyn(WT),
Fyn(GSS), Fyn(SSS), or the control vector, the ECFP/FRET ratio values (mean + SD) were,
respectively, 0.31 + 0.05, 0.57 + 0.16, 0.22 + 0.023, or 0.20 = 0.016 at the basal level and
0.54 +0.06, 0.72 + 0.13, 0.46 + 0.06, or 0.46 + 0.05 at peak after PDGF stimulation.
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Figure 7.

The activities of Fyn and its mutants in SYF(=/-) cells and an illustration of Fyn kinase
activity at different membrane microdomains. Cells cotransfected with the cytosolic
biosensor (1.0 g of DNA on a 24-well plate) and vector only, Fyn(WT), Fyn(GSS), or
Fyn(SSS) construct (0.3 1g of DNA each) were seeded on fibronectin-coated glass-bottom
dishes overnight, followed by FRET measurement. (A) The representative ECFP/FRET ratio
images and (B) the quantified cellular ECFP/FRET ratio (scatter plots with mean + SD) are
0.17 £ 0.013 (vector), 0.281 + 0.065 (Fyn WT), 0.399 + 0.10 (Fyn GSS), or 0.179 £+ 0.016
(Fyn SSS) in cells with the indicated Fyn variant. * indicates a statistically significant
difference from all other groups by ftest (7= 31, 26, 25, 33, p-value <1074). (C) Fyn with
N-terminal palmitoylation is located at submembrane microdomains and maintains relatively
low activity, possibly due to phosphorylation of PAG/CBP (Csk-binding protein) followed
by recruitment of Fyn negative regulator Csk. N-terminal nonpalmitoylated Fyn located
outside these microdomains has loose association with plasma membrane and shows
constitutively high activity. The Fyn FRET biosensor displays a normal or highly active
status of Fyn respectively in the cotransfected SYF(-/-) cells.
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