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SUMMARY

Monitoring enzymatic activities at the cell surface is
challenging due to the poor efficiency of transport
and membrane integration of fluorescence reso-
nance energy transfer (FRET)-based biosensors.
Therefore, we developed a hybrid biosensor with
separate donor and acceptor that assemble in situ.
The directed evolution and sequence-function anal-
ysis technologies were integrated to engineer a
monobody variant (PEbody) that binds to R-phycoer-
ythrin (R-PE) dye. PEbody was used for visualizing
the dynamic formation/separation of intercellular
junctions. We further fused PEbody with the
enhanced CFP and an enzyme-specific peptide at
the extracellular surface to create a hybrid FRET
biosensor upon R-PE capture for monitoring mem-
brane-type-1 matrix metalloproteinase (MT1-MMP)
activities. This biosensor revealed asymmetric distri-
bution of MT1-MMP activities, which were high and
low at loose and stable cell-cell contacts, respec-
tively. Therefore, directed evolution and rational
design are promising tools to engineer molecular
binders and hybrid FRET biosensors for monitoring
molecular regulations at the surface of living cells.

INTRODUCTION

Numerous genetically encoded intramolecular fluorescence
resonance energy transfer (FRET) biosensors have been devel-
oped to visualize various molecular events in live cells with
high spatiotemporal resolution (Wang et al., 2005, 2008). How-
ever, improper protein folding frequently causes biosensor
entrapment within cellular compartments (Shaner et al., 2007),
particularly when these biosensors are targeted through the
secretory pathways to extracellular membrane to monitor local
molecular events. The entrapped biosensors typically do not

respond to stimuli as designed, and often contribute significantly
to unwanted signal noise during analysis. To overcome this defi-
ciency, we sought to develop a hybrid FRET biosensor consist-
ing of an enhanced CFP (ECFP; donor) and an R-phycoerythrin
(R-PE; acceptor) to be assembled in situ at the extracellular sur-
face of plasma membrane. Since R-PE is a cell-impermeable
fluorescent dye with a high extinction coefficient and large
Stokes shift (Glazer, 1985), the ECFP/R-PE pair is expected to
provide strong FRET signals specifically at the plasma mem-
brane with minimal intracellular background noise. However,
R-PE cannot be genetically encoded (Isailovic et al., 2006).
Therefore, a protein scaffold fused to ECFP is needed to capture
R-PE for FRET functionality.

Directed evolution technology is a powerful tool used to engi-
neer protein domains and scaffolds, particularly when rational
design alone is insufficient (Arnold, 1998). This technology has
been used to develop numerous fluorescent proteins with
improved properties, including enhanced brightness, modified
spectra, and increased photo-stability (Shaner et al., 2004,
2008, 2013). Directed evolution and rational design based on
sequence and structure information have also been applied to
optimize the sensing components or linker lengths for genetically
encoded FRET biosensors (Hires et al., 2008; Ibraheem et al.,
2011; Komatsu et al., 2011).

Several protein scaffolds have been successfully optimized by
directed evolution for different applications, including diagnos-
tics (Binz et al., 2005), therapeutics (Wittrup et al., 2012), and im-
aging (Gulyani et al., 2011). Among these, a short 94-residue
monobody (Figure 1A), derived from the tenth type Ill domain
of human fibronectin, is a versatile non-antibody protein scaffold
with a structure similar to the immunoglobulin heavy chain
domain (Koide et al., 1998). The seven B-strands of the mono-
body can be randomized to create libraries of variants for pro-
tein-binding sites (Batori et al., 2002; Koide et al., 1998), with
the BC and FG loops proximally positioned to form a binding
interface for target biomolecules with high flexibility and affinity
(Carr et al., 1997; Koide et al., 1998).

Utilizing directed evolution and sequence-function analysis,
we developed a monobody variant, PEbody, which serves as a
specific binding partner for R-PE. The multivalent interaction
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between PEbody and R-PE significantly enhances signals at the
cell-cell contact, allowing the precise monitoring of the dynamic
formation and dissociation of cell-cell contacts. We have further
applied PEbody for the assembly of a new ECFP/R-PE hybrid
FRET biosensor at the extracellular surface of cancer cells to
monitor the proteolytic activity of membrane-type-1 matrix met-
alloproteinase (MT1-MMP), which is a key molecule regulating
pericellular matrix degradation during cancer metastasis (Cov-
ington et al., 2006; Galvez et al., 2002; Hotary et al., 2003;
Nawrocki-Raby et al., 2003; Rozanov et al., 2004; Woskowicz
et al., 2013). The results revealed that MT1-MMP is differentially
regulated depending on the maturity of cell-cell contacts, with
high and low proteolytic activities at loose and stable cell-cell
contacts, respectively. Thus, our hybrid biosensors can serve
as potent tools to study the dynamics of molecular activities at
the cell surface with subcellular resolutions.

RESULTS

Directed Evolution of an R-PE Binder

We first applied directed evolution technology to engineer a
monobody variant for the capture of R-PE and subsequent
in situ assembly of an FRET biosensor at the extracellular
surface. The G9 monobody, initially engineered to bind to the
Src Homology 3 (SH3) of Fyn (Huang et al., 2012), was used as
a template to generate mutant libraries by applying site-satura-
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tailed Student t test). See also Figure S1.

tion mutagenesis (Miyazaki and Arnold, 1999) in the BC (residues
26-30) and FG (residues 77-81) loops of G9 (Figure S1A). These
libraries were displayed on the yeast surface and used to screen
for R-PE binders (Figures 1B and S1B). After three rounds of se-
lection by fluorescence-activated cell sorting (FACS), a mutant
named Single4 (S4) containing the FINFK and WRWWY se-
quences in the BC and FG loops, respectively, was identified
as an efficient R-PE binder (Figures 1C and S1F). The R-PE bind-
ing capability of S4, which is defined as the ratio between the
percentage of R-PE binding yeast (gated by R-PE) and the per-
centage of monobody expressing yeast (gated by a labeling
tag V5 on the monobody, Figure S1C), was 500-fold greater
than the original G9 (Figure 1C), but was not further improved
by additional rounds of cell sorting. It is therefore possible that
the S4 sequence represents a locally optimal solution around
the neighboring mutation space. Replacing a single BC or FG
loop of G9 with that of S4, however, was not sufficient to increase
the binding capability, suggesting that mutations on both
loops are necessary for the overall enhanced R-PE-binding of
S4 (Figure 1C).

Based on the structure and sequence of S4, we found that the
FG variants consistently showed larger improvement on target
binding capability than the BC variants (Figures S1D and S1E)
(Batori et al., 2002). Consequently, it is possible to improve
R-PE binding capability of S4 by further optimizing sequences
in the FG loop of S4 while holding the BC loop constant.
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Figure 2. Characterization of PEbody on the
Surface of Live Mammalian Cells

(A) A schematic diagram of R-PE binding to PEbody
displayed on the surface of a live mammalian cell.
The green arrow represents the excitation wave-
length (495 nm) and the orange arrow represents the
emission wavelength (575 nm) of R-PE.

(B) The differential interference contrast (DIC)
and the R-PE intensity images of HEK293 cells
expressing the G9 monobody or PEbody.

(C) The R-PE staining of HEK293 cells expressing
ECFP-G9 monobody or ECFP-PEbody. The
respective DIC and overlay images of HEK293 cells
expressing ECFP-PEbody are shown in the bottom
panel.

(D) The average R-PE or ECFP intensity at free end
and cell-cell contact regions. Bar graphs represent
means + SD (n = 33 and 69, where n is the number of
analyzed cell free ends and cell-cell contacts,
respectively).
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Additional mutagenesis was focused on the FG loop of S4 to
create a new library (Figure S1F). However, no variant showed
significant improvement of R-PE binding capability comparing
with S4 after two more rounds of cell sorting (Figure S1G). There-
fore, a rational approach was explored to further engineer and
improve S4 for R-PE binding.

We surveyed the mutation space around the S4 monobody
sequence by choosing ten variants for sequence-function
analysis, including five clones each with the highest and lowest
binding affinities toward R-PE (Figure S1G). The high-affinity se-
quences (along with S4) were used to identify the residues contrib-
uting positively to R-PE binding, while the low-affinity sequences
allowed us to identify and exclude residues with negative contri-
bution. Amino acids (AAs) at each position were ranked by their
contribution scores. For example, the contribution score of amino
acid A at the positionj was calculated by averaging the R-PE bind-
ing capability among all mutants containing A at position j (see
STAR Methods, Figures STH and S1l). We then selected the high-
est ranked AAs for each position. This selection resulted in eight
mutant sequences, including S4 (Figure 1D). The flow cytometry
results showed that two mutants, M4 and M5, have significantly
improved binding capability toward R-PE compared with S4 (Fig-
ure 1D). The mutant M4 was named as PEbody, having an R-PE
binding capability of 96%, and was used for all of the following ex-
periments. The mutant M5 had similar R-PE binding capability but
less efficiency in protein production and hence was not further
tested. Comparing the AA sequences of PEbody and S4 revealed
that replacing arginine with proline at position 78 in S4 caused the
increase in R-PE binding for PEbody (Figures 1D).

To further characterize the specificity and binding affinity of
PEbody in recognizing R-PE, we stained the PEbody-expressing
yeast cells with various fluorescent dyes, such as PerCP-Cy5.5,
fluorescein isothiocyanate (FITC), Alexa Fluor 488, and R-PE
with streptavidin, that have been extensively used in flow cytom-
etry applications. Only R-PE-based dyes could bind to PEbody,
indicating that it is specific to R-PE (Figure 1E). The binding affin-
ity between PEbody and R-PE was further characterized by
using bio-layer interferometry, with the Kp determined to be
5.7 + 3.5 nM (mean + SEM) (Figure 1F) which is consistent with
the Kp calculated using the yeast surface display (Feldhaus
et al., 2003). The mean fluorescence intensity (MFI) of the R-PE
bound to the yeast cell surface was plotted against increasing
R-PE concentrations. We estimated the Kp to be 9.6 + 3.0 nM
(mean + SEM) using nonlinear least-squares regression of the
relationship between the MFI and the R-PE concentration (Fig-
ure S1J). These results suggest that PEbody suffices as an effi-
cient and specific R-PE binder.

Characterization of PEbody in Mammalian Cells

PEbody was then displayed and characterized for R-PE binding
at the surface of human embryonic kidney cells (HEK293, Fig-
ure 2A). R-PE staining was found to be specific in cells ex-
pressing PEbody at the surface, especially efficient at the
cell-cell contacts, but not in those expressing the nonspecific
G9 monobody or lacking the construct altogether (Figures 2B
and S2A). These results further demonstrate that PEbody can
be expressed in mammalian cells to serve as a specific binder
of R-PE.
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Because R-PE effectively binds to PEbody expressed on the
cell surface, the R-PE/PEbody system can be utilized as a new
acceptor for FRET biosensor applications. ECFP was hence
fused with PEbody to create a FRET-based biosensor and
allow energy transfer from ECFP to R-PE upon its capture by
PEbody (Figures S2B and S2C), with the length of the linker
between ECFP and PEbody affecting the FRET efficiency (Fig-
ure S2D). Indeed, upon the addition of R-PE to the cell culture
medium, the R-PE signal dramatically increased at cell surfaces,
particularly at the cell-cell contacts, while exhibiting a corre-
sponding ECFP signal decreased due to its energy transfer to
R-PE (Figures S2E and S2F). The fluorescence images of
HEK293 cells also revealed the expression of ECFP/PEbody
and clear R-PE staining at the cell surface, with relatively strong
signals at the cell-cell contacts compared with cell edges
without contacts (Figure 2C, middle panel). We noticed that the
R-PE signal at the cell-cell contact was 3.6-fold brighter than
that at the free end, while the ECFP signal only increased
1.4-fold, which reflects the accumulated copies of local PEbody
(Figure 2D). These results reveal high enrichment of R-PE at local
sites when multiple PEbodies are present. We hypothesize
that this phenomenon is due to the multivalent interaction be-
tween R-PE and PEbody. In contrast to the efficient binding be-
tween PEbody and R-PE, which resulted in a strong FRET
between R-PE and ECFP, we observed no binding of R-PE in
the cells expressing the control ECFP-G9 construct (Figure 2C,
top panel). Consistently, cells without PEbody did not gain
R-PE signals at the cell surface upon R-PE addition in the cell
culture medium (Figure S2F, red broken line), verifying the spec-
ificity of PEbody in R-PE binding.

Interestingly, fusing PEbody at the N terminus of ECFP
showed weaker R-PE staining, indicating that the position and
orientation of ECFP is important for the accessibility of PEbody
to R-PE (Figure 2E). Taken together, these results indicate that
the fusion of PEbody at the C terminus of ECFP provides a plat-
form for the development of biosensors based on FRET between
ECFP and R-PE to visualize active molecular events at the extra-
cellular surface.

Visualization of Cell-Cell Contact Dissociation and
Formation

Due to the multivalent interaction between R-PE and PEbody at
cell-cell contacts, our hybridized assembly of ECFP/PEbody and
R-PE could be ideally suited for monitoring cell-cell contact
dissociation and formation. We performed an experiment in
which cell-cell contacts between HEK293 cells were first disrup-
ted with EGTA for 1 hr while the change of fluorescence signals
was monitored. As shown in Figures 3A and 3B, cells started to
contract upon the addition of EGTA, causing the local morpho-
logical thickening of cell-cell contacts and a slight, transient in-
crease in R-PE signal, followed by sharp decrease when cells
started to dissociate physically. Once EGTA was washed
away, cells started to reform the junctions. During this phase,
R-PE signal significantly increased while ECFP intensity was
less changed (Figures 3C and 3D). Overall, the results showed
a rapid increase in the junctional R-PE signal when cells form
cell-cell contacts, and a fast decrease of the signal when cells
dissociate. As such, the multivalent binding property between
R-PE and PEbody at the cell-cell contacts can be used as a sen-
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sitive marker for monitoring the maturity of cell-cell junctions dur-
ing the dynamic formation and dissociation processes, which is
difficult to monitor using ECFP or other genetically encoded fluo-
rescent proteins alone.

Visualization of the Surface MT1-MMP Activity

To demonstrate the functionality of the ECFP-PEbody construct
in engineering hybrid FRET biosensors, we inserted an MT1-
MMP substrate peptide (CRPAHLRDSG) flanked by linkers in
between ECFP and PEbody. R-PE can then be applied to pro-
duce an ECFP/PEbody/R-PE hybrid FRET biosensor to visualize
the in situ substrate cleavage by MT1-MMP at the extracellular
surface (Figure 4A) (Lu et al., 2013; Ouyang et al., 2010). The
functionality of the FRET biosensor was verified in MT1-MMP-
deficient Hel a cells transfected with full-length MT1-MMP. The
cells were pretreated with MMP inhibitor, GM6001, and moni-
tored before and after inhibitor washout (Lu et al., 2013). After in-
hibitor washout, MT1-MMP proteolysis of the substrate in the
biosensor allows ECFP to diffuse away from R-PE, which leads
to a reduction in energy transfer. We observed a decrease in
FRET/R-PE ratio of approximately 50%, while R-PE intensity re-
mained relatively constant (Figures 4B, 4C, and S3A; Movie S1).
In contrast, the FRET/R-PE ratio was not affected by inhibitor
washout in the control HeLa cells deficient in MT1-MMP (Figures
4Bii and 4C [black line]), confirming the specificity of this hybrid
FRET biosensor. We have also compared this hybrid ECFP/
PEbody/R-PE biosensor with a previously developed ECFP/
YPet MT1-MMP FRET biosensor (Ouyang et al., 2010). After
we quantified the biosensor signals at the plasma membrane
where MT1-MMP localizes, it is clear that the overall kinetics of
MT1-MMP activities monitored by both biosensors had similar
characteristics, while our hybrid biosensor produced signifi-
cantly cleaner images (Figures S3B-S3D). These results indicate
that our new ECFP/PEbody/R-PE hybrid biosensor provides
high sensitivity and clean membrane signals with low intracel-
lular noise.

Asymmetric Dynamics of the Cell Surface MT1-MMP
Activity

FRET/R-PE ratio images clearly revealed distinct kinetics of
MT1-MMP activation at different subcellular locations upon in-
hibitor washout (Figure 5A). The quantified time courses of
FRET/R-PE ratio showed similar basal values before GM6001 in-
hibitor washout (Figure 5B). After washout, however, the ratio
values decreased at different rates in different cell-cell contacts
(Figures 5C and Movie S2). To explore these differences, actin-
GFP was used as an indicator to investigate different cell-cell
contact types (Drees et al., 2005; Zhang et al., 2005). We found
that the rapid decrease of FRET/R-PE ratio, representing fast
MT1-MMP activation, was predominantly observed at loose
cell-cell contacts where actin fibers formed wide and diffusive
branches (Figures S4A-S4C) (Burridge and Wittchen, 2013;
Zhang et al., 2005). Conversely, stable cell-cell contacts where
actin filaments accumulate in packed bundles at the cell borders
(Zhang et al., 2005) showed a slow decrease of FRET/R-PE ratio,
representing slow MT1-MMP activation (Figures S4A-S4C).
Interestingly, images of cells with mCherry-tagged MT1-MMP
showed that the MT1-MMP protein localized at cell-cell contacts
without particular spatial preferences (Figures S4D and S4E)
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Figure 3. Change in the R-PE and ECFP Signals upon Cell-Cell Contact Dissociation and Formation

(A and C) The ECFP, R-PE, overlay, and R-PE/ECFP ratio images in (A) the EGTA-induced cell-cell contact dissociation and (C) the reformation of cell-cell
contacts after washing out EGTA. The color bar indicates the R-PE/ECFP intensity ratio, with hot and cold colors representing the high and low ratios,
respectively. The white boxes and arrows indicate the regions of interest where an R-PE/ECFP intensity ratio was quantified for (B) and (D).

(B and D) Upper panel: The normalized time courses of the average R-PE (left y axis) and ECFP intensity (right y axis); Middle panel: The average R-PE/ECFP ratio
during the periods of cell-cell contact dissociation (B) and reformation (D). The removal of EGTA was performed at time = 60 min after the addition of EGTA in
(B), and time = 0 min in (D). The black arrow with broken line represents the time point where multiple cells start to separate (B) or form the contact (D). Bottom
panel: The bar graphs represent the normalized average intensities of R-PE and ECFP. The level of R-PE dye was maintained in the medium at all times during
imaging. The normalized intensity value for each cell was established by dividing the fluorescent signals of each individual cell with that when cell contact was
completely dissociated (dimmest R-PE intensity).

Data in (B) and (D) are represented as means + SEM (n = 8 and 9 where n is the number of analyzed cell contacts in (B) and (D), respectively; ***p < 0.001 with
Wilcoxon rank-sum test). Scale bar, 10 um.
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(Remacle et al., 2013). Taken together, these results indicate
that although the total amount of MT1-MMP is similar at both
stable and loose contacts, the proteolytic activity of MT1-MMP
may be inhibited at the stable cell-cell contacts by the local
microenvironment.

The cytoskeleton plays a crucial role in controlling cell-cell ad-
hesions and MT1-MMP dynamics (Galvez et al., 2002; Nawrocki-
Raby et al., 2003; Woskowicz et al., 2013). Actin filaments and
microtubules regulate the localization and trafficking of MT1-
MMP (Ouyang et al., 2008; Remacle et al., 2003; Zucker et al.,
2002), so we reasoned that they may also mediate the observed
asymmetric distribution of MT1-MMP activity. To investigate the
relationship between the MT1-MMP activity and the cytoskeletal
components, cytochalasin D and nocodazole were applied to
cells to disrupt actin filaments and microtubules, respectively.
The application of either inhibitor resulted in a uniformly rapid
decrease of the FRET/R-PE ratio at different cell-cell contacts,
similar to the loose contacts in MT1-MMP-expressing HelLa cells
after inhibitor washout (Figures 5D and 5E). These results indi-
cate that actin filaments and microtubules play crucial roles in
the regulation of MT1-MMP activity at different cell-cell contacts.

To further explore the spatially asymmetric regulation of MT1-
MMP activity, we measured the apparent diffusion rate of MT1-
MMP using the fluorescence recovery after photo bleaching
(FRAP) assay. The full-length MT1-MMP-mCherry fusion protein
was monitored before and after photobleaching (Figure S5).
A mathematical model was used to quantify the diffusion rate
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= : Substrate peptide

Figure 4. The ECFP/PEbody Hybrid FRET
Biosensor for Visualizing MT1-MMP Activity
on the Surface of Live Cancer Cells

(A) The design strategy and the sensing mechanism
of the biosensor. The biosensor was anchored on
the extracellular surface using the transmembrane

(CRPAHLRDSG) domain of PDGFR. The N terminus of the trans-
membrane domain was linked to PEbody to allow
for the R-PE binding. An MT1-MMP substrate
sequence flanked by flexible linkers was inserted

30 min between ECFP and PEbody. Left: R-PE staining of

the intact biosensor allowed the energy transfer
from ECFP to R-PE; Right: Following activation,
MT1-MMP cleaved the biosensor substrate
sequence, disrupted FRET, and reduced the FRET/
R-PE ratio.

(B) The DIC and FRET/R-PE ratio images before and
after GM6001 inhibitor washout of the representa-
tive Hela cells expressing the MT1-MMP ECFP/
PEbody biosensor (i) with or (i) without the full-
length MT1-MMP gene. The color bar indicates the
FRET/R-PE ratio, with hot and cold colors repre-
senting the high and low ratios, respectively. The
white boxes indicate the region where the ratio was
quantified for (C). Scale bar, 20 um.

(C) The average quantified time course of the
normalized FRET/R-PE ratio from multiple HelLa
cells in the GM6001 washout assay was compared
in cells with and without the full-length MT1-MMP
gene. Data are normalized with an individual basal
FRET/R-PE ratio before GM6001 washout and rep-
resented as means + SD (n = 64 and 29; n is the
number of analyzed cell contacts with and without
the full-length MT1-MMP, respectively).

See also Figure S3.

of MT1-MMP-mCherry based on the recovery images (Lu
et al., 2008). The analysis showed that the average diffusion
rate of MT1-MMP-mCherry at the membrane regions lacking
cell-cell contacts was 2.2-fold greater than at regions with stable
cell-cell contacts (4.40 + 2.17 versus 1.98 + 0.82 um?/s) (Figures
5F and S5). These results indicate that the MT1-MMP molecules
are less mobile at stable contacts, which is consistent with the
results from our biosensor that showed less proteolytic activity
of MT1-MMP at stable contacts. This possibly reflects its in-
hibited forms in the presence of inhibitory interacting molecules
at these local microenvironments.

DISCUSSION

FRET biosensors are valuable molecular imaging tools that allow
for real-time visualization of specific molecular activities during
important cellular processes. Through an integration of iterative
directed evolution and rational design (Figure 1), we developed a
hybrid FRET biosensor composed of ECFP and an engineered
PEbody that functions as a selective and effective binder of the
R-PE fluorescent dye. Because R-PE is cell-impermeable, this
hybrid biosensor can be assembled in situ at the live-cell surface
to monitor extracellular molecular activities with high spatiotem-
poral resolution. Indeed, the binding between R-PE and PEbody
can be clearly detected on the cell surface with minimal intracel-
lular background noise, particularly at cell-cell contacts (Fig-
ure 2). Our design provides an alternative approach to the
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Figure 5. A Distinct Distribution of MT1-MMP Activity at Different Subcellular Cell-Cell Contacts

(A) The representative FRET/R-PE ratio images of Hela cells co-expressing the ECFP/PEbody MT1-MMP FRET biosensor and the full-length MT1-MMP. After
GM6001 inhibitor washout, the discrete regions of the membrane showed distinctive FRET/R-PE ratios. Hot and cold colors indicate high and low ratios,
respectively. The positions 1 and 2 with white boxes are used to quantify the FRET/R-PE ratio in (B). Scale bar, 20 um.

(B) The quantified time course of the FRET/R-PE ratio was compared between positions 1 and 2 in (A).

(C) The quantified time course of the normalized FRET/R-PE ratio from multiple cells. The normalized FRET/R-PE ratios illustrated in green or red represent results
predominantly from the loose or stable cell-cell contacts, respectively.

(D) The average time course of the normalized FRET/R-PE ratio quantified from the loose or stable cell-cell contacts with or without cytochalasin D or nocodazole
treatment.

(E) The bar graphs represent the average half-time of signal reduction in (D) with n = 34, 30, 18, and 38, respectively, where n is the number of analyzed cell
contacts.

(F) The comparison of the MT1-MMP diffusion speed between free edge regions (denoted as loose cell-cell contact) and cell-cell contacts (denoted as stable cell-
cell contact) (n = 7 for each group, where n is the number of cells from three independent experiments).

Data in (C and D) are normalized with an individual basal FRET/R-PE ratio before GM6001 washout and data in (D-F) are represented as means + SD.
The asterisks indicate a significant difference (**p < 0.01 and ***p < 0.001 with Wilcoxon rank-sum test). See also Figures S4 and S5.
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SNAP-tag and Halo-tag technologies (Brun et al., 2009; Maurel
et al., 2008), with the advantage of allowing for the direct and
reversible assembly of biosensors without additional chemical
modifications. Integrating PEbody into a FRET biosensor, we
successfully applied our hybrid biosensor to monitor cell-cell
junction maturity during the dynamic formation and dissociation
of cell-cell contacts (Figure 3), utilizing the multivalent binding
property of R-PE toward PEbody. Therefore, the integration of
the directed evolution technology and rational sequence-func-
tion analysis can be used as powerful tools to engineer pro-
tein-binding scaffolds for the assembly of efficient hybrid FRET
biosensors capable of monitoring subcellular molecular events
at live-cell surfaces (Figures 4 and 5).

Monobody is widely used as a protein scaffold because of its
small size, flexible loops, and proper folding within living cells
(Batard et al., 2002; Koide et al., 1998). Accordingly, with the
G9 monobody serving as a starting template for directed evolu-
tion (Huang et al., 2012), FACS screenings directly allowed the
identification of the S4 variant with improved, specific R-PE
binding capability. However, additional mutagenesis and
screenings failed to identify a better binder to R-PE than S4.
This may be due to the nonlinear relation between the library
sequence and the functional readout, as well as our limited
library size (Arnold, 1998; Benatuil et al., 2010; Lutz, 2010).
Further improvement was only achieved by the integration of
screening and rational design. Optimizing AA residues in both
BC and FG loops resulted in the higher affinity of PEbody toward
R-PE. As such, the integration of directed evolution and rational
analysis provided powerful tools for the molecular engineering of
novel proteins.

PEbody was integrated into an FRET-based biosensor for
monitoring the proteolytic activity of MT1-MMP. We found that
although the amount of MT1-MMP protein is relatively uniform
at cell-cell contacts (Galvez et al., 2002; Remacle et al., 2013),
the proteolytic activity of MT1-MMP is surprisingly spatially het-
erogeneous. Perhaps the E-cadherin complexes of stable cell-
cell contacts can recruit antagonistic molecules to create an
inhibitory microenvironment, suppressing MT1-MMP-mediated
cadherin cleavage and thereby maintaining stable junctions
(Liu et al., 2010). Consistent with this hypothesis, FRAP results
indicated that the MT1-MMP molecules are less mobile at stable
cell-cell contacts, which could account for the lower activity of
MT1-MMP. This supports the notion that MT1-MMP molecules
may be more restricted by inhibitory partners at these local
regions. The results from FRAP experiment also agree well
with the results of cytoskeletal disruption. Cytochalasin D or no-
codazole treatment eliminated this differential distribution of
MT1-MMP activity at different cell-cell contacts. It is hence
possible that the distinct characteristics of the cytoskeleton at
different cell-cell contacts play a role in determining the local
microenvironment and regulating MT1-MMP distinctively at
different cell-cell contacts.

SIGNIFICANCE

By integrating iterative directed evolution and rational anal-
ysis, we succeeded in systematically engineering and opti-
mizing a genetically encoded binder of a fluorescent dye.
We further introduced a novel design for FRET biosensors
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that combines genetically encoded fluorescent protein and
PEbody as the binding scaffold for a cell-impermeable fluo-
rescent dye R-PE to visualize molecular events on the extra-
cellular surface in live cells. A hybrid FRET biosensor based
on this design allowed us to monitor cell-cell junction matu-
rity with high sensitivity and precision during the dynamic
formation and dissociation of cell-cell contacts. This
biosensor further revealed a distinctive distribution of pro-
teolytic activity of MT1-MMP (a key enzyme for the tumor
cells invasion) at different cell-cell contacts (Hotary et al.,
2003). The readout from this biosensor could be used to
detect the invasiveness of single cells from clinical samples,
and to screen for anti-cancer drugs. Our design for this
biosensor can also be readily adapted to develop other
FRET biosensors for the monitoring of molecular activities
at the extracellular surface, as well as the endocytosis of
surface molecules, due to the low-pH stability of both
R-PE and ECFP (Fredj et al., 2012; Zhai et al., 2005). As
such, our method can be employed to systematically design
FRET biosensors capable of monitoring important molecu-
lar dynamics at the surface and other subcellular regions
of live cells.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Anti-V5 antibody Thermo Fisher Scientific Cat#R960-25; RRID: AB_2556564
Bacterial and Virus Strains

MAX Efficiency™ DH5a™ Competent Cells Thermo Fisher Scientific Cat#18258012

Chemicals, Peptides, and Recombinant Proteins

GM6001 EMD Millipore Cat#364205

R-Phycoerythrin Sigma-Aldrich Cat#52412-1MG-F

EGTA Sigma-Aldrich Cat#E3889

Experimental Models: Cell Lines

HEK293 cells ATCC Cat#CRL-1573

Hela cells ATCC Cat#CCL-2

Experimental Models: Organisms/Strains

Saccharomyces cerevisiae (EBY100) N/A N/A

Recombinant DNA

pYD1-PEbody This paper N/A

pDisplay-PEbody This paper N/A
pDisplay-ECFP-CRPAHLRDSG-PEbody This paper N/A

pCR3.1-MT1-MMP Ouyang et al., 2008 N/A
PCDNAB3.1-MT1-MMP-mCherry Ouyang et al., 2008 N/A

Software and Algorithms

Fluocell Lu et al., 2008, Lu et al., 2011 https://code.google.com/archive/p/fluocell/
MetaMorph Molecular Devices https://www.moleculardevices.com
MetaFluor Molecular Devices https://www.moleculardevices.com
PyMol PyMol https://www.pymol.org/

CONTACT FOR REAGENT AND RESOURCE SHARING

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Yingxiao
Wang (yiw015@eng.ucsd.edu).

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Yeast Strains and Growth Conditions

Saccharomyces cerevisiae EBY100 (a2 GAL1-AGA1::URA3 ura3-52 trp1 leu2A1 his3A200 pep4::HIS2 prb1A1.6R can1 GAL) was
used throughout the work for yeast surface display library (Boder and Wittrup, 1997). EBY100 was routinely cultured at 30 °C in
rich media (YPD). Once transformed with the yeast display plasmid pYD1 (Thermo Fisher Scientific, Cat. No. V835-01), cells were
grown in synthetic complete medium minus tryptophan (SC-Trp with 2% (w/v) glucose), and monobody library expression was
induced in galactose media (SC-Trp with 2% (w/v) galactose). The pYD1 plasmid also carries ampicillin resistance for amplification
in E. coli (DH5a; Thermo Fisher Scientific, Cat. No. 18258012), which was cultured in Luria Bertani (LB; Fisher Scientific,
Cat. No. BP14262) medium at 37 °C.

Cell Lines

HEK293 cells (ATCC, Cat. No. CRL-1573, Gender: N/A) and HeLa cells (ATCC, Cat. No. CCL-2, Gender: female) were grown in DMEM
(Thermo Fisher Scientific, Cat. No. 11995073) supplemented with 10% FBS (Thermo Fisher Scientific, Cat. No. 10438026) plus
100U/ml penicillin, 100 ng/ml streptomycin (Thermo Fisher Scientific, Cat. No. 15140122) at 37°C with 5% CO,.
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METHOD DETAILS

Library Construction

Two generations of R-PE-binding monobody libraries were created by site-saturation mutagenesis. For the first-generation libraries,
five codons in the BC (residues 26-30) and FG loops (residues 77-81) of the G9 monobody underwent site-saturation mutagenesis by
using NNK degenerate primers (IDT) with Q5 DNA polymerase (NEB, Cat. No. M0491), where N represents an equimolar distribution
of A, T, G, and C; K denotes an equimolar distribution of T and G, to yield the BC and FG libraries. After generating the library by PCR,
the fragments containing library were then extracted from agarose gel, inserted into pYD1 vector between the Kpnl and Xhol restric-
tion sites, transformed into E. coli (DH10B), and purified plasmid library with Qiagen HiSpeed Plasmid Maxi kit. These plasmids were
then transformed into Saccharomyces cerevisiae (EBY100). The libraries were screened twice by FACS (BD FACSAria) using R-PE
(Sigma-Aldrich, Cat. No. 52412-1MG-F) as a ligand (Figures S1B and S1C). The clones with the best binding capability and fluores-
cence intensity were combined to generate the R-PE-binding monobody library.

To construct the combined library, the selected DNA libraries of BC and FG loops were amplified by the primer P1 (forward) and P2
(reverse) to produce the BC library, and the primer P3 (forward) and P4 (reverse) to generate the FG library. P1 anneals to a region in
the G9 sequence upstream of the randomized BC loop; whereas P2 anneals to a region between the BC and FG loop. P3 was
complementary to the 20 nucleotides at the 5’ end of P2; P4 anneals to a region downstream of the FG loop. These two DNA
fragments were assembled through the overlap extension PCR with a 20-nucleotide sequence complementary. The combined library
was then transformed into S. cerevisiae jointly with the original pYD1 vector which has a complementary sequence of G9 upstream of
the BC loop and downstream of the FG loop. The size of the resulting R-PE-binding monobody library was approximately 1x108 in-
dividual clones.

Selection of the R-PE-Binding Monobody Using FACS

The surface expression of the variant proteins was induced by culturing yeast in 2% galactose-containing medium (synthetic com-
plete medium minus tryptophan, SC-Trp) at 20°C for 24-48 hours during which the OD600 increased 2-4-fold. In order to identify and
select the yeast cells that displayed the G9 monobody variants with the high R-PE-binding capability, the yeast cells were incubated
with 10 ng/mL R-PE in wash buffer containing the phosphate buffered saline (PBS, Sigma-Aldrich) with 0.5% bovine serum albumin
(BSA) (Sigma-Aldrich) for 1 hour at room temperature. The level of the expressed proteins on the yeast surface was also measured
using the anti-V5 epitope antibody (Thermo Fisher Scientific, Cat. No. R960-25). In each step of staining, the unbound reagents were
washed away with wash buffer.

Each of the BC and FG libraries were sorted twice by FACS using R-PE as a ligand. In the first round of sorting, the top 10% of the
R-PE positive cells were collected for further expansion. In the second round of sorting, 0.1% of the R-PE positive cells were selected
(Figure S1B). Later, the R-PE-binding monobody library was constructed by combining both selected BC and FG libraries. For the
combined library, the top 10%, 0.5%, and 0.1% of the R-PE binders were consecutively screened in three rounds of FACS. After the
third round of sorting, the cells, which were most efficient in binding to R-PE, were selected and seeded into wells of 96-well plates for
DNA sequencing (Genewiz).

Improvement of the R-PE-Binding Monobody

After three rounds of FACS, the S4 monobody variant, which efficiently binds to R-PE, was identified. To further improve the R-PE-
binding monobody, the second generation of the S4-based monobody library was generated by site-saturation mutagenesis. The
sequence in the BC loop of S4 was fixed; while the sequence of the FG loop was subjected to site-saturation mutagenesis using
the NNK degenerate primers.

To increase the selection stringency of the R-PE binders, only the top 0.1% of the brightest R-PE positive cells were selected in the
first and second round of FACS. In the second round of FACS, cells were further seeded into wells of 96-well plates. 20 single colonies
were then randomly selected to measure their R-PE-binding capability by flow cytometer (BD Accuri C6). Later, ten individual clones,
including five clones of the highest and lowest R-PE-binding capability, were subjected to the DNA sequence analysis. The R-PE
binding capability was defined as the ratio between the % of R-PE binding yeasts (gated by R-PE) and the % of monobody express-
ing yeast (gated by a labeling tag V5 on the monobody).

The DNA sequences of S4 and those 10 representative clones, were used to predict the mutants with the improved R-PE-binding
capability (Figure S1G). The amino acids in the FG loop of each clone were evaluated based on the results from flow-cytometry anal-
ysis. The contribution score of the amino acid residue A at position j in the FG loop was calculated by averaging the relative R-PE
binding capability among all mutants of A atj. If the contribution score of A at position j was higher than 10% of the maximum contri-
bution score at that position, amino acid residues with the highest ranking for this position were then selected for further examinations
(Figures ST1H and S1l). As a result, amino acids W, R/P, W/F, W, and Y/N for positions 77-81 of the FG loop sequence were selected
for experimental examination. A combination of these residues led us to the eight individual mutant sequences (Figure 1D). The R-PE
binding capability of these mutants were later examined by flow cytometry (BD Accuri C6). Data from flow cytometry were collected
from about 100,000 events per sample with three independent experiments. Our approach greatly reduced the searching space and
provided an efficient path to reach an optimized R-PE binder.
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Measuring Kp by Flow Cytometry

The protein-protein dissociation constant Kp of different monobody variants was measured using the yeast surface display as
described (Feldhaus et al., 2003). Antigen concentration ranged from 10-fold lower to 10-fold higher than the expected Kp; concen-
trations from 0.5 nM to 50 nM were used to label 2 x 10°® induced yeast cells which were incubated at room temperature for 1 hour. The
unbound R-PE was then washed away and the samples were analyzed by flow cytometry. The mean fluorescence intensity (MFI) of
the R-PE bound to the yeast cell surface was plotted against the increasing R-PE concentration. The Kp was calculated from
nonlinear least-squares regression of the relationship between the MFI and the R-PE concentration (Figure S1J).

The dissociation constant (Kp) of the PEbody and R-PE using a yeast display method by flow-cytometry analysis (Feldhaus et al.,
2003) was calculated to be 9.6 + 3.0 nM (mean+SEM). Similarly, the Kp of anti-V5 antibody toward V5 epitope tag, which is located
at C-terminus of PEbody as an indicator of protein expression on the yeast surface (Figure S1C), was measured to be about 2 nM
(Figure S1J), which is consistent with previously reported values (Kastritis et al., 2011).

Measuring Kp by Bio-Layer Interferometry

PEbody proteins were expressed with N-terminal 6x His tag in Escherichia coli and purified by nickel chelation chromatography as
previously described (Wang et al., 2005). Binding kinetics of PEbody and R-PE were measured by bio-layer interferometry (ForteBio
BLItz system). PEbody with His tag was loaded onto an anti-HIS biosensor for 15 sec to establish baselines. A variety of concentra-
tions of R-PE (40, 80, 160, and 320 nM) were introduced and their association to immobilized PEbody was monitored for 60 sec, after
which it was allowed to dissociate into PBS with 0.5% BSA (pH 7.4) for 60 s. Kp values were calculated from the 1:1 binding model to
be 5.7 + 3.5 nM (mean + SEM) by determined ko, and k¢ parameters.

Construction of the MT1-MMP FRET Biosensor

The MT1-MMP substrate peptide sequence (CRPAHLRDSG, the scissile bond is underlined) flanked by the GGSGGT linker peptides
was inserted between the C-terminus of ECFP and the N-terminus of PEbody (GGSGGTCRPAHLRDSGGGTGGS) (Ouyang et al.,
2010). The flexible linker (GGSGGT) was added to extend the cleavable peptide and to allow its access by MT1-MMP. The biosensor
sequence was then inserted to the pDisplay vector (Thermo Fisher Scientific, Cat. No. V66020) between the Bglll and Sall restriction
sites. The pDisplay vector contains an N-terminal murine Ig k-chain leader sequence, which directs the protein cargo to the secretory
pathway, and a C-terminal transmembrane (TM) domain of the platelet-derived growth factor receptor B (PDGFR-), which directs
target proteins to the extracellular surface of the plasma membrane (Ouyang et al., 2008). The mCherry-conjugated MT1-MMP was
constructed by fusing mCherry sequence at the C-terminal of MT1-MMP with GGS and inserted to pcDNAS.1 between Hindlll and
Xhol restriction sites (Ouyang et al., 2008).

Cell Culture and Transfection

Cell culture reagents were purchased from Thermo Fisher Scientific. The human embryonic kidney cells (HEK293) and the cervical
cancer cells (HeLa) were cultured in Dulbecco’s Modified Eagle’s Medium (DMEM) supplemented with 10% (v/v) fetal bovine serum,
2 mM of L-glutamine, 100 units/mL of penicillin, 100 ng/mL of streptomycin, and 1mM of sodium pyruvate at 37°C with 5% CO,. The
DNA plasmids were transfected into cells with Lipofectamine 3000 (Thermo Fisher Scientific, Cat. No. L3000015). To visualize MT1-
MMP activity in HelLa cells, the ECFP/PEbody MT1-MMP FRET biosensor was co-transfected with the full-length MT1-MMP gene.
36-48 hours after transfection, R-PE (10 pg/mL) was added into the culture medium and incubated with the cells for 30 minutes. The
unbound R-PE was then washed out and the samples were analyzed by fluorescence microscopy.

Microscopy, Image Acquisition, and Analysis

Cells expressing the exogenous biosensor proteins were cultured in a glass bottom dish (Cell E&G) coated with 20 ug/mL fibronectin
for 16-20 hours before imaging. Cells were then incubated with R-PE in serum-free DMEM without phenol red at 37°C for 30 min,
washed twice using PBS, and maintained in the starvation medium (DMEM with 0.5% FBS). The images were taken with a Nikon
Eclipse Ti inverted microscope with a cooled charge-coupled device camera and analyzed using MetaFluor 7.8 or MetaMorph
7.8 software (Molecular Devices). The FRET ratio images were obtained by dividing the fluorescence image pixel-by-pixel of
FRET wavelength (420/40 nm excitation, 575/20 emission, with 560 LP dichroic mirror) by the R-PE wavelength (495/10 nm excita-
tion, 575/20 emission, with 560 LP dichroic mirror) after the background subtraction. The images were analyzed and displayed in the
intensity modified display mode by using MetaFluor and Fluocell software (Lu et al., 2008, 2011).

For data presentation, the normalized values were shown to clearly compare the differences among the experimental groups and
to minimize the cell-cell heterogeneity. The pre-stimulation baseline for each cell was established by averaging the FRET or other
fluorescent signals of each individual cell before stimulation. This provides an internal normalization reference for establishing the
stimulation-dependent FRET changes of an individual cell which reduces the cell-cell heterogeneity and noise. This normalization
procedure had been used for Figures 4, 5, S3, and S5. In Figure 3, the normalization was calculated by dividing the intensity at
each time point of an individual cell with the intensity when that cell contact was completely dissociated (minimum R-PE intensity
was observed during time = 50-60 minutes after addition of EGTA).
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Dissociation and Formation of Cell-Cell Contacts

For R-PE-label experiment, R-PE (10 ng/mL) was directly added onto HEK293 cells expressing ECFP-PEbody under microscope. For
cell-cell contact dissociation experiments, HEK293 cells expressing ECFP-PEbody were stained with R-PE (10 ug/mL) and cell-cell
junctions were disrupted by the addition of 2 mM EGTA (Sigma-Aldrich) to monitor the change of R-PE and ECFP signal at cell-cell
contacts. Once EGTA was washed away, cells started to reform the junctions. During this phase, R-PE signal was monitored together
with ECFP signal at reforming cell-cell contacts.

Inhibitor Washout FRAP Assay

For inhibitor washout assays, HelLa cells were pre-incubated with 20 pM GM6001 (EMD Millipore, Cat. No. 364205), a broad-spec-
trum matrix metalloproteinase inhibitor, in the starvation medium for 16-20 hours. The inhibitor was then washed out with the Hank’s
balanced salt solution (HBSS, with Ca* and Mg?*, Thermo Fisher Scientific). For FRAP experiments, cells expressing the MT1-MMP-
mCherry fusion protein were imaged using a 100x objective as a reference for setting the pinhole position which allows strong light to
pass through. Photobleaching was performed by exciting mCherry in the chosen pinhole region with the full power of excitation light
for 1 minute. Cells were then monitored for the recovery of the fluorescence intensity. To estimate the diffusion coefficients, our pre-
vious published finite element mathematical model and algorithm were used (Lu et al., 2008; Vandenberg and Dedecker, 2017). This
method is flexible to handle different imaging and photobleach protocols, as well as variable cell geometry. Briefly, two images from
the recovery time course were used to estimate a diffusion coefficient, based on a linear correction between the temporal and spatial
variations of fluorescence signal. The estimated diffusion coefficient was considered to be sufficiently accurate when the correlation
calculated from a pair of images is larger than 0.7 (Lu et al., 2008).

QUANTIFICATION AND STATISTICAL ANALYSIS

All the experiments were replicated at least three times and represented biological replicates. Data are presented as mean values +
standard deviation (SD) or mean values + standard error of the mean (SEM) as indicated in the figure legend. Statistical analyses were
carried out using MATLAB (version R2015b) and were defined by p values calculated from the two-tailed Student’s t tests or Wilcoxon
rank sum test by comparison with the relevant control as specified in the figures or figure legends. Levels of significance were
p<0.05 (*), p<0.01 (**), p<0.001 (***). When the sample size n>=4, the Wilcoxon rank sum test was used since it is applicable to random
samples of all distributions. For some flow cytometry experiments, when n=3, each data point is an average reading from more than
100,000 single cells. According to the central limit theorem, these data follow the Gaussian distribution. Therefore, we used the two-
tailed Student’s t-tests.
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