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iosensors exploiting molecular rec-
B ognition by proteins and nucleic ac-

ids represent an important strategy
for specific and facile detection of a target
molecule in a complex solution, with many
applications in chemistry, biology, medi-
cine, and biotechnology. A biosensor re-
quires a recognition module, a signal out-
put module, and coupling between the two.
Most protein-based biosensors designed to
date utilize natural protein as the recogni-
tion module. The limited repertoire of natu-
ral binding proteins is an impediment to the
generation of biosensors for a broader range
of target molecules. Hellinga et al. designed
new ligand binding functions into a protein
involved in sugar sensing, demonstrating
the possibility of significantly expanding the
variety of biosensors (). However, their sys-
tem based on bacterial sugar-binding pro-
teins appears to be limited to recognizing
small molecules. Bacterial periplasmic
peptide-binding proteins serve as sensors
for peptide-based signaling (2). They may be
a promising platform for developing pep-
tide sensors, but to date no such sensors
have been reported (3, 4).

Recent advances have enabled one to
produce recombinant antibody fragments
such as the Fab and single-chain Fv for di-
verse types of antigens (5). Similarly, bind-
ing proteins based on nonantibody scaf-
folds show considerable promise as
alternatives to antibodies (6). Although
these engineered binding proteins can serve
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as recognition modules, there is no general
strategy for converting them into sensors.
The antibody and other commonly used
scaffolds are highly rigid and consequently
do not undergo large conformational
changes upon target binding. These charac-
teristics make them ill suited as platforms
for sensor design through conformational
coupling and consequently necessitate la-
borious development (7, 8). Antibody-based
sandwich ELISA (enzyme-linked immu-
nosorbent assay) is widely used for detect-
ing and quantifying a target molecule but re-
quires a pair of antibodies that can
simultaneously bind to a given target, a re-
quirement that is difficult to meet particu-
larly for a small target (9).

Short peptide motifs containing a chemi-
cal signature (e.g., the free C-terminus and
phosphorylation) are important biomarkers
involved in signal transduction and protein
assemblies (10, 11). Such motifs are often
recognized by the so-called modular interac-
tion domains, and strategies have been de-
veloped to convert modular interaction do-
mains into biosensors by coupling binding
and folding (12, 13). While these strategies
can be generalized, the repertoire of natural
peptide-binding domains is limited, and
they usually have low levels of affinity and
specificity, limiting the utility of biosensors
constructed in this manner. Furthermore,
these design strategies require a sensor to
be marginally stable so that its folding can
be triggered by ligand binding, which

ABSTRACT Optical biosensors for short pep-
tide motifs, an important class of biomarkers,
have been developed based on “affinity clamps”,
a new class of recombinant affinity reagents. Af-
finity clamps are engineered by linking a peptide-
binding domain and an antibody mimic domain
based on the fibronectin type lll scaffold, fol-
lowed by optimization of the interface between
the two. This two-domain architecture allows for
the design of allosteric coupling of peptide bind-
ing to fluorescence energy transfer between two
fluorescent proteins attached to the affinity
clamp. Coupled with high affinity and specificity
of the underlying affinity clamps and rationally
designed mutants with different sensitivity, pep-
tide concentrations in crude cell lysate were de-
termined with a low nanomolar detection limit
and over 3 orders of magnitude. Because diverse
affinity clamps can be engineered, our strategy
provides a general platform to generate a reper-
toire of genetically encoded, label-free sensors
for peptide motifs.
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Figure 1. Architecture and ligand-induced con-
formational change of an affinity clamp. A)
Schematic drawing of an affinity clamp. PDZ
corresponds to the capture domain and FN3 to
the enhancer domain. The ePDZ affinity
clamps were developed by optimizing the
binding interface of the FN3 domain through
phage-display library selection. Ligand-
induced conformational change of the affinity
clamp is also indicated. B) The crystal struc-
ture of the ePDZ-a affinity clamp in complex
with the ARVCF peptide (16). The PDZ domain,
FN3 domain, and the peptide are shown in
gray, pale green, and red, respectively. The
linker connecting the PDZ and FN3 domains
was disordered. Sites of mutations used in
this work are also indicated. C) The P(r) curves
derived from SAXS data for free ePDZ-a and of
the ePDZ-a/peptide complex. A P(r) curve is
the Fourier transformation of the SAXS data
and indicates the distribution of mass-
weighted atom—atom distances. The line
shows a prediction from the crystal structure
of the ePDZ-a/peptide complex.

reduces its sensitivity and in vivo stability.
Also, although it is possible to envision
adopting existing sensor technologies such
as nucleotide aptamers, molecular beacons,
and bacterial sensor proteins (1, 14, 15), it
is not clear whether high levels of binding
specificity for peptide motifs can be engi-
neered into these systems. Together there
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are urgent needs for a technology to gener-
ate highly specific and sensitive sensors for
peptide motifs.

Here we report an integrated approach to
generate high-performance affinity reagents
for short peptide motifs and then convert
them into label-free optical biosensors. Our
strategy is based on a new type of binding
proteins termed “affinity clamps” that have
high affinity and high specificity to a short
peptide motif (16). We found that target
binding induces a large conformational
change of an affinity clamp, which was ex-
ploited to construct genetically encoded, ra-
tiometric sensors.

Ligand-Induced Conformational Change
of Affinity Clamps. We have recently estab-
lished a new protein-engineering strategy
termed “directed domain-interface evolu-
tion” to generate affinity reagents to short
peptide motifs with high affinity and exquis-
ite specificity (16, 17). This strategy first ge-
netically attaches an inert protein scaffold
(“enhancer” domain) to a natural peptide-
binding domain (“capture” domain). Subse-
quently, a combinatorial phage-display li-
brary is constructed in which portions of the
enhancer domain are diversified. High-
affinity variants with an optimized enhancer
domain are then selected. Using the fi-
bronectin type Ill (FN3) domain as the en-
hancer, we have dramatically enhanced the
binding affinity and specificity of the erbin
PDZ domain (18), an interaction domain
with weak affinity to the C-terminal extreme
of target proteins (Figure 1, panels A and B).
We have termed these two-domain pro-
teins affinity clamps. The architecture of af-
finity clamps is distinctly different from
those of common affinity reagents (e.g., an-
tibodies) in that the target recognition site is
constructed at the interface between two
domains that are loosely connected with a
short linker. Consequently, target binding
may induce a large change in the relative ori-
entation of the two domains (Figure 1, panel
A), which could be allosterically coupled to
a read-out mechanism for a biosensor.
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Small-angle X-ray scattering (SAXS) analy-
sis of an affinity clamp, termed ePDZ-a, re-
vealed large conformational change in-
duced by ligand binding. This affinity clamp
binds to the C-terminal peptide motif,
PQPVDSWV-COOH, derived from a human
protein, ARVCF (Armadillo repeat gene de-
leted in Velo-cardio-facial syndrome) (16,
18). Upon an addition of a 10-residue pep-
tide that contains the binding motif GG-
PQPVDSWV, we observed a significant
change in the SAXS profile (Figure 1, panel
0), suggesting a large change in interdomain
orientation of the affinity clamp.

Sensor Design. To couple the observed
conformational change with optical read
out, the affinity clamp was genetically fused
to a pair of FRET-optimized fluorescent pro-
teins (FPs), CyPet and YPet (19), with CyPet
at the N-terminus of ePDZ-a and YPet at the
C-terminus (Figure 2, panel A). This FP pair
exhibits a large FRET change upon dissocia-
tion, because surface mutations in them in-
crease their tendency to heterodimerize
when they are linked within a single
polypeptide and achieve a high FRET effi-
ciency (20-22). A similar set of “sticky” FPs
has been used to develop a zinc sensor,
eCALWY-1, in which zinc binding to a zinc-
recognition module disrupts heterodimer-
ization of the FP pair (23). We envisioned
that the conformational change of the affin-
ity clamp could be similarly exploited to de-
velop FRET sensors.

The resulting fusion protein CyPet-ePDZ-
a-YPet was produced in E. coli. In the ab-
sence of an added peptide, the fluores-
cence emission spectrum of the fusion
protein with excitation of CyPet at 415 nm
exhibited an intense peak at 527 nm
(Figure 2, panel B), similar to the spectrum
of CyPet and YPet linked with a short pep-
tide (19). As the target peptide was added,
the spectrum of the fusion protein showed
large changes. The overall decrease in the
intensity of the YPet emission peak at 527
nm was ~50% corresponding to a FRET ra-
tio change of ~250% (Figure 2, panel B), a
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Figure 2. Clamp sensor design and characterization. A) Schematic drawing of the design prin-
ciple. The closure of the affinity clamp alters interactions between the two fluorescent proteins,
CyPet and YPet, affecting the FRET efficiency. B) Fluorescence emission spectra of the clamp sen-
sor in PBS in the presence and absence of the target peptide (1.2 p.M) with excitation at 415
nm. C) Fluorescence emission spectra of the clamp sensor in the presence and absence of the
SUMO-ARVCF fusion protein (1.2 .M). D) Response time course of the clamp sensor. Fluores-
cence emission intensity at 527 nm with excitation at 415 nm is plotted as a function of time, as
a saturating concentration of peptide was injected. The intensity was monitored every second.

E) FRET ratios (emission at 527 nm over emission at 475 nm) of clamp sensors in PBS plotted as
a function of SUMO-ARVCF concentration. Responses of three different sensors are shown.
“Control” is a nonfunctional sensor containing an FN3 domain that does not bind to the target.
The data points at 10 and 20 .M are omitted for clarity. The curves show the best fit of a 1:1
binding model. The K values are also shown. F) Responses of the wild-type clamp sensor to
SUMO-ARVCF, SUMO with no attached peptide, and a SUMO fusion with an unrelated peptide
(“SUMO-pep”; GGDVHVNATYVNVKSVA). The FRET ratios are plotted as a function of ligand con-
centration. G) Fluorescence emission intensity at 527 nm of YPet with excitation at 514 nm plot-
ted as a function of SUMO-ARVCF concentration, showing that the quantum yield of YPet is not
affected by peptide binding.

www.acschemicalbiology.org

magnitude similar to those observed for
other FP-based biosensors (23-25). Similar
results were observed when the target pep-
tide was attached to a small protein, yeast
SUMO via a short linker (referred to as
SUMO-ARVCF hereafter; Figure 2, panel 0),
indicating that the sensor can recognize the
ARVCF peptide motif attached to a protein
equally well. Because of the ease of produc-
tion and quantification of SUMO-ARVCF fu-
sion protein, we used SUMO-ARVCF as a tar-
get for subsequent experiments. The sensor
showed rapid response to a change in pep-
tide concentration with an apparent relax-
ation time of a few seconds (Figure 2, panel
D). The titration data (Figure 2, panel E)
gave a Kj value of 170 = 20 nM, ~3-fold
larger than the Kj of isolated ePDZ-a (56 =+
5 nM). As expected, a control construct, with
an FN3 domain with no appreciable bind-
ing to the target peptide, did not change the
emission upon target addition (Figure 2,
panel E). Similarly, SUMO without an at-
tached peptide or SUMO fused with an un-
related peptide had no significant effect on
the FRET ratio of the wild-type sensor
(Figure 2, panel F). These results validate
our strategy in converting an affinity reagent
into a biosensor. We name this class of bio-
sensors clamp sensors.

Several lines of evidence support a model
for the mechanism of the clamp sensor
(Figure 2, panel A) in which conformational
changes of the affinity clamp disrupt opti-
mal dimerization of CyPet and YPet neces-
sary for efficient FRET. Our sensor exhibited
a decrease, rather than increase, in YPet
emission upon peptide binding. Peptide ad-
dition did not affect the YPet emission when
YPet was directly excited (Figure 2, panel
G), indicating that the peptide binding to
the affinity clamp did not affect the quan-
tum yield of YPet. The Kj of the clamp sen-
sor was increased relative to that of the un-
derlying affinity clamp, similar to a 10-fold
Ky increase observed for the eCALWY-1 zinc
sensor designed using the same principle
(23). Together, these results strongly sup-
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Figure 3. Peptide quantification in cell lysate using clamp sen-
sors. A) Fluorescence emission spectra of the clamp sensor in
crude cell lysate in the presence and absence of SUMO-ARVCF
(2 nM). B) Effects of cell lysate on the FRET ratio of the clamp
sensor. The FRET ratios of the wild-type sensor and a negative
control sensor (as described in Figure 2, panel E) are plotted ver-
sus the concentration of cell lysate. Measurements were taken
in the absence of a target peptide. C) FRET signals of clamp sen-
sors in cell lysate plotted as a function of SUMO-ARVCF con-
centrations. D) Measurements of SUMO-ARVCF expression in E.
coli cell lysates with the clamp sensors. The concentrations of
SUMO-ARVCF at different time points after the initiation of ex-
pression were determined. The protein levels were also esti-
mated from SDS-PAGE (middle panel; the arrow indicates the
band for SUMO-ARVCF) of cell lysates using SUMO-ARVCF of
known concentrations as standards (lower panel).

cient strategy for develop-
ing FRET sensors (22, 23).
Rational Modulation of
Clamp Sensor Sensitivity.
A series of sensors with
different sensitivity would
expand the detection
range and thus can in-
crease their utility. On the
basis of the crystal struc-
ture of ePDZ-a in complex
with the ARVCF peptide
(16), we identified S132
and D179 located in the
loops of FN3 that form the
peptide-binding interface
as potential sites for muta-
tion (Figure 1, panel B).
$132 forms a hydrogen
bond with the target pep-
tide. D179 forms multiple
hydrogen bonds with
other FN3 residues, which
appeared to stabilize the
loop conformation for
binding. The S132A and
D179A mutants of the
clamp sensor showed, re-
spectively, 7.2- and 13.5-
fold reduced affinity rela-
tive to that of the wild-type
sensor (Figure 2, panel E).
Importantly, they main-
tained the sensor charac-
teristics in terms of the
FRET ratios in the absence

port that the observed changes in YPet
emission are due to changes in FRET effi-
ciency between CyPet and YPet. The rela-
tively small changes in the CyPet emission
at 475 nm appear to be characteristic of
sensors constructed with the CyPet-YPet
pair, as observed previously (19). It is no-
table that a large level of emission change
was achieved without optimizing the linkers
between the affinity clamp and the fluores-
cent proteins, consistent with a view that
disruption of a sticky FP pair may be an effi-
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of the target and the total change upon satu-
ration estimated from curve fitting (Figure 2,
panel E). Thus, we have successfully al-
tered the sensitivity of the clamp sensor
without diminishing its signal transduction
property.

Applications of the Clamp Sensors. The
utility of these clamp sensors was further il-
lustrated by determining the concentration
of the target peptide motif in crude cell ly-
sate. The responses of the clamp sensor in
cell lysate were similar to those observed in

HUANG AND KOIDE

PBS, indicating that the clamp sensor was
not significantly influenced by other mol-
ecules in cell lysate, as expected from ex-
quisite specificity of the affinity clamp used
(Figure 3, panels A and Q). These results fur-
ther support high specificity of the affinity
clamp used. We noted that the absolute val-
ues for the FRET ratio were different in cell ly-
sate from those in PBS (Figure 2, panel E).
This difference was caused by the cell lysate
altering the FRET profile between YPet and
CyPet, probably by affecting their associa-
tion (Figure 3, panel B). However, this effect
can easily be accounted for by establishing
a calibration curve in the presence of cell ly-
sate. Then, we used the clamp sensors to
determine the concentration of SUMO-
ARVCF expressed in E. coli at different time
points after induction of protein expression.
The protein concentrations determined with
the clamp sensors agreed well with those
estimated from SDS-PAGE (Figure 3, panel
D). These results demonstrate that the
clamp sensor provides a robust and highly
sensitive method to measure the absolute
protein concentrations in a complex
mixture.

In conclusion, we have described a ratio-
nal strategy to convert affinity clamps into
label-free, ratiometric fluorescence sensors
for peptide biomarkers. Affinity clamps with
different binding properties can be gener-
ated by replacing and/or mutating the cap-
ture domain and the overall architecture of
affinity clamps is conserved regardless of
their target. Therefore, we speculate that we
can establish an integrated pipeline to si-
multaneously generate high-quality affinity
reagents and label-free biosensors for di-
verse peptide motifs, which would make
large impacts on cell biology, biotechnol-
ogy, and medicine. Furthermore, because
clamp sensors can be genetically encoded
and expressed in the functional form in
cells, we speculate that they could be used
to monitor real-time changes in biomarker
concentration and localization in living cells.
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METHODS

Protein Expression and Purification. The ePDZ-a
and SUMO-ARVCF proteins were prepared as de-
scribed previously (16). The amino acid sequence
for SUMO-ARVCF is mkhhhhhhssdykddddkge-
nlyfqg-SDSEVNQEAKPEVKPEVKPETHINLKVSD-
GSSEIFFKIKKTTPLRRLMEAFAKRQGKEMDSLR-
FLYDGIRIQADQTPEDLDMEDNDIIEAHREQIGG-
GGPQPVDSWV, where the segment in lower case
encodes Hisg and FLAG tags, and the ARVCF pep-
tide is underlined. Its molecular weight is 15.3
kDa. BL21(DE3) cell lysates were prepared by
treating cell suspension with 0.5 mg mL™? ly-
sozyme containing 1 mM PMSF in 50 mM Tris-HCl
buffer (pH 8) followed by sonication. Lysates were
cleared with centrifugation and protein concentra-
tion was estimated with SDS-PAGE using Phast-
System (Amersham) and CBB staining. The lysates
were diluted 10—15X in PBS prior to fluores-
cence measurement.

Small Angle X-ray Scattering. Data were col-
lected at the BioCAT beamline at the Advanced Pho-
ton Source, Argonne National Laboratory. Samples
were prepared at a final protein concentration of 1
mg mL~! in TBS pH 7.5. For complex formation, the
peptide was added at 1.2:1 ratio to the protein.
Buffer blanks and samples were flowed through a
1.5 mm capillary at a rate of 2 pL s and 15 expo-
sures of ~1 s duration were collected. The expo-
sures were averaged, buffer blanks subtracted, and
Guinier analysis performed using IGOR Pro (Wave
Metrics). 1(Q) data were converted to P(r) data us-
ing GNOM (26). P(r) data were normalized to an area
proportional to (molecular weight) (2).

Clamp Sensor Construction and Purification. The
vectors for CyPet and YPet were made available
by Dr. P. Daugherty through Addgene (19). The Cy-
Pet gene was cloned between the Nhel and BamH]
sites of pET24a (Novagen), and the Ypet gene
was cloned between the EcoRI and Xhol sites of
the resulting plasmid to yield a plasmid, pCypetY-
pet. The ePDZ-a gene was then inserted between
the BamHI and Xhol sites of pCypetYpet. There was
no linker between CyPet and ePDZ-a, and a four-
residue linker (GGLE) was used between ePDZ-a
and YPet. The CyPet-ePDZ-a-YPet fusion gene was
expressed in BL21(DE3) cells and purified using Ni
affinity chromatography. Mutant sensors were con-
structed using Kunkel mutagenesis (27).

Fluorescence Measurements. The clamp sensor
was used at 140 nM unless otherwise noted. For ti-
tration, samples were placed in a black flat-bottom
96-well plate (Corning COSTAR), degassed,and in-
cubated at 25 °C for 30 min in the dark prior to
measurement in using a Tecan Safire (2) plate
reader. An excitation wavelength of 415 nm was
used unless otherwise stated. The Ky was deter-
mined by fitting a 1:1 binding model to the emis-
sion ratio (emission at 527 nm/emission at 475
nm) as a function of peptide concentration:

F=F, + AF

([So] +[Lo) + Ky = V(IS] + [Ly) + K)* — 4[50][L0])
2[S,]

where Fis the observed fluorescence intensity, Fy
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is the fluorescence intensity in the absence of a
target peptide, AF is the change in fluorescence
upon sensor saturation, Sy is the total sensor con-
centration, and L, is the total target concentration.

To determine the SUMO-ARVCF concentration
in crude lysates, a sensor calibration curve was
made using cell lysates containing known concen-
trations of SUMO-ARVCF. The intensities of pro-
tein bands in SDS-PAGE were analyzed using Im-
age) (http://rsbweb.nih.gov/ij/).

The relaxation time of the clamp sensor was
measured using a Aminco-Bowman AB-2 fluorom-
eter with excitation at 415 nm and emission at 527
nm with 1 s interval. To a cuvette containing
0.23 uM sensor in PBS, SUMO-ARVCF was manu-
ally injected at a final concentration of 2 uM) while
the solution was vigorously mixed with a mag-
netic stirrer.
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