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Fluorescent proteins that exhibit Förster resonance

energy transfer (FRET) have made a strong impact as they

enable measurement of molecular-scale distances through

changes in fluorescence1. FRET-based approaches have

enabled otherwise intractable measurements of molecular

concentrations2, binding interactions3 and catalytic activity4,

but are limited by the dynamic range and sensitivity of the

donor-acceptor pair. To address this problem, we applied a

quantitative evolutionary strategy using fluorescence-activated

cell sorting to optimize a cyan-yellow fluorescent protein pair

for FRET. The resulting pair, CyPet-YPet, exhibited a 20-fold

ratiometric FRET signal change, as compared to threefold for

the parental pair. The optimized FRET pair enabled high-

throughput flow cytometric screening of cells undergoing

caspase-3–dependent apoptosis. The CyPet-YPet energy

transfer pair provides substantially improved sensitivity and

dynamic range for a broad range of molecular imaging and

screening applications.

The small dynamic range of fluorescent protein FRET yields poor
sensitivity for many applications5,6. Though synthetic FRET pairs can
exhibit a dynamic range of 100-fold or more7, that of typical
fluorescent protein pairs is just four- to fivefold8. In addition, mea-
surement of FRET is hindered by overlap between the donor and
acceptor emission spectra and excitation of the acceptor at donor
excitation wavelengths1. Collectively, these problems have slowed the
development of intracellular imaging and high-throughput screening
tools that use FRET. Fluorescent proteins better suited for FRET would
be of great utility9, enabling new high-throughput screening applica-
tions using flow cytometry. Consequently, we designed an evo-
lutionary strategy to enable coupled evolution of the FRET dynamic
range of a cyan-yellow fluorescent protein (CFP-YFP) pair. We hypo-
thesized that screening of appropriately diverse libraries directly for
FRET using sensitive fluorescence-activated cell sorting (FACS) instru-
mentation would enable discrimination and enrichment of even subtle
improvements, allowing gradual evolutionary optimization of FRET
signals. Highly effective FRET pairs were evolved using four FRET evo-
lutionary cycles consisting of mutagenesis and synthetic DNA shuffling,
followed by sequential FACS and fluorimetric screening (Fig. 1a).

To enable efficient library construction and screening directly for
improved FRET, we developed a bacterial expression system for

regulated expression of tandem fluorescent proteins exhibiting FRET.
Genes encoding enhanced (E)CFP and a YFP variant (S65G, S72A,
K79R, T203Y) possessing a high extinction coefficient1 were joined by
a sequence encoding a 20-amino acid linker incorporating the caspase-3
cleavage site (DEVD). Expression conditions were optimized to
enable detection of FRET between CFP and YFP in Escherichia coli.
Use of a low copy plasmid and induction at reduced temperatures
(25 1C) were found to be important to minimize intracellular
aggregation and increase intracellular FRET signals. Even after opti-
mization of expression conditions, the parental CFP-YFP possessed a
maximum FRET-ratio change (RRC) of just threefold (Fig. 1b). Here,
the RRC is the ratio of acceptor fluorescence to donor fluorescence
during FRET divided by the ratio in the absence of FRET.

Mutagenesis and screening of both CFP and YFP were performed to
evolve pairs exhibiting improved RRC and brightness in whole cells
(Fig. 1a). Given the difficulty of applying rational design to improve
FRET, we used random mutagenesis to identify amino acid residues
influencing FRET, which were subsequently targeted for partial or
complete saturation mutagenesis through synthetic shuffling. In the
initial round, YFP was randomly mutated using error-prone PCR and
screened for improvements in brightness and RRC, resulting in YFP2
(Fig. 1a–c). The mutations occurring in several improved YFP
variants from the first round of screening were synthetically shuffled
to create a second smaller yfp pool, which was in turn fused to a
randomly mutated cfp gene pool, and this library was similarly
screened for RRC improvements. Interestingly, improvements in
the RRC exhibited by the CFP2-YFP3 pair (Fig. 1b,c) were the result
of substitutions in YFP rather than CFP (data not shown). YFP3
possessed six mutations (Table 1) that resulted in an RRC almost
fivefold greater than that of the parental pair (Fig. 1b). YFP3 also
conferred a roughly threefold improvement in FRET relative to the
fast-maturing Venus10 YFP (Fig. 1b). In an attempt to further enhance
YFP3 brightness, the Venus mutations were combined with those of
YFP3 to yield YFP for energy transfer (YPet). Despite similar photo-
physical properties (Table 2), CFP2-YPet and CFP2-YFP3 exhibited an
RRC nearly threefold greater than that of CFP-Venus (Fig. 1b).
Additionally, the CFP2-YPet pair possessed enhanced relative bright-
ness in the RET-on state relative to that of CFP-Venus (Fig. 1c). Both
YFP3 and YPet exhibited reduced pH sensitivity, possessing pKa values
of 5.79 and 5.63, respectively, when compared with that of Venus
(pKa ¼ 6.29) (Table 2). Though YFP3 exhibited slower folding relative
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to Venus, combining YFP3 and Venus mutations resulted in inter-
mediate folding kinetics (kfold ¼ 3.6 � 10�3 s�1) (Table 2).

The bright CFP variant, Cerulean, possesses an improved quantum
yield and extinction coefficient5, suggesting that it might enhance
FRET. Cerulean-YFP (Cer-YFP) was brighter in both FRET-on and
FRET-off states (Fig. 1c), but possessed an RRC even lower than the
parental CFP-YFP pair (Fig. 1b). Given this, mutagenesis and screen-
ing was applied to further improve the CFP2 donor. A library of
randomly mutated CFP variants was constructed, and variants

exhibiting improved brightness in whole cells were enriched using
FACS. This enriched pool of CFP variants was then paired with YPet
and screened for increased RRC, resulting in the CFP3 mutant. The
amino acid positions identified in the best CFP variants from this
round were used to construct a synthetically shuffled library that was
subsequently screened for brightness and RRC. The shuffled CFP
library was screened by multistep enrichment using three rounds of
FACS for increased whole-cell brightness (Supplementary Fig. 1
online). Cell populations resulting from successive rounds of FACS
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Figure 1 Evolution of FRET pair dynamic range (RRC) and brightness. (a) Evolutionary process applied to optimize FRET between CFP and YFP. (b) The

ratiometric FRET signal was measured before and after cleavage with trypsin in vitro. (c) The maximum fluorescence intensity was measured in the FRET-on

(gray bars) and FRET-off (white bars) states and compared. Values are the average of triplicate measurements and the error is the standard deviation of those

measurements (see Methods). (d,e) Normalized emission spectra of wild-type (solid line) and optimized CFP-YFP FRET pairs CyPet-YPet (dotted line) and

CFP4-YPet (dashed line) (d) before and (e) after trypsin cleavage in vitro.

Table 1 YFP and CFP substitutions occurring during multiple rounds of directed evolution

YFP amino acid positions

Clone 46 47 64 79 153 163 175 208 224 231 234

YFP F I F R M V S S V H D

YFP2 I

YFP3 L L F L E N

Venus L L K T A G

YPet L L L K T A G F L E N

CFP amino acid positions

9 11 19 87 139 167 172 194

ECFP T V D A H I E L

CFP2 V

CFP3 S V R L G

CFP4 Q V V N

CyPet G I E V A T I

Blank spaces indicate wild-type residues.

3 56 VOLUME 23 NUMBER 3 MARCH 2005 NATURE BIOTECHNOLOGY

L E T T E R S
©

20
05

 N
at

ur
e 

P
ub

lis
hi

ng
 G

ro
up

  
ht

tp
://

w
w

w
.n

at
ur

e.
co

m
/n

at
ur

eb
io

te
ch

no
lo

gy



exhibited subtle, cumulative increases in whole-cell cyan fluorescence
intensity. Subsequently, the improved pool of CFP donors was
genetically fused with YPet and screened for high FRET-on signals
via FACS (Supplementary Fig. 1 online). The last round of screening
resulted in two variants, CFP4 and CyPet, with similar FRET proper-
ties, but differing spectral shapes (Fig. 1d,e). Aside from this differ-
ence, the photophysical properties of the CFP variants were similar to
those of the parental CFP. However, the pKa and folding rates of CyPet
were improved relative to ECFP (Table 2). The fluorescence decay
kinetics of ECFP, CFP4 and CyPet were best fit by a biexponential
function either in the presence or absence of a YFP acceptor (Supple-
mentary Table 1 and Supplementary Fig. 2 online).

The amino acid substitutions present in CyPet and YPet (Table 1)
were distributed throughout their structures, with beneficial muta-
tions occurring both proximal and distal to the chromophore
(Supplementary Fig. 3 online). The YPet substitutions H231E and
D234N occur in unstructured regions of the X-ray crystal structure11.
Amino acid substitutions V224L and S208F in YPet conferred RRC
enhancement, though neither was fully responsible for the full RRC
improvement (data not shown). Additionally, the F46L substitution
present in YFP3 has been shown previously to influence the matura-
tion rate of YFP10. The chromophore proximal substitution I167A in
CyPet was common to three independent CFP variants isolated,
possessing similarly altered spectra, and thus is likely responsible for
the beneficially altered line shape. Finally, during all rounds of library
construction and screening only one substitution was observed within
the peptide linker between the FRET pairs, and it did not confer
improved FRET (data not shown).

To quantify the benefit of enhanced dynamic range and sensitivity
exhibited by the optimized CFP-YFP pair in vivo, we compared the
ability to detect apoptosis in human embryonic kidney cells (293T)
using both the wild-type and the optimized FRET pairs in a caspase-3
substrate (Fig. 2a–f). Cells transfected with wild-type CFP-YFP FRET
pairs exhibited a range of cyan and yellow fluorescence intensities
overlapping with the autofluorescence of nontransfected cells
(Fig. 2a,b), and a small dynamic range between caspase-3–dependent
apoptotic and nonapoptotic cells (Fig. 2e). In contrast, cells trans-
fected with the CyPet-YPet substrate expression vector exhibited an
improved brightness and dynamic range compared with wild-type
CFP-YFP when analyzed by flow cytometry (Fig. 2c,f). Owing to
improved brightness in both FRET-on and FRET-off states, a larger
fraction of the cell population transfected with CyPet-YPet could be
resolved from nontransfected cells in both states, despite similar
transfection efficiencies (Fig. 2e,f). The CyPet-YPet pair therefore
makes it possible to identify cells that have initiated caspase-3–
dependent apoptosis, and enables high-throughput screening of
apoptotic cells using FACS. Thus, application of CyPet-YPet provided
both increased signal intensity and enhanced dynamic range between
the apoptotic and nonapoptotic populations.

Although FRET could potentially be enhanced through an increased
propensity for heterodimerization9, three observations indicate that
this mechanism is unlikely to contribute substantially to FRET
improvements. First, analysis by native PAGE confirmed that the
evolved fluorescent proteins did not multimerize (Supplementary
Fig. 4 online). Second, concentration-dependent increases in
FRET observed in equimolar mixtures of CyPet/YPet were essentially
indistinguishable from those observed for the parental pair over
the physiologically relevant concentration range of 0.1�100 mM
(Supplementary Fig. 5 online). Finally, cells in the FRET-off state
(Fig. 2f) exhibited constant YPet:CyPet fluorescence signal ratios
with increasing total intracellular concentration. Collectively, these
results indicated that dimerization did not occur appreciably under
typical assay conditions.
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Figure 2 Flow cytometric detection of apoptotic cells using FRET.

(a–f) Heterogeneous populations of human embryonic kidney (293T) cells

were analyzed by flow cytometry before (a–c) and after (d–f) treatment

with the apoptosis inducer staurosporine. Cells were analyzed after mock

transfection (a,d), after transfection with expression vectors encoding FRET

substrates constructed using wild-type CFP-YFP (b,e) or CyPet-YPet (c,f).

Cells undergoing caspase-3-dependant apoptosis (e,f) exhibited substantially

decreased FRET resulting from substrate cleavage (arrow), enabling high-

throughput screening of nonapoptotic and apoptotic cells.

Table 2 Photophysical properties of CFP and YFP mutants

Clone kfold (�103) s�1 kox (�103) s�1 pKa e (�10�3) M�1cm�1 QY Rel FL

ECFP 3.2 7 0.7 1.2 7 0.3 5.51 7 0.01 27 7 1 0.58 7 0.03 1.00 7 0.01

CFP4 5.0 7 0.6 2.2 7 0.2 4.85 7 0.03 35 7 3 0.46 7 0.01 1.59 7 0.04

CyPet 5.1 7 0.9 1.8 7 0.4 5.02 7 0.02 35 7 2 0.51 7 0.01 1.18 7 0.09

Venus 6.6 7 0.1 3.2 7 0.4 6.29 7 0.01 107 7 7 0.76 7 0.02 1.00 7 0.09

YFP3 1.2 7 0.1 0.6 7 0.2 5.79 7 0.04 99 7 4 0.76 7 0.02 0.76 7 0.03

YPet 3.6 7 0.2 1.6 7 0.3 5.63 7 0.03 104 7 9 0.77 7 0.02 0.49 7 0.04

Each value indicates the average of duplicate measurements and the error is the standard deviation of those measurements. QY: quantum yield; Rel FL: relative whole-cell fluorescence.
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In this study, quantitative, high-throughput FACS was applied to
the screening of large fluorescent protein libraries expressed in bacteria
for subtle FRET improvements, enabling multistep evolution of the
CFP-YFP pair for intracellular FRET. Application of appropriate
evolutionary selection pressure is known to be important for enhance-
ment of one or more protein properties, without sacrificing properties
not accounted for during screening12. The screening of tandem CFP-
YFP fusions directly for enhanced FRET signal changes in living cells
and cell lysates resulted in improved biochemical and photophysical
properties that may not have been obtained using conventional
approaches. For example, both CyPet and YPet exhibited improve-
ments in pH sensitivity, which may have been influenced by low
intracellular pH resulting from the expression conditions used to
achieve optimal FRET. Interestingly, CyPet’s emission spectrum exhib-
ited a decreased secondary shoulder, which is expected to enhance
FRET detection. Furthermore, the increased line-width enables
improved resolution between CyPet and YPet fluorescence signals
using standard bandpass filters, without substantially reducing the
spectral overlap integral. CyPet’s altered line shape was also beneficial
for apoptosis detection (Fig. 2), wherein cells exhibiting CyPet-YPet
cleavage showed subtle but increases in CFP signal intensity relative
to that of CFP4-YPet (data not shown).

The optimization of fluorescent proteins for intracellular FRET
applications using conventional protein engineering and evolution
methodologies has proven challenging9,13. Typically, such efforts have
focused upon improving the properties of the donor and acceptor
independently5,9,10,13. Interestingly, the Cerulean variant of the
enhanced cyan fluorescent protein (S72A, Y145A, H148D) possesses
a 1.55-fold improved quantum yield (QY ¼ 0.62) providing enhanced
brightness without a corresponding improvement in the RRC5. These
results indicate that the dynamic range of fluorescent protein FRET
does not correlate well with FRET efficiency predicted by Förster
theory. The influence of photophysical properties upon FRET is
not straightforward, given the approximation of fluorescent protein
chromophores as point-dipoles using Förster’s equation14, the lack
of a means to accurately measure the orientation factor and
the potentially nonbulk refractive index between the donor and
acceptor. Even if these parameters could be measured accurately, the
effects of expression, folding, solubility and maturation efficiency
strongly influence the measurement of FRET and are difficult to
deconvolve from one another.

FACS is unique among protein library screening technologies in
that it provides high-throughput screening of single cells at 100,000
per second while enabling the discrimination of subtle changes in
cellular fluorescence intensity15. Whereas plate-based screening meth-
ods have proven useful for routine screening for fluorescent protein
improvements, they have not enabled screening for FRET. The ability
to quantitatively interrogate 108 variants per hour using FACS in this
study enabled the screening of large fluorescent protein libraries not
accessible to plate-based methods. FACS also provides increased clonal
fluorescence resolution capabilities. Cell populations analyzed by
FACS that exhibit fluorescence intensity histograms with mean signals
differing by twofold overlap substantially owing to the large coefficient
of variation associated with a cell population16. However, cells
exhibiting only twofold improvements can be enriched by sorting
the leading edge of the population, regrowing the cells and repeating
the process several times16. This screening strategy has also been
applied for antibody affinity maturation using bacterial and yeast
display technologies, allowing isolation of clones with subtly improved
binding affinity16. In this report, application of multistep screening
enabled gradual enrichment of bacterial cells expressing enhanced

FRET pairs differing by as little as 1.5-fold between each successive
round of evolution. Subtle multiplicative improvements in each round
of evolution resulted in a more than sixfold improvement overall,
providing enhanced FRET dynamic range (20-fold).

Fluorescent protein FRET pairs have been applied extensively to
identify cells undergoing apoptosis by monitoring the proteolytic
activity of caspase-3 (refs. 4,17). Such caspase-3 assays have proven
useful to screen small libraries of chemical compounds for cellular
toxicity in 96-well-plate–based assays18, as well as to address funda-
mental questions about the apoptotic pathway18. These assays typically
possess low sensitivity and throughput precluding their application in
high-throughput screening of cells undergoing apoptosis using, for
example, flow cytometry. The coupling of flow cytometry with
fluorescent protein FRET is especially attractive since photobleaching
does not occur appreciably on the time-scale of analysis19. Flow
cytometric detection of caspase-3 activity in living cells has been
accomplished using blue fluorescent protein (BFP)-green fluorescent
protein (GFP) FRET17. However, since BFP is only weakly fluorescent,
rare apoptotic cells (FRET-off state) could not be distinguished from
background autofluorescence. In contrast, intracellular expression of
the CyPet-YPet caspase-3 substrate enabled improved discrimination
of caspase-3 activity, allowing for simple quantification and
screening of rare apoptotic cells. The increased dynamic range of
CyPet-YPet enables detection and screening of even weak proteolytic
activities wherein only a fraction of the substrate is cleaved. In
contrast, the small dynamic range of the CFP-YFP pair requires that
the majority of substrate in the cell be cleaved to alter the FRET ratio
signal. More generally, since CyPet-YPet is efficiently excited
by common violet light sources, for example violet diode lasers
(405–415 nm), flow cytometric screening on the basis of FRET signals
is substantially simplified19.

Synthetic DNA shuffling has been shown to offer advantages in
library construction relative to conventional shuffling of nuclease-
generated fragments20, since it enables efficient recombination
and targeted mutagenesis with user-specified amino acid subsets21.
Synthetic shuffling enabled saturation mutagenesis at positions
that strongly influence function from the previous cycle of mutagen-
esis. For instance, V224I in YFP2 resulted in a roughly 1.5-fold
improvement in FRET, but when this position was subjected to
synthetic shuffling all isolated mutants possessed V224L (data not
shown). Neither mutation has been reported previously. In the YFP
crystal structure, V224 is oriented inward toward Y203, which pi-
stacks with the chromophore, resulting in red-shifted emission1. Thus,
it is possible that larger amino acids (isoleucine and leucine) may
induce ‘second-shell’ effects that influence the position of Y203
relative to the chromophore.

The CyPet-YPet pair enables intracellular FRET measurements
with enhanced sensitivity and dynamic range, and thus provides the
opportunity to perform measurements not tractable with previous
pairs. The evolutionary strategy described here could also be applied
to a pair consisting of a green donor and a monomeric orange or
red fluorescent protein acceptor9. However, demand for blue
excitable FRET pairs has decreased since violet excitation sources
appropriate for CFP have become commonplace in microscopy and
flow cytometry instrumentation22. CyPet-YPet enables utilization
of standard flow cytometry instrumentation for high-throughput
analysis and screening applications in signal transduction, protein
interactions and enzyme engineering19. The ability to perform a
wider variety of noninvasive FRET measurements in living cells
should be particularly useful in proteomics, metabolic and cellular
engineering, and drug discovery.
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METHODS
Construction of FRET substrate plasmid. The parental ECFP-YFP caspase

substrate was constructed by gene assembly23. Oligonucleotides for the assem-

bly of the ECFP (F64L, S65T, Y66W, N146I, M153T, V163A) variant included 5¢
flanking SacI and SfiI restriction sites and replacement of the stop codon with a

linker region encoding GGSGS and a KpnI restriction site. Genes encoding

a caspase-3 cleavage site (DEVD) and YFP (S65G, S72A, K79R, T203Y)1 were

amplified together using gene assembly. The 5¢ end of the YFP gene included a

KpnI restriction site, bases encoding the caspase-3 site, an AvrII restriction site

and a GSGGS-encoding linker. SfiI and SphI restriction sites were added at the

3¢-end of the YFP gene. The ECFP and linker-YFP gene products were cut and

ligated together at the KpnI sites and inserted between the SacI and SphI sites of

pBAD33 (ref. 24), resulting in the pB33CCY plasmid. YFP (S65G, S72A, K79R,

T203Y) was used as a starting point for directed evolution, since it possessed a

higher extinction coefficient (94.54 � 103 M�1 cm�1) than other YFPs known

upon the initiation of this work.

All cloning and expression experiments were performed using E. coli

MC1061. Cells were grown overnight at 37 1C in Luria-Bertani (LB) medium

supplemented with 0.2% D-(+)-glucose and chloramphenicol. Cultures were

diluted 1:100 into LB medium containing chloramphenicol, grown for 2 h at

37 1C, and substrate expression was induced with 0.2% L-(+)-arabinose at 25 1C.

Construction and screening of FRET pair libraries. The first CFP-YFP fusion

library was created using error-prone PCR mutagenesis25 of YFP (S65G, S72A,

K79R, T203Y). The YFP PCR product was inserted into pB33CCY as

described26. The resulting library of 4 � 106 independent transformants

possessed a mean error-rate of four mutations per gene. Protein expression

was induced for 7 h before each round of sorting. Two rounds of FACS, using a

PAS-III flow cytometer (Partec), were used to isolate clones with improved YFP

fluorescence. An argon laser (100 mW, 488 nm) was used for excitation and

YFP fluorescence was measured at 585 7 25 nm. In each round, the brightest

cells (top 1%) were collected. Before the last round of sorting, induced cultures

were incubated at 4 1C for 24 h. The final round of FACS was performed on a

FACSAria (BD Biosciences) with 407-nm violet diode laser excitation. The

fluorescence of each clone was measured through a 530/30-nm bandpass filter

and the brightest cells (top 1%) were sorted into individual wells of a 96-well

plate. Fluorimetry with a Cary Eclipse fluorescence spectrophotometer (Varian)

was used to scan individual clones for emission between 460 and 560 nm with

433-nm excitation. Clones with an improved 527 to 475 nm emission ratio

were collected and further analyzed for RRC improvements in vitro.

A second library was constructed targeting both ECFP and YFP for

mutagenesis. Mutants of ECFP were generated with error-prone PCR muta-

genesis25 with an average of ten mutations per gene. Synthetic shuffling of

improved YFP variants from library 1 using gene assembly mutagenesis21

resulted in potential diversity of at least 18,432 YFP variants in library 2.

Degenerate codons used in YFP mutagenesis were NTC for F46 and I47, VAS

for D180 and H231, and NNS for V224, where N = A/C/G/T, V = A/C/G and

S = C/G. The CFP-YFP library 2 insert was created by overlap PCR, and

ligated into pBAD33 resulting in 5 � 106 independent transformants. Three

rounds of FACS with increasingly stringent sort gates were used to enrich

clones from library 2 exhibiting increased YFP:CFP emission ratios. A violet

diode laser (414 nm) was used for excitation, and CFP and YFP emissions were

detected at 455/20 nm and 535/45 nm, respectively. Analysis of 264 clones from

the last round of sorting was performed in 96-well plates, and in vitro RRC

measurements were used to identify improved FRET partners using a Safire

fluorescence spectrophotometer (Tecan).

Library 3, an error-prone PCR CFP library, consisted of 1.3 � 107 clones and

exhibited an average of four mutations per gene from the parental clone CFP2.

Two rounds of FACS were used to isolate bright cyan (455/20 nm emission)

clones with 414-nm excitation. The small number of independent CFP clones

remaining after these two sorts were transferred to a FRET construct in which

each CFP clone was fused to YPet through the caspase-3 linker. This library was

sorted once to isolate clones exhibiting strong yellow fluorescence (515-nm

longpass) with violet (414 nm) excitation. Individual clones were identified by

fluorimetry as described above.

The final library construction, library 4, involved synthetic shuffling of the

improved CFP clones found in library 3. The degenerate codons used were

RNC for T9, NTC for V11, VAS for D19, VRC for H139, and NNC for I167,

E172, L194 and L221, where R¼A/G. The total library size from gene assembly

mutagenesis was 1.3 � 108 CFP clones. As in library 3, these clones were sorted

for high cyan fluorescence then transferred to the FRET construct with YPet

and sorted for high yellow fluorescence with violet excitation. The isolated

variants were analyzed by fluorimetry to determine the RRC.

In vitro measurement of FRET. For clonal analysis, expression was induced as

described above, and approximately 1 � 109 cells were centrifuged at 5,000

r.p.m. for 5 min. Lysates were prepared by using the B-Per II Bacterial Protein

Extraction Reagent (Pierce). For FRET-on analysis, 10 ml of lysate was diluted

with 190 ml of PBS (pH 7.4). In vitro cleavage for FRET-off analysis was

achieved by mixing 10 ml of lysate, 30 ml of 50 mg/ml trypsin-EDTA (Invitrogen

Life Technologies) and 160 ml PBS (pH 7.4) and incubating for 2 h. The

emission intensities of the FRET-on and FRET-off states at 475 nm and 527 nm

were determined using fluorimetry with 414-nm excitation and 5-nm emission

slits. The FRET ratio change was calculated using: RRC ¼ (ION
A � IOFF

D)/

(ION
D � IOFF

A), where Iy
x is the fluorescence intensity in the y state at the

wavelength of maximum emission of x, D is the donor molecule, A is

the acceptor molecule, ON is the FRET-on state and OFF is the FRET-off

state. The background fluorescence of lysate obtained from nonfluorescent

bacteria was subtracted from all signals before determination of the RRC or

relative intensity. The relative emission intensity (with 414-nm excitation) of

the lysates (Fig. 1b) were measured at 475 nm (the CFP emission maximum)

for the FRET-off state and 527 nm (the YFP emission maximum) for the FRET-

on state. All FRET-on intensity values were normalized by the CFP-YFP FRET-

on intensity and all FRET-off intensity values were normalized by the CFP-YFP

FRET-off intensity (Fig. 1c). The spectra (Fig. 1d,e) were obtained as described

above, with the exception that the intensities were divided by the CyPet-YPet

RET-on maximum intensity (at 527 nm) for normalization.

Fluorescent protein purification and characterization. C-terminal 6-His–

tagged CFPs and YFPs were purified by affinity chromatography using Ni-

NTA resin (Qiagen). Protein products were dialyzed against 10 mM Tris,

10 mM EDTA, pH 8.0 for 2 h at 25 1C, 2 h at 4 1C and overnight at 4 1C. The

concentration of purified fluorescent proteins was measured using the BCA

Assay Kit (Pierce). All spectrophotometric characterizations of the purified

proteins were performed at least two weeks after purification using a Safire

fluorescence spectrophotometer and corrected by correlation with the known

spectrum of 1 mM quinine sulfate in 0.1 N sulfuric acid14. Each fluorescent

protein was diluted to four different concentrations and the absorbance was

measured at the excitation maximum (433 nm for the CFPs and 514 nm for the

YFPs). Beer’s law was used to determine the extinction coefficient from the

slope of a concentration versus absorbance plot. To determine the quantum

yield, the absorbance of each purified protein sample was measured at 415 nm

for the CFPs and 465 nm for the YFPs. Dilutions between 0.01 and 0.1

absorbance units were made and the corrected emission spectrum of each

sample was integrated. Quantum yields were determined by comparison

of each integrated spectrum to fluorescein in 0.1 N NaOH (quantum yield

of 0.95; ref. 14). The pKa of the fluorescent proteins were determined as

described5. Measurements of kfold and kox were performed as described27. These

kfold and kox initial rate values were determined from the first 30 s of

fluorescence data.

Mammalian cell expression and analysis. The genes encoding the CFP-YFP,

CFP4-YPet and CyPet-YPet caspase-3 substrates were amplified by PCR with

the following primers: 5¢-GATGGAGTCAAGCTTGAGCTCGGCCACGAAGG

CCAGGAG-3¢ (forward) and 5¢-ATCTGGCGTATCGATGCATGCGGCCACC

TTGGCCTTATT-3¢ (reverse). The PCR products and the plasmid pLNCX28

were digested with ClaI and HindIII and ligated. Plasmid DNA was prepared

(Qiagen) and 293T cells were transfected as described29 and grown in DMEM

supplemented with 10% FBS. The medium was replaced 1 d after transfection

and again 3 d after transfection. The cells were trypsinized 4 d after transfection

and half of the cells were exposed to 1 mM staurosporine (Sigma), an apoptosis

inducer, for 6 h. The cells were spun down at 2,500 r.p.m. for 4 min and

resuspended in PBS (pH 7.4). Transfection efficiency was approximately

50–60%, as determined by flow cytometry (488-nm excitation). Cytometric

analysis of FRET was performed using violet diode laser excitation (414 nm), a
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455/20-nm bandpass filter for cyan detection, and a 515-nm longpass filter for

yellow detection.

Note: Supplementary information is available on the Nature Biotechnology website.
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