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ABSTRACT We report an improved variant of mKeima, a monomeric long Stokes shift red 
fluorescent protein, hmKeima8.5. The increased intracellular brightness and large Stokes shift 
(∼180 nm) make it an excellent partner with teal fluorescent protein (mTFP1) for multiphoton, 
multicolor applications. Excitation of this pair by a single multiphoton excitation wavelength 
(MPE, 850 nm) yields well-separable emission peaks (∼120-nm separation). Using this pair, we 
measure homo- and hetero-oligomerization interactions in living cells via multiphoton excita-
tion fluorescence correlation spectroscopy (MPE-FCS). Using tandem dimer proteins and 
small-molecule inducible dimerization domains, we demonstrate robust and quantitative de-
tection of intracellular protein–protein interactions. We also use MPE-FCCS to detect drug–
protein interactions in the intracellular environment using a Coumarin 343 (C343)-conjugated 
drug and hmKeima8.5 as a fluorescence pair. The mTFP1/hmKeima8.5 and C343/hmKeima8.5 
combinations, together with our calibration constructs, provide a practical and broadly ap-
plicable toolbox for the investigation of molecular interactions in the cytoplasm of living cells.

INTRODUCTION
An individual living cell is a nonequilibrium system built up by an 
interplay of dynamic biomolecules and biological polymers. To 
understand such intracellular molecular processes and interac-
tions in real time, optical approaches in living cells have proved 

powerful, in particular with the use of genetically encoded mul-
ticolor fluorescence probes (Shaner et al., 2005). Imaging mo-
dalities provide their subcellular distribution and the underlying 
dynamics and measures of their activity. Considering all tech-
niques, including photobleaching and photoactivation, and 
recent developments in fluorophore ligation methods (HaloTags 
or SNAP- tags; Keppler et al., 2003; Los et al., 2008), we 
now can measure localization dynamics over a broad range of 
time scales and with high spatial resolution below the diffraction 
limit.

Protein interactions represent a more difficult parameter for op-
tical methods. Methods that take advantage of Förster resonance 
energy transfer (FRET) can provide exquisitely specific measures of 
protein–protein interactions. Such FRET reporters can be difficult to 
generate in practice but are powerful when they work. The difficulty 
in designing functional FRET probes stems from the requirement 
that the fluorophores—often fluorescent proteins fused to the pro-
teins of interest—have to be in close proximity (∼10–100 Å) in the 
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RESULTS
Evolution of mKeima proteins for increased brightness
DNA shuffling (Crameri et al., 1996) was used to evolve improved 
mKeima mutants using budding yeast as a host organism (see 
Materials and Methods). Two brighter variants were chosen for fur-
ther characterization, mKeima4.15 (from round 4) and mKeima8.5 
(from round 8) (Figure 1A).

We synthesized human codon–optimized versions of the two 
yeast mKeima variants, now referred to as hmKeimas, and com-
pared their fluorescence properties, including extinction coefficient 
and maturation time (done in yeast mKeima), in comparison to other 
long Stokes shift red FPs (e.g., LSSmKate2; Piatkevich et al., 2010) 
and four cyan FPs (ECFP, Heim and Tsien, 1996; mCerulean, Rizzo 
et al., 2004; mTFP1, Ai et al., 2006; and mTurquoise2, Goedhart 
et al., 2012; Table 1). All proteins shared similar single-photon exci-
tation properties; however, mTFP1 showed larger two-photon 
brightness or action cross sections (2P cross section multiplied by 
the quantum yield). The 1PE spectrum of hmKeima8.5 had a strong 
overlap with the corresponding spectra of mTFP1, and the large 
Stokes shift property of hmKeima8.5 separates its emission spec-
trum far from mTFP1 (Figure 1B). The two-photon cross sections 
showed similar overlap between hmKeima8.5 and mTFP1, showing 
the largest cross section around 870 nm (Figure 1C).

Intracellular molecular brightness comparison
To perform measurements for intracellular molecular brightness, we 
used a custom measurement setup (Figure 2A; Materials and 
Methods; Saunders et al., 2012; Gaglia et al., 2013; Kayatekin et al., 
2014). Molecular brightness is a crucial parameter for FCS/FCCS. 
The particle brightness (molecular brightness) is calculated by divi-
sion of the mean fluorescence intensity (<I(t)>, in counts per second 
[cps]) by the average number of particles/molecules (N) present in 
the observation volume (Figure 2D). The high molecular brightness 
of bright fluorophores provides higher signal-to-noise (S/N) ratios, 
especially in the intracellular environment in which autofluorescence 
adds to the background. In addition, brighter FPs require lower laser 
power and hence allow for reduced exposure of the cells to poten-
tially harmful irradiation, which also reduces photobleaching.

To quantify the molecular brightness, the blue FPs (ECFP, mCe-
rulean, mTFP1, and mTurquoise2) and the large Stokes shift red FPs 
(LssmKate2, mKeima, hmKeima4.15, and hmKeima8.5) were tran-
siently transfected into PtK2 cells, and the molecular brightness 
measurements were performed at 850-nm 2PE (Materials and 
Methods). Cells to be used for molecular brightness analysis were 
identified by wide-field imaging for expression of fluorescent pro-
teins. Representative 1PE fluorescence images mTFP1 and hm-
Keima8.5 in PtK2 cells were consistent with free cytoplasmic intra-
cellular distribution (Figure 2B).

The time autocorrelation (FCS) curve G(τ) (also written as 
GBlue×Blue(τ) or GRed×Red(τ), indicating blue–blue or red–red corre-
lated fluorescence emission, respectively) was derived from fluo-
rescence intensity traces and analyzed by fitting with a time auto-
correlation decay function for a three-dimensional (3D) diffusing 
species for the characteristic decay time τD and the amplitude G(0) 
as free parameters (Figure 2C, formulae; Materials and Methods). 
The diffusion coefficient (D) that characterizes the mobility of par-
ticles was calculated from τD (Schwille et al., 1999; Krichevsky and 
Bonnet, 2002; Materials and Methods). The effective particle num-
ber N (average number of labeled particles in the detection vol-
ume) is proportional to the inverse of the amplitude G(0) (Figure 
2C, arrow). The molecular brightness was then calculated as 
described.

complex. As a result, FRET cannot be used to rule out the presence 
of an interaction.

Alternative approaches to measuring cytoplasmic protein–pro-
tein complexes are methods based on fluorescence cross-correla-
tion spectroscopy (FCCS; Bacia and Schwille, 2007). By measuring 
the local signal fluctuations due to the passage of fluorescently la-
beled molecules into and out of the excitation volume, fluorescence 
correlation spectroscopy (FCS) can quantitatively and selectively 
capture the temporal relaxation and amplitudes of these molecular 
motions (Magde et al., 1972; Rigler et al., 1993; Schwille et al., 
1999). In turn, these fluctuations, alongside calibrated measure-
ments of the excitation volume and appropriate models of mole-
cular kinetics and dynamics, can provide a quantitative readout of 
the number, mobility, and even kinetic reactions of biomolecules. 
FCCS extends single-color FCS to the cross-correlation of the mole-
cular fluctuations of two differentially labeled species (Kim et al., 
2005). Statistical analysis of the covariance of the two species’ inten-
sity fluctuations provides quantitative readout of the fraction of co-
diffusing species. If properly executed, FCCS experiments can even 
refute the presence of a biomolecular interaction, at least within the 
validated dynamic range, which typically is sensitive for interaction 
up to KD ≈ 1 μM (Maeder et al., 2007; Boeke et al., 2014).

The intracellular application of multiphoton or two-photon exci-
tation for FCS (2PE-FCS) using pulsed, infrared (IR) lasers has several 
advantages compared with one-photon excitation (1PE; Schwille 
et al., 1999; So et al., 2000). The large separation between the exci-
tation wavelength and emission wavelength results in excellent 
background rejection, since scattering (such as Raleigh and Raman 
scattering) can be easily filtered out, especially in the intracellular 
environment. 2PE occurs within the focal point, which is typically 
<1 fl when using high numerical objectives. As a result of this intrin-
sic restriction of the excitation volume, fluorophores can only be 
excited inside the optical focus, which also reduces the photodam-
age to living cells. Furthermore, IR wavelengths cause less damage 
to protein and DNA. Hence, 2PE is poised for use in an increasing 
number of live-cell applications in biophysical research.

The major difficulty for multicolor fluorescence microscopy by 2PE 
in intracellular application is the absence of bright fluorescent protein 
pair with the same optimal 2PE and well-separated emission spectra. 
2PE lasers, usually femtosecond Ti:sapphire sources, are tunable over 
a large range of IR wavelengths (generally 650–1110 nm) but are slow 
to change wavelengths, making them difficult to use for multiplexed 
excitation. Moreover, modern auto-mode-locking femtosecond la-
sers are expensive, limiting the use of multiple sources. To take 
advantage of the features of 2PE and maintain a constant excitation 
volume over multiple probes, fluorophores with similar excitation 
maxima and separable emission spectra are required (Kawano et al., 
2008; Tillo et al., 2010). Here we developed a new variant of a large 
Stokes shift probe, termed hmKeima8.5, evolved from the original 
mKeima (Kogure et al., 2006). hmKeima8.5 shares a similar excitation 
spectrum with the cyan fluorescent protein mTFP1 (Ai et al., 2006) in 
both 1PE and 2PE, but its emission peaks are significantly red shifted 
(492 nm for TFP vs. 612 nm for hmKeima8.5). Moreover, both fluoro-
phores are significantly brighter than previously reported ECFP/
mKeima fluorescent pairs (Kogure et al., 2008).

Here we report on the use of hmKeima8.5 and mTFP1 in intracel-
lular FCCS applications. Our model systems highlight the measure-
ments of protein homo/hetero interactions and protein–drug inter-
actions in individual living cells by single-color autocorrelation 
brightness analysis and dual-color cross-correlation analysis. The 
techniques described here have broad use in the study of biomo-
lecular interactions in the living intracellular environment.
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trations (Figure 3C). However, the mTFP1-mTFP1 cells had an ∼70% 
increase in mean fluorescence intensities due to the increased bright-
ness per FP protein construct expressed (inset). Alternatively, a sec-
ond set of cells exhibited similar mean fluorescence intensities 
(Figure 3D, inset). In this case, the mTFP1-mTFP1 cells had a time 
autocorrelation curve of twice the G(0) amplitude, indicating half the 
number of particles in the excitation volume. The average intracel-
lular molecular brightness for dimeric mTFP1-mTFP1 was ∼50% 
brighter per particle than that of the monomeric mTFP1 (Figure 3E). 
A further increase in tandem dimer brightness was seen in cell ly-
sates, indicating that expected doubling of brightness in the tan-
dem dimer may not be achieved due to factors in the intracellular 
environment (Supplemental Figure S4). The expected molecular 
brightness from a mixture of monomeric (mTFP1) and dimeric 
(mTFP1-mTFP1) species would be between these limits.

Measurements of induced protein homodimerization 
by single-color FCS
To demonstrate the practical application of molecular brightness 
analysis for protein dimerization studies, we constructed a set of in-
ducible dimerization protein constructs (Figure 4A). Open reading 
frames of mTFP1-(GGGS)2-FKBP12 (FK506-binding protein 12) and 
mTFP1-(GGGS)2-FRB (FKBP12-rapamycin binding domain) were 
linked by a viral P2A peptide. The P2A peptide sequence acts as a 
translational self-cleaving site to permit nearly stoichiometric ex-
pression of the protein upstream and downstream of the sequence 

mTFP1 and hmKeima8.5 were found to be the brightest FPs 
from the blue- and red-emitting candidates and to have high photo-
stability without photobleaching during data acquisition (Figure 
2D). mTFP1 and hmKeima8.5 provide similar molecular brightness 
of ∼5000 counts/molecule/s, which is twice as bright as ECFP and 
mKeima, respectively. Therefore mTFP1 and hmKeima8.5 were fur-
ther characterized as fluorescence probes in intracellular 2PE-FCS 
studies. Of note, the in vitro brightness measurements of hmKeima 
and its variants showed only a modest difference in brightness (Sup-
plemental Figure S2) and two-photon cross section (Table 1). The 
origin of this difference between in vivo and in vitro brightness may 
be attributable to differences in pH between the intracellular envi-
ronments, although all mKeima mutants showed lower pKa values 
than the parental mKeima protein (Supplemental Figure S3).

Calibrated measurements of intracellular homodimerization
To measure protein dimerization by single-color 2PE-FCS, we estab-
lished a calibration system using an mTFP1 monomer and an 
mTFP1-mTFP1 tandem dimer. The tandem dimer was generated by 
linking two mTFP1 fragments through a (GGGS)2 linker (Figure 3A). 
Fluorescence images for mTFP1 and mTFP1-mTFP1 were similar by 
epifluorescence imaging (Figure 3B). The molecular brightness 
measurements via 2PE-FCS were able to resolve the difference of 
the molecular oligomerization state. In one example, two cells ex-
pressing either mTFP1 or mTFP1-mTFP1 exhibited similar 2PE-FCS 
curve G(0) amplitudes and therefore similar intracellular FP concen-

FIGURE 1: Evolved variants of the long Stokes shift fluorescent protein mKeima. (A) Alignment of mKeima variants. 
(B) Normalized absorption (dashed lines) and fluorescence emission (solid lines) spectra of hmKeima8.5 (dark blue/red) 
and mTFP1 (blue/teal). (C) The two-photon cross sections of mTFP1 and hmKeima8.5.
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(Kim et al., 2011). As a result, mTFP1-FKBP12 and mTFP1-FRB were 
coexpressed at nearly equal levels in the same cell after transfec-
tion. The formation of FKBP12-FRB complexes was controlled by 
the addition of the small-molecule dimerizer rapamycin (Table 2).

The molecular brightness measured by 2PE-FCS in the absence 
of rapamycin showed no difference between the mTFP1-FKBP12-
P2A-mTFP1-FRB and the control construct mTFP1-P2A-mTFP1 (no 
dimerization domains; Figure 4B), and both had similar molecular 
brightness as monomeric mTFP1. This indicated no detectable di-
merization of the mTFP1 complex in the absence of rapamycin and 
also demonstrated the high level of cleavage by the P2A peptide. 
On addition of 1 μM rapamycin, cells expressing mTFP1-FKBP12-
P2A-mTFP1-FRB exhibited an increase in molecular brightness simi-
lar to that seen for the tandem mTFP1-mTFP1 dimer measured pre-
viously (Figure 4B). There was no significant change in molecular 
brightness in the control vector expressing mTFP1-P2A-mTFP1, in-
dicating the specificity of the dimerization domains. These results 
demonstrate that intracellular dimerization events can be detected 
by 2PE-FCS molecular brightness analysis.

Using a bifunctional FKBP12-binding small molecule, termed 
here MAZ1889 (Table 2), we also measured the homodimerization 
of an FKBP12-hmKeima8.5 construct in cells (Figure 4C). The ex-
pression of FKBP12-(GGGS)2-hmKeima8.5 produced a protein with 
molecular brightness consistent with monomeric hmKeima8.5 
(Figure 4D). The addition of 1.33 μM bifunctional binder MAZ1889 
(Table 2) resulted in an increased molecular brightness (55%). 
Further addition of excess (10 μM) FKBP12 monofunctional binder 
MAZ1258 (Table 2) competed off the bifunctional binder, leading 
to decreased molecular brightness (Figure 4D). Together the het-
erodimerization and homodimerization (rapamycin or MAZ1889, 
respectively) experiments indicated that single-color 2PE-FCS with 
mTFP1 or hmKeima8.5 could be used to measure intracellular 
dimerization.

Intracellular dual-color FCCS calibration
The time cross-correlation (FCCS) function GRed×Blue(τ) (or 
GBlue×Red(τ)) is computed using the fluctuation traces from the two 
spectrally distinct fluorescently emitting species (Materials and 
Methods). The association between these two species can produce 
fluorescence emission in both channels, providing a positive cross-
correlation signal. The amplitudes of FCCS curves GRed×Blue(0) (or 
GBlue×Red(0)) are proportional to the association (or codiffusion) be-
tween the two labeled species normalized by the amplitude of the 
individual autocorrelation amplitudes, or NRed×Blue/(NRedNBlue) (or 
NBlue×Red/(NBlueNRed)).

FCCS measurements permit the detection and quantification of 
hetero-oligomers between different molecular species. Taking ad-
vantage of the spectrally resolvable emission of the mTFP1/hm-
Keima8.5 pair, we generated expression constructs for mTFP1-
(GGGS)2-hmKeima8.5 (tandem dimer) and mTFP1-P2A-hmKeima8.5 
(free monomers) for 2PE-FCCS measurements (Figure 5A). Both 
proteins express within individual cells without obvious difference 
by wide-field epifluorescence microscopy (Figure 5A). The mea-
surements from cells expressing hmKeima8.5 alone indicated no 
leakage of hmKeima8.5 emission into the blue channel (Figure 5B) 
and a small amount (∼3%) leakage of mTFP1 emission into the red 
channel. This level of single-color cross-talk was very small com-
pared with the brightness of the tandem mTFP1-hmKeima8.5 con-
struct, which showed almost equal intensity detection in each 
channel. The molecular brightness measurements from individual 
channels of mTFP1 and hmKeima8.5 were similar to monomeric 
values, indicating no change due to tandem dimerization Fl
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and NRed×Blue/NBlue (Figure 5F). This would indicate that for the tan-
dem dimer, some blue signals are not correlated with a red signal. 
This can be accounted for by the slow maturation of hmKeima8.5 
(3.8 h) compared with that of mTFP1 (0.5 h). This unmatched matu-
ration time can accumulate mTFP1-hmKeima8.5 tandem dimers as 
fluorescent mTFP1 fused to a nonfluorescent hmKeima8.5.

Measurements of induced biomolecular heterodimerization 
by two-color FCCS
A practical intracellular application of single-excitation 2PE-FCCS 
was tested in cells by expressing the hmKeima8.5-(GGGS)2-FKBP12 
and mTFP1-(GGGS)2-FRB with P2A linker. The schematic in Figure 
6A shows how rapamycin can induce the formation of a dual-color 
complex between hmKeima8.5-FKBP12 and TFP-FRB. On the addi-
tion of 1 μM rapamycin, the cross-correlation signals increased over 
pretreatment signals when measured in the same cell (Figure 6B). 
There were no cross signals in the control construct of mTFP1-P2A-
hmKeima8.5 before or after rapamycin treatment (Figure 6C).

(Figure 5C). These molecular brightness measurements also verify 
the monomeric state of mTFP1 and hmKeima8.5 in the intracellular 
environment.

The representative autocorrelation and cross-correlation curves 
from PtK2 cells expressing mTFP1-hmKeima8.5 construct are shown 
for red (Figure 5D) and blue (Figure 5E) channels. Cross-correlation 
amplitudes of NRed×Blue/(NRedNBlue) for GRed×Blue(0) from the red 
channel and NBlue×Red/(NBlueNRed) for GBlue×Red(0) from the blue 
channel were multiplied by NRed and NBlue obtained from the ampli-
tudes of autocorrelation curves. Consequently, four hetero-oligomer 
ratios were generated: NRed×Blue/NRed, NBlue×Red/NRed, 
NRed×Blue/NBlue, and NBlue×Red/NBlue. These ratios exhibited the ex-
pected increased levels for cells expressing the tandem mTFP1-
hmKeima8.5 construct over cells expressing the mTFP1-P2A-hm-
Keima8.5 construct, where the cross signals show background levels 
(Figure 5F). In addition, the ratios were independent of the manner 
in which they were computed, by using either GRed×Blue(0) or 
GBlue×Red(0). Of note, there is a difference between NRed×Blue/NRed 

FIGURE 2: Intracellular molecular brightness of 2P-excitable FPs. (A) Schematic of 2PE-FCS/FCCS setup. A Ti:sapphire 
femtosecond laser (tuned to 850 nm) is focused into the cellular cytoplasm through a high–numerical aperture objective. 
The fluorescence from the sample is collected back through the same objective and separated by a dichroic mirror to 
two detectors (photomultiplier tubes [PMTs]). Two-photon absorption reduces the excitation volume to <1 fl, <0.1% of 
the cell volume. (B) Fluorescence images of mTFP1 and hmKeima8.5 under identical excitation in individual cells. (C) FCS 
calculation. The autocorrelation algorithm is applied to fluctuating fluorescence signals, generating the FCS curve (in 
gray), G(τ). The fitting results (in red) yield the diffusion coefficient D (derived from the characteristic decay time) and 
the average molecular number N (derived from the inverse of the amplitude, G(0)). The average molecular brightness is 
obtained by average intensity <I(t)> divided by N. (D) Comparison of intracellular molecular brightness for cyan FPs and 
mKeima mutants as measured by FCS. mTFP1 and hmKeima8.5 were chosen for further characterization.
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FIGURE 3: Intracellular single-color FCS calibration. (A) mTFP1 monomer and mTFP1-mTFP1 
tandem dimer (GGGSGGGS linker) constructs. (B) Fluorescence image of mTFP1 monomer 
in single cells and fluorescence image of mTFP1-mTFP1 tandem dimer in single cells. 
(C) Representative intracellular FCS curves from cells with similar molecular number of mTFP1 
and mTFP1-mTFP1. Insets show similar molecular number, but the intensity of mTFP1-mTFP1 
cells is about double that of mTFP1. (D) Representative intracellular FCS curves from cells with 
similar fluorescence intensities of mTFP1 and mTFP1-mTFP1. Insets show similar fluorescence 
intensity, but the molecular number of mTFP1-mTFP1 cells is about half that of mTFP1. 
(E) Comparison of average intracellular molecular brightness of mTFP1 and mTFP1-mTFP1.
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Three time courses in three individual cells with different concen-
trations of rapamycin (0.1, 0.33, and 1 μM) showed the increased 
rate of heterodimerization as a function of rapamycin concentration 
(Figure 6D). Two typical FCCS curves (Figure 6E) at two time points 
from a cell treated with 0.1 μM rapamycin indicated background 
and significant levels of association.

To investigate the feasibility of direct observation of small-mole-
cule–protein interactions, we labeled a FKBP12 monofunctional 
binder with Coumarin 343 by chemical synthesis (SAS121; Table 2 
and Supplemental Figure S1). The incubation of hmKeima8.5-
FKBP12 transient transfected cells with SAS121 enabled us to 

detect the FCCS signal between Coumarin 
343 (on the small molecule) and hm-
Keima8.5 (on the protein target; Figure 6F). 
Excess unlabeled monofunctional binder 
competed the dye-labeled drug off the 
drug–protein complex, reducing the cross-
correlation to untreated levels (Figure 6, F 
and G).

DISCUSSION
Multicolor labeling with genetically en-
coded proteins in living cell is a powerful 
tool for investigating intracellular processes. 
Multicolor fluorescence microscopy requires 
multicolor excitation. However, for two-
color FCCS, this requires optimal alignment 
of the two 1PE lasers in order to excite the 
fluorophores in the same focal volume ele-
ment: imprecise alignment, as well as the 
wavelength dependence of the volume ele-
ment size, causes systematic errors that of-
ten cannot be fully corrected (Bacia and 
Schwille, 2007).

Using the new hmKeima8.5-mTFP1 fluo-
rophore combination for intracellular FCCS 
largely overcomes this problem. The im-
proved hmKeima8.5 has a large Stokes shift 
(excitation/emission at 440/612 nm) and 
shares the same optimal excitation spec-
trum for one-photon and two-photon exci-
tation with mTFP1 in vivo. However, both 
FPs also have well-separated emission spec-
tra, which is bigger than that of the EGFP/
mKeima pair that has been used before as 
an FP pair (Kogure et al., 2008). These well-
separated emission spectra reduce the level 
of cross-correlation observed by channel 
cross-talk. The new FP pair is also brighter 
than the ECFP/mKeima FCCS pair (Kogure 
et al., 2006). In another previously proposed 
pair, TagRFP/mKalama1, the TagRFP was 
rather unstable under multiphoton excita-
tion (Tillo et al., 2010). Together with the 
advantage of two-photon excitation due to 
lower photodamage or photobleaching, as 
well as reduced autofluorescence back-
ground compared with one-photon excita-
tion, mTFP1 and hmKeima8.5 are excellent 
new candidates for multicolor emission de-
tection with single-color 2P excitation.

The original mKeima was converted from 
its parental tetrameric form through seven mutations (L60Q, F61L, 
V79F, T92S, T123E, Y188R, and Y190E) that prevent the formation 
of homotetrameric or homodimeric complexes. In addition, the 
folding efficiency was increased through mutation (V191I; Kogure 
et al., 2006). The new improved hmKeima8.5 has kept all these sites 
except for R188L (R189L in our sequence; Figure 1A). As such, we 
expect that hmKeima8.5 will have a similar propensity for a mono-
meric state as mKeima itself. Moreover, if there were significant di-
mer formation, we would have detected an increase in the mTFP1 
molecular brightness when the mTFP1-hmKeima8.5 tandem dimer 
was measured in living cells (Figure 5C), which was not the case. 
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of mTFP1-hmKeima8.5 heterodimers through cross-correlation anal-
ysis. In addition, we were able to detect interactions between a fluo-
rescent small molecule labeled with Coumarin 343 and its protein 
target labeled with hmKeima8.5 via cross-correlation analysis.

Previous approaches to intracellular FCCS methods have been 
difficult to implement due to complexities associated with different 
excitation volumes for different excitation wavelengths. Our work 
here highlighted the development of a new fluorescent protein, 
hmKeima8.5, for use in FCCS methods for detecting intracellular 

Although we cannot rule out a dimer transition at higher concentra-
tions—for example, through nonspecific hydrophobic interactions—
the data support a monomeric form for the concentrations tested in 
living cells for FCCS applications.

To test these FPs in FCS applications, we applied single-color 
autocorrelation brightness analysis (2PE-FCS) and were able to de-
tect the rapamycin-mediated dimerization of mTFP1 constructs and 
the small molecule–mediated homodimerization of hmKeima8.5 
with a bifunctional FKBP12 binder. We also detected the formation 

FIGURE 4: Intracellular induced dimerization measured by molecular brightness. (A) Schematic of induced 
heterodimerization of mTFP1-FKBP12 and mTFP1-FRB constructs by rapamycin. The two proteins are coexpressed from 
one vector with a viral P2A cleavage site. (B) Measurement of intracellular molecular brightness increase of mTFP1-
FKBP12-P2A-mTFP1-FRB by rapamycin. Control measurements were made with a control construct (mTFP1-P2A-
mTFP1) with rapamycin addition. (C) Schematic of homodimerization of FKBP12-hmKeima8.5 by a FKBP12 bifunctional 
binder (MAZ1889). An excess of monofunctional binder (MAZ1258) can displace the bifunctional binder. 
(D) Measurement of brightness increase induced by the bifunctional binder and decrease in monomer brightness 
by addition of excess monofunctional binder.
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variants was performed using a MoFlo cell sorter (Beckman Coulter, 
Krefeld, Germany) or an Aria III from BD Bioscience (Heidelberg, 
Germany). Fluorescence measurements in single colonies were 
performed using a custom-made, camera-based fluorescence imag-
ing light box for whole-plate imaging or a Tecan (Männedorf, 
Switzerland) M1000 Pro fluorescence plate reader for single-colony 
measurements. Fluorescence spectra of brighter mKeima variants 
were acquired directly from yeast cell colonies using the Tecan 
M1000 Pro in order to validate that the long Stokes shift character-
istic of the spectra was unchanged.

Measurement of mKeima maturation kinetics
Fluorescence intensity time curves of yeast strains expressing 
mKeima, mKeima4.15, and mKeima8.5 from the inducible yeast Gal1 
promoter were acquired as a function of promoter up-regulation as 

interactions. The long Stokes shift and overlap with mTFP1 excita-
tion provide for robust, quantitative FCCS implementations. Our 
work has shown utility in detecting homodimeric, heterodimeric, 
and small-molecule–protein interactions. Moreover, the constructs 
we have developed provide a robust calibration toolbox for charac-
terizing 2PE-FCCS implementations. We hope that together these 
results will reinvigorate the use of this sensitive and quantitative 
method for detecting biomolecular interactions in living cells.

MATERIALS AND METHODS
Directed evolution of mKeima
Directed evolution of mKeima was performed using DNA shuffling 
(Crameri et al., 1996) and yeast as a host for protein expression, es-
sentially as described previously (Knop et al., 2002). Fluorescence-
activated cell sorting (FACS) for the enrichment of brighter mKeima 

Compound Function Structure

Rapamycin Bifunctional binder 
for heterodimerization 
of FKBP12 and FRB 
protein domains

MAZ1889 Bifunctional binder 
for homodimerization 
of FKBP12 protein 
domain

MAS1258 Monofunctional 
binder of FKBP12 
protein domain 
binder

SAS121 Monofunctional 
binder of FKBP12 
protein domain 
functionalized with 
Coumarin 343

TABLE 2: Chemical structures of four FKBP12 binder compounds. 
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time of 120 min, assuming an infinite half-life for protein degradation 
of mKeima. Maturation rate constants were fitted globally to every 
cell trajectory, whereas the induction time point was determined indi-
vidually for each cell.

Characterization of evolved mKeima
mKeima variants were purified from Escherichia coli using pRSET-
based expression (Supplemental Table S1), HIS6 affinity chromatog-
raphy, and Talon resin and procedures recommended by the manu-
facturer (Clontech, Mountain View, CA). Individual fluorescence 
spectra and pKa values were measured in black 96-well glass-bot-
tom plates (MGB096-1-2-LG-L; Brooks, Spokane, WA) using a Tecan 
M1000 Pro fluorescence plate reader. Wells were coated for 10 min 
with 150 μl 10% bovine serum albumin (BSA) and washed twice with 
phosphate-buffer saline (PBS; or buffer with corresponding pH) be-
fore the sample was applied into the well.

For measuring the fluorescence spectra, purified protein was ap-
plied (13 μg/well from wild-type mKeima and 3 μg/well for 
mKeima4.15/8.5) in 150 μl of PBS containing 1% BSA.

previously described for mCherry (Khmelinskii et al., 2012; Supple-
mental Tables S1 and S2). Briefly, yeast cells carrying the Gal1 pro-
moter–driven mKeima variants on a low-copy plasmid were grown in 
synthetic complete medium (SC) containing 2% raffinose medium to 
mid-log-growth phase (∼107 cells/ml). Cells were then loaded on a 
Y04C microfluidics plate (CellAsic/Merck Millipore, Billerica, MA). Af-
ter induction of mKeima expression by addition of SC medium con-
taining 2% galactose and 2% raffinose, mKeima fluorescence was 
imaged for 8 h using a DeltaVision Microscope (GE Healthcare Life 
Sciences, Chalfont St. Giles, United Kingdom) and a 100×/1.4 nu-
merical aperture (NA) PlanApo objective (Olympus, Tokyo, Japan) 
and a fluorescence filter set for mKeima imaging. Manual single-cell 
segmentation and tracking was performed using ImageJ (National 
Institutes of Health, Bethesda, MD). After background correction, a 
one-step maturation model (Khmelinskii et al., 2012) was fitted to the 
experimental data using MATLAB (MathWorks, Waltham, MA) and 
employing the D2D package (Raue et al., 2013). Maturation rate con-
stants and induction time point were assigned as open parameters, 
whereas the dilution rate was determined from the average doubling 

FIGURE 5: Intracellular dual-color FCCS calibration. (A) Comparison of tandem mTFP1-hmKeima8.5 and mTFP1-P2A-
hmKeima8.5 constructs. Both vectors express mTFP1 and hmKeima8.5 with similar intracellular distributions in 
fluorescence images. (B) The percentage of total intensities from two channels for expression of mTFP1 alone, 
hmKeima8.5 alone, and mTFP1-hmKeima8.5 tandem. (C) Intracellular brightness comparison of mTFP1, hmKeima8.5, 
and mTFP1-hmKeima8.5. (D) Representative autocorrelation and cross-correlation curves of intracellular mTFP1-
hmKeima8.5 expression from red channel. (E) Representative autocorrelation and cross-correlation curves of intracellular 
mTFP1-hmKeima8.5 expression from blue channel. (F) Measurement of the percentage of dual-color molecules 
normalized to total number of individual color molecules.
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FIGURE 6: Intracellular induced dimerization measured by FCCS. (A) Schematic of induced heterodimerization of 
hmKeima8.5-FKBP12 and mTFP1-FRB by rapamycin. (B) Cross-correlation curves, comparison before and after addition 
of rapamycin. (C) Rapamycin induced dimerization measured by the percentage of dual-color molecules over total 
molecule number of hmKeima8.5. The binding of FKBP12 and FRB causes increase in dual-color percentage. A control 
construct (mTFP1-P2A-hmKeima8.5) under rapamycin addition is unchanged. (D) Time course of heterodimerization in 
individual cells upon addition of different concentrations of rapamycin. (E) Two cross-correlation curves from cell 1 at 45 
and 75 min after treatment with 100 nM rapamycin. (F) Schematic of association of Coumarin 343–conjugated 
monofunctional binder (SAS121) with FKBP12-hmKeima8.5, followed by competition with excess nonfluorescent 
monofunctional binder (MAZ1258). (G) FCCS Measurements show the complex of SAS121 with FKBP12-hmKeima8.5 
and dissociation upon excess addition of MAZ1258.
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(HQ485/70m-2p for mTFP1 and HQ620/60m-2P or HQ660/100m-
2p for hmKeima; Chroma Technology Corp.). The HQ620/60m-2P 
emission filter was used for hmKeima-only measurements, whereas 
HQ660/100m-2p was used to minimize cross-talk between mTFP1 
and hmKeima8.5 emission channels. Each autocorrelation/cross-
correlation curve measured in cytoplasm was collected for 10 s 
using a Flex02-01D/C correlator (correlator.com, Bridgewater, NJ) 
and transferred to a personal computer through a high-speed USB 
port. For averaging purposes, at least five FCS curves were recorded 
at each position spatially and temporally in single cells, and the av-
eraged curves are shown in the figures. The PMT dead time is 70 ns 
(∼14 MHz), and the correlator dead time is 1.56 ns. The average 
frequency of photon counts in experiments was kept <400 kHz, 
which is far from the saturation of detector. The cellular background 
intensity was <1 kHz and had no contribution to autocorrelation or 
cross-correlation signals.

Mammalian plasmid construction
Open reading frames (ORFs) for ECFP (Clontech, Mountain View, 
CA), hmKeima (MBL International, Woburn, MA), mCerulean (David 
Piston, Vanderbilt University, Nashville, TN), mTFP1 (Jeff Litchman, 
Harvard University, Cambridge, MA), LSSmKate2 (Addgene, Cam-
bridge, MA), and mTurquoise2 (Theodorus W.J. Gadella, Jr., Univer-
sity of Amsterdam, Amsterdam, Netherlands) were amplified by 
PCR and cloned by restriction enzyme digest and T4 DNA ligase–
mediated ligation into the pcDNA3.1(-) mammalian expression vec-
tor (Life Technologies, Carlsbad, CA). hmKeima4.15 and hm-
Keima8.5 were synthesized with human codon bias based on the 
yeast ORFs (GeneArt, Life Technologies, Regensburg, Germany; 
Supplemental Table S3).

mTFP1, hmKeima4.15, and hmKeima8.5 ORFs were PCR ampli-
fied as NheI-HindIII fragments and inserted into pcDNA3.1(-) with 
the same sites. To construct the P2A vector, we inserted the P2A 
sequence by oligo ligation into pcDNA3.1(-), forming an NheI-
EcoR1-P2A-BamHI-HindIII frame. We used NheI/EcoRI for the insert 
site before P2A and BamHI/HindIII for the insert site after P2A.

ORF1-(GGGS)2-ORF2 fragments (including mTFP1-(GGGS)2-
mTFP1, mTFP1-(GGGS)2-FKBP12, mTFP1-(GGGS)2-FRB, FKBP12-
(GGGS)2-hmkeima8.5, mTFP1-(GGGS)2-hmKeima8.5, and 
hmKeima8.5-(GGGS)2-FKBP12) were generated by two-step 
PCR. Forward primer of ORF1 and reversed primer of ORF1 con-
taining GGGSGGGS were used for synthesis of ORF1-GGGSGGGS. 
Forward primer containing GGGSGGGS and reversed primer of 
ORF1 were used for synthesis of GGGSGGGS-ORF2. These two 
fragments, ORF1-GGGSGGGS and GGGSGGGS-ORF2, were fur-
ther PCR-amplified together without new primers for construction 
of full-length ORF1-GGGSGGGS-ORF2 fragments (Supplemental 
Table S4). The products were ligated into the NheI/HindIII sites of 
pcDNA3.1(-) or NheI/EcoRI sites before P2A and BamHI/HindIII 
sites after P2A.

All plasmids constructed in pcDNA3.1(-) were verified by restric-
tion endonuclease digestion (New England Biolabs, Ipswich, MA) 
and DNA sequencing (Brigham and Women’s Hospital DNA Core 
Sequencing Facility, Boston, MA).

Mammalian cell culture and transfection 
for FCS measurement
PtK2 (Potorous tridactylus Kidney) cells were cultured in Advanced 
MEM with 2% fetal bovine serum and 1% penicillin/streptomycin at 
37°C in a 5% CO2 incubator. Cells were seeded 1 d before the trans-
fection to a final confluency of 50–80% in glass-bottom 35-mm 
dishes (35-mm Petri dish, 14-mm microwell, No. 1.5 coverglass; 

Emission spectra were measured from 500 to 800 nm using a 
fixed excitation at 440 nm. Excitation spectra were measured 
between 350 and 550 nm using a fixed emission at 620 nm. All fluo-
rescence spectra were measured using a step size of 2 nm and a 
bandwidth of 5 nm). Background fluorescence was measured using 
buffer only (from PBS plus 1% BSA) and subtracted from the 
measurements. Smoothing of curves was done using a sliding 
window average of eight neighboring measurements.

pKa values were measured using buffers containing 50 mM 
Na2HPO4, 50 mM sodium acetate, and 50 mM glycine, with a 
pH range between 4 and 9, as described by Patterson et al. (1997). 
Purified protein was applied (1 and 5 μg/well mKeima4.15/8.5 and 
mKeima, respectively) in 150 μl of buffer with the corresponding 
pH containing 1% BSA. Measurements were recorded using exci-
tation/emission wavelengths of 440/620 nm, respectively, and a 
bandwidth for the emission and detection of 10 nm. Fluorescence 
background from the corresponding buffer containing 1% BSA 
was subtracted, and Excel Solver was used to fit a curve to the data 
points.

Two-photon characterization of fluorescence proteins
Two-photon absorption (2PA) spectra of purified proteins (pH 8 buf-
fer solution) and cross sections were measured using a previously 
described femtosecond fluorescence technique (Drobizhev et al., 
2011). Briefly, an Opera Solo optical parametric amplifier (Coherent, 
Santa Clara, CA) was pumped with a Libra regenerative amplifier 
(Coherent). The second harmonic of idler was used to excite the 
sample in the region 800–1050 nm. The fluorescence was recorded 
with a Triax 550 spectrometer (Jobin Yvon, Edison, NJ) coupled with 
a cooled charge-coupled device detector (Spectrum One, Edison, 
NJ). The relative method was used to obtain corrected 2PA spectral 
shapes and cross sections (Makarov et al., 2008). Rhodamine B in 
methanol was used as a reference standard (Makarov et al., 2008) 
for hmKeima, hmKeima4.15, hmKeima8.5, and LSSmOrange. Fluo-
rescein buffer solution (pH 11) was used as a reference standard 
(Makarov et al., 2008) for mTurquoise2.

One-photon absorption spectra were measured using a 
Lambda 950 UV/vis/NIR spectrometer (PerkinElmer, Waltham, 
MA). One-photon excited fluorescence spectra were measured us-
ing an LS 50B luminescence spectrometer (PerkinElmer). The peak 
extinction coefficients of hmKeima, hmKeima4.15, hmKeima8.5, 
and LSSmOrange were evaluated using a stepwise alkaline dena-
turation method (Kredel et al., 2008) and the known maximum ex-
tinction coefficient of the denatured green FP chromophore in al-
kaline solution (Ward, 2006). Fluorescence quantum yields were 
measured versus fluorescein buffer solution (pH 11) of quantum 
yield ϕF = 0.95 (Lakowicz, 2006).

FCS/FCCS setup
Two-photon FCS/FCCS was performed on a customized setup 
based on an inverted Nikon TE2000 microscope. The collimated 
850-nm IR laser beam (Mai Tai, Ti:sapphire laser with 80 MHz and 
100-fs pulse width; Spectra-Physics, CA) was aligned into a Nikon 
100× Plan Apochromat oil immersion objective (NA 1.4) with back 
aperture slightly overfilled, creating a diffraction-limited focal spot. 
The laser power was controlled at ∼3 mW in vivo to avoid photo-
bleaching of the fusion protein, cellular photodamage, and DNA 
damage. In vitro FCS power was 6 mW without photobleaching. 
The collected fluorescence by the same objective was passed 
through a dichroic filter (560dcxr; Chroma Technology Corp., 
Bellows Falls, VT) for splitting into two photomultiplier tubes (H7421; 
Hamamatsu, Hamamatsu, Japan) with individual band-pass filters 
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where I(t) is the fluorescence intensity at time point t, and <I(t)> is 
the time average of fluorescence intensity. τ is the shift correlation 
time relative to time point t. The fitting formula for single-compo-
nent diffusion was adapted from Krichevsky and Bonnet (2002) for 
autocorrelation analysis:
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where N is the average particle number of species in the sampling 
volume and τD is the residence time of species within the sampling 
volume, with τD = ωxy

2/8D, where D is the diffusion coefficient of the 
species and ω = ωz/ωxy is the aspect ratio of the sampling volume.

Before the fit analysis, raw FCS autocorrelation curves were de-
noised by averaging the repeated collection of FCS curves. For sin-
gle-species fit, each averaged FCS curve was fitted by the foregoing 
formula relating diffusion (D) and average particle number (N). 
Brightness was calculated by dividing the average fluorescence in-
tensity by average particle number (N).

Cross-correlation Gij(τ) was calculated from
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where Ii(t) and Ij(t) are the fluorescence intensities at time point t for 
species i and species j, respectively, and the angle bracket is the time 
average of fluorescence intensity. τ is the shift correlation time rela-
tive to time point t. For cross-correlation analysis, the following fit-
ting formulas were used for the hmKeima8.5 and mTFP1 channels:
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NRed is the average particle number of all particles with color red, 
and NBlue is the average particle number of all particles with color 
blue. NRed and NBlue can be obtained by autocorrelation fitting in 
individual channels. NRed×Blue and NBlue×Red are the average particle 
numbers with dual color calculated from red and blue channels 
individually. The cross signals are the ratio of the number of particles 
with dual color to the total number of particles with single color, 
such as NRed×Blue/NRed, NBlue×Red/NRed, NRed×Blue/NBlue, and 
NBlue×Red/NBlue. Our measurements showed that NRed×Blue/NRed and 
NBlue×Red/NRed are very close, as are NRed×Blue/NBlue and 
NBlue×Red/NBlue.

Drug structure and synthesis
MAZ1258 and MAZ1889 were synthesized as reported previously 
(Keenan, 1998). SAS121 was synthesized following the same syn-
thetic strategy with minor modifications. Briefly, MAZ1258 was 
treated with trifluoroacetic acid to yield the free carboxylic acid and 
coupled with excess 2,2′-(ethylenedioxy)-bis(ethylamine) to afford 
the amine-functionalized intermediate MAZ1266. MAZ1266 was 
coupled with Coumarin 343 using PyBOP and purified via reverse-
phase flash chromatography (12-g C18 column [Biotage, Charlotte, 
NC]; linear gradient of 5−100% MeCN/H2O) to yield the desired 
product (Supplemental Figure S1).

Each compound was diluted into live-cell medium for the final 
concentration and designated time: MAZ1889 (1.33 μM for 60 min), 
MAZ1258 (10 μM for 60 min), and SAS121 (1.25 μM for 60 min).

MatTek). Transient transfection of DNA plasmid into PtK2 cells was 
optimized with FuGENE 6 transfection reagent (Promega, Madison, 
WI). The ratio of DNA:FuGENE was 1 μg:6 μl. At 24 h after 
transfection, cell media were replaced with CO2-independent me-
dia (Life Technologies) for image acquisition or FCS/FCCS 
measurements.

Cell lysate experiments were performed using PtK cells or 293T 
cells. PtK cells were transfected for intracellular FCS/FCCS using 
FuGENE 6. The transfection reagents for 293T cells were 
Lipofectamine LTX and PLUS Reagents (Life Technologies). The 
293T cells were cultured in DMEM with 10% fetal bovine serum and 
1% penicillin/streptomycin at 37°C in a 5% CO2 incubator. The 
transfected cells were incubated for 2 d and harvested, washed in 
PBS, and lysed in swelling buffer (20 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid, pH 7.5, with KOH, 5 mM KCl, 1.5 mM 
MgCl2, 1 mM dithiothreitol, and 1× complete protease inhibitor 
cocktail tablet [Roche, Basel, Switzerland]). After swelling for 30 min 
on ice, the cells were then disrupted by freeze-thawing. Extracts 
were cleaned by centrifugation at 14,000 rpm for 30 min at 4°C. The 
supernatant was further cleaned by centrifugation at 40,000 rpm for 
30 min at 4°C. The final supernatant was used for FCS measurement 
in vitro on a coverslip pretreated with a coating with 1% BSA for 
3 min and washout with swelling buffer.

Cell imaging
Images were acquired on a Nikon Eclipse Ti microscope system 
(Nikon Instruments, Melville, NY) with a humidified chamber from 
InVivo Scientific (St. Louis, MO) to maintain a 37°C environment. 
The microscope was equipped with a Mercury arc lamp, a PlanApo 
60XA (NA 1.4, Ph3 DM) oil objective, mTFP1 and Keima filter cubes 
(Chroma Technology Corp.), and cooled charge-coupled device 
camera (CoolSNAP HQ; Roper Scientific, Tucson, AZ). The micros-
copy system was controlled by Nikon Elements software (Nikon 
Instruments).

FCS measurement
FCS was carried out on a custom system as previously described 
(Saunders et al., 2012; Gaglia et al., 2013; Kayatekin et al., 2014). 
Briefly, a tunable Ti:sapphire femtosecond laser (Mai-Tai; Spectra 
Physics) was focused into single living cells through a high–
numerical aperture objective and the emitted photons were sepa-
rated by a dichroic mirror (560dcxr) into blue (HQ485/70 nm) and 
red components (HQ620/60 nm or HQ660/100m-2p). Using a 
fluorescent dye solution of known diffusion constant and concen-
tration (fluorescein in a borate, pH 11, buffer), we determined the 
excitation volume using a Nikon 100× Plan Apochromat oil im-
mersion objective with NA 1.4. For FCS measurements, glass-
bottom dishes were mounted on the microscope stage. The cells 
were focused under bright-field illumination, and fluorescent cells 
were selected using wide-field excitation for TFP and 
hmKeima8.5.

hmKeima8.5 was tested for anomalous photophysical properties 
by varying the excitation power during FCS measurements in living 
cells. Over a range of powers relevant to live-cell measurements, we 
were unable to detect changes in the time autocorrelation function 
that would be indicative of a significant change in dark-state or trip-
let-state contributions (Supplemental Figure S5).

FCS/FCCS data analysis
All FCS curves were analyzed by custom-written Matlab code 
(MathWorks, Waltham, MA) using a nonlinear least-squares fitting 
algorithm. The fluorescence autocorrelation function G(τ) was calcu-
lated from
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