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Abstract

Fluorescence cross-correlation spectroscopy (FCCS) reveals

information about the spatiotemporal coincidence of two spectrally

well-defined fluorescent molecules in a small observation area at the

level of single-molecule sensitivity. To simultaneously evaluate the

activities of caspase-3 and caspase-9, we constructed a chimeral

protein that consisted of tandemly fused enhanced cyan fluorescent

protein (ECFP), monomeric red fTluorescent protein (mCherry) and

monomeric yellow fluorescent protein (Venus). In HelLa cell lysates,

a combination of tumor necrosis factor-oa (TNF-a)- and cycloheximide

(CHX-)-1nduced apoptosis was monitored. In this, decreases of

cross-correlation amplitudes were observed between ECFP and mCherry

and between mCherry and Venus. Moreover, time-dependent monitoring of

single cells revealed decreases i1In the cross-correlation amplitudes

between ECFP and mCherry and between mCherry and Venus before

morphologic changes were observed by laser scanning fluorescence

microscopy (LSM). Thus, our method could predict the fate of the cell

in the early apoptotic stage.
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Apoptosis, also called programmed cell death, is cellular suicide in

multicellular organisms [1-3]. The caspases are a family of cysteine

proteases that play a critical role in the execution phase of apoptosis.

They are responsible for the biochemical and morphological changes

associated with apoptosis [4]. It has been proposed that caspases can

be divided into two categories: “iInitiator” caspases with a long

prodomain, such as caspase-9, and “effector” caspases such as caspase-3

[5]- Caspase-3 has been shown to be a key component involved in the

underlying mechanisms of apoptosis [6], and the activation of caspase-3

I1s considered to be the final step 1n many apoptotic pathways [7]- Most

commonly, two major apoptotic pathways have been 1dentified: the death

receptor pathway [8] and the mitochondrial pathway [9]. Signal

transduction and execution of apoptosis require the activation of the

caspase cascade [10] . Most apoptosis depending on the caspase cascade,

as well as the cascade the process itself, 1is obstructed by

caspase-inhibitors [11-13]. The current method to monitor caspase

activities includes the use of caspase substrates and inhibitors

[14-21]. Previously, we constructed tandem fused fluorescent proteins

with two colors for measurement of caspase-3 activity [22], and three



colors for measurement of caspase-3 and caspase-9 activities [23] by

using FCCS. In this study, we carried out FCCS analysis and found that

caspase-9 was activated earlier than caspase-3 i1n apoptotic cells.

Moreover, the combination of FCCS and three colors tandem Tfused

fluorescent proteins can predict progression of the cell to apoptosis

before the morphologic changes appeared.

Materials and methods

Plasmids and chemicals. The CRY chimera encoded ECFP, DEVD, which

IS a caspase-3 recognition site, mCherry [24], LEHD, which is a

caspase-9 recognition site, and Venus [25] (Fig. 1A, ECFP-DEVD-mCherry

-LEHD-Venus, CRY chimera). ECFP and mCherry pairs and mCherry and Venus

pairs have been reported to be adequate for in vitro and in cell by

FCCS measurements [23]. TNF-o (Med. & Biol. Lab) was dissolved in water

and diluted into other adequate buffers. CHX (Med. & Biol. Lab),

caspase-3 inhibitor 11 (Calbiochem), which consists of a z-DEVD-fmk

inhibitor sequence and caspase-9 inhibitor | (Calbiochem), which

consists of a z-LEHD-fmk inhibitor sequence were dissolved in DMSO,

and diluted to final concentrations containing less than 0.1% DMSO



using Dulbecco’s modified Eagle’s medium (DMEM, Sigma).

Cell culture and transfection. HeLa cells were cultured in DMEM
supplemented with 2x10° U/l penicillin G, 200 mg/1 streptomycin sulfate,
and 10% fetal bovine serum in humidified air with 5% CO, at 37°C. Sixteen
hours before transfection, HeLa cells were cultured on a 6-well chamber
Nunclon™a surface (Nalge Nunc International) for preparation of cell
lysates, or on a Lab-Tek™ 8-well chamber coverglass (Nalge Nunc
International) for measurement of single living cells. HelLa cells were
transfected with 0.5 ug/ml for 6-well, or 0.2 ug/ml for 8-well of plasmid
DNA encoding the CRY chimera using Optifect™ (Invitrogen).

Induction and inhibition of apoptosis. For induction of apoptosis,
the CRY chimera-expressing HeLa cells were incubated with 250 ng/ml
TNF-a and 20 pg/ml CHX in humidified air with 5% CO, at 37°C. To
specifically inhibit caspase-3 or caspase-9, the CRY chimera-
expressing HelLa cells were treated with 5 uM caspase-3 inhibitor 11
or 25 uM caspase-9 inhibitor 1 two hours before addition of TNF-o/CHX.

Preparation of cell lysates. The CRY chimera-expressing HelLa cells
were lysed with lysis buffer (20 mM Tris-HCI, pH 8.0, 150 mM NaCl, 0.1%

Triton X-100) [26] at O min, 30 min and 60 min after TNF-o/CHX treatment.



FCCS measurement and data analysis. FCCS measurements were performed

with an LSM510-ConfoCor3 (Carl Zeiss), the setup of which followed our

previous report [23]. ECFP and Venus were excited at the 458 nm laser

line because the brightness of Venus was sufficient in this case for

FCCS measurement, and mCherry was excited at the 594 nm laser line.

These lines were via a single-band dichroic mirror for 458 nm, which

reflected 2% (0.35 uW) of the 594 nm laser line. Measurements in single

living cells were performed ten times for 2 s every 5 min after TNF-o/CHX

treatment. Data from FCCS were analyzed with the ConfoCor3 software.

The fluorescence autocorrelation functions from the cyan, yellow and

red channels, Gc (7), Gy (7), Gr (7), respectively, and the fluorescence

cross-correlation functions, G (r), were calculated according to the

normalized correlation function

<L) >-<ljt+7)> <a,t)>-<d;(t+7)>
B <L) >-<I;(t)> - <L) >-<I;(t)>

G(z) (€Y
where 1 indicates the time delay, I; is the fluorescence intensity of
the red channel (i = R), cyan channel (i = C), or yellow channel (i
=Y), and Gc (1), Gy (r), Gr (7), and G (r) denote the autocorrelation

functions of cyan (i = jJ =C), yellow (i = jJ =Y), red (i =j =R),

and cross (1 = R, J =C, Y), respectively. The acquired G (r) values



were fitted with a one-component model as

{l—T +T exp( —t B B 1
Tiri 2
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where T and rt¢ripler INdicate the average fraction and the lifetime of
dye molecules in the triplet state, respectively. 1p is related to the
translation diffusion constant D of the Fluorescing species by 1p=w?/4D.
N is the average number of fluorescent particles in the excitation-
detection volume defined by radius wp and length 2z,, and s is the
structural parameter representing the ratio s=zo/wp. The average
numbers of cyan fluorescent particles (N¢), red fluorescent particles
(Nr), yellow fluorescent particles (Ny),

1 N 1 N 1

NC:GC(O)—l’ TG (0-1" " G, (0)-1 S

and particles that have both red and cyan fluorescence (Ncrossccr))» OF

red and yellow fluorescence (Ncrossryy)) can be calculated.

N _ Gcross(CR) (O) -1 N _ Gcross(RY) (O) -1 (4)
T (G (0)-D(Gr(0)-D) T T (GR(0)-1)(G, (0)-1)

When Nr, Nc and Ny are constant, Ggross(0) is directly proportional to

Ncross- FOr quantitative evaluation of cross-correlations among various

samples, the relative cross-correlation amplitude (RCA) was calculated

as



_ Gcross (0) -1
RCA_-E;REjI- )

Here, to subtract the background, the normalized RCA was also

calculated as

NormalizedRCA = RCA;p. — RCAy; ©
RCA\J - RC'A‘Mix

where RCAtine and RCAp Indicate the RCA at the apoptosis induced at each
time and 0 min, respectively. RCA yix denotes the RCA of mixture of ECFP
and mCherry (or mixture of mCherry and Venus) as negative controls.

Here, the RCA yix value reported previously was used for cell lysates

[23].

Results

TNF-o/CHX-1nduced time-dependent activation of caspases in HelLa cell

lysates

In this study a fusion protein was constructed and named CRY chimera.
As shown In Fig. 1A, the CRY chimera was formed by inserting DEVD and
LEHD amino acids between ECFP and mCherry and mCherry and Venus,
respectively. The CRY chimera-expressing HeLa cells are shown in Fig.

1B. DEVD sequences between ECFP and mCherry and LEHD sequences between



mCherry and Venus could be cleaved by the activated caspase-3 and

caspase-9, respectively. The cross-correlation of CRY chimera was

observed i1n fluorescent protein pairs ECFP and mCherry (C-DEVD-R) and

mCherry and Venus (R-LEHD-Y) in HelLa cells (Fig. 1C and D). To evaluate

the activation of caspase-3 and caspase-9, FCCS measurements were

carried out in HeLa cell lysates. The CRY chimera-expressing HeLa cells

were iIncubated with TNF-o/CHX for O min, 30 min, and 60 min, then lysed

with lysis buffer. To subtract the background of various cell contents,

the normalized RCA was calculated. Before addition of TNF-o/CHX, the

highest ampli1tude was defined as activity of 1.0 and used as the control

for cleavage. A decrease of the normalized RCA of C-DEVD-R was not

observed at 30 min, but a significant decrease of the normalized RCA

of C-DEVD-R was observed at 60 min after TNF-o/CHX treatment (Fig. 2A).

On the other hand, significant decreases of the normalized RCA of

R-LEHD-Y were already observed at 30 min and also 60 min after TNF-o/CHX

treatment (Fig. 2B). These results indicate that caspase-9 could be

activated earlier than caspase-3 after TNF-o/CHX treatment. 1In

apoptotic cell lysates, there might be caspase-3, caspase-9, and other

protease activities induced by TNF-o/CHX. To confirm the specificity
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of caspase-3 for DEVD and caspase-9 for LEHD, inhibitor experiments

were carried out. As shown In Fig. 2A, in the presence of caspase-3

inhibitor Il (C3Inhi), the decreases of the normalized RCA of C-DEVD-R

were not observed at 30 min and 60 min after TNF-o/CHX treatment.

Interestingly, in the presence of caspase-9 inhibitor I (C9Inhi), only

a small decrease of the normalized RCA of C-DEVD-R was observed at 60

min after TNF-o/CHX treatment (Fig. 2A). As shown In Fig. 2B, in the

presence of C9Inhi, the decreases of the normalized RCA of R-LEHD-Y

were not observed at 30 min and 60 min after TNF-o/CHX treatment. On

the other hand, in the presence of C3Inhi, clear decreases of the

normalized RCA of R-LEHD-Y were observed at 30 min and 60 min after

TNF-o/CHX treatment. These results indicated that C3Inhi inhibited

caspase-3 but not caspase-9. On the other hand, C9Inhi strongly

inhibited caspase-9, but also iInhibited caspase-3 indirectly, which

suggested that the cascade from caspase-9 to caspase-3 was blocked.

Time-course FCCS measurement for detection of caspase-3 activation in

single living cells

Next, we subjected the CRY chimera to time-course measurement using

11



FCCS. HeLa cells expressing the CRY chimera were analyzed every 5 min

after TNF-o/CHX treatment (Fig. 3). For FCCS measurements, weakly

Tluorescent cells were selected to obtain sufficient auto- and cross-

correlation amplitudes. To reduce the background effect of the live

cell, the normalized RCA was also calculated. The cross-correlation

signals of C-DEVD-R were detected in HeLa cells at the indicated times

after TNF-o/CHX treatment (Fig. 3A). LSM images of C-DEVD-R were

obtained at O min and 30 min after TNF-o/CHX treatment (Fig. 3B and

3C) . Decreases of the normalized RCA of C-DEVD-R were observed in cells

1, 3,4, and5 (Fig. 3A), whereas apoptotic morphology was only observed

in cells 4 and 5 at 30 min after TNF-o/CHX treatment (Fig. 3C). To

identify whether the cells in which the normalized RCA decreased became

apoptotic, long-term time-course FCCS measurement for detection of

caspase-3 activation was carried out insingle living cells. A decrease

of the normalized RCA of C-DEVD-R was observed (Fig. 3D), but no change

of cell morphology was observed in the first 90 min after TNF-o/CHX

treatment (Fig. 3F). The apoptotic morphology appeared at 180 min after

TNF-a/CHX treatment, and a very low value of the normalized RCA was

obtained. These results demonstrated that a decrease in the normalized
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RCA of C-DEVD-R showed the activation of caspase-3 and could predict

progression of the cell to apoptosis before the morphologic changes

appeared.

Time-course FCCS measurement for detection of caspase-9 activation in

single living cells

Time-course FCCS measurement for detection of caspase-9 activation was

also carried out in single living cells (Fig. 4). The cross-correlation

signals of R-LEHD-Y were detected in HeLa cells at the indicated times

after TNF-o/CHX treatment (Fig. 4A). LSM images of R-LEHD-Y were

obtained at O min and 30 min after TNF-o/CHX treatment (Fig. 4B-E).

Decreases of the normalized RCA of R-LEHD-Y were observed but apoptotic

morphology was not observed in cells 3 and 4 at 30 min after TNF-o/CHX

treatment. Here, long-term time-course FCCS measurement for detection

of caspase-9 activation was also carried out in single living cells.

Although no change of cell morphology was observed at 30 min after

TNF-a/CHX treatment (Fig. 4H), a decrease of the normalized RCA of

R-LEHD-Y was observed (Fig. 4F). A depressed value of the normalized

RCA was observed when apoptotic cell morphology appeared at 240 min
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after TNF-o/CHX treatment (Fig. 41). Thus the decrease of the

normalized RCA of R-LEHD-Y also could predict the progression of the

cells to apoptosis before morphologic changes appeared. Moreover, the

decrease of the normalized RCA of R-LEHD-Y started at least 15 min

earlier than that of C-DEVD-R. These results suggested that caspase-9

was activated earlier than caspase-3 in apoptotic cells.

Discussion

In this study, we successfully confirmed that cross-correlation

measurement could clearly distinguish the difference between chimeral

and unlinked fluorescent proteins. In the bulk measurement, the

decreases of the normalized RCA of R-LEHD-Y were observed (Fig. 2B).

On the other hand, no decrease of the normalized RCA of C-DEVD-R was

observed at 30 min after TNF-o/CHX treatment. The results indicated

that caspase-9 was activated earlier than caspase-3.

In single living cell analysis for detection of caspase-3 and caspase-9

activation (Fig. 3 and Fig. 4), we could clearly distinguish the

difference between apoptotic cells and non-apoptotic cells in the early

stage of apoptosis at 15 min by the cross-correlation amplitude of
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R-LEHD-Y before the morphology of the cell changed. Therefore, we could

judge the fate of cell by FCCS. Thus, the CRY chimera is a useful

substrate for determination of two kinds of protease activities at

exactly the same position in single cells by using triple-color FCCS.

In the present work, 1t was difficult to carry out simultaneous FCCS

analysis of caspase-3 and caspase-9 i1n single cells because our

commercially available instruments had only two channels. In the future,

development of an iInstrument that can analyze by multiple channels

simultaneously will improve the time resolution for detection of

caspase activities, and may clarify the initial step or the point of

no return In the process of apoptosis. Moreover, by customizing the

sequences of these linked amino acids, our method can be applied to

simultaneously evaluate the activities of many other proteases.

Using a three-color fluorescent protein substrate, we have

demonstrated that the activation of caspase-3 and caspase-9 can be

monitored in vitro and in living cells. Moreover, we found that

caspase-9 was activated earlier than caspase-3 in apoptotic cells. This

study provides a method to judge the early apoptotic stage before

changes appear.

15



Acknowledgments

This research was partly supported by Grants-in-Aid for Scientific
Research (A) 18207010 and (S) 21221006, and No. 19058001 in priority
Area “Protein Community”. The HelLa cells were provided by RIKEN BRC

through the National Bio-Resource Project of MEXT, Japan.

16



References

[1]

[2]

[3]

[4]

[5]

[6]1

[7]

Y. Gavrieli, Y. Sherman, S.A. Ben Sasson, ldentification of

programmed cell death in situ via specific labeling of nuclear

DNA fragmentation, J. Cell Biol. 119 (1992) 493-501.

M.D. Jacobson, M. Weil, M.C. Raff, Programmed cell death in

animal development, Cell. 88 (1997) 347-354.

R.T. Allen, W.J. Hunter 111, D.K. Agrawal, Morphological and

biochemical characterization and analysis of apoptosis, J.

Pharmacol . Methods. 37 (1997) 215-228.

T.J. Fan, L.H. Han, R.S. Cong, J. Liang, Caspase family proteases

and apoptosis, Acta. Biochim. Biophys. Sin. 37 (2005) 719-727.

X.M. Sun, M. MacFarlane, J.G. Zhuang, B.B. Wolf, D.R. Green,

G.M. Cohen, Distinct caspase cascades are 1iInitiated 1In

receptor-mediated and chemical-induced apoptosis, J. Biol.

Chem. 274 (1999) 5053-5060.

G.M. Cohen, Caspases: the executioners of apoptosis, Biochem.

J. 326 (1997) 1-16.

M. Rehm, H. DuBmann, R.U. Janicke, J.M. Tavare, D. Kogel, J_.H_M.

17



8]

[°]1

[10]

[11]

[12]

[13]

Prehn, Single-cell fTluorescence resonance energy transfer

analysis demonstrates that caspase activation during apoptosis

IS a rapid process,J. Biol. Chem. 277 (2002) 24506-24514.

B.R. Gastman, X_M. Yin, D_.E. Johnson, E. Wieckowski, G.Q. Wang,

S.C. Watkins, H. Rabinowich, Tumor-induced apoptosis of T cells:

amplification by a mitochondrial cascade, Cancer Res. 60 (2000)

6811-6817.

X_.M. Yin, Signal transduction mediated by Bid, a pro-death Bcl-2

family proteins, connects the death receptor and mitochondria

apoptosis pathway, Cell Res. 10 (2000) 161-167.

Y.G. Shi, Mechanisms of caspase activation review and inhibition

during apoptosis, Mol. Cell. 9 (2002) 459-470.

N.A. Pereira, Z.W. Song, Some commonly used caspase substrates

and i1nhibitors lack the specificity required to monitor

individual caspase activity, Biochem. Biophys. Res. Commun. 377

(2008) 873-877.

B.A. Callus, D.L. Vaux, Caspase inhibitors: viral, cellular and

chemical, Cell Death Differ. 14 (2007) 73-78.

P.G. Ekert, J. Silke, D.L. Vaux, Caspase inhibitors, Cell Death

18



[14]

[15]

[16]

[17]

[18]

Differ. 6 (1999) 1081-1086.

T. Kobayashi, H. Endoh, Caspase-like activity in programmed

nuclear death during conjugation of tetrahymena thermophila,

Cell Death Differ. 10 (2003) 634-640.

C.E. Jenkins, A. Swiatoniowski, A.C. Issekutz, T.J. Lin,

Pseudomonas aeruginosa endotoxin A induces human mast cell

apoptosis by a caspase-8 and —3 dependant mechanism, J. Biol.

Chem. 279 (2004) 37201-37207.

B.L. Liu, Z. Fan, The monoclonal antibody 225 activates

caspase-8 and 1nduces apoptosis through a tumor necrosis factor

receptor Tamily-independent pathway, Oncogene. 20 (2001)

3726-3734.

N. Ozbren, K. Kim, T.F. Burns, D.T. Dicker, A.D. Moscioni, W.S.

El Deiry, The caspase 9 inhibitor Z-LEHD-FMK protects human

liver cells while permitting death of cancer cells exposed to

tumor necrosis fTactor-related apoptosis 1inducing ligand,

Cancer Res. 60 (2000) 6259-6265.

T.M. Sauerwald, G.A. Oyler, M.J. Betenbaugh, Study of caspase

inhibitors for limiting death i1n mammalian cell culture,

19



[19]

[20]

[21]

[22]

[23]

Biotechnol Bioeng. 81 (2003) 329-340.

E.M. Silva, L.V_.C. Guillermo, F_L. Ribeiro Gomes, J. De Meis,

R.M.S. Pereira, Z.Q. Wu, T.C. Calegari Silva, S.H. Seabta, U.G.

Lopes, R.M. Siegel, G.A. DosReis, M.F. Lopes, Caspase-8 activity

prevents type 2 cytokine responses and 1is required for

protective T cell-mediated immunity against trypanosoma cruzi

infection, J. Immunol. 174 (2005) 6314-6321.

J. Wang, S. Ladrech, R. Pujol, P. Brabet, T.R. Van De Water,

J.L. Puel, Caspase inhibitors, but not c-Jun NH,-terminal kinase

inhibitor treatment, prevent cisplastin-induced hearing loss,

Cancer Res. 64 (2004) 9217-9224.

J.C. Timmer, G.S. Salvesan, Caspase substrates, Cell Death

Differ. 14 (2007) 66-72.

K. Saito, 1. Wada, M. Tamura, M. Kinjo, Direct detection of

caspase-3 activation in single live cells by cross-correlation

analysis, Biochem. Biophys. Res. Commun. 324 (2004) 849-854.

F. Sun, S. Mikuni, M. Kinjo, Simultaneous measurement of the

caspase-3 and caspase-9 activities during induced apoptosis by

fluorescence cross-correlation spectroscopy, Bioimages. 18

20



[24]

[25]

[26]

(2010) 1-9.

N.C. Shaner, R.E. Campbell, P_.A. Steinbach, B.N.G. Giepmans,
A_E. Palmer, R.Y. Tsien, Improved monomeric red, orange and
yellow fluorescent proteins derived from Discosoma sp. red
fluorescent protein, Nat. Biotechnol. 22 (2004) 1567-1572.
T. Nagai, K. lIbata, E.S. Park, M. Kubota, K. Mikoshiba, A.
Miyawakil, A variant of yellow fluorescent protein with fast
and efficient maturation for cell-biological applications, Nat.
Biotechnol. 20 (2002) 87-90.

G. Gliki, R. Abu Ghazaleh, S. Jezequel, C. Wheeler Jones, |I.
Zachary, Vascular endothelial growth factor-induced
prostacyclin production is mediated by a protein kinase C
(PKC)-dependent activation of extracellular signal- regulated
protein kinases 1 and 2 involving PKC-8 and by mobilization of

intracellular Ca?", Biochem. J. 353 (2001) 503-512.

21



Figure legends

Fig. 1. Schematic diagram of CRY chimera and G(r) of CRY chimera-

expressing HelLa cells.

(A) Encoded ECFP, mCherry and Venus fusion proteins (CRY chimera). DEVD

and LEHD 1indicate caspase-3- and caspase-9-sensitive sequences,

respectively. (B) LSM image of CRY chimera-expressing HeLa cells. Scale

bars: 20 um. (C) and (D) show auto- and cross-correlations of C-DEVD-R

and R-LEHD-Y, respectively. The blue, yellow, red and black curves

represent Gc(t), Gy(t), Gr(t) and Geross (T), respectively. Insets show

the time course of fluorescence iIntensities i1in cyan, yellow, and red

detection channels during FCCS measurement.

Fig. 2. TNF-o/CHX-induced time-dependent activation of caspases 1In

HeLa cell lysates.

CRY chimera-expressing HeLa cel ls treated with TNF-o/CHX In the absence

or presence of caspase-3 inhibitor 11 (C3Inhi) or caspase-9 inhibitor

I (C9Inhi), were lysed and measured by FCCS. (A) and (B) show the

normali1zed RCAs of C-DEVD-R and these of R-LEHD-Y at the indicated times

after TNF-o/CHX treatment, respectively. Values are means = SD for four

22



measurements. *P < 0.05, **P < 0.01 as compared with the normalized

RCA at 0O min after TNF-o/CHX treatment.

Fig. 3. Time-course FCCS measurement for detection of caspase-3

activation in single living cells.

(A)and (D) present the normalized RCAs of C-DEVD-R at the indicated

times after TNF-o/CHX treatment. (B) and (C) show the LSM images at

O min and 30 min, respectively, after TNF-o/CHX treatment shown in (A).

Scale bars: 20 um. (E), (F) and (G) show the LSM images at O min, 90

min and 180 min, respectively, after TNF-o/CHX treatment shown in (D).

Scale bars: 10 um.

Fig. 4. Time-course FCCS measurement for detection of caspase-9

activation in single living cells.

(A) and (F) present the normalized RCAs of R-LEHD-Y at the indicated

times after TNF-o/CHX treatment. (B-E) and (G-1) show the LSM images

in (A) and (F), respectively. (B), (D) and (G) were at 0 min, (C), (E)

and (H) at 30 min, and (1) at 240 min after TNF-o/CHX treatment. Scale

bars: 10 pm.
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