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Fig. 2. Fluorescence intensity and corresponding fluorescence lifetime images of HeLa cells expressing
EYFP. Intracellular pH is shown on the top of each image. Ionophore was added to equalize intracellular
and extracellular pH. Excitation and monitoring wavelengths were 440 and 515-560 nm, respectively.
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Fig. 2. Plots of the fluorescence lifetime of
EYFP in Hela cells against intracellular pH.
Excitation and fluorescence wavelengths were
440 nm and 515-560 nm, respectively.
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Fig. 3. Plots of the fluorescence lifetime of
EYFP in buffer solution against pH.

Excitation wavelengths were 400 nm (green),
440 nm (red), and 470 nm (blue), respectively.
Fluorescence wavelength was 535 nm.
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Fig. 4. Fluorescence decays of EYFP in buffer

solution at pH of 5.0 (red), 6.5 (green), and 8.0
(blue) at the excitation wavelength of 440 nm.
Fluorescence wavelength was 535 nm.
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Inorganic phosphate dynamics and starvation induced necrosis in yeast cells by
Raman Microspectroscopy

Yasuaki Naito', Venkatesh Kaliaperumal*, and Hiro-o Hamaguchi® "

'Department of Chemistry, School of Science, The University of Tokyo, Hongo 7-3-1
Bunkyo-ku Tokyo,113-0033, Japan and Institute of Molecular Science and
Department of Applied Chemistry, National Chiao Tung University, 1001 Ta Hsueh
Road, Hsinchu 300, Taiwan

Inorganic phosphates (Pi) are indispensible for life as many biological processes
involve formation or breaking down of phosphate ester bonds. Pi exist in different
forms inside cells depending on the pH of the cellular compartment, transport proteins
and enzymatic activities. For instance, the vacuolar compartment usually has an acidic
pH and harbours dihydrogen phosphate (H,PO, ), whereas the mitochondria have an
alkaline pH and possess monohydrogen phosphate (HPO,%). Raman
microspectroscopy is able to detect these two forms of phosphates in living yeast cell
vacuole and mitochondria respectively. In addition, the vacuole is also found to
contain polyphosphates (polyP) which has its characteristic Raman bands®. In this
study we report dynamical changes in the intracellular Pi concentration during
starvation induced stress and cell death in a single yeast cell. To our knowledge, we
are the first to report the feasibility of detecting subcellular Pi changes in single cells.

Based on Raman microspectroscopic images we have divided the yeast starvation
response into three phases (Fig.1). In the early phase of starvation there occurs a
decrease in the vacuolar polyP concentration (b-1 to b-2). One of the functions of
polyP is to provide energy in the form of ATP during nutrient deprived conditions.
The hydrolysis of polyP to form ATP leads to a decrease in the aqueous polyP
Raman band at 1150 cm™ during the initial phase of nutrient starvation.

In the intermediate phase of starvation there is a complete decline in the
mitochondrial activity inferred from the Raman band at 1602 cm™(a-3). This is
associated with the appearance of a crystalline polyP granule inside the vacuole with
its characteristic peak at 1160 cm™(b-3). Divalent cations like calcium and

magnesium lead to formation of insoluble polyPs. Under normal growth conditions
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long chain aqueous PolyPs are known to sequester divalent cations in soluble form.
We presume that the hydrolysis of polyP during the early phase of starvation leads to
an increase in the free divalent cation and phosphate concentrations in the cytoplasm
which affects the mitochondria. Complete loss of mitochondrial integrity is likely to
further increase the cytoplasmic cation and phosphate concentrations. Excess of
divalent cations and low levels of polyP tend to produce the insoluble form of polyP
inside the vacuole during this phase.

In the late phase response to starvation there is loss of cellular structure leading to cell
death (b-4 to b-6, c-4 to c-6). Excess of divalent cations are likely to damage the
membranes causing this effect. Thus, by Raman microspectroscopic mapping we
could observe dynamical changes in the Pi concentrations at subcellular level and
explain the sequence of molecular events occurring during necrotic cell death induced

by starvation.

1. Naito, Y., Toh-e, A. & Hamaguchi, H. In vivo time-resolved Raman imaging of a
spontaneous death process of a single budding yeast cell. Journal of Raman
Spectroscopy 36, 837-839 (2005).

Fig.1
Raman mapping of characteristic Raman peaks during starvation and corresponding
optical images
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1Y-S. Huang, T. Karashima, M. Yamamotoand H. Hamaguchi, Biochemistry 44, 10009-10019 (2005).
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1.Takakura, K. & Sugawara, T. Langmuir 20, 3832-3834 (2004).

2. Suzuki, K., Toyota, T., Takakura, K. & Sugawara, T. Chem. Lett. 38, 1010-1015 (2009).
3.Toyota, T. et al. Langmuir 24, 3037-344 (2008).

4. Kurihara, K. et al. Soft Matter 6, 1888-1891 (2010).
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F AR — R(Becker & Hickl SPC-140) % #l A& ot 7= A EOEEHEBE 0 R CTIT o 72, d0k
Fin DB A ZAFT T2 AL G L (ATIERFA T COELME (T) & ot Fm (D)%~ T

GJA”:QQNH%@+ATMH+AT»
(e (r)’
ETEFRSIND, O GL(AT) L 85 0w 58 FH B B %L

G[(AT)=< (7)1 (T+AT)>
(1))’
ZRINFIE L CHR % 2 & T, WHEILEUE 5 O F 5 &2 BRI CHOE T OF b X & 3
THZEMTED[],

HIER G & LT, ~T EUEELIND —AH DNA 4V 37 LA
FREMEHLE (K1), 200 FITERSZEMR LRV L—T7 5B L)
FRAHAN 72 MBS/ S 0N B 72 2 AT Ml AR5 B —f%D DNA/RNA O/L—7
R T BOAR AT 72 " ARSI R O WIIE L 2 BRI 5 72 O O B2 T 7
MEEMTH D, ZOFY IXT VATF ROWMAKRNNZ FRET <7 & LT
BERET D (3 TR L, FRET X7 Mok 3 L ¥ —B#hghE o
BAERET 22 L TAT EUEEDM - itz =4 —3252 &»
T& %, AWFFETIX FRET X7 O R —flOEAFMOFELEE G (AT)E LTHIE LT,
FRET #5 DNA 4V X7 LAF NIV T A ¥ A4 A PCR fi7e—7 L LTHilENTWD
HLOEFA LT (1:6-FAM-5'-TTAACC(T);sGGTT-3-TAMRA, At#FIET AT LH A =2 A),

1 1 DO,



[FER L EZ2] K212 1L DOEFHHLAY
NV OIRERIF 2 R T, HIREO 5
(SRR AT B A O R B A S PR A B
AN E L, N —atm e 23 LT
W5, 2O RS —dEOHE R 505-540 nm @
KAy 280 H L, GL(AT), G(AT)ZHIE LTz
(IX] 3a, NaCl J2F£ 0.5 M), ZDFER, Zi
5 2 SOFABARIE D ENTITA b 7 =R
Roi, #EHFmORE —MEDOFEEN RS
Wiz, WlEHIE SO G Z2R T-Hic 2
OO O ETR -T2 6D (X 3b)
ERDE K100 ~A 7 v P ORIERER T
HEDMEA~1.3 D2 H~1.5 ~ & BRI IER LT
WD ENSIND, THUR, T E AR
D LNDOEAIZ LY K F— - T 787
— B EEEEDS ) 100 ~ o 7 0 B OB ER T
BNTWNDZ & &R LTS, DNANT
BSOS A T 7 AL 2 IR T
T2 S HRPIREENFET 2 L0 o MEL H
D [3]. #otHEm R HHAx DFFIETIE
FRET %5 &Z 1@ L TR O W TV D0 DO
BEIZOWTORERBBEOND Z LB, 4
5] D ) TE & AT T VDR TEIZHIA T
ELHDOTERNNEBZTVD, #EHTIX
Bl SNT-8 0 & LBV £ TR ARY
—VEDIFE DT DITF T D ALK
TEHEDFE RIZHOWT b #RT 5.
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