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Quantitative imaging of protein—protein interactions by
multiphoton fluorescence lifetime imaging
microscopy using a streak camera
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A. Masuda multiphoton excitation techniques is now finding an important place
V. E. Centonze in quantitative imaging of protein—protein interactions and intracellu-
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1 Introduction spatial resolution but also with a high degree of temporal
resolution.

Fluorescence lifetime imaging microscofyLIM) allows
dynamic information from cells to be obtained with high tem-
poral resolution and provides an extra dimension of informa-
tion (the fluorescent lifetimein cellular imaging’~* FLIM
methods are insensitive to the concentration of the fluoro-

native, physiological conditiorfs: The |mplementat_|on _Of phore, yet can still provide distinct lifetimes characteristic of
fluorescence resonance energy tran$RRET) detection in 6 individual fluorophores attached to each proteig., do-

_the optical micr(_)scope has extended the spatial detection lim- 5, ang acceptorBy measuring the changes in lifetime of the
its of conventional fluorescence microscopy to a few gonor in the presence and in the absence of an acceptor mol-
nanometers—which is typically the magnitude of the distance ecyle, it is possible to estimate the energy transfer efficiency,
between the interacting proteins. Measurement of FRET re- thereby allowing quantification of molecular interactions. By
quires that there be a pair of fluorophore®nor and accep-  virtue of the fact that FLIM methods are devoid of aforemen-
tor) between which there is nonradiative transfer of energy tioned spectroscopic artifactgs commonly encountered in
when they are in close proximitf~1 to 10 nm). The effi- intensity-based methoyghe reliability in calculating quanti-
ciency of energy transfer is determined by the distance sepa-tative FRET efficiencies is higher than in other methods. Be-
rating the donor and acceptor molecules, the angular orienta-sides FRET measurements, FLIM methods are also well
tion of the fluorophores in space, overlap between the donor suited for measuring intracellular physiology such as pH and
emission and acceptor excitation spectra, and the quantumion concentration in real tiné:*°
yield of the donor in the absence of the acceptdr. A variety of FLIM methods have been developed in the
Many of the currently available FRET methods, such as Past decade for measuring various intracellular parameters by
sensitized  emission, acceptor  photobleaching, and Monitoring changes in the excited-state lifetime of fluores-
concentration-dependent  depolarization, utilize intensity- C€Nce. These have been broadly classified into two major

based measurements. These require the use of optical filter ethods: time-domain and frequency-domain FLIM. In

for spectral separation of donor-acceptor excitation and emis- requ.ency-domaln methods, the specimen 1S excited b_y a sl
. nusoidally modulated wave of a certain frequereyradio
sion and can suffer from problems of spectral crosstalk. In

e . . frequencies for nanosecond lifetimes; Figa)l. The conse-
addition, it is difficult to regulate the relative concentration of quent fluorescence emission is also sinusoidally modulated,

the donor and acceptor fluorophores, which in turn affects the but with different phase and amplitude because of the time lag
efficiency of energy transfer, thus further complicating the g ceq by “residence time” or the excited-state lifetime of
measurement of cell component interactions using intensity- ihe fluorophores. Generally a gain-modulated detector is used
based FRET approaches. These methods also yield timeyg determine the phase shift and amplitude demodulation from
averaged information from an ensemble of interacting pro- which the lifetimes of the fluorescent species are
teins (or other moleculesrather than the actual temporal calculated’~*° Alternatively, in the case of time-domain
kinetics of these interactions in real time. These constraints methods, the specimen is illuminated with pulsed light and the
have led to the need to develop instrumentation that can mea-
sure FRET(protein—protein interactionsot only with high 1083-3668/2003/$15.00 © 2003 SPIE

Detection of protein—protein interactions in living cells with
high spatial and temporal resolution is a fundamental prereg-
uisite for understanding cellular dynamic¥isualization of
specific probes by confocal and multiphoton imaging has im-
proved spatial resolution in the context of cellular imaging in
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Modulation = M = (chfad)

quenching and energy transfer. As such, the measurement of
changes in fluorescence lifetime under various experimental
conditions functions as an indicator of alterations in intracel-
lular physiology. For instance, FLIM offers a noninvasive
way of measuring changes W™ or ion concentrationse.g,

Ca™ oscillationg as well as being a reliable way of probing
protein—protein interactions with high temporal resolution. In
this article, we briefly review the different time-domain FLIM
methods and describe in detail the development and biomedi-
cal application of the streak-FLIM system.

Py = ! tan (Ap)

M) = iy

Fluorescence Intensity

1= (€2-41)/In{w /w2)

3 Time-Domain Detection Methods
3.1 Multigate Detection

In the simplest case of time-domain lifetime imaging, a gated
microchannel plate image intensifier is used in conjunction
with a CCD imaging camer&:?* By gating the image inten-
sifier at different intervalgwith a specified time windoy
along the exponential fluorescence decay profile, one can ob-
tain a set of images of the actual decay of fluorescence during
the excited-state lifetimgFig. 1(b)]. It has been found that the
photon utilization and time resolution of the multigate detec-
tion approach are still limited by the detector’s performance.
One also cannot avoid background noise arising from scat-
tered fluorescence emission when an imadaga detector
subsequent fluorescence emission decay is recorded by fasis used in multigate detection. Regardless of these limitations,
detectordFig. 1(b)]. By fitting the observed emission decay the multigate detection FLIM methodology has been found to
to an appropriate model, the lifetimes of the different fluores- be very successful with single-photon excitation in recent
cent species within the specimen are extracted. Despite theyears2>2® For multiphoton applications, it is imperative to use
availability of current FLIM methods for cell biological ap- point-scanning detectors to eliminate background noise.
plications, a continual requirement that has pervaded this field

is achieving high spatial and temporal resolution in live cell 3.2  Single-Photon Counting

applications. Conventional time-domain FLIM methods such photon-counting detectors are well suited for low-light level
as multigate detection and single-photon counting can mea-qetection as well as for providing quantized pulses for every
sure lifetimes as short as a few hundred picoseconds—a “m"photon event’2® This makes the measurement of lifetimes
tation imposed primarily by the detectors used in these sys- more accurate. However, these detectors suffer from poor dy-
tems. A recently developed imaging system determines the namic range compared with their area detector counterparts.
lifetime of fluorescence emission from multiphoton excitation Regardless of this minor disadvantage, photon-counting de-
imaging using a streak camera as the primary signal detectoryices have been found to be very reliable in terms of photon
(streak-FLIM. Although streak cameras have been used in gconomy, rapid lifetime determination, and high temporal
studies of semiconductor phenomena and picosecond SpeCresolution. The limiting factor in achieving good temporal
troscopy, they have not yet been employed for FLIM in bio- yego|ytion is the transition-time spreédTS) of the fast pho-

medical application&?* In this context, the present omuyitiplier tubes(PMTs) used in these systems.
multiphoton-streak-FLIM system is unique and versatile,

achieving excellent spatiotemporal resolution. To the best of
our knowledge, it is the first of its kind developed for bio-
medical applications.

Fluorescence Intensity

At
a

Time

Fig. 1 (a) Schematic of the principle of frequency-domain lifetime
imaging. o is the modulation frequency. For single-component life-
times of fluorescent species, the lifetimes 7(¢) and 7(M) are the same,
but differ if there is more than one lifetime component. (b) Schematic
of the principle of time-domain lifetime imaging. Gated image inten-
sifiers are set at different time windows (w1,w2) with a defined time
interval (At), and the fluorescent lifetime is calculated according to
the expression given above.

3.3 Streak-FLIM Imaging System

The essential feature of the streak camera is that it converts an
optical 2-D image with spatial axés,y) into a streak image
with temporal information and with the axés,t). A simpli-
2 FLIM Methodology fied picture of the streak imaging principle is demonstrated in
The monoexponential decay scheme of a fluorescent molecule(Fig. 2 and Fig. 3 and a brief description of the system is
from its excited state can be represented by given in the following sections. For the complete technical
details, see Ref. 30.

1(t)=Ilgexp —t/7), 1)

3.3.1

wherel (t) is the measured intensity ahglis the intensity at
timet=0. The fluorescence lifetime, is characteristic of the

Light source
A mode-locked laser systefCoherent Inc. model Mira 900:

molecule and does not depend on its concentration within the titanium:sapphire gain medium pumped by a 10-W Verdi di-

specimen or on the excitation light characteristicgensity,

ode laser was used in our experiments, providing ultrafast

path length in the specimen, etcHowever, 7 is sensitive to femtosecond pulses with a fundamental repetition rate of 76
local environmental factors such as pH and ion concentration MHz. To obtain the variable repetition rates for both intensity-
and is also sensitive to excited-state processes such adased multiphoton imaging and for streak-FLIM detection, a
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l.aser System designed housing mounted from the left side of the epifluo-
rescence filter cassette. For streak-FLIM imaging, the
Mira 900 Pul Beam expander femtosecond-pulsed laser light was scanned into the right
Verdi— VIO | P;‘czzr camera port by the streak-FLIM unit. The fluorescence emis-
l sion was directed back out through the same camera port and
directed into the streak came({@-4334, Hamamatsu Photon-

ics K.K.). A specially designe®3x (1.2 NA IR) water im-

Microscope mersion objective was used for all the measurements reported
in this paper. Experiments were done on either fixed cellular
‘ Optics specimens mounted on standard microscope slides or on live

Trigger Unitl«—Streak scope cells grown on glass coverslips and maintained in appropriate
I media.

3.3.3 FLIM detection system

A microchannel platgMCP) was used in the streak-FLIM
detection path. The Streakscofféamamatsu, C4334has a

Scan Control |7 HISCA camera

Streak System temporal resolution of-50 psand a very small photocathode
dark current. This facilitates a high signal-to-noise ratio
Fig. 2 The streak-FLIM imaging system is composed of the laser sys- (SNR) for measuring even weak fluorescence signals. The

tem (Coherent Mira 900 and Coherent Pulsepicker 9200), optics
(Olympus 1X-70 inverted microscope, FLIM optics), and the streak
system (trigger unit, Streakscope, HiSCA Argus camera).

electrical output of the MCP is converted to an optical output
(streak imageon a phosphor screen. This image is then out-
put to a fast CCD camerd@dlamamatsu, Argus/HiSCAhat is

fiber optically coupled to the Streakscope. An important fea-
pulse picker, synchronized with the Mira excitation source, ture of the HISCA camera is that it employs a CCD chip that
was employed. Precise optical alignment of the laser, the Offers exceptionally high-speed and high-sensitivity detection
pulse picker, and the FLIM optics was essential to ensure (~2% quantum efficiency The 12-bit image depth enables
negligible absorption and distortion of the excitation laser €ven minute changes in fluorescence intensity to be detected.
beam. The FLIM elements were optically aligned with respect A variable sampling ratél to 24 frames/sand spatial reso-

to the optical axis of the microscope objective. lution allow the flexibility to detect fast photon events and
low light signals. A maximum sampling rate of
3.3.2  Microscope ~500 frames/scan be achieved with the HISCA camera for

single-wavelength fluorescence measurements, which is more
than ten times higher than the normal video rate. Faster frame
acquisition can be achieved by binning the pixels. Binning in
the x-axis decreases spatial resolution while binning in tthe
(time) axis decreases the temporal resolufiBig. 3]. Thus a
compromise between the speed of the data acquisition and the
required resolution must be made for each measurement. Un-
Optical Image of plane(x,y) Streak Image of line (x,y,) binned, the maximum number of pixels of the CCD camera is

The imaging system base is an Olympus 1X70 inverted mi-
croscope. For intensity-based multiphoton images, the
femtosecond-pulsed laser light was scanned into the left cam-
era port via a modified FluoView X scan head. Nondescanned
multiphoton emission was collected by a PMT in a custom-

T g 658X 494; a maximum binning 032X 32 can be achieved.
‘ 3 The FLIM data acquisition is governed by AqguaCosmos soft-
y o _'S‘”aksc"l’e_’i ’ ! ! ware (Hamamatspand the streakscope output signal is pro-
a x0 b cessed by AquaCosmos software to convert the exponential
©0 X/ ©9 x— decay into a mean lifetime value on a per pixel basis, thus
creating an FLIM image display.
FLIM Image of plane(x,y) Exponential decay of streak (x,t)
. T 3.4 System Calibration
8 ‘ «_[Processing/| | Standard solutions of various fluorescent dyes were used for
Analysis calibration of the system and for optimizing the relevant pa-
d c rameters for a typical measurement. Rhodamine 6G and rose
BRecE ) time™> bengal solutions were prepared in different solvents as de-
Fig. 3 A schematic of the principle of streak imaging. (a) A single line ta”e(?' in Table 1. These dyes are reported to have monogxpo-
in the optical image with intensity information at every point is con- nential fluorescent decays and therefore display a single
verted by the Streakscope into a streak image (b) with spatial informa- lifetime.?® The choice of standard dyes also allowed calibra-
tion as the horizontal axis and time as the vertical axis. Every point tion of the system for measurement of lifetime values ranging
(containing fluorescent molecules) along this line has an exponential from a few hundred picoseconds to a few nanoseconds. Table

decay profile as shown in {c). By scanning along the entire optical 1 gives the calculated lifetime values for these solutions ob-
image (x,y plane), similar exponential decay profiles are produced

that correspond to every point in the entire plane. These decay pro- tained Wl_th the FLIM streaks_cope S_yStem and compares these
files are stored and then numerically processed to give a lifetime im- values with vglues reporteq in the literature for the same fluo-
age as shown in (d). See text for more technical details. rophore solutions. There is a very good agreement between
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Table 1 Measured lifetimes in the streak-FLIM system.

Measured Lifetimes Literature
Standard
T Deviation T
Samples (ns) (ns) (ns) Reference
Calibration Rhodamine 6G/ethanol 2.97 0.14 3.0 29
probes
Rose bengal/acetone 2.22 0.13 2.4 29
Rose bengal/ethanol 0.74 0.04 0.8 29

Note:The standard solutions were prepared by dissolving the dye powders in different solvents and diluted stocks were
prepared for calibration. Calculated lifetime values did not change with the concentration of the dye in the nominal
range of a few hundred nanomoles to a few hundred micromoles. All the measurements were carried out at around
200 uM concentration for system calibration. Raw streak images were obtained and the mean lifetimes were
calculated by the methods described in the text. Monoexponential decays were assumed for all the calibration
samples as reported in literature, and the values reported here are all mean lifetime values. Standard deviations
were obtained by fitting the lifetime histograms to normal distribution.

the calculated lifetimes and those in the literature, demonstrat- caspase-2 activity ilBOOH-treated mC2Y specimens should
ing the accuracy of lifetime determination of the streak-FLIM |ead to cleavage of the substrate, thereby altering the spatial
system. Accuracy of the lifetime measurements is largely gov- relationship between the CFP and YFP molecules and de-
erned by the uniformity of the FLIM images. Lifetime images creasing the extent of energy transfer in these specimens. We
of the standard solutions that we employed exhibited a high measured lifetimes of the CFP in both #HBOOH-treated and

degree of uniformity and thus provided high accuracy in the yntreated cells and calculated the change in energy transfer
calculations of lifetime. Reproducibility between two mea- efficiency in these two situations.

surements in the same specimen was found t>88%in  For measurements of CFP fluorescence lifetime, the
Standard SO|U'[IOI’IS. HOWeVer, fOf Ce”ular SpECImenS, the varil- femtosecond_pulsed |aser was tuned to 840 nm. To Select for
ability in cellular expressions as well as the inevitable pho- emission from CFP only, the fluorescent signal passed through
tobleaching artifacts can restrict the reproducibility. A more 5 480/30 emission filte(Chroma Inc. placed before the

nal and noise issues can be found in Ref. 30. AquaCosmos software. Figure 4 shows (B€P lifetime im-
) ) o ages of the mC2Y andnC2Y+tBOOH specimens. The
3.5 Biological Applications mC2Y specimen shows punctate mitochondrial expression of

Cyan and yellow fluorescent proteit@FP/YFP are mutated CFP, whereas there is an observable morphological change in
forms of the wild-type green fluorescent protein and are em- the tBOOH-treated specimen. This morphological change
ployed as a donor-acceptor pair in many FRET (the cell becomes more roundedogether with the diffuse
experiments®® Energy transfer can be manifested in many fluorescence in Fig.(#), can be attributed to oxidative stress
ways, such as a reduction in donor emission fluorescence,induced bytBOOH and the consequent induction of apoptosis
sensitized fluorescence emission of the acceptor, or a reducdin the cell. As can be seen from the lifetime histogram, the
tion in donor lifetime. Of all the different FRET methods, mean lifetime of the mC2Y specimen is about 2 ns, whereas
measuring FRET by measuring the changes in donor lifetime that of thetBOOH-treated mC2Y specimen is about 2.28 ns.
has been reported to be more reliable owing to its relative This increase in lifetime is a clear manifestation of loss of
insensitivity to the spectroscopic artifacts commonly encoun- energy transfer between CFP and YFP molecules in the
tered in intensity-based measurements. In this section we givetBOOH-treated mC2Yspecimen compared with the untreated
a typical cellular application of the streak-FLIM system in mC2Y specimen, where the molecules are held intact by the
studying caspase activity in single cells. Baby hamster kidney intervening caspase-2 peptide sequence. This indicates that a
(BHK) cells were transiently transfected with a mitochondri- significant mitochondrial caspase activity is induced by oxi-
ally targeted DNA construgimC2Y) that links CFP and YFP  dative stress. As a positive control for FRET measurements,
by an amino acid encoding a caspas@/PVAD ) recognition we used DNA constructs encoding mitochondrially targeted
sequencé® Under identical conditions of growth and trans- CFP-polyglycine-YFR(mCGY) in BHK fibroblast cells and
fection, a batch of cells was exposed to the broad-rangeimaged under conditions identical to those for our experimen-
caspase activator tert-butyl hydrogen peroxide  tal studies(mC2Y). Both these specimens exhibited average
(tBOOH: 50uM) for 4 h at37 °Cin order to induce oxida- lifetimes of ~2.0 ns.Upon treatment with caspase activator,
tive stress in mitochondria. Experiments were carried out un- tBOOH, only the mC2Y specimen showed a 15% increase in
der identical imaging conditions for all of the specimens. Itis average lifetime, whereas the mCGY specimen showed less
expected that the close proximity of CFP and YFP molecules than a 5% change in lifetime. This proved that what we see as
in the intact caspase-2 substrate would lead to significant en-a change in lifetime in the mC2Y specimen uptBOOH

ergy transfer in the mC2Y specimens. However, induction of treatment is essentially due to caspase activity. It is also in-
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Fig. 4 Fluorescence lifetime images of baby hamster kidney cells transfected with a mitochondrially targeted DNA construct (mC2Y) that links CFP
and YFP via an amino acid sequence encoding a caspase-2 recognition site. (a) untreated mC2Y; (b) mC2Y treated with 50 M tBOOH for 4 h; (c)
lifetime histogram for both specimens. The laser output from Mira 900 (76-MHz repetition rate; 840-nm wavelength; ~200-fs pulse width) is
rendered to the pulse picker, which steps down the repetition rate to 500 kHz optimized for triggering the Streakscope. The average power at the
entrance of the FLIM optics is 8 mW. The 12-bit streak images were obtained in the 1X32 binning condition. Exposure times for imaging
(~195 ms per single line) were optimized to minimize photobleaching during data acquisition. The lifetime images were calculated from the raw
streak images by AquaCosmos software (Hamamatsu). An intensity threshold criterion of about 10% of the maximum dynamic range was used in
calculation of lifetime images, and the final images were median filtered. The lifetime histograms shown were plotted for the entire cells. The mean
lifetime of the mC2Y specimen was 1.98 ns, whereas that of tBOOH-treated mC2Y specimen was 2.28 ns.

triguing to note that the lifetime distribution in the the maximum contribution to fluorescence intensity from au-
tBOOH-treated specimen is much broader than that of the tofluorescence is less than 5% of that observed in transfected
untreated mC2Y specimen. This can be interpreted as repre-ells. We have thresholded the streak-FLIM image intensity
senting nonuniform caspase cleavage activity within the cell. values above this value in our lifetime calculations in order to
Some of the caspase-2 substrates were cleaved when theemove the ambiguity of a possible contribution of autofluo-
lifetime measurement was made, while other substrates re-rescence to the observed lifetime. It is also worth mentioning
mained intact. This would cause a wide distribution in the that autofluorescence contributions have been found to be less
extent of energy transfer spatially within the cell and manifest using multiphoton excitatioff:
itself as a wider distribution in the measured lifetime in the The demonstration of reliable FRET measurement using
tBOOH-treated specimen. Although it would be interesting to multiphoton lifetime imaging combined with a streak camera
analyze these histograms by multicomponent lifetime models, opens up new possibilities for quantitative imaging of
only a single-component Gaussian model was adopted in theprotein—protein interactions in living cellular systems. Since
present analysis. Furthermore,Zah posttBOOH treatment, the requirement is to measure only donor lifetime in all the
only about 50% of the cells showed changes in lifetime upon specimens, the problem of spectral crosstalk is overcome.
tBOOH treatment. Different cells in an ensemble would be at However, it is advisable to measure the lifetime of a donor in
different stages of apoptosis at any one time. Since the fixa-the absence of an acceptor under identical imaging conditions
tion of the cells was done at a single time point after the that can then serve as a control for non-FRET conditions.
tBOOH treatment, it is expected that not all the cells would In recent years there has been an upsurge in the quantita-
exhibit apoptotic changes in lifetime measurement. It is also tive imaging of molecular interactions in addition to the
possible that there exists a substantial population of uncleavedintensity-dependent visualization of intracellular probes. Im-
caspase-2 substrate, even in tB®OH-treated specimen be-  provements in fluorescence techniques such as confocal, mul-

cause this substrate is being constitutively expressed. tiphoton microscopy and other energy transfer methods have
The energy transfer efficiency can be calculated from the yielded valuable spatial and spectral information pertinent to
expressiorE=1—(7pa/7p), Whererp, and rp are the life- submicron molecular interactions. Lifetime imaging methods

times of the donor in the presence and in the absence of ac-offer improved temporal resolution in fluorescence imaging,
ceptor, respectively. In the present casg, and 7 represent thereby incorporating an additional experimental parameter.
the mean lifetimes of CFP in the untreated and Although single-photon FLIM techniques have been in use for
tBOOH-treated specimens, respectively. From the fitting of many years, it is expected that the combination of multipho-
mean lifetime histograms in both the specimens, the change inton excitation and FLIM methods will yield an enhancement
energy transfer efficiency in the above example was calcu- in spatiotemporal resolution and reduce overall phototoxicity
lated to be~15%. and thereby improve our understanding of molecular interac-
We have taken care to ensure that the calculated lifetime tions.

values are not affected by photobleaching artifacts or autof-
luorescence contributions. Imaging conditions were optimized
for minimal photobleaching so as to get reproducible lifetime
values from the same region of the cell in consecutive scans. ) ) ] o
It was observed earlier that autofluorescence from fibroblast p“figo?fe'vc $;'|'(L‘Zlggj')mag'”m' Periasamy, Ed., Oxford University
cells has typical lifetime values of about 2.2 fisve mea- 2. J. B. PawleyHandbook of Biological Confocal Microscopglenum,
sured the streak images of nontransfected cells and found that  New York (1995.
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