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ABSTRACT The combination of temporal and spectral resolution in fluorescence microscopy based on long-lived lumines-
cent labels offers a dramatic increase in contrast and probe selectivity due to the suppression of scattered light and
short-lived autofluorescence. We describe various configurations of a fluorescence microscope integrating spectral and
microsecond temporal resolution with conventional digital imaging based on CCD cameras. The high-power, broad spectral
distribution and microsecond time resolution provided by microsecond xenon flashlamps offers increased luminosity with
recently developed fluorophores with lifetimes in the submicrosecond to microsecond range. On the detection side, a gated
microchannel plate intensifier provides the required time resolution and amplification of the signal. Spectral resolution is
achieved with a dual grating stigmatic spectrograph and has been applied to the analysis of luminescent markers of
cytochemical specimens in situ and of very small volume elements in microchambers. The additional introduction of
polarization optics enables the determination of emission polarization; this parameter reflects molecular orientation and
rotational mobility and, consequently, the nature of the microenvironment. The dual spectral and temporal resolution modes
of acquisition complemented by a posteriori image analysis gated on the spatial, spectral, and temporal dimensions lead to
a very flexible and versatile tool. We have used a newly developed lanthanide chelate, Eu-DTPA-cs124, to demonstrate these
capabilities. Such compounds are good labels for time-resolved imaging microscopy and for the estimation of molecular
proximity in the microscope by fluorescence (luminescence) resonance energy transfer and of molecular rotation via
fluorescence depolarization. We describe the spectral distribution, polarization states, and excited-state lifetimes of the
lanthanide chelate crystals imaged in the microscope.

INTRODUCTION

Long-lived luminescent labels are being applied increasduring illumination periods longer than the excited-state
ingly in fluorescence microscopy. Time-gated detectionlifetime leads to a reduced steady-state rate of emission.
permits the efficient suppression of scattered light and~urthermore, the inherent kinetics of the chemical and bio-
short-lived autofluorescence from cytochemical sampleghemical processes under observation may dictate observa-
and optical components (Beverloo et al., 1992; Hennink etion in the submillisecond range. Acousto-optical modula-
al., 1996; Jovin et al., 1990; Marriott et al., 1991, 1994;tors (AOMs) and electro-optical modulators (EOMs) offer
Verwoerd et al., 1994). These methods are based on intefaster timing (nano- to milliseconds), but their use is gen-
mittent (pulsed) or periodic (modulated) excitation and de-erally restricted to highly collimated illumination sources
tection windows displaced in time or phase with respect tasuch as lasers. The recently introduced liquid crystal and
the excitation. The simplest implementation of intermittentferroelectric shutters provide intermediate temporal perfor-
excitation is via a chopper wheel placed in the conventionaiance (Verwoerd et al., 1994) and large apertures.
excitation path of the fluorescent microscope with the aid of Recently improved pulsed sources (lasers and
proper focusing elements. This modification is relatively flashlamps) constitute alternative solutions. For example,
easy to introduce and is cost effective. However, althoughy, lasers deliver pulses in the 0.5-5 ns range with millijoule
proper focusing of the beam can provide timing with aenergies. Numerous laser dyes provide excitation wave-
resolution of~50 us (Marriott et al., 1991), the minimal lengths between 350 and 750 nm (or higher into the near
illumination window is limited to some hundreds of micro- jnfrared region). An alternative to pulsed lasers are nano-
seconds. This excludes the use of shorter-lived probes okecond flashlamps. These sources are incoherent and gen-
fering the potential of higher luminosity, as deactivation erally achieve higher repetition rates (100 Hz up to several
kHz) depending upon the electrode separation and filling
gas. The latter also determines the spectral properties of
Received for publication 29 October 1997 and in final form 31 Decemberamitted light, which can be dominated by lines (e.g., in the
i?j?i:éss reprint requests to Dr. Thomas M. Jovin, Department of MoleculacaSe of deuterium, nitrogen, and argon) or be quasi-contin-
Biology, ng Plar?ck Institute.for Biophys.ical C’hemFi)stry, Am Fassberg, Uous (e.9., with xenon), In_WhICh case the appropriate
D-37077 Gitingen, Germany. Tel.. 49-551-2011381; Fax: 49-551- band(s) may be selected by filters or a monochromator. The
2011467; E-mail: tjovin@mpc186.mpibpc.gwdg.de. full width at half maximum (FWHM) of the pulse extends
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of decay processes in the Quk to 10 ms range. Thus, for high quantum yields, 3) long lifetimes, and 4) generally
detecting luminescence from long-lived probes, a microsecunpolarized emission (but see below) (Selvin, 1995). In
ond flash provides efficient excitation in a fraction of the addition, they have largex(150 nm) Stokes shifts and good
luminescence lifetime. Such microsecond xenon flashlampsolubility. The long lifetime, when exploited by time-re-
have become available commercially; one such unit featuresolved detection, provides the means for excluding the
pulses of up to 0.1 J at repetition rate of up to 200 Hz. contribution of short-lived acceptor fluorescence arising
Its broadspectral range makes it ideal for microspectro-from direct excitation. Thus, the donor characteristics can
scopic imaging applications. be assessed accurately for the estimation of the FRET

There are also multiple strategies for time-resolved deefficiency.
tection. Fast electronic shutters or choppers placed in the Although the characteristic emission lines and large
emission path (Marriott et al., 1991) allow timing in the Stokes shift by themselves lead to efficient background
0.1-1 ms range, but the exposure time is not uniformsuppression using appropriate filters, a spectrally resolved
throughout the field of illumination. Liquid crystal and system can provide further selectivity and discrimination in
ferroelectric shutters are faster and allow spatially uniformdetection, particularly when coupled to an imaging system.
timing, but their transmission and contrast ratio are ofterMWe describe here what to our knowledge is the first imple-
insufficient; thus, they are sometimes used in tandem (Vermentation of combined spatial, spectral, temporal, and po-
woerd et al., 1994). Pockels cell shutters are very fast bufarization resolution in a fluorescence microscope using the
have a limited repetition rate and optical aperture. Gateablemission of lanthanide probes. The measurements were
intensifiers, particularly of the microchannel plate (MCP) carried out with a system incorporating a chopped arc lamp
design, can be gated and modulated at high speed ami a microsecond flashlamp. Detection was with an astig-
provide additional gain. They are thus useful for time- matism-corrected imaging spectrograph coupled to a gated
resolved (boxcar detection) or frequency/phase-resolveMCP image intensifier and a slow-scan CCD camera.
imaging (Clegg et al., 1994; Gadella et al., 1994, 1993;
Gadella and Jovin, 1995; Konig et al., 1996; Lakowicz et
al., 1994). Their primary limitations are related to cost andMATERIALS AND METHODS
deterioratiqn of spatial resolution. _Preparation of Eu-DTPA-cs124 crystals

Lanthanide chelates are luminescent compounds with
lifetimes on the order of 10—-200Qs. These long-lived Eu—D_TPA—cle4 crystals (Fig. 1) were used in all experiments_. The syn-
probes are better suited for time-resolved microscopy thaﬁwss (Li and Selvin, 1995), crystallization procedure, and atomic structure

. . ave been described (Selvin et al., 1996). Crystals were pipetted from their
compounds emitting from the triplet state because they havg, ( ). Cry pip

. . . > turated solution onto a glass slide, briefly rinsed with water, and sealed
a high quantum yield and are generally insensitive to 0Xy-under a quartz coverslip.

gen. They have been successfully employed in immunocy-

tochemistry (Seveus et al.,, 1992), in situ hybridization

(Dahlen et al., 1994; de Haas et al., 1996; Seveus et allime-resolved luminescence imaging microscopy

1992)’ and gen_e anaIySIS (KWIatkOWSkl_et al., 1994.)' TIme'For time-resolved detection, the excitation beam from a 100-W Hg lamp
resolved fluoroimmunoassays employing |ant_han.|de C.heWas focused onto a light beam chopper (model 221, HMS Electronic,
lates as labels have also been developed for in vitro diagthaca, NY). The recollimated beam was coupled into a Zeiss Axioplan
nostics (Altamirano-Bustamante et al., 1991; Barnard et al.icroscope via the standard epifluorescent pathway, incorporating an
1989; Ci et al., 1995 for a review see Dickson et al., 1995)_Omega Optical (Brattleboro, VT) 340DF11 excitation bandpass filter and

A fi d lel d | tof | lived bes h a Zeiss FT395 dichroic mirror and LP400 longpass emission filter. A
nactive and parallel development ot long-lived probes a%rigger TTL pulse from a photodiode was fed into a delay/pulse generator

emp_haSizeq other metal ligand CompleX?S: €.g., OT the POfmodel DG535, Stanford Research Instruments, Palo Alto, CA), which
phyrin family of heterocycles, and multidentate ligandedgated the photocathode of the intensified relay optics (IRO, PCO Computer
osmium and ruthenium (Hennink et al., 1996; Terpetschnig?ptics, Kelheim, Germany) on the detection side. The light emitted from
et al., 1995b; Youn et al., 1995). the P43 phosphor was relayed throughfén2 Nikon lens onto the Kodak
KAF-1400 chip of a Photometrics (Tucson, AZ) series 200 cooled slow-

Fluorescence resonance energy transfer (FRET) betwe%@an CCD camera, interfaced to a Macintosh Quadra 800 computer (Apple

|ant_hanide ions and tryptophan resi'dues of enzymes or ch@omputer, Cupertino, CA). Images were collected throughout several
luminescent labels bound to proteins has been extensivel$o0-1000) excitation-emission cycles and digitized with 12-bit resolu-

used in studying the conformation of molecules (Burroughgion. Conventional microscopic images were taken with the same camera
et al., 1994; Churchich, 1995; Clark et al., 1993; Joshi andter removing the intensifier.

] . . .. In other experiments, a microsecond xenon flashlamp (model 5000XeF,
Shamboo, 1988; Kwok and Churchich, 1994; Martini et al"IBH Consultants, Glasgow, UK) was used for excitation. The output light

1993? Walters and Johnson, 1990). Recenftly: certain langas collimated and passed through a liquid filter for IR protection and an
thanide chelates have been used as donors in intermoleculamega 330WB80 wideband UV filter. The refocused beam was coupled
luminescence resonance energy transfer measuremerittp the microscope with a custom-built filter holder replacing the standard

(LRET) (Heyduk and Heyduk 1997 Mathis. 1995: Root Zeiss filter block (see below). Omega 400DCLP02 and 400EFLP were
1997: Selvin and Hearst 199'4_ Seivin ot a,l 199'4) Th’eused as the dichroic and emission filters, respectively. All lenses in the

) . ) excitation light path were made of quartz. The rising edge of the flash was
unique potential of these chelates as luminescent donors f@ged to trigger the delay/pulse generator. A Zeiss Ultrafluar glycerol

LRET derives from 1) sharp emission peaks, 2) generallymmersion objective (48, NA 0.6) was used for all measurements.



2212 Biophysical Journal Volume 74 May 1998

a Combined time- and spectrum-resolved
luminescence imaging microscopy

For achieving temporal and spectral resolution simultaneously, the gated

SN intensifier was adapted to the exit port of the imaging spectrograph. The
HOOC /_f SBIG CCD camera was mounted onto the intensifier and used to integrate
\ r \ / \ several excitation-delayed emission cycles. Spectral and spatial informa-

N N H H tion was contained in the two-dimensional image of the CCD; temporal

Hooc—/ ( k resolution was implemented in a boxcar mode by varying the delay
COOH COOH between excitation and detection and the open time of the photocathode.

Polarization measurements

The polarization of europium emission was measured in the spectrally
resolved imaging mode using a 300 grooves/mm grating. A polarizer and
an analyzer on rotating mounts were introduced into the epifluorescence
excitation and emission paths, respectively. The optical axes for excitation
and emission were coincident and oriented along the top-to-bottom axis.
The polarization state oriented left to right when facing the microscope was
defined as horizontal and that orthogonal to it as vertical. Spectral images
were taken with both horizontal and vertical positioning of the polarider (
and, |, respectively) and the analyzer set parallg| &nd,|,) and perpen-
dicular ¢, and,|l,) to the polarizer. The polarization valuesandP, were
defined as

Pn = (lh = Gh /Gl + Gp ) 1)

and

I:)v = (vlv - Gv vlh)/(vlv + Gv vlh)v (2)

FIGURE 1 The chemical structure and three-dimensional molecular

model of DTPA-cs124.4) Chemical structure of DTPA-cs124b)(Mo- where

lecular model of DTPA-cs124 with a chelated®£uon. The structure was

built in Sybyl 6.3 based on crystallographic data from Selvin et al. (1996). G,=ll, and G,= I/l 3)

The image was generated with the Schakal92 program. Only one complex

is represented, although the asymmetric unit cell is composed of tware the usual correction factors for vertical and horizontal polarizer posi-
molecules of Eu-DTPA-cs124. The Eu-Eu distance is 9.9 A and thetions measured using a solution with zero anisotropy as in the approach
cs124-cs124 distance is 3.39 A, showing largstacking. described in Dix and Verkman (1990).

Image processing

Spectrally resolved luminescence Time-resolved image sequences were imported into SCIL-Image (TPD,

imaging microscopy University of Delft, Delft, The Netherlands) run on an SGI Indy computer
(Silicon Graphics, Mountain View, CA). Pixel-by-pixel single-exponential

Spectral imaging was done with a SpectraPro-150 dual grating stigmatiéitting of luminescence decay times was performed using the program

imaging spectrograph (Acton Research Corp., Acton, MA) occupying thePECAY (Gadella and Jovin, 1995, 1997). Other image processing tasks

second camera port of the Zeiss Axioplan microscope. The data werd/ere carried out with SCIL-Image and National Institutes of Health-Image

obtained with a 300 grooves/mm ruled grating or a 1200 groo\,es/mn{National Institutes of Health, Bethesda, MD). The molecular structure was

holographic grating having 5 nm/mm and 20 nm/mm nominal dispersionsgenerated with Sybyl 6.3 (Tripos, St. Louis, MO) and visualized with the

respectively. Images without spectral resolution were taken with the inpuchakal92 program of E. Keller.

slit opened to 3 mm and the grating set to 0 nm central wavelength

(nondispersive, or imaging, mode). Spectra were taken at 50 ouh®0

slitwidth and various central wavelengths using spectral images acquireRESULTS AND DISCUSSION

with 16-bit resolution. An SBIG (Santa Barbara Instruments Group, Santa

Barbara, CA) ST-6 cooled imaging CCD camera was used. The originaMolecular structure of the Eu-DTPA-cs124

vertical spatial information of the imaged strip constituted one dimension,. .
and the corresponding spectra constituted the other.’A 2 or 3 X 2 Fig. 1a shows the chemical structure of DTPA-cs124 and

binning was used on the 750 242 (23x 27 wm) pixel chip, which was ~ F19- 1 b the molecular model based on the crystal structure
chilled thermoelectrically to-30°C. Spectra were calibrated using defined (Selvin et al., 1996) of DTPA-cs124 with a chelated®Eu
mercury lines and processed with the KestrelSpec program (RHEA Corpion. The europium ion is coordinated by nine ligands, con-
Wilmington, DE). _ _sisting of three amines, four carboxylate oxygen atoms, one
Epl-lllgmlnatlon was provided by a 50-W mercury arc lamp or, |_n the amide oxygen from the Iinkage between DTPA and cs124,
case of time-resolved measurements, the IBH model 5000XeF microsec- . .
ond flashlamp. A Zeiss Ultrafluar glycerol immersion objective X4WA and one amlde Oxygen. f_rom the garbostyrll of the second
0.6) was used in combination with an Omega XFO2 filter set (330wssohalf of the dimer comprising the unit cell. The environment
excitation, 400DCLPO2 dichroic, and 400EFLP emission). around the europium is highly asymmetrical. Based on the
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diminished lifetime in the crystal as compared with that in1-ms illumination periods interspersed by 4-ms dark inter-
D,O (Selvin et al., 1996), it has been suggested that theals. The trigger signal for gating the detection was derived
symmetry surrounding the europium is more anisotropic infrom a photodiode built into the chopper.
the crystal state than in solution. In a second approach, a microsecond xenon flashlamp
was used to generate narrow excitation pulses, and the rising
edge of the pulse served as the trigger signal. The flashlamp
was coupled into the microscope using a custom-built
adapter that replaced the regular filter block. This adapter
Temporally and spectrally resolved imaging microscopyhoused a dichroic mirror rotated 90° about the vertical axis
was performed on a Zeiss Axioplan upright microscopewith respect to the standard position; thus, the beam was
with dual camera ports. A schematic diagram of the systenintroduced from the side, rather than the back, of the mi-
built around the microscope is presented in Fig. 2. Thecroscope. Quartz optical elements were used for 1) colli-
major additions to the standard features of the microscopgating the light, 2) suppressing infrared radiation, 3) select-
were the capabilities for intermittent excitation, gated de-ing an appropriate excitation band, and 4) refocusing the
tection, and imaging through a spectrograph. beam onto the back focal planes of the microscope objec-
For intermittent excitation, two approaches were used. Intives. This approach minimized light losses from optical
one, a chopper wheel with dual adjustable slits was interelements, of particular importance in the case of the UV
posed into the regular epifluorescence excitation light pathjjjumination necessary to excite many lanthanide chelates.
This required the refocusing of the beam onto the plane of petection of luminescence images was with cooled slow-
the chopper and subsequent recollimation. The chopper Wagan scientific CCD cameras. These were either used di-
operated at 100 Hz, and the slits were adjusted to producctly on the camera port of the microscope or, for time-

resolved detection, placed behind a MCP intensifier. The
gated photocathode of the intensifier was driven by a pulse/

Microscope imaging system with spectral and
temporal resolution

P delay generator defining the time window of observation.
CCD camera The latter could be delayed precisely, relative to the start (or
okl end) of the excitation pulse. The illumination systems pro-

vided excitation pulses at 100—200 Hz repetition rates syn-
chronized to the boxcar detection. The luminescence de-
rived from these cycles was integrated by the CCD camera
during the exposure time.

The advantages of the microsecond flashlamp source are
excellent time resolution (submicrosecond) and strong
emission in the near UV. Thus, one can resort to the new
probes with emission lifetimes in the microsecond range
Imaging spectrograph (Hennink et al., 1996; Li et al., 1997b; Szmacinski et al.,
_i_ e o E 1996; Terpetschnig gt al., 1995b, _1996; Youn etal., 1995) as
M. and filters well as the longer-lived lanthanide chelates. However, a

mechanical chopper is simpler to install and is cost effec-
--------- Objective tive. Chopper wheels with different slit sizes and numbers
can provide open and closed periods down to 280Such
excitation pulses are efficient for many currently available
FIGURE 2 Schematics of the generic time-resolved and spectrally reprobes, and even when using the longer (1-ms) excitation
solved imaging microscope system. The depicted light source is a mercurpulses with a duty cycle of 20%, one can still detect rea-

pressure lamp with a DC power supply; the emitted light is focused,gonaple fluorescence from shorter-lived labels in the sam-
chopped with a rotating wheel, and coupled into the conventional epiflu-

orescence excitation path of a microscope. Alternatively, pulsed or modple' Thls gains |m.portance in measurements in which a
ulated light sources can be used for intermittent excitation and can also b@Ng-lived chelate is used as energy transfer donor and a
coupled directly to the filter block using a custom design. The filter block fluorophore with a lifetime in the nanosecond range as the
comprises the classical elements: excitation filter, dichroic mirror, andacceptor. Under these conditions, the direct fluorescence of

emission filter, selectgd gccordmg to the fluorpphores used. In the s.ysterF‘he latter can be observed visually and measured simply by
presented, a dual emission port is used, allowing for the concurrent instal-

lation and alignment/focusing of both a time-resolved and a spectraIIySW't_Ch'.ng t_he gf";\tlng F’f the de_teCt'on and Chang!ng t_he
resolved detection system. The time-resolved system in our case compris@Xcitation filter, i.e., without major changes to the illumi-
a gated, modulated microchannel plate (MCP) intensifier and a coolechation pathway. In the case of the microsecond lamp, this is

slow-scan charge-coupled device (CCD) camera. The other emission POt possible inasmuch as a pulse width Of”l’g and a
is used to host a stigmatic imaging spectrograph. Detection is also with ? '

. . o
cooled slow-scan CCD camera. Optionally, the gated MCP intensifier cane.pem!on rgte of 1_00 Hz yleld a (_jUty CyCle of 0”'}’ O_'02 %,
be mounted on the spectrograph to extend spectral resolution into thBindering direct visual _Observa“on and necessitating ex-
temporal domain. See text for additional details. tremely long exposure times.

Gated / modulated
MCP intensifier
Gated / modulated
MCP intensifier

Intermittent excitation
(chopper / pulser / modulator)

.
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The time-resolved images of the Eu crystals were ofDetection of Eu-DTPA-cs124 crystals using
comparable luminosity using the 100-W Hg lamp with 1-mschopped illumination

open and 4-ms closed illumination intervals (200-Hz cycle)_l_h h based ti ved ¢ tested and
or the microsecond flashlamp operating at a 200-Hz repe- € chopper-based time-resolved system was tested an

tition rate. Both of these two approaches yielded a nomina?ptlmlzed using Eu-DTPA-cs124 crystals mounted under
mean power of 20 W. The advantage of the microsecon&‘uartz coverslips. The MCP voltage was set to 800 V. The

flashlamp is that the energy of 5 ms of continuous illumi- 'Mages shown in Fig. 3 were integrated for 5 s, with the

nation is packed into a microsecond pulse, making thi§)hOtOC‘5lthOde open for 0'5. ms in 'each cycle. The delqys
after the cessation of illumination increased by 0.5 ms in

device ideal for time-resolved microscopy in the micro- to;, . -
millisecond range in contrast to nanosecond flashlamps thap'ag9es 1 _(O-ms de!ay) through 7. The images were d!g|t|;ed
have a very low pulse energy. with 12-bit resolutu?n anq converted to roatlng point in
For spectral resolution, a stigmatic imaging spectrograpi?CIL'lmage' The |nten§|ty1 (x, y) at every pixel was
was mounted on the second camera port of the mi(:roscopg?"’IppEd toQ(x, y) according to
T'he entrance §Iit of t.he spectrograph was positioned pre- Q(x, y) = log{l(x, y) — B(x, y)} — 1, (4)
cisely at the primary image plane. An initial image of the
field encompassed by the slit was recorded by operating th&hereB(x, y) was the blank intensity at pixek,(y) of the
spectrograph at zero dispersion (0 nm) and opening the sIffCD using a similarly processed sample without crystals.
to 1-3 mm. After repositioning the microscope stage aslhe resultingQ(x, y) values from all images were pooled to
desired, the slit was reduced (typically to sfn) and the define the total range used for contrast stretching onto an
monochromator drive activated so as to select the centrdl-bit pseudocolor scale for display (Fig. 3). The last panel
wavelength of the spectral region. Images were collecteghows the decay of fluorescence after the cessation of
using a cooled slow-scan CCD camera mounted on the exiflumination calculated from the mean intensities of the
aperture of the spectrograph. The rectangular images carrigdystal labeled with ‘a’ in panel 1. The decay corresponded
the spatial information from the stripe of sample projectedvery well to a single exponential functiom & 0.99963),
onto the input slit along one (short) axis and spectrallyyielding a lifetime of 0.92 ms, in agreement with the value (0.9
resolved along the other (long) axis. For extending theéms) measured in a spectrofluorometer (Selvin et al., 1996).
resolution to the temporal domain, the MCP intensifier was
installed on the output aperture of the spectrograph so thz{t
the spectral image impinged on the photocathode. The in-
tensified image from the phosphor of the intensifier wasEuropium chelate crystals were imaged in full field mode
then projected onto the CCD chip. with the slow-scan CCD camera (Figa}t The entrance slit

uminescence spectrum of Eu chelate crystals

T
decay time (ms)

FIGURE 3 Time-resolved detection of Eu-DTPA-cs124 luminescence. Eu-DTPA-cs124 crystals were mounted under a quartz coverslip and observed
through a 4& NA 0.6 Ultrafluar glycerol immersion objective, using a 340-nm bandpass excitation filter, a 390-nm dichroic mirror, and a 400-nm longpass
emission filter. lllumination with the chopped Hg lamp beam was for 0.5 ms, and the emission was detected for an interval of 0.5 ms after delays of 0,
0.5, 1, 15, 2.0, 2.5, and 3 ms in images 1 through 7. A total of 1000 excitation-emission cycles were integrated on the CCD chip (5-s exposures). The
resulting images are presented on a logarithmic pseudocolor scale. The intensity in the crystal marked with an 'a’ was averaged and plottegirethe last

as a function of the delay time between the onset of excitation and detection of emission. The continuous curve represents the exponentiadit to the da
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FIGURE 4 Emission spectra of Eu-DTPA-cs124 crystadyRseudocolor image of a field of view with several crystals observed through &#400.6

Ultrafluar objective and 330-nm wide bandpass excitation, 400-nm dichroic, and 400-nm longpass emission filters. The projection of theieofrance sl
spectrograph (5@m) is outlined as a white rectangle. On the image formed by the spectrograph, the vertical dimension of the original image is retained,
whereas the emission spectrum is formed along the horizontal axigténsity values belonging to every vertical element of the image projected onto

the slit and to various wavelengths are mapped to an arbitrary color scale displayed on the righ} Eiekésgion spectrum extracted from databinThe

spectrum was taken with a 300 grooves/mm grating, usig2Zbinning on the CCD chip. The background correction was estimated from an area of the
image devoid of crystals. Insets show high-resolution spectra of the characteristic Eu emission lines obtained with a 1200 grooves/mm gratiadg and 1
binning on the chip. The wavelength scaleshiandc are identical.

of the spectrograph was then adjusted to 10@ its image x axis (Fig. 4 b). Intensities are in arbitrary units and
is overlaid in Fig. 4a so as to indicate the stripe of the contrast stretched linearly according to the color bar on the
sample projected into the spectrograph. For obtaining highright. The image was obtained with the 300 grooves/mm
resolution spectra, the slit was set to its minimum of&0.  grating of the spectrograph in three exposures, using three
In the images produced by the spectrographtifeer-  different central wavelengths (450, 600, and 700 nm) and
tical) axis corresponds to the original spatial dimensionthen spliced together. Spectra were extracted by vertically
with the spectra dispersed along the orthogonal (horizontalpinning lines corresponding to either crystal-containing or
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FIGURE 5 Spectral and temporal resolution in the microscope. For demonstrating the time- and spectrum-resolved imaging capabilities of the system,
a Eu-DTPA-cs124 crystal positioned over a dried patch of DTPA-cs124 was chasé&seudocolor fluorescence image, created by the overlay of 450-
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background regions. The signals were averaged and baclevels may not be great enough to be resolved except for
ground subtracted, producing the spectra shown in F@g. 4 J = 1 (see polarization data).

The resolution was nominally 0.68 nm per pixel (i.e., the Inasmuch as the emission lines of Eu are well separated
250 binned pixels of the CCD corresponded to 171 nm)from the excitation band of cs124, these chelates offer very
Because of the relatively large (1Q0n) entrance slit and good spectral discrimination of the specific signals from
20 nm/mm linear dispersion of the grating, the calculatedscattered excitation light when used as luminescent mark-
spectral bandwidth was 2 nm. THB, — F, transition at ~ €rs. Furthermore, they can be combined with most UV-
580 nm (see later) is inherently extremely sharp because f*citable probes (e.g., the coumarin 7-amino-4-methylcou-
cannot be split by the crystal field. Thus, in practice, themMarin-3-acetic acid) in multicolor imaging utilizing the
observed linewidth of this transition is often determined byS2@Me excitation wavelength. The narrow emission bands are

the actual spectrometer resolution. The FWHM of theuseful in achieving a good signal relative to sample auto-
580-nm line was 2.7 nm. The somewhat lower than Specifluorescence, which generally has a significantly broader

fied resolution probably reflected a failure of the output portem'g’s'or1 spectrum. The lanthanide chelates c'oupled to an
of the microscope to fill the/4 entrance aperture of the appropriate acceptor (e.g., the sulfoindocyanines Cy5 or
spectrograph Cy5.5) result in a favorably high value of the overlap

The contribution of cs124 fluorescence in the 400- tolntegral defining the sensitivity of FRET. An additional

550 so Fiab ¢ sianificant b benefit is the lack of significant cross-talk into the acceptor
) -nm r_ang_e (se_e a_so igbpwas not significant because emission channel (Li and Selvin, 1995).
its emission is primarily below 420 nm and because chela-
tion decreases the direct emission of cs124 approximately
fivefold. The characteristic lines of europium were seen _akpectrally and temporally resolved imaging of Eu
580, 590-595, 617-620, and 680—708 nm, corresponding
. - ) helate crystals

to the °D,— ‘F; transitions withd = 0, 1, 2, and 4, .
respectively (Carnall et al., 1968). The 650-nm line of theThe orthogonal nature of the spectral and temporal infor-
5D, — ’F, transition was extremely weak, although it could Mation reflecting the photophysical properties of molecules
be seen upon expansion of the scale. acting as reporter probes provides the impetus for the com-

The insets of Fig. 4 show high-resolution spectra de- bined implementation of these modalities in the digital
rived from images taken with the 1200 grooves/mm holo-Maging microscope. In Fig. 5, we demonstrate the capacity

graphic grating and recorded in thex12 binning mode of of our instrument _for carrying out such measurements. Fig.
the CCD, corresponding to 0.051 nm per point and a tota? a depicts a particular area of a europium crystal sample,

ange of 36 . A he CCD pie wilh wes 7n, the oo 000080 1 3 Sobtn offee 2. The mage fean
actual resolution was defined by the mba entrance slit, Y P P ' 9

. - . . . . a wideband UV excitation and a 400-nm dichroic mirror.
which with the 5 nm/mm dispersion grating would yield a The first exposure (shown in red pseudocolor) was taken
0.25-nm bandwidth. The FWHM of the 580-nm line wa P P

R X S through a 620-nm bandpass filter, and the second exposure
0..46 nm, |nd|c§t|ng that theT aperture mismatch caused ?shown in blue pseudocolor) was through a 450-nm band-
slight degradation of resglutlon. o _ pass filter. The sample was positioned such that the crystal
Potentially, eachD, — F, transition can be split by the 55 projected onto the entrance slit of the spectrograph (50
Stark effect into 2 + 1 (which equalsny) different levels,  mm) with the diminutive cs124 spot localized slightly be-
although point symmetry about the lanthanide ion reduceg,y the center of the image. The resulting spectral image is
this number, creating degeneracy between differental-  shown in Fig. 5o in pseudocolor. The band at 400-570 nm
ues. Pentagonal symmetry resultsdint 1 splittings; this  originates from the cs124. The other two high-intensity
condition seemed to correspond to our data: all ofX¥e  regions just below and above 600 nm correspond in position
0,1, 3, or 4 lines had + 1 splittings, and the polarization to the chelate crystal and identify the emission as originat-
data (see below) showed that the= 2 component also ing from °D, — F,, ’F,, ’F, transitions of Eu.
followed this rule. The actual symmetry of our crystal is less A sequence of time-resolved exposures was then obtained
than pentagonal (Selvin et al., 1996), but the shifts in energyrom this spectral image. The microsecond flashlamp was

and 620-nm emissions originating from the cs124 and the europium, respectively. The spectrograph slit was jset em&@®ositioned vertically over

the crystal so that a small spot of cs124 was also in view, a little below the center. Spectral images were taken with the microsecond flashlamp as the
excitation source and the gated MCP intensifier fitted between the spectrograph and the CCD camera. The 300 grooves/mm grating was used at 520 nm
central wavelengthbj Spectrally resolved image at the outset of the decay process. The detection started simultaneously with the excitation flash, and the
photocathode open time after each flash was 180The image was integratedr 6 s (500 cycles). Subsequently, a series of 37 images were taken under
similar conditions, except the delay between the excitation flash and start of detection was [b®@er in every image of the sequence. The pseudocolor

scale bar is linearc] Results of a single exponential fit was calculated for every pixel: distributions of (initial) luminescence amplitude (A), constant offset

(C), the decay time constant (lifetime), and the SD thereofd] Distribution histograms of amplitude, offset, and lifetime and the correlation of pairwise
combinations of the parameters.
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used for intermittent illumination. In all exposures, the lived europium luminescence exhibited the full range of
cathode on-gated time of the MCP intensifier was 1@0 initial amplitudes. In particular, a population of low-valued
The delays from the rising edge of the excitation pulse wer@ixels had decay times intermediate between that of cs124
multiples of 100 us extending from O to 3.6 ms in 37 and the europium chelate. These pixels were located at the
consecutive exposures. The sequence was imported intges of the spectral peaks and thus were low in intensity,
SCIL-Image, and the program DECAY was used to fit anleading inevitably to less reliable fits.
exponential (plus offset) to every pixel. Fig.csshows the
result of the fit; the panels are histograms of the amplitude
and constant (offset) and of the decay constaaind its I .
standard deviation (SD). Pixels below threshold are asf’olarlzatlon properties of the Eu chelate crystals
signed a green color, whereas pixels for which the expoCuvette-based time-resolved Iluminescence (phosphores-
nential fit did not meet certain criteria (Gadella and Jovin,cence) anisotropy measurements have been used exten-
1997) are labeled blue. These pixels corresponded primarilgively in the past for assessing the rotational mobility of
to the fluorescence from the short-lived (nanosecond lifemmembrane proteins (Austin et al., 1979; Damjanovich et al.,
time) cs124, which could not be resolved with the 109- 1983; Jovin et al., 1982; Zidovetzki et al., 1991). A recent
boxcar window. Intensity values are represented on a gragrend is the synthesis of long-lived probes that are suitable
scale, andr and SD ofr are on a pseudocolor scale, the for studying the dynamics of other molecular motions, usu-
values of which are given in the histograms (Figd)5 ally characterized by correlation times in the microsecond
The distribution of the decay time constant displayed tworange (Lakowicz et al., 1995; Li et al., 1997a,b; Szmacinski
peaks, one-12 us and the other centered-ab50 us. The et al., 1996; Terpetschnig et al., 1995a, 1996). Although it
former corresponded to the cs124 spot as judged from theould be of great interest to perform such measurements in
two-dimensionak map (Fig. 5d). Inasmuch as the fluores- the microscope (especially in the case of adherent living
cence lifetime of cs124 is in the nanosecond range, theells), microscope-based polarization measurements have
apparent lifetime probably reflected the decay course of theo far been restricted primarily to steady-state assays (An-
excitation flash. By applying a shorter boxcar time windowdreev et al., 1993; Mickols et al., 1985; Verkman et al.,
(5 ms) and a 5us increment, a sequence of images wasl991). Another dimension of interest in the determination of
obtained that yielded a decay time of the excitation lightpolarization in the microscope is provided by spectral res-
pulse of 7.9+ 1.5 us for the 300- to 380-nm UV range. olution. In the case of lanthanide chelates this feature is of
According to the manufacturer’s specification, the FWHM particular importance, inasmuch as polarization measure-
of the pulse is 300—450 ns, depending on the wavelengtments can distinguish between the magnetic and electric
The flash follows the preliminary discharge afteu8, and  dipole nature of electronic transitions (Drexhage, 1970). As
with the 110-nF capacitor and 1-kV potential difference Forster-type singlet-singlet resonance energy transfer is
used, it decays by a factor of 4t 40 us. In view of these  based on dipole-dipole interaction”(@Bter, 1946), only the
specifications, a decay time of8 us seems long. However, electric dipole lines of the lanthanide chelates should be
we determined that the decay occurred much faster durintaken into account when computing the overlap integral
the first microsecond than in the tail, thus accounting for therelated to the FRET efficiency (Dexter, 1953). In addition,
long apparent decay time observed with thesdinterval. In - knowledge of the polarization properties of the chelate
accordance with this rationale, fitting the exponential startemission is essential for evaluating the orientation fagfor
ing only with the second s emission window after exci- If the ligand field polarizes the otherwise isotropic lan-
tation led to a decay time of 1% 2 us. thanide emission, a value @& for k* can no longer be
The other peak of the decay time histogram centered aassumed unless there is dynamic averaging by rotational
640 = 117 us corresponded to the lifetime of europium reorientation of both donor and acceptor during the excita-
electronic transitions. The contribution of the tail of the tion state lifetime.
flash could be eliminated by excluding the first image from Owing to the long (millisecond) lifetime, lanthanide che-
the analysis. Using this strategy, and at the same time gatinigte molecules are likely to be rotationally depolarized in
on the lanthanide emission wavelengths in the spectradolution. However, microscopic crystals in which the che-
domain, the exponential fit yielded a lifetime of 82983  late is immobilized such that the effects of rotational and
us. We also performed dual exponential fits on the wholédateral diffusion are excluded are well suited for anisotropy
temporal sequence (still gating on the lanthanide emissiomeasurements. This can be performed in the microscope, as
part of the spectrum), which led to 824 126 us for the  shown in Fig. 6. In Fig. &, the full luminescence spectrum
long lifetime component, albeit with more pixels excluded (solid line) is displayed together with the calculated polar-
from the analysis. This value was in excellent agreemenization valueP,, (Eq. 1, empty circles). Fig. 6p and c,
with the lifetime of 0.92 ms found with chopped illumination. depicts high-resolution spectra and the polarization values
The distribution of initial amplitudes also appeared toobtained from an Eu-DTPA-cs124 crystal as defined in Egs.
have several peaks, although not very well resolved. Froml and 2, i.e., using different positions of the excitation
its correlation with the lifetimeA versusr diagram, Fig. 5 polarizer and the emission analyzer. The background-sub-
d), it is apparent that both the short-lived cs124 and longiracted average spectra were used to calcuPatéEq. 1,
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2000 — 1.0 derived from independent data sets were reproducible. Ro-
a . ] tating the excitation polarizer from horizontal to verticg}, (
= 1500 . 1 os curves versu$, curves in Fig. 6b andc) or the crystal
3 8 é & 1 - (data not shown) by 90° led to an inversion of the observed
8 AR %] ] % polarization patterns. This implies that the correction factors
g 1000 g 1% G,, andG, were determined correctly and that there was no
£ t A 5 f% ] § residual bias in the instrumentation.
§ 500 E -0.5 The most general conclusion from the polarization data is
= \‘ ] that europium is indeed polarized, at least in a crystal. It has
0 A N i A 110 often been assumed that lanthanide emission is unpolarized
350 500 550 700 because of the high-spin to high-spin origin of the emission
2500 : 1.0 and the spherical symmetry of the isolated atom. In fact, the
b 8 : observed polarization spectra are consistent with an emis-
"5 2000 : 0.5 sion arising from electric (or magnetic) dipole transitions, as
% g B ) f\,.w - has been previously shown in europium chelates in thin
g 1300 %‘iﬁ‘&_ R 0.0 § films (Drexhage, 1970). Such transitions, denoted as forced
2 1000 * 'y 05 8 dipole transitions, are allowed, despite the parity-forbidden
g . / g nature of the transitions (4f 4f electronic transitions)
3 500 \ ‘. 10 because of a small admixture of odd-parity (5d) states. Each
Jk /’\ \. Stark sublevel of &D,— ‘F, group will have different
0 o 15 polarization depending on the particutayvalue, the extent
570 580 590 600 610 of degeneracy of different; values, their relative contri-
1000 1o butions to the luminescence, and whether the transition is a
¢ ] magnetic or an electric dipole.
~ 00 1 0s Specifically, the’D, — "F, must havem, = 0, and hence
;; ] its polarization is oriented along the symmetry-breaking
8 600 00 S direction of the crystal field. For theD, — ’F, transitions
§ § at 590-95 nm, polarization measurements help resolve the
§ 400 -0.5 % doublet seen in intensity measurements (Figc)4nto a
g ] 5 triplet (Fig. 6b). The®D, — ’F, transitions are believed to
= 200 1-10 arise from magnetic dipole transitions (Bunzli, 1989; Drex-
] hage, 1970), which would yield three emission lines with
0 i -1s polarization perpendicular to that of the electric dipole
670 680 690 700 710

transition spanning the same energy level. We cannot as yet
assignm; values to each line in the triplet; thus, it is not

. . . . 7
FIGURE 6 Polarization properties of europium chelate crystals. Polarpossmle_ to qeduce the rEIatIV7e O”entat_lon _Of Et@% - Fl_
ized spectra from a Eu-DTPA-cs124 crystal were collected using contininagnetic dipole to théD, — 'F, electric dipole(s). It is
uous illumination as described in the legend to Fig. 4. A polarizer wasalso conceivable that some of the lines are of mixed electric/
inserted into the excitation pa_th t_)efor.e the bandpass filter, and the ana'YZ‘?ﬁagnetiC dipole nature.
wgs placed betvyeeq the emission fllt_er .and the tube lens. Spectra taken The main5DO N 7F2 group was well resolved into three
with a 50-um slit width and 1X 2 binning on the CCD for all four .. L. . .
combinations of polarizer/analyzer positions) 800 grooves/mm grating, distinct polarization levels (Fig. @) corre.spo.ndlng to a
630-nm center wavelengthb)( 1200 grooves/mm grating, 590-nm center pentagonal crystal symmetry. The polarization was large
wavelength; ¢) 1200 grooves/mm grating, 690-nm center wavelength.  (parallel to the direction of theD, — 'F, transition), even
(O) andP, (M) were calculated according to Egs. 1 and 2 in Materials andthough themJ values are partiaIIy overlapped (see also the

Methods. Polarization values are plotted only for wavelength regions with, . . .
intensities significantly above background. The spectral dependence of thtéN0 peaks in Fig. 4C)' Consequently’ for this group, the

correction factorss, andG, was determined according to Eq. 3 from a 0.1 contribution to luminescence must have been primarily
mM solution of the same chelate. For reference, the luminescence spectrufitom them; = 0 transition.

is presented in each panel (—). The°D, — 'F, transition (680—708 nm) had five princi-

pal lines, which were distinguishable by polarization (Fig. 6

¢). Because the maximal number of lines is nine, each of the
empty circles) andP, (Eq. 2, closed squares), which have five lines must have comprised more than angvalue.
been plotted only at wavelengths corresponding to luminesHowever, the width of each of the five lines was wider than
cence significantly above background levels. Fyeurves  the spectral resolution of the instrument, and hence the
are more scattered as, owing to the excitation polarizatiowlegeneracy of the differemn, values in each line was not
perpendicular to the crystal axis, the emission intensitiesomplete. Such degeneracy, even if not complete, would
were weaker than in the caseRyf. The polarization spectra tend to reduce the polarization of each principal line.

Wavelength (nm)
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The fact that europium emission is polarized has potenin our microscope exploits these features extremely well.
tially practical ramifications. If the europium can be fixed For example, it should be possible to acquire images of
rigidly to a macromolecule, then polarization anisotropysensitized acceptor emission, excluding direct acceptor
measurements on a time scale much longer than nanosecoarhission by temporal gating and donor emission by spectral
fluorescence depolarization may be possible. These resultmting. One could also calculate LRET from the change in
also imply that one should not automatically assume thathe acceptor emission spectrum and polarization in the
europium acts as an unpolarized donor in resonance energyesence of the donor (Clegg, 1996). The acquisition of
transfer, particularly when using tRB,—'F, emission lines  spectrally resolved polarization data can also be of great
to transfer to an acceptor. On the other hand, if one uses thaility for the evaluation of the orientation facte”.
°Dy-"F, lines, the net polarization will be smaller, depend-
ing on the symmetry of the ligand field around the lan-

thanide. In addition, it is anticipated that in solution the G. Vereb was the recipient of a postdoctoral fellowship from the Alexander

o : : von Humboldt Foundation and supported by Hungarian National Research
emission from all lines would be depolarized. Fund grants OTKA F013335 and F025210. P.R. Selvin was supported by
National Institutes of Health grant AR44420.
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