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Interaction of PSD-95 with potassium channels
visualized by fluorescence lifetime-based resonance
energy transfer imaging
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Thomas Zimmer study demonstrates how protein—protein interactions can be visual-
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1 Introduction a fluorophore can be exploited to obtain additional informa-

Membrane-associated guanylate kina®88GUKs) organize tion on its immediate molecular environment. Relaxation of a

macromolecular protein complexes at specialized membrane]cluorOIOhore from Its excited state fo the ground state can be
domainst~ In addition to providing a scaffold by offering accelerated by various processes. In the presence of an appro-

multiple domains for protein—protein interactions, they can priate acceptor, the relgxation from the excited state can be
also function in subcellular targeting of their binding partners. accelerated by a physical process termed resonance energy

X : transfer(RET).
i\lelilror;ial M'tAhGUES of .thelpo?tsdy'napnc d(sns!ity-e?SD-QSt d For RET to occur, the emission spectrum of a donor fluo-
amiy ag/_e; us been implicated in Synaplic development an rophore needs to overlap with the absorption spectrum of the
plasticity>™" To date, most studies on MAGUK protein—

o . . . L acceptor fluorophore. In addition, both fluorophores have to
protein interactions have used biochemical binding assays thatbe in very close spatial proximity since the efficiency of RET
provide only a static insight, a “snapshot,” of the cellular

. c . T depends on the inverse sixth power of the distance between
events; i.e., biochemical binding assays do not allow one to yonor and acceptdri® RET efficiency can thus provide in-
follow protein—protein interactions in living cells. Improved  ¢ormation on inter- or intramolecular distances in the range of
understanding of MAGUK actions, however, will require Vi- 5 few nanometers:'2 When RET occurs, both the intensity
sualization of protein—protein interactions in living cells with  5nq Jifetime of the donor fluorescence decrease, while the
both spatial and temporal resolution. intensity of the acceptor emission increases. This offers two
Fluorescence microscopy employing fluorescent proteins is different approaches for determining RET efficiency: one de-
ideally suited for studying the subcellular localization of pro- tects changes in the intensity of donor and acceptor emissions,
teins in living cells. Moreover, the photophysical properties of the other one measures changes in the fluorescence lifetime of
the donor molecule. For technical reasons, most methods es-
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and acceptor emission. They bear the disadvantage, however2.3 Coimmunoprecipitation and Western Blot
that one needs to correct for crosstalk between donor andAnalysis

acceptor emission channels and to correlate donor and accepyy,q days after transfection, HEK293 cells were lysed in

tor concentration$!* In contrast, determining RET effi-
ciency by changes in the donor lifetime can dispense with

such mathematical corrections, if measurements of the donor

fluorescence decay are restricted to the part of the donor emis

sion spectrum that is devoid of acceptor fluorescence.
In this study, we demonstrate how the time-correlated
single-photon countingTCPSQ technique can be used in

conjunction with a laser scanning microscope and a pulsed
excitation source to record donor fluorescence lifetimes as a

reliable measure of RET efficiency between interacting pro-

teins. The technique is based on a three-dimensional histo-
gramming process that records photon density over the time

TEEN-T (50 mM Tris pH 7.6, 1 mM EDTA, 1 mM EGTA,
150 mM NacCl, 1% Triton X-100, Complete protease inhibitor
cocktail, Roche for 30 min on ice. Nuclei and cell debris

‘were pelleted by low-speed centrifugation at 50fbr 5 min

at 4°C. Green fluorescent proteiGFP-fused Kir2.1 was
precipitated with a monoclonal mouse anti-GFP antiserum
(Molecular Probes followed by incubation with Protein A
sepharose bead®harmaciato capture the antibody protein
complexes. After washing with TEEN-T, the precipitates were
separated by reducing sodium dodecylsulfate-polyacrylamide
gel electrophoresi¢SDS-PAGE on a 10% polyacrylamide
gel, transferred onto PVDF membranes and incubated with a

and the spatial coordinates of the scanning area. The histo-,quse monoclonal anti-GEP antibodyL:5000: Clontech

gramming process avoids any time gating or wavelength scan-

ning and hence can yield a near-perfect counting efficiency.

Laboratories and a monoclonal anti-PSD-95 antibody
(1:2000; Affinity BioReagenjs Following incubation with

We employed this technique to characterize and quantify the ,,se radish peroxidagelRP)-conjugated anti-mouse immu-

interaction between the neuronal MAGUK protein PSD-95
and the inward rectifier potassium channel Kir2.1 in living
cells.

2 Materials and Methods
2.1

N-terminal fusion constructs of Kir2.1 with enhanced green
fluorescent proteifEGFP or its spectral variants enhanced
cyan and yellow fluorescent protefe CFP, EYFP, were de-
signed by inserting mKir2.1 cDNA in-frame into the respec-
tive EXFP-C1 eukaryotic expression plasni@liontech Labo-
ratorieg. Likewise, C-terminal fusion constructs of PSD-95
with fluorescent proteins were designed by inserting the
rPSD-95 cDNA into the respective ExXFP-N1 expression plas-

Recombinant DNA Procedures

mid. Channel mutants were constructed by polymerase chain

reaction(PCR with oligonucleotides carrying the desired mu-
tations. For the YFP—CFP hybrid protein, EYFP and ECFP

noglobulin G(IgG) (1:2500; Santa Cruz Biotechnologiet-
beled proteins were detected using ECL-plus reag&mter-
sham.

2.4 Confocal Laser Scanning Microscopy

Confocal imaging was performed with a Zeiss laser scanning
microscope(LSM 510, Carl Zeiss, Gitingen, Germanyus-

ing a Zeiss C-Apochromat 63 (NA 1.20) water immersion
objective. Cyan fluorescent protei@FP and yellow fluores-
cent protein(YFP) were excited with the 458- and 514-nm
lines of anAr ™ laser, respectively. Fluorescence was recorded
with a 470 to 500-nm bandpa&SFP and a 530-nm longpass
filter (YFP).

3 Results and Discussion

3.1 PSD-95 Interacts with Kir2.1 in a PDZ-Mediated
Fashion

sequences were fused by recombinant PCR and subcloned/pon heterologous expression in epithelial cells, GFP-fused

into the mammalian expression vector pcDNABvitrogen
to vyield expression of the following protein:
EYFR1.239-GSGSGSGDEVDGGSGSGV-ECRPy39 . All
PCR-derived constructs were verified by sequencing.

2.2 Cell Culture and Transfection

Human embryonic kidney 298HEK293) and opossum kid-
ney (OK) cells (American Type Culture Collectionwere
grown in Dulbecco’s modified Eagle’s mediu@MEM) and
DMEM-F12 (Invitrogen, respectively, supplemented with
10% fetal calf serum and 1% penicillin/streptomy¢invitro-

gen at 37°C and 5%C0O,. At ~80% confluence, the cells
were transfected with the respective cDNAs using a conven-
tional calcium phosphate precipitation technique for HEK293
and Effectene reageriQiagen for OK cells. For confocal
imaging and lifetime measurements, the coverslips were

wild type Kir2.1 (GFP-Kir2.) was homogeneously distrib-
uted within the plasma membrane and the Golgi complex
[Fig. 1(A) a].1® Coexpression of PSD-95 directed the channel
into clusters in which both proteins colocaliz€Big. 1(A)
b,c]. Cluster formation was prevented when PSD-95 was co-
expressed with Kir2.1 lacking the last three C-terminal amino
acids -S-E-I (GFP—Kir2.1-A426-428, which match the
consensus binding sequenc® T-X-1/V/L specifically rec-
ognized by class | PDZ domaif%’” Biochemical experi-
ments confirmed these findings as PSD-95 coimmunoprecipi-
tated with GFP—Kir2.1, but not with GFP—Kir2.A426-428
[Fig. 1B)]. These results are in good agreement with experi-
ments by Nehring and co-workers showing coprecipitation of
myc-tagged Kir2.1 and PSD-98 A schematic drawing illus-
trating the PDZ-mediated interaction between Kir2.1 and
PSD-95 is shown in Fig.(T).

transferred to a microscope chamber superfused with buffered3-2 ~ Exper imental Setup for Spatially Resolved

saline solution containingn mmol I"%): Na 145, K 5, ethyl-
ene glycol-big2-aminoethylethgfrN,N,N’,N’-tetraacetic
acid (EGTA) 1,N-(2-hydroxyethylpiperazineN’-(2-

ethanesulfonic acjd(HEPES 5, pH 7.4.
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Fluorescence Lifetime Measurements

Coimmunoprecipitation experiments neither allow one to
study protein—protein interactions within specific subcellular
domains nor can they trace the time course of protein—protein
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Fig. 1 PSD-95 clusters the potassium inward rectifier Kir2.1 in a PDZ-
mediated fashion. (A) Representative images of OK cells expressing (a)
either GFP—Kir2.1 (b) PSD-95 alone or (c) and (d) coexpressing both
proteins. Fluorescence images recorded in the GFP channel are dis-
played on the left side (a), (c), (e). PSD-95 expression was detected by
immunocytochemistry and visualized by a Cy3-conjugated secondary
antiserum (b), (d), (f). Note that coexpression induces cluster forma-
tion in which both proteins colocalize [arrows in (c) and (d)]. Deletion
of the PDZ ligand domain of Kir2.1 (Kir2.1-ASEl) prevents cluster
formation (e) and (f). (B) PSD-95 coimmunoprecipitates with wild type
(wt) GFP—Kir2.1 but not with GFP—Kir2.1-ASEl. L; load (10% of total
input); IP; immunoprecipitate. (C) Schematic drawing of the Kir2.1-
PSD-95 protein—protein interaction. PSD-95 comprises three
N-terminal PDZ domains, an SH3, and a C-terminal GK domain,
which all serve as protein interaction modules. PDZ-1 and PDZ-2 are
class | PDZ domains that preferentially bind to the consensus se-
quence of -5/T-X-1/V/L harbored by the Kir2.1 channel C-terminus.
The tandem arrangement of PDZ-1 and PDZ-2 has been proposed to
favor interactions with multimeric membrane proteins such as ion
channels and receptors,'” but the exact stoichiometry of PSD-95 in-
teractions is still unknown. PSD-95 is associated with cellular mem-
branes via palmitoylation of two N-terminal cysteine residues.

interactions in single living cells. Conclusions about the na-
ture of such interactions can only be drawn from large popu-
lations of cells. A fluorescence lifetime imaging approach that
permits visualization of the extent of RET between interacting
proteins can overcome these limitations.

PSD-95 and Kir2.1 were labeled with the cyan- and
yellow-shifted variants of the green fluorescent protein. Be-
cause N-terminal palmitoylation of PSD-95 is a prerequisite
for proper subcellular targeting and cluster formafidf;?
CFP was fused to the C-terminal of PSD-@SD-95-CFPR
In turn, YFP was fused to the N-terminal of Kir2.1 in order to
preserve the PDZ interaction site at the C-termi(éFP—
Kir2.1). The expression pattern of these fusion proteins did
not vary from that of the native proteins as determined by
immunocytochemistry. Cluster formation was independent of
the expression system we usgdK, Chinese hamster ovary
cells (CHO), Hek293 cells; see Fig.(A) and Fig. 4A)].

Interaction of PSD-95 with potassium . . .
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Fig. 2 Experimental setup. Femtosecond laser pulses were generated
with a Ti:Sa laser that was pumped by a 5-W frequency-doubled
neodymium-doped yttrium vanadate (Nd:YVO,) laser. The frequency
of the laser beam was doubled in a crystal (SHG unit). The focused
beam was directed to the scan head of the laser-scanning microscope.
Fluorescence light originating from the sample was guided through an
optical glass fiber to a MCP-PMT for time-correlated single-photon
counting. A bandpass filter in front of the MCP-PMT restricted the
recorded fluorescence to the wavelength range of 465 to 495 nm. The
MCP-PMT was connected to a TCSPC computer module (SPC730,
Becker & Hickl), which was used to build up a three-dimensional
histogram of photon density over spatial (x,y) and temporal (t) coordi-
nates. The actual position of the scanning beam was calculated from
the FrameSync, LineSync, and PixelClock signals of the laser scanning
microscope. The time measurement unit of the TCSPC imaging mod-
ule is operated in the “reversed start-stop” configuration. For each
photon, it determines the detection time (f) with respect to the next
laser pulse. The temporal resolution of this setup was better than 30

ps.

wavelength was tuned to 860 nm and frequency doubled to
430 nm by gB-barium boratéBBO) crystal. At this excitation
wavelength, almost no YFP fluorescence was excited. In order
to minimize photobleaching and photoconversion of CFP, the
average excitation power was adjusted to less thanu\25
Consistent results were achieved only under these conditions.
The attenuated laser beam was directed to the scan head of the
laser scanning microscop&eiss LSM 510, Carl Zeiss
GmbH, Gdtingen, Germany Fluorescence light originating
from the sample was focused on one of the pinholes of the
laser scanning microscope, coupled into an optical glass fiber
and guided to a multichannel plate photomultiplier tube
(MCP-PMT) (3809U, Hamamatsu Photonics Deutschland
GmbH, Herrsching, Germanyfor time-correlated single-
photon counting. A bandpass filtéKF3075 Omega optical

in front of the photomultiplier restricted the fluorescence light
to be analyzed to a wavelength range of 465 to 495 nm and
filtered out scattered excitation light and YFP fluorescence
effectively. The MCP-PMT was connected to a TCSPC com-
puter module(SPC730, Becker & Hickl GmbH, Berlin, Ger-
many), which was used to build up a three-dimensional his-
togram of photon density over spatia,y) and temporalt)
coordinates. The actual position of the scanning beam was
calculated from the FrameSync, LineSync, and PixelSync sig-
nals of the laser scanning microscope. The temporal resolu-
tion of this setup was better than 30 ({E3VHM). TCSPC data
were analyzed with a commercial software packégeClim-

The setup used for the lifetime measurements is depictedage V2.4, Becker & HicKlthat uses the iterative reconvolu-

in Fig. 2. In all experiments, a mode-locked titanium:sapphire
(Ti:Sa) laser(Mira 900, Coherent GmbH, Dieburg, Germany

tion method to recover the fluorescence lifetime from fluores-
cence decay profiles obtained for each pixel. A modified

was used for excitation of the CFP chromphore. The emission Levenberg-Marquardt algorithm was used to approximate the
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best parameters of a given decay. The quality of a fit was
judged by the value of a reduced. A model was rejected
when x? exceeded a value of 1.5. In case of a multiexponen-
tial decay, average lifetimes were calculated from the param-
eters of the fitting procedure, the lifetime componentand

the amplitude\; according tc?

™Tm= 2A| Ti/ZAi .

3.3 RET between CFP and YFP Fluorophores

Assuming that donor and acceptor molecules are separated by

a fixed distancdr), the rate of energy transféky) is given
by the following equations:

kp=(L/mp) X (Ro/1)*, 1)

where 7 is the lifetime of the donor in the absence of an
acceptor® R, is the Faster distance, at which the energy
transfer efficiencyE) is 50%. The efficiency of energy trans-

B "IETRET |
e L]

Fig. 3 Fluorescence lifetime imaging of cells expressing CFP and CFP
fusion constructs. (A) Hek293 cell expressing CFP cytosolically. (a)
Transmission image. Scale bar: 10 um. (b) Fluorescence image re-
corded in the CFP channel. (c) Fluorescence lifetime image. Average
fluorescence lifetimes are encoded by color as specified in (e) JBO
online version only). In this case, the variation of the fluorescence
lifetime within the cell is small. (d) Representative fluorescence decay

fer is defined as the fraction of photons absorbed by the donorrecorded in one pixel located in the center of the cell. The fluores-

that are transferred to the acceptor. It is given by the ratio of
the transfer rate to the total decay rate of the donor:

Esz/(llTD+kT) (2)

The rate of energy transfdk;) can be determined experi-
mentally by comparing the lifetime of the donor in the pres-
ence of an acceptdrrp,) with that of the donor in the ab-
sence of an accept@rp)

kr=(1l/tpa) —(Up). ©)
Equations(2) and (3) can be rearranged to yield
E=1—(mpal/7p). (4)

Thus in order to determine RET efficiency by lifetime mea-
surements, it is only necessary to meastgg and rp . Since

cence decay could be approximated by a monoexponential function.
(e) Subcellular distribution of fluorescence lifetimes. (B) Hek293 cell
expressing PSD-95-CFP. As for cytosolically expressed CFP, the fluo-
rescence lifetime image does not show any heterogeneities. The mean
fluorescence lifetime is indistinguishable from that of CFP. Scale bar:
10 um. (C) Hek293 cell expressing a YFP—CFP hybrid protein, in
which CFP and YFP are closely linked by a short peptide. The fluo-
rescence lifetime of CFP decreased considerably owing to RET be-
tween the CFP and YFP moiety. Scale bar: 10 um.

(BFP), that RET occurs between both subuAftas shown in
Fig. 3(C), the fluorescence lifetime of CFP decreased signifi-
cantly in cells expressing the YFP—CFP hybrid construct. The
average donor lifetime was=1.63+0.07 ns(n=13), indi-
cating RET between the two fluorophores.

3.4 RET between PSD-95-CFP and YFP-Kir2.1

lifetime measurements are independent of fluorescence inten+igure 4A) shows confocal micrographs of an Hek293 cell
sity and the actual number of fluorophores present, RET and coexpressing PSD-95-CFP and YFP—Kir2.1. As resolved by

control measurements can be carried out in different cells.
This is one important advantage of lifetime-based RET mea-
surements.

Figure 3 shows representative examples of control mea-
surements in which we determined the fluorescence lifetime
of CFP in cells expressing either CFP aldirég. 3(A)] and
PSD-95—-CFRFig. 3B)], or a hybrid protein, in which CFP
and YFP are closely linked by a short peptideg. 3(C)]. In

the intensity profile along a representative cross-section
through the cell, the two fluorescence patterns of CFP and
YFP are colocalized in clustered regions, but not in the cyto-
plasm Fig. 4A)d. In order to show that PSD-95—-CFP and
YFP—Kir2.1 not only colocalize but also interact in clustered
regions, we tested whether RET occurs between their CFP and
YFP fluorescence tags.

When PSD-95-CFP was coexpressed with YFP—Kir2.1,

cells expressing CFP or PSD-95—CFP, the fluorescence decayhe decay kinetics of CFP fluorescence could not be approxi-

could be approximated by a monoexponential function, yield-
ing a fluorescence lifetime ofr=2.45-0.05ns (mean
+S.D.n=19), and 7=2.55+0.13 ns(n=30), respectively.
Thus fusion of PSD-95 did not significantly change the fluo-
rescence lifetime of CFP. There was only negligible variation
of the fluorescence lifetime within a cell, as illustrated in the
color coded fluorescence lifetime imagpanel c in Fig.
3(A)-3(C)] and the lifetime distribution pldtpanel e in Fig.
3A)-(O)].

In order to assess RET efficiency between closely neigh-
boring CFP and YFP, we constructed a YFP—CFP hybrid pro-
tein in which both fluorophores were linked by a short se-
quence of 18 amino acids. Xu et al. demonstrated for an
analogous protein, consisting of GFP and its blue variant
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mated in all regions of the cell by a monoexponential func-
tion. In these cases, only a biexponential fit yielded satisfying
x? values. The lifetime image of the cell shown in FigA4
exhibits an inhomogeneous distribution of fluorescence decay
constantgFig. 4B) a]. Clustered regions displayed short av-
erage fluorescent lifetimes of CKfed coloy, whereas longer
lifetimes were found in the cytoplastblue coloy.

These data demonstrate that PSD-95—CFP fluorescence
was quenched by RET predominantly in clusters of PSD-95—
CFP and YFP-Kir2.1, which thus resemble the sites of their
physical interaction. Outside the clusters, PSD-95-CFP was
far less quenched, indicating that only a few PSD-95-CFP
molecules interacted with YFP—Kir2.1. Consequently, the dis-
tribution of the mean CFP fluorescence lifetimes over the en-



Fig. 4 RET between PSD-95-CFP and YFP—Kir2.1. (A) Confocal im-
ages of an Hek293 cell coexpressing PSD-95-CFP and YFP—Kir2.1. (a)
Fluorescence image recorded in the CFP channel. Scale bar: 10 um.
(b) Fluorescence image recorded in the YFP channel. (c) Overlay of (a)
and (b). (d) Fluorescence intensity profile along the red line shown in
(c). PSD-95-CFP and YFP—Kir2.1 are colocalized in clustered regions,
but not in the cytoplasm. (B) Fluorescence lifetime images. Fluores-
cence lifetimes are encoded by color as specified in the respective
panels of (C) (JBO online version only). (a) Fluorescence lifetime im-
age of the average fluorescence lifetime. Fluorescence lifetimes are
shortest in clusters of PSD-95-CFP and YFP—Kir2.1. (b) Fluorescence
lifetime image of the fast lifetime component (7). 7; is constant
throughout the cell. It can be regarded as a property of interacting
PSD-95-CFP and YFP—Kir2.1 clusters. (c) Fluorescence lifetime image
and distribution of the slow lifetime component (7). Also 7 is con-
stant throughout the cell. It can be regarded as a property of unbound
PSD-95-CFP molecules. (d) Distribution of the relative amplitude (A))
of the fast lifetime component. A; is highest in clusters, indicating a
high fraction of interacting PSD-95-CFP molecules. In contrast to this,
Ay is low in cytosolic regions, indicating a high fraction of unbound
PSD-95-CFP molecules. (C) Distribution of average fluorescence life-
times (a), individual fluorescence lifetime components (b) and (c) and
the relative amplitude of the fast lifetime component (d) throughout
the cell.

Interaction of PSD-95 with potassium . . .
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Fig. 5 CFP fluorescence lifetime recovers to control values after pho-
todestruction of the acceptor fluorophore. (A) Confocal and fluores-
cence lifetime images of an Hek293 cell coexpressing PSD-95-CFP
and YFP—Kir2.1 (a)-(d) before and (e)-(h) after photobleaching of the
YFP moiety with the Ar 514-nm line. (f) After photobleaching, virtually
no fluorescence is visible in the YFP channel. (g) and (h) CFP lifetimes
rose back almost to control values. Scale bar: 10 um. (B) Confocal
and fluorescence lifetime images of an Hek293 cell coexpressing
PSD-95-CFP and channel mutant YFP—Kir2.1-ASEIl lacking the PDZ
ligand motif (a)—(d) before and (e)—(h) after photobleaching. The donor
decay could be approximated again by a monoexponential function.
The average fluorescence lifetime [(c) and (d)] does not differ signifi-
cantly from fluorescence lifetimes found in cells expressing CFP or
PSD-95-CFP. (f) After photobleaching, virtually no fluorescence is vis-
ible in the YFP channel. (g) and (h) CFP lifetimes are slightly acceler-
ated, suggesting that irradiation with the Ar 514-nm line has led to the
formation of CFP photoisomers with a shorter lifetime. Scale bar: 10

pm.

tire cell exhibited two peakfFig. 4C) a]. A detailed analysis ~ whole cell A; varied from 20 to 60%Fig. 4C) d]. Figure

of the clustered regions yielded an average CFP fluorescencel(B) d shows the subcellular distribution of the relative am-
lifetime of 7,,=1.70+=0.20 ns(n=>57 clusters in 16 cells plitude of 7y (Af). As expectedA; was greatedtred coloy in
This value is significantly shorter than the average lifetime clustered regions, indicating a large fracti@p to 60% of
observed in cells expressing PSD-95-CFP only and is in theinteracting PSD-95 molecule8; was smallestblue colo) in
same range as the average lifetime determined in cells ex-cytosolic regions(20%), indicating a large fraction of un-
pressing the YFP—CFP hybrid construct. bound molecules.

The fast and the slow fluorescence lifetime components In order to verify that indeed RET and not any other
determined by the biexponential fit werg=0.88+0.24 ns quenching process caused the decrease in CFP fluorescence
and 7,=2.51* 0.20 ns,respectively. The slow lifetime com- lifetimes in clustered regions, we bleached the acceptor fluo-
ponent was close to the lifetimes measured for CFP and PSD-rophore with the Ar 514-nm line. As expected, CFP lifetimes
95—CFP. It can thus be attributed to unquenched, noninteract-rose back to control valuds-ig. 5(A) g—h|. For a negative
ing PSD-95-CFP molecules, which are not subject to RET. In control, we coexpressed PSD-95—-CFP with the channel mu-
contrast to this, interacting PSD-95—CFP molecules, which tant YFP—Kir2.1-ASEI lacking the PDZ ligand motifFig.
were effectively quenched by RET, gave rise to the additional 5(b)]. In these cells, the donor decay could be approximated
fast lifetime componen{r;). Thus the respective lifetimes by a monoexponential function. The calculated mean fluores-
can be regarded as a characteristic property of bound andcence lifetime constant was=2.44+0.15ns (n=32),
unbound molecules. Whereas their absolute values are conwhich does not differ significantly from fluorescence lifetimes
stant throughout the cel[§ig. 4(B) b,c|, their relative ampli- observed in cells expressing CFP or PSD-95-CFP. A sum-
tudesA; and A provide a rough estimate for the fraction of mary of the average fluorescence lifetimes of CFP in the re-
interacting versus noninteracting molecules. Throughout the spective experimental groups is shown in Fig. 6.
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Fig. 6 Statistics of measured fluorescence lifetimes. Bar graph of the
average fluorescence lifetime (7,,) of CFP in the absence and in the
presence of acceptor molecules. Lifetimes are given as mean *S.D.
The number of measurements is indicated in parentheses. The fluo-
rescence decay of CFP or PSD-95-CFP decay could be approximated
by a monoexponential function, yielding a fluorescence lifetime of =
=2.45%+0.05 ns and 7=2.55*0.13 ns, respectively. Thus, fusion of
PSD-95 did not significantly change the fluorescence lifetime of CFP.
In the YFP-CFP hybrid protein, in which both fluorophores are linked
by a short sequence of 18 amino acids, the fluorescence lifetime of
CFP decreased significantly (7,,=1.63%=0.07 ns) owing to RET. Aver-
age fluorescence lifetimes in clusters of PSD-95-CFP and YFP—Kir2.1
are in the same range (7,=1.70%£0.20 ns). The fast and the slow
fluorescence lifetime components determined by the biexponential fit
were 7,/=0.88%£0.24 ns and 7,=2.51%£0.20 ns, respectively. Thus,
owing to the interaction between PSD and Kir2.1, both fluorescence
tags are brought into close vicinity, giving rise to RET. RET could not
be observed upon coexpression of PSD-95-CFP with the channel mu-
tant YFP—Kir2.1-ASEl lacking the PDZ ligand motif. In these cells, the
donor decay could be approximated by a monoexponential function,
yielding a mean fluorescence lifetime constant of 7=2.44%0.15 ns,
which did not differ significantly from fluorescence lifetimes observed
in cells expressing CFP or PSD-95-CFP.

4 Conclusions and Perspectives

in fluorescence lifetime was mediated by RET and not any
other quenching process, because it could be reversed by pho-
todestruction of the acceptor fluorophore. There was no
change in donor fluorescence lifetime upon coexpression of
PSD-95—-CFP and the noninteracting channel mutant YFP—
Kir2.1-ASEl, indicating that only a specific interaction, not
an accidental colocalization, is sufficient for RET to occur.
Since donor fluorescence decayed biexponentially in cells co-
expressing PSD-95—-CFP and YFP—Kir2.1, our RET results
allowed us to distinguish between two subpopulations of
PSD-95-CFP molecules: an interacting population that is
quenched by RET, giving rise to a fast component in the CFP
fluorescence decay and a noninteracting fraction that is unaf-
fected by RET, producing the same fluorescence lifetime as
CFP expressed alone.

Whereas the absolute value of the fast decay component
provides information about the spatial proximity between the
fluorophores involved in RET, its relative amplitude roughly
estimates the amount of interacting molecules. From the fast
component of the donor fluorescence lifetime of 0.88 ns, a
RET efficiency of 67% can be calculated. This would corre-
spond to a distance of 4.5 nm between donor and acceptor
moieties, assuming a Fster radius of 4.9 nm for CFP and
YFP and random orientation between the two fluorophétes.
Thus clustering of YFP—Kir2.1 by PSD-95-CFP must bring
the two fluorophores into close proximity.

So far, the molecular mechanisms and the stoichiometry by
which PSD-95 clusters potassium channels are not known.
Initial hypotheses relying on the multivalent properties of
PSD-95 and the channel subunits have been questioned. Re-
cent data show that the ability of PSD-95 to cluster Kv1.4
channels does not depend on its ability to form multimers at
all, but only requires N-terminal palmitoylation and a tet-
rameric channel structufé.In light of these results, our data
are in good agreement with the hypothesis that an intramo-
lecular interaction of the SH3 and GK domains of PSD-95
backfolds the PSD-95 molecule, thereby approximating its
own C-terminus and the N-terminus of the PDZ-interacting
channel subunit! =28

Since the present technique allows quantification of
protein—protein interactions with both high spatial and high
temporal resolution, future application will focus on interac-
tion dynamics. Of particular interest would be a detailed
analysis of regulated PDZ interactions, which have been im-

This study demonstrates how time domain-based fluorescenceplicated in synaptic development or plasticity?

lifetime imaging techniques can be used to visualize and
quantify the extent of RET between interacting proteins in
living cells. The technique takes advantage of the high tem-
poral resolution of an MCP-PMT and the high spatial resolu-
tion of a confocal laser scanning microscope. The use of fluo-
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rescent proteins as donor and acceptor moieties allows us toassistance.

apply this technique in living cells.

Here we employed this technique to describe the PDZ-
mediated interaction between a neuronal MAGUK protein
and a potassium channel. Heterologous coexpression of
PSD-95 clusters the potassium inward rectifier channel
Kir2.1. Our fluorescence lifetime measurements show that
within these clusters both proteins not only colocalize but also
interact with each other. We conclude this from the significant
decrease in donor fluorescence lifetime, with values in the
range found for CFP covalently linked to YFP. This decrease
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