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Summary
The vanilloid receptor-related TRP channels (TRPV1-6)
mediate thermosensation, pain perception and epithelial
Ca2+ entry. As the specificity of TRPV channel
heteromerization and determinants governing the
assembly of TRPV subunits were largely elusive, we
investigated the TRPV homo- and heteromultimerization.
To analyze the assembly of TRPV subunits in living cells,
we generated fluorescent fusion proteins or FLAG-tagged
TRPV channel subunits. The interaction between TRPV
subunits was assessed by analysis of the subcellular
colocalization, fluorescence resonance energy transfer and
coimmunoprecipitation. Our results demonstrate that
TRPV channel subunits do not combine arbitrarily. With
the exception of TRPV5 and TRPV6, TRPV channel
subunits preferentially assemble into homomeric
complexes. Truncation of TRPV1, expression of cytosolic

termini of TRPV1 or TRPV4 and construction of chimeric
TRPV channel subunits revealed that the specificity and
the affinity of the subunit interaction is synergistically
provided by interaction modules located in the
transmembrane domains and in the cytosolic termini. The
relative contribution of intramolecularly linked interaction
modules presumably controls the overall affinity and the
specificity of TRPV channel assembly.

Introduction
Transient receptor potential (TRP) channels are members of
the superfamily of hexahelical cation channels. Like voltagegated K+ channels (Roosild et al., 2004), inwardly rectifying
K+ channels (Bichet et al., 2003), cyclic nucleotide-gated
(CNG) channels (Kaupp and Seifert, 2002) or
hyperpolarization-activated and cyclic nucleotide-regulated
(HCN) channels (Zagotta et al., 2003; Robinson and
Siegelbaum, 2003), TRP channel subunits presumably
assemble into homo- or heterotetrameric channel complexes.
The subunit composition may influence the biophysical and
regulatory properties of the resulting channel complex. Heterooligomeric TRP channel complexes were first demonstrated
between the eye-specific TRP channel subunits TRP and TRPlike (TRPL) in Drosophila melanogaster and result in cation
currents with unique permeation properties and low
constitutive activity (Xu et al., 1997). Additionally, TRPL may
also assemble with TRPγ to form a phospholipase C-stimulated
channel (Xu et al., 2000). In mammals, various heteromeric
TRPC channel complexes can be formed including heteromers
of TRPC1, TRPC4 and TRPC5 (Goel et al., 2002; Hofmann et
al., 2002; Strübing et al., 2001) or of TRPC3, TRPC6 and
TRPC7 (Hofmann et al., 2002; Goel et al., 2002). An assembly
of TRPC1 and TRPC3 has been demonstrated (Xu et al., 1997),
but could not be confirmed in other studies (Hofmann et al.,
2002; Goel et al., 2002).
The vanilloid receptor TRPV1 was the founding member of

the TRPV channel family (Caterina et al., 1997), which
consists of six mammalian members TRPV1-TRPV6
(Gunthorpe et al., 2002; Peng et al., 2001). Homo-oligomeric
TRPV1-TRPV4 channels form poorly selective cation
channels that are sensitive to heat (Caterina et al., 1997;
Caterina et al., 1999; Smith et al., 2002; Watanabe et al.,
2002b) and are additionally regulated by protons (TRPV1) and
various lipid mediators including the TRPV1-activating chilli
pepper constituent capsaicin (Caterina et al., 1997) or TRPV4activating 4α-phorbol esters (Watanabe et al., 2002a).
Recently, the stimulation of TRPV4 by hypotonic extracellular
solutions (Strotmann et al., 2000) has been shown to be
mediated by formation of arachidonic acid and its metabolites
including
the
TRPV4-activating
messenger
5′,6′epoxyeicosatrienoic acid (Vriens et al., 2004). TRPV5 and
TRPV6 are phylogenetically closely related Ca2+-selective
channels expressed in epithelia of intestine and kidney (den
Dekker et al., 2003). Furthermore, both channels exhibit a
constitutive activity and are transcriptionally regulated by
1α,25-dihydroxycholecalciferol. TRPV1, TRPV5 and TRPV6
have been shown to assemble into tetrameric complexes (Kedei
et al., 2001; Hoenderop et al., 2003). A hetero-oligomer
formation between TRPV channel subunits has been proposed
for TRPV1 and TRPV3 (Smith et al., 2002) as well as for
TRPV5 and TRPV6 (Hoenderop et al., 2003). A systematic
and combinatorial analysis of TRPV homo- and heterooligomerization, however, is lacking. Moreover, structural
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determinants that contribute to the affinity and selectivity of
the subunit assembly are largely unknown.
We studied the selectivity and promiscuity of homo- and
heteromultimerization between TRPV channel subunits in
living cells. By analyzing the colocalization, fluorescence
resonance energy transfer (FRET) and coimmunoprecipitation
of TRPV1-TRPV6 we show here that the formation of homooligomeric channel complexes is favored by most members of
the TRPV family. The analysis of the contribution of cytosolic
N- and C-termini as well as of the transmembrane domains
suggests a complex mechanism of channel assembly.
Experimental data support a model in which both cytosolic
domains and the transmembrane domain of TRPV channel
subunits synergistically contribute to the overall affinity and
selectivity of TRPV channel assembly.

FLAG- (1.5-2 µg/well) and YFP-tagged (2-2.5 µg/well) TRPV
channels. All experiments were performed 1 day after transfection.

Materials and Methods

Fluorescence resonance energy transfer (FRET)
determination and digital video imaging
FRET and imaging of the cytosolic Ca2+ concentration ([Ca2+]i) were
carried out in a monochromator-equipped digital video imaging
system (TILL-Photonics, Gräfelfing, Germany) attached to an
inverted epifluorescence microscope (Axiovert 100, Carl Zeiss). All
imaging experiments were performed in a HEPES-buffered solution
containing 138 mM NaCl, 6 mM KCl, 1 mM MgCl2, 1 mM CaCl2,
5.5 mM glucose, 2 mg/ml BSA and 10 mM HEPES, pH 7.4. Loading
of fura-2/AM (2 µM) and subsequent single-cell determination of the
[Ca2+]i or of the total fura-2 fluorescence were done as described
previously (Schaefer et al., 2000). Bleeding of CFP and YFP signals
into the fura-2 channels was eliminated by a spectral multivariate
linear regression analysis (Lenz et al., 2002).
FRET efficiencies were determined by monitoring the increase in
the CFP (FRET-donor) fluorescence emission during selective YFP
(FRET-acceptor) photobleaching. The photobleaching protocol
consisted of 15 cycles with 40 mseconds/cycle exposures at 410 nm
for CFP detection and 8 mseconds per cycle at 515 nm for YFP
detection. During the following 60 cycles, YFP was photobleached by
applying an additional 2.1 seconds/cycle illumination at 512 nm,
yielding about 12% bleach per cycle (objective: Plan-Apochromat
63×/1.4 NA, Carl Zeiss). For each FRET experiment the relative CFP
and YFP fluorescence intensities ([CFP]r and [YFP]r) of single cells
were determined and normalized based on an intramolecularly fused
CFP-YFP tandem protein (Hellwig et al., 2004). Therefore, we could
assess the molar ratio between the FRET donor (CFP-tagged subunit)
and FRET acceptor (YFP-tagged subunit), and only cells in which the
acceptor-to-donor ratio exceeded 0.8 (giving rise to more than 83%
of the maximal FRET efficiency) (Amiri et al., 2003) were included
in the calculation of FRET efficiencies. In each experiment, data of
4-8 single cells with appropriate molar ratio were averaged. Means
and s.e. were computed from three to ten independent bleach
experiments for each combination of CFP- and YFP-fused TRPV
subunits.

Molecular biology
To obtain a pcDNA3-FLAG fusion vector, the FLAG (DYKDDDDK)
epitope was introduced in the XbaI and ApaI sites of pcDNA3
(Clontech). For C-terminal fusion of rat TRPV1 and murine TRPV2
to TRPV6 with the FLAG epitope or the cyan (CFP) and yellow (YFP)
variants of the green fluorescent protein, stop codons were replaced
by in-frame XbaI (TRPV1, -3 and -4) or XhoI (TRPV2, -5 and -6)
restriction sites by PCR-mediated mutagenesis and subsequent
subcloning into pcDNA3-CFP, pcDNA3-YFP (Schaefer et al., 2001)
or pcDNA3-FLAG fusion vectors. Deletion mutants of TRPV1 were
generated by PCR. For constructing chimeras of TRPV1 and TRPV4
or TRPV3, the cDNA corresponding to transmembrane domains
and/or cytosolic termini were constructed by PCR, flanked by BsmBI
restriction sites and subsequently combined by in-frame ligation. To
ensure a minimally disturbed secondary or tertiary structure of
chimeras, highly conserved amino acids were selected for transition
between the cytosolic termini and transmembrane domains. Nterminal exchanges were located in a (D/T)KWX(R/K)F motif
preceding the first transmembrane domain (site of cDNA ligation
underlined). C-terminal exchanges were generated in the LIALMGE
motif at the end of the sixth transmembrane segment. All constructs
were confirmed by cDNA-sequencing on an ABI-Prism 377
sequencer (Perkin Elmer, Norwalk, CT).
Cell culture and transient transfection
Human embryonic kidney (HEK) 293 cells (ATCC, Manassas, VA)
were maintained at 37°C under 5% CO2 in minimal essential
medium with Earle’s salts supplemented with 10% foetal bovine
serum, 100 µg/ml streptomycin and 100 U/ml penicillin. Cells were
transiently transfected using Fugene 6 transfection reagent (Roche
Molecular Biochemicals, Mannheim, Germany) following the
manufacturer’s instructions. For fluorescence microscopy
experiments, cells were seeded on glass coverslips. For confocal
imaging of the subcellular localization of singular or coexpressed
TRPV channels, cells were transfected with 2 µg of total plasmid
cDNA per well. For FRET analysis, cells were transfected with 0.10.5 µg of plasmid cDNA encoding the CFP-tagged TRPV channel
subunit and 1.5-1.9 µg of plasmid encoding the respective YFPtagged subunit. In all FRET experiments, the molar ratio between
CFP- and YFP-tagged TRPV channel subunits was adjusted to ~0.83.0, as detected by the comparing fluorescence intensities of
coexpressed TRPV subunits to that of an intramolecularly linked
CFP-YFP tandem protein as described previously (Lenz et al.,
2002).
For coimmunoprecipitation experiments, cells were transfected in
60 mm dishes with a total amount of 4 µg of plasmid cDNA encoding

Confocal imaging procedures
A confocal laser-scanning microscope (LSM 510-META, Carl Zeiss,
Jena, Germany) and a Plan-Apochromat 63×/1.4 NA objective were
used for confocal imaging experiments. CFP- or YFP-tagged TRPV
channels were alternately excited with the 458 nm or 488 nm laser
lines of an argon laser. Emission filters were a 460-500 nm band pass
for CFP and a 505 nm long pass for YFP. Pinholes were adjusted to
yield optical sections of 0.6-0.9 µm. Correlation coefficients r2
describing the colocalization of differently tagged TRPV subunits
were determined using Pearson correlation analysis after displaying
the scatter histogram of CFP and YFP pixel intensities (Zeiss,
LSM510 software 3.2). Additional information is provided in
supplementary material Fig. S1.

Coimmunoprecipitation and immunoblot analysis
HEK293 cells were transiently transfected and grown to about 80%
confluence in a 60 mm dish and harvested in PBS. After centrifugation
for 10 minutes at 100 g, cells were aspirated through a 26-gauge
needle in 2 ml ice-cold buffer containing 1 mM EDTA, 10 µg/ml
aprotinin, 10 µg/ml leupeptin and 50 mM HEPES, pH 7.5.
Membranes were pelleted (15 minutes at 12,000 g, 4°C), and pellets
were solubilized in 600 µl ice-cold lysis buffer containing 150 mM
NaCl, 1 mM EDTA, 1% NP-40, 0.5% deoxycholate, 0.1% SDS, 10
µg/ml aprotinin, 10 µg/ml leupeptin and 20 mM Tris-HCl, pH 7.5.
Particulate material was removed by centrifugation for 20 minutes at
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12,000 g, 4°C. TRPV proteins were immunoprecipitated by
incubating 500 µl supernatant with 4 µg anti-FLAG M2 monoclonal
antibody (Sigma, Deisenhofen, Germany) for 5 hours at 4°C, followed
by overnight incubation at 4°C with 11 µg/ml protein A-Sepharose
(Sigma). Immunoprecipitates were washed three times with 1 ml lysis
buffer. Membrane lysates and immunoprecipitates were subjected to
SDS gel electrophoresis (8% polyacrylamide) and blotted on
nitrocellulose. After blocking for 1 hour at 22°C with 5% non-fat dry
milk in TBS, blots were probed either with an anti-FLAG M2
monoclonal antibody (Sigma; 1:1000) or with a polyclonal rabbit antiGFP antibody (Clontech; 1:1000) in blocking buffer at 4°C overnight.
Secondary antibodies were peroxidase-conjugated anti-rabbit IgG
(1:2000) or anti-mouse IgG (1:5000) antibodies (Sigma). Peroxidase
activity was detected with a chemiluminescence detection reagent
(AppliChem, Darmstadt, Germany).

Results
To investigate the formation of heteromeric channel
complexes within the TRPV subfamily, we characterized
fluorescent fusion proteins of TRPV1-6 channel subunits in
living cells as well as their interaction with FLAG-tagged
TRPV subunits. To validate the constructs, we tested the
channel function and the cellular localization in HEK293
cells. The regulatory and biophysical properties of TRPV1YFP were indistinguishable from those of wild-type TRPV1
in terms of cation selectivity, I/V-relationship, activation by
capsaicin, endovanilloids, heat or extracellular protons as
detected by patch-clamp and Ca2+ imaging experiments (data
not shown). In Ca2+ imaging and Mn2+ quench experiments,
TRPV2-YFP and TRPV3-YFP were activated at temperatures
higher than 52°C and 37°C, respectively, and TRPV4-YFP
responded to both 4α-phorbol 12,13-didecanoate and
hypotonic extracellular solutions. In whole cell patch-clamp
experiments, TRPV5-YFP and TRPV6-YFP conferred a
constitutive Ca2+ entry pathway exhibiting current-voltage
relationships indistinguishable from those of cells expressing
the respective wild-type channels. Like wild-type TRPV5 and
TRPV6, TRPV5-YFP and TRPV6-YFP could be blocked by
La3+ or ruthenium red.
Expression and subcellular localization of TRPV
channels in HEK293 cells
To assess the compartmentalization of TRPV channels in living
cells, expression plasmids encoding YFP-fused TRPV
channels were transiently transfected in HEK293 cells, and
fluorescent fusion proteins were imaged by confocal laserscanning microscopy. TRPV1-YFP was mostly present in
intracellular compartments such as the endoplasmic reticulum
and a smaller fraction was located in the plasma membrane
(Fig. 1A). The retention of TRPV1 and other TRPV channel
subunits in the endoplasmic reticulum was verified by cotransfection of a CFP construct fused to a KDEL endoplasmic
reticulum targeting motif (pECFP-Endo, Clontech, data not
shown). By contrast, TRPV2-YFP and TRPV3-YFP were
efficiently targeted to the plasma membrane and displayed a
homogenous distribution along the plasma membrane (Fig.
1B,C). Minor fractions of TRPV2-YFP and TRPV3-YFP were
retained in the endoplasmic reticulum, depending on the
expression level and the time after transfection. If analyzed in
more detail, an accumulation of TRPV2-YFP was observed in
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small and dynamically forming and retracting protrusions of
the plasma membrane presumably representing filopodia (data
not shown). For TRPV4-YFP, we observed a clustered
distribution in structures that overlap with the endoplasmic
reticulum and the plasma membrane (Fig. 1D). TRPV5-YFP
and TRPV6-YFP were mostly observed in intracellular
vesicular compartments (Fig. 1E,F). Even at the highest
possible resolution, we were unable to detect a fluorescence
enhancement over the plasma membrane. As TRPV4-YFP,
TRPV5-YFP and TRPV6-YFP, like their wild-type
counterparts (Strotmann et al., 2000; Hoenderop et al., 1999;
Vennekens et al., 2000; Peng et al., 1999), form constitutively
active and Ca2+-permeable cation channels (data not shown),
cell survival possibly requires retention in endomembranes or
an efficient internalization from the plasma membrane to
endosomal structures.

Fig. 1. Expression and subcellular localization of TRPV channels.
Rat TRPV1 (A) and murine TRPV2 to TRPV6 (B-F) were Cterminally fused to YFP, and plasmids were transiently transfected in
HEK293 cells. Cells were imaged by confocal laser-scanning
microscopy 1 day after transfection. The pinholes were adjusted to
obtain optical sections with a thickness of ~0.6 µm. Typical
expression patterns of the different TRPV channels from three to five
independent transfections are shown. Bar, 10 µm.
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Subcellular localization of coexpressed TRPV channel
subunits
Because heterologously expressed TRPV channel subunits
exhibited a differential subcellular localization pattern, a first
indication of heteromeric TRPV channel assembly may be
obtained by assessing the subcellular localization of
coexpressed CFP- or YFP-fused TRPV channel subunits
in HEK293 cells. Colocalization or redistribution upon
coexpression of different channel subunits may indicate an
assembly into heteromeric channel complexes whereas a
distinct localization pattern alludes to an independent and
homo-oligomeric assembly of coexpressed TRPV channel
subunits. A statistical pixel-based analysis was applied to
assess correlation coefficients of CFP and YFP pixel
intensities. These correlation coefficients (r2) can be roughly
grouped into r2=0.4-1.0 for very good colocalization, 0.1-0.4
for partial colocalization and 0-0.1 for mostly distinct
localization. When TRPV1-YFP was coexpressed with
TRPV2-CFP at molar ratios of 1:1 to 1:3, confocal laserscanning microscopy revealed a partial overlap of the
fluorescence in intracellular compartments and in the plasma
membrane with a correlation coefficient of the fluorescence
intensities of 0.30 (Fig. 2A). By contrast, upon coexpression
of TRPV1-YFP and TRPV3-CFP or of TRPV1-YFP and
TRPV4-CFP, the TRPV subunits maintained their differential
subcellular localization, resulting in poor colocalization and
low correlation coefficients of 0.18 and 0.13, respectively (Fig.
2B,C compared to Fig. 1A,C,D). Coexpression of TRPV2 and

TRPV3 resulted in almost identical fluorescence patterns (Fig.
2D), an effect that could be expected as both channels were
efficiently targeted to the plasma membrane if expressed alone
(see Fig. 1B,C). HEK293 cells coexpressing TRPV2/TRPV4
or TRPV3/TRPV4 displayed almost no overlapping
localization of the respective channel subunits (Fig. 2E,F), thus
precluding an efficient heteromeric assembly of these TRPV
subunits. Likewise, the cellular localization of TRPV2 or
TRPV3 displayed no significant overlap with that of TRPV5
or TRPV6 expressed in the same cells (r2<0.1; Fig. 2G,H
and Table 1). When TRPV5 was coexpressed with its
phylogenetically closest relative, TRPV6, identical localization
was discernible in vesicular intracellular structures (Fig. 2I).
Data of all possible permutations of combinatorial
coexpression of different TRPV channel subunits are
summarized in Table 1. The observed different localization
patterns of most combinations of coexpressed TRPV channel
subunits point to a restricted promiscuity of heteromeric TRPV
channel assembly.
Fluorescence resonance energy transfer between TRPV
channel subunits
To explore the assembly of different TRPV channel subunits,
we assessed the proximity of coexpressed CFP- and YFPtagged TRPV channel subunits in HEK293 cells by
fluorescence resonance energy transfer (FRET). FRET
efficiencies were determined by measuring the donor recovery

Fig. 2. Subcellular localization of coexpressed TRPV channel subunits. (A-I) Different combinations of TRPV channels tagged with either CFP
or YFP were coexpressed in HEK293 cells and sequentially imaged by confocal laser-scanning microscopy in the same cell. For each
coexpression experiment, the correlation coefficient between CFP and YFP fluorescence intensities (r2) was estimated by pixel-based image
analysis. Shown are representative data of three independent transfections. Bars, 10 µm.

TRPV channel assembly
Table 1. Quantitative colocalization analysis of
coexpressed TRPV channel subunits
TRPV2
TRPV3
TRPV4
TRPV5
TRPV6

TRPV1

TRPV2

TRPV3

TRPV4

TRPV5

0.31±0.03
0.13±0.03
0.12±0.01
0.03±0.01
0.05±0.02

0.45±0.02
0.04±0.01
0.03±0.01
0.04±0.01

0.05±0.01
0.06±0.01
0.04±0.01

0.04±0.01
0.06±0.02

0.52±0.02
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Various YFP- and CFP-tagged TRPV subunits were coexpressed in
HEK293 cells, and expression patterns were imaged by confocal laserscanning microscopy. CFP and YFP pixel intensities of differently tagged
TRPV subunits were subjected to Pearson correlation analysis to obtain
correlation coefficients r2 describing the colocalization. Shown are mean±s.e.
of five to fifteen cells from two to four independent transfection experiments.

during selective photobleaching of the acceptor. To ensure
appropriate conditions for FRET formation, the relative CFP
and YFP fluorescent intensities were determined and the molar
ratio between coexpressed fluorescent donor and acceptor
TRPV channel subunits was adjusted to >0.8 (YFP:CFP) in all
FRET experiments (Amiri et al., 2003). Each TRPV channel,
in its homo-oligomeric state, displayed a FRET efficiency of
at least 9.5%, thus confirming that each fluorescent TRPV
fusion protein is capable of forming homomultimers (Fig. 3A).
Upon coexpression of different TRPV subunits, the FRETefficiency between TRPV1 and TRPV2 was higher compared
to those between TRPV1 and other TRPV subunits (Fig. 3B).
Of note, the FRET efficiency (8.4±0.4%) was lower than the
values of the respective homomultimers (15.8±0.4% for
TRPV1 and 12.0±0.5% for TRPV2). When TRPV1 was
coexpressed with TRPV3, -4, -5 or -6, FRET efficiencies were
between 2.3% and 3.8%. In combinatorial coexpression
experiments with TRPV4-YFP as the FRET acceptor, a high
FRET efficiency of 25±1.5% could be demonstrated
exclusively for the homomultimeric conformation, but not with
any other TRPV channel subunit (Fig. 3C). Coexpressed
TRPV5 and TRPV6 gave rise to a FRET efficiency of
18.3±0.4%, which is even higher than the values of the
respective homomultimers (Fig. 3D). If any other of the
possible TRPV channel subunits were coexpressed, some
combinatorial TRPV expressions failed to exhibit FRET,
indicating a lack of heteromer formation, whereas others had
low FRET efficiencies of 2.0-4.4% which were less than
half of the FRET efficiencies between the respective
homomultimers (data not shown). Thus, FRET data point to an
efficient heteromultimerization occurring only between
TRPV5 and TRPV6. An interaction between TRPV1 and
TRPV2 subunits appears likely, but may occur with a lower
efficiency compared to the formation of the respective homooligomers.
Coimmunoprecipitation of TRPV channel subunits
To assess the heteromeric assembly of TRPV channels by an
independent biochemical approach, coimmunoprecipitation
experiments were performed. TRPV channels were fused to a
FLAG epitope tag at their C termini and coexpressed together
with YFP-tagged TRPV channels at various combinations in
HEK293 cells. After membrane preparation and solubilization,
FLAG-tagged TRPV channels in the lysates were
immunoprecipitated with anti-FLAG antibodies. Membrane
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lysates and immunoprecipitates were subjected to SDS-gel
electrophoresis and probed with anti-GFP or anti-FLAG
antibodies to visualize co-purified TRPV channel subunits and
the recovery of the respective immunoprecipitated TRPVFLAG channels, respectively (Fig. 4). For all homomultimeric
combinations, coimmunoprecipitation was clearly discernible
(see Fig. 4A-E, middle panels). Coexpression of TRPV1FLAG
and
TRPV2-YFP
resulted
in
lower
coimmunoprecipitation efficiencies as compared to the
TRPV1-FLAG/TRPV1-YFP homomer (Fig. 4A). The
coimmunoprecipitation of TRPV1 and TRPV2 could be
verified in the reciprocal experiment (TRPV2-FLAG/TRPV1YFP; Fig. 4B). Coimmunoprecipitation between TRPV1FLAG and TRPV3-YFP or TRPV4-YFP or of TRPV2-FLAG

Fig. 3. Determination of FRET between TRPV channel subunits.
(A-D) HEK293 cells were transiently co-transfected with expression
plasmids encoding CFP- or YFP-fused TRPV channels as indicated.
The relative CFP and YFP fluorescence intensities in single cells
expressing the respective TRPV construct were determined and
averaged ([CFP]r and [YFP]r) to ensure comparable TRPV
expression. FRET efficiencies were determined by measuring the
recovery of CFP fluorescence during YFP photobleaching. Cells
were excited at 410 nm and 515 nm for CFP and YFP detection,
respectively. YFP was bleached with an illumination at 512 nm for
2.1 seconds. FRET efficiencies between identical TRPV channel
subunits are shown as grey bars. FRET experiments between
different channel subunits are shown as black bars. Bars represent
mean±s.e. of at least three independent experiments.
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Fig. 4. Coimmunoprecipitation of TRPV channel subunits. (A-E) Plasmids encoding FLAG-tagged or YFP-tagged TRPV channels were cotransfected in HEK293 cells in the combinations indicated below the panels. One day after transfection, membranes were solubilized and lysates
were immunoprecipitated (IP) with anti-FLAG antibodies. Membrane lysates (upper panels) or immunoprecipitates (middle and lower panels)
were separated by SDS-PAGE. Upper and middle panels, TRPV in the membrane lysates and coprecipitated TRPV channels were detected by
immunoblotting (IB) with anti-GFP antibodies. The recovery of the respective immunoprecipitated TRPV-FLAG channel is shown in the lower
panels by probing blots with anti-FLAG antibodies. Arrowheads indicate the expected sizes of the respective TRPV-FLAG channel subunits.

and TRPV3-YFP or TRPV4-YFP was either poor (Fig. 4A,B)
or not reproducible in the reciprocal experiment (Fig. 4C,D).
To test whether homo- and hetero-oligomeric assembly of
TRPV1 and TRPV2 occurred with comparable affinities, we
took advantage of the different gel mobility of TRPV1 and
TRPV2 and performed a coimmunoprecipitation experiment
with HEK293 cells coexpressing TRPV2-FLAG together with
equal amounts of TRPV1-YFP and TRPV2-YFP (Fig. 4B,
upper panel right lane). Both YFP-tagged channel subunits
were co-purified in the immunoprecipitates, but the TRPV2
homomultimer was clearly preferred over the heterooligomeric interaction of TRPV2-FLAG with TRPV1-YFP
(Fig. 4B, middle panel). As experiments shown in each of the
panels of Fig. 4 were performed in parallel and analyzed on
the same gels, results of various combinatorial coexpressions
can be compared to those of the respective homo-oligomer. The
coimmunoprecipitation experiments shown here and data
presented elsewhere (Hoenderop et al., 2003) on TRPV5 and
TRPV6 corroborate the FRET and colocalization analyses
demonstrating that, besides TRPV homo-oligomers, only
TRPV1/TRPV2 or TRPV5/TRPV6, can coassemble into
heteromeric complexes.
Cytosolic termini are required for TRPV1 assembly and
function
In analogy to reports describing multimerization of other
hexahelical cation channels as a function of the cytosolic N- or
C-termini, we truncated TRPV1-YFP at various N- or Cterminal positions. Truncation of the N-terminus by 73 amino
acids did not affect the TRPV1 localization or function.
Omitting the first 118 or 179 amino acids of the TRPV1 peptide

chain still yielded functional channels, but capsaicin-induced
increases in [Ca2+]i were weaker as compared to the full-length
clone despite similar expression levels (Fig. 5A). Likewise,
FRET efficiencies between the respective YFP-tagged
truncated TRPV1 constructs and full-length TRPV1-CFP
gradually decreased. Deletion of 233 and 295 N-terminal
amino acids including the first and the second ankyrin-like
repeat, respectively, resulted in a loss of capsaicin-induced
channel activity. Moreover, upon C-terminal fusion to YFP,
TRPV1∆1-233 exhibited only weak FRET signals if coexpressed
with TRPV1-CFP, indicating loss of assembly with full-length
TRPV1.
A step-wise deletion of C-terminal moieties of TRPV1 had
a similar effect. Truncation of up to 73 amino acids did not
significantly impede on the capsaicin-induced channel
activation, whereas capsaicin-induced increases in [Ca2+]i
were gradually or completely abrogated upon deletion of 93
and 110 C-terminal amino acids, respectively (Fig. 5B). The
fluorescence of YFP fused to the functionally defective mutant
TRPV1∆729-838 was mislocalized to intracellular vesicles, and
fluorescence was detectable even in the cytosol, possibly
as a consequence of limited proteolysis. In addition,
overexpression of TRPV1∆729-838 (not fused to a fluorescent
protein) together with CFP- and YFP-fused full-length
TRPV1 failed to compete for the assembly of the full-length
channel subunits as detected by competitive-FRET analysis.
As a possible ATP/GTP-binding site motif (Walker A-type) is
located in amino acids 729-735 of TRPV1, we excised this
putative structural motif in TRPV1∆729-735 and found no
channel function. However, as the replacement of amino acids
729-735 in TRPV1 by alanine residues did not disrupt the
channel function, we conclude that the Walker A motif itself
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Fig. 5. Cytosolic termini are required for TRPV1 assembly and function. Schematic representation of N-terminal (A) and C-terminal (B)
TRPV1 deletion mutants showing the ankyrin repeats (indicated as A) and the six transmembrane domains (1-6). WT represents full-length rat
TRPV1. The numbers on the left indicate deleted amino acids. The table summarizes the data on the intracellular location of C-terminally YFPtagged deletion mutants imaged by confocal laser-scanning microscopy, of the capsaicin-induced maximal increases in the intracellular Ca2+
concentrations (∆[Ca2+]i), and of FRET efficiencies between mutants and full-length TRPV1 (A) or of FRET efficiencies in competition
experiments with CFP- and YFP-tagged TRPV1 and non-tagged deletion mutants (B). [YFP]r and [CFP]r represent averaged relative
fluorescence intensities of YFP-tagged TRPV1 or the N-terminal TRPV1 deletion mutants and TRPV1-CFP. Data are the mean±s.e. of four to
eleven independent FRET experiments. ER, endoplasmic reticulum; PM, plasma membrane.

is not necessary for the interaction. We conclude that, although
both termini are required for TRPV1 channel function and
assembly, the assignment of interacting domains is
complicated by secondary effects possibly involving protein
folding, stability or targeting.
Assembly of chimeric TRPV channel subunits
To study the relative contribution of N- or C-termini as well as
of the transmembrane domain to the overall affinity between
TRPV channel subunits, we constructed a set of chimeric
TRPV channel subunits composed of parts of the
phylogenetically related, but poorly interacting TRPV1 and
TRPV4 channels. A simplified nomenclature of these
constructs is outlined in Fig. 6A. According to this
nomenclature, a TRPV4.1.4 construct contains the cytosolic Nand C-termini of TRPV4 fused to the transmembrane segments
of TRPV1. These constructs were again C-terminally fused to
CFP or YFP and subjected to quantitative FRET analysis in
living HEK293 cells by recording the donor unquenching
during selective photobleaching of the acceptor.
To our surprise, most constructs exhibited high FRET
efficiencies (>10%) upon combinatorial coexpression with

TRPV1 or with other chimeras (Fig. 6B,D). Assuming that the
cytosolic N-termini control the TRPV channel assembly, we
would expect that interaction between TRPV4.1.1 and TRPV1
is weak. Our data, however, demonstrate that N- or C-termini
of TRPV1 can be freely replaced by those of TRPV4 without
losing the ability to form oligomers with TRPV1 exhibiting
FRET efficiencies of about 15-20% (Fig. 6B,D). We conclude
that the transmembrane domain of TRPV1 contributes
significantly to the channel assembly. In agreement with this
model, coexpressed TRPV1.4.1 and TRPV4.1.4, sharing neither
N- or C-termini nor a common transmembrane domain,
displayed no significant FRET efficiency (Fig. 6D). TRPV4.1.4
and TRPV4.1.1 efficiently interacted with both TRPV1 and
TRPV4 (Fig. 6B,C). This promiscuity points to a major
contribution of the cytosolic N-terminus, rather than of the
transmembrane domain or C-terminus, to the assembly of
TRPV4 subunits. In contrast to TRPV4, cytosolic C- and Ntermini of TRPV1 were not sufficient to overcome noncompatible transmembrane domains as evidenced by a low
FRET efficiency (3%) between TRPV1.4.1 and TRPV1
compared to the FRET signal of 15.8% between TRPV1
homomultimers (see Fig. 6B). Hence, depending on the TRPV
isoform, a dominant contribution to the interaction appears to
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be conferred either by the transmembrane domain (TRPV1) or
by the cytosolic termini (TRPV4).
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Interaction between cytosolic TRPV1 and TRPV4
termini
To test the hypothesis that cytosolic termini differentially
contribute to TRPV channel assembly, we coexpressed CFPor YFP-fused cytosolic termini of TRPV1 or TRPV4 and
tested for an interaction between them by FRET analysis in

living cells. Fluorescent tags were fused to the respective
native ends of the cytosolic N- or C-termini of TRPV1
or TRPV4 and were detectable as soluble protein in the
cytosol and, in some cases, also in the nucleus of living
HEK293 cells. For soluble CFP- and YFP-fused termini of
TRPV1, FRET efficiencies of 1.9±0.6% (N-termini),
3.5±0.9% (C-termini), and 1.1±0.5% (between N- and Ctermini) were obtained (Fig. 7A). If coexpressed with Cterminally or N-terminally tagged full-length TRPV1, the

Fig. 6. Assembly of chimeric TRPV channel subunits. (A) Chimeric
TRPV channel subunits were constructed consisting of various
combinations of the cytosolic N- or C-termini and the
transmembrane domains of TRPV1 and TRPV4. (B-D) HEK293
cells were transiently co-transfected with expression plasmids
encoding CFP- or YFP-fused TRPV channels or TRPV channel
chimeras as indicated. FRET efficiencies (means±s.e.) were
determined as described in Fig. 3. Grey bars, FRET efficiencies of
only full-length TRPV channel subunits; black bars, FRET
experiments with TRPV channel chimeras. [YFP]r and [CFP]r
represent means of the CFP and YFP fluorescence intensities.

Fig. 7. Interaction between cytosolic TRPV1 and TRPV4 termini.
(A,B) Cytosolic N- and C-termini (NT, CT) of TRPV1 (A) or
TRPV4 (B) tagged with either CFP or YFP were coexpressed in
HEK293 cells as indicated and subjected to quantitative FRET
analysis. Bars in panels A and B represent FRET efficiencies
(means±s.e.) among TRPV termini (grey bars), TRPV termini and
full-length TRPV channels (black bars) and, as a control, between
TRPV termini and soluble CFP (white bars). Data shown are
representative of at least three independent experiments. The average
relative fluorescence intensities ([YFP]r and [CFP]r) indicate the
relative expression levels of the respective TRPV constructs. (Insets)
Confocal images showing typical localization of the YFP-tagged
TRPV termini in HEK293 cells (bars, 10 µm).

Journal of Cell Science

TRPV channel assembly

925

soluble TRPV1 N-terminus was not recruited to the
membrane compartment and displayed FRET efficiencies
below 1% (data not shown).
Upon coexpression of differentially tagged soluble termini
of TRPV4 (Fig. 7B), we observed FRET efficiencies of
7.1±2% (N-termini), 5.9±1.3% (C-termini) or 3.4±0.7%
(between N- and C-termini). One should note that Nterminally CFP- and YFP-fused full-length TRPV4 yields
FRET efficiencies of 12% (data not shown) whereas Cterminally tagged full-length TRPV4 exhibited FRET
signals about 25% (see Fig. 3A). Thus, although FRET
efficiencies between full-length TRPV1 or TRPV4 subunits
are in general higher than those between their soluble termini,
only the cytosolic N-terminus of TRPV4 with itself or
full-length TRPV4 exhibited FRET efficiencies similar to
those seen in the N-terminally tagged full-length TRPV4
(Fig. 7B).
However, both cytosolic termini of TRPV1 or TRPV4
showed no dominant-negative effect regarding channel
activity in Mn2+-quench experiments when coexpressed in a
5- to 15-fold molar excess with the respective full-length
TRPV channels (data not shown). Thus, these data support
the hypothesis that TRPV1 assembly is mainly conferred by
determinants located in the transmembrane domain and to
some extent maybe supported by its cytosolic C-terminus.
For TRPV4 subunit assembly, important interaction
determinants are located in the cytosolic N-terminus and
additional stabilization may require cooperative interaction
sites located in the C-terminus and in the transmembrane
domain.
N-termini of non-interacting TRPV subunits can
functionally substitute for the native N-terminus of
TRPV1 or TRPV4
As outlined above, truncation of the TRPV1 N-terminus by
233 or 295 amino acids resulted in a loss of capsaicin-induced
channel activation and assembly with full-length TRPV1 (Fig.
5A). As the chimeric TRPV4.1.1 construct in its homooligomeric state exhibited FRET efficiencies of 27% (see Fig.
6D), we wondered whether fusion to N-termini of noninteracting TRPV subunits may also rescue channel function.
Indeed, TRPV4.1.1-expressing, fura-2-loaded HEK293 cells
responded to the addition of 10 µM capsaicin with an
immediate increase in [Ca2+]i (data not shown) and, in the
presence of 250 µM Mn2+, displayed a robust acceleration of
Mn2+ entry (Fig. 8A). The quench rate of the fura-2
fluorescence during a 30-second interval was 0.14% per
second before and 1.5% per second after the addition of
capsaicin. In addition, we constructed a chimera containing
the cytosolic N-terminus of TRPV3 fused to the
transmembrane domain and the C-terminus of TRPV1
(TRPV3.1.1). These TRPV3.1.1 subunits C-terminally tagged
with YFP or CFP displayed FRET efficiencies of 8%,
indicating that TRPV3.1.1 chimeras are able to form
homomultimers. Stimulation of TRPV3.1.1-expressing cells
with capsaicin again resulted in an about 20-fold increase in
the Mn2+ entry upon capsaicin treatment (Fig. 8B). A
TRPV1.4.4 chimera again exhibited significant FRET
efficiencies of 15% and responded to the addition of 4αphorbol 12,13-didecanoate (5 µM) with a pronounced increase

Fig. 8. Functional rescue of truncated TRPV1 or TRPV4 subunits by
fusion with N-termini of related TRPV subunits. (A-C) Plasmids
encoding YFP-tagged TRPV chimeras were transfected in HEK293
cells. In the presence of Mn2+ (250 µM), the cells were stimulated by
adding 10 µM capsaicin (caps) or 5 µM 4α-phorbol 12,13didecanoate (PDD) to the bath solution as indicated. Grey lines
depict the time course of the total fura-2 fluorescence in single cells
whereas the black lines represent the calculated means. The data are
representative for three to four independent transfection experiments
showing similar results. Insets show confocal micrographs of living
HEK293 cells expressing the respective YFP-tagged TRPV chimera.
Bar, 10 µm.

in Mn2+ permeability (Fura-2 fluorescence quenched by
0.015% per second before and 1.9% per second after
stimulation; Fig. 8C). We conclude that the cytosolic Ntermini of non-interacting TRPV channel isotypes can at least
partially substitute for the respective native terminus to rescue
oligomer formation and functional activity of the channel
complex.
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Discussion
As plasma membrane targeting of some of the YFP-tagged
TRPV channels was poor, one may ask the question whether
the fusion proteins behave differently compared to the
corresponding wild-type proteins. With the exception of
TRPV2-YFP and TRPV3-YFP, all other heterologously
expressed TRPV channel subunits were mainly localized in
intracellular compartments. Nonetheless, large cation currents
were detectable in HEK293 cells expressing fluorescent fusion
proteins of TRPV1, TRPV4, TRPV5 or TRPV6. Expression of
TRPV1-YFP resulted in a staining of the endoplasmic
reticulum and to a lesser degree the plasma membrane (Fig.
1A). A similar distribution has been shown for a TRPV1-GFP
construct expressed in COS7 cells (Olah et al., 2001) as well
as for native TRPV1 in small-to-medium diameter dorsal root
ganglion neurons (Liu et al., 2003). Ca2+ mobilization from
internal stores after application of resiniferatoxin or capsaicin
on TRPV1-expressing cells and DRG neurons has been
described consistently (Olah et al., 2001; Eun et al., 2001;
Marshall et al., 2003). TRPV2-YFP and TRPV3-YFP were
highly enriched in the plasma membrane. A preferential
localization of TRPV2 in endomembrane compartments
(Kanzaki et al., 1999) or even in the nucleus of NH15-CA2
neuroblastoma cells (Boels et al., 2001) was not evident in
HEK293 cells. As TRPV2 is efficiently targeted to the plasma
membrane in resting HEK293 cells, a secretion-coupling
model put forward by the aforementioned studies may not
operate in all cell models. For TRPV4-YFP, we observed a
complex localization pattern. Most of the protein was enriched
in clusters in endomembrane compartments, but an additional
enhancement of the fluorescence at the nuclear membrane and
at the plasma membrane was observed if cells were imaged
with higher sensitivity. A predominantly intracellular
localization of TRPV4 has been shown either for an epitopetagged TRPV4 in HEK293 cells (Xu et al., 2003) or for native
TRPV4 in keratinocytes (Chung et al., 2003). TRPV5-YFP or
TRPV6-YFP were predominantly located in intracellular
vesicular structures and, thus, confirm the localization pattern,
which has been found for myc-tagged TRPV6 (Cui et al.,
2002). Further experiments must clarify whether these
intracellular structures result from internalization of TRPV5/6
protein or from a failure of nascent protein to pass the cellular
quality control system. In addition, as native TRPV5 and
TRPV6 channels are localized in the apical membrane of renal
or intestinal epithelia (den Dekker et al., 2003), plasma
membrane targeting of these channels may require additional
proteins which are only present in polarized epithelial cells.
A co-targeting of intracellularly retained channel subunits by
coexpression and heteromultimer formation with another TRP
channel subunit has recently been evidenced for fluorescent
fusion proteins of TRPC1 and TRPC4 (Hofmann et al., 2002).
After coexpression of CFP- and YFP-tagged TRPV channels
in HEK293 cells, co-trafficking of differently localized TRPV
channels was not discernible indicating that a majority of
possible permutations of coexpressed TRPV channels does not
result in heteromeric channel assembly. A convincing
colocalization was only observed for coexpressed TRPV1 and
TRPV2, TRPV2 and TRPV3, or TRPV5 and TRPV6. As the
overlap of fluorescence does not prove the existence of
heteromeric TRPV channel complexes, we performed FRET

experiments. Significant FRET efficiencies could be
demonstrated for all homomultimeric TRPV channel
combinations but only for two heteromultimeric combinations:
TRPV1 and TRPV2, or TRPV5 and TRPV6. The interaction
between TRPV1 and TRPV2 was confirmed by
coimmunoprecipitation. However, western blot analyses
showed that the formation of homomultimeric channel
complexes is clearly preferred over the heteromeric assembly
of TRPV1 and TRPV2. As the currently available expression
studies indicate that TRPV1 and TRPV2 are mostly expressed
in different tissues or cell types (Caterina et al., 1997;
Tominaga et al., 1998; Caterina et al., 1999; Birder et al.,
2002), the residual interaction between TRPV1 and TRPV2
may be without physiological relevance. Recently, the
heteromultimerization of TRPV5 and TRPV6 has been studied
and our results clearly confirm these data (Hoenderop et al.,
2003). Furthermore, assembly of human TRPV1 and TRPV3
has been detected by coimmunoprecipitation experiments and
functional assays (Smith et al., 2002). Neither colocalization
analysis, nor FRET or coimmunoprecipitation experiments,
indicated a significant interaction between TRPV1 and TRPV3
in our hands. As both studies applied HEK293 cells as the
expression system, it remains to be determined whether the
species differences of the investigated TRPV channel isotypes
can account for the discrepancies.
The rules governing subunit assembly and, in particular,
protein domains that provide specific interaction between
TRPV channel subunits remain to be determined. Detailed
information concerning cytosolic protein domains that mediate
assembly of hexahelical cation channels is available for
potassium channels and for cyclic nucleotide-gated channels
(Li et al., 1994; Liu et al., 1996; Zhong et al., 2002). The
hydrophilic N-termini of Shaker K+ channel subunits (referred
to as the T1 domain) are sufficient to form tetrameric
complexes (Li et al., 1992; Pfaffinger and DeRubeis, 1995;
Kreusch et al., 1998). For CNG and HCN channels however, a
tetramerization domain has been localized to the cytosolic Cterminus (Zagotta et al., 2003; Zhong et al., 2002). In addition,
a direct interaction between HCN1 and HCN2 can be mediated
by their N-termini (Proenza et al., 2002). Our data are
compatible with a significant contribution of the cytosolic Nterminus to the assembly of TRPV4 subunits. These data are
in agreement with those describing a specific interaction
between ankyrin-like repeats located in the N-terminus of
TRPV6 (Erler et al., 2004).
In contrast to TRPV4, the N-terminus of TRPV1 neither
confers a strong homophilic interaction nor does it associate
with full-length TRPV1 subunits. Although we confirm the
homophilic interaction of the TRPV1 C-terminus (García-Sanz
et al., 2004), its overall contribution to TRPV1 channel
assembly appears limited as assessed by the interaction
between chimeric TRPV channel constructs and by the lack of
a dominant-negative effect on TRPV1 function. In contrast, our
data suggest that TRPV1 subunits predominantly assemble
through an interaction of protein moieties located between
transmembrane segments 1-6. Similar findings, but with
additional stabilization in the N-terminus have been reported
for the interaction between transmembrane domains of
Drosophila TRP (Xu et al., 1997). In agreement with the recent
finding (Chang et al., 2004) that TRPV5 assembly requires
interaction of both N- and C-termini, we conclude that TRPV
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channel assembly is determined by more than one site of
interaction. Both cytosolic termini and transmembrane
segments synergistically contribute to the overall affinity
between TRPV channel subunits and control the selectivity of
homo- and heteromeric assembly of the pore-forming TRPV
subunits. The relative contribution of cytoplasmic and
intramembrane binding modules presumably differs between
the TRPV channel isoforms. Thus, in addition to previous
studies, we demonstrate that the inter-subunit interaction
between TRPV subunits also involves the transmembrane
portion of the protein. This may be not unexpected because
parts of hexahelical channel subunits that are flanking the pore
probably come into close contact with their transmembrane
segments 5 and 6 and also their pore loops (Roux and
MacKinnon, 1999) to stabilize the closed pore conformation of
the inactive channel complex or to maintain the selectivity filter
upon gating.
Having studied the heteromer formation in the TRPC and
TRPV channel families consisting of six to seven members
each, it is tempting to draw preliminary conclusions about the
rules of random versus evolutionarily favored maintenance of
heteromeric subunit interaction. During phylogenesis, gene
duplications represent the branching points at which two
almost identical proteins form and subsequently diverge by
individually accumulating mutations. At a certain level of
divergence, either the heteromultimerization will be lost or
co-evolution between two subunits will help maintain or
even create complementary binding interfaces. Although,
theoretically, only a few amino acid exchanges may suffice to
disrupt the inter-subunit interaction, a multi-step procedure
for creating two independently assembling cation channel
complexes is more likely. The TRPC channel family can be
subdivided into two major subgroups: TRPC1, TRPC4 and
TRPC5 sharing 40-68% amino acid identity, or TRPC3,
TRPC6 and TRPC7 featuring >72-79% amino acid identity.
Within the mammalian TRPV and TRPC channel families, the
highest amino acid identity between non-interacting subunits
is 41.4% for TRPV1 and TRPV4 whereas the lowest identity
of interacting partners is 40.5% for TRPC1 and TRPC4. Thus,
intriguingly, the threshold for the phylogenetic conservation of
heteromultimerization between mammalian TRPC or TRPV
channel subunits appears to be tightly defined. In contrast
to the TRPV and TRPC channel families, CNG channel
complexes are composed of A-type and B-type subunits (Weitz
et al., 2002; Zheng et al., 2002). Because the overall amino acid
sequence identity between interacting CNGA1-4 and
CNGB1/3 channel subunits amounts to only 16-32% (Kaupp
and Seifert, 2002), it is likely that co-evolution of the binding
interfaces occurred. In the TRP channel family and on the basis
of currently available data, such signs of co-evolution are
limited and may be restricted to the eye-specific insect TRP,
TRPL and TRP-γ channels, which share 37-38% amino acid
identity, but still form heteromeric complexes (Xu et al., 1998;
Xu et al., 2002). Because the overall amino acid identity
between cation channel subunits does not necessarily reflect
local similarities in the binding interface(s), a more refined
analysis of the binding determinants will help clarify the
validity of these initial thoughts.
In conclusion, our data demonstrate that, except for TRPV5
and TRPV6, TRPV channel subunits preferentially assemble
into homomeric pore complexes. Although in the presence
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of as yet unidentified accessory subunits the TRPV
heteromultimerization may be altered, we describe here the
intrinsic properties of the pore-forming TRPV subunits to
assemble into homo- or hetero-oligomeric channel complexes.
The overall affinity and the specificity of interaction appear to
be synergistically defined by both transmembrane domains and
cytosolic termini, presumably by forming intramolecularly
linked interaction modules.
We thank Robert Kraft for confirming the functional integrity of
TRPV5-YFP and TRPV6-YFP clones by electrophysiological
recordings. This work was supported by the Deutsche
Forschungsgemeinschaft and by the Fonds der Chemischen Industrie.
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