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two carbamide ester groups. In contrast, the presence of four
hydroxymethyl and two carbamide ester groups, and there-
fore a total of six hydrogen bond donor and acceptor
functionalities, is considered to be less favorable. Our results
suggest a limit on the number of hydrogen bond donor and
acceptor groups, at least for this first series of symmetric
modulators, and therefore provide an important contribution
to the discussion on the role of hydrogen bonding with respect
to activity. A comparison of the concentrations required for
sufficient inhibitory activity (< 3 pum) and the CCs, values for
the cyctotoxicity of 6b and 6¢ (> 93 and 125 uM, respectively),
obtained from MTT assays!'l for the determination of lactate
dehydrogenase (LDH) activity in metabolically active normal
cells (MT-4), makes clear that the novel MDR modulators
evoke convincing inhibitory activities at concentrations below
those causing cytotoxic effects.

In conclusion, hydroxymethyl-substituted 3,9-diazatetraas-
teranes represent an independent class of novel MDR
modulators that show activity at concentrations below cyto-
toxic levels. A highly interesting characteristic of these
compounds is the rigidly symmetric form, which, owing to
the extraordinary effect on the target structure, could be a
reflection of the composition of the molecular pump or the
potential bonding region, whose structure is as yet unknown.
The goal of further work is to examine this “symmetry
hypothesis” through the synthesis and investigation of unsym-
metrical compounds. In order to estimate the clinical potential
experiments are planned on additional resistant cell lines,
whose MDR is based on the expression of molecular pumps
other than the P-GP.
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Fluorescence Spectroscopic Quantification of
the Release of Cyclic Nucleotides from
Photocleavable
[Bis(carboxymethoxy)coumarin-4-ylJmethyl
Esters inside Cells**

Volker Hagen,* Stephan Frings, Jiirgen Bendig,
Dorothea Lorenz, Burkhard Wiesner, and
U. Benjamin Kaupp

Caged compounds are an elegant means to produce rapid
jumps in the concentration of chemical messenger molecules
inside cells.!] Caged compounds are photolabile inactive
derivates of biologically active molecules. The biologically
active substance is rapidly released by a photochemical
reaction. Caged compounds allow the elucidation of complex
intracellular processes and their resolution in time and space.

For many applications it would be useful to determine
quantitatively the degree of photolysis of the caged compound
inside cells. In a few cases this has been possible by a rather
complicated calibration of the cellular reaction. Here we show
that the determination of the amount of released cyclic
nucleotides is feasible by fluorescence measurements, using
the axial and equatorial diastereomers of [6,7-bis(carboxy-
methoxy)coumarin-4-yljmethyl (BCMCM) esters of cyclic
adenosine-3',5-monophosphate (cAMP) 1 and cyclic guano-
sine-3',5-monophosphate (cGMP) 2,2l which are excellent
phototriggers for cyclic nucleotides.

Upon irradiation with UV light in aqueous buffer solution
and inside cells, 1 and 2 rapidly produce (within 2-5 ns) cAMP
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and ¢cGMP, respectively Pl and 6,7-bis(carboxymethoxy)-4-
(hydroxymethyl)coumarin (3, BCMCM-OH) (Scheme 1).
The photolysis proceeds free of competing side reactions
with quantum yields of 0.08-0.14.”1 Per molecule of 3, one
molecule of either cAMP or cGMP is produced.
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Scheme 1. Photolysis of 1 and 2.

The fluorescence quantum yields of 1 and 2 are small,
whereas the alcohol 3 is strongly fluorescent (Table 1, see also
Figure 1a). Therefore, upon photolysis of the caged com-
pounds, the fluorescence is strongly enhanced (in aqueous

Table 1. Fluorescence maxima A{™, fluorescence quantum yields ¢; and
fluorescence life times 7; of the BCMCM-caged cAMPs and cGMPs 1-2, as
well as of 3 in HEPES-KOH buffer, pH 7.2; A, =333 nm.

Compound AP [nm] @ 7 [ns]
1 (axial) 440 0.015 n.d.
1 (equatorial) 439 0.016 <0.2
2 (axial) 436 0.012 nd.
2 (equatorial) 441 0.014 <02
3 431 0.62 3.18

[a] Error limit £0.002 (1,2) and £0.01 (3); n.d. =not determined.

buffer 40- to 50-fold increase) (Figure 1b). In HEPES buffer
(HEPES = 2-[4-(2-hydroxyethyl)-1-piperazinyl]ethansulfonic
acid), the relationship between the degree of photolysis and
the increase in fluorescence is linear for all BCMCM-caged
cyclic nucleotides. This correlation is shown for the equatorial
isomers of 1 and 2 in Figure 2. Therefore, it is feasible to
determine the concentration of released 3 and thereby also
the concentration of cAMP and ¢cGMP under these condi-
tions.

The fluorescence of 1, 2, and 3 in cells is similar to that of
the respective substances in aqueous solutions, that is, 3, which
has been introduced into HEK293 cells by using a micro-
pipette, is strongly fluorescent (Figure 3), in contrast to 7-
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Figure 1. a) Fluorescence spectra of 50 um solutions of the equatorial
isomer of 1 and of 3. F=relative fluorescence intensity; b) increase in
fluorescence of a 50 um solution of the equatorial isomer of 1 as a function
of the irradiation time; solutions in HEPES-KOH buffer, pH 7.2.
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Figure 2. Correlation between the enhancement of the relative fluores-
cence and the extent of photolysis (Ru.m) of 50 um solutions of the
equatorial isomers of 1 (a) and 2 (b) in HEPES-KOH buffer, pH 7.2.
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Figure 3. Determination of the photolytically liberated concentration of 3 in HEK293 cells: a) visualization of cell loading with 100 um BCMCM-OH (3) or
DCMCM-OH through the patch pipette by monitoring the fluorescence intensity (excitation: 340 nm, emission >420 nm, scaling in countsms™).
Fluorescence intensity increases with the concentration of 3; b) determination of the concentration of 3 following photolysis of 1 in four HEK293 cells which
were loaded with the indicated concentration of 1 as well as with 35 um 3 as standard for the calibration of intracellular fluorescence. The fluorescence
intensity used for calibration (F¢, filled arrowhead) was measured after subtraction of background light. Following illumination (arrows, t=2 s, A =365 nm),
the fluoresence intensity increases to the value F, (open arrowheads). The calculated concentration of liberated 3 [c = (F,—F¢)/F-35 pm] was 49 uMm, 96 uM,
148 pm, and 271 pm, respectively; ¢) concentration of photolytically liberated intracellular 3 plotted against the concentration of 1 in the pipette solution
(illumination: t =2 s, A =365 nm). Mean values + SD obtained from five cells per concentration value. ¢, = concentration of 1, ¢; = concentration of liberated

3

methoxy-¥ and 6,7-dimethoxy-4-(hydroxymethyl)coumarin
(DMCM-OH),Pl whose fluorescence is totally quenched
inside HEK293 cells.[) This result indicates that the hydro-
philic carboxymethoxy groups in 3 inhibit the quenching of
fluorescence by cellular constituents. Therefore, flash photol-
ysis of BCMCM-caged cyclic nucleotides results in a concen-
tration-dependent increase of fluorescence inside cells, as
shown in Figure 3b for compound 1. The concentrations of 3
and thereby that of cAMP, determined by the light-induced
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Figure 4. Quantification of the concentrations of 3 and cAMP following
photolysis of 1: a) a HEK293 cell transfected with DNA encoding CNGA 2
channels was loaded with 428 um 1 as well as with 35 um 3 for internal
calibration. The fluorescence recording (upper trace) shows liberation of 3
during a series of UV flashes (t=20 ms, =365 nm). The simultaneous
current recording (lower trace) shows activation of the CNGA2 channels
by photoreleased cAMP. Both fluorescence intensity and current amplitude
can be used to calculate photolysis; b) calculation of photolytic liberation
of 3 from the increase of fluorescence intensity (see Figure 3), and
calculation of cAMP liberation from the relative current I, = I/1,,,, using
the Hill equation.l”! The results for quantification of photolysis obtained
from fluorescence measurements (o @) and from analysis of current
recordings (AQ) are in good agreement. While the current calibration is
limited by the maximal channel activation at roughly 150 um cAMP, the
fluorescence-based calibration can be extended to higher concentrations.
I =current; n =number of flashes; ¢, .o\ip = concentration of photoreleased
cAMP.
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fluorescence enhancement, increase almost linearly with the
concentration of photolyzed 1 (Figure 3¢).

Figure 4a shows the light-induced increase in intracellular
fluorescence and the cAMP-induced current in cells loaded
with 1 and expressing the cAMP-gated ion channel of
olfactory neurons (CNGA?2). Each flash of light incrementally
increases both the fluorescence and the current. The concen-
tration of released 3, which corresponds to the concentration
of released cAMP, can be determined from the fractional
change in fluorescence (Figure 3). The obtained concentra-
tion of released cAMP agrees very well with that independ-
ently determined from the incremental increase of open
CNGAZ2 channels!”! (Figure 4b). Similar results were obtained
for the release of cGMP from 2 and the release of 8-
substituted cyclic nucleotides from the respective BCMCM-
caged derivatives. These experiments demonstrate that it is
feasible to follow the release of cyclic nucleotides from
BCMCM-caged cyclic nucleotides quantitatively by fluores-
cence measurements. We expect that these measurements can
be extended to other BCMCM-caged derivatives, provided
their fluorescence is distinctly different from that of the
photolysis products.

This technique allows, for the first time, the quantitative
dose-response relations of cellular reactions triggered by
cyclic nucleotides to be established. Recently it was reported®
that adenylyl cyclases, which synthesize cAMP, and cAMP-
gated channels, appear to colocalize to a subcompartment of a
cell line and that diffusional exchange between this compart-
ment and the cytosol is restricted. We did not observe a
difference in the concentrations of cytosolic cAMP reported
by the fluorescence signal and the “local” cAMP concen-
tration in the vicinity of the CNGAZ2 channel. The methods
described here will allow the hypothesis of cellular subcom-
partments, in which the diffusion of intracellular messengers is
restricted in more quantitative terms, to be tested.
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Protonated Benzene: IR Spectrum and
Structure of C;H, " **

Nicola Solca and Otto Dopfer*

The protonation of aromatic molecules is a central process
to organic chemistry. For example, protonated aromatic
molecules (AH") occur as intermediates in electrophilic
aromatic substitution reactions, probably the most character-
istic reaction mechanism for aromatic molecules.l!! Spectro-
scopic studies in solution reveal that fundamental properties
of these ion-molecule reactions depend strongly on the
environment.'? To separate solvation effects from intrinsic
molecular properties, gas-phase studies are required.’] How-
ever, to date, nearly all data about gas-phase protonation
processes have come from mass spectrometric methods,?
which provide only indirect and often inconclusive structural
information. Spectroscopic data for direct and unambiguous
structural characterization have not been reported for any
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isolated AH* ion, mainly because of the difficulties encoun-
tered in producing a large abundance of these species. Gas-
phase spectra of AH" are desirable, not only to investigate
fundamental reaction mechanisms, but also to identify these
ions in terrestrial and extraterrestrial hydrocarbon plasmas,
such as combustion flames and interstellar media.P!
Protonated benzene, C,H,", is the simplest protonated
aromatic hydrocarbon and for more than half a century has
served as a benchmark for investigating the mechanism of
electrophilic aromatic substitutions. Most quantum chemical
studies consider three binding sites for the proton to the
benzene molecule (Figure 1).! The benzenium ion (1), often

Erel 0 6.4 493
*H

N -
1 2 3

Figure 1. Calculated structures and relative energies (E,, in kcalmol™') of
stationary points on the potential energy surface of C¢H,*:[" 1: 6 complex
(benzenium ion, Wheland intermediate, global minimum, C,, symmetry);
2: bridged structure (benzonium ion, first-order transition state, C, sym-
metry); 3: m complex (second-order transition state, C¢, symmetry).

called the o complex or Wheland intermediate, is the global
minimum on the calculated CsH,™ potential. The bridged
structure 2 is predicted to be the lowest transition state for
proton migration between equivalent o complexes, with an
activation barrier of F, =~ 6-11 kcalmol~.. The face-protonat-
ed m complex 3 is identified as a second-order transition state
which lies ~50 kcalmol~! above 1. Apart from 1-3, several
other less stable C4H;* isomers exist.l”l These isomers are not
considered further, as they do not have a six-membered ring
and are thus not created in the present experimental
procedure. 78]

Spectroscopic evidence for a o complex of C¢H;* in the
condensed phase comes from NMR, IR,[*®4101 and UV
spectroscopy,['”! and X-ray crystallographyl®! of either salts or
superacid solutions. The low-temperature NMR spectra are
consistent with a static o complex 1, whereas spectra recorded
at higher temperatures indicate the equivalence of all protons,
which is caused by rapid intramolecular exchange.’” The
derived activation barrier for proton migration, E,=10+
1 kcalmol [ is consistent with the theoretical values,®!
assuming that 2 is the lowest transition state for the intra-
molecular 1,2-proton transfer. The conclusions drawn from
gas-phase studies to ascertain the C¢H;" structure without
interference from strong solvation effects are controversial.
The UV spectrum of isolated C¢H,* 'l indeed deviates
significantly from the solution spectrum!'] and contains no
conclusive structural information. Structure determination by
mass spectrometry®®7 suffers from indirect and disputable
interpretations.® Although most studies infer that 1 is the
most stable CgH,* structure,?* 4! a recent analysisi®! leads to
the conclusion that 3 is probably lower in energy by ~3-
4 kcalmol .
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