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136.0, 158.9; [a]¥ = +41.1 (¢ =1.0, benzene); elemental analysis calcd for
C;;H,,0,: C 74.13, H 7.92; found: C 74.13, H 8.07. Other physical and
spectroscopic data (TLC, IR, and 'H NMR) were identical with those in the
literature.l* + 14°1 The enantioselectivity was determined to be 93 % ee by
HPLC analysis on a chiral column (Chiralcel OD-H, Daicel Chemical
Industries, Ltd., hexane/iPrOH 20/1, flow rate 1.0 mLmin™'): fp,0,=
10.1 min (R), fyinor = 11.8 min (S).

1-(p-Bromophenyl)-3-buten-1-ol (Table 2, entry 6): *C NMR (75 MHz,
CDCly): 6 =43.6, 72.5, 118.6, 121.1, 127.5 (2C), 131.3 (2C), 133.9, 142.7;
[a]¥ =+47.0 (c=1.0, benzene); elemental analysis calcd for C;(H;;OBr: C
52.89, H 4.88; found: C 52.90, H 5.12. Other physical and spectroscopic data
(TLC, IR, and 'H NMR) were identical with those in the literature.l* 1> The
enantioselectivity was determined to be 93 % ee by HPLC analysis on a
chiral column (Chiralcel OJ, Daicel Chemical Industries, Ltd., hexane/
iPrOH 9/1, flow rate 0.5 mLmin'): £, = 16.0 min, #,,,j,,= 17.3 min. The
absolute configuration is unknown.
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The glycopeptide antibiotics, which have vancomycin as a
prominent example, are of increasing importance in the
treatment of bacterial infections because of the problem of
resistance.l! They function by binding (as dimers or using a
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membrane anchor) to the membrane-anchored peptidoglycan
precursors terminating in D-Ala—D-Ala and thus prevent
transglycosylation (and/or transpeptidation?) in the final
phase of peptidoglycan biosynthesis of the bacterial cell wall.
There is another class of compounds that interfere with the
transglycosylation reaction, namely the moenomycins (for
example, moenomycin A (1)). However, their mode of action
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is completely different. They have been shown to bind
reversibly to the enzyme and thus inhibit growing of the
peptidoglycan polysaccharide strands.?! The moenomycins
are, therefore, unique tools for elucidating the structure of the
enzyme and the detailed mechanism of the transglycosylation
reaction.

The structure —activity relationships of the moenomycins
have been studied extensively™ and a mechanism of their
mode of action has been proposed.P! Tt is assumed that they
compete with the subtrate(s) of the transglycosylation reac-
tion for a binding site at the enzyme, most probably for the
binding site of the growing peptidoglycan chain (the glycosyl
donor).P! The oligosaccharide part of the moenomycin-type
transglycosylase inhibitors is recognized with high selectivity
by the enzyme.l) However, there is another prerequisite for
antibiotic activity: membrane anchoring of the antibiotic
through its lipid part. Thus, removal of the C,s lipid from
moenomycin® or introduction of one or several OH groups
into the lipid chain? causes complete loss of antibiotic
activity.

Whereas the structure —activity relationships in the oligo-
saccharide part of the moenomycins are fairly well understood
the role of the lipid moiety has remained elusive. Attempts to
study the interaction of the lipid part of moenomycin with
artificial membranes (1-palmitoyl-2-oleoyl-sn-glycero-3-phos-
phocholine (POPC) vesicles) by isothermal titration calori-
metry at concentrations in the range of the minimal inhibitory
concentration (MIC, see below) failed since the method was
not sensitive enough.!

We describe herein successful experiments that allowed the
quantitation of the interaction of moenomycin with artificial
membranes by means of fluorescence methods. These experi-
ments give information for the first time on the extent of the
anchoring of moenomycin to membranes, as expressed by a
partition coefficient, and of the transfer of moenomycin from
one vesicle to another, as expressed by a rate constant. The
former information is important for developing an under-
standing of the contribution of moenomycin membrane
anchoring for the interaction with the enzyme (and to its
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antibiotic activity). The latter is important in the context of
pharmacokinetics, since unfavorable transport properties of
the moenomycins have until now precluded their use in
human medicine.

Units C and E-1I of 1 are indispensible for antibiotic
activity.! We wanted, therefore, to attach the fluorescent
label to unit A. A sequence of a) reaction of the enolized j-
diketone unit of moenomy-
cin A with the diazonium salt
obtained from 2, b)Japp-
Klingemann ring cleavage
of the thus formed azo com-
pound, and c) triazol formation of the intermediate amidra-
zone was used to prepare compound 3 (Scheme 1).1 Most
notably, 2 could be selectively converted into the aromatic
diazonium salt since the aliphatic amino group was protected
by protonation under the conditions of diazonium salt
formation. Compound 3 was then coupled to the 7-diethyla-
mino-4-methylcoumarin chromophore by reaction with iso-
thiocyanate 41" to provide thiourea 5. The compound was
purified by careful chromatographic separations and was
characterized by electrospray ion cyclotron resonance mass
spectrometry (ESI-ICR-MS) and by its fluorescence spectra
(Aex: 396 nm, A,y 477 nm," in methanol). The MIC values
against seven different Staphylococcus aureus strains were
determined by a microdilution method on microtiter plates.
Under these conditions moenomycin A turned out to be more
active by a factor of 10 (MIC in the range of 6.9 x
10 molL™") than previously assumed. A MIC of 1.7 x
10" mol L~! was determined for 3 and 1.2 x 10~ mol L~'for
5. The reason for the difference in antibiotic activity is not
understood at present, but both 3 and 5§ appear to be well
suited for future binding studies with the enzyme (work is in
progress).

[¢]
Scheme 1. Synthesis of 5.
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Moenomycin A is known to form micelles in aqueous
solution above a definite concentration (the critical micelle
concentration, cmc). The cmc has been shown to depend on
the pH and the ion strength (about 5 x 10~*molL~" at
pH 6.8).71 At concentrations of 50—200 x 10~ molL~" the
coumarin-labeled moenomycin derivative 5 gave clear dis-
persions in water, which indicates the existence of monomers
and/or micelles. The fluorescence intensity increased to a new
stable value upon addition of unilamellar POPC vesicles to
the aqueous dispersion of 5 (Figure 1). This effect reflects the

1.0+

Ko=(2.2+0.7) x 10°

F rel

06

0.5

1 1 Il i
0 100 200 300 400
¢(POPC)/ym —
Figure 1. Fluorescence intensity of 5 as a function of the lipid concen-

tration. The experimental data represent the average of three measure-
ments with different concentrations of 5 (50, 100, and 200 nm).

insertion of § into the vesicles. The partition coefficient K, was
obtained from the dependence of the fluorescence intensity
on the POPC concentration and K, is defined as X™/ X", where
X™ and X* are the molar fractions of 5 incorporated into the
membranes and in the water phase, respectively. The current
fluorescence intensity is then described by Equation (1). The

F=(K,Fy. + WEJC)(WIC, +K,) )

fluorescence intensities F, and F. are the fluorescence
intensities if all molecules of § are dissolved in water and
incorporated into the membrane, respectively. W is the
concentration of water (55molL™") and C, is the lipid
concentration in the sample. Using this formalism K, was
determined to be (2.2 +0.7) x 10° (see Figure 1).

The transfer of 5 between POPC vesicles has been
investigated by fluorescence resonance energy transfer
(FRET), a powerful tool for studying interbilayer transfer of
membrane-anchored molecules. An especially useful donor/
acceptor pair has been described by Silvius et al. who reported
that the fluorescence of 7-diethylamino-4-methylcoumarin
(see above) is efficiently quenched by the (4-dimethyl-
amino)azobenzene chromophore (DABS, 1, 447 nm).l'
For this investigation we used 5 and the DABS-labeled
phospholipid 6, which was prepared essentially as published
by Silvius et al.l"'! Figure 2 illustrates the results of quenching ex-
periments. POPC vesicles containing different amounts of the
quencher lipid 6 were asymmetrically loaded with appropriate
amounts of donor 5. The fluorescence intensity of 5 decreases
as increasing molar percentages of 6 are incorporated in the
vesicles. When compared with the results reported by Silvius
etal. it is clear that a somewhat higher percentage of 6
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Figure 2. Quenching of the coumarin fluorescence of 5 incorporated into
POPC vesicles for increasing concentrations of 6. The inset shows the
overlap of the absorption spectrum of 6 with the fluorescence spectrum of 5.

(0.57 mol %) is needed to achieve the half-maximal energy
transfer. This is most probably a consequence of differences in
the location of the donor group in the two systems. The
interbilayer transfer experiments were performed as indicated
in Figure 3. Addition of POPC vesicles to vesicles containing
donor 5 and acceptor lipid 6 resulted in an increase of

O\\P/Oe \ﬁ/
o~ \o/\/ ~

N//N\O\
NMe,

fluorescence intensity (see Figure 4), whereas the mixing of
vesicles loaded with the donor with vesicles containing only
the acceptor led to a decrease in the fluorescence intensity.
The opposite effects observed in the two approaches demon-
strates the intervesicle transfer of 5. In the first case the
number of quenched donor molecules diminishes on transfer

s 96 T popc

Figure 3. Principle of the interbilayer transfer experiments. A) “Empty”
vesicles are added to donor- and acceptor-labeled vesicles, and B) donor-
labeled vesicles are added to acceptor-labeled vesicles.
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Figure 4. Plot of the fluorescence intensity for the two interbilayer transfer
experiments A and B (see Figure 3).

into the acceptor-free vesicles, while in the second case it
increases as they transfer into the acceptor-filled vesicle. The
fraction of transferred molecules of 5, X = np/(np + npg), can
be estimated from Equation (2), where np, npo, and Fry
denote the number of donor molecules not quenched and

X:(Fx*Fo)/(FTx*Fo) (2)

quenched and the fluorescence intensity after addition of
Triton X-100 (1%), respectively. Three experiments using
different amounts of acceptor lipid 6 (0.5, 1, and 2 %) yielded
X =0.4-0.5, which is reasonable for mixing equal amounts of
lipid.

The transfer of § is a fast process and ¢, can be roughly
estimated to be in the range of seconds (see Figure 4).
Subsequent stopped-flow experiments (Figure 5) yielded
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Figure 5. Plot of the voltage in the stopped-flow experiments a) upon
addition of POPC vesicles to an aqueous solution of 5 (insertion) and b) on
mixing of vesicles labeled with 5 and 6 with “empty” vesicles (transfer). A
decrease in the voltage indicates an increase in the fluorescence.

k=0.25+0.05s"! from Equation (3), which is obtained by
integration of Equation (4). V,, and V_ are the read voltages

V) =—k|Vy— Vit 3)
ke=[(dV(D)/dt),_ol/(Vc— V) (©)
(inversely proportional to the fluorescence intensity) imme-

diately after combining the POPC vecicles and the aqueous
solutions of 5 in the cell and after equilibration, respectively.
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The initial rate constant k,=0.25 s~ =15 min~! is comparable
to values found for short chain phospholipid conjugates (C;;
or C,, unbranched alkyl chains).["*]

The insertion of § into the lipid vesicles was also observed
by stopped flow experiments. The initial rate of this process,
k;=0.8 s7!, was found to be comparable to the intervesicle
transfer rate.

In conclusion, we have set up an experimental system that
has allowed the investigation of the interaction of moeno-
mycin-type compounds with artificial membranes for the first
time. These results can be used in competition experiments to
study new moenomycin analogues and, thus, are expected to
form the basis for the rational design of transglycosylase
inhibitors with improved transport properties. Work along
these lines is in progress.

Experimental Section

3 was prepared essentially as described for a thiol analogue.l” It was
purified by ultrafiltration (Amicon INC, YM3) and the subsequent
chromatographic purifications: a) flash chromatography (FC; silica gel,
1-propanol/2 mol L~! ammonia 7/3), b) medium pressure chromatography
(MPLC; RPy4, methanol/water 1/1). The yield was 38%. The *C NMR
spectrum was fully in accord with the structure. C;gH;;,N;,O3P (1817.80,
1817.73), FAB-MS (matrix: nitrobenzyl alcohol): m/z 18173 ([M +H]*),
1839.6 ([M + Na]*).

5 was prepared by reaction of 3 with 4 in a pyridine/DMF (1/10) solution at
20°C. After 48 h the solvents were evaporated and the residue purified
by chromatography a) FC (silica gel, chloroform/methanol 20/
12 —chloroform/methanol/water 20/12/2, 2 x), b) MPLC (RP;g, aceto-
nitrile/water 1/1, 3 x ). The yield was 25%. CyH;3;N;,05PS (2182.26,
2180.86), ESI-ICR-MS: m/z: 2181.8685 ([M+H]", calcd: 2181.8642),
2203.7990 ([M+Na]*, calcd: 2203.8462).

MIC values were determined by a serial twofold microdilution method
(Iso-Sensitest medium, Oxoid). A series of decreasing concentrations of
the compound under investigation was prepared in the medium. For
inoculations 1 x 10° cfumL~! were used. The MICs were determined
(absence of visible turbidity) after 24 h at 37°C.

Unilamellar POPC vesicles containing 6 and loaded with 5 (1.5 mL of
300 um) were mixed with an equal volume of an equal amount of empty
POPC vesicles by stirring. In an analogous series of experiments vesicles
with only 6 were mixed with vesicles loaded with 5. The probe content of
the samples was determined by the fluorescence intensity in the presence of
1% Triton X-100, which eliminates the energy transfer. All fluorescence
values were corrected for the background using the appropriate blank
values as well as for inner filter effects using fluorescence values
determined in the presence of Triton X-100. The influence of Triton X-
100 on the quantum yield of 5 was also accounted for. All measurements
were carried out at room temperature on a CD900 spectrofluorometer
(Edinburgh Instruments) using 1 nm slits for excitation and 1.5 nm for
emission monochromators. The stopped-flow-instrument Hi-Tech Scien-
tific SF51 was used for fast kinetic measurements.
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We recently reported that Ru' is readily reduced to Ru® by
simple treatment of [Ru(CO);ClL,(thf)] (1) with KOH fol-
lowed by thermally induced decarboxylation of the incipient
hydroxy-carbonyl adduct at 85°C under CO (1atm) to
produce [Ruy(CO);,] (Scheme 1).1 The reaction is under-
stood in terms of a reductive elimination of HCI? 3! from an
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Scheme 1. Reaction of 1 with KOH.
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unstable “acid”™ hydrido intermediate. Though elusive, the
latter is prone to insertion reactions in the presence of olefins
or alkynes.[' > ¢ Upon simply replacing KOH by [NEt,][OH]
with the aim to obtain highly concentrated solutions of the
hydroxy-carbonyl adduct for a 3C NMR investigation, we
were surprised to observe that CO, evolution was becoming
significant at room temperature, and occurred at rates
apparently depending both on the nature of the counterion
and the concentration.

Typically, when one equivalent of a concentrated metha-
nolic solution of [NEt,J[OH] (1 mL, 1.5M) was added to a
solid sample of 1 (500 mg, 1.5 mmol) at 25°C, rapid dissolu-
tion of the complex was observed within seconds along with
gas evolution (strong v(CO,) IR absorption at 2338 cm~!) and
development of an intense red color. This was rapidly
followed by nearly quantitative precipitation of a red-orange
microcrystalline product. High-quality homogeneous single
crystals of this product were obtained from slightly modified
experiments where 1 was dissolved in a minimum amount of
ethanol or methanol (1-2 mL) prior to the addition of the
hydroxide. This complex, recovered in 90—95% yield, was
formulated as 2 (Scheme 2) on the basis of an X-ray structure
analysis revealing its polymeric nature (Figure 1).!
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Scheme 2. Synthesis of the polymeric polyanion 2. The square represents a
vacant coordiation site.

(90-95% yield)

The structure of 2 is based on the discrete association of
identical monoanionic dimeric units. The basic motive is a
face-sharing bioctahedron in which two ruthenium centers are
connected through two bridging halides and one bridging
carbonyl group. Each ruthenium atom bears two terminal
carbonyl groups in a fac arrangement with the bridging one.
The third halide (frans to the bridging CO) serves as a
symmetric bridge between neighboring units of the polymeric
chain. Though the metal - metal separation within the dimer is
2.964(1) A, an electron count reveals that, formally, there is
no metal —metal bond.

Complex 2 appears to be the first representative of the
family of binary halo-carbonyl Ru' species. Indeed, the
relevant edge double-bridged Ru! prototype [Ru,X,(CO)q]
recently identified by Fachinetti, Funaioli et al.®! for X = tri-
fluoroacetate, is still unknown for X =halide,”! though a
number of phosphane-substituted derivatives have been
prepared from other precursors.'> 1]
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