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Introduction

The isolation of the peptide neurotransmitters [Leu5]-enkepha-
lin and [Met5]-enkephalin from the brain of mammalians in
1975[1] and the discovery of their analgesic effect[2] led to in-
tense pharmacological research of the enkephalins.

The five amino acid-containing enkephalins and most of the
other small neuropeptides are cleaved from large precursor
proteins or peptides, which are produced by protein biosyn-
thesis directly inside neuronal cells and are rapidly cleared out
of the liquor and bloodstream due to their instability towards
peptidases.[3–5] It has been shown that the relatively small en-
kephalins and other small peptides are primarily taken up by
the brain through a saturable peptide transport mechanism[6–8]

or by adsorptive-mediated endocytosis.[9, 10] However, the
amount of enkephalin that penetrates through the blood–
brain barrier (BBB) is very limited and insufficient for biomedi-
cal studies. The BBB is the interface between blood and brain
and is primarily formed of brain capillary endothelial cells
(BCEC), which line all cerebral blood vessels.[11] BCEC have spe-
cial neuroprotective characteristics, for instance, tight junctions
and low vesicular transport, which impede the transport of
compounds in a range from a few hundred Daltons to several
kD; this makes the BBB the most important physical, metabolic
and immunological barrier for most solutes.[12] In the last two
decades lipidation and glycosylation of peptides was underACHTUNGTRENNUNGinvestigation because such modifications alter the interaction
between peptides and membranes as well as their metabolic
stability.[13–15]

Nowadays the development of solid-phase synthesis (SPS)
lipidation and glycosylation methods make it possible to syn-
thetically produce peptides labelled with lipids, glycosides and

neoglycosides.[16–18] Additionally, lipidation can be used to en-
hance drug delivery by increasing the lipophilicity of the trans-
fecting cationic peptides,[19] whereas glycosylation greatly influ-
ences serum stability and biodistribution of peptides, including
penetration of the BBB.[15, 20]

In the case of enkephalins both modifications were investi-
gated to improve uptake into the brain. Adamantyl-labelled
derivatives were synthesised that show higher in vivo activities
than the nonlipidated compound.[21] Further modifications in-
clude the conjugation of enkephalins to lipidated amino acids;
similar modifications were also successfully applied to other
therapeutic peptides.[22] Glycoenkephalin derivatives were syn-
thesised early on, but the interest at the time focussed onACHTUNGTRENNUNGreceptor binding and structural conformation.[23–25]

Increased BBB passage was demonstrated in the following
years indirectly by an increased analgesic effect of in vivo ad-
ministered glycosylated enkephalin derivatives, which were
subsequently improved.[26–30] Lipidation of peptides improves
BBB penetration, similar to the fact that an increase in lipophi-
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licity usually increases the efficacy of small-molecule, CNS-relat-
ed drugs. This approach, however, does not work for glycosy-
lated peptides. Investigation of interactions with membranes
led to the recognition that these peptides follow the concept
of Biousian theory,[31] which does not rely on lipophilicity but
rather on the amphiphilic nature of glycopeptides.

This work was inspired by our observation that covalent la-
belling of bioactive peptides with organometallic compounds
leads to significant cellular uptake of such conjugates even for
peptides that are not usually readily incorporated into cells,
such as the simian virus nuclear localization sequences
(NLSs).[32, 33] We thus hypothesised that the functionalization of
neuropeptides with organometallic groups might be a way to
increase their permeation through the BBB. We show here that
ferrocene–enkephalin conjugates in particular are readily pre-
pared, stable and nontoxic organometallic peptide derivatives
with increased BBB penetration. These results are supported
by the fact that such conjugates are readily incorporated even
into cell lines that do not express the enkephalin receptor ;
hence, this rules out receptor-mediated uptake.

Ferrocene (dicyclopentadienyliron, Cp2Fe, FcH) is a well-
known and thoroughly characterised organometallic com-
pound that is formed by a central iron atom and two cyclo-
pentadienyl rings to give a stable so-called “sandwich” com-
plex that fulfils the 18-electron rule. The isoelectronic cobalto-
cinium cation possesses very similar properties except for an
additional positive charge, and in this way achieves the stable
18-electron configuration.

Administration of ferrocene to dogs and mice in high doses
over a long period of time led to moderate, reversible side ef-
fects and intact ferrocene molecules were extracted from the
faeces of the dogs, which suggests high metabolic stability
and a low intrinsic toxicity for ferrocene compounds.[34, 35]

Furthermore ferrocene-containing compounds have recently
been proposed as promising anticancer (Ferrocifen)[36] andACHTUNGTRENNUNGantimalarial drug candidates (Ferroquine, successfully finished
phase II clinical trials in France).[37]

Several approaches to introduce ferrocene into the side-
chain of enkephalin were investigated in the past, with limited
success mostly due to experimental problems. The replace-
ment of Phe4 in the enkephalin sequence by the artificial
amino acid ferrocenylalanine (Fer) led to reduced receptorACHTUNGTRENNUNGaffinity. Furthermore it was difficult to obtain enantiomerically
pure compounds.[38, 39] Several groups have explored ways to
couple ferrocene derivatives to amino acids.[40, 41] In our group,
mild conjugation methods were successfully employed to link
ferrocene to amino acid side-chains and peptide nucleic acids
(PNA), such as Sonogashira coupling[42] and “click chemis-
try”.[43, 44] The most promising metallocene derivatives for stan-
dard solid-phase peptide chemistry (SPPS), however, are still
carboxylic acid derivatives as shown in Figure 1 for ferrocene
and cobaltocenium. This is due to their facile synthesis, insensi-
tivity to air and moisture, and high stability under the condi-
tions of SPPS.[45–49]

We present the synthesis and biological characterisation of
metallocenoyl [Leu5]-enkephalin derivatives. BBB permeation
experiments were conducted in a porcine BBB model and cor-

related to experimentally determined log P values of the conju-
gates. To the best of our knowledge, permeation of the BBB
has never been investigated for metal–peptide conjugates
before. Furthermore, live-cell uptake experiments were carried
out on fluorescein-labelled ferrocenoyl enkephalin derivatives.

Results

All compounds in this study were synthesised by following
standard solid-phase peptide synthesis protocols with slight
modifications to incorporate the metallocenes.[50] After comple-
tion of the syntheses, peptides were cleaved from the resin,
precipitated with cold ether, lyophilized and purified by prepa-
rative HPLC when necessary. In this way, >95 % purity wasACHTUNGTRENNUNGensured for all compounds. In addition to metallocene derivati-
sation, we have also introduced fluorescein to enable fluores-
cence microscopy studies. To this end, an additional 4-methyl-
trityl-N6-protected lysine was introduced after completion of
the enkephalin sequence. This was selectively deprotected by
1 % trifluoroacetic acid (TFA) on the resin. Reaction with fluo-
rescein isothiocyanate (FITC) leads to fluorescein–enkephalin
derivatives, which were subsequently N-terminally derivatised
with ferrocene. The identity of the peptides was confirmed by
electrospray ionisation mass spectrometry (ESI-MS) and NMR
spectroscopy. All signals of the peptide could be assigned by
standard homo- and heteronuclear 1D and 2D NMR spectro-
scopic techniques. Characteristic signals for the metallocenes
around 4–5 ppm provide an easy means of identification of
metallocene–peptide conjugates.

Determination of log P values by RP-HPLC

The octanol/water partition coefficient (log P value) describes a
compound’s lipophilicity. Because ferrocene is a lipophilic com-
pound, conjugation to a hydrophilic peptide should lead to a
shift towards higher log P values for the modified peptide,
which would also improve permeation through the BBB. To
prove this assumption, log kw values of all compounds were
determined by reverse-phase high-performance liquid chroma-
tography (RP-HPLC) and converted to log P values by compari-
son to reference compounds.[51] The log P values are listed in

Figure 1. Metallocenes that were used in this study.
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Table 1. The parent [Leu5]-enkephalin 1 is hydrophilic and thus
has a negative log P value (Figure 2).

N-terminal modification by acetylation (2) or iodophenyla-
tion (7) of [Leu5]-enkephalin shifts the distribution of the com-
pound towards the octanol phase, thus increasing log kw and
consequently log P. Conjugation of 1 to metallocenes in 3 and
4 also increased the log P value significantly. The ferrocenoyl–

enkephalin 3 actually has a higher log P value than ferrocene
itself.[52] Addition of fluorescein as in 9 leads to a furtherACHTUNGTRENNUNGincrease in log P. For comparison, we have also prepared Ne-
fluorescein-lysine with (6) and without (5) ferrocene.

Permeation of the blood-brain barrier in vitro

To assess the potential of blood–brain barrier permeation of 1–
4, the permeability of these compounds was tested in an in
vitro brain endothelial cell (porcine brain capillary endothelial
cell, PBCEC) system. PBCEC were isolated from pig brains as re-
cently described.[53, 54] Briefly, cells were isolated from brains ob-
tained from the local slaughterhouse by a combined mechani-
cal/enzymatic procedure and were cultured as cell monolayers
on permeable filter supports. Confluency was reached after
seven days of culture. The integrity of the monolayers was
checked by determination of the permeability of carboxyfluor-
escein, a nonpermeable paracellular marker. Then, the substan-
ces were applied at 50 mm concentration on the apical side

(“blood-oriented” cell surface).
Samples were taken from the
basal side (“brain-oriented” cell
surface) at 30, 60 and 90 min
after the start of the experiment.
The concentrations of the com-
pounds at the basal side were
determined by HPLC. From the
slopes of the concentration–
incubation time curves the ap-
parent permeation coefficients
(Papp) were calculated as de-
scribed in the Experimental Sec-
tion.

The permeated amount of
substances 1–4 is plotted
against the permeation time in
Figure 3, calculated Papp values
are summarized in Table 2. Com-
pounds 2–4 all reach higher Papp

values than unmodified [Leu5]-
enkephalin 1. The ferrocenoyl–
enkephalin 3 has the highest
Papp value, whereas the permea-
tion coefficient for the acetylat-
ed and the cobaltacenium deriv-
atives are almost identical.

Uptake of fluorescence-
labelled enkephalins in cancer
cell lines

As shown by the BBB experi-
ments, metallocene labels im-
prove the membrane-crossing
properties of [Leu5]-enkephalin.
To further investigate this prop-
erty, the cellular uptake of met-

Table 1. Octanol/water partition coefficients for the compounds that
were used in this study.[a]

Compound log kw log P Compound log kw log P

1 �1.74 �1.20 2 4.35 4.90
3 5.23 5.79 4 1.63 2.18
5 7.99 8.45 6 9.53 10.00
7 6.55 7.11 9 7.51 7.97

ferrocene – 2.66/3.54[b]

[a] log P and log kw determined by the method of Minick et al.[51] [b] Data
from ref. [52] (experimental/calculated).

Figure 2. Metallocene [Leu5]-enkephalins and other compounds that were used in this study.
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allocene enkephalins was determined by fluorescence spec-
troscopy. HeLa, HepG2 and HT-29 cell lines were incubated for
6 and 24 h with the fluorescein-labelled enkephalins. The
cancer cells were incubated with a 20 mm solution of com-
pounds 5, 6, 8 and 9. Compound 5 only was also evaluated at
85 mm. At the end of the incubation period, cellular integrity
was confirmed with propidium iodide. After several washing
cycles, phase contrast and fluorescence microscopy pictures
were recorded with a wide-field microscope. Fluorescence was
quantified in ten representative, manually chosen regions of
interest (ROIs).

The determined values are shown in Figure 4. For control
compounds 8 and 9, fluorescence intensity was low after 6 h
and 24 h. Incubation with a 20 mm solution of compound 5 led

to low fluorescence intensity after 6 h and to a slight increase
after 24 h. The higher 85 mm concentration of 5 gave rise to a
high intensity after 6 h which strongly decreased after 24 h.
Compound 6 clearly shows better accumulation in HeLa and
HepG2 cells than 5 after 24 h. The fluorescence intensity for 6
in HT29 cells was low after 6 h and did not increase significant-
ly after 24 h; this is different from the Hela and HepG2 cells.
One reason could be the pronounced extracellular matrix of
HT-29 cells.[55] Observation with a 100 � oil-immersion objec-
tive showed green fluorescent vesicular structures, which were
more abundant with compound 6, in all cell lines.

Cytotoxicity of compounds 3 and 4 on cancer cell lines

Compounds 3 and 4 were tested for cytotoxicity on the three
cancer cell lines (Hela, HT-29 and HepG2). The viability of the
cells was determined by the colorimetric resazurin assay, which
relies on mitochondrial activity. Crystal violet assays wereACHTUNGTRENNUNGperformed simultaneously to monitor the cell biomass. Both
assays gave similar results. The substance was applied to the
cells regardless of the concentration in RPMI medium with
0.5 % DMSO for 48 h. Data for compound 3 are presented in
Figure 5. At low-micromolar concentrations no detrimental
effect could be seen on any of the cell lines. Increasing the
concentration to 750 mm and 1500 mm decreased cell viability.
Similar results were obtained for compound 4 (see the Sup-
porting Information).

Discussion

The metallocene peptides could be easily synthesised in high
yield and purity by following standard peptide synthesis proce-
dures. To prevent the decomposition of ferrocene during cleav-
age, phenol was used in place of water. A purity of at least
95 % was achieved and confirmed by HPLC. Spectroscopic data
confirm the constitution of the peptides and characteristic sig-
nals for the metallocenes can be readily used for identification.
An examination of compound 9 after three weeks of storage
at 4 8C in culture medium by HPLC did not show any signs of

Figure 3. Plot of permeated amount of substances 1–4 in nmol against per-
meation time. Lines show the linear fit of the obtained data points

Table 2. Apparent permeation coefficients (Papp values). All values were
determined in triplicate (mean value and standard error).

Compound Papp

[cm s�1]
Error
[cm s�1]

Compound Papp

[cm s�1]
Error
[cm s�1]

1 0.38 � 10�5 0.04 � 10�5 2 0.57 � 10�5 0.17 � 10�5

3 0.68 � 10�5 0.13 � 10�5 4 0.52 � 10�5 0.12 � 10�5

Figure 4. Fluorescence intensity determination on cancer cell lines. A) After 6 h and B) 24 h of incubation of HepG2, HT-29 and HeLa cells with the compounds
5, 6, 8 and 9. 20 mm Concentration was used for compounds 6, 8 and 9. For compound 5 two concentrations were tested: 20 mm (5 a) and 85 mm (5 b). Ten
ROIs per picture were determined. Data shown are average values � standard error of the mean (SEM).
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degradation (data not shown); this indicates good chemical
stability and resistance to proteases, which could positivelyACHTUNGTRENNUNGinfluence the accumulation in the cell culture experiments.

The log P values of peptides and metallocene peptides in
this study span a wide range. A log P value of around �1.2 for
[Leu5]-enkephalin 1 is consistent with the literature.[56] All of
the studied modifications of enkephalin lead to an increase in
log P. N-terminal acylation thus generally increases lipophilicity
by suppressing protonation or hydrogen-bond formation at
the N-terminal nitrogen atom. Iodophenylation, which is
known to strongly increase lipophilicity, leads to a log P of 7.11
in compound 7. The metallocenes in 3 and 4 cause the same
effect, but to a lesser extent. In case of the cobaltocenium
peptide 4, the effect is obviously diminished due to the posi-
tive charge of cobaltocenium group. Ferrocenoylation in 3,
however, raises the log P value above the calculated and exper-
imental value for unmodified ferrocene;[52] this reveals a syner-
gistic effect between peptide and metal organic moiety, which
was also reported for other ferrocene-modified molecules.[57]

Additionally the log P of 5.79 for 3 suggests suitability for brain
targeting as suggested by structure–activity relationship stud-
ies (SARS) of other neuropharmaceuticals.[58] Overall, these re-
sults confirm our working hypothesis : the addition of a metal-
locene moiety can increase the lipophilicity of peptides, with
or without a fluorescein label.

Ferrocene conjugates reach log P values that could be fa-
vourable for membrane permeation, in particular permeation
of the BBB. This assumption was confirmed in a BBB model
system consisting of a confluently grown PBCEC monolayer. In
the PBCEC monolayer experiments, the highest apparent per-
meation coefficient was determined for 3, the ferrocene-modi-
fied enkephalin. The Papp values from BBB experiments in
Table 2 correlate well with the log P values of 1–4 and thus
with lipophilicity, as can be seen from Figure 6.

A correlation between lipophilicity and permeation, as ob-
served in our experiments, concurs most obviously with pas-
sive diffusion, however, it does not strictly rule out a receptor-
mediated uptake. The good correlation between permeation

and lipophilicity suggests no or only a very low interaction of
all compounds with the export proteins that are expressed to
a large extent in the BBB.[59] Although the permeation coeffi-
cient values are relatively low, modification with ferrocene sig-
nificantly enhanced the permeation. Similar results could also
be found in cellular uptake experiments on three tumour cell
lines, in which significantly increased fluorescence of the ferro-
cene-modified enkephalins could be detected in two out of
three cell lines. For cobaltocenium peptides a higher uptake
could also be detected in previous work.[32] The cell lines were
chosen because under cell culture conditions they do not ex-
press receptors with a high affinity for [Leu5]-enkephalin.[60–62]

Most probably the localised cellular fluorescence results from a
slow endocytotic process like adsorptive endocytosis, because
an increase in the fluorescence intensity for 6 is clearly visible
after 24 h hours, whereas in the case of diffusion or active
transport a higher uptake after 6 h would be expected. If ad-
sorptive endocytosis were the mechanism of membrane cross-
ing, this could explain why no bigger increase in BBB permea-
tion could be achieved, because PBCEC show reduced endocy-
tosis as one of their neuroprotective properties.[12]

The amount of substance used in the fluorescence experi-
ments was noncytotoxic for the cell lines, as can be seen from
the cytotoxicity results. Only very high concentrations (mm) of
compound 3 seem to damage cells. The mechanism of cyto-
toxicity of ferrocene compounds has been debated controver-
sially.[63] Most likely, cytotoxicity is derived from Fenton chemis-
try of the ferrocene core, and this leads to damage of the cell
membranes. Along those lines, an increased uptake into endo-
somes and intracellular localisation would actually diminish
toxicity in the sense that less free ferrocene would be available
for interaction with the cell membranes.

Conclusions

To the best of our knowledge, the present work presents the
first experiments on the permeation of the BBB for metal–pep-
tide conjugates. Such investigations are highly relevant, given

Figure 5. Cytotoxicity of 3 on HeLa, HT29 and HepG2 cells. Viability is shown
in percent�SEM (standard error mean). Substances were applied in the
given concentrations in culture medium 0.5 % DMSO. Viability at 0 mm was
set to 100 %.

Figure 6. Correlation of log P versus apparent permeation coefficient Papp of
compounds 1–4. Data shown are � standard error. The black line represents
a linear correlation.
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the rising interest in medicinal organometallic chemistry, which
is progressing from a mainly synthesis-driven discipline to the
study of relevant biological properties of the new compounds
and compound classes.[64–68]

The results presented herein suggest that metallocenes can
be used to modify endogenous peptides and alter their physi-
cochemical properties, which in turn leads to improved phar-
macokinetics in vitro and probably in vivo. The versatility of
the system and molecular uptake mechanisms have been stud-
ied for NLS derivatives in detail.[33, 33] The increase in lipophilici-
ty makes metallocenes suitable to modify peptide drugs that
target the brain. Recently, such an approach was successfully
adapted for ferroquine, a ferrocene-containing structural mimic
of the antimalarial compound cloroquine, which also shows
improved pharmacokinetics.[37] The good stability and ready
chemical modification, along with low toxicity, makes the met-
allocenes investigated herein well suited for applications in
solid-phase synthesis techniques and biological applications at
the same time. Moreover, the specific properties of the metal
make such conjugates amenable to metal-specific detection
techniques, such as atomic absorption spectroscopy (AAS),
which has been recently used by our group to quantify the
uptake of peptides and peptide-PNA conjugates in HepG2
cells.[69] The present work indicates that organometal–peptide
conjugates might also be advantageously used for imaging
and targeting of brain tissues in vivo.

Experimental Section

All materials and reagents that were used were of peptide grade
or analytical grade purity. Reagents for peptide chemistry were
purchased from Novabiochem (Darmstadt, Germany) or Iris Biotech
(Marktredwitz, Germany). All amino acids were enantiomerically
pure l amino acids. Mass spectrometry: peptides were dissolved in
MeOH and analysed by a Bruker Esquire 6000 Ion Trap with an
electrospray ionisation source (ESI-MS). NMR spectroscopy: 1H and
13C NMR spectra were recorded on Bruker NMR spectrometers op-
erating at 1H frequencies of 300, 360 or 400 MHz as detailed below.
NMR spectra were referenced to TMS by using the 13C or residual
protio signals of the deuterated solvents as internal standards.

Metallocene and solid-phase peptide synthesis : Ferrocene and
cobaltocenium carboxylic acid synthesis was carried out according
to the literature.[48, 49] If not stated otherwise, all solid-phase synthe-
ses have been carried out according to standard procedures.[50]

Fmoc-Leu-Wang resin was swelled for 1 h in dimethylformamide
(DMF). The N-terminal Fmoc protecting group was removed by
treatment with a solution of piperidine (20 %) in DMF.[70] After each
deprotection and coupling step, the resin was excessively washed
with DMF to remove any residual activation or deprotection re-
agents. Amino acids (fourfold excess) were mixed with equimolar
amounts of O-(benzotriazol-1-yl)-N,N,N’,N’-tetramethyluronium tet-
rafluoroborate (TBTU) and 1-hydroxybenzotriazole (HOBt) until a
clear solution was obtained. The coupling was performed for
45 min for all amino acids and 1–2 h for metallocene compounds.
N-terminal acetylation was carried out by treatment with a mixture
of Ac2O and i Pr2EtN (5 %). For selective deprotection Fmoc-Lys-ACHTUNGTRENNUNG(Mtt)-OH was introduced N-terminally into the peptide chain,
which was treated with up to 7 � 2 min with TFA (trifluoroacetic
acid, 1 %) in CH2Cl2.[71] For fluorescence labeling a fourfold excess

of FITC and ten equivalents of iPr2EtN were used to couple to the
unprotected side-chain of lysine. After the synthesis was finished,
the peptidyl-Wang resin was treated with a mixture of TFA (95 %),
H2O (2.5 %) and triisopropylsilane (TIS) (2.5 %, 6 mL per g resin) for
3 h. For ferrocene conjugates, the cleavage mixture consisted of
85 % TFA, 10 % phenol and 5 % TIS.[50]

H-Tyr-Gly-Gly-Phe-Leu-OH (1): C28H37N5O7 (555.27 g mol�1): 1H NMR
([D6]DMSO, 300.14 MHz): d= 12.61 (br s, 1 H; COOH), 9.35 (br s, 1 H;
OHTyr), 8.74 (t, J = 5.0 Hz, 1 H; NHGly), 8.35 (d, J = 7.8 Hz, 1 H; NHLeu),
8.11 (t, J = 5.4 Hz, 1 H; NHGly), 8.04 (d, J = 7.3 Hz, 1 H; NHPhe), 7.26 (m,
5 H; HAr,Phe), 7.06 (d, J = 8.2 Hz, 2 H; HAr,Tyr), 6.71 (d, J = 8.2 Hz, 2 H;
HAr,Tyr), 4.58 (dt, J = 3.6 Hz, J = 9.2 Hz, 1 H; CaHPhe), 4.22 (m, 1 H;
CaHTyr), 3.98 (m, 1 H; CaHLeu), 3.74 (m, 4 H; CaHGly), 2.90 (m, 4 H;
CbHPhe,Tyr), 1.64 (m, 1 H; CHACHTUNGTRENNUNG(CH3)2), 1.55 (m, 2 H; CbHLeu), 0.88 (dd, J =
6.2, 17.4 Hz, 6 H; CHACHTUNGTRENNUNG(CH3)2) ; 13C NMR ([D6]DMSO, 75.47 MHz): d=
173.7 (COO), 171.0, 168.4, 168.0 (CON), 155.6 (CArOHTyr), 137.6
(CAr,q,Phe), 130.3 (CAr,q,Tyr), 129.1, 127.9, 126.1 (CAr), 124.7, 115.2 (CAr),
53.6 (Ca,Phe), 53.4 (Ca,Tyr), 50.2 (Ca,Leu), 41.8, 41.5 (Ca,Gly), 37.6 (Cb, Phe),
36.1 (Cb, Tyr), 24.2 (Cb, Leu), 22.7 (CH3, Leu), 21.2 (CH ACHTUNGTRENNUNG(CH3)2) ; MS (ESI,
�ve): m/z 1109.18 [2M�H] 554.27 [M�H].

Ac-Tyr-Gly-Gly-Phe-Leu-OH (2): C30H39N5O8 (597.28 g mol�1):
1H NMR ([D6]DMSO, 400.13 MHz): d= 12.55 (br s, 1 H; COOH), 9.12
(br s, 1 H; OHTyr),8.22 (d, J = 8.0 Hz, 1 H; NHLeu), 8.19 (t, J = 5.2 Hz,
1 H; NHGly), 8.03 (d, J = 8.1 Hz, 1 H; NHTyr), 7.97 (d, J = 8.0 Hz, 1 H;
NHPhe), 7.89 (t, J = 5.3 Hz, 1 H; NHGly), 7.23 (m, 5 H; HAr,Phe), 7.00 (d,
2 H; J = 8.2 Hz, HAr,Tyr), 6.61 (d, J = 8.2 Hz, 2 H; HAr,Tyr), 4.54 (dt, J =
3.4 Hz, J = 8.6 Hz, 1 H; CaHPhe), 4.38 (m, 1 H; CaHTyr), 4.21 (m, 1 H;
CaHLeu), 3.63 (m, 4 H; CaHGly), 2.89 (m, 4 H; CbHPhe,Tyr), 1.75 (s, 3 H;
CH3, acetyl), 1.62 (m, 1 H; CH ACHTUNGTRENNUNG(CH3)2), 1.53 (m, 2 H; CbHLeu), 0.86 (dd,
6 H; J = 6.4, 16.4 Hz, CH ACHTUNGTRENNUNG(CH3)2). 13C NMR ([D6]DMSO, 100.61 MHz):
d= 173.8 (COO), 171.9, 171.0, 169.3, 168.9, 168.2 (CON), 155.7
(CArOHTyr), 137.7 (CAr,q,Phe), 139.9 (CAr,q,Tyr), 129.2, 128.0, 127.9, 126.2,
114.6 (CAr), 54.4 (Ca,Phe), 53.5 (Ca,Tyr), 50.3 (Ca,Leu), 42.0, 41.7 (Ca,Gly),
37.6 (Cb,Phe), 36.6 (Cb,Tyr), 24.2 (Cb,Leu), 22.7 (CH3,Leu), 22.4 (CH3, acetyl),
21.3 (CHACHTUNGTRENNUNG(CH3)2) ; MS (ESI, neg): m/z 1193.73 [2M�H] 596.30 [M�H].

Fc-CO-Tyr-Gly-Gly-Phe-Leu-OH (3): C39H45FeN5O8 (767.26 g mol�1):
1H NMR ([D6]DMSO, 300.14 MHz): d= 12.62 (br s, 1 H; COOH), 9.12
(br s, 1 H; OHTyr), 8.28 (d, J = 7.8 Hz, 1 H; NHLeu), 8.19 (t, J = 5.2 Hz,
1 H; NHGly), 8.07 (d, J = 8.4 Hz, 1 H; NHPhe), 7.79 (d, J = 8.2 Hz, 1 H;
NHTyr), 7.25 (m, 5 H; HAr,Phe), 7.17 (d, J = 8.1 Hz, 2 H; HAr,Tyr), 6.67 (d,
J = 8.3 Hz, 2 H; HAr,Tyr), 4.83/4.72 (2 s, 1 H; CpH2,5), 4.59 (m, 2 H;
CaHPhe,Tyr), 4.30 (m, 2 H; CpH3,4), 4.22 (m, 1 H; CaHLeu), 3.95 (s, 5 H;
CpH), 3.67 (m, 4 H; CaHGly), 2.92 (m, 4 H; CbHPhe,Tyr), 1.62 (m, 1 H; CH-ACHTUNGTRENNUNG(CH3)2), 1.54 (m, 2 H; CbHLeu), 0.87 (dd, J = 6.3, 16.4 Hz, 6 H; CH-ACHTUNGTRENNUNG(CH3)2) ; 13C NMR ([D6]DMSO, 75.47 MHz): d= 173.5 (COO), 171.8,
170.7, 168.8, 168.5, 167.8 (CON), 155.4 (CArOHTyr), 137.4 (CAr,q,Phe),
129.6, 128.8 (CAr), 128.2 (CAr,q,Tyr), 127.6, 125.8, 114.5 (CAr), 75.5
(CCp,1), 69.5 (CCp, 3,4), 68.9 (CCp’), 68.2/67.4 (CCp, 2,5), 54.3 (Ca,Phe),
53.1 (Ca,Tyr), 49.9 (Ca,Leu), 41.7, 41.3 (Ca,Gly), 37.2 (Cb, Phe), 35.7 (Cb, Tyr),
23.9 (Cb, Leu22.4 (CH3, Leu), 21.0 (CH ACHTUNGTRENNUNG(CH3)2 ; MS (ESI, + ve): m/z 768.4
[M+H]+ , 790.5 [M+Na]+ , 806.4 [M+K]+ , MS (ESI, �ve): m/z 766.4
[M�H]� .

Cc-CO-Tyr-Gly-Gly-Phe-Leu-OH (4): C39H44CoN5O8 (771.7 g mol�1):
1H NMR ([D6]DMSO, 500.13 MHz): d= 12.50 (br s, 1 H; COOH), 9.24
(br s, 1 H; OHTyr), 8.87 (d, J = 7.8 Hz, 1 H; NHLeu), 8.19 (t, J = 5.2 Hz,
1 H; NHGly), 8.07 (d, J = 8.4 Hz, 1 H; NHPhe), 7.79 (d, J = 8.2 Hz, 1 H;
NHTyr), 7.25 (m, 5 H; HAr,Phe), 7.17 (d, J = 8.1 Hz, 2 H; HAr,Tyr), 6.67 (d,
J = 8.3 Hz, 2 H; HAr,Tyr), 4.83, 4.72 (2 s, 1 H; CpH2,5), 4.59 (m, 2 H;
CaHPhe,Tyr), 4.30 (m, 2 H; CpH3,4), 4.22 (dd, J = 8.4, 13.9 Hz, 1 H;
CaHLeu), 3.95 (s, 5 H; CpH), 3.67 (m, 4 H; CaHGly), 2.92 (m, 4 H;
CbHPhe,Tyr), 1.62 (m, 1 H; CHACHTUNGTRENNUNG(CH3)2), 1.54 (m, 2 H; CbHLeu), 0.87 (dd,
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J = 6.3, 16.4 Hz, 6 H; CHACHTUNGTRENNUNG(CH3)2) ; 13C NMR ([D6]DMSO, 75.47 MHz): d=
173.5 (COO), 171.8, 170.7, 168.8, 168.5, 167.8 (CON), 155.4
(CArOHTyr), 137.4 (CAr,q,Phe), 129.6, 128.8 (CAr), 128.2 (CAr,q,Tyr), 127.6,
125.8, 114.5 (CAr), 75.5 (CCp,1), 69.5 (CCp, 3,4), 68.9 (CCp’), 68.2, 67.4
(CCp, 2,5), 54.3 (Ca,Phe), 53.1 (Ca,Tyr), 49.9 (Ca,Leu), 41.7, 41.3 (Ca,Gly), 37.2
(Cb, Phe), 35.7 (Cb, Tyr), 23.9 (Cb, Leu), 22.4 (CH3, Leu), 21.0 (CH ACHTUNGTRENNUNG(CH3)2) ; MS
(ESI + ): m/z 770.5 [M�H]+ , 404.9 [M+K]2 + .

Ac-Lys ACHTUNGTRENNUNG(FITC)-Tyr-Gly-Gly-Phe-Leu-OH (5): C57H62N8O14S
(1114.41 g mol�1): MS (ESI�): m/z 724.3 [M�FITC-H+]� , 1113.3
[M�H+]� .

Fc-CO-LysACHTUNGTRENNUNG(FITC)-Tyr-Gly-Gly-Phe-Leu-OH (6): C66H68FeN8O14S
(12.84,39 g mol�1): MS (ESI�): m/z 554.2 [M�Fc-Lys-FITC-H+]� ,
1283.2 [M�H+]� .

p-I-C6H4-CO-Tyr-Gly-Gly-Phe-Leu (7): C35H40IN5O8 (785.19 g mol�1):
1H NMR ([D6]DMSO, 360.14 MHz): d= 12.54 (br s, 1 H; COOH), 9.12
(br s, 1 H; OHTyr), 8.61 (d, J = 8.2 Hz, 1 H; NHTyr), 8.31 (t, J = 5.5 Hz,
1 H; NHGly), 8.26 (d, J = 7.9 Hz, 1 H; NHLeu), 8.04 (d, J = 8.4 Hz, 1 H;
NHPhe), 7.96 (t, J = 5.5 Hz, 1 H; NHGly), 7.82 (d, J = 8.4 Hz, 2 H; HAr,I-Ph),
7.57 (d, J = 8.4 Hz, 2 H; HAr,I-Ph), 7.25 (m, 5 H; HAr,Phe), 7.09 (d, J =

8.3 Hz, 2 H; HAr,Tyr), 6.61 (d, J = 8.4 Hz, 2 H; HAr,Tyr), 4.59 (m, 2 H;
CaHPhe,Tyr), 4.22 (dd, J = 8.4, 14.0 Hz, 1 H; CaHLeu), 3.63 (m, 4 H;
CaHGly), 2.85 (m, 4 H; CbHPhe,Tyr), 1.64 (m, 1 H; CHACHTUNGTRENNUNG(CH3)2), 1.54 (m, 2 H;
CbHLeu), 0.87 (dd, J = 6.3, 16.8 Hz, 6 H; CH ACHTUNGTRENNUNG(CH3)2) ; 13C NMR
([D6]DMSO, 90.56 MHz): d= 173.7 (COO), 171.6, 170.9, 168.8, 168.1
(CON), 165.6 (CONI-Ph), 155.6 (CArOHTyr), 137.6 (CAr,q,Phe), 136.9 (CAr,I-Ph),
133.4 (CAr,q,I-Ph), 129.9, 129.3, 129.1 (CAr), 128.3 (CAr,q,Tyr), 127.9, 126.1,
114.8 (CAr), 98.7 (CAr,q,I-Ph), 55.2 (Ca,Phe), 52.7 (Ca,Phe), 53.4 (Ca,Tyr), 50.2
(Ca,Leu), 42.0, 41.6 (Ca,Gly), 37.5 (Cb, Phe), 36.1 (Cb, Tyr), 24.2 (Cb, Leu), 22.7
(CH3, Leu), 21.2 (CHACHTUNGTRENNUNG(CH3)2) ; MS (FAB): m/z 808 [M+Na] + , 786
[M+H]+ , 655 [M�H-Leu-OH]+ , 508 [M�H-Phe-Leu-OH]+ , 451
[M�H-Gly-Phe-Leu-OH]+

Ac-Lys ACHTUNGTRENNUNG(FITC)-Lys-OH (8): C29H27N3O8S (577.17 g mol�1): MS (ESI�):
m/z 576.3 [M�H+]�

Fc-Lys ACHTUNGTRENNUNG(FITC)-Lys-OH (9): C38H33FeN3O8S (747.13 g mol�1): MS (ESI�):
m/z 357.0 [M�FITC-H+]� , 746.1 [M�H+]�

Standard HPLC conditions : HPLC-grade solvents were bought
from Mallinkrodt–Baker (Deventer, Netherlands). High-performance
liquid chromatography was performed by using a customised
Varian instrument with Varian Dynastar C-18 reversed-phase
column for analytical (250 � 4.6 mm) and semi-preparative (250 �
10 mm). H2O and CH3CN were used as eluents, each containing
TFA (0.1 %).

Determination of log P values by RP-HPLC : The HPLC method of
Minick et al. was used,[51] which proved is a simple and reproduci-
ble procedure for the log P value determination. As eluents, a 3-
morpholinopropane-1-sulfonic acid buffer (MOPS; pH 7.4) with de-
cylamine (0.15 % v/v) and MeOH with octan-1-ol (0.25 % v/v) were
used. The stationary phase was the same as for analysis of pep-
tides. Four different standards with known log P (4-methoxyanilin,
4-bromoanilin, naphthalene, tert-butylbenzene) were chosen for
calibrating the system and to establish a correlation between
log kW and log P. These substances were dissolved in MeOH, and
uracil was added to determine the system’s dead time. The stan-
dard mixture was run with isocratic gradients containing from 55 %
to 85 % of MeOH. The retention times, together with the dead
times obtained from uracil, were used to calculate the correspond-
ing capacity factors k’ H2O/MeOH ratio. The extrapolation to 100 %
H2O (0 % MeOH) gave the desired log kW value for each standard.
All four log kW values of the reference substances were plotted
against the literature log P values of the reference compounds to

obtain a linear function that correlates both parameters. This func-
tion was then used to determine all log P from their log kW values,
which were measured in the same way as those of the references.
(For graphs see the Supporting Information).

Blood–brain barrier permeation of selected [Leu5]-enkephalins :
PBCECs were extracted from the brain of 4- to 6-month-old pigs.
PBCECs were cultured on 12 mm polyester filter inserts of a 12-well
Transwell Clear� plate (0.4 mm pore size), that had been previously
treated with rat-tail collagen (5 mg cm�2). Each well was seeded
with 250 000 cells and cultivated for seven days before the experi-
ments were carried out. Cell monolayer growth and confluence
were monitored by light microscopy. In addition, the integrity of
cell monolayers was confirmed by carboxyfluorescein as a paracel-
lular marker. Cells were grown in “medium 199” containing Pen-
Strep, HEPES and glutamine, as well as defined equine serum (9 %).
The medium was replaced on days 1, 2 and 4. On the sixth day it
was exchanged by DMEM/Ham’s F12 (1:1) medium, which was free
of serum. After one week of cell cultivation the medium was re-
moved and the filters containing the cell monolayers were washed
twice with Krebs–Ringer buffer (KRB) and subsequently inserted
into a freshly prepared 12-well plate, containing 1500 mL of KRB in
the acceptor wells. Each of the selected enkephalin derivatives,
was prepared as a 50 mm solution in KRB of which 500 mL were
used for incubation of the PBCEC layer in the donor vial. Samples
(200 mL) were taken from the acceptor vial after 30, 60 and 90 min
and immediately replaced by the same volume of KRB. The appar-
ent permeation coefficient (Papp) was calculated from the permea-
tion rate by following Equation (1).

Papp ¼
dA
dt
� Vacc

A
� 1

C0
� 1

x
ð1Þ

Papp = apparent permeation coefficient [cm s�1] , dA/dt = permeation
rate [% s�1] , Vacc = acceptor volume [mL], A = area of the filter insert
[cm2], C0 = initial concentration of donor [100 %], x = volume cor-
rection factor (ratio acceptor volume/donor volume).

The amount of permeated substance was determined by RP-HPLC
by integration of the substance peaks. All samples, taken in tripli-
cate, were directly frozen at �70 8C and only defrosted prior to
HPLC injection. For test substances, stock solutions (50 mm) were
used to generate calibration curves by injection of 1, 2, 5, 10, 25,
50, 75 and 100 mL of each solution onto the HPLC. An aliquot
(100 mL) of each 200 mL sample was injected into HPLC running a
gradient from CH3CN (5 %) in H2O (t = 0 min.) to CH3CN (100 %, t =
20 min.). The gradient then returned to initial conditions at 25 min
and equilibrated for another 5 min. Both eluents contained TFA
(0.1 %) for improved solubility. The signals, recorded at 220 nm,
were manually integrated, and the amount of substance was cal-ACHTUNGTRENNUNGculated from the linear regression function of the corresponding
calibration curve. For the calculation of transported amounts of
substance all three measurements have been used to create mean
values.

Detection of fluorescently labelled enkephalins in cancer cell
lines : Hela, HepG2 and HT-29 cells were kept in culture with
RPMI 1640 medium supplemented with FCS (10 %), l-glutamine
(2 mm) and the antibiotic penicillin (100 U mL�1) and streptomycin
(100 mg mL�1; all PAA, Cçlbe, Germany) under CO2 (5 %) atmos-
phere.

Substances 5, 6, 8 and 9 were dissolved in culture medium shortly
before use. Cells were seeded in 6-well plates and incubated 24 h
before substance application. After addition of the substances in
culture medium the cells were incubated for another 6 or 24 h.
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Before microscopy, dead cells were stained with propidium iodide
(4 mm) for 15 min and the wells were washed four times with col-
ourless RPMI 1640 medium. Pictures were taken with an Olympus
IX-51 with a colorview CCD camera with a long-working-distance
objective (20 � , NA 0.4). The pictures were background corrected
and analysed with ImageJ.[72] Fluorescence intensity was deter-
mined from 10 � 10 pixel-sized ROI, which were placed on cells. At
least 10 ROI per picture were evaluated.

For microscopy with the 100 � oil-immersion objective (NA 1.4) a
similar procedure was used. Cells were grown on gelatine-coated
coverslips and additionally stained with H 33 342. The coverslips
were sealed with a mixture of vaseline, lanolin and paraffin on
glass slides with culture medium.

Cytotoxicity assays : The same cell culture conditions as for fluo-
rescence microscopy were used. In vitro cytotoxicity of the pep-
tides 3 and 4 was studied on Hela, HT-29 and HepG2 cells. Cell via-
bility, which correlates with the metabolic activity of a cell, was de-
termined by the resazurin assay.[73] In addition to cell viability, abso-
lute cell numbers were determined by the crystal violet assay,[74, 75]

which can be applied after elution of resazurin. The cells were
seeded in 96-well microtiter plates (MTP) coated with gelatine
(0.2 %). After seeding, the cells were grown for 24 h under standard
conditions. Then compound 3 was dissolved in culture medium
with DMSO (0.5 %) and applied to the cells in various concentra-
tions for 48 h. Compound 4 could be dissolved without the aid of
DMSO. Every concentration was tested sixfold. Before resazurin
(Sigma–Aldrich) was added to the cells, they were washed three
times with phenol-red-free RPMI-1640 medium (Sigma–Aldrich).
Then, phenol-red-free RPMI medium with resazurin (10 %) was
added. Absorbance at 600 nm was directly measured with a Tecan
Sapphire2 microplate reader (Tecan, Germany) at 37 8C. After 2 h of
incubation at 37 8C and CO2 (5 %) the measurement was repeated.
The decrease in absorbance gave the viability. Resazurin was re-
moved and the cells were fixed with paraformaldehyde (PFA, 4 %;
Riedel de Haen) in PBS for 15 min at room temperature. PFA was
eluted with PBS (3 � ), and membranes were permeabilised by Tri-
ton X100 (0.1 %, Sigma) in PBS for 10 min. Afterwards an crystal
violet solution (0.04 %) was added to the cells, and the microtitre
plate was mechanically shaken for 1 h. Next, the cells were washed
seven times with H2O, and crystal violet was eluted with EtOH
(96 %) for 4 h. Then absorbance was determined at 570 nm, after
subtraction of 24 h pre-substance-incubation absorbance values,
cell biomass could be calculated.

Acknowledgements

The authors gratefully acknowledge financial support through
the Research Unit “Biological Function of Organometallic Com-
pounds” (FOR 630, http ://www.rub.de/for630), funded by the
Deutsche Forschungsgemeinschaft DFG. We thank Heiko Rudy
(IPMB, University of Heidelberg) for technical assistance.

Keywords: bioorganometallic chemistry · blood–brain barrier ·
neuropeptides · peptides · solid-phase synthesis

[1] J. Hughes, T. Smith, H. Kosterlitz, L. Fothergill, B. Morgan, H. Morris,
Nature 1975, 258, 577–580.

[2] H. L. Fields, A. I. Basbaum, Annu. Rev. Physiol. 1978, 40, 217–248.
[3] J. M. Hambrook, B. A. Morgan, M. J. Rance, C. F. C. Smith, Nature 1976,

262, 782–783.

[4] P. J. Lyons, M. B. Callaway, L. D. Fricker, J. Biol. Chem. 2008, 283, 7054–
7063.

[5] B. Malfroy, J. P. Swerts, A. Guyon, B. P. Roques, J. C. Schwartz, Nature
1978, 276, 523–526.

[6] W. A. Banks, A. J. Kastin, A. J. Fischman, D. H. Coy, S. L. Strauss, Am. J.
Physiol. Endocrinol. Metab. 1986, 251, E477–482.

[7] S. I. Rapoport, W. A. Klee, K. D. Pettigrew, K. Ohno, Science 1980, 207,
84–86.

[8] R. D. Egleton, T. J. Abbruscato, S. A. Thomas, T. P. Davis, J. Pharm. Sci.
1998, 87, 1433–1439.

[9] T. Terasaki, K. Hirai, H. Sato, Y. S. Kang, A. Tsuji, J. Pharmacol. Exp. Ther.
1989, 251, 351–357.

[10] Y. Deguchi, Y. Miyakawa, S. Sakurada, Y. Naito, K. Morimoto, S. Ohtsuki,
K. I. Hosoya, T. Terasaki, J. Neurochem. 2003, 84, 1154–1161.

[11] L. L. Rubin, J. M. Staddon, Annu. Rev. Neurosci. 1999, 22, 11–28.
[12] A. G. de Boer, P. J. Gaillard, Annu. Rev. Pharmacol. Toxicol. 2007, 47, 323–

355.
[13] R. M. Epand, Pept. Sci. 1997, 43, 15–24.
[14] E. Gatto, C. Mazzuca, L. Stella, M. Venanzi, C. Toniolo, B. Pispisa, J. Phys.

Chem. B 2006, 110, 22813–22818.
[15] H. Lis, N. Sharon, Eur. J. Biochem. 1993, 218, 1–27.
[16] H. Herzner, T. Reipen, M. Schultz, H. Kunz, Chem. Rev. 2000, 100, 4495–

4538.
[17] H. Hojo, Y. Nakahara, Pept. Sci. 2007, 88, 308–324.
[18] G. Kragol, M. Lumbierres, J. M. Palomo, H. Waldmann, Angew. Chem.

2004, 116, 5963–5966; Angew. Chem. Int. Ed. 2004, 43, 5839–5842.
[19] T. Lockett, W. Reilly, M. Manthey, X. Wells, F. Cameron, M. Moghaddam,

J. Johnston, K. Smith, C. Francis, Q. Yang, R. Whittaker, Clin. Exp. Pharma-
col. Physiol. 2000, 27, 563–567.

[20] R. D. Egleton, T. P. Davis, NeuroRx 2005, 2, 44–53.
[21] N. Tsuzuki, T. Hama, T. Hibi, R. Konishi, S. Futaki, K. Kitagawa, Biochem.

Pharmacol. 1991, 41, R5–R8.
[22] A. Wong, I. Toth, Curr. Med. Chem. 2001, 8, 1123–1136.
[23] J. Horvat, S. Horvat, C. Lemieux, P. W. Schiller, Int. J. Pept. Protein Res.

1988, 31, 499–507.
[24] J. L. Torres, F. Reig, G. Valencia, R. E. Rodr�guez, J. M. Garc�a-Ant�n, Int. J.

Pept. Res. 1989, 31, 474–480.
[25] S. Horvat, L. Varga, C. Lemieux, P. W. Schiller, Int. J. Pept. Protein Res.

1987, 30, 371–378.
[26] R. D. Egleton, S. A. Mitchell, J. D. Huber, J. Janders, D. Stropova, R. Polt,

H. I. Yamamura, V. J. Hruby, T. P. Davis, Brain Res. 2000, 881, 37–46.
[27] R. D. Egleton, S. A. Mitchell, J. D. Huber, M. M. Palian, R. Polt, T. P. Davis,

J. Pharmacol. Exp. Ther. 2001, 299, 967–972.
[28] J. J. Lowery, L. Yeomans, C. M. Keyari, P. Davis, F. Porreca, B. I. Knapp,

J. M. Bidlack, E. J. Bilsky, R. Polt, Chem. Biol. Drug Des. 2007, 69, 41–47.
[29] R. Polt, F. Porreca, L. Z. Szabo, E. J. Bilsky, P. Davis, T. J. Abbruscato, T. P.

Davis, R. Horvath, H. I. Yamamura, V. J. Hruby, Proc. Natl. Acad. Sci. USA
1994, 91, 7114–7118.

[30] R. Polt, L. Bilsky, J. Edward, US Pat. Appl. Publ. 2008, pp. 23, Enkephalin
Analogs with Improved Bioavailability, US 2008019913A1 20080124.

[31] R. D. Egleton, E. J. Bilsky, G. Tollin, M. Dhanasekaran, J. Lowery, I. Alves,
P. Davis, F. Porreca, H. I. Yamamura, L. Yeomans, C. M. Keyari, R. Polt, Tet-
rahedron : Asymmetry 2005, 16, 65–75.

[32] F. Noor, A. W�stholz, R. Kinscherf, N. Metzler-Nolte, Angew. Chem. 2005,
117, 2481–2485; Angew. Chem. Int. Ed. 2005, 44, 2429–2432.

[33] F. Noor, R. Kinscherf, G. A. Bonaterra, N. Metzler-Nolte, ChemBioChem
2009, 10, 493–502.

[34] K. J. Nikula, J. D. Sun, E. B. Barr, W. E. Bechtold, P. J. Haley, J. M. Benson,
A. F. Eidson, D. G. Burt, A. R. Dahl, R. F. Henderson, I. Y. Chang, J. L.
Mauderly, M. P. Dieter, C. H. Hobbs, Fundam. Appl. Toxicol. 1993, 21,
127–139.

[35] R. A. Yeary, Toxicol. Appl. Pharmacol. 1969, 15, 666–676.
[36] A. Nguyen, A. Vessieres, E. A. Hillard, S. Top, P. Pigeon, G. Jaouen, Chimia

2007, 61, 716–724.
[37] D. Dive, C. Biot, ChemMedChem 2008, 3, 383–391.
[38] E. Cuingnet, C. Sergheraert, A. Tartar, M. Dautrevaux, J. Organomet.

Chem. 1980, 195, 325–329.
[39] R. Epton, G. Marr, G. A. Willmore, D. Hudson, P. H. Snell, C. R. Snell, Int. J.

Biol. Macromol. 1981, 3, 395–396.
[40] D. R. van Staveren, T. Weyherm�ller, N. Metzler-Nolte, Dalton Trans.

2003, 210–220.

ChemBioChem 2009, 10, 1852 – 1860 � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim www.chembiochem.org 1859

Organometallic-Modified Enkephalins

http://dx.doi.org/10.1038/258577a0
http://dx.doi.org/10.1146/annurev.ph.40.030178.001245
http://dx.doi.org/10.1038/262782a0
http://dx.doi.org/10.1038/262782a0
http://dx.doi.org/10.1074/jbc.M707680200
http://dx.doi.org/10.1074/jbc.M707680200
http://dx.doi.org/10.1038/276523a0
http://dx.doi.org/10.1038/276523a0
http://dx.doi.org/10.1126/science.7350645
http://dx.doi.org/10.1126/science.7350645
http://dx.doi.org/10.1021/js980062b
http://dx.doi.org/10.1021/js980062b
http://dx.doi.org/10.1046/j.1471-4159.2003.01582.x
http://dx.doi.org/10.1146/annurev.neuro.22.1.11
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105237
http://dx.doi.org/10.1146/annurev.pharmtox.47.120505.105237
http://dx.doi.org/10.1021/jp064580j
http://dx.doi.org/10.1021/jp064580j
http://dx.doi.org/10.1111/j.1432-1033.1993.tb18347.x
http://dx.doi.org/10.1021/cr990308c
http://dx.doi.org/10.1021/cr990308c
http://dx.doi.org/10.1002/ange.200461150
http://dx.doi.org/10.1002/ange.200461150
http://dx.doi.org/10.1002/anie.200461150
http://dx.doi.org/10.1046/j.1440-1681.2000.03294.x
http://dx.doi.org/10.1046/j.1440-1681.2000.03294.x
http://dx.doi.org/10.1602/neurorx.2.1.44
http://dx.doi.org/10.1016/0006-2952(91)90616-D
http://dx.doi.org/10.1016/0006-2952(91)90616-D
http://dx.doi.org/10.1016/S0006-8993(00)02794-3
http://dx.doi.org/10.1073/pnas.91.15.7114
http://dx.doi.org/10.1073/pnas.91.15.7114
http://dx.doi.org/10.1016/j.tetasy.2004.11.038
http://dx.doi.org/10.1016/j.tetasy.2004.11.038
http://dx.doi.org/10.1002/ange.200462519
http://dx.doi.org/10.1002/ange.200462519
http://dx.doi.org/10.1002/anie.200462519
http://dx.doi.org/10.1002/cbic.200800469
http://dx.doi.org/10.1002/cbic.200800469
http://dx.doi.org/10.1006/faat.1993.1082
http://dx.doi.org/10.1006/faat.1993.1082
http://dx.doi.org/10.1016/0041-008X(69)90067-2
http://dx.doi.org/10.2533/chimia.2007.716
http://dx.doi.org/10.2533/chimia.2007.716
http://dx.doi.org/10.1002/cmdc.200700127
http://dx.doi.org/10.1016/S0022-328X(00)93315-1
http://dx.doi.org/10.1016/S0022-328X(00)93315-1
http://dx.doi.org/10.1016/0141-8130(81)90096-9
http://dx.doi.org/10.1016/0141-8130(81)90096-9
http://dx.doi.org/10.1039/b208363a
http://dx.doi.org/10.1039/b208363a
www.chembiochem.org


[41] S. I. Kirin, U. Schatzschneider, X. de Hatten, T. Weyherm�ller, N. Metzler-
Nolte, J. Organomet. Chem. 2006, 691, 3451–3457.

[42] U. Hoffmanns, N. Metzler-Nolte, Bioconjugate Chem. 2006, 17, 204–213.
[43] G. Gasser, N. H�sken, S. D. Kçster, N. Metzler-Nolte, Chem. Commun.

(Cambridge) 2008, 3675–3677.
[44] S. D. Kçster, J. Dittrich, G. Gasser, N. H�sken, I. C. H. CastaÇeda, J. L. Jios,

C. O. Della Vedova, Organometallics 2008, 27, 6326–6332.
[45] E. R. Biehl, P. C. Reeves, Synthesis 1973, 360.
[46] D. F. Bublitz, K. L. Rinehart, Org. React. 1969, 17, 1–154.
[47] H. B. Kraatz, J. Lusztyk, G. D. Enright, Inorg. Chem. 1997, 36, 2400–2405.
[48] P. C. Reeves, Org. Synth. 1977, 56, 28.
[49] J. E. Sheats, M. D. Rausch, J. Org. Chem. 1970, 35, 3245–3249.
[50] S. I. Kirin, F. Noor, N. Metzler-Nolte, W. Mier, J. Chem. Educ. 2007, 84,

108–111.
[51] D. J. Minick, J. H. Frenz, M. A. Patrick, D. A. Brent, J. Med. Chem. 1988,

31, 1923–1933.
[52] M. H. Abraham, N. Benjelloun-Dakhama, J. M. R. Gola, J. W. E. Acree,

W. S. Cain, J. E. Cometto-Muniz, New J. Chem. 2000, 24, 825–882.
[53] J. Huwyler, J. Drewe, C. Klusemann, G. Fricker, Br. J. Pharmacol. 1996,

118, 1879–1885.
[54] H. Franke, H.-J. Galla, C. T. Beuckmann, Brain Res. Protoc. 2000, 5, 248–

256.
[55] C. Hanski, B. Stolze, E. Riecken, Int. J. Cancer 1992, 50, 924–929.
[56] I. B. Golovanov, I. G. Tsygankova, Russ. J. Gen. Chem. 2002, 72, 137–143.
[57] O. Payen, S. Top, A. Vessieres, E. Brule, M.-A. Plamont, M. J. McGlinchey,

H. Muller-Bunz, G. Jaouen, J. Med. Chem. 2008, 51, 1791–1799.
[58] A. K. Ghose, V. N. Viswanadhan, J. J. Wendoloski, J. Comb. Chem. 1999,

1, 55–68.
[59] G. Fricker, D. S. Miller, Pharmacology 2004, 70, 169–176.

[60] D. Chakass, D. Philippe, E. Erdual, S. Dharancy, M. Malapel, C. Dubuquoy,
X. Thuru, J. Gay, C. Gaveriaux-Ruff, P. Dubus, P. Mathurin, B. L. Kieffer, P.
Desreumaux, M. Chamaillard, Gut 2007, 56, 974–981.

[61] Y. Lei, Cell. Signalling 1996, 8, 371–374.
[62] I. S. Zagon, P. J. McLaughlin, Int. J. Oncol. 2004, 24, 1443–1448.
[63] N. Metzler-Nolte, M. Salmain in Ferrocenes: Ligands, Materials and Bio-

molecules (Ed. : P. Stepnicka), Wiley, Chichester, 2008, pp. 499–639.
[64] S. J. Dougan, P. J. Sadler, Chimia 2007, 61, 704–715.
[65] A. F. A. Peacock, P. J. Sadler, Chem. Asian J. 2008, 3, 1890–1899.
[66] P. J. Dyson, Chimia 2007, 61, 698–703.
[67] G. Jaouen, P. J. Dyson in Comprehensive Organometallic Chemistry III,

Vol. 12: Applications III : Functional Materials, Environmental and Biologi-
cal Applications, (Ed. : D. O’Hare), Elsevier, Amsterdam, 2007, pp. 445–
464.

[68] C. G. Hartinger, P. J. Dyson, Chem. Soc. Rev. 2009, 38, 391–401.
[69] S. I. Kirin, I. Ott, R. Gust, W. Mier, T. Weyherm�ller, N. Metzler-Nolte,

Angew. Chem. 2008, 120, 969–973; Angew. Chem. Int. Ed. 2008, 47, 955–
959.

[70] C. D. Chang, J. Meienhofer, Int. J. Pept. Protein Res. 1978, 11, 246–249.
[71] L. Bourel, O. Carion, H. Gras-Masse, O. Melnyk, J. Pept. Sci. 2000, 6, 264–

270.
[72] W. S. Rasband, US National Institutes of Health 1997–2007.
[73] J. O’Brien, I. Wilson, T. Orton, F. Pognan, Eur. J. Biochem. 2000, 267,

5421–5426.
[74] R. J. Gillies, N. Didier, M. Denton, Anal. Biochem. 1986, 159, 109–113.
[75] W. Kueng, E. Silber, U. Eppenberger, Anal. Biochem. 1989, 182, 16–19.

Received: March 19, 2009
Published online on June 30, 2009

1860 www.chembiochem.org � 2009 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim ChemBioChem 2009, 10, 1852 – 1860

N. Metzler-Nolte et al.

http://dx.doi.org/10.1016/j.jorganchem.2006.04.025
http://dx.doi.org/10.1021/bc050259c
http://dx.doi.org/10.1055/s-1973-22216
http://dx.doi.org/10.1021/ic961454t
http://dx.doi.org/10.1021/jo00835a014
http://dx.doi.org/10.1021/jm00118a010
http://dx.doi.org/10.1021/jm00118a010
http://dx.doi.org/10.1039/b004291i
http://dx.doi.org/10.1016/S1385-299X(00)00020-9
http://dx.doi.org/10.1016/S1385-299X(00)00020-9
http://dx.doi.org/10.1002/ijc.2910500618
http://dx.doi.org/10.1023/A:1015374102560
http://dx.doi.org/10.1021/jm701264d
http://dx.doi.org/10.1021/cc9800071
http://dx.doi.org/10.1021/cc9800071
http://dx.doi.org/10.1159/000075545
http://dx.doi.org/10.1136/gut.2006.105122
http://dx.doi.org/10.1016/0898-6568(96)00070-8
http://dx.doi.org/10.2533/chimia.2007.704
http://dx.doi.org/10.1002/asia.200800149
http://dx.doi.org/10.2533/chimia.2007.698
http://dx.doi.org/10.1039/b707077m
http://dx.doi.org/10.1002/ange.200703994
http://dx.doi.org/10.1002/anie.200703994
http://dx.doi.org/10.1002/anie.200703994
http://dx.doi.org/10.1002/1099-1387(200006)6:6%3C264::AID-PSC248%3E3.3.CO;2-1
http://dx.doi.org/10.1002/1099-1387(200006)6:6%3C264::AID-PSC248%3E3.3.CO;2-1
http://dx.doi.org/10.1016/0003-2697(86)90314-3
http://dx.doi.org/10.1016/0003-2697(89)90710-0
www.chembiochem.org

