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Ratiometric Fluorescent Biosensor for Real-Time and Label-Free Monitoring
of Fine Saccharide Metabolic Pathways


Eiji Nakata, Hangxiang Wang, and Itaru Hamachi*[a]


It is now recognized that saccharides and their deriv-
atives, such as phosphorylated or sulfonylated sac-
charides, glycolipids and glycoproteins play crucial
roles as materials, energy sources and intra- and in-
tercellular messengers in various biological phenom-
ena.[1] For instance, saccharometabolism is the main
process for the accumulation and use of energy in
living systems, and is also involved in the aging and
the oxidative stress of living cells.[2] Therefore, a pre-
cise assay of such metabolic processes is important
not only to gain an understanding of the fundamen-
tal glycobiology, but also for practical clinical appli-
cations.[3] It is difficult, however, to conveniently
monitor these processes because the subtle structur-
al changes at the anomeric position of saccharides
cannot be distinguished well.[4] Here we describe a
direct, label-free and real-time sensing method for
the complicated saccharide conversion pathway that
is involved in glycolysis by using a lectin-based ratio-
metric fluorescent biosensor that is capable of dis-
criminating the fine anomeric moiety.


Because the anomeric residue is converted from a
hydroxyl group to a phosphate or an alkoxyl func-
tionality during the metabolic pathway,[5] the pH
might be modulated in the proximity of the anome-
ric part. To sensitively detect such a micro-environmental pH
change, we designed a semisynthetic lectin, a sugar-binding
protein, that tethers seminaphthorhodafluor (SNARF),[6] a fluo-
rescent pH indicator that shows a dual-emission change, to
the vicinity of the sugar-binding pocket. Site-specific introduc-
tion of SNARF to concanavalin A (Con A; Scheme 1),[7] a man-
nose/glucose-binding protein, was conducted by post-photoaf-
finity-labeling modification (P-PALM)[8] to yield SNARF-modified
Con A (SNARF–Con A), according to our established protocol
(see Figure S1 in the Supporting Information). SNARF–Con A
was characterized by UV–visible and fluorescence spectroscop-
ies, and mass spectrometry (see Supporting Information). Prior
to real-time and label-free monitoring of the saccharide con-
version pathways, we initially evaluated the sensing capability
of SNARF–Con A by fluorescence titration experiments with
several saccharide derivatives such as phosphorylated saccha-
ride, glycosylated nucleotide, monosaccharide and oligosac-


charide under aqueous and neutral conditions (pH 7.5). Fig-
ure 1A shows a typical fluorescence spectral change of
SNARF–Con A upon addition of UDP-Glc. Clearly, the emission
at 585 nm, which is due to the acidic phenol form of SNARF,
increased, and the emission at 637 nm, which is due to its
basic phenolate form, concurrently decreased with an emission
isosbestic point at 610 nm (excitation wavelength: 534 nm).[6]


The plot of the emission intensity ratio, R (I585 nm/I637 nm) showed
good saturation behavior (differential R =0.60), and the
Benesi–Hildebrand plot analysis afforded the binding constant
(logKa=1.89).[9] In the case of the other saccharide derivatives,
the saturation curves that are shown in Figure 1b gave bind-
ing constants for the various saccharides that are displayed in
Table 1. A similar ratiometric change was observed for phos-
phorylated saccharides such as Glc-1P (logKa=1.73) and Man-
1P (logKa=2.38). In contrast, a reciprocal spectral change oc-
curred in the case of Glc-OH and Man-OH, both of which have
a hydroxyl group at the anomeric position. That is, the emis-
sion of the basic phenolate form of the SNARF increased and
the emission of the acidic phenol form concurrently decreased,
which resulted in a decrease in the value of R (Glc-OH: logKa=


3.04, Man-OH: logKa=3.64).[7b] On the other hand, such ratio-
metric changes never occurred for Me-a-Glc, Me-a-Man be-
cause the anomeric hydroxyl groups of these compounds are
masked by methylation, although they are well known as the


Scheme 1. A) Molecular structure of SNARF-mal. B) 3D structure of SNARF–Con A.
C) Schematic illustration of the fluorescence sensing for subtle anomeric moiety of
monosaccharides by using SNARF–Con A.


[a] Dr. E. Nakata, H. Wang, Prof. I. Hamachi
Department of Synthetic Chemistry and Biological Chemistry
Graduate School of Engineering, Kyoto University
Katsura Campus, Nishikyo-ku, Kyoto (Japan)
Fax: (+ 81) 75-383-2759
E-mail : ihamachi@sbchem.kyoto-u.ac.jp


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


ChemBioChem 2008, 9, 25 – 28 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim 25







high-affinity ligands of Con A. Similarly, the oligosaccharide
(Man-3, Man-2 and Isomal), in which the anomeric hydroxyl
group is masked by the glycosylation, did not induce any
change in the R value. In addition, a significant ratiometric
change was not observed for the Gal derivatives (UDP-Gal, Gal-
1P and Gal-OH), because these cannot be bound to Con A.[7b]


These results strongly suggest that the ratiometric emission
change of SNARF–Con A is influenced by the difference in the
anomeric groups of sugars, as well as the binding affinity to
Con A.[10]


The sensing mechanism of SNARF–Con A was examined by
the UV–visible titration experiment and by fluorescence pH ti-
tration. The UV/Vis spectral change upon addition of UDP-Glc
or Glc-OH is shown in Figure S3a and b, respectively. The
change induced by UDP-Glc is consistent with that induced by
a pH shift from basic to acidic pH.[5] On the other hand, the
UV/Vis spectral change by Glc-OH showed opposite pH shift,
that is, from acidic to basic pH. This behavior is consistent with
the fluorescence pH titration results that were obtained with
or without these saccharides (UDP-Glc or Glc-OH, See Fig-
ure S4). The fluorescence pH titration of SNARF–Con A shows a
shift in the apparent pKa toward more basic values in the pres-
ence of UDP-Glc, whereas the presence of Glc-OH causes an
acidic pKa shift. As a result, the value of R was increased by
UDP-Glc, and was decreased by Glc-OH at neutral pH (we can
observe the difference between pH 6.0–8.0). It is clear that the
ratiometric fluorescence change of SNARF–Con A can be attrib-
uted to the pKa shift of SNARF, which is located in the proximi-
ty of the binding pocket of Con A, and was induced by the
anomeric residue of the bound saccharide.


By using this sophisticated biosensor, the real-time and
label-free assays for the various saccharide conversion reac-
tions that involve the anomeric residues of sugars were suc-
cessfully developed. First, we attempted to monitor the fluo-
rescence of the dephosphorylation process of the phosphory-
lated saccharide. Figure 2A shows the real-time fluorescence
spectral change of the reaction of Glc-1P with alkaline phos-
phatase (AP);[11] the difference spectra is shown in the inset of
Figure 2A. The emission at 585 nm decreased while the emis-
sion at 637 nm increased. These spectral changes can be ex-
plained as follows: before the addition of AP, SNARF–Con A
mainly binds to Glc-1P, and the measured emission attributes
to the acidic form of SNARF.[12] During the AP-catalyzed de-
phosphorylation, the substrate (Glc-1P) is consumed, and si-
multaneously the product (Glc-OH) is produced, so that Glc-OH
replaces Glc-1P in the binding pocket of SNARF–Con A. Thus,
the emission of SNARF–Con A changed from the acidic form to
the basic form. As shown in Figure 2B, this reaction is acceler-
ated by an increase in the AP concentration, and the half life-
time of the reaction, which is determined by the differential R
and is proportional to the amount of AP (Figure 2B inset).[13]


This method was also applied to other enzymatic reactions
by using glucokinase (Figure S5a and b) and phosphor-gluco-
mutase (Figure S5c and d), both of which are involved in the
saccharometabolism pathway. Glucokinase catalyzes the reac-
tion to convert Glc-OH into Glc-6P in the upstream of glycoly-
sis,[14] and phosphor-glucomutase converts Glc-1P into Glc-6P


Figure 1. A) Fluorescence spectral change of SNARF–Con A upon the addi-
tion of UDP-Glc (0–20 mm). Inset: Differential fluorescence spectral change
of SNARF–Con A upon the addition of UDP-Glc. B) Fluorescence titration
plots of the emission intensity ratio (585 nm/637 nm) vs. the saccharide con-
centration. Glc-OH (*), Glc-1P (~), UDP-Glc (&), Me-a-Glc (�), Isomal (~), Gal-
OH (+), UDP-Gal (H )


Table 1. Comparison of the association constanst of SNARF–Con A with
those of native Con A.


Saccharide logK
SNARF–Con A[e] native ConA[g]


ACHTUNGTRENNUNG(D ratio[f])


Glc-OH 3.04 (�) 2.90
Man-OH 3.64 (�) 3.34
Gal-OH –[a] –[a]


Me-a-Glc –[b] 3.48
Me-a-Man –[b] 4.04
isomal –[b] 3.23
13-Man2 –[b] 4.48
Man3 –[b] 5.40
Glc-1P 1.73 (+) –[c]


Man-1P 2.38 (+) –[c]


Glc-6P –[a] –[c]


Gal-1P –[a] –[c]


UDP-Glc 1.89 (+) –[d]


UDP-Gal –[a] –[c]


[a] Cannot be determined because of the low affinityACHTUNGTRENNUNG(logK<1). [b] Con A
can bind but SNARF–Con A cannot respond. [c] Not reported previously.
[d] Previously it was reported that Con A can bind, but the association
constant was not determined.[9] [e] The averaged value of at least three
independent titration experiments. [f] ratio= I585nm/I637nm. [g] The reported
values were determined by isothermal titration calorimetry.[7b]
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in glycogenesis.[15] When glucokinase and ATP/Mg2+ were
added to the solution of Glc-OH in the presence of SNARF–
Con A, the emission ratio increased by reflecting the consump-
tion of Glc-OH during phosphorylation. On the other hand, the
value of R of SNARF–Con A linearly decreased upon addition of
phosphor-glucomutase to the solution of Glc-1P. In these
cases, the reaction rate was again confirmed to be proportion-
al to the amount of the corresponding enzymes by our moni-
toring method, which strongly indicates that the present tech-


nique can be used to follow these enzymatic reactions quanti-
tatively.


In conclusion, we have developed a ratiometric fluorescent
biosensor for the discrimination of the fine saccharide struc-
ture, and for label-free monitoring of various saccharide con-
version reactions that are involved in biological saccharome-
tabolism. Compared to the conventional coupled enzyme
assay that requires indirect and multistep reactions,[16] the pres-
ent method is simple, direct and can be appreciated in real-
time, even for the subtle but significant structural conversion
at the anomeric position of saccharides.


Experimental Section


Con A was labeled with SNARF-mal and purified according to our
previously reported method.[8c] The fractions that contain the la-
beled Con A were collected and used in the following study. The
synthesis of SNARF-mal and the preparation of SNARF–Con A are
described in the Supporting Information. In the fluorescence and
UV-titration experiments, saccharide solution was added to
SNARF–Con A (fluorescence titration: 0.75 mm, UV titration: 5.7 or
6.9 mm) in 10 mm Tris buffer solution (pH 7.5) at 20 8C. In less than
20 s, the equilibrium for the binding of SNARF–Con A with sugars
was reached. Thus, after 20 s, the fluorescence spectra were mea-
sured. The titration curves were analyzed by a Benesi–Hildebrand
plot to determine the association constants for various saccharides.
In the AP assay, Glc-1P (10 mm) in Tris buffer (pH 7.5, 0.1m) was
mixed with various units of AP (EC 3.1.3.1) in the presence of
SNARF–Con A (0.5 mm). The fluorescence spectrum changes were
traced to determine the fluorescence ratio (585/637 nm; lex=
534 nm). The details of other experimental procedures (fluores-
cence pH titration, enzyme assay (glucokinase (EC 2.7.1.2) and
phosphor-glucomutase (EC 5.4.2.2)) also are shown in the Support-
ing Information.


Keywords: biosensors · fluorescent probes · lectin ·
ratiometric sensing · saccharometabolism
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Head-to-Tail Cyclized Cystine-Knot Peptides by a Combined Recombinant
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Cyclic peptides form an important class of naturally occurring
or synthetic compounds with a large variety of biological activ-
ities as, for example, hormones, ion carriers, cancerostatics, an-
tibiotics, antimycotics, or toxins.[1] Biological studies with cyclo-
peptides have often indicate increased metabolic stability, im-
proved receptor selectivity, and improved activity profiles in
comparison with their linear counterparts.[2] Among the group
of natural circular peptides and proteins isolated in the last
few years from microorganisms, plants, and even from
humans,[3] cyclotides provide an especially interesting topolo-
gy.[4] This family of circular plant proteins displays a head-to-
tail cyclized peptide backbone together with a cystine knot
(CK) motif based on disulfide bonds formed by six conserved
Cys residues (Figure 1). Two disulfide bonds and their connect-
ing backbone segments form a ring that is penetrated by the
third disulfide bond to give a pseudo-knot structure that is
ACHTUNGTRENNUNGinvariably associated with the nearby b sheet structure.[5] The
cystine knot in combination with the cyclic backbone appears
to be a highly efficient motif for structure stabilization, result-
ing in exceptional conformational rigidity, together with stabili-
ty against denaturing conditions, as well as against proteolytic
degradation. CK-containing peptides are found in almost 20
different protein families with activities such as ion channel
blocking (conotoxins and spider toxins), protease inhibition
(squash inhibitors), and antiinsecticidal activity (plant cyclo-
tides). Head-to-tail macrocyclic cystine knot peptides have
been isolated from plants in the Rubiaceae, Violaceae, and Cu-


curbitaceae families. Several members of these family have
been introduced as versatile scaffolds in drug design and bio-
molecular engineering.[6]


Because of their sizes, in the range of 30–40 amino acids,
ACHTUNGTRENNUNGcyclotides are amenable both to recombinant production
through bacterial expression and to chemical synthesis.[8] In
both routes, two steps of post-synthetic processing—oxidation
of six cysteines to form three disulfide bonds and head-to-tail
cyclization—are required to obtain the final cyclic product. Al-
though the processes by which cyclotide backbone cyclization
occurs naturally are largely unknown,[9] two major strategies
have been applied to generate synthetic macrocyclic CK pep-
tides. The first approach relies on recombinant synthesis and
makes use of modified protein splicing elements known as in-
teins to form a C-terminal thioester that reacts with the N ter-
minus to result in macrocyclization.[10,11] The second strategy is
based on a solid-phase synthesis of the target peptide, fol-
lowed by oxidation and cyclization. Fully deprotected peptides
have successfully been “zipped” into macrocycles, followed by
oxidation and cystine knot formation.[12]


Here we present a strategy for the backbone cyclization of
already folded miniproteins based on the formation of a stable
hydrazone.[13] This method takes advantage of the combination
of cheap and high-yielding recombinant production of linear
peptide precursors that are already folded and oxidized. Chem-
ical synthesis efficiently provides the artificial linkage of the ter-
mini, not interfering with the fold of the knotted motif stabi-
lized by disulfide bonds. In a comparison of linear and cyclized
derivatives, an increased efficiency in tryptase inhibition is re-
ported for a representative iminocyclotide; this also indicates


Figure 1. Structure of the cystine knot peptide McoEeTI.[7] b Strand secon-
dary structure elements are indicated as arrows. The disulfide bonds forming
the cystine knot architecture are indicated as sticks; cysteine residues are
numbered from I to VI beginning from the N terminus. The macrocycle-
forming loop was tentatively added and is shown as a dashed line.
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that the structurally artificial
macrocyclization is functionally
tolerated.


The new hydrazone peptide
head-to-tail macrocyclization
was first developed for cyclotide
McoEeTI[7] (Figure 1), which con-
sists of the N-terminal part of
trypsin inhibitor MCoTI-II[14] and
the C-terminal part of squash in-
hibitor EETI-II.[15] This hybrid min-
iprotein was chosen as we had
serendipitously found that it is
an inhibitor of human b-II tryp-
tase, a tetrameric serine protease
located almost exclusively in
mast cells and which presumably
plays an important role in aller-
gic asthma.[16] The McoEeTI-
based variants McoEeTISDG and
McoEeTIKKV, differing in the
amino acid sequences of the
loops that connect the terminal
ends, bridging the distance of
eight amino acids between knot-
forming cysteines VI and I (Figure 2), have been designed. In
McoEeTISDG we kept the whole linking sequence of natural


MCoTI-II, while in McoEeTIKKV the tripeptide sequence KKV was
introduced in place of SDG, as we reasoned that positively
charged residues preceding the inhibitor loop spanning Cys I
and Cys II may contribute to tryptase binding and inhibition.[17]


The general outline of the cyclization strategy for McoEeTI is
shown in Scheme 1. Recombinant bacterial synthesis is used to
generate a fusion protein, which can be released by cyanogen
bromide (CNBr) cleavage at engineered flanking methionine
residues. CNBr cleavage at the C-terminal methionine is well


known to result in formation of a homoserine lactone[18] along
with its hydrated open-chain form, the C-terminal homoserine.
Macrocyclization can be achieved by C-terminal hydrazinoly-
sis,[19] followed by hydrazone formation with the N-terminal
ACHTUNGTRENNUNGketoaldehyde formed upon mild oxidation of the N-terminal
serine residue.


McoEeTI variants were produced recombinantly in Escheri-
chia coli by use of a recently described expression system that
relies on peptide fusion to an enzymatically inactivated variant
of the RNase barnase from Bacillus amyloliquefaciens.[20] The
fused barnase directs the fusion to the E. coli periplasm, where
oxidative conditions support disulfide bond formation. De-
tailed data on cystine knot miniprotein production through
barnase fusion can obtained from ref. [20] .


In the construct used here, the McoEeTI sequence is preced-
ed by SSSM and followed by MSDGG. For both McoEeTIKKV and
McoEeTISDG homoserine lactones 3 and 4, a folded miniprotein
was released upon chemical cleavage of the fusion protein
with cyanogen bromide at the flanking methionine residues
and was then purified by reversed-phase HPLC with TFA-acidi-
fied aqueous acetonitrile (Scheme 1).[21] When the CNBr cleav-
age of the barnase-McoEeTI fusion protein was performed
under strongly acidic conditions the lactone/homoserine equi-
librium was shifted completely towards g-lactone formation.


As it is known that hydrazides are also able to retain their
nucleophilic reactivity in slightly acidic aqueous media,[22] we
envisaged that the C-terminal hydrazide might selectively
attack the N-terminal ketoaldehyde. This should be the case
even in the presence of primary amino groups, which are pro-
tonated and not nucleophilic, therefore tolerating the three
lysine residues in the McoETI scaffold. Miniproteins 3 and 4,
each bearing a g-lactone moiety, were smoothly converted


Figure 2. Amino acid sequences and disulfide connectivity of the hybrid
miniprotein McoEeTI[7] consisting of the N-terminal part of MCoTI-II[14] and
the C-terminal part of EETI-II,[15] and of the recombinantly produced variants
McoEeTISDG and McoEeTIKKV. The disulfide connectivity is shown as lines, as
well as the additional amide bond of MCoTI-II connecting N and C termini.
Hydrazone linkages of McoEeTISDG and McoEeTIKKV are indicated as dashed
lines. The N-terminal glyoxylyl residue (X) and the C-terminal homoserine
(Hse) that are generated by chemical conversion are represented above the
corresponding amino acid residue from which they are derived (Scheme 1).


Scheme 1. Route of synthesis of iminocyclotides cyclo-McoEeTISDG and cyclo-McoEeTIKKV.
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into the corresponding hydrazides 5 and 6 in the presence of
excess aqueous hydrazine within 1 h at room temperature (see
the Supporting Information). As the pH of aqueous hydrazine
is basic, the formation of a miniprotein with C-terminal homo-
serine was detected during the hydrazinolysis of 4 (see the
Supporting Information). To avoid this by-product in the case
of homoserine lactone 3 the reaction was carried out in a
slightly acidic medium; this significantly increased the yield of
hydrazide 5 in relation to 6 (Scheme 1).


Sodium periodate oxidation–cyclization


In the two open-chain precursors McoEeTISDG and McoEeTIKKV,
the 2-amino alcohol of the N-terminal Ser residue functions as
a masked aldehyde. After oxidative periodate cleavage
(Scheme 1), the N-terminal ketoaldehyde reacted with the C-
terminal hydrazide, thereby closing the macrocycle through
the formation of a hydrazone. In order to avoid side reactions
during oxidation an excess of only 10 equivalents of periodate
was used. The desired oxidation was rapid and highly specific
for the N-terminal serine.[23,24]


The hydrazone cyclization to cyclo-McoEeTISDG 8 initiated by
periodate oxidation proceeded within 5 min, directly yielding
the cyclic hydrazone 8 in 64% yield,[25] without the intermedi-
ate N-terminal ketoaldehyde being detected. The fast macro-
cyclization is probably due to conformational preorganization
of the folded open-chain precursor of cyclo-McoEeTISDG, orient-
ing the N and the C termini in close proximity, and thereby es-
tablishing a high effective concentration.[26] Macrocyclization of
McoEeTISDG hydrazide 6 was followed by HPLC (Figure 3A). As
soon as 5 min after initiation of oxidation a signal at 17.22 min
indicated the formation of hydrazone 8. Product formation
was easily detectable, since the hydrazide 6 shows no absorp-
tion at 280 nm whereas product 8 provides a UV absorption
that can be attributed to hydrazone formation.[27] In general,
hydrazone formation is reversible, but it is known to be stable
at physiological pH.[28] Since the hydrazone of knotted minipro-
tein 8 also turned out to be stable, its reduction with NaCNBH3


to ensure the integrity of a formed conjugate[28,29] was not re-
quired. The structural integrities of the hydrazone linked mini-
proteins were corroborated by high-resolution ESI mass spec-
trometry (Figure 4). No efforts to determine the ratio of syn-/


anti-hydrazone isomer formation
have yet been undertaken.


The open-chain precursor of
cyclo-McoEeTIKKV was obtained
as the hydrazide 5 in 64% yield.
It was oxidized with sodium pe-
riodate to the N-terminal keto-
ACHTUNGTRENNUNGaldehyde 7, which reacted with
the C-terminal hydrazide at
slightly acidic pH within 72 h to
provide the iminocyclotide 9.
The cyclization of cyclo-McoEe-
TIKKV 9 was significantly slower
that that of iminocyclotide 8,
combined with a much lower
yield of only 25% (Figure 3B).
The cyclization efficiency is re-
ported to depend on the amino
acid sequence of the termini
forming the connecting loop.[30]


Figure 3. A) HPLC profile of the oxidation and macrocyclization of McoEeTISDG linear precursor in its hydrazide
form 6. Left : Elution profile of hyrazide 6 after purification. No absorption is detected at 280 nm. Right: Reaction
mixture after 2 min incubation with sodium periodate monitored at 280 nm. B) HPLC monitoring at 215 and
280 nm of oxidation and cyclization of McoEeTIKKV hydrazide 5 (left), N-terminal aldehyde 7 formed after 4 min of
oxidation (middle), cyclization progress after 2 days of reaction at pH 5 (right). Only the macrocyclic product 9
would be expected to show absorbance at 280 nm. Detailed analytical data can be found in the Supporting Infor-
mation.


Figure 4. ESI-MS of cyclo-McoEeTIKKV 9 (left) and cyclo-McoEeTISDG 8 (right).[31] Analytical data can be found in the Supporting Information.
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Preorganization of the terminal ends in close proximity within
the linear but folded precursors also seems to be decisive for
the different cyclization efficiencies of the synthesized iminocy-
clotides 8 and 9.


Further verification of correct folding and successful linkage
of the termini to form cyclo-McoEeTISDG 8 and cyclo-McoEeTIKKV


9 was obtained from the finding that the cyclized products
and, in the case of the McoEeTIKKV variant, also the barnase-
fusion protein and the homoserine lactone 3 act as inhibitors
of human b-II tryptase (Table 1). In comparison with linear


McoEeTI, which shows a Ki constant of about 100 nm, we ob-
served a 40-fold decrease in inhibitory activity for the cyclo-
McoEeTISDG. In contrast, cyclization of the McoEeTIKKV deriva-
tives resulted in a 20-fold increase in inhibitory activity, which
is reflected in a Ki of 20 nm for the linear variant compared to
1 nm for the cyclic miniprotein. Upon cyclization, the KKV tri-
peptide sequence becomes positioned in close proximity to
the inhibitory loop (spanning Cys I and Cys II), which may pro-
vide favorable electrostatic interactions with tryptase, while an
aspartate residue in cyclo-McoEeTISDG results in a lower tryp-
tase affinity.


In conclusion, a convenient method for the backbone cycli-
zation of recombinantly produced cystine knot peptides that
results in correctly folded macrocyclic disulfide-bridged pep-
tides is reported. It does not require protecting groups, takes
place in aqueous solution, and is devoid of racemization and
solubility problems. One of the major advantages of the pro-
posed method is the potential to cyclize fully deprotected pep-
tides that can be produced conveniently by recombinant syn-
thesis, with oxidative folding occurring under physiological
conditions, leading to correctly disulfide-bonded linear precur-
sors. As the hydrazide moiety retains its activity over a wide
pH-range, at neutral or slightly acidic pH the termini could be
coupled into the cyclic hydrazone without interference with
lysine side chains. Limitations of general applicability lie in the
facts that this cyclization strategy relies on CNBr cleavage at
flanking methionine residues, which excludes the presence of
internal methionines, and that periodate oxidation may give
rise to oxidative side products with, for example, cysteine or
tryptophan residues, which requires careful control of oxida-
tion reaction conditions. Protein expression, purification, and
cyclization procedures are amenable to further optimization;
nevertheless, 0.5 mg of cyclized cystine knot miniprotein
McoEeTIKKV and 1.0 mg of McoEeTISDG were obtained from 5 L


initial bacterial liquid culture. At each step, substantial
amounts of synthesis product were used for analysis and bio-
logical tests. Scaling up to production of multi-milligram
amounts of iminocyclotides seems feasible. Although a non-
natural hydrazone linkage is formed by macrocyclization, the
resulting iminocyclotides are biologically active proteinase
ACHTUNGTRENNUNGinhibitors. Imino-cyclo-McoEeTIKKV was identified as the most
potent proteinaceous inhibitor of human mast cell tryptase
known to date, capable of binding to all four active sites of
the tryptase tetramer simultaneously, thereby blocking the
access of natural substrates (unpublished data). Despite the
limitations, as previously discussed, this method may be appli-
cable to the synthesis of large cyclic peptides in general, as
well as to that of the cystine knot motif.
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Caged Substrates for Protein Labeling and Immobilization
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The labeling of proteins with synthetic probes in vitro and in
living cells has become an important method to investigate
and manipulate protein function.[1] Specific labeling is generally
achieved through the expression of the protein of interest as a
fusion protein with an additional polypeptide that mediates
the labeling. One important feature of such an approach is the
possibility to control the time of the labeling, and the ability to
perform successive labeling experiments with different probes.
Successive labeling experiments have allowed the different
generations of a fusion protein to be discriminated, and have
been shown to be powerful tools to study dynamic processes
in living cells.[2] Caged substrates could add further levels of
control over time and precise location of labeling.[3,4] Here, we
introduce caged substrates for protein labeling that can be
ACHTUNGTRENNUNGefficiently activated with light; these should find applications
in biology and nanotechnology.
We have previously developed a general approach for the


covalent labeling of proteins that is based on the irreversible
reaction of mutants of O6-alkylguanine-DNA alkyltransferase
(AGT or SNAP-tag) with derivatives of O6-benzylguanine (BG).[5]


The labeling is based on the transfer of an appropriately sub-
stituted benzyl ring from the BG derivative to a reactive cys-
teine residue of the SNAP-tag. SNAP-tag fusion proteins can be
labeled with a wide variety of different probes both in living
cells and in vitro.[6–8] To temporally block the reactivity of the
SNAP-tag towards BG, we decided to attach the 1-(2-nitrophe-
nyl)ethyl (NPE) group either at the N7 or N9 position of BG
(Scheme 1).
An analysis of the structure of human wild-type AGT sug-


gested that substituents at the N7 of BG should lead to steri-
cally unfavorable interactions with the protein.[9] Similarly, a BG
derivative that has a NPE group at the N9 position should
show low reactivity towards the SNAP-tag because mutations
have been introduced in the protein that obstruct its reaction
with N9-substituted BG derivatives.[10]


The synthesis of the NPE derivatives of BG is achieved
through direct alkylation of previously described BG-N3 (1)
with 1-(1-bromoethyl)-2-nitrobenzene (2 ; Supporting Informa-
tion). The assignments of the N7 and N9-substituted isomers
were based on NMR spectroscopic studies (Supporting Infor-
mation). Compounds 3 and 4 can either be derivatized by click
chemistry,[11] or reduced to the corresponding amines 5 and 6


and subsequently reacted with an appropriate N-hydroxysucci-
nimide ester (Scheme 2).
To investigate whether both compounds can be uncaged by


UV light, 3 and 4 were dissolved in water, irradiated with UV
light, and the reaction products were analyzed by HPLC
(Figure 1).
Under these conditions, both compounds were cleanly con-


verted into the corresponding BG derivatives through the
ACHTUNGTRENNUNGexpulsion of 1-(2-nitrosophenyl)ethanone (Figure 1). To analyze
the reactivity of the SNAP-tag towards the caged substrates,
the caged fluorescein and digoxigenin derivatives N7NPE-BG–FL
7, N9NPE-BG–FL 8, N7NPE-BG–Dig 9 and N9NPE-BG–Dig 10 were
prepared (Scheme 2; Supporting Information).
Caged substrates 7 and 8 were incubated with an excess of


a fusion protein of the SNAP-tag with glutathione S-transferase
(SNAP–GST) with or without prior illumination, and the protein
labeling was examined by SDS-PAGE and fluorescence scan-
ning (Figure 2A, B). Without prior illumination N7NPE-BG–FL did
not lead to any detectable labeling of SNAP–GST (Figure 2A
and B). Illumination of the N7-caged derivative efficiently liber-
ated the reactive BG derivative: the intensity of the signal that
was measured for illuminated N7NPE-BG–FL was 70% of the ob-
served signal when the protein was directly incubated with an
equivalent amount of BG–FL. In contrast to the results with the
N-7-caged derivative, incubation of SNAP–GST with N9NPE-BG–
FL led to some labeling without prior illumination (Figure 2A
and B). Similar results were observed for the digoxigenin deriv-
atives 9 and 10. Incubation of N7NPE-BG with SNAP–GST with


[a] S. Banala, Dr. A. Arnold, Prof. Dr. K. Johnsson
�cole Polytechnique F�d�ral de Lausanne (EPFL)
Institute of Chemical Sciences and Engineering
1015 Lausanne (Switzerland)
Fax: (+41)21-693-9365
E-mail : kai.johnsson@epfl.ch


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


Scheme 1. Caged BG derivatives for protein labeling.
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or without prior illumination and analysis of the reac-
tion through Dot blotting by using an anti-dioxigenin
antibody demonstrated that no labeling could be ob-
served without prior illumination, and that illumina-
tion led to efficient uncaging of the substrate. The in-
tensity of the signal that was measured for illuminat-
ed N7NPE-BG–Dig was 70% of that observed when
the protein was directly incubated with an equivalent
amount of BG–Dig. In contrast, N9NPE-BG–Dig led to
some labeling of SNAP–GST, even without prior illu-
mination. In summary, these experiments demon-
strate that N7NPE-BG derivatives are caged SNAP-tag
substrates that do not possess any detectable activity
prior to illumination, but can be efficiently uncaged
with UV light.
As a first application of caged BG derivatives, we


investigated the use of these molecules in light-in-
duced protein dimerization and light-directed protein
immobilization. We have recently introduced BG de-
rivatives (so-called CoDis) that enable the covalent
and irreversible dimerization of SNAP-tag fusion pro-
teins in vitro and in living cells.[12] CoDis are dimers of


BG that can be used for the covalent cross-linking of SNAP-tag
fusion proteins. In addition to inducing dimerization-depen-
dent phenotypes, the cross-linking efficiency of AGT fusion
proteins indicates the proximity and interactions of protein
pairs in living cells. We envisioned that caging one of the two
BGs in such a CoDi would allow us to trigger the dimerization
of a protein through a light pulse. To test the feasibility of this
approach, we prepared a fusion protein of the SNAP tag with


Figure 1. Photolysis of caged BG derivatives 3 and 4. Samples (20 mm in
water, 1% DMSO) were irradiated for 20 sec with 365 nm light from a 100 W
Hg lamp. A) HPLC analysis of samples of 3 before and after irradiation.
B) HPLC analysis of samples of 4 before and after irradiation.


Scheme 2. Caged BG derivatives that were used for protein labeling in this
study.


Figure 2. Reactivity of SNAP–GST with caged BG derivatives before and after illumination.
A) SNAP–GST (2 mm) was incubated with N7NPE–BG–FL or N9NPE–BG–FL (0.5 mm each)
with or without prior illumination (365 nm, 1 min) for 3 h at room temperature and the
samples were subjected to SDS-PAGE and analyzed by laser-based fluorescence scanning.
B) Coomassie blue staining of the gel shown in (A). C) SNAP–GST (0.75 mm) was incubat-
ed with N7NPE–BG–Dig or N9NPE–BG–Dig (1 mm each) with or without prior illumination
(365 nm, 1 min) for 2 h at room temperature and samples subjected to Dot blot analysis
using an anti-digoxigenin-peroxidase antibody conjugate and a chemiluminescent perox-
idase substrate.
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acyl carrier protein (SNAP–ACP) and labeled the protein with
Cy3 via ACP.[13] Cy3-labeled SNAP–ACP was then incubated
with caged CoDi 11 with or without prior illumination. Aliquots
of the reaction mixture were taken at different time points,
subjected to SDS-PAGE, and analyzed by laser-based fluores-
cence scanning. These experiments revealed that dimer forma-
tion took place only in illuminated samples (Figure 3A). The ef-
ficiency and speed of the dimerization is comparable to that


which was reported for uncaged CoDis.[12] Caged CoDis thus
offer the opportunity to induce protein dimerization with spa-
tial and temporal resolution.
Another application for the caged BG derivatives might be


the light-directed patterning of biomolecules on surfaces or
within micro-fluidic channels.[14–16] We have previously shown
that SNAP-tag fusion proteins can be selectively and covalently
immobilized on surfaces that display BG,[17,18] and caged BG de-


rivatives would offer the oppor-
tunity to spatially direct the im-
mobilization through light. N7-
caged BG derivative 5 was ar-
rayed on glass slides displaying
polymer brushes of poly-
ACHTUNGTRENNUNG[oligo(ethylene glycol)methacry-
late] (POEGMA) by using a previ-
ously described protocol.[19] The
corresponding uncaged BGNH2,
14 and benzylamine were ar-
rayed on the same chip as posi-
tive and negative controls, re-
spectively. Part of the glass slide
was covered with a mask and
the slide was irradiated with
365 nm light. Next, the whole
chip was incubated with SNAP–
ACP that was labeled with Cy5
via ACP. After several washing
steps, the slide was analyzed for
fluorescence (Figure 4).
Measurements of the fluores-


cence intensities on the chip
demonstrated that protein im-
mobilization was directed by the
uncaging of 5 through light.
ACHTUNGTRENNUNGImmobilization of SNAP–ACP at
locations that displayed the N7-
caged BG, but that were not illu-
minated was less than 20% of
those that displayed N7-caged
BG, and that were illuminated
with UV light. Also, the amount
of SNAP–ACP that was immobi-
lized after the uncaging of BG
derivative 5 was similar to that
achieved by displaying BG di-
rectly (Figure 4A, B). Because
SNAP-tag fusion proteins can be
expressed on the surface of
mammalian cells,[20] the caged
BG derivatives should also find
applications in cell patterning
and in tissue engineering.[21,22]


In summary, we have reported
the synthesis of caged BG deriv-
atives that display no activity to-
wards SNAP-tag fusion proteins,


Figure 3. Light-induced covalent dimerization of SNAP-tag fusion proteins. A) General scheme for controlling the
dimerization of SNAP-tag fusion proteins by using caged CoDi 11. B) Cy3-labeled SNAP–ACP (1 mm) was incubated
with caged CoDi 11 (0.7 mm) at RT with and without prior illumination. Aliquots of the reaction mixture were
taken at the indicated time points, subjected to SDS-PAGE and analyzed by laser-based fluorescence scanning.
C) Relative percentage of dimer (SNAP–ACP)2 that was measured at different time points in (B) plotted as a func-
tion of time.


Figure 4. Light-directed immobilization of SNAP-tag fusion proteins. A) Caged BG derivative 5, BG derivative 14
(as a positive control) and benzylamine (Bn-NH2) were arrayed on an activated, POEGMA-covered glass slide as
ACHTUNGTRENNUNGindicated (for further details see Supporting Information). After illumination at defined locations, the slide was in-
ACHTUNGTRENNUNGcubated with Cy5-labeled SNAP–ACP (5 mm) for 1 h. The slide was analyzed for fluorescence after several washing
steps. Cy5-labeling of SNAP–ACP was achieved by incubation of SNAP–ACP (5 mm) with CoA-Cy5 (10 mm) and
AcpS (1 mm) for 30 min. B) Fluorescence intensities measured in (A).
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but which can be efficiently uncaged by light. The caged mole-
cules allow us to control the dimerization and immobilization
of SNAP-tag fusion proteins with both spatial and temporal
resolution. Considering the breadth of the SNAP-tag technolo-
gy, the caged BG should furthermore become useful for a vari-
ety of other applications.


Experimental Section


Detailed experimental procedures for the synthesis and characteri-
zation of all compounds, as well as a detailed description of all
ACHTUNGTRENNUNGexperiments are given in the Supporting Information.
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Multifunctional Mesoporous Silica Nanoparticles for Intracellular Labeling
and Animal Magnetic Resonance Imaging Studies


Si-Han Wu,[a] Yu-Shen Lin,[a] Yann Hung,[a] Yi-Hsin Chou,[b] Yi-Hua Hsu,[b] Chen Chang,*[b] and
Chung-Yuan Mou*[a]


The unique properties of mesoporous silica nanoparticles
(MSNs), such as high surface areas, uniform pore size, easy
modification, and biocompatibility, make them highly suitable
for biological applications.[1–2] In previous reports, MSNs have
been demonstrated to function as cell markers[3–6] and as gene
transfection[7–8] and drug delivery agents.[9–10] Although these
cell-level studies are attractive, some important issues, such as
the cellular uptake efficiency, toxicity, and circulation behavior
of MSNs in living animals, still have to be addressed for further
practical animal-level applications.


Superparamagnetic nanoparticles (i.e. , magnetite) with di-
ameters of less than 20 nm exhibit effective magnetic reso-
nance imaging (MRI) contrast enhancement behavior. Because
MRI is a noninvasive imaging method, it is a powerful tool
with which to track the migration of cells and to investigate
the distribution of nanoparticles in the living body. The main
drawbacks of the MRI technique, however, are low sensitivity
and resolution, which make it unable to provide detailed bio-
logical information.


In previous reports, magnetic–optical bifunctional nanoparti-
cles have been fabricated for imaging applications. However,
they are nonporous hybrid magnetic composites.[11–12] To offset
the shortcomings and to expand the bioimaging/delivery
ACHTUNGTRENNUNGapplications, simultaneous attachment of a fluorescent probe
(subcellular imaging) and a MRI probe (noninvasive imaging)
to MSN is an important task. Recently, we adopted a strategy
involving the simultaneous fusion of amorphous silica shells of
Fe3O4@SiO2 nanoparticles with MSNs that are attached to fluo-
rescein isothiocyanate (FITC).[13] These nanoparticles with multi-
functionalities—fluorescent, magnetic, and porous (Mag-
Dye@MSNs)—can simultaneously serve as bimodal imaging
probes and drug reservoirs. Thus, we believe that Mag-
Dye@MSNs would be a suitable material with which to study
the cellular uptake efficiency, toxicity, and accumulative behav-
ior of MSNs in living animals. To the best of our knowledge,
this is the first report of direct injection of mesoporous silica


nanoparticles (MSNs) into mice and of in vivo visualization of
the localization of MSNs by MRI.


Mag-Dye@MSNs were synthesized according to the method
we previously developed[13] (the detailed synthetic method is
described in the Experimental Section). A transmission electron
microscopy (TEM) image of the Mag-Dye@MSNs (Figure 1)


shows that mostly one Fe3O4@SiO2 nanoparticle was attached
to one MSN. The inset figure further confirms that Mag-
Dye@MSNs have a well ordered 2D hexagonal structure, which
is consistent with the X-ray diffraction (XRD) spectrum. With
regard to the physical properties of Mag-Dye@MSNs, their
ACHTUNGTRENNUNGsurface area, pore volume, and pore size are 839 m2g�1,
0.67 cm3g�1, and 2.5 nm, respectively. Water-suspended Mag-
Dye@MSNs exhibit the typical fluorescein emission (lem=


515 nm). The T2 relaxivity (r2, the efficiency of a contrast agent)
of the Mag-Dye@MSNs was determined to be 153 mm


�1 s�1 at
40 8C. The iron content (1 wt%) of the Mag-Dye@MSNs was de-
termined by inductively coupled plasma-atomic emission spec-
troscopy (ICP-AES). All the data described above show that
Mag-Dye@MSNs simultaneously possess MRI enhancing, lumi-
nescent, and porous properties.


To evaluate the in vitro cytotoxicity of Mag-Dye@MSNs, cell
viability was examined by MTT assay. As shown in Figure 2A,
cell proliferation was not hindered by the presence of Mag-
Dye@MSNs. To examine the cell-labeling efficiency, both rat
bone marrow stromal cells (rMSCs) and NIH 3T3 fibroblast cells
were incubated with various concentrations (20, 40, 60,
80 mgmL�1) of Mag-Dye@MSNs for 1 h. The flow cytometry re-
sults showed that when the Mag-Dye@MSNs (40 mgmL�1) were
incubated with the cells for 1 h, more than 90% of rMSC and
NIH 3T3 cells were labeled (Figure 2B). This indicated cells can
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[b] Y.-H. Chou, Y.-H. Hsu, Dr. C. Chang
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Taipei 115 (Taiwan)
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


Figure 1. TEM image of Mag-Dye@MSNs. The high-magnification TEM image
(inset) shows the well ordered mesoporous and magnetic parts.
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be labeled efficiently within a short incubation time with use
of a relatively low dose of Mag-Dye@MSNs. Interestingly, the
histograms of mean value of fluorescence intensity (MFI)
showed that the level of Mag-Dye@MSNs in rMSC cells was
higher than in NIH 3T3 cells (Figure 2C). This result is encour-
aging for stem cell tracking and therapy.


By using confocal imaging rMSCs that had been allowed to
grow in regular growth medium, overnight, after incubation
with Mag-Dye@MSNs for 1 h, were examined (Figure 3A). Re-
sults showed that the green-emitting Mag-Dye@MSN nanopar-


ticles had indeed internalized into the rMSCs. An interesting
phenomenon is that the Mag-Dye@MSNs did not enter the nu-
cleus, but instead surrounded it. Moreover, in vitro T2-weighted
MR images showed MR contrast effects with labeled rMSCs
when compared with unlabeled rMSCs. A significantly negative
signal enhancement was caused by Mag-Dye@MSNs in treated
rMSCs (Figure 3B), whereas no MR image contrast was ob-
served with unlabeled cells (Figure 3C). This result means that
1J105 labeled rMSCs could be detected in vitro in a 4.7 T MR
scanner and could be used as a base number for in vivo rMSC
tracking experiments.


The in vivo contrast enhancing effect of Mag-Dye@MSNs
was evaluated in anesthetized mice (N=3) with a 7 T MRI
system (Bruker Pharmascan). Typically, Mag-Dye@MSNs sus-
pended in deionized water were administrated to mice
through eye vein injection at a dose of 5 mg Fe per kg (body
weight). Figure 4 shows T2-weighted MR images of mouse
liver, kidneys, and spleen before and after administration of
Mag-Dye@MSNs. As time went on, the Mag-Dye@MSNs tended
to accumulate more in liver and spleen tissue than in kidney;
in fact they appeared to have cleared kidney after 2 h. This
phenomenon is similar to literature reports[14–16] in which small
superparamagnetic iron oxides (SPIOs, 30–1000 nm) were used
for reticulo-endothelial system (RES) specific imaging of liver
and spleen, in which the biodistribution is mainly determined
by factors such as particle size,[17–18] surface coating,[19–20] and
charge.[21] The time-dependent darkening of the MR images in
liver, spleen, and kidneys (including renal pelvis, renal medulla,
and renal cortex) after administration of Mag-Dye@MSNs was
also confirmed quantitatively (Figure 5A). This showed that the
recover time of signal-to-noise ratio (SNR) in kidneys was nota-
bly shorter than that in liver/spleen, indicating that most Mag-
Dye@MSNs were trapped by the RES organs. In addition, using
a fluorescence microscope, we clearly observed green spots in
histology slides taken from perfused or nonperfused mice sac-
rificed 30 min after administration of the green-emitting Mag-
Dye@MSNs. By these means, we could visualize the fluorescent
foci clearly in the liver and spleen (Figure 6), but not in the kid-
neys. This is due to the lower concentration of Mag-Dye@MSNs
in kidneys. We noticed that the fluorescent foci in mice that
were not perfused were stronger than in perfused ones; this


Figure 2. A) The effect of Mag-Dye@MSNs on cell proliferation. Flow cytome-
try analyses of: B) the percentage and C) mean fluorescence intensity (MFI)
of Mag-Dye@MSN-labeled cells.


Figure 3. A) Merged confocal image of rMSCs that had been allowed to
grow in regular growth medium, overnight, after 1 h of incubation with
Mag-Dye@MSNs. The cytoskeleton was stained with rhodamine phalloidin
(red) and the cell nucleus with DAPI (blue). The T2-weighted MR images of:
B) labeled rMSCs (1J105) after treatment with Mag-Dye@MSNs (80 mgmL�1)
for 1 h, and C) unlabeled rMSCs (1J105) without Mag-Dye@MSNs.
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implies that the nanoparticles were still in the blood vessel
30 min after administration. Perl’s Prussian blue stain (iron
stain) and immunochemical staining showed that only a few
Mag-Dye@MSNs were taken up by macrophages at the time
point of 30 min after admini-
ACHTUNGTRENNUNGstration (data not shown). We
ACHTUNGTRENNUNGbelieve that Mag-Dye@MSNs
darken liver/spleen T2-weighted
MR images predominantly
through a vascular mechanism
in the early stages, and that
signal darkening was due to
particle accumulation within the
RES in the late stages.


As a long-term MRI tracking
study, we monitored the liver
for three months. The result re-
vealed that the SNR recovered
after 90 days (Figure 5B). The
slow recovery meant that Mag-
Dye@MSNs were resistant to
ACHTUNGTRENNUNGdecomposition and not easily
ACHTUNGTRENNUNGexcreted from the body. We are
continuing to study the final
fate of the MSNs. We believe
that these Mag-Dye@MSNs


could be a potential candidate for long-term liver/spleen MRI
monitoring and targeted drug delivery.


Figure 4. In vivo T2-weighted MR images before (pre) and after (post) admin-
istration of 5 mg Fe per kg body weight of Mag-Dye@MSNs (post 5, 30, 60,
90, and 120 min). A) Liver, and B) kidneys/spleen images showed time-de-
pendent darkening in MR images.


Figure 5. A) Time-dependent changes in the SNR difference in the liver,
spleen, renal cortex, renal medullar, and renal pelvis after administration of
Mag-Dye@MSNs (5 mg Fe per kg body weight; number of mice, N=3).
B) Long-term SNR difference in the liver after administration of Mag-
Dye@MSNs (2 mg Fe per kg body weight).


Figure 6. Histological sections of various tissue organs removed 30 min after administration of Mag-Dye@MSNs
(5 mg Fe per kg body weight) and examined under an optical microscope (OM) and a fluorescence microscope
(FM). A) Mag-Dye@MSNs untreated (control), B) treated and perfused, C) treated but not perfused.
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For ultimate diagnostic purposes, toxicity is a main concern
for all contrast agents injected intravenously. We note that the
mice used for MRI studies showed no obvious abnormalities
after recovering from anesthesia, even though extensive toxici-
ty studies (such as the LD50, pharmacokinetics, and biodegra-
dation studies) are currently not completely investigated. Pre-
liminary results show that no abnormal clinical signs were ob-
served after administration of a dose of 2 mg Fe per kg body
weight (N=3), and that no statistical differences in the body
weight changes between controls and Mag-Dye@MSN-treated
mice were detected during a four-week study period (Fig-
ure S1). All mice survived until they were sacrificed.


The utility of multifunctional Mag-Dye@MSNs resides in their
ability to combine organic/inorganic and diagnostic/therapeu-
tic components within the nanoscale. We have demonstrated
the advantage of multifunctional nanoparticles in histology
samples, in which fluorescence can be used to detect the pres-
ence of nanoparticles directly in the animal without further
staining. The reported experiments are crucial to the in vivo
application of Mag-Dye@MSNs: they provide baseline informa-
tion for the use of mesoporous silica nanoparticles as diagnos-
tic reagents and therapeutic drug carriers.


Experimental Section


Synthesis of Mag-Dye@MSNs : Mag-Dye@MSNs were synthesized
by previously reported procedures.[13] Firstly, size-controlled and
monodispersed superparamagnetic nanocrystals (Fe3O4) were syn-
thesized by the thermal decomposition method.[22] Then, water-
suspended Fe3O4@SiO2 nanoparticles were synthesized by a water-
in-oil reverse micelle method.[23] Finally, multifunctional mesopo-
rous silica nanoparticles (Mag-Dye@MSNs) were formed by addi-
tion of organic dyes (FITC) and Fe3O4@SiO2 to an ammonia solution
containing dilute TEOS and low surfactant concentration. The as-
synthesized Mag-Dye@MSNs were extracted by a fast and efficient
ion-exchange method,[24] and were then collected by centrifuga-
tion and redispersed in water. Mag-Dye@MSNs were characterized
by using various techniques, including XRD (PANalytical’s X’Pert
PRO X-ray diffractometer), TEM (JEOL JEM1230), ICP-AES (Kontron
S-35), N2 adsorption-desorption isotherms (Micromeritics ASAP
2010), photoluminescence spectroscopy (Hitachi F-4500), and T2
ACHTUNGTRENNUNGrelaxation time measurements (0.47 T, Bruker Minispec).


Cell culture : rMSCs (rat bone marrow stromal cells) were obtained
from Dominion Pharmakine and cultured in regular growth
medium consisting of DMEM/F12 (GIBCO) supplemented with fetal
bovine serum (GIBCO, 20%) and penicillin/streptomycin (GIBCO,
1%). NIH 3T3 fibroblasts (American Type Culture Collection) were
cultured in DMEM (GIBCO) containing fetal bovine serum (GIBCO,
10%) and penicillin/streptomycin (GIBCO, 1%) in a humidified at-
mosphere with CO2 (5%) at 37 8C.


Cell proliferation assay : Cells (1J105 per well) were seeded in 24-
well plates for proliferation assays. After incubation with different
amounts of Mag-Dye@MSN suspension in serum-free medium for
1 h, cells were allowed to grow in regular growth medium for 24 h,
followed by incubation with fresh serum-free medium containing
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl-tetrazolium bromide
(0.5 mgmL�1) for 4 h at 37 8C for proliferation assay. The dark blue
formazan dye generated by the live cells was proportional to the
number of live cells, and the absorbance at 570 nm was measured


with a microplate reader (Bio-Rad, model 680). Cell numbers were
determined from a standard plot of known cell numbers versus
the corresponding optical density.


Cellular uptake assays : Different types of cells (rMSC, NIH 3T3)
were seeded at 1.2J105 cells per well in 6-well plates and allowed
to attach for 24 h. To determine the nanoparticle uptake and the
extent of loading, the cells were incubated with a planned amount
of nanoparticles suspended in serum-free medium for an intended
incubation time. Treated cells were then washed three times with
phosphate-buffered saline (PBS: 137 mm NaCl, 2.68 mm KCl, 10 mm


Na2HPO4, 1.76 mm KH2PO4, pH 7.4), and then harvested by trypsini-
zation. The green emitting fluorescein dye (excited at 488 nm with
an argon laser and detected at a wavelength in the 510 to 540 nm
range) incorporated in the nanoparticles served as a marker for
quantitative determination of their cellular uptake, which was ana-
lyzed by flow cytometry (BD FACSAria Cell-Sorting System) with
CellQuest Pro software (BD, Mississauga, CA, USA).


Magnetic resonance imaging and data analysis : In vitro T2-
weighted MR images were acquired with a 4.7 T MR scanner
(Bruker Biospec). To prepare the cells for MRI, 1J105 rMSCs were
incubated with Mag-Dye@MSN (80 mgmL�1). After 1 h incubation,
the cells were washed twice with PBS solution, trypsinized, and col-
lected in 0.5 mL Eppendorf tubes by centrifugation. After centrifu-
gation, the Eppendorf tubes were placed in a water bath and were
then scanned in a 4.7 T MR scanner (Bruker Biospec), repetition
time (TR)/echo time (TE)=4000 ms/80 ms, field of view (FOV)=
6 cm, number of excitations (NEX)=4, spectral width (SW)=
41666.7 Hz, slice thickness (Slth)=2.0 mm, matrix=256J256. In
vivo T2-weighted MR images were acquired with a 7 T MR scanner
(Bruker Pharmascan) before and at different times after the injec-
tion of Mag-Dye@MSN nanoparticles. Typically, nanoparticles sus-
pended in deionized water (0.1 mL) were administrated to Institute
of Cancer Research (ICR) mice (5 to 8 weeks of age, body mass
�25 g, ICR mouse) through eye vein injection at a dose of 5 mg
Fe per kg body weight. The measurement parameters were as
ACHTUNGTRENNUNGfollows: TR/TE=4000 ms/40 ms, FOV=3 cm, NEX=4, SW=
57471.3 Hz, Slth=1.0 mm, matrix=256J128, and temperature=
37 8C. For T2-weighted images, the signal intensities (SIs) and
signal-to-noise ratio (SNR=SIx/SInoise) were measured for liver,
spleen, and kidneys. The percentage of SNR change for pre-injec-
tion versus postinjection imaging was calculated according to the
following formula:


% SNR difference ¼ 100� ð½SNR�post�½SNR�preÞ=½SNR�post


Histology : In order to correlate MR signal changes with histologi-
cal evidence, animals were sacrificed after MRI experiments. If
needed, the mice were perfused transcardially with paraformalde-
hyde (Sigma, 4%) in PBS (pH 7.4). The kidneys, spleen, and liver
were removed, kept in the same fixative overnight at 4 8C, paraffi-
nized, and sectioned at 5 mm. One set of kidney/spleen/liver sec-
tions was stained with hematoxylin and eosin for the visualization
of the tissue structure. Another set of sections was stained with
Perl’s Prussian blue staining for the detection of iron particles (data
not shown). The stained sections were examined under light mi-
croscopy by two well trained experimenters who were blind to the
state of the mice under investigation. A third set was examined by
fluorescence microscope (Olympus BX51). All animal experiments
were approved by the Institutional Animal Care and Utilization
Committee at the Academia Sinica, Taipei, Taiwan.


56 www.chembiochem.org E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim ChemBioChem 2008, 9, 53 – 57



www.chembiochem.org





Acknowledgements


This research was supported by a grant from the National Sci-
ence Council of Taiwan. Technical support from the Functional
and Micro-Magnetic Resonance Imaging Center supported by the
National Research Program for Genomic Medicine, Taiwan is
ACHTUNGTRENNUNGacknowledged. We thank Yi-Chun Chuang for help with confocal
microscopy measurements.


Keywords: cell tracking · imaging agents · magnetic
resonance imaging · mesoporous materials · nanoparticles


[1] M. Vallet-RegQ, Chem. Eur. J. 2006, 12, 5934–5943.
[2] I. I. Slowing, B. G. Trewyn, S. Giri, V. S.-Y. Lin, Adv. Funct. Mater. 2007, 17,


1225–1236.
[3] Y.-S. Lin, C.-P. Tsai, H.-Y. Huang, C.-T. Kuo, Y. Hung, D.-M. Huang, Y.-C.


Chen, C.-Y. Mou, Chem. Mater. 2005, 17, 4570–4573.
[4] D.-M. Huang, Y. Hung, B.-S. Ko, S.-C. Hsu, W.-H. Chen, C.-L. Chien, C.-P.


Tsai, C.-T. Kuo, J.-C. Kang, C.-S. Yang, C.-Y. Mou, Y.-C. Chen, FASEB J.
2005, 19, 2014–2016.


[5] I. I. Slowing, B. G. Trewyn, V. S.-Y. Lin, J. Am. Chem. Soc. 2006, 128,
14792–14793.


[6] T.-H. Chung, S.-H. Wu, M. Yao, C.-W. Lu, Y.-S. Lin, Y. Hung, C.-Y. Mou, Y.-C.
Chen, D.-M. Huang, Biomaterials 2007, 28, 2959–2966.


[7] D. R. Radu, C.-Y. Lai, K. Jeftinija, E. W. Rowe, S. Jeftinija, V. S.-Y. Lin, J. Am.
Chem. Soc. 2004, 126, 13216–13217.


[8] F. Torney, B. G. Trewyn, V. S.-Y. Lin, K. Wang, Nat. Nanotechnol. 2007, 2,
295–300.


[9] C.-Y. Lai, B. G. Trewyn, D. M. Jeftinija, K. Jeftinija, S. Xu, S. Jeftinija, V. S.-Y.
Lin, J. Am. Chem. Soc. 2003, 125, 4451–4459.


[10] J. Lu, M. Liong, J. I. Zink, F. Tamanoi, Small 2007, 3, 1341–1346.
[11] J. Kim, J. E. Lee, J. Lee, Y. Jang, S.-W. Kim, K. An, J. H. Yu, T. Hyeon,


Angew. Chem. 2006, 118, 4907–4911; Angew. Chem. Int. Ed. 2006, 45,
4789–4793.


[12] T.-J. Yoon, K. N. Yu, E. Kim, J. S. Kim, B. G. Kim, S.-H. Yun, B.-H. Sohn,
M.-H. Cho, J.-K. Lee, S. B. Park, Small 2006, 2, 209–215.


[13] Y.-S. Lin, S.-H. Wu, Y. Hung, Y.-H. Chou, C. Chang, M.-L. Lin, C.-P. Tsai, C.-Y.
Mou, Chem. Mater. 2006, 18, 5170–5172.


[14] J. T. Ferrucci, D. D. Stark, AJR Am. J. Roentgenol. 1995, 155, 943–950.
[15] R. Weissleder, D. D. Stark, B. L. Engelstad, B. R. Bacon, C. C. Compton,


D. L. White, P. Jacobs, J. Lewis, AJR Am. J. Roentgenol. 1989, 152, 167–
173.


[16] J. S. Kim, T.-J Yoon, K. N. Yu, B. G. Kim, S. J. Park, H. W. Kim, K. H. Lee,
S. B. Park, J.-K. Lee, M. H. Cho, Toxicol. Sci. 2006, 89, 338–347.


[17] C. Bremer, T. Allkemper, J. Baermig, P. Reimer, J. Magn. Reson. Imag.
1999, 10, 461–467.


[18] J. B. Mandeville, J. Moore, D. A. Chesler, L. Garrido, R. Weissleder, R. M.
Weisskoff, Magn. Reson. Med. 1997, 37, 885–890.


[19] D. J. Widder, W. L. Greif, K. J. Widder, R. R. Edelman, T. J. Brady, AJR Am.
J. Roentgenol. 1987, 148, 399–404.


[20] A. Moore, R. Weissleder, A. Bogdanov, Jr. , J. Magn. Reson. Imaging 1997,
7, 1140–1145.


[21] R. Weissleder, A. Bogdanov, E. A. Neuwelt, M. Papisov, Adv. Drug Delivery
Rev. 1995, 16, 321–334.


[22] S. Sun, H. Zeng, J. Am. Chem. Soc. 2002, 124, 8204–8205.
[23] C.-W. Lu, Y. Hung, J.-K. Hsiao, M. Yao, T.-H. Chung, Y.-S. Lin, S.-H. Wu,


S.-C. Hsu, H.-M. Liu, C.-Y. Mou, C.-S. Yang, D.-M. Huang, Y.-C. Chen, Nano.
Lett. 2007, 7, 149–154.


[24] N. Lang, A. Tuel, Chem. Mater. 2004, 16, 1961–1966.


Received: August 30, 2007


Published online on November 12, 2007


ChemBioChem 2008, 9, 53 – 57 E 2008 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim www.chembiochem.org 57



http://dx.doi.org/10.1002/adfm.200601191

http://dx.doi.org/10.1002/adfm.200601191

http://dx.doi.org/10.1021/cm051014c

http://dx.doi.org/10.1021/ja0645943

http://dx.doi.org/10.1021/ja0645943

http://dx.doi.org/10.1016/j.biomaterials.2007.03.006

http://dx.doi.org/10.1021/ja046275m

http://dx.doi.org/10.1021/ja046275m

http://dx.doi.org/10.1038/nnano.2007.108

http://dx.doi.org/10.1038/nnano.2007.108

http://dx.doi.org/10.1021/ja028650l

http://dx.doi.org/10.1002/smll.200700005

http://dx.doi.org/10.1002/ange.200504107

http://dx.doi.org/10.1002/anie.200504107

http://dx.doi.org/10.1002/anie.200504107

http://dx.doi.org/10.1002/smll.200500360

http://dx.doi.org/10.1021/cm061976z

http://dx.doi.org/10.1002/(SICI)1522-2586(199909)10:3%3C461::AID-JMRI30%3E3.0.CO;2-5

http://dx.doi.org/10.1002/(SICI)1522-2586(199909)10:3%3C461::AID-JMRI30%3E3.0.CO;2-5

http://dx.doi.org/10.1002/mrm.1910370613

http://dx.doi.org/10.1002/jmri.1880070629

http://dx.doi.org/10.1002/jmri.1880070629

http://dx.doi.org/10.1016/0169-409X(95)00033-4

http://dx.doi.org/10.1016/0169-409X(95)00033-4

http://dx.doi.org/10.1021/ja026501x

http://dx.doi.org/10.1021/nl0624263

http://dx.doi.org/10.1021/nl0624263

http://dx.doi.org/10.1021/cm030633n

www.chembiochem.org






DOI: 10.1002/cbic.200700550


A Tunable, Chemoselective, and Moldable Biodegradable Polyester for Cell
Scaffolds


Devin G. Barrett and Muhammad N. Yousaf*[a]


A tremendous amount of research has gone into generating
many different types of biodegradable materials for applica-
tions ranging from tissue engineering[1] and drug delivery[2] to
green chemistry plastics.[3] For biological applications, one of
the most studied classes of biodegradable materials is polyes-
ters, due to their versatility in synthetic design and their low
cost. Although there have been a few successful applications,
the majority of potential polymer candidates are unable to
function predictably in a complex and evolving biological envi-
ronment. If both the material and biological criteria of a poly-
mer are taken into consideration during the design phase, the
probability of achieving a particular biological application will
be enhanced. For more sophisticated biological applications,
there still remain several challenges in using biodegradable
polyesters. We believe that, in order to generate a more flexi-
ble biodegradable material for a diverse set of cell biological
and tissue engineering applications, the materials must be de-
signed to possess the following criteria : the polymer should
1) be easily functionalized, 2) not elicit a cytotoxic response,
3) be moldable to generate a variety of 3D structures and fea-
tures, and 4) offer the potential to tune the degradation rates.


An important characteristic of polymers for in vivo studies is
the inherent cytotoxicity of the material and its degradation
byproducts. In synthesizing the material, two approaches relat-
ing to cytotoxicity exist. The first and more common approach
is to design a material with the anticipation that it will not
affect cells negatively. This strategy usually requires little or no
prior knowledge of the material’s behavior in a biological envi-
ronment or of the intricate biological processes of cells and tis-
sues. A second, less common strategy involves using natural
products as monomers.[4] This reduces the potential cytotoxici-
ty of some of the degradation products as they are naturally
occurring and are involved in normal cellular metabolic func-
tions and pathways.


Another challenge in polymer design has been the develop-
ment of the capability to functionalize biodegradable materials
easily, mildly, and specifically. Related to the concept of facile
functionalization is the possibility of temporal control of ligand
conjugation. Some methods are able to introduce functionality
during the polymerization process;[5] this precludes opportuni-
ties for introducing chemical groups as a function of time and
also for functionalizing selected regions while others remain


unmodified. To overcome this limitation, alternate strategies
have incorporated functional handles capable of post-polymer-
ization, chemoselective modifications.[6] While these examples
are chemoselective, they usually require extra reagents that
are often necessary to enable the coupling chemistry. These
extra reactions and compounds could lead to the degradation
of polymer chains or could introduce compounds that may be
cytotoxic and not amenable to cell culture conditions.


One of the most successful subclasses of biodegradable ma-
terials has been based on modified poly(e-caprolactone) sys-
tems, which exhibit several advantageous properties. However,
some difficulties concerning processing and degradation arise,
due to the inherent crystallinity of the polymers.[6a–d] In addi-
tion, when macromolecules are designed on the basis of modi-
fied lactones, multiple challenges present themselves: 1) a new
monomer is required for each new functional group that is in-
troduced, 2) the synthesis of modified rings can be challeng-
ing, and 3) post-polymerization deprotection is often required,
which can degrade the polymer backbone.


An important feature that would add to the flexibility of bio-
degradable materials, and therefore increase the scope of ap-
plications, would be the ability to mold an amorphous polymer
chemically.[7] Cross-linking of a polymer by the introduction of
heat or light would allow thermosets to be designed in con-
junction with a range of fabrication techniques, which can lead
to materials with a spectrum of feature sizes and geometries.
This capability would increase the versatility of a polymer and
allow the scaling of the material from the millimeter regime, to
support cells, to the micro- and nanoscales, for delivery agents
of therapeutics to target specific cells and tissues.


The ideal polymer for biological applications would there-
fore be degradable, noncytotoxic, amorphous, and easily func-
tionalizable with a wide variety of ligands. Also, through the
use of condensation polymerization, thermal, mechanical, and
solubility properties can be controlled and tuned easily.[8] In
this manner, polymers could be designed to investigate many
different research areas in biology: geometry effects, size ef-
fects, ligand density studies, surface interactions, and cell per-
meability requirements. A moldable and chemoselective bio-
ACHTUNGTRENNUNGdegradable polymer would potentially be able to address a
wide range of issues from tissue engineering to microparticles
for drug delivery in biotechnology.


Here we report the synthesis of a poly(ester ether) that
serves as a flexible and straightforward material for biological
applications. Our design is based on the chemoselective cou-
pling reaction between ketones and oxyamines.[9] Through the
condensation polymerization of tetra(ethylene glycol) and a-
ketoglutaric acid, a natural product, a biodegradable polymer
containing a ketone in each repeat unit was synthesized
(Scheme 1). Upsetting the stoichiometry allowed the polyester
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chains to terminate in alcohol groups, which were capped
with methacryloyl chloride to provide cross-linking sites.


To demonstrate that the chemoselective ability of the ke-
tones was not altered or lost during polymerization, the immo-
bilization reaction was carried out with a control molecule, O-
allylhydroxylamine, to test the oxime-forming reaction (Fig-
ACHTUNGTRENNUNGures S1–S3). O-Allylhydroxylamine was chosen because 1H NMR
can easily monitor the extent of reaction. The polymer and the
hydroxylamine were mixed in a 1:1 ratio and stirred for 10 h at
room temperature. From NMR analysis, the reaction proceeded
efficiently and to completion.


The polyester was designed to be 1200 gmol�1, terminating
in hydroxy groups to allow for the addition of cross-linking
sites; molecular weights were confirmed by gel permeation
chromatography. Through the introduction of methacrylate
groups onto the chain ends, the polymer could be set through
thermal and UV-initiated cross-linking. Because of the flexibility
in setting the polyester, as well as the polymer being amor-
phous, many fabrication methods can be used for molding
and shaping 5 into bio-elastomeric devices.[7b,10] To demon-
strate the ease with which this material can be molded, micro-
patterned surfaces were generated by standard imprint lithog-
raphy. By inversion of an elastomeric stamp, fabricated by soft
lithography,[11] into the amorphous polymer, followed by irradi-
ation with UV light (365 nm), various geometries were pat-


terned, molded, and characterized by scanning electron micro-
scopy (SEM; Figure 1). The patterns have feature sizes of
160 mm and depths of approximately 40 mm. Although we


have used imprint lithography to show the versatility of the
polymer, there are many other methods available for more
complex molding and patterning.


To examine the ability of this polymer to be compatible with
and to perform in a biological environment, we studied the cy-
totoxicity of the degradation products and examined the po-
tential for tuning the degradation rates. Degradation studies
were carried out in phosphate-buffered saline (PBS) at 37 8C by
monitoring the percentage of mass lost as a function of time
(Figure 2). After cross-linking of 5 into small discs of approxi-
mately 75 mg, samples were placed into PBS for degradation.
The nonfunctionalized films degraded completely in 11 days.
To determine whether treatment of the ketone groups with
oxyamine groups to form oximes affected the degradation
rates, we treated the films with O-allylhydroxylamine or amino-
oxyacetic acid in anhydrous methanol. Degradation studies
were then performed exactly as with the nonfunctionalized
films. We found that oxime formation and the nature of the
oxyamine ligands on the cross-linked polyester had significant
effects on the rates of degradation. Films functionalized with
O-allylhydroxylamine degraded in 14 days, while those func-


Scheme 1. Preparation of a moldable and chemoselective biodegradable
polyester. a-Ketoglutaric acid (1) and tetra(ethylene glycol) (2) were com-
bined to form prepolymer 3. End-capping with methacryloyl chloride (4)
formed 5, a dimethacrylate macromonomer capable of photoinitiated cross-
linking. After irradiation with UV light for 10 min, the polymer was cured,
with the ketone groups still capable of chemoselective ligand immobiliza-
tion.


Figure 1. SEM images of micropatterned polymer films. The amorphous po-
lymer 5 was patterned with a PDMS stamp fabricated by soft lithography.
After UV cross-linking, the stamp was removed and the pattern was trans-
ferred to the newly formed polyester film, creating molded microarrays.
Each scale bar represents 100 mm.
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tionalized with aminooxyacetic acid degraded completely in 2
days.


To determine whether the degradation rates can be influ-
enced by the proximity of the ketone groups to the ester
groups in the polymer backbone, we prepared a similar polyes-
ter based on b-ketoglutaric acid (bKG; Figure S4). The only dif-
ference is the location of the ketone groups relative to the
ester bonds, as molecular weights were kept constant. In PBS
solution, nonfunctionalized films based on bKG required 28
days for 69.3% degradation, while films with immobilized ami-
nooxyacetic acid reached 70.8% degradation in 28 days. These
two polyester films degraded at, essentially, the same rate.
Comparison of these results with the previously described deg-
radation rates of the polymers derived from 1 shows that the
location of the functional handle for polymer modification is
important. Through a combination of steric and inductive
ACHTUNGTRENNUNGeffects, the macromolecular properties, such as degradation
rates, can be altered and tuned simply by the proximity of the
immobilization site to the ester bonds.


To demonstrate further how the chemoselective immobiliza-
tion strategy can be used to control the regions of reactions
with a three-dimensional polymer, we first generated a
molded, micropatterned polymer and treated only the top face
with a fluorescent rhodamine–oxyamine conjugate. Figure 3
shows a schematic and micrographs of the molded pattern—
only the top face reacted with the fluorescent dye, with no re-
action within the wells of the mold. This result shows the
straightforwardness of allowing only select regions to react
with ligands on a biodegradable micropatterned mold and
might allow for the straightforward immobilization of diverse
ligands on different regions of the polymer.


Finally, to demonstrate the utility of poly ACHTUNGTRENNUNG(aKG-EG4) as a bio-
material, films were generated and tested as potential cell scaf-
folds for tissue engineering applications. The amorphous poly-
mer was placed on a glass slide and flattened with a PDMS
stamp. The material was then cross-linked by irradiation with


UV light for 10 min, after which the PDMS was removed. The
exposed ketone groups on the surface of the polymer film
were then chemoselectively functionalized by treatment with
~100 mL of a 10 mm solution of a peptide, RGD�ONH2, for 5 h
in PBS. The RGD peptide is a well known and studied ligand
that promotes cell adhesion through cell surface integrin re-
ceptors.[12] After the films had been rinsed in PBS, 3T3 Swiss
Albino mouse fibroblasts were seeded onto the RGD-present-
ing films and incubated at 37 8C in 5% CO2. Cells attached to
the films and adopted spread morphologies (Figure 4). Over
several days the cells migrated and divided, eventually forming
a lawn on the polymer film. The cells were able to function
normally and to proliferate on 6 for approximately 10 weeks
(at which point the material had completely degraded). The


Figure 2. Degradation rates altered by ligand immobilization. Polymer 5 was
cross-linked and then functionalized with aminooxyacetic acid, O-allylhy-
droxylamine, or no ligand. A similar polyester, based on b-ketoglutaric acid
(Supporting Information), was cross-linked and functionalized with amino-
oxyacetic acid or no ligand. Films were soaked in PBS at 37 8C and allowed
to degrade.


Figure 3. Region-selective ligand conjugation to a molded, micropatterned
biodegradable polymer. Geometric patterns were transferred to a polymer
film by cross-linking 5 in the presence of a PDMS stamp. Subsequently, a
rhodamine analogue, modified to include an oxyamine, was added only to
the surface of the film. After 30 min, the film was rinsed with ethanol. A) A
phase contrast micrograph shows the square features in the film. B) The dye
reacted with the ketones only on the polymer surface. The areas represent-
ing the recessed square features show no signs of dye conjugation. C) An in-
tensity profile demonstrates the relative difference in fluorescence between
the surface of the film and the microwells after ligand conjugation.


Figure 4. Cell scaffolds based on 6. After UV cross-linking, the surfaces of
films were functionalized with RGD, providing ligands for cell surface recep-
tors. Cells were then seeded and allowed to grow on the polyester surfaces.
After 10 days, cells had attached and spread to form a lawn on the film.
Cells were also seeded on a nonfunctionalized control film, and no cells had
attached after several days, demonstrating the inherent inertness of the po-
lymer without cell adhesive immobilized ligands.
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polymer material and its degradation products were found to
be noncytotoxic, as no deleterious effects on normal cell func-
tion were observed. To show that the interaction was biospe-
cific and mediated only by the immobilized RGD ligands, we
seeded cells on films that had not been treated with RGD�
ONH2 and found almost no cell attachment.


In addition, the scrambled peptide RDG�ONH2 was also im-
mobilized on a film; no cells attached, indicating the exquisite
biospecific selectivity of the integrin receptors for bound RGD
ligands. Both the nonfunctionalized films and the RDG�ONH2-
functionalized films were also found to be noncytotoxic.


In conclusion, we have demonstrated the design of a versa-
tile biodegradable material capable of mild and chemoselec-
tive functionalization. Standard condensation polymerization
of a-ketoglutaric acid (1) and tetra(ethylene glycol) (2) led to
the synthesis of 3. Polymerization with a-ketoglutaric acid ac-
complished two things: 1) as it is a natural product, cytotoxici-
ty is minimized, and 2) the presence of a ketone in the repeat
unit represents a functional handle capable of immobilizing a
variety of ligands tethered with oxyamine groups. Photoinitiat-
ed cross-linking of 5 allowed for the patterning of various geo-
metries, as well as the design of cell scaffolds. RGD�ONH2 was
coupled to the surfaces of films to present ligands capable of
biospecific interactions with cell surface receptors. Cells were
able to attach to and proliferate on these films for up to ten
weeks, at which time the polymer film had completely degrad-
ed. Cellular processes, such as migration and division, were not
negatively affected while functioning on the poly ACHTUNGTRENNUNG(aKG-EG4)
films.


As a number of degradation rates were obtained with the
same polymer backbone, several observations were noted:
1) the location of a functional handle for post-polymerization
modification can affect macromolecular properties, 2) because
of the ease with which ligands can be added, these ketone-
containing polyesters have the potential for tunable degrada-
tion rates, and 3) the observed degradation rates in PBS were
very different from the degradation rates in the presence of
cells. A new standard for in vitro degradation studies may be
needed in order to gain relevant information concerning how
best to translate how the polymer will perform in future in
vivo studies. The facile functionalization of poly ACHTUNGTRENNUNG(aKG-EG4)
allows for the oxyamine-containing ligand to define the func-
tion of the polymer through biospecific interactions with cells,
as the nonfunctionalized films are biologically inert. For exam-
ple, by changing the peptide ligand, cell-specific biodegrad-
able materials can be designed. This method of polymer
design and ligand immobilization offers the potential for a
single polymer backbone to be used in many diverse applica-
tions by straightforward variation of the properties of the
ligand side-chains. The poly ACHTUNGTRENNUNG(aKG-EG4) described is a versatile
biomaterial and possesses the necessary features for a range
of tissue engineering and drug delivery applications.


Experimental Section


Polyester synthesis : Compound 1 was purified by recrystallization
from ethyl acetate, and 2 was used without further purification.


Monomers 1 and 2 were combined at 110 8C and stirred until a ho-
mogeneous melt had been formed. The temperature was then
lowered to 90 8C, followed by the addition of Novozyme-435. The
polymerization was allowed to continue for 2 h, followed by 46 h
at a reduced pressure of 40 torr. The reaction mixture was then di-
luted with methylene chloride to allow for removal of the enzyme
by filtration. After concentration in vacuo, prepolymer 3 was pre-
cipitated in �78 8C methanol and dried under vacuum.


A second polyester was synthesized from diethyl acetone-1,3-dicar-
boxylate (7) and 2. After distillation, 7 was used instead of the cor-
responding diacid because of complications caused by decarboxy-
lation upon melting. Compounds 7 and 2 were combined with
tin(II) 2-ethylhexanoate (0.01 mol%) at 130 8C. After the mixture
had been stirred for 2 h under argon, the pressure was reduced to
20 torr and the reaction was allowed to continue for 22 h. The re-
action mixture was then diluted with methylene chloride to reduce
the viscosity, followed by precipitation of prepolymer 8 in �78 8C
methanol. The polymer was dried under vacuum.


To create thermosets, prepolymers (3 or 8) were diluted with tetra-
hydrofuran. Triethylamine was stirred into the polymer solution,
followed by the addition of methacryloyl chloride (4) at 0 8C. The
reaction was allowed to continue for 2 h, after which the mixture
was allowed to warm slowly to room temperature and to react for
an additional 8 h. The reaction solution was filtered, combined
with a small amount of 3,5-di-tert-butyl-4-hydroxytoluene (BHT) to
prevent cross-linking, concentrated in vacuo, and redissolved in
methylene chloride. The workup for macromonomer 5 consisted of
six extractions: two with hydrochloric acid (1m), two with sodium
bicarbonate (1m), and two with a saturated sodium chloride solu-
tion. The solution was then dried over Na2SO4, filtered, concentrat-
ed in vacuo, and precipitated in �78 8C methanol. After drying for
two days under vacuum, polymers 5 and 9 were obtained.


Chemoselective ligand immobilization : To test the initial chemo-
selective coupling to oxyamine-containing ligands, prepolymer 3
and O-allylhydroxylamine were dissolved in anhydrous methanol in
a 1:1 ratio. The reaction was allowed to proceed for 10 h at room
temperature. The solution was then concentrated in vacuo and re-
dissolved in methylene chloride, followed by filtration. The reaction
mixture was concentrated in vacuo, after which the polymer was
precipitated in methanol at �78 8C and dried for two days under
vacuum.


Characterization : 1H NMR spectra were acquired in deuterated
chloroform or deuterated acetone on a Bruker 400 MHz AVANCE
spectrometer. Molecular weights were measured and compared to
polystyrene standards by use of a Waters GPC system with a Wyatt
Optilab DSP interferometric refractometer and a Wyatt Dawn EOS
as the detector. The measurements were taken at 40 8C with tetra-
hydrofuran as the mobile phase on three columns in series (Waters
Styragel HR2, HR4, and HR5). All polymerizations were designed to
achieve molecular weights of approximately 1200 gmol�1.


UV cross-linking : In order to facilitate cross-linking, a photoinitia-
tor—a,a-diethoxyacetophenone—was added to polymer 5. The
mixture was applied to a glass coverslip and patterned with a
PDMS stamp, fabricated by soft lithography. To set the material, it
was irradiated with 365 nm light for 10 min in an Electro-Cure-500
UV Curing Chamber (Electro-Lite Coporation, Bethel, CT). The
PDMS was then removed, resulting in a patterned polymer surface.
To cure the polymer for use in a degradation study, the same pro-
cedure was followed without the use of PDMS, resulting in discs.
To set the polymer for use as a cell scaffold, the same procedure
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was followed, except that a flat piece of PDMS was used instead of
a patterned stamp.


Degradation studies : To obtain standard degradation rates, discs
were weighed (approximately ~75 mg) and placed in scintillation
vials. To functionalize the materials, films were submerged in an
oxyamine tethered ligand solution in methanol (10 mm, approxi-
mately 2 mL) for 5 h. The methanol solution was then discarded,
and the vials were filled with Dulbecco’s PBS buffer (Sigma). All
samples were then stored in an incubator at 37 8C. At predeter-
mined intervals, samples were removed from the incubator, rinsed
thoroughly, dried for 2 days, and weighed again. To prevent satura-
tion, PBS was replaced every 7 days. Each data point was repeated
in triplicate, and the results were reported as the average percen-
tages of the original mass lost.


Peptide immobilization, cell culture, and microscopy : To func-
tionalize the surface of the thermoset, a solution of RGD�ONH2


(10 mm, ~100 mL) was added directly to the top of the film and al-
lowed to react for 5 h in PBS, resulting in 6. After the films had
been rinsed in PBS, 3T3 Swiss Albino mouse fibroblasts were
seeded onto the RGD-presenting thermosets, and incubation was
carried out in Dulbecco’s modified Eagle’s medium (Sigma) with
bovine calf serum (10%) and penicillin/streptomycin (1%) at 37 8C
under CO2 (5%). The cells were added at a low density of
10000 cellsmL�1 to facilitate in determining how well cells were
able to function on 6. The medium was changed every 3 days,
with cells proliferating and functioning normally for approximately
10 weeks, at which time the films had completely degraded. As a
control, cells were added onto nonfunctionalized films at a density
of 100000 cells per mL. After 24 h, the film was visualized to dem-
onstrate that no cells had attached without the aid of immobilized
RGD-mediated interactions. Phase-contrast images were taken with
a Nikon Eclipse TE2000-E inverted microscope (Nikon USA, Inc. ,
Melville, NY).
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Understanding Promiscuous Amidase Activity of an Esterase from Bacillus
subtilis


Robert Kourist,[a] Sebastian Bartsch,[a] Linda Fransson,[b] Karl Hult,[b] and Uwe T. Bornscheuer*[a]


In the past few years, many enzymes have been identified that
catalyze more than one chemical transformation; this feature is
called catalytic promiscuity.[1] Usually, the reactions differ in the
type of bond formation or cleavage and in the catalytic mech-
anism of bond making or breaking. Examples include the crea-
tion of an oxidase from a phosphatase by changing the metal
ion to vanadate,[2] and C�C bond formation by an engineered
lipase.[3] But the largest group of promiscuous enzymes in-
volves functional-group analogues; for example, serine pro-
teases are able to cleave ester bonds in addition to amide
(peptide) bonds, or a lipase that is able to cleave amide bonds
in addition to ester bonds.[1] Although the C�N and C�O
bonds hydrolyzed differ chemically the catalytic mechanism is
very similar and serine proteases have the same catalytic triad
as lipases/esterases, which is composed of Ser-His-Asp (or
Glu).[4] One example of promiscuous amidase activity is a lipase
used in a large-scale process by the BASF, which efficiently per-
forms kinetic resolution of racemic amines by enantioselective
acylation.[5]


To investigate and find an explanation for the promiscuous
amidase activity of an esterase we performed experiments
combined with molecular modelling. A few years ago, we
ACHTUNGTRENNUNGdeveloped a high-throughput screening method in microtiter
plate format to identify amidase activity.[6] The application of
this assay to a range of lipases, esterases and peptidases re-
vealed that several carboxylester hydrolases showed promi-
nent activity in the hydrolytic cleavage of arylaliphatic acet-
amides. The most active enzymes were lipase B from Candida
antarctica (CALB, E.C. 3.1.1.3) and an esterase from Bacillus sub-
tilis (BS2, E.C. 3.1.1.3). Since BS2 can be easily over-expressed in
E. coli,[7] and as a 3D structure of a close homologue, which
ACHTUNGTRENNUNGdiffers in 11 out of 489 amino acids, is available,[8] we chose
this esterase with promiscuous amidase activity as a model
enzyme to alter and understand this feature. The esterase and
amidase activities were studied by using the substrates p-nitro-
phenyl butyrate (1) and the corresponding anilide 2 as model
compounds (Scheme 1). As both substrates differ only by the
ester or amide bond, they represented ideal compounds for
studying the promiscuous activity. The reaction outcome was
determined spectrophotometrically since the substrates yield


the chromophoric products p-nitrophenol and p-nitroaniline,
respectively.


A molecular dynamics study of the wild-type enzyme hydro-
lyzing amide substrate 2 revealed that the amide transition
state was stabilised by a hydrogen-bond network that consists
of water molecules that reach from the substrate amide hydro-
gen and end at Glu188 (Figure 1, left). When Glu188 was sub-
stituted to the hydrophobic residue Phe (Figure 1, right) the
amide transition-state stabilising water bridge was lost. From
this modelling study, we hypothesised that the amide reaction
would be clearly affected by the presence or absence of the
transition-state stabilising hydrogen-bonded water network.
The ester reaction, on the other hand, would not be as influ-
enced since it lacks a corresponding hydrogen.


The hypothesis was evaluated experimentally by the genera-
tion of four mutants at position Glu188. Firstly, Glu188Asp was
chosen since aspartate conserves the charge but has a shorter
chain length than glutamate. This mutant should be able to
retain a hydrogen-bond network. Secondly, a glutamine was
introduced which has a neutral side chain that is the same
length as that of glutamate and has the ability to participate in
a water hydrogen-bond network. The two remaining mutants,


[a] R. Kourist, S. Bartsch, Prof. U. T. Bornscheuer
Institute of Biochemistry
Department of Biotechnology & Enzyme Catalysis
Greifswald University, Felix-Hausdorff-Strasse 4
17487 Greifswald (Germany)
Fax: (+49)3834-86-80066
E-mail : uwe.bornscheuer@uni-greifswald.de


[b] L. Fransson, Prof. K. Hult
Royal Institute of Technology (KTH)
School of Biotechnology, Department of Biochemistry
AlbaNova University Centre, 10691 Stockholm (Sweden)


Scheme 1. p-Nitrophenyl ester 1 and -amide 2 used as substrates for the
comparison of amidase and esterase activity of BS2 and its mutants.


Figure 1. Snapshots from molecular-dynamics studies of the tetrahedral in-
termediate of amide 2 in the wild-type BS2 esterase (left) and the mutant
Glu188Phe (right). The hydrogen-bond network that stabilises the substrate
amide hydrogen in the wild-type enzyme is marked with an arrow. This sta-
bilization was lost in the Glu188Phe mutant. The substrate’s carbon atoms
are shown in orange, the catalytic serine, which is covalently attached to the
substrate, is in green. The wild-type amino acid Glu188 is shown in yellow
(left) and the substitution Glu188Phe is in blue (right).
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Glu188Ala and Glu188Phe, have uncharged side chains of dif-
ferent sizes and both are unable to participate in a stabilising
hydrogen-bond network. All mutants were expressed in a simi-
lar manner as wild-type BS2 esterase and purified to homoge-
neity by using a His-tag.


As can be seen in Table 1, both esterase and amidase specif-
icities, kcat/KM, decreased for all four BS2 esterase mutants com-
pared to the wild-type esterase. Figure 2 shows that mutants


Glu188Gln and Glu188Asp both lost esterase and amidase ac-
tivity with a similar change in transition-state energy, DDG�


(kcat/KM). This result is in accordance with our hypothesis, which
suggested that both these mutants should retain the ability to
form a hydrogen-bond network that is beneficial for the ami-
dase reaction and invariant to the esterase reaction. However,
for the two mutants Glu188Ala and Glu188Phe, the influence
of the point mutations was much more severe for the amidase
ACHTUNGTRENNUNGactivity. This is also in line with the hypothesis with which we
predicted a more prominent decrease in amidase activity for
the mutants since they both lose the hydrogen-bond network.


Hydrogen bonds that involve the amide hydrogen in the
transition state have been proposed to be important for an
ACHTUNGTRENNUNGincreased reaction rate since substrate-assisted catalysis has


been observed when methoxyacetate esters were used in
lipase-catalysed amidation.[9] In that case a 280-fold increase in
rate was observed, which corresponds to an energy difference
of 14 kJmol�1 in transition state. The effect observed with the
latter example was higher than with the present case with BS2
esterase. The energy difference in stabilisation might be ex-
plained by the higher degree of organisation needed to create
the hydrogen-bond network involving several molecules—
such an organised system suffers from entropic penalty. In the
methoxyacetate case no extra molecule needs to be coordinat-
ed and the formed hydrogen bond can be more effectively
used to stabilise the transition state.


In this work we have shown that a hydrogen-bond network
can stabilize amide hydrolysis catalysed by an esterase; this af-
fords a molecular explanation for the promiscuous behaviour
of this enzyme.


Experimental Section


All chemicals were purchased from Fluka (Buchs, Switzerland),
Sigma (Steinheim, Germany) and Merck (Darmstadt, Germany),
unless stated otherwise. Restriction enzymes and polymerases
were obtained from New England BioLabs (Beverly, MA, USA) and
Roboklon GmbH (Berlin, Germany). MWG-Biotech (Ebersberg, Ger-
many) provided the primers and performed the sequence analysis.
NMR spectroscopy measurements were performed by using a
Bruker ARX300 device.


Synthesis of p-nitrobutyranilide : p-Nitroaniline (1 g, 7.2 mmol) in
dioxane (10 mL) was added, dropwise, to a solution of butyryl chlo-
ride (300 mg, 2.8 mmol) in dioxane (6 mL) and the mixture was
stirred for 15 min. After stopping the reaction by adding ice-cold
water (25 mL), the product was washed with diluted hydrochloric
acid and water. Chromatography on silica gel (hexane/dichloro-
ACHTUNGTRENNUNGmethane, 25:1) yielded 2 as a yellowish powder (714 mg, 48%).


Expression and analysis of BS2 esterase : The recombinant ester-
ase BS2 and its Glu188 mutants were produced in E. coli as de-
scribed.[7] The protein content was determined by using Bradford
reagent with bovine serum albumin as the standard. Protein purifi-
cation was performed by using immobilized metal ion affinity chro-
matography by taking advantage of the His-tag cloned into the
mature esterase; pH shift was used for protein elution. Proteins
were also analyzed by SDS-PAGE and activity staining as de-
scribed.[10]


Site-directed mutagenesis : For site-directed mutagenesis comple-
mentary primers bearing the nucleotides to be changed and the
vector pG-BS2, which encoded the wild-type BS2, were used for
PCR with Pfu DNA polymerase, under the following reaction condi-
tions: 1) 30 s at 95 8C, 2) 18 cycles: 50 s at 95 8C, 60 s at 55 8C,
10 min at 68 8C. The PCR mixture was then treated with DpnI to
digest the nonmethylated template DNA. The plasmids that en-
coded the mutant BS2 were transformed into competent E. coli
cells, and the mutant clones were produced as described.[7] The fol-
lowing primers were used:


Glu188Ala: 5’-GTCGTTACATTGAACTATCGGCTG-3’


Glu188Asp: 5’-GTAACAGTATTTGGAGATTCCGCCGGCGGGATGAG-3’


Glu188Gln: 5’-CGTAACAGTATTTGGACAGTCCGCCGGCGGGATGAG-3’


Glu188Phe: 5’-CGTAACAGTATTTGGATTCTCCGCCGGCGGGATGAG-3’


Table 1. Specificities of BS2 wild-type esterase and mutants towards
ester 1 and amide 2. The increase in transition-state energy, DDG�,
caused by the mutations was calculated from the kcat/KM values.


kcat/KM [mmmin�1] DDG�
ACHTUNGTRENNUNG(kcat/KM) [kJmol�1]


mutant ester amide ester amide


wild type 40700 3.3 0.0 0.0
Glu188Gln 13500 0.62 2.7 4.0
Glu188Asp 850 0.13 9.6 8.0
Glu188Ala 2340 0.03 7.1 12.0
Glu188Phe 6160 0.03 4.7 11.7


Figure 2. The increase in transition-state energy for the mutants compared
to the wild-type BS2 esterase. Esterase activity is shown in light grey and
amidase activity in dark grey. For Glu188Gln and Glu188Asp, the energy in-
crease was roughly the same for both esterase and amidase reactions. For
the mutants with hydrophobic side chains, Glu188Ala and Glu188Phe, the
amidase reaction was suppressed to a greater extent than the esterase re-
ACHTUNGTRENNUNGaction.
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Determination of enzyme activity in the hydrolysis of p-nitro-
phenyl derivatives : Enzyme activity was determined in microtiter
plates by hydrolysis of p-nitrophenyl butyrate (1) for esterase activ-
ity and the anilide 2 for amidase activity. Substrate solution (30 mL,
1 mm) was added to enzyme solution (270 mL) with a final protein
concentration of 66 ngmL�1 in phosphate buffer (100 mm, pH 7.5)
and DMSO (10%, v/v). Release of p-nitrophenol (e 14.6J
103


m
�1 cm�1) and p-nitroaniline (e 9.1J103


m
�1 cm�1) was quanti-


fied by using a fluorimeter (Thermofisher scientific, Langensebold,
Germany) at 410 nm. One unit of activity was defined as the
amount of enzyme that released 1 mmol product per min under
assay conditions. Kinetic data were determined by using purified
wild-type and mutant BS2 at four substrate concentrations (0.1,
0.4, 0.7, 1.0 mm).


Molecular modelling : A model of the highly homologous esterase
BsubpNBE from B. subtilis was generated by adding two missing
loops (residues 64–71 and 413–417), which were resolved in the
organophilic mutant 5-6c8 (PDB code: 1C7J), to the crystal struc-
ture (PDB code: 1QE3) of the wild-type enzyme and then minimiz-
ing the overall system. A molecular dynamics study with a water
box was performed by using the program YASARA (http://www.
yasara.org).
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Ultra-Stable Peptide Scaffolds for Protein Engineering—
Synthesis and Folding of the Circular Cystine Knotted
Cyclotide Cycloviolacin O2
Teshome Leta Aboye,[a] Richard J. Clark,[b] David J. Craik,[b] and Ulf Gçransson*[a]


Introduction


Cyclotides are a family of bioactive plant proteins that contain
a head-to-tail cyclised backbone and a knotted arrangement of
their three disulfide bonds.[1–3] They typically comprise 28 to 31
amino acids and are the largest family of circular proteins cur-
rently known. The cystine knot in cyclotides originates as two
disulfide bonds and their interconnecting backbone segments
form a ring that is penetrated by the third disulfide bond.[4–6]


In combination, these structural features are unique to cyclo-
tides and define the cyclic cystine knot (CCK) motif,[4] as shown
in Figure 1. This motif endows the cyclotides with exceptional
stability. Their lack of N and C termini makes them insensitive
both to endoproteases, including trypsin, Glu-C, pepsin and
thermolysin, and to exoproteases.[7] In addition, cyclotides have
high thermal and chemical stability, and it has been shown
that they are stable to simulations of the acidic conditions
present in the stomach.[7]


The sequences in the six backbone loops between the con-
served cysteine residues are variable and provide cyclotide-
containing plants with a natural combinatorial library built
around the CCK motif. This variability occurs mainly in loops 2,
3, 5 and 6, with loops 1 and 4 being more conserved, reflect-
ing their central positions in the cystine knot. The combinatori-
al library strategy is exemplified by that fact that at least 57 in-
dividual cyclotides have been reported in a single plant spe-
cies,[8] and it was recently estimated that the total number of
different cyclotides in the plant family Violaceae alone exceeds
9000.[9] To date, more than 100 cyclotides, derived either from
peptides or genes, have been sequenced, and the three-di-
mensional structures of ten of them have been determined.[2]


These structures show that the disulfide bonds occupy the
ACHTUNGTRENNUNGinteriors of the cyclotides, and that hydrophobic residues are
exposed at the molecular surfaces. As a result, the native cyclo-
tide is generally more hydrophobic than its reduced and dena-
tured form.


Early in studies of cyclotides it was clear that they could be
categorized into two main subfamilies,[10] termed the Mçbius
and bracelet,[4] on the basis of the presence or absence, re-
spectively, of a conserved cis-Pro residue in loop 5. The two
subfamilies are further distinguished by both the amino acid
content and the size of certain loops. For example, signature
marks for the bracelets are a cluster of positively charged
amino acids in loop 5 and a small a helix structure in loop 3.
At present, approximately two thirds of the known cyclotides
belong to the bracelet subfamily. Notably, the bracelet cyclo-
tides display significantly greater sequence diversity than the
Mçbius ones, as shown by the sequence logo representa-
tions[11] in Figure 1. In fact, the number of combinations of
native loop sequences of the bracelet subfamily alone current-
ly exceeds 10?106.[2] In addition to the bracelet and Mçbius
subfamilies there is a third minor subfamily of CCK peptides,
known as the trypsin inhibitor cyclotides.[1, 12] This subfamily
comprises two members—MCoTI-I and –II—which are circular
versions of the linear trypsin inhibitory peptides found in Cu-
curbitaceae plants.
Although the natural function of cyclotides is not yet fully


understood, their insecticidal activity[13] suggests that they are


[a] T. Leta Aboye, Dr. U. Gçransson
Division of Pharmacognosy, Department of Medicinal Chemistry
Uppsala University, Biomedical Centre
Box 574, SE-751 23 Uppsala (Sweden)
Fax: (+46)18-509101
E-mail : ulf.goransson@fkog.uu.se


[b] Dr. R. J. Clark, Prof. D. J. Craik
Institute for Molecular Bioscience
Australian Research Council Centre for Functional and Applied Genomics
The University of Queensland
Brisbane, QLD 4072 (Australia)


Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author.


The cyclic cystine knot motif, as defined by the cyclotide peptide
family, is an attractive scaffold for protein engineering. To date,
however, the utilisation of this scaffold has been limited by the
inability to synthesise members of the most diverse and biologi-
cally active subfamily, the bracelet cyclotides. This study describes
the synthesis and first direct oxidative folding of a bracelet cyclo-
tide—cycloviolacin O2—and thus provides an efficient method
for exploring the most potent cyclic cystine knot peptides. The


linear chain of cycloviolacin O2 was assembled by solid-phase
Fmoc peptide synthesis and cyclised by thioester-mediated native
chemical ligation, and the inherent difficulties of folding bracelet
cyclotides were successfully overcome in a single-step reaction.
The folding pathway was characterised and was found to include
predominating fully oxidised intermediates that slowly converted
to the native peptide structure.
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involved in host defence. Cyclotides as a group, however, have
a variety of biological effects. In fact, their discovery was based
on the traditional use of the plant Oldenlandia affinis, and its
utero-contractive properties.[14] A tea from this plant was used
to facilitate childbirth, and this observation led to the discov-
ery of the prototypic (Mçbius) cyclotide kalata B1. In addition,
individual cyclotides have shown anti-HIV,[15] hemolytic,[16] cyto-
toxic[17, 18] and antifouling[19] effects, and have also been report-
ed to inhibit binding of neurotensin in a receptor-binding
assay.[20] When compared in the same tests, bracelet cyclotides
seem to be more potent than Mçbius cyclotides, particularly in
their cytotoxic activity, in which they are one order of magni-
tude more potent.[17,18] The reasons for these differences are
just beginning to be unravelled through detailed structure ac-
tivity studies, based in large part on chemical synthesis and
semi-synthesis of cyclotide analogues and mutants.[21,22]


The potent and diverse biological activities of cyclotides,
combined with their extraordinary stability and the sequence
variability of certain loops, suggest that cyclotides could be
ideal molecular scaffolds for the development of stable pro-
tein-based drugs, as well as for applications in agriculture and
biotechnology.[1,2,23] However, although the trypsin inhibitory
CCK peptides[24,25] and several Mçbius cyclotides and mutants
have been synthesised,[21,26, 27] the broad application of cyclo-
tides is hampered by the fact that bracelet cyclotides have
until now been largely inaccessible to chemical synthesis. An
attempt to fold this subfamily of cyclotides directly in a single
step to construct the native peptide structure produced a yield
of less than 5%.[28,29] The lack of a synthetic methodology has


thus effectively excluded the major part of the structural varia-
bility of the CCK motif that is represented by bracelet cyclo-
tides from being utilised as drug design templates.
There are two main strategies for the synthesis of cyclotides


and the CCK motif : either the disulfide bonds are formed prior
to cyclisation or vice versa, as shown in Scheme 1. So far, the


most successful approach is the use of thioester-mediated
native chemical ligation[30] (NCL) to form the circular protein
prior to oxidation and folding.[26,27] The linear cyclotide protein
chain is synthesised with a cysteine residue at the N terminus
and a thioester linker at the C terminus. Cyclisation is subse-
quently performed in solution. It is postulated that this process
is favoured by the so called “thia zip reaction”, in which thiol–
thiolactone exchange between the C-terminal thioester and
the side chain thiols in the assembled peptide chain helps to
connect the two ends of the linear backbone effectively.[28,31]


As shown in Scheme 1, once the final thioester bond between
the thiol group of the N-terminal cysteine and the C-terminal
carbonyl group is formed, a spontaneous S,N acyl migration


Figure 1. Cyclotide structure. A) The cyclotide scaffold and the cyclic cystine
knot motif (CCK) showing the amide backbone (in grey) and the disulfide
bonds I–IV, II–V and III–VI (in yellow). The b sheets and the short a helix as
recognised in the bracelet subfamily are shown as ribbons. B) Sequence
logos of the bracelet (top) and Mçbius (below) subfamilies.


Scheme 1. A) Two routes for cyclotide synthesis : cyclisation before folding
has proved to be the most successful strategy. B) NCL is assisted by the thia
zip reaction, which is initiated by the Cys closest to the C terminus. The re-
action proceeds through successive ring expansion by a series of thiol–thio-
lactone exchanges until a large thiolactone intermediate is formed with the
N-terminal Cys. The amide bond linking N to C termini is then formed spon-
taneously through intramolecular nucleophilic attack by the Cys a-amino
group.
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forms an amide bond to lock the head-to-tail circular peptide
backbone irreversibly.[32]


To date, solid-phase peptide synthesis (SPPS) using Boc
chemistry has been the method of choice for assembling the
peptide chain.[33] This chemistry has the advantage that the
peptide may be connected to the resin through a thioester-
based linker that subsequently forms the required C-terminal
thioester after cleavage. However, such linkers are unstable
under basic conditions, which rules out a similar direct route
for cyclotide synthesis using Fmoc chemistry. For Mçbius cyclo-
tides, the formation of disulfides—that is, oxidative folding—is
then readily achieved in solution in a high-yielding, single-step
reaction using cyclised peptide. However, the Boc methodolo-
gy has the disadvantage of requiring the use of toxic HF for
cleavage of the peptide from the solid-phase resin.[34]


In this work we describe the first synthesis of a bracelet cy-
clotide, cycloviolacin O2 (CVO2), by a strategy based on Fmoc
chemistry and oxidative folding of the circular protein. The
Fmoc methodology relies on standard SPPS building blocks
and procedures to assemble the peptide chain and cleavage
from the resin. The thioester required for ligation of the N and
C termini is then formed in solution after reaction of the pro-
tected peptide chain and a thiol.[35] Following deprotection,
cyclisation is then achieved through NCL. Oxidative folding is
then achieved by optimisation of buffer conditions, assisted by
cosolvents, detergents and redox agents. Thus, in summary,
we describe a strategy that is an attractive alternative to previ-
ously published Boc methods for cyclotide synthesis, and we
report the first successful single-step folding conditions for
bracelet cyclotides.


Results


The strategy to synthesise the prototypic bracelet cyclotide
CVO2 is outlined in Scheme 2. In short, it first involved manual
SPPS using the in situ neutralisation/HBTU activation proce-
dure[36] and Fmoc chemistry. Fully protected peptide was then
cleaved from the resin, and the thioester function required for
the NCL was specifically introduced at the C terminus of the
peptide in solution. In parallel, various combinations of folding
conditions, including buffer systems, salt concentrations and
pH, detergents, cosolvents, redox systems, temperature and
time, were evaluated and optimised with reduced peptide that
had been isolated from the plant. Following deprotection and
cyclisation, the thus optimised conditions were then used for
folding of the synthetic peptide.
CVO2 comprises 30 amino acid residues and shows all the


typical features of a bracelet cyclotide, including the presence
of an extended loop 3 and two Lys residues in loop 5. Al-
though the start and endpoint of the synthesis of a circular
peptide are theoretically arbitrary, the use of NCL for circulari-
sation requires a N-terminal Cys residue in the linear precursor.
Here we chose Gly16 and Cys17 as the start and endpoint, re-
spectively, of the synthesis. Thus, besides having the N-termi-
nal Cys residue necessary for NCL reaction, the presence of the
achiral Gly residue at the C terminus efficiently avoids epimeri-


sation during thioesterification and is also sterically favourable
for the native chemical ligation reaction.[37]


The peptide chain was assembled on NovaSyn TGT resin,
which was preloaded with the first residue (Gly). The first at-
tempts were made on 2-chlorotrityl chloride resin as described
in ref. [35]; however, the synthesis of this particular sequence
was tedious as it required numerous recoupling reactions for
each residue after a chain length of only five or six residues
had been reached. This problem significantly decreased after
switching to the NovaSyn TGT resin. As with the 2-chlorotrityl
component, the 4-carboxytrityl linker on this resin is extremely
acid-sensitive and is thus amenable for mild cleavage to re-
lease the protected peptide acid. As shown in Scheme 2, the
last Cys residue to be attached—that is, the N-terminal—is
Boc-protected to avoid acetylation and formation of peptide
oligomers. This N-terminal protection cannot be a Fmoc group,
as this cannot be removed without the thioester being affect-
ed once it is formed.


Scheme 2. Strategy for synthesis and folding of CVO2.
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Mild cleavage, synthesis of thioester and cyclisation


Crude protected peptide acid was cleaved from the resin
under mild conditions to conserve all the protecting groups,
with a yield of ~96%. A sample of the protected peptide was
subsequently deprotected by treatment with TFA/TIPS/water
and analysed by RP-HPLC, as shown in Figure 2, and ESI-MS to


confirm the integrity and identity of the peptide. In an initial
attempt at thioester formation a portion of the crude protect-
ed peptide was treated with PyBOP/4-acetamidothiophenol/
DIPEA (3/3/3 equiv) as reported by Eggelkraut-Gottanka et
al.[35] However, for CVO2 the reported reagent equivalents did
not yield any significant amount of thioester after overnight re-
action. A dramatic increase in reagent equivalents—to tenfold
and 50-fold, respectively, of PyBOP/4-acetamidothiophenol and
1 mL (~2200 equiv) of DIPEA (as the C-terminal Gly is not sub-
ject to racemisation, a large excess of base can be used), as re-
ported for thioesterification of collagen-like peptide poly-
mers[38]—resulted in an ample amount of thioester. However,
under those conditions the formation of side products was
considerable. Maintaining the initial equivalents of PyBOP/4-
acetamidothiophenol[35] (3/3 equiv) but using DIPEA (500 mL,
~1100 equiv) resulted in a reasonable amount of thioester over
3 h. However, an appreciable amount of linear peptide without


thioester was also observed. Further optimisation by increasing
PyBOP to 5 equivalents and 4-acetamidothiophenol to 15
equivalents, while keeping DIPEA at 500 mL, resulted in an effi-
cient formation of CVO2 thioester overnight. The peptide thio-
ester was subsequently deprotected, and cyclised as described
in Figure 2. The cyclisation was complete after 30 min, as
judged by analytical HPLC and ESI-MS analysis of an aliquot of


the reaction mixture; the reac-
tion was then terminated by im-
mediate purification by prepara-
tive RP-HPLC. The yield of the
cyclic form was 30%.


Development of optimum fold-
ing conditions


In the development of folding
conditions for later application
to the synthesised peptide, we
used CVO2 that had been isolat-
ed from the plant and then fully
reduced. That peptide is equiva-
lent to the reduced circular syn-
thetic peptide, as obtained after
cyclisation. The progress of the
folding was followed by analyti-
cal RP-HPLC and ESI-MS. Initial
attempts to fold this peptide
were unsuccessful, due to irre-
versible loss of peptide by ag-
gregation or precipitation, par-
ticularly in ammonium bicarbon-
ate (pH 8.5, 0.1m) with or with-
out isopropanol (50%).[26] As a
result, a series of different buffer
systems were then evaluated,
ACHTUNGTRENNUNGincluding NH4Ac (pH 7, 0.5m),
(NH4)2SO4 (pH 5, 0.5m) and Tris-
HCl (pH 8.5, 0.1m), all containing
EDTA (0.4 mm), and reduced and


oxidised glutathione (GSH/GSSG; 2/1 mm), with incubation at
20 and 37 8C. The samples were assayed over 3–8 days, but no
significant amounts of native peptide could be obtained.
Folding at low temperature in the presence of MeOH as a


co-solvent was then explored,[39] and a very small yield of the
native peptide was observed at 3 8C in Tris-HCl (0.1m) contain-
ing EDTA (0.4 mm), MeOH (40%) and GSH/GSSG (2/1 mm) after
24 h. Increasing the concentration of EDTA from 0.4 mm to
1 mm resulted in a slight increase in yield. We also examined
the effects of metal ions.[40] However, neither KCl (0.2m) nor
CaCl2 (10 mm) improved the yield.
As well as co-solvents, nonionic detergents have also been


reported to improve the oxidative folding of disulfide-rich hy-
drophobic peptides.[39] We therefore assessed the effects of dif-
ferent detergents in the folding system through the addition
of 5% Brij 35, Tween 40 and Tween 60. All detergents favoured
the formation of more hydrophobic folding products. In partic-


Figure 2. Synthetic scheme and RP-HPLC analyses of linear and cyclic precursors. A) Linear peptide, B) thioester,
and C) cyclic reduced peptide.
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ular, Brij 35 quantitatively favoured more of the folded hydro-
phobic peptide forms, as shown by the dominance of the two
late eluting peaks, marked as MI and N, in Figure 3. Notably,


both of these peaks showed the same molecular mass as the
native peptide (3141 Da) and both were impervious to alkyla-
tion by n-ethylmaleimide (Nem) and were therefore fully oxi-
dised. However, while the second peak co-eluted with native
peptide, peak MI clearly represents a misfolded peptide. As
Brij 35 had quantitatively yielded the highest amount of hydro-
phobic folding species and because the Tween detergents
became semisolid at the temperature and concentration used,
we then focused on optimising the yield using Brij 35. Effects
of incubation time, concentrations of different redox agents
and temperature were explored as demonstrated in Figure 3.
After these experiments, folding at 3 8C over 48 h with GSH/
cystamine (2/2 mm) as redox agents was found to give the
highest yield.
However, under all experimental conditions attempted up to


this point, the misfolded products, including the MI, were pre-
dominant. To increase the disulfide interchange, so as to pro-
vide more chance for the misfolded forms to shuffle to the
native peptide, MeOH was replaced with DMSO. The oxidising
property of DMSO has been reported to aid the folding of
basic and hydrophobic peptides.[41] Accordingly, our initially at-
tempted folding reactions in DMSO (20%) instead of MeOH
(40%) resulted in an improved yield of correctly folded prod-


uct. The effect of different DMSO concentrations was thus eval-
uated in the presence and absence of different additives and
at different time intervals, as shown in Figure 4. Yields of


native peptide significantly
better than those obtained pre-
viously were achieved with
DMSO included in the folding
buffer. Incubation of the reduced
peptide in DMSO (35%) with
GSH/cystamine (2/2 mm) and
Brij 35 (6%) over 48 h gave
~40% yields of the native pep-
tide.
Since the reaction environ-


ment is highly oxidising, due to
the presence of DMSO in a high-
pH buffer (pH 8.5), most of the
GSH itself might have oxidised
rapidly. This would lower the
rate of disulfide exchange with
increased duration of incubation.
Hence, addition of an equivalent
amount of GSH/cystamine (2/
2 mm) to the reaction mixture
after 24 h could increase the
native form through disulfide ex-
change. To check whether dilu-
tion due to the addition of extra
volume caused any effect, we
prepared another sample with
the same volume of water. All
three samples—control (undi-
luted), diluted (water), GSH/cyst-
amine (2/2 mm)—were analysed


by RP-HPLC, by injection of an adjusted equivalent volume,
after a total of 48 h. The highest yield was obtained with addi-
tion of GSH/cystamine (2/2 mm) over 24 h. The sample diluted
with water gave the same yield as the control (~40%), whereas
addition of fresh GSH/cystamine (2/2 mm) after the first 24 h
consistently resulted in >50% yields (52–53%), indicating a
significant effect of additional GSH/cystamine.
Finally, synthetic CVO2 was folded to the native peptide


structure under the optimised conditions. Large-scale folding
reactions were then performed to obtain enough material to
confirm the identity of the native form and to analyse the
major intermediate further. The reactions were carried out
under different conditions for each peptide to maximise the
yields: for the native form fresh redox agents were added after
24 h according to the optimised protocol. This step was ex-
cluded for isolation of the MI (misfolded intermediate).


NMR structural studies


NMR spectral assignments for native CVO2, synthetic CVO2
and the MI were carried out by 2D techniques.[42] A comparison
of the aH secondary shifts of the three peptides, shown in
Figure 5, reveals that native and synthetic CVO2 have similar


Figure 3. Effect of time, redox agents and temperature in Tris-HCl (0.1m, pH 8.5), EDTA (1 mm), MeOH (40%) and
Brij 35 (6%). A) Increasing the incubation time to 48 h improved the yield of the native peptide (N); time points
beyond that did not confer any higher yield. The misfolded intermediate (MI) is dominant at all time points.
B) Folding in the GSH/cystamine redox system over 24 h gave higher yields than in the GSH/GSSG system. Con-
centrations of 2/2 mm GSH/cystamine favoured a higher total yield of hydrophobic peptides (N, MI). C) Higher
total yields were achieved at lower temperatures; hence 2/2 mm GSH/cystamine and 3 8C were used in all subse-
quent experiments. See the Supporting Information for RP-HPLC analytical conditions, and details of folding con-
ditions.
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values, suggesting that they both have the same three-dimen-
sional structure, but the misfolded form differs significantly.
Both native and synthetic CVO2 show a series of positive sec-
ondary shifts for residues 17 to 18 and 23 to 26, which is indi-
cative of the b-hairpin between loops 5 and 6 observed in pro-
teins possessing a CCK fold. In addition, the secondary shifts
also indicate a b-strand from residues 3 to 5, which is also
often seen in cyclotide structures. Therefore we conclude that
both native and synthetic CVO2 have the same structure and
that this structure is consistent with the CCK motif.
In contrast, the secondary shifts for the misfolded peptide


are not consistent with a CCK structure. Firstly, the secondary
shifts are closer overall to random-coil values (the average ab-
solute secondary shift is 0.16 ppm) than for either the native
or the synthetic CVO2 (both 0.28 ppm), suggesting that the
structure may be more flexible. The biggest difference in sec-
ondary shifts between native and misfolded CVO2 is for resi-
dues 3 to 5, which is the b-strand segment in native CVO2. The
values for the misfolded form in this region of the molecule
are negative and hence consistent with a more helical charac-
ter. Interestingly, the secondary shifts from residues 24 through
to residue 2 show a similar trend to native CVO2, although the
magnitudes of the deviations from random coil values for each
residue are not as great.
Attempts to determine the full three-dimensional structure


of the misfolded form were unsuccessful, due to the lack of
observable interresidue nOes under a range of different experi-
mental conditions. This supports the hypothesis that this mis-
folded form has a less rigid and more poorly defined structure
than the native CCK fold.


Disulfide mapping of the MI


The MI was subjected to a protocol involving partial reduction
and stepwise alkylation to determine disulfide bond connectiv-
ities,[5] which gave three major partially reduced, and subse-
quently N-ethylmaleimide-modified (Nem-modified), peptides.
These peptides were then fully reduced and alkylated with io-
doacetamide (Iam). The series of reductions and alkylations
was monitored by ESI-MS after each step. The results of these
analyses were congruent: one of the partially reduced species
peptides was a 2SS species—that is, two disulfides were intact
after partial reduction—and the other two were 1SS species:
that is, with one disulfide intact.
The peptides were cleaved with trypsin, and the positions of


Nem- and Iam-alkylated Cys residues were determined by MS/
MS sequencing. For the 2SS species, Nem was located on Cys1
and 5, while the remaining Cys residues were alkylated with
Iam. Hence Cys1�Cys5 is one disulfide bond in the MI. The first
1SS species had Nem groups on residues 1, 5, 19 and 24, and
Iam groups on residues 10 and 17; hence this species con-
tained the disulfide bond Cys10�Cys17. These two experi-
ments reveal two of the three disulfides, which by default
define the third disulfide as Cys19�Cys24. The second 1SS spe-
cies had Nem groups on Cys10, 17, 19 and 24, which reveals
the same disulfide as the 1SS species (Cys1�Cys5). Hence all


Figure 4. Folding in DMSO with Tris-HCl (0.1m, pH 8.5) and EDTA (1 mm) at
3 8C. A) Changing co-solvent from MeOH (40%) to DMSO (20%) increased
the yield of N (2/2 mm GSH/cystamine, 6% Brij 35, 24 h). Effects of DMSO
with and without different reagents are shown in (B): the presence of all
folding additives (DMSO/Brij 35/GSH/cystamine) gave the highest yield after
24 h. C) Increasing the incubation time to 48 h in the presence of Brij 35
gave N as the major product. D) The DMSO concentration was then opti-
mised to 35%. See the Supporting Information for RP-HPLC analytical con-
ACHTUNGTRENNUNGditions, and details of folding conditions.
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major disulfide species support the same set of disulfide
bonds, as is shown in Figure 6.


Discussion


The cyclotide scaffold has become a prime target for protein
engineering, due to its inherent stability and its potential for
the design of drugs and of agricultural and/or biotechnological
agents that can benefit from this stability. However, the explo-
ration of the scaffold has been hampered by the fact that the
major subfamily, the bracelet cyclotides, has been intractable
to efficient chemical synthesis. Specifically, the oxidative fold-
ing of bracelet cyclotides with good yields had not previously
been described. In this study we show that the circular peptide
backbone can be synthesised by Fmoc chemistry in combina-
tion with NCL. Furthermore, we report the first successful fold-
ing of a bracelet cyclotide and identify fundamental differences
in the oxidative folding pathway for that peptide in compari-
son with the prototypic Mçbius cyclotide. In particular, a non-
native three-disulfide intermediate was identified as a predom-
inant folding product that even under optimised conditions
only slowly rearranges to the native form of the protein.
Fmoc-based synthesis of peptide thioesters has attracted in-


creased interest because of the potential to use NCL for the
synthesis of glycosylated and/or phosphorylated proteins.[34,43–
45] Furthermore, Fmoc chemistry does not require HF for cleav-


age of the peptide from the
solid-phase resin, which makes
the technique generally more
applicable in the standard labo-
ratory. In this work we have
adapted the strategy outlined by
Eggel ACHTUNGTRENNUNGkraut-Gottanka and co-
workers[35] for the synthesis of
the bracelet cyclotide CVO2. This
is a simple and efficient method
that uses commercially available
standard Fmoc resins and re-
agents to produce a fully pro-
tected peptide, which then is
thioesterified in solution. The
method was modified to suit
CVO2; in particular, the resin for
SPPS and the equivalents of
base (DIPEA) had to be changed
to suit this peptide. Following
those changes, NCL was readily
done in aqueous solution.


We then turned to the folding of the cyclic reduced peptide
to its native structure. The folding of cyclotides is coupled to
the formation of three disulfide bonds: CysI�CysIV, CysII�CysV
and CysIII�CysVI. Together with the cyclic backbone, these fea-
tures define the topologically complex CCK motif, which is a
challenge to fold. Two strategies to solve this problem have
been used previously: namely, regioselective formation of di-
sulfides[28,29] and direct oxidative folding.[26,27] Although the
latter approach has successfully been applied for Mçbius cyclo-
tides, which fold with excellent yields, that strategy gives very
poor yields for bracelet cyclotides.[28,29] In fact, not even regio-
selective disulfide formation produces bracelet cyclotides in
high yields: a two-step oxidation procedure, in which two di-
sulfide bonds were formed first, followed by the third bond,
was reported to give only moderate yields.[28,29] Specifically,
this method had the disadvantage that only one of the three
two-disulfide species obtained after the first oxidation step
had the native disulfide connectivity, and this was found to
ACHTUNGTRENNUNGdecrease the possible yield by two thirds.[28,29] Hence, in the
current work we aimed to develop the conditions for direct
ACHTUNGTRENNUNGoxidative folding of the prototypic bracelet cyclotide CVO2.
Initially, folding was attempted under similar conditions to


those reported in the literature for Mçbius cyclotides: however,
in the case of CVO2 the yield of the native form was extremely
low or non-existent. Instead we observed the accumulation of
a series of apparently misfolded species that all had the same
molecular mass as the native peptide but differed significantly
in retention times. In particular, one misfolded product was
predominant in the RP-HPLC analyses of the folding mixtures.
This species, the MI, was formed immediately after addition of
buffers and other additives to the folding buffer, and once
formed it could not easily be converted to any other form.
We therefore explored a number of possible folding enhanc-


ing factors reported in the literature for cystine-rich pep-
tides[26, 39–41,46] in order to shift the equilibrium in favour of the


Figure 5. NMR secondary shift comparison. Isolated (in red) and synthetic (in green) CVO2 have similar values,
which differ significantly from those for the MI (in blue).


Figure 6. Disulfide mapping. The disulfide bonds of the MI are shown above
the sequence, and the native bonds that define the CCK motif are shown
below (in grey). Notably, the MI does not contain any native bond.
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native conformation. Of these, the choice of co-solvent, redox
agent and detergent proved to be crucial for efficient folding
of CVO2.
Figure 7 summarises the folding and schematically shows


the relative energy barriers to formation of the different prod-


ucts, together with their relative conformational stabilities. No-
tably, all products contained three disulfides as judged by ESI-
MS. The stability, relative abundance and low level of disulfide
reshuffling over time show that the MI represents a stable,
low-energy conformation, which has a high energy barrier to
cross to the native state. The main contribution to that high
barrier is most probably associated with the fact that all cys-
teines are oxidised: that is, engaged in disulfide bonds. Refold-
ing of the MI to the native form thus requires not only a major
conformational change, but also breaking of disulfide bonds to
form the native peptide structure. We therefore became inter-
ested in the structure and the disulfide connectivity of the MI.
Firstly we attempted to characterise the MI by NMR. Contrary
to the native peptide, the MI appeared more flexible in solu-
tion, as judged by the absence of nOes in NMR analysis. Be-
cause of this, NMR could not be used to determine the 3D


structure nor to establish disulfide bond connectivity. We then
turned to disulfide mapping by partial reduction and stepwise
alkylation, which revealed that none of the MI’s disulfide
bonds is native; instead each cysteine residue forms a disulfide
bond with a neighbouring cysteine, as shown in Figure 6.
Hence, all disulfide bonds in the MI have to be reshuffled to


obtain the native disulfide connectivity, which most probably
explains the high energy barrier between the MI and the
native state. In addition, this rearrangement must be combined
with major conformational changes. Here, both detergent and
co-solvent assisted in the folding of CVO2. Plausibly, both of
these additives play similar roles in the folding buffer: to act
as stabilisers for the native conformation by interaction with
ACHTUNGTRENNUNGhydrophobic residues. The co-solvent DMSO also has another
role: namely to enhance disulfide formation, as it acts as a
mild oxidising agent. Tam et al.[41] reported that oxidation by
air or mixed disulfides (e.g. , GSH/GSSG or GSH/cystamine) may
not be satisfactory for basic and hydrophobic disulfide-rich
peptides, and that use of DMSO may circumvent such prob-
lems. Our results support that observation; furthermore, our
results clearly show that the oxidising property of DMSO alone
is not enough for direct oxidative folding of this particular
peptide. Presumably, while the presence of DMSO does facili-
tate formation of the native structure it is not sufficient to
break the formation of the rapidly accumulating MI species.
In our experiments the relative amount of the native confor-


mation markedly increased in the presence of redox agents.
This could be due to favourable disulfide reshuffling conditions
in the presence of GSH, which would facilitate breaking of
non-native disulfide bonds, and finally the formation of the
thermodynamically most stable product, the native form. Be-
sides this, pH also affects disulfide reshuffling since it regulates
the degree of ionisation of thiols to the reactive form—the thi-
olates—and reshuffling will be higher at high pH.[41, 47] Hence,
this may assist reshuffling of non-native disulfide bonds to
native disulfide bonds. In this work, however, even with redox
agents present the yield of the native form reached a plateau
level: while the yield of the native product increased and that
of misfolded product decreased over the first 48 h of incuba-
tion, the conversion was very slow and there was no apprecia-
ble change over the next 24 h. Plausibly, the steady state is
due to oxidation of GSH, which leads to decreased disulfide re-
shuffling. The fact that the yield increased if redox agents were
added on two occasions (at 0 and 24 h) supports this idea.
Under these optimised conditions the yield of the native form
was more than 50%. Thus, yields higher than 75% are easily
within reach, by taking advantage of the possibility to reduce
and refold non-native products again.
The pathway for the in vitro oxidative folding of CVO2


seems to be fundamentally different from that for the proto-
typic Mçbius cyclotide, kalata B1. While the folding of kalata B1
is characterised by a mixture of one- and two-disulfide spe-
cies,[48,49] the folding of CVO2 is dominated by fully oxidised
peptides. Indeed, we could not observe any partly oxidised
species in our experiments, in spite of the fact that they must
exist at some stage during the folding (that is, from the fully
reduced to fully oxidised peptide, but probably also during the


Figure 7. Schematic representation of oxidative folding of CVO2. Under opti-
mised conditions N is the dominant product, as shown by the HPLC trace in
(A); however, CVO2 folding is characterised by formation of different three-
disulfide (3SS) products, including the MI and other misfolded 3SS species
(labelled as I1, I2, I3 and I4, according to their relative abundances). No one-di-
sulfide (1SS) or two-disulfide (2SS) species was observed in this study. Hence
these species probably have higher relative energies than the 3SS ones, as
shown by the diagram in (B). The MI, which is the dominant 3SS species
under most of the tested conditions, presumably has a low relative energy
and the lowest energy barrier to cross to be formed from 2SS-containing
species. The conversion of misfolded 3SS species to N requires reshuffling
of disulfide bonds; in the case of the MI all disulfide bonds have to be re-
ACHTUNGTRENNUNGshuffled. This conversion is favoured under optimised conditions, probably
due to a decrease in the energy barrier to cross to form N. (The schematic
energy diagram is based on the observed relative abundance of respective
disulfide species under the different folding conditions.) See the Supporting
Information for RP-HPLC analytical conditions.
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reshuffling of non-native fully oxidised peptides to the native
structure). The two subfamilies also require dramatically differ-
ent folding conditions in vitro. As already pointed out above,
both DMSO and the detergent Brij 35 were components of the
optimised buffer for folding CVO2. It should be noted that this
folding buffer is optimised for that peptide in particular, and
that the folding of bracelet cyclotides might be very sequence-
specific. However, initial folding experiments with three other
bracelet cyclotides indicate that the protocol developed for
CVO2 provides a sound starting point (data not shown). In
comparison, kalata B1 folds in high yields without any co-sol-
vents present, although the folding efficiency is further en-
hanced in the presence of isopropanol,[26] as well as in the op-
timised CVO2 folding buffer (data not shown). It is interesting
to speculate about the reasons for these differences, which
must be connected with the structures of the corresponding
subfamilies. As outlined in Figure 1, loop 5 contains one of the
distinguishing factors between the subfamilies : this loop is
highly conserved in Mçbius cyclotides and contains the cis-Pro
bond that defines that subfamily, while most bracelets have
two Lys residues in this loop. However it is unlikely that this is
the main reason for the differences in folding, as the hybrid
[W19K/P20N/V21/K]kalata B1 has been successfully folded
under conditions typical for Mçbius cyclotides.[21] Instead it
seems plausible that the differences in loop 3 may explain the
need for co-solvents and detergent. This loop forms a surface-
exposed hydrophobic patch in bracelet cyclotides,[4, 6] and this
is probably stabilised by the presence both of DMSO and of
the non-ionic detergent Brij 35.
In this context it is interesting to note that the immediate


precursor to the native kalata B1 structure is still unknown.[48]


Although the major two-disulfide intermediate that has been
characterised on the folding pathway, des[CysI�CysIV]kalata,
has a native-like fold and contains two native disulfides, it is a
non-productive kinetic trap.[48] In contrast, structurally closely
related cystine knot peptides, such as the cyclic trypsin inhibi-
tor MCoTI-II (which is a member of the third cyclotide subfami-
ly), and the linear EETI-II fold via a main two-disulfide inter-
mediate that directly collapses to the native peptide.[50,51] It has
been suggested that the size of the embedded ring might ex-
plain these differences;[50] while it contains eleven residues in
MCoTI-II and EETI-II it contains only eight residues in the case
of kalata B1, as is also the case for CVO2. In light of this, it is
possible that while the characters and oxidative states of the
major products differ during the folding of CVO2 and of kala-
ta B1, they might have similar two-disulfide direct precursors
to the native fold. However, in comparison to other cystine
knot peptides, the occurrence of three disulfide species during
folding is not unique to CVO2. The oxidative foldings of, for
ACHTUNGTRENNUNGexample, hirudin,[52] tick coagulant protein,[52] Amaranthus a-
amylase[53,54] and potato carboxypeptidase inhibitor[55] are all
reported to involve highly heterogenous mixtures of one-,
two- and three-disulfide intermediates, some of which contain
non-native disulfide bonds.


Conclusions


In summary, we have shown that the prototypic bracelet cyclo-
tide CVO2 is amenable to chemical synthesis. Fmoc chemistry
was developed as a more user-friendly alternative to Boc
chemistry, which has so far been the standard methodology
for cyclotide synthesis. The synthetic strategy thus involved
Fmoc-based SPPS, after which the thioester-based NCL re-
ACHTUNGTRENNUNGaction was used to produce the cyclic backbone. The peptide
was then subjected to direct oxidative folding. Notably the
origin of the cyclic peptide—that is, whether it comes from
Fmoc or Boc chemistry—is irrelevant for the folding proce-
dure.
The development of oxidative folding conditions for bracelet


cyclotides is a potential landmark in the exploitation of the cy-
clotide framework, as it greatly increases the structural diversi-
ty accessible by synthesis. Indeed, a tolerance to sequence
substitution and the cyclotides’ inherent stability are keys for
the use of the CCK motif as a scaffold for protein engineering.
In view of this, it is noteworthy that the bracelet subfamily cur-
rently has twice as many members as the Mçbius subfamily,
and that they display a significantly different set of loop se-
quences, as shown in Figure 1. Loop 3, for example is a promi-
nent feature of the bracelet cyclotides as it displays a hydro-
phobic a helix ; this loop may now be targeted for detailed
structure activity studies and for grafting of helical sequence
epitopes. These results are therefore a significant step towards
the overall goal of bioengineering on the cyclotide scaffold, as
it is now possible to capitalise fully on the cyclotides’ full
ACHTUNGTRENNUNGdiversity of sequences and their extraordinary structures for
pharmaceutical and agricultural applications.


Experimental Section


Details of materials, peptide purification, MS, NMR and disulfide
mapping can be found in the Supporting Information.


Synthesis of linear CVO2 : The linear sequence CSCKSKVCYRN-
GIPCGESCVWIPCISSAIG was synthesised by manual SPPS by the in
situ neutralisation/HBTU activation procedure for Fmoc chemistry
on Fmoc-Gly preloaded NovaSyn TGT resin (0.22 mmolg�1) on a
0.22 mmol scale. In brief, Na-Fmoc-amino acid (1 mmol) was sus-
pended in 2-(1H-benzotriazol-1-yl)-1,1,3,3-tetramethyluronium hex-
afluorophosphate (HBTU; 0.5m, 2 mL, 1 mmol) and activated by
addition of N,N-diisopropylethylamine (DIPEA; 180 mL, 1 mmol) and
then immediately added to the peptide resin. The amino acid cou-
pling cycles were 30–40 min at room temperature. Coupling reac-
tions were monitored quantitatively as described by Sarin et al,[56]


and residues were recoupled if necessary (i.e. , if the yield was less
than 99.6%). Residues after proline were double-coupled routinely.
At each cycle, Fmoc removal was achieved with two 1 min treat-
ments with piperidine in N,N-dimethylformamide (DMF; 50% v/v).
All washings after couplings and deprotections were performed
with DMF. Side-chain-protected Na-Fmoc-amino acids were Arg-
ACHTUNGTRENNUNG(pbf)-OH, Asn ACHTUNGTRENNUNG(Trt)-OH, Cys ACHTUNGTRENNUNG(Trt)-OH, GluACHTUNGTRENNUNG(O-tBu)-OH, Lys ACHTUNGTRENNUNG(Boc)-OH, Ser-
ACHTUNGTRENNUNG(tBu)-OH, Tyr ACHTUNGTRENNUNG(tBu)-OH and Trp ACHTUNGTRENNUNG(Boc)-OH. To protect the N terminus
of the peptide during thioester formation and to allow simultane-
ous deprotection, Boc-Cys ACHTUNGTRENNUNG(Trt)-OH was used in the final coupling
step.
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Formation of protected peptide : Protected peptide (calcd.
5925 Da) was cleaved from the resin by treatment of resin-peptide
(348 mg) with AcOH/2,2,2-trifluoroethanol/dichloromethane (DCM;
1/1/8, 9 mL).[35] After 3 h the resin was filtered off from the cleav-
age mixture and then washed twice with cleavage mixture. The
combined filtrates were concentrated in vacuo. The obtained resi-
due was repeatedly washed with n-hexane and dried in vacuo to
remove residual AcOH. The yield of crude protected peptide was
~96% (190 mg). A sample of the protected peptide was deprotect-
ed by treatment with TFA/triisopropylsilane (TIPS)/water (95:2.5:
2.5) for 2 h at room temperature. Most of the TFA was removed by
blowing a stream of N2 gas over the solution. Crude peptide was
then precipitated by dropwise addition of cold diethyl ether, col-
lected by centrifugation and analysed by RP-HPLC and ESI-MS
(obs: 3163.8 Da; calcd: 3164.8 Da).


Synthesis of peptide thioester : To form the thioester of linear pro-
tected CVO2, crude protected peptide (7.5 mg, 2.5 nmol) was dis-
solved in DCM (20 mL), to which benzotriazol-1-yloxy tripyrrolidino-
phosphonium hexafluorophosphate (PyBOP; 5 equiv) was added.
The solution was extensively mixed (vortex) before addition of
DIPEA (500 mL). The solution was then vortexed again, followed by
the addition of p-acetamidothiophenol (15 equiv). The reaction
mixture was mixed and then incubated overnight at room temper-
ature. After incubation, the reaction mixture was concentrated in
vacuo. The concentrate/precipitate was repeatedly washed by ad-
dition of DCM and concentrated in vacuo until no more evapora-
tion could be seen. The final sample contained a small volume of
clear solution floating on the precipitate. Deprotection, precipita-
tion and analysis were performed as described above (obs:
3313.8 Da; calcd: 3313.8 Da).


Cyclisation of linear thioester : Crude thioester, without further
purification, was cyclised in Tris-HCl (0.25m, pH 7.4), guanidine-HCl
(Gdn; 6m) and dithiothreitol (DTT; 17 mm) at room temperature for
30 min to form cyclic, but reduced, CVO2. The reaction was then
terminated, and the circular protein was purified by preparative
RP-HPLC and directly freeze-dried. The calculated yield for the
cyclic form (obsd: 3146.4 Da; calcd: 3146.8 Da) is 30% based on
UV absorbance at 280 nm (e=7420). The purity was >95% as
judged by analytical RP-HPLC.


Oxidative folding : Cycloviolacin O2 (3 mg) as isolated from Viola
odorata was reduced with DTT (13 mm) in Tris-HCl buffer (0.25m)
containing EDTA (0.4 mm), and Gdn (6m). Fully reduced CVO2 was
then isolated by RP-HPLC after 1 h incubation at 37 8C, and used to
optimise the oxidative refolding. The refolding experiments were
carried out in Tris-HCl (0.1m, pH 8.5) containing EDTA (1 mm) at a
peptide concentration of 30 mm. The effect of reaction temperature
(3, 20 and 37 8C), co-solvents [MeOH (40%), DMSO (20, 35, 40 and
50%)], salts [CaCl2 (10 mm), KCl (0.2m)] , detergents [Tween 40
(5%), 60 (5%); Brij 35 (5%)] and composition and concentration of
redox system (GSH/GSSG, GSH/cystamine, 1/0.1, 10/5, 2/1 and 2/
2 mm) were examined. One or more of the above combinations
were used to determine optimum oxidative refolding conditions.
To initiate the reactions, Tris-HCl (1m, pH 8.5), EDTA (10 mm) and
the redox system (GSH/GSSG or GSH/cystamine), detergents and/
or co-solvents as appropriate for the experiments were added to
the peptide solution. All samples were flushed with N2 and incu-
bated at appropriate temperature for the experiment. At various
time intervals (24, 48, and 72 h), samples were withdrawn and
quenched by addition of formic acid, to a total concentration of
2% v/v, diluted 4–10 times with buffer A (10% MeCN, 0.05% TFA)
and analysed by RP-HPLC and ESI-MS. The accumulation of the
native form relative to other folding species was calculated by inte-


gration of the HPLC peaks at 215 and 280 nm. The identity of the
correctly folded species was determined by comparing HPLC reten-
tion times of the folding products with those of the native peptide
isolated from the plant, as well as by co-injection. The native pep-
tide structure of synthetic reduced CVO2 was formed from partially
purified cyclic CVO2 by the optimised protocol : that is, in Tris-HCl
(0.1m, pH 8.5) containing EDTA (1 mm), DMSO (35%), GSH/cysta-
mine (2/2 mm) and Brij 35 (6%), with addition of GSH/cystamine
(2/2 mm) after 24 h) over 48 h at 3 8C.
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Introduction


Aminoglycosides, a large family of clinically important antibiot-
ics, are polycationic water-soluble molecules that consist of
two or more amino sugars joined through glycosidic linkages
to a 2-deoxystreptamine ring.[1–3] The 2-deoxystreptamine ring
is substituted at the 4- and 5-positions in the neomycin class
and at the 4- and 6-positions in the kanamycin and gentamy-
cin classes.[2] Positively charged at physiological pH values, ami-
noglycosides can bind to the negatively charged RNA back-
bone. The high flexibility of these molecules facilitates their
ACHTUNGTRENNUNGaccommodation within internal loops, bulges, and cavities of
the complex architecture of RNA through noncovalent shape-
specific rather than sequence-specific interactions.[4]


Aminoglycosides exert their therapeutic properties by bind-
ing to the 16S subunit of ribosomal RNA at an asymmetrical
ACHTUNGTRENNUNGinternal loop, which is an essential component of the codon–
anticodon recognition site (A site): This interaction disturbs the
decoding process and induces misreading of the genetic
code.[5,6] The decoding A site is composed of nucleotides
1400–1410 and 1490–1500, and contains two universally con-
served adenine residues at positions 1492 and 1493. The asym-
metrical internal loop is closed by the Watson–Crick base pair
C1407–G1494 and the noncanonical base pairs U1406–U1495
and A1408–A1493. Decoding occurs through the interaction of
the A site with the backbone of the codon–anticodon helix.
During decoding, the A site changes its conformation from an
“off” (A1492 and A1493 are folded in the shallow groove of the
A site) to an “on” mode (A1492 and A1493 bulge out fully
from the A site).[7–9] This conformational change is necessary to
enable A1492 and A1493 to interact specifically with the first
two of the three base pairs formed by the cognate codon–
anticodon interaction.[7] It also provokes the transition of the ri-
bosome from an open to a closed form stabilized by contacts
involving the cognate tRNA and the ribosome.[9,10]


The binding of aminoglycosides at a pocket created by the
base pair A1408–A1493 and the single bulged adenine residue


A1492 induces a structural rearrangement and locks the A site
in the “on” conformation. In this way, the translocation of the
tRNA–mRNA complex is inhibited and fidelity of translation dis-
rupted.[1,11–14] The ribosome loses its ability to discriminate be-
tween correct and incorrect tRNA, and incorrect amino acids
are incorporated during protein synthesis. As a result, nonfunc-
tional, misfolded proteins are synthesized, which leads ulti-
mately to bacterial cell death.[9,10,15]


Although aminoglycosides are a very important group of
chemotherapeutics in clinical use, they cause irreversible
damage to the auditory system[16–19] and have also been re-
ported to induce other severe toxic effects, such as nephrotox-
icity.[20,21] The ability of aminoglycosides to form stable com-
plexes with copper(II) at physiological pH owing to the occur-
rence of several amine and hydroxy donors led to a hypothesis
that the toxicities associated with the antibiotics can be
caused by an oxidative mechanism.[22] Not only is the amino-
glycoside protonation state (which can be affected by the
presence of CuII) altered upon its recognition by RNA,[23] but
the oxidation of guanine, the nucleobase that displays the
lowest oxidation potential,[24] has been shown to proceed
through a one- rather than a two-electron mechanism. This
mechanism might account for the observed cleavage of target
RNA or DNA by copper aminoglycosides.[25,26] Moreover, even if
aminoglycosides themselves are redox inactive,[27,28] the result-
ing copper complexes are capable of converting hydrogen per-
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The solution structure of kanamycin A interacting with a riboso-
mal A-site fragment was solved by transferred-NOE techniques
and found to agree with the structure of the complex observed in
the crystal. Despite the fast exchange conditions found for the in-
teraction, the bound form was identified by NOESY spectroscopy.
At 600 MHz, NOE effects are only observed for the RNA-associat-
ed antibiotic. Dissociation constants were measured by NMR


spectroscopy for two sites of interaction (Kd1=150�40 mm ; Kd2=
360�50 mm). Furthermore, the effects of the CuII ion on the anti-
biotic, on the RNA fragment that mimics the bacterial ribosomal
A site, and on the complex formed between these two entities
were analyzed. The study led to the proposal of a model that lo-
calizes the copper ion within the kanamycin–RNA complex.
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oxide into water and dioxygen with the production
of reactive oxygen species.[27,29–32]


Although the intracellular concentration of free
copper ions is kept extremely low by specific chaper-
one proteins,[33] extracellular copper ions in human
blood serum may be coordinated by several li-
gands,[34,35] and the concentration of copper ions can
be relevant to some pathological conditions, such as
cancer and inflammation.[36] It is not unlikely that
some copper ions are transferred to aminoglycosides
during clinical treatment.[37]


The CuII complex of the aminoglycoside kanamy-
cin A (KanA) has been investigated extensively.[29,38]


The formation of ternary complexes of copper(II), ka-
namycin A, and nucleic acids has been reported.[39] It
was also found that copper(II) complexes of imino
and amino sugars oxidize 2-deoxyguanosine (dG) effi-
ciently in the presence of hydrogen peroxide and
thus convert dG into its 8-oxo derivative.[40,41] The
relevance of these studies is supported by the evi-
dence that CuII complexes are highly effiACHTUNGTRENNUNGcient in
cleaving DNA and RNA.[26,30, 42–44] This effect might have an ad-
ditional role in inhibiting protein synthesis and thus enhancing
antibiotic activity,[30,45] although this issue has been a matter of
debate.[46]


In this study we tried to elucidate the structural aspects of
the interaction between kanamycin A and an RNA fragment of
23 nucleotides containing the decoding A site of bacterial ribo-
some in the presence and in the absence of the CuII ion. First,
the solution structure of the bound antibiotic was solved by
transferred-NOE techniques. The structure obtained is in good
agreement with the X-ray crystal structure of the complex of
KanA with the rRNA A site;[47] such a finding is not trivial in the
light of previously reported differences between NMR-derived
and crystallographic structures of aminoglycosides complexed
with an RNA A-site oligonucleotide.[48] Paramagnetic effects
were then interpreted to localize the copper ion in the anti-
ACHTUNGTRENNUNGbiotic–RNA complex. The structural model might help explain
the metal-catalyzed RNA-cleavage activity of aminoglycosides
associated with copper.


Results and Discussion


Our study was aimed at elucidating the role of the copper(II)
ion in the interaction between kanamycin A and an RNA frag-
ment that reproduces the prokariotic A site of the ribosome
(Figure 1). To gain a deep understanding of the system, we
first investigated the interaction between KanA and the RNA
fragment in solution. Having determined the main structural
features of the complex and the dissociation constant, we in-
vestigated the effect of the presence of copper(II) on the RNA
fragment alone, on the antibiotic alone, and on the complex.


Assignment of the signals in the 1H NMR spectrum


The 1H NMR signals observed for the RNA fragment were as-
signed by 2D TOCSY and 2D NOESY experiments (Table 1). The


sample (0.62 mm) was dissolved in H2O to enable the detection
of U and G imino hydrogen atoms, the signals for which are
found in the well-resolved region between 15 and 10 ppm.
The imino hydrogen atoms of the terminal U1401 and U1402
residues, which are not base paired, are not detectable as a
result of exchange with the solvent; for the same reason, the
signals for the imino hydrogen atoms of U1406 and U1495,
which form a weak noncanonical base pair, are extremely
broad.


Table 1. Assignment of the 1H NMR signals [ppm] of RNA (0.36 mm) in
H2O/phosphate buffer (20 mm) in the presence of NaCl (0.1m) at pH 6.5
and T=298 K.


Nucleotide 6-H/8-H 5-H/2-H 1’-H NH NH2


U1401 7.61 5.67
U1402 7.82 5.82 5.96
G1403 7.98 5.67 13.31
C1404 7.72 5.30 5.38 8.43, 6.58
G1405 7.44 5.67 13.16
U1406 7.51 5.37 5.04
C1407 7.90 5.65 5.64 8.19, 6.99
A1408 8.05 5.89
C1409 7.49 5.30 5.16 8.35, 6.81
A1410 8.07 7.40 5.83 6.11
C1411 7.51 5.13 6.80, 8.23
C1412 7.63 5.37 5.37 6.57, 8.22
G1413 7.41 5.69 12.22
G1414 7.19 5.68 13.15
U1415 7.53 5.09 5.12 13.82
G1416 7.54 5.74 12.22
A1417 8.15 5.94
A1418 8.29 8.13 5.99
G1419 7.35 5.51
U1420 7.71 5.62 5.18
C1421 7.77 5.68 5.54 6.76, 7.61
G1422 7.56 5.67 12.77
C1423 8.00 5.74 5.43 7.02, 8.19


Figure 1. 1H NMR spectrum of an RNA fragment that mimics the ribosomal A site. The
spectrum was recorded at a concentration of 0.62 mm in H2O and phosphate buffer
(20 mm) at pH 6.5 and T=298 K. The structures of the RNA fragment and
kanamycin A are also shown.
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In the 2D NOESY spectrum, the imino hydrogen
atom of U1490 correlates strongly with the 2-H aro-
matic hydrogen atom of the base-paired adenine res-
idue A1410; the imino hydrogen atoms of guanine
nucleotides show a dipolar correlation with the 1’-H
atom of their own sugars and with the amino and 5-
H hydrogen atoms of the base-paired cytosine resi-
dues. The amino groups of guanine and adenine resi-
dues are not detected as result of exchange with the
solvent. From the amino groups of cytosines, it is
possible to assign the 5-H and 6-H hydrogen atoms,
which also display a strong cross-peak in the TOCSY
spectrum. Finally, as cross-peaks are observed in the
NOESY spectrum for 6-H (of cytosine and uracyl) and
8-H (of guanine and adenine) with the 1’-H atom of
both their own and the previous sugar, the sugars
can be assigned sequentially by following the correla-
tion pathway 6-H/8-H!1’-H!6-H/8-H. The signals
for sugar hydrogen atoms other than 1’-H overlap ex-
cessively in the 1D and 2D spectra and were not as-
signed.


The results of the assignment of the 1H NMR signals for ka-
namycin A by TOCSY and COSY 2D experiments at pH 6.5 are
in agreement with previous results.[38] A concentration of kana-
mycin A of 0.4 mm was chosen to minimize aggregation phe-
nomena that arise from intermolecular interactions between
protonated amino groups and the electron pairs of ring
oxygen atoms. We demonstrated previously[38] that when kana-
mycin A is dissolved in water, all rings adopt a chair conforma-
tion with all substituents in an equatorial position, except the
linkages between rings A and B and rings B and C. Moreover,
the magnetic nonequivalence of the 6-H atoms in rings A and
C suggested the formation of a five-membered ring through a
hydrogen bond connecting either the amino group (ring A) or
the hydroxy group (ring C) and the oxygen atom of the ring.
The complete solution structure was described recently by
Asensio et al.[49] Whereas the C ring is in the syn Y conforma-
tion with respect to the B ring (hydrogen atoms bonded to
carbon atoms of interconnected rings face one another), the
A ring can adopt both syn and anti Y conformations, the latter
of which has an occupation of 50% at lower pH values.


Interaction of the RNA fragment with KanA


Addition of the antibiotic to the sample of RNA leads to
changes in the chemical shifts observed for atoms over the
entire RNA fragment. This observation indicates a significant
rearrangement of the macromolecule to harbor the kanamycin
molecule. Not all chemical shifts could be measured for kana-
mycin A under these conditions as a result of extensive broad-
ening of the signals and their overlap with signals from the
macromolecule. Instead, the differences in the chemical shifts
of all hydrogen atoms were measured for a sample of the anti-
biotic (0.4 mm) in the presence of a small amount of RNA (in a
10:1 ratio; Figure 2). The largest variations were observed for
ring B. The chemical shifts for ring B correlate well with the X-
ray crystal structure[47] in the sense that ring B displays more


contacts with the RNA. In particular, in the crystallographic
structure, five RNA atoms are within 0.3 nm of ring B (all local-
ized around the 2-H atoms) ; there are only three RNA atoms in
such close proximity to the A ring (one of them is near the
amino group bonded to 6’-C, and only two so close to the
C ring).


By titrating the RNA fragment with the antibiotic up to the
addition of 2.5 equivalents, it was possible to evaluate the
binding constant of the antibiotic (Figure 3) on the basis of
changes in the chemical shift of isolated imino protons. Fur-
ther addition of kanamycin A results in signal disappearance


Figure 2. 1H NMR chemical-shift deviations (ppm) observed for kanamycin A upon its in-
teraction with the RNA fragment. Deviations were measured by using a sample of kana-
mycin A (0.4 mm) in the presence of RNA (KanA/RNA 10:1) in H2O and phosphate buffer
(20 mm) at pH 6.5 and T=298 K.


Figure 3. 1H NMR spectra of the RNA fragment (0.62 mm) in H2O and phos-
phate buffer (20 mm) at pH 6.5 and T=298 K in the presence of an increas-
ing amount of kanamycin A (up to a KanA/RNA ratio of 3:1). The curves ob-
tained by plotting the concentration of kanamycin A against the observed
changes in the chemical-shifts of the clearly identifiable imino hydrogen
atoms of U1490 and G1403 are also shown.
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and/or overlap, which prevent the measurement of chemical
shifts. Different constants were observed for different signals,
which confirms the presence of multiple interactions, as found
in the X-ray crystal structure.[47] On the basis of the contacts
found for different binding modes in the X-ray crystal structure
and the observed chemical shifts of the imino hydrogen atoms
of G1403 and U1490, we concluded that these residues are
ACHTUNGTRENNUNGassociated with the so-called “specific” and “nonspecific” inter-
action, respectively.[47]


The variation in the chemical shift (D) of the hydrogen
atoms of RNA is proportional to the molar fraction of the kana-
mycin A added, which indicates that the aminoglycoside forms
a complex that is in fast exchange on the NMR time scale.
Standard regression analysis was used to fit the obtained
ACHTUNGTRENNUNGexponential curve by using Equation (1),[50] which can be rear-
ranged to give Equation (2), in which D0 is the limit value of
the chemical-shift variation, and Kd is the dissociation constant.
[KanA] is given by Equation (3), in which CKan and CRNA are the
analytical concentrations of KanA and RNA (as a monomer).[51]


D ¼ D0


½KanA�
Kd þ ½KanA�


ð1Þ


½KanA� ¼ 	KdD


D	D0


ð2Þ


½KanA� ¼ CKan	CRNA


D


D0


ð3Þ


At first we calculated [KanA] values from Equation (3) by
using a rough estimate of D0 as the last D value in the titra-
tion. By fitting the data reported in Figure 3 with Equation (2),
a new value of D0 was found, and the process was repeated to
the point of convergence. This procedure enabled the estima-
tion of the limiting value for the “specific” (D0) and “aspecific”
(D0’) sites. To calculate the Kd value of the specific site, the ex-
perimental concentration of the antibiotic was corrected by
using Equation (4), in which the prime symbol refers to the
chemical shifts observed for the competing site U1490, to
compensate for the fact that RNA also binds KanA in the aspe-
cific site. An analogous procedure was used to calculate the Kd
value of the aspecific site.


½KanA� ¼ CKan	CRNA


D


D0
	CRNA


D0
D00


ð4Þ


We found Kd values of 150�40 mm and 360�50 mm for spe-
cific and nonspecific binding, respectively. Similar values for
the specific site (Kd=90�30 mm) were found by analyzing the
variation in the chemical shift of the imino hydrogen atoms of
G1491 (the signals of which overlap with those for G1488). The
values are larger than those found previously for a similar
system (Kd=18 mm).[52]


The stoichiometry of the complex was obtained by using
the relationship in Equation (5), in which n is the stoichiometric
coefficient assigned to RNA and n̄ is the molar concentration
ratio given by Equation (6).[52]


�n


CRNA
¼ n
Kd
	 �n


Kd
ð5Þ


�n ¼ CRNA


CKan


D


D0	D
ð6Þ


For both specific and nonspecific equilibria, the expected
1:1 stoichiometry was found, which demonstrates the consis-
tency of the approach used.


The variation observed for the equatorial 2-H atom of the
B ring of KanA was used to verify independently the dissocia-
tion constant found, as the signal for this hydrogen atom can
be observed clearly even at high RNA/KanA ratios. When KanA
is present in tenfold excess, we can assume a bound molar
fraction of 0.1 (that is, all the RNA is bound), and we can esti-
mate the chemical shifts of the bound antibiotic to be shifted
with respect to those observed for the free form by ten times
the variation observed under our experimental conditions.
Complete binding at a KanA/RNA ratio of 10:1 is confirmed by
the NOESY spectrum (Figure 4). The intensities of the cross-


peaks originating from RNA and from the bound antibiotic are
similar ; this indicates that all KanA is bound. (The intramolecu-
lar cross-peaks of KanA are all due to its RNA-bound fraction;
see the section “Structural analysis of the complex”). As we
know the limiting value of the variations (D0=dbound	dfree), it is
possible to determine the molar fraction of the bound antibi-


Figure 4. 1H NOESY spectra of kanamycin A (0.40 mm) in H2O and phosphate
buffer (20 mm) at pH 6.5 and T=298 K in the absence of the RNA fragment
(left) and in the presence of the RNA fragment in a RNA/KanA ratio of 1:10
(right).
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otic, xbound, from the observed chemical shift, D, by using the
equation xbound=D/D0. Under the experimental conditions of
the titration, the value D of the equatorial 2-H atom of the
B ring at a RNA/KanA ratio of 1:2.5 corresponds to a molar frac-
tion of 0.21. This value is in good agreement with the theoreti-
cal molar fraction expected for a complex with the Kd value
measured (xb=0.28) and serves as independent confirmation
of the validity of the binding constant, as it was obtained by
considering the chemical shifts of the ligand (rather than those
of the RNA, on which the fitting was based).


Structural analysis of the complex


For the structural characterization of the bound form of the
antibiotic, we exploited the fact that the large size of kanamy-
cin A results in the existence of a range of motions, which
make the cross-relaxation rate (and thus the NOE effect) vanish
at 600 MHz. In fact, the NOESY spectrum of free kanamycin A
showed no correlations outside the diagonal (Figure 4). The
addition of 0.1 equivalents of the RNA fragment causes the
ACHTUNGTRENNUNGappearance of intramolecular cross-peaks of kanamycin A as a
result of a slower tumbling of the complex. This small amount
of RNA does not perturb the spectrum significantly.


NOESY cross-peaks that arise from the interaction serve as a
direct probe for the bound conformation. The intensities of
these cross-peaks were converted into intramolecular interpro-
ton distance restraints (Table 2) to calculate the structure of


ACHTUNGTRENNUNGkanamycin A bound to RNA. As a result of extensive overlap of
the proton signals of kanamycin A, several intraring volumes
were measured and used as reference intensities for distance
calibration. The small chemical-shift changes observed in the
presence of 0.1 equivalents of RNA (Figure 2) allowed us to
assume that the conformation found in free kanamycin A for
rings A and C is maintained (see the section “Assignment of
the signals in the 1H NMR spectrum”). A change in conforma-
tion would result in large changes in the chemical shifts. Such
changes would be observable even when scaled down by the
factor of 0.1 that corresponds to the proportion of the bound
form present. As for the B ring, the changes in the chemical
shifts can be ascribed to the formation of hydrogen bonds be-
tween amino/hydroxy groups and RNA moieties (as revealed
by the X-ray crystal structure), rather than to a difference in
the conformation of the ring with respect to the free form. In


fact, the chair conformation found in the free form with all
substituents in equatorial positions implies that the intensity
of the cross-peak between 4-H/6-H and 2-Hax (0.25 nm apart)
should be stronger than the intensity of the cross-peak be-
tween 4-H/6-H and 2-Heq (0.37 nm), which is what we found in
the presence of RNA. In contrast, in a chair conformation with
all substituents in axial positions, the distance between 4-H/6-
H and 2-Heq would be 0.38 nm, and the distance between 4-H/
6-H and 2-Hax would be 0.43 nm.


We used the distance constraints to construct the pseudo
potential energy of the system for structural determination
through a simulated annealing procedure in torsional angle
space with the program DYANA.[53] The structure obtained was
compared with the crystallographic structure[47] of kanamycin A
complexed with the same RNA fragment (Figure 5) and found


to be quite similar, although two different binding sites were
found in the crystal. The two bound conformations are almost
superimposable (the root-mean-square deviation is 0.05 nm),
and the proton–proton distances used as constraints have the
same values in the two complexes within experimental error.
The main difference in the structure determined by NMR spec-
troscopy is a slight reorientation of the C ring. This difference
can probably be ascribed to mobility and/or intrinsic errors
originating from different NOE build-up rates between coupled
protons. As the relative orientation of the three rings is very
much dependent on the value of just a few interring-distance
constraints, these errors can lead easily to slightly different ori-
entations of the rings. Furthermore, our structure is a weighted
average of the two specifically and nonspecifically bound mol-
ecules, which, although very similar, probably display different
mobility. The syn Y conformation found for both the A and
the C ring with respect to the B ring in the obtained structure
indicates that the interaction does not require significant re-
ACHTUNGTRENNUNGarrangement. Apparently, the low percentage of the anti Y


conformation found in the free form between the A and the
B ring[49] is not determinant in the bound form.


Table 2. Intramolecular proton–proton distances for KanA in the KanA–
RNA complex.


Atom 1 Atom 2 r (lower r (upper
limit) [nm] limit) [nm]


1’-H 4-H 0.24 0.26
1’’-H 6-H 0.27 0.31
1’’-H 2-Hax 0.43 0.49
1’’-H 2-Heq 0.38 0.44
1’-H 2-Hax 0.5 –
1’-H 2-Heq 0.5 –


Figure 5. Structures of kanamycin A bound to the RNA fragment. The best
NMR experimental structure is depicted in blue, the X-ray crystal structure in
cyan. The best DYANA structure after energy minimization with (green) and
without (magenta) distance constraints is also shown.
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Effect of copper on RNA


The bases of RNA contain many donor atoms, which can pro-
vide several good anchoring points for copper(II). We added
CuII to RNA in a CuII/RNA ratio of 5:1 and investigated their in-
teraction by examining the NMR spectra for line broadening.
In the region between 12 and 15 ppm, where the signals of
the imino hydrogen atoms of guanine and uracil residues
occur, a clear broadening of the peaks for G1488, G1489, and
U1490 was observed (Figure 6A). This effect was confirmed by
the disappearance of the NOESY cross-peaks of the amino
groups of C1411 and C1412, which are base paired to the gua-
nine residues G1488 and G1489 (Figure 6D). However, this
region is not the only region affected by copper. We stress
that effects on amine groups of G and A residues are not de-
tectable because of the absence of their signals in the NMR
spectrum, probably as a result of fast exchange with the sol-
vent.


Most of the signals in the region between 8.8 and 6.4 ppm
decrease in intensity upon the addition of CuII (Figure 6B). The
effect on cytosine residues is observed clearly in the TOCSY
spectrum, in which a cross-peak between 6-H and 5-H identi-
fies C and U bases unequivocally (Figure 6C). However, the
broadening is differential, with C1412 (and to a lesser extent
C1404, C1407, and probably U1490) affected more than the


other C and U bases. Little can be said about U1406 and
U1495 owing to significant signal overlap in this region. The
hydrogen atoms 2-H and 8-H of G and A bases are also affect-
ed (they can be distinguished from exchangeable protons by
comparing the spectrum in D2O); however, we are unable to
give detailed information for such bases as a result of exten-
sive signal overlap and the absence of isolated cross-peaks in
the NOESY spectrum. Smaller effects can be detected in the
ACHTUNGTRENNUNGremaining region, which corresponds to the sugar moieties of
RNA and the terminal U bases. Finally, 31P NMR spectra show
unselective broadening of the phosphate signals (data not
shown).


In conclusion, copper(II) ions interact aspecifically with RNA,
although the region located around the C1411–G1489 base
pair is more affected than others. The binding of CuII to N1,
N3, or N7 of A or G bases cannot be excluded owing to the ab-
sence of isolated proton signals for nearby atoms.


Effect of copper on KanA


The effect of copper(II) on KanA has been studied extensively
at different pH values.[29,38] Their coordination is dependent on
the pH value, but a common feature of the complexes is the
involvement of the nitrogen atom of the C ring. Complexation
with copper at higher pH values also involves the A ring of


Figure 6. 1H NMR spectra and 2D NOESY spectra of the RNA fragment (0.62 mm) in H2O and phosphate buffer (20 mm) at pH 6.5 and T=298 K in the absence
of Cu ACHTUNGTRENNUNG(NO3)2 (black) and in the presence of CuACHTUNGTRENNUNG(NO3)2 in a Cu ACHTUNGTRENNUNG(NO3)2/RNA ratio of 1:5 (gray).
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KanA. Addition of CuII ions to KanA under the experimental
conditions used in the present study confirmed previous ob-
servations (Figure 7A): an almost selective broadening of the
signals for the hydrogen atoms on the C ring. Deeper insight
into the broadening effect of copper(II) was provided by the
TOCSY spectrum (not shown), which helps remove the severe
overlap of the proton signals of different rings. Each sugar ring
is a spin system for which all the proton signals are connected
through J couplings. As there are no proton–proton J cou-
plings between different rings, it is sufficient to find one isolat-
ed proton signal for a given ring to isolate one sugar spin
system from the others. Figure 7 shows the disappearance of
all correlations with 1’’-H at the anomeric position of the
C ring as a result of the broadening of its signal. Correlations
that originate from 2’’-H and 5’’-H, the signals of which over-
lap, are still observable, and broadening is observed in their
cross-peaks with 3’’-H and 4“-H; less pronounced is the effect
on 6”-H. Ring A is affected slightly, as shown by the correla-
tions with the isolated anomeric hydrogen atom 1’-H. A small
effect is observed in the cross-peak between 5’-H and the hy-
drogen atoms 6’-H. As for the B ring, the signals for the gemi-
nal hydrogen atoms 2-H are well isolated but intrinsically less
intense, which makes the interpretation less straightforward;
however, we can state that broadening is less severe and ob-
served especially for 2-Hax and 1-H. These results are in good
agreement with previous observations: two or more com-


plexes coexist in which coordination to the copper ion involves
either the amine nitrogen atom of the C ring or both amine ni-
trogen atoms of the A and C rings. In the latter case, the
copper ion is also brought into the proximity of the hydrogen
atoms on the B ring.


Effect of copper on the RNA–KanA complex


To determine whether copper binds to KanA in its complex
with RNA, we measured a NOESY spectrum of the antibiotic in
the presence of both RNA (0.1 equiv) and CuII (0.1 equiv). As
stated above, the NOESY cross-peaks originate only from the
slowly tumbling bound form of the antibiotic. The disappear-
ance of cross-peaks in the presence of CuII should in principle
localize the paramagnetic ion. The comparison has to be made
between the effect of CuII on the 1D 1H NMR spectrum of the
free antibiotic and the effect of CuII on the NOESY spectrum of
the same sample in the presence of RNA. The use of the 1D
spectrum to monitor the effects of CuII in the presence of a
small amount of RNA would only give information about the
free ligand, which is present in large excess. On the other
hand, the NOESY spectrum of the free ligand can not be taken
as a reference because of the inefficiency of the experiment
with such medium-sized molecules (especially at 600 MHz).
However, the linewidth of 2D peaks in the NOESY spectrum of
the RNA-bound form of the antibiotic is still determined by the


Figure 7. A) 1H NMR spectra of kanamycin A (0.40 mm) in H2O with phosphate buffer (20 mm) at pH 6.5 and T=298 K in the absence of Cu ACHTUNGTRENNUNG(NO3)2 (black) and
in the presence of Cu ACHTUNGTRENNUNG(NO3)2 in a CuACHTUNGTRENNUNG(NO3)2/KanA ratio of 1:10 (gray). Isolated resonances labeled A, B, or C, which refer to the rings of the antibiotic. B–D) 2D
1H NOESY spectra of kanamycin A (0.40 mm) in H2O with phosphate buffer (20 mm) at pH 6.5 and T=298 K in the presence of the RNA fragment in an RNA/
KanA ratio of 1:10. The spectra were recorded in the absence of Cu ACHTUNGTRENNUNG(NO3)2 (black) and in the presence of Cu ACHTUNGTRENNUNG(NO3)2 in a Cu ACHTUNGTRENNUNG(NO3)2/KanA ratio of 1:10 (gray). Cor-
relations involving the 1-H-type hydrogen atoms on the A and C rings are shown in panels C and D.
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transversal relaxation rate R2; thus, there is a contribution from
the free form of KanA. As data might be biased by the effect
of copper on the free antibiotic, care must be taken in inter-
preting the data.


Regardless of these limitations, it is clear that copper(II)
exerts different effects on kanamycin A in the absence and in
the presence of RNA (Figure 7). The effect on the A ring is
comparable to that on ring C (compare panels A and D in
Figure 7). Overall, the effect of the CuII ion is strong, despite
the competition from the many sites in the RNA molecule
itself ; this indicates the formation of a complex with some spe-
cificity. As the metal and the RNA are present in the same con-
centration, the observed differences show that the aminogly-
coside antibiotic is a preferred ligand for copper coordination.
The broadening of the proton signals for the 6’-H atoms in the
A ring indicates binding to the amino group (Figure 7B). The
effect on the C ring is still present, although diminished, and
could in principle be ascribed to the contribution of the kana-
mycin A fraction not interacting with RNA. However, the rela-
tively small broadening observed in the 1D NMR spectrum is
not consistent with the near disappearance of NOESY correla-
tions involving both 3’’-H and 4’’-H (Figure 7D). It is therefore
likely that CuII binds to the amino group of this ring. Little can
be said about the B ring, as broadening of the signals of the
geminal hydrogen atoms 2-H was also observed in the ab-
sence of RNA (TOCSY spectrum, data not shown). All these ob-
servations indicate that the amino groups of the A and C rings
(and possibly that of the B ring) are involved in the coordina-


tion of copper by kanamycin A bound to RNA. Paramagnetic
effects can in principle originate from copper bound to RNA;
however, the most important possible copper-binding sites on
RNA (see the section “Effect of copper on RNA”) are either far
away from influenced kanamycin amino groups or so close to
these groups as to suggest that copper-binding sites of the
ternary kanamycin–Cu–RNA complex are involved.


Deeper insight into the possible features of the copper com-
plex can be obtained by analyzing the X-ray crystal structure.
If the observation that kanamycin A is bound “specifically” is
taken into account, and our experimental evidence that
copper binds to amino groups is considered, three possible
sites are found. The first site would involve the amino and 4’’-
hydroxy groups of ring C and N7 of G1405. This site was con-
structed by imposing copper coordination on these donors
and adding one water molecule (as there are no other possible
ligands, and a water molecule can be accommodated easily in
the major groove). After energy minimization with the posi-
tions of all RNA and kanamycin atoms maintained, a distorted
tetrahedron can be drawn with the geometrical parameters re-
ported in Figure 8. Paramagnetic effects on RNA-bound KanA
could also originate from the aspecific form. In this case, a sim-
ilar copper site is still possible with the involvement of G1491.


The second site would involve one amino nitrogen atom of
the B ring (at the 3-position) and N7 of G1494. Again, addition-
al water was added, all atoms were left in the same position,
and a complex with the geometrical parameters reported in
Figure 8 was found. Most importantly, these sites involve two


Figure 8. Geometrical parameters of two possible copper sites in the kanamycin–RNA complex. Guanine, adenine, and cytosine bases are represented in
green, red, and violet, respectively. Copper is represented as a yellow sphere.
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guanine residues that were indicated as targets for RNA degra-
dation induced by copper.[54] Interestingly, this second site
could be present in all crystal structures involving aminoglyco-
side antibiotics (such as paromomycin, meomycin B, lividomy-
cin A), as the interaction between 3-N of the 2-deoxystrepta-
mine ring (B ring) with N7 of G1494 is a conserved feature of
the interaction of these antibiotics with the target RNA or
DNA[47,55, 56] and could indicate a common mechanism for en-
hanced antibacterial activity in the presence of copper.[30,45]


However, in the aspecific form of KanA, ring B with its two
amino groups is very exposed to the solvent, and the para-
magnetic contributions observed could in principle also origi-
nate from copper bound to this form.


Finally, the amino group of the A ring could in principle bind
with the N1 nitrogen atom of the adjacent residue A1408 or
with N3 of C1409 for the specific form. Through motion of the
branch that bears the amino group in ring A, G1491 could also
become close. However, as this branch is generally involved in
hydrogen bonding with the oxygen atom of the ring, its mobi-
lity is limited.[38] A further possible explanation for the para-
magnetic effect observed at ring A is its vicinity to G–C pairs,
which have been proposed as possible sites for the interaction
of CuII with RNA.[57]


Conclusions


The NMR-based model that emerges from this study indicates
that CuII ions could interact with the kanamycin–RNA complex
by linking amino moieties of the antibiotic with N7 atoms of
guanine bases. This finding suggests a possible role of the
metal in the formation of 8-oxoguanine, a species often found
as a product of nucleic acid degradation under conditions of
oxidative stress.[54] The model would also explain the increased
efficacy of antibiotics in the presence of copper.[30,45]


Experimental Section


The RNA oligonucleotide was synthesized by standard solid-state
phosphoramidite chemistry on an Expedite 8909 Biosearch instru-
ment by using Link Technologies phosphoramidites and was puri-
fied by reversed-phase and SAX (strong anion exchange) HPLC.
The sample was heated at 95 8C for 5 min to promote annealing.
The RNA sample was then dissolved to a concentration of 0.62 mm


in H2O or D2O with phosphate buffer (20 mm) and NaCl (0.1m),
and the mixture was maintained at pH 6.5.


Kanamycin A sulfate was obtained from Fluka Chemie AG and dis-
solved to a concentration of 0.4 mm in D2O with phosphate buffer
(20 mm) and NaCl (0.1m). The pH value of the sample was kept
constant at 6.5.


Copper was added from a stock solution of CuACHTUNGTRENNUNG(NO3)2 to the KanA
sample in a CuII/KanA ratio of 1:10, to the RNA sample in a CuII/
RNA ratio of 1:5, and to the KanA–RNA complex in a KanA/RNA/
CuII ratio of 10:1:1.


NMR spectroscopic experiments were carried out at 14.1 T on a
Bruker Avance 600 spectrometer equipped with a Silicon Graphics
workstation at a controlled temperature of �0.1 K and with a TBI
(triple broadband inverse) probe.


The proton resonances for the ligand and complexes were as-
signed by COSY, TOCSY, and NOESY experiments. The MLEV-17
pulse sequence, with a mixing time of 90 ms, was used for the
TOCSY experiments. NOESY spectra were acquired with a mixing
time of 400 ms. All experiments were processed on a Silicon
Graphics O2 workstation by using XWINNMR 2.6 software.


The intensities of NOESY cross-peaks of KanA in the presence of
RNA were converted into intramolecular proton–proton distance
restraints, which were used to construct a pseudo potential energy
for the calculation of restrained simulated annealing (SA) in tor-
sional angle space to obtain the structure of KanA when bound to
the RNA A site. We performed the calculation with the program
DYANA[53] by using 10000 steps and 300 random starting conform-
ers of KanA. Distance restraints were determined by referencing
peak volumes to cross-peaks corresponding to proton pairs at
fixed distances within a single ring. To take into account possible
differences in the mobility of each ring, we calibrated the peaks for
ring A on the basis of the proton pair 1’-H–2’-H and the peaks for
ring C on the basis of 1’’’-H–4’’’-H. The error in calculated distances
was estimated by evaluating the noise in the NOESY spectrum.
Proton pairs for which no NOESY cross-peak was observed were
ACHTUNGTRENNUNGassigned a lower distance limit of 0.5 nm.


Energy minimizations of the KanA–Cu–RNA complex were per-
formed in vacuo with the program Hyperchem.[58] The MM+ force
field was used, and the copper(II) ion was positioned in either of
the two hypothesized binding sites. Coordination of the copper(II)
ion was imposed on appropriate donors, and a number of water
molecules were added to complete the coordination sphere of
four donors.
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Pyrazolyl–Diamine Ligands That Bear Anthracenyl Moieties
and Their Rhenium(I) Tricarbonyl Complexes: Synthesis,
Characterisation and DNA-Binding Properties
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Jo¼o Costa Pessoa,[b] Giampietro Viola,[c] Gabriel G. Martins,[d] and Isabel Santos*[a]


Introduction


The targeted therapy of cancer with radiometals is gaining
relevance as a therapeutic alternative to conventional method-
ologies, such as surgery, external radiotherapy and chemother-
apy.[1,2] Interestingly, several gamma-emitting radiometals that
are routinely applied in diagnostic nuclear medicine, such as
99mTc or 111In, are also Auger electron-emitters and therefore
their complexes could also have potential in targeted tumour
therapy. Although some promising results have been already
reported for 111In complexes that contain bioactive peptides,[3, 4]


the therapeutic potential of Auger emitter radiometals has not
yet been fully demonstrated in the clinical arena.
Due to the short range of Auger electrons, there is a need


for preferential accumulation of the complexes into the nu-
cleus of neoplastic cells in order to elicit significant DNA
damage, and therefore a therapeutic effect. The achievement
of this goal lies in the design of multifunctional complexes
that include a DNA-binding moiety, a carrier to transport the
complex into the nucleus, and/or a tumour-seeking vector.[4–6]


The presence of the later should provide a specific recognition
of the neoplastic cells and promote the internalisation of the
complexes, while the DNA-binding moiety is expected to aug-
ment the stacking into DNA, and consequently to enhance the
radiotoxicity of the Auger emitter.
Technetium-99m is the most widely used radionuclide in di-


agnostic nuclear medicine; this is because it has ideal nuclear
properties and is inexpensive and widely available. Encourag-
ing in vitro results have been reported that highlighted the
relevance of this radiometal for the development of therapeu-


tic radiopharmaceuticals.[5–7] Alberto et al. have shown that a
99mTcI–tricarbonyl complex that contains a pyrene intercalator
and a nuclear localisation signal (NLS) peptide can target the
nucleus of B16-F1 mouse melanoma cells, and shows a much
stronger radiotoxic effect than 99mTcO4


� , which is unable to
penetrate the nucleus.[6] Most importantly, the same research
group proved more recently that the presence of the NLS se-
quence is not strictly necessary for the targeting of the nucleus
with tricarbonyl 99mTcI or ReI complexes.[7]
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Supporting information for this article is available on the WWW under
http://www.chembiochem.org or from the author:UV-visible and fluores-
cence spectroscopy titrations of L1 and L3 with CT DNA; Scatchard plot of
the UV-visible spectroscopy data for L1–L4, 7 and 9 ; McGhee–von Hippel
binding isotherms for the fluorescence data of L1 and L2.


Two novel families of pyrazolyl–diamine ligands that bear an an-
thracen-9-yl group as a DNA-binding fragment, pz*ACHTUNGTRENNUNG(CH2)2NH-
ACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl (pz*=pz (L1), 3,5-Me2pz (L2)) and pz*-
ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NH2 (pz*=4-(9-anthrylmethyl)pz (L3), 3,5-Me2-4-(9-
anthrylmethyl)pz (L4)), have been prepared and fully character-
ised. In the case of L2–L4, the evaluation of their coordination
ACHTUNGTRENNUNGcapability towards the fac-[Re(CO)3]


+ core led to the synthesis of
the organometallic complexes fac-[Re(CO)3{3,5-Me2pz ACHTUNGTRENNUNG(CH2)2NH-
ACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl}]Br (7) and fac-[Re(CO)3{4-(9-an ACHTUNGTRENNUNGthryl ACHTUNGTRENNUNGmeth-
ACHTUNGTRENNUNGyl)pz* ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NH2}]Br (pz*=pz (8), 3,5-Me2pz (9)). The in-
teraction of the novel pyrazole–diamine ligands and the rheni-
ACHTUNGTRENNUNGum(I) complexes with calf thymus (CT) DNA has been investigat-
ed with a variety of spectroscopic techniques (UV-visible, fluores-


cence, circular dichroism (CD) and linear dichroism (LD)). All of
the evaluated compounds have a moderate affinity to CT DNA
(3.46L103<Kb<1.95L104), but the binding mode depends on
the position of the chromophore in the framework of the pyrazol-
yl–diamine ligands. LD measurements have shown that L1 and L2


act as DNA intercalators, but complex 7 intercalates only partial-
ly. By contrast, the compounds with the anthracenyl group at the
4-position of the azolyl ring (L3, L4 and 9) do not intercalate, and
behave more like DNA groove binders. Fluorescence microscopy
studies have demonstrated that complexes 7 and 9 can target
the nucleus of murine B16-F1 melanoma cells, and appear to be
promising platforms for the further design of radiopharmaceuti-
cals for targeted radiotherapy.
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Within our interest on Re and Tc complexes for biomedical
applications, we have introduced bifunctional chelators of the
pyrazole–diamine type, which act as powerful tridentate chela-
tors towards the fac-[M(CO)3]


+ (M=Re, 99mTc) moiety, and form
tricarbonyl complexes with excellent in vitro and in vivo stabili-
ty.[8, 9] These chelators are easily modified with biologically
active molecules, and have been applied already in the label-
ling of small tumour-seeking peptides, which have delivered
encouraging results in terms of their biological behaviour.[10–12]


Due to their versatile nature, these pyrazolyl–diamine chelators
allow also the introduction of DNA-binding groups at different
positions of the ligand framework, namely at the 4-position of
the pyrazolyl ring or at the terminal primary amine, while the
option of using the central amine for coupling a tumour-seek-
ing vector is still available (Scheme 1). By taking these favoura-


ble features into account, we have anticipated that these sys-
tems could be useful tools for the design of multifunctional
complexes, with the goal of developing 99mTc radiopharma-
ceuticals for targeted radiotherapy. As a first step in this design
process, we explored the possibility of introducing 9-anthryl-
methyl fragments at the 4-position of the azole ring and at the
terminal amine of pyrazolyl–diamine ligands, then we studied
the coordination capability of the resulting chelators towards
the fac-[Re(CO)3]


+ moiety with the aim of introducing novel
complexes that are able to enter the nucleus and interact with
DNA.
Re and Tc complexes are usually isostructural, and therefore,


the Re complexes are considered to be adequate surrogates
for the 99mTc congeners, which are prepared only in 10�9–
10�7m concentrations, and can not be characterised by the
common analytical techniques of inorganic and organometallic
chemistry. Moreover, with the compounds proposed herein,
we also intended to profit from the fluorescent properties of
the anthracenyl moiety and to use the Re complexes to evalu-
ate in vitro the cellular uptake of the compounds by fluores-
cence microscopy.
In this work, we introduce a series of novel pyrazolyl-con-


taining ligands that bear an anthracenyl derivative as a DNA-
binding fragment, pz* ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl (pz*=pz,
L1; 3,5-Me2pz, L


2) and pz*ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NH2 (pz*=4-(9-anthryl-
methyl)pz, L3 ; 3,5-Me2-4-(9-anthrylmethyl)pz, L


4), and report on
the synthesis and characterisation of the ReI–tricarbonyl com-
plexes that are anchored onto L2–L4 (7–9). The interaction of


DNA with the novel pyrazole–diamine ligands (L1–L4) and with
the ReI complexes 7 and 9 has been evaluated by using differ-
ent spectroscopic techniques (UV/vis, circular dichroism (CD),
linear dichroism (LD) and fluorescence) and is also reported.
We also present fluorescence microscopy studies on the
uptake of selected ligands and complexes in B16-F1 mouse
melanoma cells. This work also addresses how the position
that is used to attach the anthracenyl fragment to the chelator
framework and/or the introduction of the organometallic fac-
[Re(CO)3]


+ moiety will influence the interaction with DNA and/
or the ability of the compounds to enter the cells and to
target the nucleus.


Results and Discussion


By choosing the anthracenyl fragment as a DNA binder and by
exploring its conjugation to different points of the pyrazolyl–
diamine framework, we have taken into consideration the well-
known ability of the planar and polycyclic structure of anthra-
cene to intercalate between neighbouring base pairs, the ver-
satility of functionalisation of the pyrazolyl–diamine chelators,
and their potential to stabilise the fac-[M(CO)3]


+ core (M=Re,
99mTc).[10–12] Moreover, anthracenyl chromophores have a mod-
erate molar absorptivity in the near-UV region and good fluo-
rescence quantum yields; this allows the study of the binding
of the ligands and the respective Re complexes with DNA by
spectroscopic techniques, as well as the evaluation of their cel-
lular uptake by fluorescence microscopy.[13]


Synthesis of anthracenyl-containing chelators and their Re
complexes


For the incorporation of the anthracenyl fragment at the termi-
nal amine of the pyrazolyl–diamine chelators, we have ex-
plored the reductive amination of the commercially available
9-anthracenealdehyde; this is a synthetic approach that has
been already used successfully by other authors to prepare N-
anthracenyl-9-ylmethyl conjugates of biogenic polyamines, like
spermidine.[14,15] As depicted in Scheme 2, the reaction of 9-an-
thracenealdehyde with the compounds [pz*ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NH2]
(pz*=pz, 3,5-Me2pz), which have been previously described by
our group,[8,10] afforded the corresponding imine derivatives.
The in situ reduction of these imines with sodium borohydride
yielded the final ligands pz*NN-Ant (pz*=pz, L1; 3,5-Me2pz, L


2).
These compounds were isolated in moderate to high yield
after purification by silica gel column chromatography.
Throughout the paper we will adopt the abbreviation pz*NN-
Ant for the ligands that have the anthracenyl moiety at the ter-
minal amine and the abbreviation Ant-pz*NN for those with
the same moiety at the 4-position of the pyrazolyl ring.
The introduction of the anthracenyl-9-yl methyl group at the


4-position of the azolyl ring has been demanding, and required
the preparation of the dicarbonyl compounds [2-(9-anthryl-
ACHTUNGTRENNUNGmeth ACHTUNGTRENNUNGyl)propane-1,3-dialdehyde] (1) and [2-(9-anthrylmethyl)-
pentane-2,4-dione] (2), as shown in Scheme 3. The 1,3-dialde-
hyde 1 was prepared by a Swern oxidation of the correspond-
ing diol with DMSO/SO3·pyridine, while the synthesis of the


Scheme 1. Schematic representation of different possibilities for the func-
tionalisation of pyrazoyl–diamine chelators with a tumour-seeking vector
and/or a DNA-binding group.
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1,3-diketone 2 was accomplished by alkylation of acetylace-
tone with 9-bromomethylanthracene. Compounds 1 and 2 are
yellow oils, and were obtained in the enol and keto forms, re-
spectively. The cyclisation of 1 and 2 with 2-hydroxyethylhy-
drazine gave the pyrazole derivatives Ant-pz* ACHTUNGTRENNUNG(CH2)2OH (pz*=


pz, 3 ; 3,5-Me2pz, 4) which were brominated with PBr3 to afford
the compounds Ant-pz* ACHTUNGTRENNUNG(CH2)2Br (pz*=pz, 5 ; 3,5-Me2pz, 6).
Treatment of 5 and 6 with a 20-fold molar excess of ethylene-


diamine in refluxing methanol led to the formation of the final
ligands, Ant-pz*NN (pz*=pz, L3 ; 3,5-Me2pz, L


4), which have
been isolated as yellow oils in moderate yields (39–50%) after
chromatographic purification.
The novel anthracenyl-containing pyrazole–diamine ligands


L1–L4 are air and water-stable compounds. They are soluble in
common organic solvents, but only sparingly soluble in aque-
ous medium. The characterisation of L1–L4 has been performed
by 1H and 13C NMR spectroscopy. FT-ICR mass spectrometry
confirmed the authenticity of these ligands because prominent
[M+H]+ peaks were obtained at m/z 345.2 (L1 and L3) and at
m/z 373.2 (L2 and L4).
The evaluation of the coordination capability of the anthra-


cenyl-containing ligands towards the fac-[Re(CO)3]
+ core com-


prised the study of their reaction with the starting material
[Re(CO)5Br] . In refluxing methanol, the reaction with L2–L4 led
to the formation of well-defined species that were formulated
as fac-[Re(CO)3{3,5-Me2pzNN-Ant}]Br (7) and fac-[Re(CO)3-
ACHTUNGTRENNUNG{Antpz*NN}]Br (pz*=pz, 8 ; 3,5-Me2pz, 9) (Scheme 4). Com-
pounds 7–9 were the unique complexes that were formed;
this was confirmed by 1H NMR analysis of the crude after re-
moval of the solvent. Nevertheless, 7 and 8 were isolated in
poor to moderate yields due to the need for recrystallisation
or washing to remove small amounts of the unreacted ligands.
Complexes 7–9 are yellow microcrystalline solids, which are


stable towards hydrolysis or aerial oxidation. They were charac-
terised by IR, 1H and 13C NMR spectroscopies, as well as by ESI-
MS spectrometry. As for the corresponding ligands, we could
not obtain satisfactory elemental analysis for 7–9, even though
the 1H and 13C NMR spectra showed a high bulk purity for
these compounds. The ESI-MS analysis showed the expected


Scheme 2. Synthesis of the pyrazole–diamine chelators that bear a terminal
anthracene chromophore. o.n.=overnight.


Scheme 3. Synthesis of the pyrazole–diamine chelators that bear an anthracene chromophore at the 4-position of the azolyl ring.
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molecular ions at m/z 643.0 (7 and 9) and 614.9 (8), which con-
firms the proposed formulation.
The IR spectra of 7–9 showed the presence of two intense


n ACHTUNGTRENNUNG(C�O) bands in the region 2026–1896 cm�1, which is typical
of complexes with the fac-[Re(CO)3]


+ moiety. The frequencies
of these bands are almost coincident with the values that we
have previously found for other ReI–tricarbonyl complexes that
are anchored by the same pyrazolyl–diamine framework.[8–10]


The comparison of the 1H NMR spectra of fac-[Re(CO)3{Ant-
pz*NN}]Br (pz*=pz, 8 ; 3,5-Me2pz, 9) with the previously de-
scribed fac-[Re(CO)3ACHTUNGTRENNUNG{pz* ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NH2}]Br (pz*=pz, 3,5-
Me2pz) showed that they are almost superimposable, except
for the presence of the resonances that are due to the 9-an-
thrylmethyl substituent.[8–10] The similarities between the spec-
tra allowed us to conclude that in 8 and 9 the anthracenyl-
containing ligands are coordinated in a tridentate fashion
through the pyrazole and the amine nitrogen atoms; we have
previously confirmed this particular coordination mode by X-
ray crystallography for other complexes of this type.[8]


For the complex that contains a terminal 9-anthrylmethyl
group, fac-[Re(CO)3{3,5-Me2pzNNAnt}] (7), the chemical shifts
and splitting of the diasterotopic methylenic protons from the
pyrazolyl–diamine backbone are very similar to those of 8 and
9. For 7, only two broad singlets for the NH protons appear at
7.18 and 4.36 ppm, while for 8 and 9 three NH resonances
could be identified (8 : 6.93, 5.26 and 3.41 ppm; 9 : 6.90, 5.38
and 3.82 ppm). In the spectrum of 7, the two multiplets that
appear at 5.37 and 5.55 ppm were assigned to the CH2 protons
that link the anthracene moiety and the terminal amine. This
splitting indicates diastereotopic character for those protons,
and it confirms the coordination of the terminal amine to the
ReI centre, in spite of the presence of the bulkier 9-anthryl-
methyl substituent.
For fac-[Re(CO)3{3,5-Me2pzNN-Ant}]Br (7), the formation of


two diastereomeric pairs of enantiomers was possible due to
the presence of two chiral centres upon the coordination of L2.
However, the 1H and 13C NMR data that were obtained for 7
clearly demonstrated that only one pair of enantiomers was
formed. This result has also been confirmed by HPLC analysis
of the compound (results not shown). Unexpectedly, the con-
gener ligand L1, which lacks the methyl substituents at the


3- and 5-positions of the azolyl ring showed a quite different
behaviour. The reactions of pzNN-Ant, L1 with [Re(CO)5Br] or
[NEt4][Re(CO)3Br3] always afforded a mixture of complexes, re-
gardless of which solvent (methanol or acetonitrile), tempera-
ture and reaction time was used. 1H NMR spectroscopy analysis
of the crude of these reactions always indicated the formation
of two major complexes because two dominant triplets for the
H(4) protons of the pyrazolyl ring were observed. In CD3OD,
these protons resonate at 6.48 and 6.75 ppm; they are upfield
shifted compared to the corresponding protons in the free
ligand. Moreover, the spectra displayed a set of multiplets for
the methylenic protons, the chemical shifts and splitting of
which were very similar to those that were obtained for com-
plex 7. Taken together, these data suggest the presence of the
two possible diastereomeric pairs of enantiomers for complex
fac-[Re(CO)3 ACHTUNGTRENNUNG{pzNN-Ant}]Br. We were unable to separate the two
pairs of enantiomers, and other small contaminants were pres-
ent. For this reason, the ReI–tricarbonyl complex with L1 is not
reported or evaluated here. Alberto et al. have already found a
similar behaviour for related ReI complexes that are anchored
by aliphatic triamine ligands that are terminally functionalised
with pyrene or anthraquinone moieties.[5] These authors re-
ported that two diastereomeric pairs of complexes were ob-
tained for the pyrene-containing triamines, but a preferential
formation of one pair of enantiomers was observed for the an-
thraquinone derivative. These differences might reflect the
presence of planar aromatic structures such as pyrene or an-
thraquinone that have different steric constraints. This is not
the case for the ligands pz*NN-Ant (pz*=pz, L1), 3,5-Me2pz
(L2), which contain a common anthracenyl fragment. The rea-
sons behind their different behaviour are not yet clear.


DNA-binding studies


UV-visible, fluorescence, CD and LD spectroscopies were used
to study the binding of the ligands (L1–L4) and the ReI–tricar-
bonyl complexes 7 and 9 to CT DNA. The low solubility in
aqueous medium of 8, even in the presence of dimethylsulfox-
ide, precluded the possibility of evaluating the interaction of
this compound with DNA.


UV-visible spectroscopy studies


For the different compounds under analysis, the UV/vis absorp-
tion studies comprised the monitoring of the changes on the
bands due to the antracenyl chromophore upon addition of
ACHTUNGTRENNUNGincreasing amounts of CT DNA.
The UV-visible titrations of the molecules that contain the


anthracenyl moiety at the terminal amine (L1, L2 and complex
7) have shown that the absorption peaks of the anthracenyl
chromophores are red shifted upon binding to DNA, as indicat-
ed in Table 1, and exemplified in Figure 1 for L2 and complex
7. The ligands L1 and L2 display red shifts of 6 and 5 nm,
ACHTUNGTRENNUNGrespectively, which are more pronounced than the 2 nm shift
that was obtained for the ReI complex 7.
Isosbestic points were also evident in the spectra of L1, L2


and complex 7; they appeared at 393 nm for L1 and L2 and at


Scheme 4. Synthesis of the ReI–tricarbonyl complexes.
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398 nm for 7. The presence of these isosbetic points indicates
a smooth conversion of the free probes to the bound ones, as
well as the prevalence of a dominant binding mode. The addi-
tion of DNA gives rise to the broadening of the vibronic struc-
ture of the anthracene absorption bands. This broadening is
more intense for L1 and L2 than for 7 (Figure 1). The binding of
these compounds to CT DNA is accompanied by a reduction in
their extinction coefficients (hypochromism). This reduction
varies between 45 and 66%, and is more pronounced for the
ligands than for the Re complex (Table 1).
In comparison with the probes that have the terminal


ACHTUNGTRENNUNGanthracenyl chromophore, the most striking difference in the
spectral changes of the compounds that contain the 9-antryl-
methyl group at the 4-position of the azole ring (L3, L4 and
complex 9) is the negligible or absent red shifts (<0.5 nm) of
the respective absorption peaks, as exemplified for L4 and 9 in
Figure 2. The lack of broadening of these peaks is another fea-
ture of the spectra of L3, L4 and 9. Unlike 9, the hypochromism
of L3 (34% at 368 nm) and L4 (33% at 367 nm) is significantly
lower than the hypochromism (45–66%) that was observed for
the compounds that bear the terminal anthracenyl group
(Table 1).


The UV/vis spectroscopy data that were collected for L1 and
L2 indicate that the binding of these probes to CT DNA is
more likely to be by intercalation than groove binding because
the spectral changes that arise from their interaction with CT
DNA are in quite good agreement with the spectroscopic sig-
natures that were assigned recently by Kumar et al.[13] These
authors found a red shift, an ACHTUNGTRENNUNGextensive hypochromism and a
substantial broadening of the bands of the anthracenyl chro-
mophore in the 300–400 nm region, as a result of the strong
electron interaction between the p electrons of the intercalat-
ed polyaromatic structure and those of the DNA bases. In par-
ticular, the 5–6 nm red shifts of L1 and L2 compare well with
the values (6–8 nm) that were reported in the literature for


other (9-anthrylalkyl)amine deriv-
atives, which are considered to
act as DNA intercalators.[16] Nev-
ertheless, we would like to em-
phasise that the UV/vis spectros-
copy data that were obtained for
L1 and L2 cannot completely ex-
clude the possibility of groove
binding; it is necessary to com-
bine these data with the infor-
mation that is provided by other
spectroscopic techniques (see
below) to draw more decisive
conclusions. The UV/vis spectros-
copy titration of complex 7 with
CT DNA has shown that this
compound is much less able to
intercalate into the DNA com-
pared to the respective ligand
(L2). In a similar way, the UV/vis


spectroscopy data that were obtained for the molecules that
contain the anthracenyl fragment at the 4-position (L3, L4 and
complex 9) also indicated that these probes are unable to in-
tercalate between the DNA base pairs.


Table 1. Hypochromism, red shifts and intrinsic binding constants for the
ligands of types pz*NNAnt and Ant-pz*NN, and for their Re complexes.


Compound Hypochromism Red shift Kb [m
�1]


[%] [nm]


pzNN-Ant (L1) 58 (366 nm) 6 (4.25�0.08)O103
3,5-Me2pzNN-Ant (L


2) 66 (366 nm) 5 (3.46�0.04)O103
Ant-pzNN (L3) 34 (368 nm) <0.5 (6.77�0.04)O103
Ant-3,5-Me2pzNN (L4) 38 (367 nm) <0.5 (1.06�0.01)O104
fac-[Re(CO)3 ACHTUNGTRENNUNG{3,5- 45 ACHTUNGTRENNUNG(372 nm) 2 (2.20�0.01)O103
Me2pzNN-Ant}] (7)
fac-[Re(CO)3{Ant-3,5- 57 (367 nm) <0.5 (1.95�0.01)O104
Me2pzNN}] (9)


Figure 1. A) Absorption spectra of L2 (4.0O10�5m) in the presence of increasing concentrations of CT DNA (0,
0.04, 0.12, 0.28, 0.44, and 0.74 mm) ; B) Absorption spectra of complex 7 (8.0O10�5m) in the presence of increasing
concentrations of CT DNA (0, 0.16, 0.80, 1.76, and 4.80 mm).


Figure 2. A) Absorption spectra of L4 (4.0O10�5m) in the presence of in-
creasing concentrations of CT DNA (0, 0.64, 2.48, 3.44, and 3.88 mm) ; B) Ab-
sorption spectra of complex 9 (4.0O10�5m) in the presence of increasing
concentrations of CT DNA (0, 0.04, 0.08, 0.12, and 0.16 mm).
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The UV/vis titration data were used to estimate the intrinsic
binding constants (Kb) for all the evaluated compounds (L1–L4,
7 and 9). To obtain the binding constants, the spectral data
were fitted to a simple Scatchard model by using Equation (1)
(see the Experimental Section).[17] The values that were ob-
tained spanned between (2.20�0.01)O103m


�1 and (1.95�
0.01)O104m


�1 (Table 1) and indicated that these compounds
have a moderate affinity to CT DNA. As a general trend, we
can say that the compounds that contain the terminal anthra-
cenyl group (L1, L2 and 7) have a smaller affinity to DNA than
those that bear the same polyaromatic structure at the 4-posi-
tion of the pyrazolyl ring (L3, L4 and 9). From all the probes
that were evaluated, complex 9 showed the highest constant,
while complex 7 displayed the lowest one. This means that
there is no well-defined tendency upon the introduction of the
fac-[Re(CO)3]


+ unit in terms of the DNA affinity of these two
families of pyrazole–diamine ligands.


Fluorescence studies


The fluorescence intensity of all probes decreased rapidly with
increasing concentrations of CT DNA, as shown in Figures 3
and 4. These changes in the emission spectra show that there


is a strong quenching of the fluorescence of the compounds,
as is commonly observed for anthryl probes.[16,18] As exempli-
fied for L2 in Figure 3, the spectra of the ligands with terminal
9-anthracenylmethyl groups L1 and L2 are considerably broad-
ened at high DNA concentrations. Most probably, this broad-
ening is a consequence of the superposition of the spectra
from the bound and free chromophores, which are slightly
shifted in wavelength from each other. This is consistent with
the red shifts (5–6 nm) that were observed in the absorption
spectra of these ligands and reflects the decrease in the
HOMO–LUMO energy gap for the bound probes. Due to
weaker or non-existent red shifts, the broadening of the emis-


sion spectra of the other compounds (L2, L4, 7 and 9) is less
evident (Figures 3 and 4).
To estimate the intrinsic binding constants, the fluorescence


titration data were fitted with the noncooperative model of
McGhee and von Hippel by using Equation (3) (see the Experi-
mental Section).[19] An acceptable fit to this model was only
obtained for the ligands pz*NN-Ant (pz*=pz, L1; 3,5-Me2pz,
L2). For the other compounds, the model was unreliable; this
might indicate heterogeneous binding to DNA and/or the
need to consider cooperativity.[20] The best linear fit to the
binding isotherms that were constructed from the plot of r/CF
versus r (Figures S11 and S12 in the Supporting Information)
led to binding constants of (1.08�0.03)O104 and (1.29�
0.01)O104m


�1 for L1 and L2, respectively. From this fit, the
binding site sizes (n) in base pairs that were obtained for L1


(n=2.7) and L2 (n=2.1) are compatible with the nearest-neigh-
bour exclusion model, and are comparable to the values that
were found for other amine derivatives of anthracene.[21,22] The
binding constants that were obtained by the McGhee and von
Hippel formalism are larger than the values of 4.25O103m


�1


(L1) and 3.46O103m
�1 (L2) that were obtained by the simplest


Scatchard analysis. However, these differences can be consid-
ered to be acceptable within the experimental error that is in-
herent to the two different methods. Moreover, the values that
were obtained by the two methods are consistent in the sense
that both confirm that the presence of the methyl substituents
at the 3 and 5-positions of the azole have a small influence on
the DNA affinity.


Induced Circular Dichromism (ICD) studies


None of the isolated compounds (L1–L4, 7 and 9) that were
evaluated in the DNA-binding studies has a CD spectrum. This
is in agreement with the expected non-chirality of these mole-
cules. However, their association with the right-handed DNA
helix was expected to give ICD spectra in the 320–400 nm
region where the anthracenyl chromophore absorbs. For an-


Figure 3. A) Fluorescence spectra of L2 (4.0O10�5m) in the presence of
ACHTUNGTRENNUNGincreasing concentrations of CT DNA (0, 40, 120, 280, 440, and 600 mm) ;
B) Fluorescence spectra of complex 7 (8.0O10�6m) in the presence of in-
creasing concentrations of CT DNA (0, 4, 12, 24, and 47.5 mm).


Figure 4. A) Fluorescence spectra of L4 (2.7O10�5m) in the presence of in-
creasing concentrations of CT DNA (0, 0.11, 0.57, 1.32, 2.51, and 3.56 mm) ;
B) Fluorescence spectra of complex 9 (2.0O10�5m) in the presence of in-
creasing concentrations of CT DNA (0, 0.009, 0.040, 0.060, 0.076, 0.205 mm).
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thracenyl derivatives, the ICD spectra of intercalated or
groove-bound probes are expected to be different and, there-
fore, this technique can be useful to distinguish between dif-
ferent binding modes. Positive and intense ICD spectra are ex-
pected in the 320–400 nm region when the anthracenyl chro-
mophore is intercalated with its long axis aligned to the long
axis of the DNA base pairs.[13]


The pyrazolyl–diamine derivatives that have the terminal 9-
anthrylmethyl substituent, pz*NN-Ant (pz*=pz, L1; 3,5-Me2pz,
L2) and fac-[Re(CO)3{3,5-Me2pzNN-Ant}]Br (7), showed relatively
intense positive ICD peaks in the 320–400 nm region upon
binding to DNA, as shown for L2 and for the respective Re
complex (7) in Figure 5. However, the spectra of L1 and L2


emerged at lower [DNA]/ ACHTUNGTRENNUNG[probe] ratios when compared with
complex 7. These data are consistent with the positive ICD
spectra that were recently reported for other amine derivatives
of anthracene that have been recognised as DNA intercala-
tors.[13,16, 23]


In contrast, the molecules that contain the anthracenyl chro-
mophore at the 4-position of the pyrazole ring, Ant-pz*NN
(pz*=pz, L3 ; 3,5-Me2pz, L4) and fac-[Re(CO)3{Ant-3,5-Me2-
ACHTUNGTRENNUNGpzNN}]Br (9) showed much weaker ICD spectra even in the
presence of a large excess of DNA ([DNA]/ ACHTUNGTRENNUNG[probe]> 20:1). As
an example, the ICD spectra that were obtained for L4 and
complex 9 are presented in Figure 5. This behaviour resembles
that which was reported recently by Kumar et al. for an anthra-
cenyl derivative that bore 2-hydroxyethylamine substituents at
the 9- and 10-positions, a compound that has been proposed
to be more likely to be bound to DNA through a groove-bind-
ing mode.[21]


Linear dichromism (LD) studies


LD spectroscopy has been considered to be an excellent tool
to distinguish the different DNA-binding modes for anthracen-


yl-containing probes. This technique provides more conclusive
data than other spectroscopic techniques to assess the orienta-
tion of the chromophore with respect with the axis of the
helix.[13, 24] With the goal of confirming the above-discussed re-
sults for UV/visible, fluorescence and ICD spectroscopy studies,
we evaluated the interaction of ligands L2 and L4 and their re-
spective Re complexes (7 and 9) with CT DNA by LD spectros-
copy. By studying only these compounds, we have taken into
consideration that the presence of the methyl groups at the 3-
and 5-positions of the azole does not significantly affect the
ACHTUNGTRENNUNGaffinity to DNA, and the binding modes, as well as the fact
that it was not possible to evaluate the Re complexes of L1


and L3, as discussed above.
In the intercalation of anthracene derivatives, the short and


long axes of the rings are oriented perpendicular to the DNA
helix and this should result in negative LD signals at both
ACHTUNGTRENNUNGabsorption regions (230–300 nm and 300–450 nm) of the
probe.[13] As shown in Figure 6, 3,5-Me2pzNN-Ant (L


2) presents
a negative LD band in the chromophore absorption region
(300–450 nm); this suggests that the intercalation binding


Figure 5. ICD spectra of the ligands L2 and L4, and their respective Re
ACHTUNGTRENNUNGcomplexes, 7 and 9 at high ratios of CT DNA/probe concentrations: A) 7
(8O10�5m) at a 18:1 molar ratio; B) L2 (5.3O10�5m) at a 13:1 molar ratio;
C) L4 (10O10�5m) at a 60:1 molar ratio; D) 9 (8.0O10�5m) at a 20.1 molar
ratio.


Figure 6. Absorption (upper panels), linear dichroism (LD, middle panels)
and reduced linear dichroism (LDr lower panels) of L


2 (top) and complex 7
(bottom) at different [DNA]/ ACHTUNGTRENNUNG[probe] molar ratios: A) no probe; B) 25; C) 12;
D) 5. Spectra were recorded in 10 mm phosphate buffer at pH 7.2.
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mode is dominant for this compound. The reduced LD spec-
trum (LDr=LD/Aiso ; Figure 6, lower panels) provides further in-
formation on the average orientation of the transition moment
of L2 relative to those of the DNA bases, and it allows one to
discriminate between homogeneous and heterogeneous bind-
ing. A nearly constant value of LDr over the range 310–450 nm
was observed; this confirms the intercalation of L2 into the
DNA. The ligand L2 induces an increase in the intensity of the
LD DNA band (230–300 nm), which indicates that the DNA
became more oriented upon the binding of L2. At the highest
loading of L2 ([DNA]/ ACHTUNGTRENNUNG[probe]=5:1), there is a distortion of the
band, which is probably due to external stacking of L2 onto
the exterior of the helix. The corresponding Re complex, fac-
[Re(CO)3{3,5-Me2pzNN-Ant}]Br (7), also displays relatively in-
tense LD peaks in the chromophore region, but this com-
pound does not induce a large stiffening of the DNA because
the measured LD values in the 230–300 nm region did not in-
crease significantly compared to those of DNA alone (Figure 6).
This indicates that the plane of the anthracene chromophore is
tilted with respect to that of the DNA bases, and therefore, the
complex seems to be only partially intercalated into the DNA.
At any rate, the negative LD signals in the long-wavelength
ACHTUNGTRENNUNGregions (300–450 nm) indicate that the transition dipole
moment, and thus the p-systems of 7 is almost coplanar to
the ones of the nucleic bases upon binding to the DNA; this
was also confirmed by the analysis of the LDr spectrum.
As seen in Figure 7, we did not observe any LD signal in the


chromophore-absorption region for Ant-3,5-Me2pzNN (L4) and
fac-[Re(CO)3{Ant-3,5-Me2pzNN}]Br (9). This probably means that
the compounds are not intercalated between the DNA base
pairs. Alternatively, such behaviour could be justified by the
very low binding affinities of these compounds. However, this
seems not to be the case because the intrinsic binding con-
stants (Kb) of L


4 and 9 are larger then those of L2 and 7, which
displayed relatively intense LD signals in the chromophore
region.


Cell-uptake studies


In the design of 99mTc radiopharmaceuticals, the ability to
follow the trafficking and fate of the compounds at the cellular
and subcellular level in real time is highly desirable. However,
this is not achievable with the radioactive probes (99mTc), which
are more adequate to obtain scintigraphic images from tissues
and organs inside the body. By profiting from the similarities
between the chemistry of Re and Tc, fluorescent probes that
are based on organometallic ReI complexes emerged recently
as an attractive alternative to bridge this gap between in vitro
fluorescence-imaging studies and in vivo radioimaging.[25]


As stated in the introductory part of the paper, we intended
to prove that the intrinsic fluorescence of anthracenyl chromo-
phores, which were introduced at different positions of the
framework of pyrazolyl–diamine chelators should enable us to
image the intracellular localisation of their ReI–tricarbonyl com-
plexes. To confirm this possibility, we studied the cell uptake of
the two Re complexes, fac-[Re(CO)3{3,5-Me2pzNN-Ant}]Br (7)
and fac-[Re(CO)3{Ant-3,5-Me2pzNN}]Br (9), for which the DNA-


binding properties have been evaluated. This was done by
using fluorescence microscopy and B16-F1 murine melanoma
cells. As depicted in Figure 8, complexes 7 and 9 were both
detected (as blue fluorescence) inside the cells, with a signifi-
cant accumulation in the nucleus (especially in the nucleoli), as
confirmed by the simultaneous DRAQ5 labelling of DNA
(Figure 8, arrows in top panels).
Like 7 and 9, the respective ancillary ligands 3,5-Me2pzNN-


Ant L2, and Ant-3,5-Me2pzNN, L
4 were also able to enter the


cells, but accumulated almost exclusively in the cytosol
(Figure 8, bottom panels). Interestingly, this behaviour parallels
the one that has been recently described for a cationic organo-
metallic RuII complex that contains a N-(anthracen-9-yl)imida-
zole co-ligand, for which the presence of the RuII fragment also
enhanced the nucleus uptake of the compounds.[26]


Conclusions


We have shown that the position that is used to introduce a 9-
anthrylmethyl group in the framework of pyrazolyl–diamine li-
gands has a crucial influence on the DNA-binding mode of the


Figure 7. Absorption (upper panels), Linear dichroism (LD , middle panels)
and reduced linear dichroism (LDr lower panels) of L4 (top) and complex 9
(bottom) at different [DNA]/ ACHTUNGTRENNUNG[probe] molar ratios: A) no probe; B) 25; C) 12;
D) 5. Spectra were recorded in 10 mm phosphate buffer at pH 7.2.
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compounds. Different spectroscopic techniques (UV/vis, fluo-
rescence, CD, LD) consistently demonstrated that the ligands
that have a terminal 9-anthrylmethyl group, pz*NN-Ant (pz*=


pz, L1; 3,5-Me2pz, L
2) probably intercalate into the DNA helix.


To the contrary, the ligands that contain the same polyaromat-
ic group at the 4-position of the azole ring, Ant-pz*NN (pz*=


pz, L3 ; 3,5-Me2pz, L
4) act more like groove binders. This differ-


ence is certainly due to the steric requirements of the pyrazolyl
ring, which, because it is closer to the anthracenyl chromo-
phore in L3 and L4, hinders its intercalation. Similar effects have
been reported for other anthracene derivatives with bulky sub-
stituents at the 9 or 10-positions.[13,22]


The introduction of the 9-anthrylmethyl group in the frame-
work of pyrazolyl–diamine chelators did not compromise their
coordination capability towards the fac-[Re(CO)3]


+ moiety. Sur-
prisingly, the substituents (H vs. Me) at the 3 and 5-positions
of the pirazolyl ring had a strong influence on the formation
of different diastereoisomers. Compound L1 afforded a mixture
of complexes, while L2–L4 led to the well-defined complexes
fac-[Re(CO)3{3,5-Me2pzNN-Ant}]Br (7) and fac-[Re(CO)3-
ACHTUNGTRENNUNG{Antpz*NN}]Br (pz*=pz, 8 ; 3,5-Me2pz, 9) which were fully char-
acterised. The evaluation of the DNA-binding properties of 7
and 9 showed that these compounds follow the trend that
was observed for the corresponding ligands, that is, the mole-
cules with the 9-anthrylmethyl substituent at the 4-position of
the azolyl ring (9) tend to act as groove binders, while those
with a terminal anthracenyl group (7) are better able to inter-
calate into the DNA helix.
Regardless of the mode of interaction with DNA, complexes


7 and 9 can reach the nucleus of murine B16-F1 cells, as dem-


onstrated by fluorescence microscopy. In contrast, the respec-
tive free ligands (L2 and L4) accumulate preferentially on the
cytosol of the same cell line. Although in the case of L2, the in-
clusion of the organometallic fragment decreases the ability of
the compounds to intercalate into DNA; it also seems to facili-
tate the nuclear uptake of the compounds. Currently, we are
studying the possibility of preparing the 99mTc congeners of 7
and 9. We expect that the radioactive complexes will also ac-
cumulate in the cell nucleus, and will induce enhanced DNA
damage, which is a crucial issue for potential radiotherapy
with 99mTc radiopharmaceuticals.


Experimental Section


General procedures : The synthesis of the ligands and complexes
was carried out under a nitrogen atmosphere by using standard
Schlenk techniques and dry solvents, but the work-up was per-
formed under air. The compounds 9-bromomethylanthracene,[27] 2-
(9-antrylmethyl)propane-1,3-diol,[28] N1-[2-(3,5-dimethyl-1H-pyrazol-
1-yl)ethyl]ethane-1,2-diamine,[8] N1-[2-(1H-pyrazol-1-yl)ethyl]ethane-
1,2-diamine,[10] [Re(CO)5Br]


[29] and (NEt4)2[Re(CO)3Br3]
[30] were pre-


pared by the literature methods. 1H and 13C NMR spectra were re-
corded on a Varian Unity 300 MHz spectrometer; 1H and 13C chemi-
cal shifts are given in ppm and were referenced with the residual
solvent resonances relative to SiMe4. IR spectra were recorded as
KBr pellets on a Bruker, Tensor 27 spectrometer. All the new li-
gands, L1–L4, were characterised by Fourier transform ion cyclotron
resonance mass spectrometry (FT/ICR-MS) with electron impact
ionisation on an Extrel FTMS 2001-DT instrument. Electrospray
mass spectrometry measurements (ESI-MS) were performed for the
Re complexes (7–9) on a ThermoFinnigan LCQ mass spectrometer
in positive-ion mode. Thin layer chromatography (TLC) was done
by using plates from Merck (Silica gel 60 F254). Column chroma-
tography was performed on silica gel 60 (Merck).


Syntheses of the ligands


PzACHTUNGTRENNUNG(CH2)2NHACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl (L1): Solid 9-anthracenealdehyde
(86 mg, 1.25 mmol) was added to a solution of N1-[2-(1H-pyrazol-1-
yl)ethyl]ethane-1,2-diamine (193 mg, 1.25 mmol) and NEt3 (253 mg,
2.5 mmol) in MeOH/CH2Cl2 (1:3, 20 mL), and the resulting mixture
was stirred overnight at room temperature. Then NaBH4 (0.032 g,
0.834 mmol) was added, and the mixture allowed to react for a fur-
ther 24 h. The solution was then washed with a sat. K2CO3 solution,
and the organic layer was separated and dried over MgSO4. Re-
moval of the solvent under vacuum yielded an oily residue, which
was purified by silica gel column chromatography by using a gradi-
ent elution from dichloromethane to methanol, and finally to
methanol/ammonia (8:2). Removal of the solvent from the collect-
ed fractions yielded a dark-orange oil ; yield: 54 mg, 0.14 mmol
(34%). 1H NMR (CDCl3): d=8.37 (s, 1H; Ar), 8.30 (d, 2H; Ar), 7.98 (d,
2H; Ar), 7.48 (m, 5H; Ar + H-3/5 (pz)), 7.29 (d, 1H; H-3/5 (pz)),
6.13 (t, 1H; H-4 (pz)), 4.68 (s, 2H; CH2,), 4.12 (t, 2H; CH2), 2.93 (m,
4H; CH2), 2.73 ppm (t, 2H; CH2);


13C NMR (CDCl3): d=139.4 (C-3
(pz)), 131.4 (C-5 (pz)), 130.1 (Ar), 129.5 (Ar), 129.0 (Ar), 127.1 (Ar),
126.0 (Ar), 124.8 (Ar), 124.0 (Ar), 105.2 (C-4 (pz)), 51.8 (CH2), 49.2
(CH2), 49.0 (CH2), 48.7 (CH2), 45.4 ppm (CH2). FT/ICR-MS: m/z : 345.2
[M+H]+ .


3,5-Me2pz ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl (L2): Compound L2 is a
yellow solid that was prepared as described above for L1 by react-
ing N1-[2-(3,5-dimethyl-1H-pyrazol-1-yl)ethyl]ethane-1,2-diamine
(181 mg, 0.88 mmol) with 9-anthracenealdehyde (160 mg,


Figure 8. Fluorescence microscopy images of B16-F1 melanoma cells after
3 h of exposure to 80 mm of complexes 7 or 9 (cyan colour in left and right
top panels, respectively) and compounds L2 or L4 (cyan colour in left and
right bottom panels, respectively), followed by fixation and DNA staining
with DRAQ5 (red colour in all panels), as described in the Experimental Sec-
tion. The detection of blue fluorescence in the cells reveals that complexes
7 and 9 entered the cytoplasm and nucleus, and frequently accumulated in
the nucleoli (white arrows). Compounds L2 and L4, on the other hand, accu-
mulated in the cytoplasm and did not significantly target the nucleus, as
evaluated by the lack of blue fluorescence in cells’ nuclei (bottom panels,
cyan colour). White bar=20 mm.
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0.88 mmol), but without using NEt3. The purification of L2 was ac-
complished by silica gel column chromatography by using a gradi-
ent elution from dichloromethane to methanol; yield: 277 mg,
0.75 mmol (85%). 1H NMR (CDCl3): d=8.37 (s, 1H; Ar), 8.29 (d, 2H;
Ar), 7.97 (d, 2H; Ar), 7.48 (m, 4H; Ar), 5.68 (s, 1H; H-4 (pz)), 4.69 (s,
2H; CH2,), 3.95 (t, 2H; CH2), 2.92 (m, 4H; CH2), 2.75 (t, 2H; CH2),
2.14 (s, 3H; CH3), 2.10 ppm (s, 3H; CH3);


13C NMR (CDCl3): d=147.0
(C-3 (pz)), 138.6 (C-5 (pz), 131.1 (Ar), 129.9 (Ar), 128.7 (Ar), 126.7
(Ar), 125.6 (Ar), 124.9 (Ar), 124.5 (Ar), 123.8 (Ar), 104.4 (C-4 (pz)),
49.2 (CH2), 48.8 (CH2), 48.6 (CH2), 48.0 (CH2), 45.2 (CH2), 13.1 (CH3),
10.6 ppm (CH3). FT/ICR-MS: m/z : 373.2 [M+H]+ .


2-(9-Anthrylmethyl)propane-1,3-dialdehyde (1): DMSO (3.6 mL,
3.3 mmol) and NEt3 (4.53 mL, 32.74 mmol) were added to a solu-
tion of 2-(9-anthrylmethyl)propane-1,3-diol (880 mg, 3.3 mmol) in
CH2Cl2, while keeping the temperature at 0 8C. Then, pyridine·SO3


(2.57 g, 16.16 mmol) was slowly added to the mixture. After com-
plete addition, the reaction was warmed to RT and stirred over-
night. After washing with diethyl ether, the mixture was diluted
with CHCl3 (100 mL), and the organic layer was washed with dis-
tilled water. The organic layer was separated, dried over MgSO4


and concentrated under vacuum to afford compound 1 as a
yellow oil ; yield: 468 mg, 1.78 mmol (54%). 1H NMR (CDCl3): d=
13.60 (sbr, 1H; OH), 8.43 (s, 1H; Ar), 8.14 (m, 4H; Ar + CH2), 8.02
(d, 2H; Ar), 7.50 (m, 4H; Ar), 4.53 ppm (s, 2H; CH2).


2-(9-Anthrylmethyl)pentane-2,4-dione (2): Acetylacetone (0.242 mL,
2.34 mmol) was added to a suspension of NaH (62 mg, 2.58 mmol)
in THF, and the mixture stirred for 2 h at RT. After cooling to 0 8C,
solid 9-bromomethylanthracene (634 mg, 2.34 mmol) was slowly
added, and the resulting mixture was stirred overnight at RT. After
the addition of of aqueous 1n HCl (60 mL) at 0 8C, the product
was extracted with diethyl ether. Removal of the solvent gave com-
pound 2 as a yellow oil ; yield: 523 mg, 1.80 mmol (77%). 1H NMR
(CDCl3): d=8.34 (s, 1H; Ar), 8.14 (d, 2H; Ar), 7.98 (d, 2H; Ar), 7.49
(m, 4H; Ar), 4.23 (t, 1H; CH), 4.14 (d, 2H; CH2), 1.93 ppm (s, 6H;
CH3).


4-(9-Anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2OH (3): 2-Hydroxyethylhydrazine (120 mL,
1.79 mmol) dissolved in ethanol (20 mL) was added dropwise to a
solution of compound 1 (468 mg, 1.79 mmol) in CHCl3/EtOH (1:1,
20 mL), while keeping the temperature at 0 8C. After complete
ACHTUNGTRENNUNGaddition, the mixture was stirred at RT for 1 h. The solvent was
ACHTUNGTRENNUNGremoved under vacuum and the residue was purified by silica gel
chromatography by using a gradient elution from CH2Cl2 to
CH2Cl2/MeOH (8:2). Compound 3 was recovered as a yellow oil
after removal of the solvent from the collected fractions; yield:
468 mg, 1.78 mmol (54%). 1H NMR (CDCl3): d=8.46 (s, 1H; Ar), 8.31
(d, 2H; Ar), 8.09 (d, 2H; Ar), 7.51 (m, 4H; Ar), 7.54 (s, 1H; H-3/5
(pz)), 6.97 (s, 1H; H-3/5 (pz)), 4.80 (s, 2H, CH2), 3.99 (t, 2H; CH2),
3.81 ppm (t, 2H; CH2).


3,5-Me2-4-(9-anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2OH (4): Compound 4 is a yellow
oil that was prepared and recovered as described above for 3, by
the reaction of 2-hydroxyethylhydrazine (50 mL, 0.72 mmol) and
compound 2 (209 mg, 0.72 mmol). The purification of 4 was done
by silica gel chromatography by using a gradient elution from
CH2Cl2 to MeOH; yield: 127 mg, 1.78 mmol (62%). 1H NMR
(CDCl3):d=8.40 (s, 1H; Ar), 8.12 (d, 2H; Ar), 8.02 (d, 2H; Ar), 7.36
(m, 4H; Ar), 4.69 (s, 2H; CH2), 3.94 (m, 4H; CH2), 1.89 (s, 3H; CH3),
1.60 ppm (s, 3H; CH3).


4-(9-Anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2Br (5): PBr3 (336 mL, 3.57 mmol) was
added to a solution of compound 3 (539 mg, 1.79 mmol) in tolu-
ene, and the resulting mixture was refluxed overnight. After cool-
ing to room temperature, the toluene solution was successively


washed with sat. aq NaHCO3 and distilled water. The organic layer
was dried over MgSO4 and the solvent was removed under
vacuum to afford compound 5 as an orange oil ; yield: 553 mg,
1.51 mmol (84%). 1H NMR (CDCl3): d=8.39 (s, 1H; Ar), 8.22 (d, 2H;
Ar), 8.01 (d, 2H; Ar), 7.46 (m, 4H; Ar), 7.43 (s, 1H; H-pz), 6.92 (s,
1H; H-pz), 4.76 (s, 2H; ArCH2), 4.24 (t, 2H; CH2), 3.56 ppm (t, 2H;
CH2).


3,5-Me2-4-(9-anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2Br (6): Compound 6 is an orange
oil that was prepared as described above for 5, by starting from 4
(127 mg, 0.35 mmol); yield: 77% (105 mg, 0.27 mmol). 1H NMR
(CDCl3): d=8.39 (s, 1H; Ar), 8.12 (d, 2H; Ar), 7.99 (d, 2H; Ar), 7.44
(m, 4H; Ar), 4.65 (s, 2H; Ar), 4.24 (t, 2H; CH2), 3.59 (t, 2H; CH2-pz),
1.87 (s, 3H; CH3), 1.65 ppm (s, 3H; CH3).


4-(9-Anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2NHACHTUNGTRENNUNG(CH2)2NH2 (L3): A solution of com-
pound 5 (553 mg, 1.51 mmol) in methanol was slowly added to a
solution of ethylenediamine (2 mL, 30 mmol) in the same solvent.
After complete addition, the resulting mixture was refluxed over-
night. The solvent was removed under vacuum and the residue
was dissolved in chloroform and washed several times with dis-
tilled water. The organic layer was separated, dried over MgSO4,
concentrated under vacuum and purified by column chromatogra-
phy (silica gel, by gradient elution CH2Cl2/MeOH 95:5 to CH2Cl2/
MeOH/NH4OH 60:40:4) to give an orange-yellow oil ; yield: 39%
(204 mg, 0.59 mmol). 1H NMR (CDCl3): d=8.35 (s, 1H; Ar), 8.22 (d,
2H; Ar), 7.98 (d, 2H; Ar,) 7.44 (m, 4H; Ar), 7.38 (s, 1H; H3/5-pz),
6.84 (s, 1H, (H-pz)), 4.72 (m, 2H; Ar-CH2,), 3.94 (t, 2H; CH2,) 2.84 (t,
2H; CH2), 2.58 (t, 2H; CH2), 2.47 ppm (br t, 3H; CH2, NH);


13C NMR
(CDCl3): d=138.7 (C-3, (pz)), 132.2 (C-5, pz), 131.6 (Ar), 129.6 (ArH),
129.1 (Ar), 128.5 (Ar), 126.2 (Ar), 125.7 (Ar), 124.9 (Ar), 124.5 (Ar),
120.5 (C-4 (pz), 51.8 (CH2), 51.6 (CH2), 49.0 (CH2), 41.3 (CH2),
22.9 ppm (CH2). FT/ICR-MS: (m/z): 345.2 [M+H]+ .


3,5-Me2-4-(9-anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2NHACHTUNGTRENNUNG(CH2)2NH2 (L4): Compound L4


was synthesised as described above for L3, by starting from 6
(105 mg, 0.24 mmol) and ethylenediamine (320 mL, 4.8 mmol). L4


was obtained as an orange oil after purification by silica gel chro-
matography by using a gradient elution from MeOH to MeOH/
NH4OH (8:2) ; yield: 45 mg, 0.12 mmol, (50%). 1H NMR (CDCl3): d=
8.39 (s, 1H; Ar), 8.15 (m, 2H; Ar), 8.00 (m, 2H; Ar), 7.42 (m, 4H; Ar),
4.65 (m, 2H; Ar), 3.94 (t, 2H; CH2), 2.88 (t, 2H; CH2), 2.66 (m, 2H;
CH2), 2.57 (m, 2H; CH2), 1.89 (s, 3H; CH3), 1.57 ppm (s, 3H, CH3).
13C NMR (CDCl3): d=146.0 (C-3 (pz)), 136.0 (C-5 (pz)), 131.7 (Ar),
131.4 (Ar), 130.5 (Ar), 129.2 (Ar), 126.4 (Ar), 125.7 (Ar), 124.9 (Ar),
124.7 (Ar), 114.37 (C-4 (pz)), 52.0 (CH2), 49.1 (CH2), 48.3 (CH2), 41.5
(CH2), 23.5 (CH2), 12.5 (CH3), 9.5 ppm (CH3). FT/ICR-MS: m/z : 373.2
[M+H]+ .


Syntheses of the Re complexes


General procedure : The complexes fac-[Re(CO)3{3,5-Me2pzACHTUNGTRENNUNG(CH2)2NH-
ACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl (7)) and fac-[Re(CO)3ACHTUNGTRENNUNG{pz*ACHTUNGTRENNUNG(CH2)2NHACHTUNGTRENNUNG(CH2)2NH2}]
(pz*=4-(9-anthrylmethyl)pz (8), 3,5-Me2-4-(9-anthrylmethyl)pz (9))
were prepared by overnight reaction of [Re(CO)5Br] with an equi-
molar amount of the respective ligand (L2–L4) in refluxing metha-
nol.


fac-[Re(CO)3{3,5-Me2pz ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NHCH2-9-anthryl}] (7): The syn-
thesis of complex 7 was accomplished by following the general
procedure, by using [Re(CO)5Br] 132 mg (0.325 mmol) and L2


(121 mg, 0.327 mmol). After removal of the solvent under vacuum,
the crude was dissolved in the minimum volume of THF. Upon
ACHTUNGTRENNUNGaddition of n-hexane, a microcrystalline yellow solid precipitated.
The precipitate was washed with THF and dried under vacuum;
yield: 67 mg, 0.093 mmol (29%). 1H NMR (CD3OD): d=8.67 (s, 1H;
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Ar), 8.41 (d, 2H; Ar), 8.15 (d, 2H; Ar), 7.70 (m, 2H; Ar), 7.57 (m, 2H;
Ar), 7.18 (br s, 1H; NH), 6.09 (s, 1H; H-4 (pz)), 5.55 (m, 2H; CH2,),
5.37 (m, 1H; CH2), 4.50 (m, 1H; CH2), 4.36 (br s, 1H; NH), 4.02 (m,
1H; CH2), 3.52 (m, 1H; CH2), 2.81 (m, 1H; CH2), 2.62 (m, 2H; CH2),
2.39 (m, 1H; CH2), 2.28 (s, 3H; CH3), 2.25 ppm (s, 3H; CH3).


13C NMR
(CD3OD): d=152.5 (C-3/5 (pz)), 144.1 (C-3,5 (pz)), 131.4 (Ar), 130.5
(Ar), 130.1 (Ar), 129.9 (Ar), 128.2 (Ar), 126.3 (Ar), 125.6 (Ar), 122.2
(Ar), 108.2 (C-4 (pz)), 53.2 (CH2), 49.0 (CH2), 48.6 (CH2), 48.1 (CH2),
15.4 (CH3), 12.2 ppm (CH3). IR (KBr, nmax): 2024s, 1900s cm


�1 (C�O).
ESI-MS: (m/z): 643.0 [M]+ .


fac-[Re(CO)3{4-(9-anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2NH ACHTUNGTRENNUNG(CH2)2NH2}] (8): The syn-
thesis of complex 8 was accomplished by following the general
procedure, by using [Re(CO)5Br] (53 mg, 0.130 mmol) and L3


(45 mg, 0.130 mmol). After evaporation of the solvent, the crude
was washed with chloroform, and the recovered yellow solid was
dried under vacuum; yield: 50 mg, 0.072 mmol (55%). 1H NMR
(CD3OD): d=8.49 (s, 1H; Ar,), 8.32 (d, 2H; Ar), 8.08 (d, 2H; Ar), 7.89
(s, 1H; H-3/5 (pz)), 7.47 (m, 4H; Ar), 7.38 (s, 1H; H-3/5 (pz)), 6.93
(br s, 1H; NH), 5.26 (br s, NH), 4.44 (m, 1H; CH2), 4.31 (m, 1H; CH2),
4.10 (m, 2H; CH2), 3.41 ACHTUNGTRENNUNG(br s; NH), 2.72 (m, 2H; CH2), 2.42 (m, 4H;
CH2), 1.97 ppm (m, 1H; CH2).


13C NMR ([D6]DMSO): d=194.3 (C=O),
144.0 (C-4 (pz)), 133.0 (Ar), 131.6 (Ar), 131.3 (Ar), 129.3 (Ar), 129.2
(Ar), 126.5 (Ar), 126.4 (Ar), 125.3 (Ar), 124.6 (C-3,5 (pz)), 121.9 (C-3/5
(pz)), 79.2 (CH2), 54.7 (CH2), 51.7 (CH2), 47.8 (CH2), 21.9 ppm (CH2).
IR (KBr, nmax): 2026s, 1896s cm


�1 (C�O). ESI-MS (m/z): 614.9 [M]+ .


fac-[Re(CO)3 ACHTUNGTRENNUNG{3,5-Me2-(9-anthrylmethyl)pz ACHTUNGTRENNUNG(CH2)2NHACHTUNGTRENNUNG(CH2)2NH2} (9): The
synthesis of complex 9 was accomplished by following the general
procedure, by using [Re(CO)5Br] (108 mg, 0.266 mmol) and L3


(100 mg, 0.267 mmol). The solvent was removed under vacuum
and the crude washed with n-hexane to afford complex 9 as a
yellow solid; yield: 190 mg, 0.262 mmol (98%). 1H NMR (CD3OD):
d=8.49 (s, 1H; Ar), 8.16 (d, 2H; Ar), 8.05 (d, 2H; Ar), 7.49 (m, 4H;
Ar), 6.90 (br, 1H; NH), 5.38 (br s; NH), 4.60 (m, 1H; CH2), 4.38 (m,
1H; CH2), 4.02 (m, 2H; CH2), 3.82 (br s, NH), 3.41 (m, 1H; CH2), 2.84
(m, 2H; CH2), 2.44 (m, 4H; CH2), 2.22 (s, 3H; CH3), 1.66 ppm (s, 3H;
CH3);


13C NMR (CD3OD): d=194.5 (C=O), 152.7 (C-3/5 (pz)), 142.3
(C-3/5 (pz)), 133.0 (Ar), 131.9 (Ar), 131.2 (Ar), 130.5 (Ar), 128.2 (Ar),
127.3 (Ar), 126.2 (Ar), 125.4 (Ar), 118.4 (C-4 (pz)), 55.7 (CH2), 43.1
(CH2), 30.7 (CH2), 24.1 (CH2), 14.9 (CH3), 10.0 ppm (CH3). IR (KBr,
nmax): 2025s, 1889s cm


�1 (C�O). ESI-MS (m/z): 643.0 [M]+ .


DNA binding studies : Calf thymus DNA (CT DNA) sodium salt was
purchased from Sigma and was used without further purification.
The DNA concentrations per nucleotide of stock solutions in Tris
buffer (10 mm Tris, 50 mm NaCl, pH 7.4) were determined by
ACHTUNGTRENNUNGabsorption spectroscopy at 260 nm, after adequate dilution with
the buffer and using the reported molar absorptivity of
6600m


�1 cm�1.[31]


The purity of the DNA samples was checked by monitoring the
value of the A260/A280 ratio. All measurements that involved DNA
and the different test compounds (L1–L4, 7 and 9) were carried out
in Tris buffer (10 mm Tris, 50 mm NaCl, pH 7.4) or in phosphate
buffer (10 mm, pH 7.2) that contained a small amount of DMSO [5–
10% (v/v)] due to the low solubility of the compounds in aqueous
medium.


The absorption and fluorescence titrations were performed by
keeping the concentration of the probe constant, while varying
the concentration of DNA. The titration data were fitted to a
simple Scatchard model, or to the McGhee–von Hippel site-exclu-
sion model to obtain the intrinsic binding constant (Kb).


[17, 19] All cal-
culations were done by considering the DNA concentration in base
pairs, and the data were corrected for volume changes.


Absorption spectroscopy: UV/vis absorption spectra were record-
ed on Perkin–Elmer Lambda 9 or Jasco V560 spectrophotometers
by using 1 cm path-length quartz cells. In order to eliminate any
interference of the DNA absorbance in the region of the anthra-
cenyl chromophore absorbance, an equal amount of CT DNA in
Tris buffer was added to the sample and reference cells. After each
addition of CT DNA, the solution was allowed to equilibrate and
the absorption spectrum was recorded until there was no further
absorbance decrease.


The absorption titration data were fitted to Equation (1),[17] where
D is the concentration of DNA in base pairs and Deap= [ea�eF] and
De= [eB�eF] .


D=Deap ¼ D=Deþ 1=DeKb ð1Þ


The apparent extinction coefficient, ea, is the ratio of the observed
absorbance of the sample and the total concentration of the
probe (Aobs/ ACHTUNGTRENNUNG[probe]). eB and eF correspond to the extinction coeffi-
cients of the bound and free forms of the probe, respectively. The
obtained eB value was confirmed through an independent method,
in which the absorbance was extrapolated from a linear plot of the
absorbance vs. 1/ACHTUNGTRENNUNG[DNA] for [DNA]@ [probe]. The intrinsic binding
constant (Kb) was determined from the plot of D/Deap vs D.


Fluorescence studies : Fluorescence spectra were recorded in a
Perkin–Elmer LS50B spectrofluorimeter with a sample holder ther-
mostatted at 28 8C using a quartz cuvette of 1 cm. After each addi-
tion of CT DNA in Tris buffer, the solution was allowed to equili-
brate for 2 min and absorption spectra were recorded in order to
determine the absorbance values at the excitation wavelength.
The fluorescence spectra were then recorded until there was no
further decrease in the fluorescence intensity. Ligands L1 and L2


and complex 7 were excited at l=340 nm, while L3, L4 and com-
plex 9 were excited at l=345 nm. Emission and excitation slits
were chosen in order to maximise the fluorescence intensity. Emis-
sion spectra were recorded from l=360–600 nm, with a scan
speed of 100 nmmin�1.


The fluorescent data were also used to determine the intrinsic
binding constant (Kb) of the probes. The concentration of the free
probe in each sample (CF) was calculated according to Equation (2),
where CT is the total concentration of the probe and P is the ratio
of the observed quantum yield of the fluorescence of the bound
probe to that of the free probe.[31]


CF ¼ CTðI=I0�PÞ=ð1�PÞ ð2Þ


The value of P, which corresponds to the limiting fluorescence
yield, is the y-intercept from the plot of I/I0 vs. 1/ACHTUNGTRENNUNG[DNA], I and I0 are
the fluorescence intensities of the probes in the presence or ab-
sence of DNA. The amount of bound probe (CB) at any concentra-
tion is given by CT�CF. The binding constant (Kb) and the binding
site size (n) in base pairs were obtained from the plot of r/CF vs. r,
where r=CB/ ACHTUNGTRENNUNG[DNA], according to the McGhee–von Hippel Equa-
tion (3).[19]


r=CF ¼ Kbð1�nrÞ½ð1�nrÞ=½1�ðn�1Þr		n�1 ð3Þ


Circular dichroism (CD) studies : The CD spectra were recorded at
28 8C on a Jasco J-720 spectropolarimeter with a UV/vis (200–
700 nm) photomultiplier. Solutions of the probe and CT DNA in
Tris buffer were placed in a 1 cm (or 2 cm) path-length quartz cell,
and the spectra were recorded in the 250–500 nm region with sub-
traction of the buffer baseline. The following operating parameters
were used to collect the CD spectra: bandwidth, 0.5 nm; sensitivity,
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10 mdeg; resolution, 0.2 nm; scan speed, 50 nmmin�1; response
time, 4 s; accumulations, 1.


Linear dichroism (LD) studies : The LD measurements were per-
formed with a Jasco J500 A spectropolarimeter that was equipped
with an IBM PC and a Jasco Jinterface. The studies were done with
CT DNA in 10 mm phosphate buffer at pH 7.2, and the sample ori-
entation was produced by a device that was designed by Wada
and Kozawa for the studies of differential flow dichroism of poly-
mer solution at a shear gradient of 700 rpm.[32] The reduced linear
dichroism, was defined by the ratio (LDr=LD/Aiso) between the LD
values and the absorbance of the unoriented sample at rest (Aiso),
which might be related to the orientation of DNA (S) and the
angle between the respective light-absorbing transition moment
and DNA helix axis according to Norden et al.[24]


Cell uptake by fluorescence microscopy : B16-F1 murine melano-
ma cells were grown at 37 8C in DMEM medium (GIBCO) that was
supplemented with 10% fetal bovine serum, under a humidified
5% CO2 atmosphere. For microscopy, cells were cultured overnight
on coverslips that had been sterilised in ethanol, and then placed
in sterile six-well plates in which ~5O104 cells per well were
plated. The next day the medium was discarded and replaced by
fresh medium that contained ligand or complex (80 mm). The cells
were then exposed to compounds L2, L4, 7 and 9 for 3 h. After the
loading, the cells were washed with PBS and fixed for 20 min at
room temperature with PBS+3% paraformaldehyde. After three
washings with PBS, the cells on the coverslips were incubated in
5 mm DRAQ5 for nuclear staining for 20 min at RT, and then
washed three times with PBS. After washing, the coverslips were
mounted on standard microscope slides with glycerol+ 3% N-
propyl gallate to improve the optical conditions and to prevent
photobleaching. The samples were then imaged on a Leica DMRA2
upright microscope by using a 100O 1.4NA objective and a
Chroma +A4 UV filter for evaluating anthracene fluorescence (lex
max=350 nm, lem max=410 nm) and a Y5 Cy5 red filter for
DRAQ5 (lex max=647 nm, lem max=670 nm). Images were ac-
quired and colour-combined by using a CoolSNAP HQ 1.3 Mpixel-
cooled CCD camera and the MetaMorph software.
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