CrossMark

4 click for updates

RSC Advances

This article can be cited before page numbers have been issued, to do this please use: H.V, P.P. P.
Kumar and C. H. Suresh, RSC Adv., 2014, DOI: 10.1039/C4RA10936H.

RSC Advances

ROYAL SOCETY
OF CHEMISTRY

ROYAL SOCIETY
OF CHEMISTRY

View Article Online
View Journal

This is an Accepted Manuscript, which has been through the
Royal Society of Chemistry peer review process and has been
accepted for publication.

Accepted Manuscripts are published online shortly after
acceptance, before technical editing, formatting and proof reading.
Using this free service, authors can make their results available

to the community, in citable form, before we publish the edited
article. This Accepted Manuscript will be replaced by the edited,
formatted and paginated article as soon as this is available.

You can find more information about Accepted Manuscripts in the
Information for Authors.

Please note that technical editing may introduce minor changes

to the text and/or graphics, which may alter content. The journal's
standard Terms & Conditions and the Ethical guidelines still

apply. In no event shall the Royal Society of Chemistry be held
responsible for any errors or omissions in this Accepted Manuscript
or any consequences arising from the use of any information it
contains.

WwWWw.rsc.org/advances


http://dx.doi.org/10.1039/c4ra10936h
http://pubs.rsc.org/en/journals/journal/RA
http://crossmark.crossref.org/dialog/?doi=10.1039/C4RA10936H&domain=pdf&date_stamp=2014-10-24

Page 105 Toyrnal Name

Published on 24 October 2014. Downloaded by State University of New Y ork at Stony Brook on 28/10/2014 17:41:07.

o

o

2

S

2

S

30

35

4

=3

4

o

50

Cite this: DOI: 10.1039/c0xx00000x

WWW.I'SC.Org/XXXXXX

RSC Advances

Dynamic Article Links »

View Article Online
DOI: 10.1039/C4RA10936H

ARTICLE TYPE

. 2+ +
Cysteine-based fluorescence “turn-on” sensors for Cu” and Ag

V. Haridas,** P. P. Praveen Kumar® and Cherumuttathu H. Suresh”

Received (in XXX, XXX) Xth XXXXXXXXX 20XX, Accepted Xth XXXXXXXXX 20XX

DOI: 10.1039/b000000x

We designed and synthesized two metal ion binding molecules
3a and 3b based on cysteine. In 3a, pyrene is used as a
fluorescent probe, while 3b contains tryptophan, which acts
as a fluorescent probe as well as facilitates metal ion binding.
Detailed spectroscopic, calorimetric, microscopic and
computational studies revealed the binding mode and the
plausible structures of the complexes.

Selective detection of metal ions using fluorescence spectroscopy
is a method of choice particularly owing to its high sensitivity
and simplicity of measurement.! Detection by turn-on/off
fluorescence will depend on the mode of interaction of the
sensing molecule with the guest molecule.? Therefore, the design
and synthesis of fluorescent organic molecules with appropriate
coordination pocket for the desired specificity for the metal ion
are challenging. Proteins are highly superior in terms of their
specificity and metal ion binding ability.* The metal ion binding
capacity of proteins is due to the specific amino acid side chains,
for example, the well studied zinc finger proteins bind the zinc
ion using the imidazole and the thiolate side chains of histidine
and cysteine respectively.* In a similar way, the indole moiety of
tryptophan (Trp) is involved in metal binding in CusF protiens.’
However the ability of these amino acid side-chains are not
completely exploited for the design of synthetic metal ion
sensors.’

Here in this study, we use cysteine to design fluorescent
sensors for metal ion binding. The C-terminus of the cysteine was
conjugated to fluorophores such as pyrene or tryptophan to obtain
compounds 3a or 3b respectively. Pyrene is an excellent
fluorophore with a distinct monomer and excimer emission
bands,” whereas tryptophan is a naturally occurring amino acid
which shows fluorescence as well as the ability to bind metal ion
through its indole side chain. Trp can provide the most potent
cation-m binding sites.?
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In order to synthesize 3a and 3b, the thiol group of L-cysteine
was protected as S-z-butylcysteine, which was then coupled with
pyrene methylamine/L-tryptophan methyl ester (TrpOMe) under
dicyclohexycarbodiimide (DCC) and N-hydroxysuccinimide
(NHS) coupling condition to afford 3a and 3b respectively.

>[ iii. NHS/DCC/ NEt;/
HS, oS 1-Pyrene methylamine/
/B OH/H L-Tryptoph ethyl ests
o i. --Bul 0</( ryptophan methyl ester .
O ii. Boc anhydride/ 0

HO NaOH/CH;CN HO
1

&

AN
s 0 S
oJ(O OCHNd ¢
NS h)=0
HN I\\O
O Osl il
SellTee
‘ q poNH
3a 3b

Scheme 1. Synthesis of 3a and 3b.

Compounds 3a and 3b were then investigated for their metal
uptake potential. UV-visible spectroscopic studies revealed
considerable changes in the spectra of 3a and 3b upon the
addition of Cu®" and Ag" respectively (see ESIT, Fig. S1). Among
the metal ions tested, addition of Cu®" to 3a, resulted in formation
of a new peak at 298 and 403 nm with two isobestic points,
indicating the complex formation between 3a and Cu®" (see ESI{,
Fig. Slc). Studies on the complexing abilities of various metal
cations (Na', K, Cs', Ag’, Mg2+, Ba?*, Cd*', Zn**, Pb*", Mn*",
Cu*, Hg2+, Sn?* and Fe*") towards 3a demonstrated that it has
higher selectivity for Cu®* than other metal ions tested (see ESIY,
Fig. Sla).

Excitation of 3a at 340 nm resulted in two emission bands at
378 and 399 nm corresponding to the monomer emission bands
of pyrene.” The addition of Cu®" to 3a resulted in the formation of
new emission band at 470 nm corresponding to the excimer of
pyrene with a concomitant decrease in the monomer emission
bands. The excimer band intensity increased upon the addition of
Cu?" indicating that binding of Cu®" brings two pyrene moieties
in close proximity. The observed fluorescence “turn-on” upon
metal ion binding is a remarkable property of 3a, since heavy
metals generally causes a quenching effect on the fluorescence
(see ESIt, Figs. 1a and S2a).” The complex formation between 3a
and Cu*" was further confirmed by mass spectrometric analysis,
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which showed a peak at 1066.3750 corresponding to [2 . 3a + .

Cu** + Na'] (see ESIt, Fig. S3). Job’s plot further proved the

suggest the formation of 2:1 host-guest complex (2 . 3a:Cu
Similarly, ITC titration of 3b with Ag" indicated a 1:2 host-guest

S

Intensity

Published on 24 October 2014. Downloaded by State University of New Y ork at Stony Brook on 28/10/2014 17:41:07.

w
a

formation of the 2:1 complex between 3a and Cu®* (see ESIT,

Fig. S4). The excitation spectra of 3a + Cu®* showed a red shift

s of 7 nm indicating a static type excimer (see ESI{, Fig. $5).” The
fluorescence decay monitored at 390 nm and 470 nm indicated no
change in the decay time of the free and complexed species,
characteristic of static excimer formation (see ESIt, Fig. S6 and
Table S1).'” Competitive binding studies of 3a with various metal

10 ions (see ESIT, Fig. S7) showed that 3a can detect Cu®" in the
presence of other metal ions with a detection limit of 4 pM and a
binding constant of 1.24x10°M2."
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Fig 1. (a) Fluorescence spectra of 3a (1.2x10° M) with and without
addition of Cu(ClOy), (1.2)(10'4 M) in acetonitrile, Ay = 340 nm. Addition
of metal ion results in the enhancement of excimer band at 470 nm. (b)
Fluorescence spectra of 3b (1.8x10™ M) alone and upon the addition of
AgClO, (2)(10'4 M) in acetonitrile, Ax = 290 nm. The fluorescence
intensity increases upon addition of AgClO,, indicating the “turn-on”
behaviour.

G

Trp-based compound 3b was designed with the notion that the
30 indole moiety of tryptophan could bind metal ion by cation-n
interactions. Among the various metal ions tested (Na+, K*, Cs',
Ag’, Mg2+, Ba?*, Cd*, Zn*", Pb*', Mn**, Cu*, Hg2+, Sn**, and
Fe*") for binding studies with 3b, a high selectivity was observed
for Ag" (see ESIf, Fig. S1). The absorbance at 285 nm of 3b
decreased upon the addition of Ag" with the concomitant
formation of a new band at 314 nm with two isobestic points at
253 and 293 nm. The two isobestic points signified the presence
of two species in equilibrium.'> The appearance of new
absorption band at 314 nm is a result of the interaction of indole
w0 ring of Trp with Ag" resulting in a strong complex (see ESIT, Fig.
s1).B
The fluorescence intensity of 3b increased upon the addition of
Ag" (Fig. 1b). The binding studies revealed that 3b is selective
towards Ag" and Job’s plot showed a 1:2 stoichiometry between
ss3b and Ag" (see ESIf, Figs. S2 and S4). The mass spectra
displayed a peak at m/z 691.0371 (see ESIf{, Fig. S3)
corresponding to 3b + 2Ag" further support the 1:2 complex
formation. The binding constant of 1.2x10° M was obtained by
using Benesi-Hildebrand method (see ESIf, Fig. S8) with a
s detection limit of 8 puM." Competitive binding experiments
revealed that 3b can detect Ag" even in the presence of other
cations (see ESIf, Fig. S7). The time resolved fluorescence
studies showed that decay time for 3b (1= 1.01) is the same as
that of 3b + Ag’, indicating the formation of a complex between
3b and Ag" (see ESI¥, Fig. S6 and Table S2)."°
Thermodynamics of binding was studied (Fig. 2) by isothermal
calorimetry (ITC)." 3a was titrated with Cu®* and the ITC data
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(3b:2Ag") complex. The affinity of the molecules 3a/3b towards
Cu*'/Ag" was enthalpy favored (see ESIf, Table S3). The
negative free energy term AG = -30.18 KJ/mol for the 3a-Cu®"
indicates a thermodynamically favored process. The binding of
3b with Ag' is also thermodynamically favored as indicated by
free energy terms, AG; = -29.10 KJ/mol and AG,= -47.32 KJ/mol.
The binding constants obtained for 3a-Cu®* and 3b-Ag” by UV-
Visible, fluorescence and ITC are comparable.
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Fig 2. ITC titration data of (a) 3a [200 uM] with Cu** (n = 2.09, K, =
1.95x10° M™) (b) 3b [150 uM] with Ag" (n = 0.48, K,; = 1.26x10° M"!
and K., = 1.97x10° M™). The titrations were performed at 25 °C in
acetonitrile. Upper graphs represent experimental data and the bottom
panels show the binding isotherms created by plotting the integrated heats
from each injection, against the molar ratio of the compounds. Each
titration experiment was composed of 19-21 successive injections of 5 pL
of metal ions.

Binding interactions of 3a and 3b with Cu** and Ag" were also
confirmed by electron microscopy (Fig. 3). The scanning electron
microscopic (SEM) analysis of 3a showed fibrillar morphology,
which changes to thick stick-like bars with a length of 824 nm
(average of 50 bars) and width of 250 nm (average of 50 bars) as
a result of binding with Cu®*. On the other hand, SEM of 3b
showed spherical vesicles, comprised predominantly of two sizes;
small vesicles having an average diameter of 458 nm (average of
20 vesicles) and bigger vesicles with an average diameter of 1.41
pm (average of 20 vesicles).

The remarkable ability of 3b to form vesicular self-assembly is
attributed to the presence of indole ring."® The presence of indole
moiety can acts as a potent H-bond donor and facilitates n-n
interactions leading to self-assembled structure. The metal ion
binding perturbs the assembly and hence spherical vesicles
changes to flower petal like morphology upon binding with Ag"
ion (Fig. 3). The completely altered morphologies of 3a and 3b
with the addition of metal ions further support the interactions of
the metal ions with the molecules. Atomic force microscopy
(AFM) images also support similar observation (see ESIf, Fig.
S9). Interestingly, the self-assembly to bar-shape and petal-like

110 shapes in 3a/Cu®" and 3b/Ag" complexes indicate the presence of

specific supramolecular interaction in the complexes.

2 | Journal Name, [year], [vol], 00—-00

This journal is © The Royal Society of Chemistry [year]


http://dx.doi.org/10.1039/c4ra10936h

Page 3 of 5

Published on 24 October 2014. Downloaded by State University of New Y ork at Stony Brook on 28/10/2014 17:41:07.

RSC Advances

View Article Online
DOI: 10.1039/C4RA10936H

Fig 3. SEM images of (a) 3a (b) 3a + Cu** (c) 3b (d) 3b + Ag’ in
CH;CN..

The binding modes of 3a with Cu®" and 3b with Ag" was

investigated by UB3LYP/6-31G(d) level of density functional

s theory (DFT) and B3LYP/Genl level of DFT, respectively where

Genl corresponds to 6-31G(d) basis set for H, C, N, O and S

atoms and LanL.2DZ basis set with 'f' polarization function for Ag

atom.'® The calculations are done using the Guassian 09 suite of

programs.'” Several possible 2:1 complexation modes of Cu®* and

10 1:2 complexation modes of Ag" were studied (see ESIf, Figs.

S10-S12). The most stable complex for 3a with Cu®* (3a-Cu®*-
3a) and 3b with Ag" (Ag’-3b-Ag") are shown in Fig. 4.
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Fig 4. B3LYP/6-31G(d) optimized structure of (a) 3a-Cu**-3a and (b)
Ag"-3b-Ag". (c) HOMO of 3a-Cu*-3a, (d) LUMO of 3a-Cu*"-3a. (e)
HOMO of Ag'-3b-Ag" and (f) LUMO of Ag'-3b- Ag'. Many hydrogen
atoms are omitted for clarity.

w0 The 3a-Cu*-3a shows an octahedral geometry (Fig. 4a),
wherein Cu®" displays a coordination to four carbonyl oxygens of
amides in the equatorial positions with an average -O-Cu®'-
distance of 1.96 A and also coordination to two sulfur atoms in
the apical positions with average —S-Cu®'- distance of 2.86 A.

45 The pyrene rings were oriented towards the same side, suggesting
the possibility of excimer formation. This is as expected from
experimental results from fluorescence studies which indicated
the formation of excimer upon Cu®*" binding (Fig. la). The
HOMO of 3a-Cu>*-3a was located on the pyrene rings, while the

so LUMO was centered on the amide bonds (Figs. 4c and 4d).

The Ag'-3b-Ag’ structure shown in Figure 4b can be
considered as a bicyclic metallomacrocycle (see ESI{, Fig. S12
for seven other binding modes and Table S4). One of the Ag"
ions is coordinated by one —S— atom and one amide carbonyl,

ss while the second Ag' ion is coordinated by indole ring of
tryptophan residue (Fig. 4b) and another amide carbonyl. The —S-
Ag'- and —C-Ag'- distances are 2.48 A and 2.50 A respectively,
while the average —CO-Ag" distance is 2.21 A. The HOMO of
Ag'-3b-Ag" is a m-orbital of indole moiety while the LUMO is

0 centered on one of the Ag atoms (Figs. 4e and 4f).
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Fig 5. *C NMR spectra (75 MHz) of (a) 3b (b) 3b + Ag" ion in CD;CN.
The blue coloured carbon atoms are involved in Ag" binding.
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The binding mode of 3b with Ag" was supported by '"H NMR
as well as by '>C NMR titrations (see ESI{, Figs. S13 and 5).'®
Addition of 0.1 equiv Ag" resulted in an initial shift of —~S-CH,-
protons, further addition 0.5 equiv Ag' resulted in splitting of the

80 —S-CH,- signal. The tryptophan aromatic protons (Hg+Hk+Hj)
broadened and shifted down field (see ESIT, Fig. S13). Similarly,
the *C NMR spectra recorded in CD;CN showed down field shift
for the aromatic carbon atoms as well as for the —S-CH, carbon
atoms. The prominent deshielding effect was observed for the

ss ester (j) as well as for the Boc-carbonyls (e) 0.58 and 0.55 ppm

respectively (see ESIf, Table S5). The—S-CH,- carbon atom (c)

deshielded by 0.17 ppm, suggesting the involvement of —S— atom

in the binding. The aromatic carbon atoms 'p' and 'q' of the indole
ring are deshielded by 0.47 and 0.21 ppm respectively (see ESIT,

90 Table S5 for chemical shifts of carbon atoms), indicating the
involvement of these carbons in binding Ag" as was supported by
the DFT calculations. Theoretically computed NMR results using
the GIAO method" also matched very well with the experimental

NMR values (see ESIt, Table S5). Thus both the NMR data and
os the DFT calculations indicate an n’- type coordination of Ag"
with aromatic ring of Trp."

In conclusion, we have designed and synthesized cysteine
based fluorescent “turn-on” sensors 3a and 3b for Cu?* and Ag"
respectively. The design and experimental studies illustrated here
highlight that cysteine is a potential amino acid for the design of
novel metal ion sensors. Transformation of cysteine to systems
with specific metal ion harboring capability is noteworthy. The

=3
3
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results presented here will be useful for the design of novel
metal-binding peptide systems. Such peptide systems may find a
variety of biomedical applications.
We thank the Department of Science and Technology (DST
s and DST-FIST) for the financial support. PPPK thanks University
Grants Commission (UGC), New Delhi for the fellowship.
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Amino acid cysteine was transformed to fluorescent TURN ON sensors for Cu™ and Ag®. The
metal ion binding was studied in detail by spectroscopic, microscopic, calorimetric and

computational methods.
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