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A new fluorescent chemosensor for Cu?* ions was synthesized by modifying the tripeptide glycyl-histidyl-lysine (GHK) with 9-carbonylanthracene
via the standard Fmoc solid-phase peptide synthesis method. While significant fluorescence quenching was observed from the molecule upon
binding with Cu?*, addition of Fe?", Co?*, Ni2*, and Zn2* to the peptide solution caused a minimum fluorescence emission spectral change,
indicating a high specificity of this chemosensor for Cu?* ions. Effects of pH were also investigated.

The development of fluorescent molecular sensors for metaltools for chemo- and biosensor development. However, the
ions, especially for cations with biological interest such as selectivity of fluorescent chemosensors for metal cations
Naf, Ca&t, Cw**, and Zrit, has always been of particular remains a significant challenge. A number of currently

interestt One strategy employed in the design of chemosen- available fluorescent probes for metal cations actually change
sors for metal cations is to link a fluorophore unit with a

metal binding unit (ionophore). The two units are linked to (1) (&) Fabbrizzi, L.; Licchelli, M.; Pallavicini, P.; Parodi, L.; Taglieti,
. L . A. In Transition Metals in Supramolecular Chemistry, Perspectin
each other in such a way that the binding of a cation to the sypramolecular Chemistry; Sauvage, J.-P., Ed.; John Wiley & Sons Ltd.,

ionophore causes considerable changes in the fluorescenctgﬁw Yolrkt, 1E%Si%;9 \403I-75% %@gtgr(?»), cpr? 9334. (b) Kr?llmer, RdA’\r/llgtleW- |
: T ; em., Int. ,37, . (c)Chemosensors of lon and Molecule
of t.he flqorophore: Such Cha_‘ng_es _Can be intensity, mten_S'ty Recognition; Desvergne, J. P., Czarnik, A. W., Eds.; NATO ASI Series;
ratio, anisotropy, time-domain lifetime or phase-modulation Kiluwer Academic Publishers: Dordrecht, 1997. (d) de Silva, A. P.; Nimal
lifetime. etcle2 Gunaratne, H. O.; Gunnlaugusson, T.; Huxley, A. J. M.; McCoy, C. P,
' ’ L Rademacher, J. T.; Rice, T. Ehem. Re»1997,97, 1515—1566. (e)
The high sensitivity and abundance of fluorophores makes HauglandR. P.Handbook of Fluorescent Probes and Research Chemicals
ﬂuorescence technique among onhe Of the most promising 6th ed.; Molecular Probes, Inc.: Eugene, 1996T(ﬁ]iCS in Fluorescence
Spectroscopy; Lakowicz, J. R., Ed.; Plenum Press: New York, 1994. (g)
Fluorescent Chemosensors for lon and Molecule Recogni@aarnik, A.
T Center for Supramolecular Science and Department of Chemistry. ~ W., Ed.; ACS Symposium Series 538, American Chemical Society:
*Department of Surgery and School of Medicine, Department of Washington, DC, 1993.
Biomedical Engineering. (2) Lakowicz, J. R.Principle of Fluorescence Spectroscopy, Kluwer
8 Email: fandreop@med.miami.edu. Academic/Plenum Publishers: New York, 1999.
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their fluorescent properties upon binding with more than one fluorescence applications when used together with long
metal cationd® For example, Fura-2 is a fluorescent probe wavelength fluorescence probes such as fluorescein and
for C&* but also binds with Zf™ with considerable high  rhodamines. Furthermore, the fluorescence of 9-carbonylan-
affinity. Mg?* fluorescence indicators such as Mag-Fura-2, thracene moiety itself is not influenced by pH variations,
Mag-Fura-5, and Mag-Indo-1 all bind with &a although which is an important advantage compared to pH-dependent
with low affinity. fluorophores such as fluorescein. Since the ionophore here
Copper is third in abundance (aftefFand Z#*) among  is a pH-dependent peptide, the use of a pH-dependent
the essential heavy metals in the human body and plays arfluorescence probe will surely increase the complexity of
important role in various physiologic processes. The design the analysis results and should be avoided.
and synthesis of chemosensors for copper ions has become The 9-carbonylanthracene derivative of GHK (GHK-AN)
a very active area of research as a result of the demand foiwas synthesized via standard solid-phase 9-fluorenylmethoxy-
more sensitive and selective chemosensors for in vitro andcarbonyl (Fmoc) chemistry (Scheme”Diisopropylcarbo-
in vivo purposes$.Recently, combinatorial library technique
was employed to identify peptide or peptidomimetic ligand
structures with specific Cd binding activities! Lead
molecules discovered through library screening were linked
with a fluorescent transducer, and the selectivity of these Ho—(Q) #., Fmoc-Lys(Mtt—()
sensor molecules toward €uwas largely increased. 6
Tripeptide growth factor glycytL-histidyl—L-lysine (GHK) _Le 1C Fmoc-Gly-His (Trt)-Lys (Mt)—)
is a human plasma constituent that is well-known for its 24 2¢

activity to promote cell growth and wound healih§ingle- LT Fmoc-Gly-His {Tm_ITyS Q h

Scheme 1

crystal X-ray diffraction study of the GHKCW?" complex 2, il

revealed a monomeric tridendate binding structure that

involves the N-terminal group of glycine, the nitrogen atom Fmoc-Gly-His (Trt)-1 “—0 >

of the first amide bond, the unprotonated imidazole nitrogen —_—

from histidine, and two oxygen atoms in wafeFhe lysyl = SR EIA LD

side chain amino group does not participate in the binding
with copper but is involved in cell recognition and interacfion.

Despite its well-studied biological function and activity,
it appeared to us that no work has been reported on the 9 H
modification of GHK with fluorophores as a potential A~
fluorescent chemosensor for €u On the basis of the

structural motif of the GHK—C#™ complex, we reasoned I)J\N\\

that the modification of the lysyl side chain amine by a NH, A\

fluorophore might endow fluorescent characteristics to the ”\\_NH GHK-AN

resultant molecule and simultaneously retain the binding

property of the tripeptide toward €uions for sensing a(a) Fmoct-Lys(Mtt)-OH, DMAP, DIC, HOBt, 3 h. (b) AgO

purposes, as shown in Figure 1. 9-Carbonylanthracene wassSmOI pyridine, 0.5 h. (c) 20% piperidine/DMF. (d) Fmoedis(Trt)-
OH, DIC, HOBE, 0.5 h. (€) Fmoc-Gly-OH, DIC, HOB. 0.5 h. (f)

1% TFA/DCM, 0.5 h. (g) 10% TEA, 15 min. (h) 9-Anthracen-
ecarboxylic acid, HOBt, DIC, 12 h.

o O diimide (DIC) and 1-hydroxylbenzotriazole (HOBt) in situ
O activation method was used for the coupling reactions. The

(3) (a) Bhattacharya, S.; Thomas, Wetrahedron Lett200Q 41, 10313~
10317. (b) Torrado, A.; Walkup, G. K.; Imperiali, B. Am. Chem. Soc.
1998, 120, 609—610. (c) DeSantis, G.; Fabbrizzi, L.; Licchelli, M;
Mangano, C.; Sacchi, D.; Sardone, INorg. Chim. Actal997,257, 69~
\ 76. (d) Corradini, R.; Dossena, A.; Galaverna, G.; Marchelli, R.; Panagia,
7 \ NH A.; Sartor, G.J. Org. Chem1997,62, 6283—6289.

o (4) Singh, A.; Yao, Q.; Tong, L.; Still, W. C.; Sames, Detrahedron.
Lett. 2000,41, 9601—9605.

: P . (5) Pickart, L.; Lovejoy, S. InMethods in Enzymology; Barnes, D.,
Figure 1. Proposed binding model of GHK-AN with €a Sirbasku, D. A., Eds.; Academic Press: Orlando, 1987; Vol. 147, pp-314
328.

(6) (a) Rainer, M. J.; Rode, B. Mnorg. Chim. Actal984,92, 1-7. (b)

. . . Perkins, C. M.; Rose, N. J.; Weinstein, Biorg. Chim. Actal984,82,
used as the fluorophore unit. Anthracene derivatives may 93—99. (c) Pickart, L.: Freedman, J.; Loker, J.; Peisach, W. J.; Perkins, C.

be excited with relatively short wavelengths (25880 nm) M.; Stenkamp, R. E.; Weinstein, Blature 1980,288, 715—717.

. P P (7) (a) Methods in Enzymology; Fields, G. B., Ed.; Academic Press
to give emission bands around 40800 nm, a blue emission |, ./ \al, York, 1997: Vol. 289, (b) Fields, G. B.; Noble, R. Int. J,

band, which makes anthracene suitable for multicolor Pept. Protein Res1990,35, 161—214.
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first amino acid lysine with 4-methyltrityl (Mtt) as the side in the absorption spectrum, further demonstrated the com-
chain protecting group was loaded to Wang resin according plexation of GHK-AN toward copper ions (data not shown).
to the reported procedufeAfter washing, drying, and A titration experiment was conducted to determine the
deprotecting the Fmoc group with piperidine, histidine and binding ratio between Ct and the GHK-AN molecule
glycine were sequentially coupled to the peptide. The Mtt (Figure 3). From the titration curve of €uto an aqueous
protecting group was removed with 1% TFA in dichlo-
romethané. The 9-anthracenecarboxylic acid was then _
coupled with the deprotected lysine side amino group at the
presence of activation reagents DIC and HOBt. At the end
of the coupling reaction, the Fmoc group from N-terminal
glycine was deprotected with 20% piperidine in DMF. The
deprotection of trityl group (Trt) from histidine and cleavage
of GHK-AN from the resin were accomplished with €F
COOH/H0 (95/5, viv) for 2.5 h. Following vacuum filtration
and removal of TFA with N blow-off, crude product was
precipitated from cold ether. The solid precipitate was
centrifuged, washed with ether, and lyophilized under
vacuum. The crude product was further purified with
semipreparative HPLC. Experimental details and character-
izations of the product can be found in Supporting Informa-
tion.

The absorption and emission spectra of GHK-AN are
shown in Figure 2. Although the molecule has a clear
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Figure 3. Titration curve of the fluorescence intensity (emission
wavelength= 415 nm) of GHK-AN versus the concentration of
Cw?* (negative log value). The concentration of GHK-AN is kept
at 10 M in PBS buffer, pH= 7.4. Excitation wavelengtk 253
nm.
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solution of GHK-AN (106 M), one can clearly see that a
complexation at a molar ratio of 1:1 occurred between the
GHK-AN and copper ions. The fluorescence of GHK-AN
at 415 nm was quenched to 34% of its original intensity when
the concentration of Cu is equal to or greater than 10

M. We further determined the binding constant using a
binding model reported in the literatu¥eAccording to this
model, we obtained a binding constant of ¢l ~* between
Cuw?t and GHK-AN, which is essentially the same as that of
GHK.%260This indicates that the modification of GHK with
9-carbonylanthracene did not change the binding activity of
the peptide toward Cd.

We also determined the pH influence on the fluorescence
of GHK-AN and its complex with C& (Figure 4). At pH
higher than 5.5, GHK-AN is strongly fluorescent while the
fluorescence of its complex with copper is largely quenched.
However when pH is lower than 5.5, the fluorescence of
absorption band at 364 nm, 253 nm was chosen for excitationGHK-AN—copper complex begins to revive, and at pH 4.5,
to avoid the influence of Raman scattering of the aqueousit is almost the same as that of GHK-AN ligand. This
solvent. A typical anthracene emission spectrum with a corresponds to the dissociation of GHK-AN with TuAt
maximum emission band centered at 415 nm was observedd?H = 2.5, the fluorescence emission is largely quenched.
at GHK-AN concentration of 16 M. Upon the addition of ~ This is probably due to the protonation of the C-terminal
CuCl to the solution, the fluorescence was greatly quenched.carboxyl group of lysine amino acid Kp 2.16). This

In addition, the appearance of an absorption band at 600 nmndicates the importance of the carboxyl group to the
fluorescence of the GHK-AN. The change of the carboxyl

0.6
2000

Absorbance

0.4 4
- 1000

Fluorescence Intensity, cps

0.2 4

0.0 o

T T T T T
200 250 300 350 400 450 500 550

Wavelength, nm

Figure 2. Absorption and emission spectra of GHK-AN in aqueous
solution (PBS buffer, pH= 7.4). In the absorption spectrum, optical
path length= 1 cm. ez53nm = 118 188 L mot?t cm™; ezganm =
6612 L mol! cm™L In the emission spectrum, excitation wave-
length = 253 nm. The small band at 507 nm is the secondary
harmonic emission from the excitation light.

(8) (@) Wang, S. SJ. Org. Chem1975,40, 1235—-1239. (b) Wang, S.

S.J. Am. Chem. S0d.973,95, 1328—1333.
(9) Aletras, A.; Barlos, K.; Gatos, D.; Koutsogianni, S.; Mamosin®.
J. Pept. Protein Res1995, 45, 488-496.
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(10) (a) Bernardo, A. R.; Stoddart, J. F.; Kaifer, A. E.Am. Chem.
So0c.1992,114, 10624—10631. (b) Connors, K. Binding Constants: the
Measurement of Molecular Complex Stabijlit/iley: New York, 1987.
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Figure 4. Influence of pH on the fluorescence of GHK-AN (0 Figure 5. Fluorescence response of GHK-AN to different metal
M) (O) and its 1:1 mixture with C& (O). Excitation wavelength  jons (excitation at 253 nm). Concentration of GHK-AN is kept
= 253 nm. constant at 16 M in aqueous solution. In curves it is shown
that Fé+, Zr?*, Cc?, and N+ (0.1 mM, respectively) do not cause
obvious changes in the fluorescence intensity of GHK-AN. Curve
; i b shows that the fluorescence intensity of GHK-AN is greatl

group from a n(_agatlvely charged state to neutral I|I_<ely Causesquenched by CiF (106 M), PBS buffer (%)Hz 7). greatly
the conformational change of the whole peptide. More
importantly, the GHK part is now highly protonated, and
this electron-deficient nature may cause an AN*-to-GHK suggest that transition metal ions such a¥"'F€0’*, Ni**,
electron-transfer process, which is responsible for the and Zrf* do not bind with GHK with same structural motif
observed fluorescence quenching. More detailed experimentss Cé* does.
will be appropriate in delineating these mechanisms. In conclusion, we designed a novel copper fluorescent

To test the selectivity of the fluoroionophore for copper chemosensor based on the tripeptide glydystidyl—lysine.
ion binding, the fluorescence responses of GHK-AN to Itshows a high specificity for copper ions at the physiological
several other transition metal salts including ReCloCh, pH. Currently we are synthesizing a series of peptide lipids
NiCl,, and ZnC} were measured and compared to that of and using Langmuir and LangmiBlodgett film technique's
copper ions (Figure 5). Here we can clearly see that even atto develop surface-oriented chemosensor devices for copper
a concentration as high as 0.1 mM, the presence of theseand other transition metal ions.
transition metals caused little or no change to the fluorescence
emission intensity of GHK-AN. On the other hand, in the ~ Acknowledgment. This work is supported by the Depart-
presence of Cif at a much lower concentration, i.e., 50~ ment of Defense, U.S. Army, contract number DAAD19-
M, the fluorescence of GHK-AN was quenched down to 34% 00-1-0138. We are thankful for the helpful suggestions of
of its original intensity (emission wavelength 415 nm). two reviewers.

Interestingly, it has been reported that the GHK associates ) ) . .
with transition metal ions such as ionic copper, cobalt, iron, ~ Supporting Information Available: Experimental meth-
manganese, nickel and zinc and alters the patterns of cell°ds and characterizations by FAB, HPLC, and NMR. This
growth in monolayer cultures of tumorigenic heptoma cell material is available free of charge via the Internet at
line (HTC4)1 In our case, we showed that the fluorescence Nttp:/pubs.acs.org.
intensity response of GHK-AN toward the binding of these o1 0101638
transition metal ions is only unique for copper. This may

(12) Huo, Q.; Sui, G. D.; Kele, P.; Leblanc, R. Mngew. Chem., Int.
(11) Pickart, L.; Thaler, M. MJ. Cell. Physiol.1980,102, 129—139. Ed. 2000,39, 1854—1857.
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