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ABSTRACT

Tyrosine-derived Zn 2+ coordination complexes and their fluorescent NBD conjugates are synthesized in a short, high-yielding procedure. The
Zn%* complexes are highly water soluble, but in the presence of sodium laurate they readily transfer into an octanol layer. Furthermore, the
NBD-labeled bis-Zn 2 complex can partition into vesicle membranes containing anionic phospholipids.

Synthetic ZA* coordination complexes have been studied DNA sequencesand hydrolyze RNA. Phenol derivatives

extensively as simplified models for various biological
processes,such as phosphate hydrolydienzyme active-
site recognitior?, receptor antagonisrhpeptidase mimicry,
and anion sensing2,2'-Dipicolylamine (DPA) is an espe-
cially versatile ligand for Z#", and Z#*—DPA complexes

with ortho-substituted DPA units are also known to form
dinuclear ZA* complexes that have an affinity for phosphate
oxyanions in aqueous solutiéfr.” Our interest in ZA™—
DPA complexes stems from efforts to develop anion recep-
tors that operate in aqueous solution or on the surface of

are known to exhibit supramolecular cooperative action. For bilayer membraneOur eventual goal is to design structur-

example, dinuclear Zi—DPA complexes can bind phos-
phorylated peptides in aqueous solutférf, while oligo-
nucleotide conjugates of Zh—DPA can selectively target

(1) (a) Lipscomb, W. N.Chem. Re. 1996 96, 2375-2433. (b) Wilcox,
D. E. Chem. Rev1996,96, 2435—2458. (c) Molenveld, P.; Engbersen, J.
F. J.; Reindoudt, D. VChem. Soc. Re 2000,29, 75-86. (d) Parkin, G.
Chem. Re. 2004 102 699-768. (e) Aoki, S.; Kimura, EChem. Re. 2004
102, 769—788.

(2) (a) Kimura, ECurr. Opin. Chem. Biol200Q 4, 207—213. (b) Yang,
M. Y.; Iranzo, O.; Richard, J. P.; Morrow, J. R. Am. Chem. So@005,
127, 1064—1065.

(3) (@) Kimura, E.Acc. Chem. Re001,34, 171—179. (b) Sexque,
O.; Rager, M.-N.; Giorgi, M.; Reinaud, Q. Am. Chem. So001,123,
8442—-8443.

(4) Liang, X.; Parkinson, J. A.; Weish&dupl, M.; Gould, R. O.; Paisey, S.

J.; Park, H.; Hunter, T. M.; Blindauer, C. A.; Parsons, S.; Sadler, P. J.
Am. Chem. So002,124, 9105—-9112.

(5) Fry, F. H.; Fallon, G. D.; Spiccia, Unorg. Chim. Acta2003,346,
57—66.

10.1021/0l0510421 CCC: $30.25
Published on Web 06/10/2005

© 2005 American Chemical Society

ally complicated receptors, especially multivalent molecular

(6) (a) Qjida, A.; Mito-oka, Y.; Inoue, M.; Hamachi, 0. Am. Chem.
Soc. 2002, 124, 6256—6258. (b) Ojida, A.; Inoue, M.; Mito-oka, Y.;
Hamachi, 1.J. Am. Chem. So003,125, 10184—10185. (c) Ojida, A,;
Mito-oka, Y.; Sada, K.; Hamachi, I. Am. Chem. So@004,126, 2456~
2463. (d) Han, M. S.; Kim, D. HAngew. Chem., Int. E@002,41, 3809—
3811. (e) Lee, D. H.; Im, J. H.; Son, S. K.; Chung, Y. K.; HongJ.JAm.
Chem. So0c2003,125, 7752—7753. (f) Lee, D. H.; Kim, S. Y.; Hong, J.
Angew. Chem., Int. EQ004,43, 4777—4780.

(7) Babu, B. R.; Hrdlicka, P. J.; McKenzie, C. J.; WengelChem.
Commun2005, 1705—1707.

(8) Matsuda, S.; Ishikubo, A.; Kuzuya, A.; Yashiro, M.; Komiyama, M.
Angew. Chem., Int. EA998,37, 3284—3286.

(9) (a) Koulov, A. V.; Stucker, K.; Lakshmi, C.; Robinson, J. P.; Smith,
B. D. Cell Death Diff.2003,10, 1357—1359. (b) Lakshmi, C. Hanshaw,
R. G.; Smith, B. DTetrahedror2004,60, 11307—11315. (c) Hanshaw, R.
G.; Hilkert, S. M.; Jiang, H.; Smith, B. Dletrahedron Lett2004,45, 8721
8724. (d) Hanshaw, R. G.; O'Neil, E. J.; Foley, M.; Carpenter, R. T.; Smith,
B. D. J. Mater. Chem. advance article, DOI: 10.1039/b500522a.



recognition systems. This requires the development of

versatile Zd*—DPA building blocks that can be readily Scheme 1
attached to organic scaffolds or incoporated into oligomers. oH
We were attracted to amino acid derivatives for the obvious 5 3 Disicolvian 2,2 Dipicolylamine,
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precursor ligands in methanol. As nitrate salts, the complexes

Figure 1. Structures of zinc(ll)-coordinated tyrosine derivatives. are highly water soluble, but they can be stored conveniently
as solids.
The recent reports of anion-mediated translocation of
anion-mediated transfer @sZn and2e2Zn from water into polyarginine across liquid and bilayer membraAeaggested
a layer of octanol and the ability & BD—2¢2Zn to partition to us that the phase transfer behaviorleZn and 2e2Zn
into vesicle membranes. may depend on the presence and identity of the counteran-
The introduction of one or two DPA units into the phenol ions. Therefore, we examined the effect of sodium laurate
ring of N-Boc+.-tyrosine methyl ester is easily achieved by (Ci1H23CO:Na) on partitioning in biphasic water-octanol. To
Mannich reaction (Scheme 19.Under neutral conditions, & solution ofleZn in water (10QuM, 0.5 mL) was added an
the mono-DPA derivativel is obtained in 89% vyield, €equal volume of octanol. After agitation for 30 s, the layers
whereas acidic conditions promote the bis-DPA derivative Were separated and analyzed by UV absorption. As shown
2 (obtained in 94% vyield)! The N-Boc groups inl and 2 in Figure 2A, about 25% of thé&eZn was in the octanol
were removed by treatment with TFA, and the free amines layer. When the experiment was repeated in the presence of
were conjugated to @\L(7-nitrobenz-2-oxa-1,3-diazol-4-yl)- 1.2 molar equiv of sodium laurate, the octanol layer contained
amino)hexanoic acid (NBD-X) to produce NBD-labeled @Pout 95% of theleZn. The presence of 3 molar equiv of
tyrosine derivatives\BD-1 and NBD-2. The coordination ~ Sodium laurate induced complete partitioningleZn into
complexesleZn, 2¢2Zn, NBD—1eZn, and NBD—2¢2Zn the octanol (see the Supporting Information). _
were formed upon addition of an aqueous solution of Zn- The partitioning experiments were repeated with the

(NOs), (1 or 2 molar equiv, respectively) to solutions of the d|nu_c_|ear2o22n. Not suprlsmgly, the hydrophili@e2Zn .
partitions almost completely into the aqueous layer, but in

the presence of 1.2 molar equiv of sodium laurate per zinc
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Wavelength (nm) fluorescence by vesicles composed of (A) POPC/POPS 1:1 or (B)

POPC/POPA 1:1. The vesicles (281 total phospholipid) were
Figure 2. UV spectra of (A)leZn and (B)2+2Zn after partitioning mixed with NBD—1eZn (7) or NBD—2¢2Zn (=) (1 uM). After
between water and octanol in the absence and presence of 1.2 molagtanding for 2 h, an aliquot was removed from each sample and
equiv of sodium laurate per zinc: (a) agueous phase without sodiumtreated with sodium dithionite at assay time of 50 s and Triton-X
laurate; () organic phase without sodium laurate; (c) aqueous phasei00 at assay time of 150 s.
with sodium laurate; (d) organic phase with sodium laurate.

sample was treated with excess sodium dithionite. As shown

induces transfer of the complex into organic phase. Hydro- in Figure 3, the fluorescence of both samples containing

philic anions such as phosphate and chloride do not induceNBD—1eZn was completely and immediately quenched. In
any phase transfer dfeZn or 2¢2Zn. other words, the anionic vesicles were unable to protect the

The water/octanol partitioning results prompted us to NBD—1eZn from reacting with the dithionite.
evaluate the abilities ofeZn and 2¢2Zn to interact with
bilayer membranes. The fluorescent derivatidgD—1eZn _
andNBD—2¢2Zn were prepared because previous work had _
shown how the NBD fluorophore can be used to measure % °7* ¢,y x_ coenNicn),

binding and partitioning into vesicle membrarf&sThe o - POPA (X1, Y,Z)
vesicle-partitioning assay is based on the ability of dithionite < X3 = CH,CH(CONH, POPS 3 Y 2

to chemically reduce the NBD fluorophore and quench its O 0  Y=COC;;Hs, Z= COCysH;,
fluorescence. Sodium dithionite cannot cross vesicle mem- Yy 7
branes, so addition of the reagent to vesicle dispersions cal
only quench fluorophores that are in the external solution
or exposed on the membrane surface. Any NBD-labeled
compound that partitions into the vesicle membrane is In the case oNBD—2e¢2Zn, there is clear evidence that
protected from immediate quenching by added sodium anionic vesicles of both compositions can protect about half
dithionite (Figure 3). of the NBD conjugate from immediate reaction with dithion-
The vesicle partitioning studies used anionic vesicles with ite. The NBD—2¢2Zn quenching curves in Figure 3 show
two compositions, POPC/POPA 1:1 and POPC/POPS 1:1,biphasic kinetics. Upon dithionite addition there is a sudden
where POPA is 1-palmitoyl- 2-oleogn-glycero-3-phospha-  drop in fluorescence emission due to rapid reaction with the
tidic acid, POPS is 1-palmitoyl-2-oleogir-glycero-3-phos- exposed NBD groups, then there is a slower rate of
phatidylserine, and POPC is 1-palmitoyl-2-olesyglycero- guenching which is attributed to either transport of the
3-phosphocholine (Figure 4). Unilamellar vesicles (100 nm dithionite into the vesicles or reexposure of internalized NBD
diameter, 25M total phospholipid, pH 7.4) were prepared on the membrane surface. When the vesicles are lysed with
by standard extrusion methods, adBD—1eZn andNBD— Triton-X 100 the remaining fluorescence is immediately
202Zn (Cina = 1 uM) were added to separate vesicle quenched. The fact that the anionic vesicles protect about
dispersions. After standing for 2 h, an aliquot from each half of theNBD—2¢2Zn from dithionite quenching is strong

r‘:igure 4. Phospholipids.
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evidence that thédBD—2+2Zn associates with the vesicle ||| EGTGTGTcTNGNGEGNGE

membrane and subsequently equilibrates between the inner
and outer surface$.The NBD—2¢2Zn on the inner surface S
is protected from immediate reaction with the dithionite. i g

Further evidence thalBD—2e2Zn can associate with : g
anionic vesicles was gained from fluorescence titration
experiments. Previously, we have shown that the emission
intensity of an NBD-labeled Zi—DPA conjugate will
increase if it associates with vesicle membra#i@herefore,
we titrated separate samples NBD—1eZn and NBD— ;
2¢27n with anionic vesicles composed of POPC/POPS 1:1 o p-"’ o
and also with zwitterionic vesicles composed only of POPC. 5 R
The titration curves in Figure 5 show that both coordination Yy v——v——v——v——v—
complexes have very weak affinity for the zwitterionic o 20 4 e s 100
vesicles. However, thdBD—2¢27n has a moderately strong Total Concentration of Phospholipids (uM)
affinity for the anionic vesicles with an apparent binding
constant (8.2 0.4) x 10* M1, which is similar to previous Figure 5. Fluorescence titration diBD—1eZn andNBD—2e2Zn

. . b (1 uM) with vesicles composed of POPC or POPC/POPS 1:1 in
results with closely related dinuclearZr-DPA complexe$ buffer (5 mM TES, 145 mM NaCl, pH 7.4). Change NBD—

Furthermore, the large change in fluorescence intensity upon2.2zn fluorescence upon titration with 1:1 POPC/POPS vesicles
vesicle binding is suggestive of a close interaction with the (O) or POPC only vesicled). Change irNBD—1eZn fluorescence
membrane_ In the case MBD_l.Zn the ﬂuorescence upon titration with 1:1 POPC/POPS VeSiClQS) (or POPC-onIy
hardly changes upon addition of the anionic vesicles, YESICleS (V). The lines in the figure are for clarity; see the
. . . : Supporting Information for curve-fitting.

suggesting that the affinity is very weak, which explains why
the NBD—1eZn does not partition into anionic vesicles.

In summary, we have synthesiz&eZn and2¢2Zn, two leZn and 2¢2Zn are likely to have a range of useful
structurally related Z#r—DPA derivatives of tyrosine. We  recognition and transport properties.
find that the presence of sodium laurate can induce these
hydrophilic coordination complexes to transfer from water
into octanol and that dinuclear compl®&BD—2¢2Zn can
translocate through the bilayer membrane of anionic vesicles.
The bilayer translocation mechanism is currently under
investigation, and the results will be reported in due course.
The data in hand indicates that oligomers and conjugates of

o
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o
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