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We report the selective recognition of carbonic anhydrase
isozymes based on the excited-state lifetimes of chelated Eu®*
ions incorporated in polymerized liposomes.

In the current proteomics era, the protein expression profiles of
various diseases are being unraveled rapidly.' Usually, the disease
states are characterized by the over-expression of many enzymes.'
Often these enzymes have several isozymes and some of the
isozymes are selectively over-expressed in the diseases.? For
example, carbonic anhydrases (CAs, EC 4.2.1.1) are ubiquitously
distributed, Zn* containing metalloenzymes with 16 isozymes.> Of
the 16 isozymes, CA II and XII are found to be over-expressed in
the brain of epileptic mice.* CA II and IV are the target enzymes
for the treatment of increased intraocular pressure in glaucoma.’
CA IX and XII are overexpressed in hypoxic tumors and the
expression levels correlate with poor prognosis of the disease.’
Clearly, the selective detection of CA isozymes is needed to
characterize these disease states.

Since the isozymes are evolved to catalyze the same chemical
reaction, their active sites are very similar. In addition, many
isozymes display a high degree of sequence homology.> Hence, the
design of active site probes for selective recognition of different
isozymes of the same enzyme is a major problem in medicinal
chemistry.® Usually, selective detection of the isozymes requires the
use of biological antibodies.”

In contrast to the marked similarity of the active sites, the
distribution of solvent-exposed amino acid residues varies across
isozymes and hence, luminescent probes that bind to the protein
surface should interact with the isozymes in different spatio-
temporal orientation. Herein, we report our results demonstrating
the proof-of-concept for this principle by employing the recombi-
nant human carbonic anhydrases as the model isozymes and
polymerized liposome-incorporated Eu®" ions as the luminescent
probes.
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1 Electronic supplementary information (ESI) available: Synthesis of
polymerizable inhibitor lipid 3. Preparation and polymerization of the
liposomes. Estimation of Eu®* concentration on the outside surface of the
liposomes. Cloning, expression and purification of carbonic anhydrase
isozymes. Luminescence titration and determination of excited state
lifetime for Eu®". Luminescence decay measurements. Determination of
dissociation constants. Fig. S1: Time-resolved emission spectra of Eu®*-
incorporated polymerized liposomes as a function of increasing concen-
trations of CA I, CA II, CA XII and bovine erythrocyte CA. See DOIL:
10.1039/b6709815d

The lanthanide ions are extensively used as luminescent probes
in bioassays, including in the detection of proteins.® These metal
ions show several advantages over organic fluorophores in the
bioassays, e.g., narrow emission bands, large Stokes’ shifts, long
lifetimes efc. These advantages are offset by the weak molar
extinction coefficients for the lanthanide ions. Consequently, the
reported lanthanide-based bioassay protocols require the use of
organic fluorophores to sensitize the emission.® We have demon-
strated that the conjugated ene-yne backbone of polymerized
liposomes (prepared from conjugated diacetylenic lipids) can be
used to efficiently sensitize the emission of Eu®* ions.” During the
current studies, we used this strategy to enhance the luminescence
emission intensity of the liposome-incorporated Eu** ions.

Liposomes were prepared incorporating the commercially
available, mixed-chain polymerizable phosphatidylcholine 1
(Fig. 1) as the major lipid (85% by weight). This lipid is reported
to polymerize efficiently upon UV irradiation (254 nm).!° The
previously-reported® polymerizable lipid 2. Eu*" complex was used
as the luminescent reporter lipid (5% by weight, Fig. 1) in the
liposomes. In order to facilitate the interactions between the
liposomes and the CA isozymes, small amounts of the lipids 3 (5%
by weight) and 4 (5% by weight) were incorporated in the
liposomal formulations (Fig. 1). Lipid 3 has a weak inhibitor of
CA (benzenesulfonamide, K; = 2 pM)'! as the head group. Lipid 4
incorporates iminodiacetate (IDA) chelated Cu?* ions to interact
with the surface exposed histidine residues of CA isozymes.'?
Scheme 1 shows the synthesis of the polymerizable lipid 3
(synthetic details are provided in ESIf). Lipid 4 was prepared
following a reported procedure.'
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Fig. 1 Structures of the polymerizable lipids used in the liposomal
formulations.
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Scheme 1 Synthesis of the polymerizable lipid 3.

The liposomes (average diameter: 50 nm, ESIT) were polymer-
ized by exposure to UV radiation at 254 nm for 30 min.'"® The
emission from the chelated Eu®* ions in the resultant polymerized
liposomes were efficiently sensitized by exciting the ene-yne
backbone of the liposomes at 320 nm. A delay of 70 ps removed
the emission from the polymerized liposome backbone completely.
The concentration of Eu®" ions on the outer surface of liposomes
was estimated to be 131 nM (see ESIY).

When we titrated the polymerized liposomes with the recombi-
nant CA isozymes, the emission intensity of the Eu®" ions was
found to increase with increasing concentrations of the added
proteins. The lipid 2.Eu*" complex has three water molecules
coordinated to the Eu®* ions.” The enhancement in emission
intensity is possibly due to the replacement of the H,O molecules
from the primary coordination sphere of Eu®* ions with functional
groups from the protein surface (carboxylate moieties from Asp
and Glu)."*"® The enhancements in the sensitized emission
intensity of the liposome incorporated Eu** ions were different
in the presence of the recombinant human CA I, II, VII, XII and
the bovine erythrocyte CA (Sigma Chemical Company). As an
illustrative example, the emission intensities of the Eu®* ions at
615 nm (SDO to 'F, transition, A, = 320 nm)15 as a function of
different concentrations of added CA VII are shown in Fig. 2
(similar plots for the other CA isozymes are provided in ESIY).

Encouraged by the differential increases of the Eu®* emission
intensity by the different CA isozymes, we proceeded to determine
the excited state lifetimes of the Eu®* ions in the presence of
the CA isozymes. A biexponential decay profile was observed
for the polymerized liposome incorporated Eu®" ions at 615 nm,
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Fig. 2 The luminescence emission intensities of polymerized liposome
incorporated Eu’* ions (Jex = 320 nm) are shown as a function of added
CA VII (0-7 puM). The inset shows the fractional saturation of the
liposomes as a function of added CA VII concentration.

(Zex = 320 nm) in the absence of protein, with lifetimes of 57 and
158 ps (Fig. 3). This reflects that the Eu®" ions on the liposomes
are experiencing two different types of chemical environments with
different numbers of coordinated H,O molecules.'® Currently, we
are investigating the origin of these two chemical environments for
the polymerized liposome incorporated Eu*" ions. Both of these
lifetimes increased in the presence of saturating concentrations of
CA isozymes, indicating that the Eu** bound H,O molecules are
being replaced by the surface-exposed functional groups from the
enzymes (carboxylate moieties from Asp and Glu).'> The lifetimes
(especially 1,) were different in presence of the different isozymes of
CA (Table 1). For example, while in the presence of CA II, the
excited state lifetimes increased to 94 and 455 ps, the lifetimes with
CA VII were 55 and 301 ps, respectively. The excited state decay
profiles for the Eu** ions in the presence of CA II and CA VII are
also shown in Fig. 3 (details are provided in ESIY).

The different excited state lifetimes of Eu®" in the presence of
different CA isozymes indicated that the isozymes are interacting
differently with the Eu®* ions on the liposomal surface. In order to
test this hypothesis further, we determined the dissociation
constants of the CA isozymes for the polymerized liposomes
(assuming 1 : 1 stoichiometry) by non-linear regression analyses of
the titration curves (Table 1, ESIf}).

Analyses of the excited state lifetime data and the dissociation
constants indicate that the CA isozymes are interacting differently
with the polymerized liposomes. The polymerized liposomes with
Eu®" ions act as surface probes for the CA isozymes and are able
to distinguish them. The limits of detection for the various CA
isozymes were also determined following a literature procedure'®
and are shown in Table 1. To the best of our knowledge, the other
reports of distinguishing the surfaces of CA isozymes rely on the
use of antibodies for these enzymes.” The luminescent liposomes
reported herein provide the proof-of-concept for the non-biological
discrimination of the isozymes. In addition, the polymerized
liposomes are very stable compared to the biological antibodies
and can be stored at room temperature for several weeks without
any loss of the recognition and luminescence properties. Studies
are currently in progress to test the ability of our polymerized
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Fig. 3 Excited state decay curves for polymerized liposome incorporated
Eu’" ions (monitored at 615 nm, A, = 320 nm) in absence (black squares)
and in the presence of CA II (blue squares) and CA VII (red triangles) are
shown. The smooth lines are the fitted curves for determining the lifetimes.
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Table 1 Excited state lifetimes (r; and 1, ps) of Eu’' ions
incorporated in polymerized liposomes (monitored at 615 nm, A, =
320 nm), the dissociation constants (K4, tM) and the limit of detection

(LOD, mg L) in the presence of various CA isozymes are shown

Enzyme T1/ps To/Hs Ky/uM LOD/mg L™!
— 57 + 8 158 + 11

CA1 93 + 4 399 + 10 5.6 43

CA Il 94 + 2 455 + 4 0.35 0.22

CA VII 55+ 7 301 + 8 0.58 1.2

CA XII 85 + 0.3 426 + 0.7 4.9 44

Bovine CA 83 + 1.3 232 +£ 19 1.1 1.1

liposomes to distinguish isozymes of other enzymes and to increase
the sensitivity of this detection method.

This research was supported by the NIH grant 1R01 CA113746
and NSF DMR-0705767 to S. M. and D. K. S.

Notes and references

1 G. S. Omenn, Proteomics, 2006, 6, 5662; F. Bertucci, D. Birnbaum and
A. Goncalves, Mol Cell. Proteomics, 2006, 5, 1772.

2 M. Demers, J. Couillard, S. Belanger and Y. St-Pierre, Crit. Rev.
Immunol., 2005, 25, 493.

3 J. Y. Winum, A. Scozzafava, J. L. Montero and C. T. Supuran, Expert
Opin. Ther. Pat., 2006, 16, 27; J. Y. Winum, A. Scozzafava, J. L.
Montero and C. T. Supuran, Mini Rev. Med. Chem., 2006, 6, 921.

4 P. Halmi, S. Parkkila and J. Honkaniemi, Neurochem. Int., 2006, 48, 24.

5 R. P. Verma and C. Hansch, Bioorg. Med. Chem., 2007, 15, 2223;
B. Pirard and H. Matter, J. Med. Chem., 2006, 49, 51.

6 T. Suzuki and N. Miyata, Curr. Med. Chem., 2005, 12, 2867, H. J.
Harwood, Expert Opin. Therapeut. Targets, 2005, 9, 267.

[ee]

16

Y. Ogawa, C. K. Chang, H. Kuwahara, S. S. Hong, S. Toyosawa and
T. Yagi, J. Histochem. Cytochem., 1992, 40, 807; J. Vuori, S. Rasi,
T. Takala and K. Vaananen, Clin. Chem., 1991, 37, 2087,
T. Kumpulainen, H. Rajaniemi, V. V. Myllyla and L. K. Korhonen,
Clin. Chim. Acta, 1985, 150, 205.

S. Pandya, J. Yu and D. Parker, Dalton Trans., 2006, 2757,
T. Storr, K. H. Thompson and C. Orvig, Chem. Soc. Rev., 2006, 35,
534.

S. Nadi, M. Santos, M. K. Haldar, B. C. Roy, S. Mallik and
A. D. Campiglia, Inorg. Chem., 2005, 44, 2234; M. Santos, B. C. Roy,
H. Goicoechea, A. D. Campiglia and S. Mallik, J. Am. Chem. Soc.,
2004, 126, 10738.

D. S. Johnston, L. R. McLean, M. A. Whittman, A. D. Clark and
D. Chapman, Biochemistry, 1983, 22, 3194.

B. C. Roy, A. L. Banerjee, D. L. Kloche, M. Swanson, X. Jia,
M. K. Haldar, S. Mallik and D. K. Srivastava, J. 4m. Chem. Soc., 2004,
126, 13206.

K. M. Jude, A. L. Banerjee, M. K. Haldar, B. C. Roy, S. Mallik,
D. K. Srivastava and D. W. Christianson, J. Am. Chem. Soc., 2006, 128,
3011.

B. C. Roy and S. Mallik, J. Org. Chem., 1999, 64, 2969.

There are reports in the literature of colorimetric responses of
polydiacetylene membranes to proteins and viruses (S. Okada, S. Peng,
W. Sepvak and D. Charych, Acc. Chem. Res., 1998, 31, 229). However,
we did not observe any significant spectral changes of our polymerized
liposomes upon binding with CA isozymes, and we do not yet
understand the molecular basis for this observation.

L.J. Martin, M. J. Hahnke, K. N. Allen, H. Schwalbe and B. Imperiali,
J. Am. Chem. Soc., 2007, 129, 7106; B. R. Sculimbrene and B. Imperiali,
J. Am. Chem. Soc., 2006, 128, 7346; M. S. Tremblay, Q. Zhu,
A. A. Marti, J. Dyer, M. Halim, S. Jockusch, N. J. Turro and D. Sames,
Org. Lett., 2006, 8, 2723; P. Ge and P. R. Selvin, Bioconjugate Chem.,
2004, 15, 1088.

M. Santos, S. Nadi, H. C. Goicoechea, M. K. Haldar, A. D. Campiglia
and S. Mallik, Anal Biochem., 2007, 361, 109.

This journal is © The Royal Society of Chemistry 2007

Chem. Commun., 2007, 4495-4497 | 4497



