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Conjugated polymers (CPs) such as polydiacetylene
(PDA), polythiophene, and polypyrrole display a remarkable
array of color transitions that arise from thermal changes
(thermochromism),[1] mechanical stress (mechanochrom-
ism),[2] or ion binding (ionochromism).[1, 3] The color changes
can be ascribed to a change in the effective length of
conjugation of the delocalized, p-conjugated polymer back-
bone.[4] The application of these ªsmartº materials for the
detection of biological targets (biochromism)[5±11] is only just
beginning to be exploited.

Interfacial catalysis on biomembranes plays a key role in
extra- and intracellular processes and covers a range of
enzyme classes such as lipolytic enzymes, acyltransferases,
protein kinases, and glycosidases. In particular, lipolytic
enzymes are involved in important biochemical processes,
such as fat digestion and signal transduction. Recent interest
in one such enzyme, phospholipase A2 (PLA2),[12, 13] is moti-
vated by its role in the release of arachidonate and lysophos-
pholipids from membranes. These compounds are the pre-
cursors for the biosynthesis of eicosanoids (for example,
prostaglandins, leukotrienes) that have been implicated in a
range of inflammatory diseases such as asthma, ischaemia,
and rheumatoid arthritis.[14±16] Accordingly, the identification
of PLA2 inhibitors is an active area of current research that
may lead to novel therapeutics and new biochemical insights
into the mechanisms of enzyme activity.[16±18]

PLA2 catalyzes the hydrolysis of an acyl ester bond
exclusively at the 2-acyl position in glycerophospholipids to
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the measured positions of 4386 reflections with I> 10s in the range 3.00<
2q< 45.008. The Siemens/Bruker program SHELXTL-PC software pack-
age was used to solve the structure by direct methods. All stages of
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factors) for the structure reported in this paper have been deposited with
the Cambridge Crystallographic Data Centre as supplementary publication
no. CCDC-114519. Copies of the data can be obtained free of charge on
application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax:
(�44) 1223-336-033; e-mail : deposit@ccdc.cam.ac.uk).

Received: May 12, 1998
Revised version: October 29, 1998 [Z 11848 IE]

German version: Angew. Chem. 1999, 111, 682 ± 685

Keywords: cubanes ´ germanium ´ microporosity ´ solid-
state structures ´ zeolite analogues

[1] A. F. Wells, Structural Inorganic Chemistry, 5th ed, Clarendon,
Oxford, 1984.

[2] M. O�Keeffe, B. G. Hyde, Crystal Structures: I. Patterns and Symmetry,
Mineralogical Society of America, Washington, DC (USA), 1996.

[3] W. M. Meier, D. H. Olson, Ch. Baerlocher, Atlas of Zeolite Structure
Types, Elsevier, Boston, MA (USA), 1996.

[4] M. A. Roberts, A. N. Fitch, Z. Kristallogr. 1996, 211, 378 ± 387.
[5] R. H. Jones, J. Chen, J. M. Thomas, A. George, M. B. Hursthouse, R.

Xu, S. Li, Y. Lu, G. Yang, Chem. Mater. 1992, 4, 808 ± 812.
[6] J. C. Cheng, R. Xu, G. Yang, J. Chem. Soc. Dalton Trans. 1991, 1537 ±

1540.
[7] C. Cascales, E. Gutierrez-Puebla, M. A. Monge, C. Ruiz-Valero

Angew. Chem. 1998, 110, 135 ± 138; Angew. Chem. Int. Ed. 1998, 37,
129 ± 131.

[8] A. J. C. Wilson, Eds. Structure Reports, Vol. 11, Oosthoek-Utrecht,
The Netherlands, 1947 ± 1948, p. 405.

[9] S. Feng, M. Tsai, M. Greenblatt, Chem. Mater. 1992, 4, 388 ± 393.
[10] J. M. Newsam, in Solid State Chemistry: Compounds (Eds.: A. K.

Cheetham, P. Day), Clarendon, Oxford, 1992.
[11] G. S. Smith, P. B. Isaacs, Acta Cryst. 1964, 17, 842.
[12] E. A. Knyazev, A. N. Akulov, Russ. J. Inorg. Chem. (Engl. Transl.)

1973, 18, 139 ± 141.
[13] R. M. Barrer, F. W. Bultitude, I. S. Kerr, J. Chem. Soc. 1959, 1521 ±

1528.
[14] P. Feng, X. Bu, G. D. Stucky, Science 1997, 388, 735 ± 740.

[*] Dr. D. Charych[�]

Principal Investigator, Center for Advanced Materials
Materials Sciences Division
Lawrence Berkeley National Laboratory, Berkeley, CA 94720 (USA)

S. Y. Okada[��]

Center for Advanced Materials, Materials Sciences Division
Lawrence Berkeley National Laboratory, Berkeley, CA 94720 (USA)

Prof. R. Jelinek
Department of Chemistry, Ben Gurion University of the Negev
Beer-Sheva 84105 (Israel)

[�] New address:
Chiron Technologies
4560 Horton Avenue, Emeryville, CA 94607 (USA)
Fax: (�1) 510-923-3360
E-mail : deb_charych@cc.chiron.com

[��] New address:
Department of Chemistry
Caltech University
Pasadena, CA (USA)

[**] This work was supported by the Office of Naval Research (Contract
No. N0001497F0181) and the Director, Office of Energy Research,
Office of Basic Energy Sciences, Divsion of Materials Sciences, and
also by the Division of Energy Bio-Sciences of the U.S. Department of
Energy (Contract No. DE-AC03-76SF0098). We thank Professor
Mahendra Jain for his kind gift of inhibitor compound MJ33 and for
his helpful comments and suggestions. D.C. acknowleges Dr. Mark
Alper, Project Director of the Biomolecular Materials Program for his
continued support.



COMMUNICATIONS

656 � WILEY-VCH Verlag GmbH, D-69451 Weinheim, 1999 1433-7851/99/3805-0656 $ 17.50+.50/0 Angew. Chem. Int. Ed. 1999, 38, No. 5

yield a free fatty acid and a lysophospholipid. Typical methods
for measuring PLA2 activity include discontinuous radio-
chemical,[19] fluorescent,[20] and spectrophotometric[21] techni-
ques. Labeled acyl phospholipids are used as substrates in
these measurements and enzyme activity is evaluated by the
radioactivity, fluorescence, or absorbance of the cleaved fatty
acids. Some procedures (particularly radiolabel methods) may
require that the cleaved fatty acids be extracted and isolated
from the unreacted substrate by thin-layer chromatography or
HPLC. The extraction step and the need for synthetic labeled
substrates are disadvantages when the rapid analysis of enzyme

activity is considered, for example in high throughput assays
that screen potential enzyme inhibitors. Furthermore, phos-
pholipase catalysis is sensitive to the chemical structure of the
phospholipid substrate,[22, 23] therefore the use of nonlabeled,
naturally occuring substrates is highly desirable. The biochro-
mic vesicles described herein offer a one-step approach to
measuring enzyme activity through detection of a color
change of PDA ªsignalingº lipids that surround the natural
enzyme substrate. The strategy does not require additional
chemical reagents or post-hydrolysis analytical methods.
Furthermore, enzyme inhibitors can be rapidly identified by
simply monitoring the color changes of aqueous vesicle
suspensions in a standard 96-well microtiter plate.

PLA2 activity has previously been studied in a variety of
model membrane systems such as polymerized vesicles,[24, 27]

micelles,[21] and monolayers.[22, 25] The biochromic vesicles[5, 6, 8]

employed here are prepared by probe sonication of a mixture
of the polymerizable matrix lipid 10,12-tricosandiynoic acid

Figure 1. Preparation of biochromic vesicles from polymerizable signaling lipids and the natural lipid DMPC. Below is shown the site of attack by PLA2. For
further information see the text.
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and various mole amounts (0 ± 40 %) of dimyristoylphospha-
tidylcholine (DMPC) in water, followed by polymerization
with 1.6 mJ cmÿ2 ultraviolet radiation at 254 nm (Figure 1).
Analysis of the vesicle solution by transmission electron
microscopy indicates an average vesicle size of 100 nm. In
their initial state the vesicles appear deep blue to the naked
eye and absorb maximally at around 620 nm (Figure 2 a). The
color of the vesicles arises from the ene ± yne conjugated
system that comprises the polymer backbone of the poly-
merized lipid ± PDA matrix.[26] The suspension rapidly turns
red (within minutes) upon addition of PLA2, and exhibits a

Figure 2. a) Visible absorption of the DMPC/PDA vesicles before (solid
line) and after (dashed line) addition of PLA2; b) colorimetric response
curves of DMPC/PDA vesicles containing different molar ratios of DMPC
upon incubation with PLA2; c) verification of hydrolysis by PLA2 by using
DTPC and DTNB. For further information see the experimental section.

maximum absorption at approximately 540 nm (Figure 2 a). A
relative color change of 10 % or more is observed clearly with
the naked eye. The color change is modulated by altering the
mole percentage of the natural lipid DMPC in the PDA
vesicle and the vesicles that do not contain DMPC remain in
their blue phase (Figure 2 b).

Biochromic transitions of PDA vesicles and films have been
proposed to arise from a perturbation of the extended p

overlap of the conjugated polymer backbone. This structural
rearrangement, induced in previous studies by multivalent
receptor binding or penetration of peptide domains into the
PDA matrix, results in absorption at shorter wavelengths
(490 ± 540 nm).[5, 8, 10] The intense color change observed upon
the interaction between the enzyme PLA2 and the mixed
DMPC/PDA vesicles indicates, that in this case, chemical
modification of the vesicles by interfacial catalysis provides an
alternative pathway for inducing the biochromatic transitions.

It has been demonstrated previously that PLA2 retains
its activity at polymerized mixed vesicles composed of
poly(dienoyl)lecithin and dipalmitoylphosphatidylcholine
(DPPC).[22, 27] Since the PDA matrix represents a new
environment for the enzyme substrate, the PLA2 activity
was independently measured by using a labeled lipid analogue
incorporated into the PDA matrix, which allowed the
simultaneous measurement of product formation and colori-
metric response of the vesicles. The analogue used was the
thioester 1,2-bis(S-decanoyl)-1,2-dithio-sn-glycero-3-phos-
phocholine (DTPC). Cleavage of DTPC by PLA2 produces
a soluble thiol-modified lipid that readily reacts with 5,5'-
dithiobis-2-nitrobenzoic acid (DTNB) to produce a colored
product that absorbs characteristically at 412 nm.[21] Indeed,
when PLA2 was added to mixed vesicles of 40 % DTPC in
PDA, the hydrolysis products reacted with DTNB to give rise
to a significant absorption at 412 nm (Figure 2 c). At the same
time, the PDA vesicles also changed color, and the suspension
exhibited a colorimetric response similar to that of vesicles
that contain DMPC (Figure 2 b). The differences in the rate of
the response between the two methods most likely arises from
the lag time in the response of the surrounding polymeric
matrix. These results confirm that interfacial catalysis by
PLA2 occurs at the polymerized mixed vesicles.

NMR experiments further verified the occurrence of
interfacial catalysis by PLA2, and provided information on
the fate of the enzymatic reaction products. Figure 3 shows

Figure 3. 13P NMR spectra of DMPC/PDA vesicles (0.1 mm total lipid)
a) before and b) after addition of PLA2. Magnetic parameters: magnetic
field: 11.7 Tesla, Bruker DMX500, Block-delay pulse sequence with 2048
acquisition data points, 20000 FIDs in each experiment with two second
recycle delays, 0.1m phosphoric acid used as an external reference.
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the 31P NMR spectra of the DMPC/PDA vesicles prior to the
addition of PLA2 (Figure 3 a) and after the enzymatic reaction
(Figure 3 b). The relatively broad, anisotropic 31P resonance
from the intact vesicles (Figure 3 a) corresponds to the choline
head group of DMPC embedded in the PDA vesicles. The 31P
anisotropy indicates that the DMPC molecules are immobi-
lized within the vesicle matrix. After addition of PLA2 the 31P
signal is shifted downfield. The position of the 31P resonance
in Figure 3 b coincides with the shift observed for the water-
solubilized lyso-myristoylphosphatidylcholine, the hydrolysis
product of DMPC. Furthermore, Figure 3 shows that the 31P
resonance observed in the suspension of the enzyme-treated
vesicles becomes significantly narrower than the 31P signal
from the initial DMPC/PDA vesicles, which indicates a higher
mobility of the phosphate groups after PLA2 catalysis.[28] This
result suggests that dissolution of the lysolipid reaction
products occurs. Further support for this hypothesis comes
from 1H NMR data that indicate the appearance of dissolved
lipid species after the reaction with PLA2.[29]

The color change of the DMPC/PDA vesicles can be
suppressed with known inhibitors to PLA2. In the presence of
the inhibitor 1-hexadecyl-3-trifluoroethylglycero-2-phospho-
methanol (MJ33)[17, 30] the vesicles remain in their blue phase
upon addition of PLA2. Figure 4 a depicts an image of the
PLA2/vesicle suspension in the presence (blue) and absence
(red) of MJ33 in a 96-well microtiter plate. The absorbance of
the wells quantitatively confirms the suppression of the
colorimetric response (Figure 4 b). The inhibition of the blue
to red color change by MJ33 indicates that nonspecific
adhesion does not play a role in the biochromic response,
and PLA2 activity is directly responsible for the color change.
Inactivation of PLA2 is also observed upon removal of Ca2�,
the catalytic cofactors for PLA2,[17, 31] from the buffer solution:
PLA2 prepared in buffer containing Zn2� instead of Ca2� ions
does not induce a blue to red color change of the vesicles
(Figure 4 b). The results also suggest that the degree of
inhibition of the color change is dependent on the amount of
Zn2� added, which is in agreement with earlier viral inhibition
experiments of PDA vesicles modified with sialic acid.[7]

Finally, the effect of nonspecific adsorption on the color
change was investigated. For example, the vesicles do not
change color in the presence of other enzymes such as
lysozyme and glucose oxidase, both of which only produce a
colorimetric response below 5 % after more than an hour of
incubation with the 40 % DMPC/PDA vesicles.

The vesicle color change is ascribed to lipid reorganization
and destabilization of the vesicles by hydrolysis of the DMPC
embedded in the PDA signaling matrix. In general, the color
transitions of PDA-based materials (for example, single
crystals, films) are affected by changes in the conformation,
packing, and ordering of the pendant alkyl side groups.[4, 32, 33]

Tomioka et al.[34, 35] demonstrated that the blue to red color
change of pure amphiphilic PDA monolayers contained in a
Langmuir trough can be induced directly by changes in lateral
surface pressure and lipid packing. The effect is believed to
arise from a reduction of the effective conjugated length of
the ene ± yne backbone that is induced by deformation of the
alkyl side groups pendant to the polymer backbone. A similar
perturbation is brought about in the DMPC/PDA vesicles by

a)

Figure 4. Inhibition of the color response (CR) by a known PLA2 inhibitor.
a) Image of microtiter wells containing a suspension of PLA2/vesicles in the
presence (blue) and the absence (red) of MJ33 (vesicles: 40% DMPC/
PDA). b) Colorimetric response curves for DMPC/PDA vesicles in the
absence (*, max error 1.9%) and presence of an inhibitor (& MJ33, max
error 6.9 %; ^, ZnCl2, max error 6.5%). For further information see the
experimental section.

alteration of the lipid ± lipid packing that is induced by hydro-
lysis of DMPC. This is supported by previous studies that
demonstrate hydrolysis by PLA2 triggers a significant contrac-
tion in the area of Langmuir monolayers containing DMPC.[22]

The extent of contraction reflects quantitative removal of the
hydrolysis products from the monolayer. Fluorescence studies
have also demonstrated independently that hydrolysis by PLA2

destabilizes other DMPC-containing vesicles.[36]

Polymerized mixed vesicles are highly stable against
chemical and physical degradation and offer a convenient,
economical alternative to enzymatic assays that employ
radiolabeled substrates. The vesicle stock solutions described
herein have been stored for over six months without affecting
the results of the assays. Colorimetric detection of interfacial
catalysis by other enzymes such as phospholipase C (PLC)
and phospholipase D (PLD) has been achieved also with
substrate-modified PDA vesicles,[29] and suggests that the
methodology described here is generally applicable. Both of
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Practically Perfect Asymmetric Autocatalysis
with (2-Alkynyl-5-pyrimidyl)alkanols
Takanori Shibata, Shigeru Yonekubo, and Kenso Soai*

Organic synthesis plays a central role in natural and
technical sciences, and the development of organic reactions
that proceed with perfect chemo- and stereoselectivity is an
important goal for organic chemists.[1] Reactions that are
catalyzed by enzymes in living organisms proceed with
extremely high chemo- and stereoselectivities. Enzymes are,
however, macromolecules that consist of thousands of amino

these enzymes cleave at the hydrophilic head-group region
(phosphate ester) of DMPC. The significance of the detection
system described is that it both mimics the natural membrane
interface, and also provides a visual reporting component (the
conjugated polymer) for the rapid detection of biocatalysis.

The simple, one-step detection method for enzymatic
catalysis and inhibition allows convenient adaptation to the
high-throughput screening of catalytic inhibitors. In addition,
this method may be applied to detect deadly neurotoxins that
have enzyme-like activities (for example, b-bungarotoxin).
Future efforts are geared towards the study of factors that
affect enzyme recognition and activity, parameters that
influence reorganization of the conjugated polymer mem-
brane, and adaptation of the colorimetric method to other
enzyme systems.

Experimental Section

Figure 2a: The polymerized vesicles composed of 40 % DMPC/60% PDA,
1mm total lipid, were diluted 1:10 in 50mm Tris buffer (pH 7.0) to a final
volume of 0.5 mL in a standard cuvette, and the spectra were recorded with
a Hewlett Packard Spectrophotometer (model 9153C). Bee venom
phospholipase A2 (Sigma) was dissolved in a buffer (pH 8.9) of 10mm
Tris, 150 mm NaCl, and 5 mm CaCl2 to yield a final concentration of
1.4 mg mLÿ1. 50 mL of this solution was added to the cuvette and the
spectrum recorded after 60 min.

Figure 2b: 5 mL of the 1.4 mg mLÿ1 solution of PLA2 was added to 50 mL of
DMPC/DPA vesicles (0.1 mm final total lipid concentration). The experi-
ment was carried out in a standard 96-well plate with a UVmax kinetic
microplate reader (Molecular Devices). The absorption of the vesicle
solution was monitored as a function of time at 620 and 490 nm. The data
was then plotted as colorimetric response (CR) versus time to yield the
color response curves. Colorimetric response is defined here as the
percentage change in the absorption at 620 nm relative to the total
absorption maxima.[6]

Figure 2c: 5 mL of 40% DTPC/PDA vesicles diluted with 45 mL of 50 mm
Tris pH 7.0 and 5 mL of 6 mm DTNB were incubated with 10 mL of
1.4 mg mLÿ1 PLA2. The absorbance at 412 nm was monitored over time.

Figure 4b: MJ33 was added to 5 mL of unpolymerized 40% DMPC/PDA
vesicles (0.015 mol ratio of MJ33 in the substrate interface) in 40 mL of
50mm Tris (pH 7.0) and 5 mL of a solution of 50 mm Tris, 150 mm NaCl, and
5mm CaCl2 (pH 8.9). The mixture was incubated at room temperature for
20 min and polymerized prior to measuring the absorption at 490 and
620 nm. 5 mL of a 1.4 mg mLÿ1 solution of PLA2 was added and the
colorimetric response recorded as above. For Zn2� inhibition the enzyme
was dissolved in 10 mm Tris, 150 mm NaCl, and 0.1mm ZnCl2 at pH 8.9.
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