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We have recently shown that 1,2-bis( II-mercapto
undecanoyl)-sn-glycero-3-phosphocholine can be polymerized as
well as depolymerized in vesicle form, via a thiol-disulfide redox
cycle.2 Two intriguing questions regarding the polymerization
process are the focus of the present work: Are nonsymmetrical
lipids necessary for interlipid coupling, Le., vesicle polymerization?
Are the resulting polymers formed under thermodynamic or kinetic
control? Phosphatidylcholines, in the bilayer state, are known
to prefer a conformation in which the glycerol backbone is ap
proximately perpendicular to the plane of the membrane, where
the two fatty acid chains extend unequally.) Based on this fact,
we have previously suggested that thiol groups positioned at
identical carbon atoms in each of the a and {3 chains would be
segregated and that interlipid oxidative coupling would domi
nate.2,4 Whether or not this process would be thermodynamically
favored, however, was not addressed. We now show that the
macrocyclic disulfide analogue 1, as well as the symmetrical

2

ammonium surfactant 2 forms vesicles and that exposure to 5 mol
% of dithiothreitol (OTT) triggers ring-opening polymerization.
These results (i) demonstrate that nonsymmetrical lipids are not
essential for polymer formation, (ii) prove that these disulfide
based polymers are thermodynamically preferred in the vesicle
state, and (iii) establish the mildest synthetic route available to
date for the construction of polymerized phosphatidylcholine
membranes.

The requisite lipids were obtained by straightforward and
unexceptional procedures; the synthesis of lipid 1 has been pre
viously reported. 2• Quaternization of 16-(dimethylamino)-1
hexadecanol (obtained by reaction of 16-bromohexadecanol with
excess dimethylamine) with 16-bromohexadecanol produced di
methyldi( 16-hydroxyhexadecyl)ammonium bromide in a 68%
isolated yield. Subsequent conversion to the corresponding triflate,
"self-phase-transfer" catalyzed displacement with sodium thio
acetate, and hydrolysis with 2.5 N HCI containing methanol
afforded a 36% isolated yield of dimethyldi(16-mercaptohexa
decyl)ammonium chloride (3) having Rf 0.65 [alumina,
CHCI)/CHPH (9/1)].5-7 Cyclization under high-dilution
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of phospholipid-based vesicles has previously been suggested: Lopez, E.;
O'Brien, D. F.; Whitesides, T. H. J. Am. Chern. Soc. 1982, /04, 305.
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Figure 1. Transmission electron micrograph (2% sodium phospho
tungstate stain) of DTT-polymerized vesicles of 1; bar represents 2500
A.

conditions (1.4 X 10-4 M) in methanol containing 3.1 X 10-4 M
LiOH, under an oxygen atmosphere (72 h), and chromatographic
purification afforded 2 (32%) having R r 0.44 [alumina,
CHCI)/CHPH (9/1)]; fast atom bombardment mass spec
trometry showed a parent peak at m/z 556 for the ammonium
ion with no evidence of contamination by dimer or trimer.8

Dispersal of 5 mg of 1 in 5 mL of 10 mM borate buffer (pH
8.5) containing 140 mM NaCl and 2 mM NaN) via vortex mixing
and sonication (50 0q, using procedures similar to those pre
viously described,2 produced an opalescent to optically clear
dispersion. Dynamic light scattering measurements carried out
using a Nicomp 200 instrument, equipped with a helium-neon
laser (632.8 nm, scattering angle of 90°) and a computing au
tocorrelator, indicated particles having diameters ranging between
240 and 300 A. A second population of particles was also indicated
in the range of 850 and 3000 A.9 Treatment with 5 mol % of
OTT for 4 h at 50°C and analysis of the dispersion by TLC
showed the complete loss of starting monomer; all of the lipid
remained at the origin [silica, CHCl)/CHPH/H20 (65/25/4)].2
Gel filtration through a Sepharose 6B column resulted in a 96%
vesicle recovery in the void volume (phosphorus analysis). Light
scattering showed no significant change in the apparent vesicle
diameter upon polymerization; transmission electron microscopy
revealed a vesicle population having a mean diameter of 243 ±
l20 A (Figure 1). Thiol analysis, after dialysis against 200 mL
of distilled water (23°C, 18 h) indicated that the polymeric lipid
contained 3.6% thiol groups. On the basis of this number, and
assuming that cyclic oligomer formation within the membrane
is negligible, the number average degree of polymerization (Xn)

and number average molecular weight (Mn) are estimated to be
28 and 18 000, respectively.2. Control experiments carried out
by heating vesicles of 1 for 4 h at 50 °C, in the absence of OTT,
showed only starting monomer and no apparent change in vesicle
diameter (light scattering).

Qualitatively, similar results were obtained with 2. Vesicles
were readily formed upon sonic dispersal of either 2 or 3 in water.
Hydrogen peroxide oxidation (20 equiv. 45°C, 4 h) of vesicular
3 resulted in the complete loss of monomer and a polymeric
product remaining at the origin [alumina, CHCl)/eHJOH (9/1)];
thiol analysis indicated a 96% conversion. OTT-initiated polym
erization of vesicles of 2 (5 mol %, 4 h, 50 0q proved equally
effective, as indicated by TLC. Control experiments performed
with 2 in the absence of OTT showed only unreacted monomer.

(6) Moss, R. A.; Bizzigotti, G. 0.; Huang, c.-W. J. Am. Chem. Soc. 1980.
/02, 754.

(7) Chromatographic purification of 3 and 2 was carried out using silica
[Merck 230-400 mesh, CHCl,/CH,OH (9/ I)] and neutral alumina [Bio-Rad
100-200 mesh. CHClJ/CHJOH (4/1 )J. respectively; TLC analysis was made
by using Baker-flex alumina sheets without fluorescent indicator for lipids 3
and 2 and Merck silica plates for 1.

(8) FAB studies were performed at the Midwest Center for Mass Spec
trometry (NSF Regional Instrumentation Facility, Grant CHE-82-11164),
Lincoln, NE. Oxidation procedures used were similar to those previously
described: Shinkai, S.; Inuzuka, K.; Miyaz.aki. 0.: Manabe. O. 1. Org. Cheri!·
1984,49, 3440.

(9) The method of cumulants llsed in dynamic light scattering can be very
misleading. If this second population of particles is in fact real, it is likely
to be due to vesicle aggregation.
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Electron micrographs of DTT-polymerized 2 confirmed the
presence of closed vesicles having a mean diameter of 635 ± 125
A. In contrast to polymerized 1, however, open-vesicle membranes
were also observed. Whether or not these open structures are
artifactual remains to be established.

Studies now in progress are focusing on a comparison of the
membrane properties between DTT-polymerized disulfide vesicles
derived from 1 and 2 and also their cross-linked analogues. Results
of these studies will be reported in due course.
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Recent reports from our laboratory have detailed a promising
new strategy directed toward the rational design of artificial
enzymes.1,2 We have convalently modified the active site of papain
with reactive analogues of flavin cofactors to yield chemically
modified enzymes which are effective catalysts for the oxidation
of N-alkyl-l ,4-dihydronicotinamides. The most effective flavo
papains exhibit substrate selectivity, show saturation kinetics, and
rival the kinetic efficiency of naturally occurring flavoenzymes.
The success of these first-generation semisynthetic enzymes
demonstrates both the importance and potential of adapting
binding sites of naturally occurring enzymes for the design of
effective new catalysts active under mild aqueous conditions. We
have now extended our studies to include a new protein template,
glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which
allows for predictable substrate specificity and reaction stereo
specificity from a priori considerations of active-site geometry.

GAPDH is a readily available enzyme which has been the
subject of extensive physicochemical characterization.3 The active
enzyme is a tetramer composed of four identical subunits (Mr
36000), each of which contains a discrete active site where both
NAD+/NADH and glyceraldehyde-3-phosphate (GAP) bind.
X-ray diffraction studies4 reveal that the nicotinamide cofactor
binds within the pocket so that its pyridinium ring is near Cys-149.
This sulfhydryl group, which is essential for catalysis, is believed
to form a hemiacetal with GAP and can be selectively alkylated
by a variety of reagents without destroying the NAD+/NADH
binding site. In this regard, the observationS of Rafter and Co
lowick that GAPDH promotes the reduction of enzyme-bound
dichloroindophenol is particularly relevant.

We have utilized rabbit muscle GAPDH6 for our studies to date
and have carried out the alkylation of Cys-149 with 7a-(bro
moacetyl)-10-methylisoalloxazine (1).7 Because NAD+ copurifies
with GAPDH and is known to inhibit alkylation of the active-site
thiol,8 apoenzyme9 (NAD+ free, 1.5 X 10-5 M) was treated with
a 25-fold excess of 1 in aqueous buffer for 1 h (50 mM pyro
phosphate, pH 8.0, 25 °C). By use of this protocol, 0.9 ± 0.05
flavins are incorporated per subunit as estimated by anaerobic
titration of the flavoprotein with dithionite IO and Biuret protein

(1) Slama, J. T.; Radziejewski, C.; Oruganti, S. R.; Kaiser, E. T. J. Am.
Chern. Soc. 1984, 106,6778-6785.

(2) Kaiser, E. T.; Lawrence, D. S. Science (Washington, D.C.) 1984 226
505-511. ' ,

(3) Harris, J. I.; Waters, M. In ~The Enzymes"; Boyer, P., Ed.; Academic
Press: New York, 1976; Vol. XIII, Part C, pp 1-49.

(4) Moras, D.; Olsen, K. W.; Sabesan, M. N.; Buehner, M.; Ford, G. C.;
Rossmann, M. G. J. Bioi. Chern. 1975, 250,9137-9162.

(5) Rafter, G. W.; Colowick, S. P. Arch. Biochem. Bionhys. 1957 66
190-207. r "

(6) Boehringer-Mannheim Biochemicals.
(7) Levine, H. L.; Kaiser, E. T. J. Am. Chern. Soc. 1978,100,7670-7677.
(8) Trentham, D. R. Biochem. J. 1968, 109,603-612.
(9) Havsteen, B. H. Acta Chern. Scand. 1965,19, 1643-1651.
(10) Burleigh, B. D., Jr.; Foust, G. P.; Williams, C. H. Jr. Anal. Biochem.

1969, 27, 536-544. '
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determination. ll The enzyme-bound flavin has Amax 434 nm (t
1.04 X 104 M-I cm-I); this is red-shifted by 7 nm relative to the
Amax of the analogous flavin free in solution.7

NADH is a good substrate for the flavo-GAPDH enzyme.
Saturation kinetics were observed for the oxidation of this substrate
in air-saturated buffer (pH 8.0, 25.0 °C, monitored at 340 nm),
giving an apparent Km value of 25.4 /-LM, while the product of the
reaction (NAD+) was determined to be a competitive inhibitor
with a Ki value of roughly 330 j.LM. Under these conditions the
apparent bimolecular rate constant (kcat/ Km)app is 83 times larger
than the second-order rate constant (k2) for the oxidation of
NADH promoted by the model compound 7-acetyl-l0-methyl
isoalloxazine (2) (Table I). However, the observed rate accel
eration depends on the concentration of oxygen in the medium,
since both kcat and kcat / Km increase with increasing amounts of
oxygen, while k 2 for the model is oxygen independent. In oxy
gen-saturated buffer (25.0 °C), for example, the apparent bi
molecular rate constant for the enzymatic reaction increases to
1550 M-I S-I which represents a 120-fold rate enhancement over
the model system. This finding indicates that the catalytic ef
ficiency of 7-acetylflavo-GAPDH, like that of flavopapain,12 is
limited by the flavin reoxidation step and, further, that flavin
reoxidation can occur with substrate/product bound at the active
site. 13 The turnover number is still small in oxygen-saturated
buffer (0.0360 S-I), although larger values of kcat may be attainable
if suitable artificial electron acceptors can be found. 12

In contrast to the results obtained with NADH, significant rate
accelerations were not observed for the oxidation of NADPH or
simple N-alkyl-l ,4-dihydronicotinamides (Table I). Although
saturation kinetics were seen in the reactions promoted by the
semisynthetic enzyme, the Km values are greater than 150 /-LM
for each of these substrates. Such substrate specificity (NADH
> NADPH rov BNAH rov PNAH) was expected, given the known
specificity of GAPDH itself,3 and provides evidence that the flavin
moiety is selectively incorporated into the active site of the protein.

Alkylation of GAPDH with the flavin derivative 8a-(bromo
acetyl)-10-methylisoalloxazine (3)1yields an isomeric flavoprotein
with properties very similar to those of 7-acetylflavo-GAPDH.
For example, in air-saturated buffer the (k t/K) value for. . . ca m app
NADH OXIdatIon (475 M-I S-I) IS 86-fold larger than the sec-
ond-order rate constant for the model reaction in which 8
acetyl-l0-methylisoalloxazine is the catalyst (5.5 M-1S-I). The
differences in the rate constants for the oxidations of N-propyl
and N-benzyldihydronicotinamides catalyzed by the enzyme and
the model systems are less than 2-fold. Flavopapains, on the other
hand, exhibit a strong preference for the nonpolar N-alkyl-l ,4
dihydronicotinamides as substrates over NADH,I,7 and the specific
enzymatic activity shows a greater dependence on the structure
of the flavin analogue than is evident with the flavo-GAPDH's.I,7

We have also examined the stereochemistry of hydrogen transfer
from chirally deuterated NADH molecules. The pro-S hydrogen
of NADH is selectively transferred to diphosphoglycerate in the
native protein,3 and we predicted that a similar preference would
be manifest in the reactions catalyzed by 7-acetylflavo-GAPDH.
As the kinetic and product analysis data presented in Table II
show, 7-acetylflavo-GAPDH does exhibit substantial si-face
stereoselectivity. In contrast, transfer of the pro-R hydrogen is
favored in the oxidation of NADH catalyzed by both the non
en~ymatic model system I5 and flavopapain. I6 We are currently
uSIng stopped-flow techniques in order to determine the intrinsic

(1 I) Cooper, T. G. "The Tools of Biochemistry"; Wiley-Interscience: New
York, 1977; pp 51-53.

(12) Radziejewski, C.; Ballou, D. P.; Kaiser, E. T. J. Am. Chern. Soc.
1985, 107, 3352-3354.

(13) Massey, V:; Nishino, T. In "Flavins and Flavoproteins, Proceedings
of the 6th InternatIonal Symposium on Flavins and Flavoproteins"; Yagi, K.,
Yamano, T., Eds.; Japan Scientific Societies Press: Tokyo, 1980; pp 1-11.

(14) Arnold, L. J., Jr.; You, K.; Allison, W. S.; Kaplan, N. O. Biochem
istry 1976, 15, 4844-4849.

(15) Upon reexamination, some of the data obtained earlier with 2 16 were
found to be incorrect. The more recently measured values, given in Table II,
agree well with other published reports: San Pietro, A.; Kaplan, N. 0.;
Colowick, S. P. J. Bioi. Chern. 1955,212,941-952.

(16) Levine, H. L.; Kaiser, E. T. J. Am. Chern. Soc. 1980,102,343-345.
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