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Amphiphilic molecules, often also called surfactants because of
their surface active properties, have been the subject of intensive
studies for many yeafsAs part of our studies on the design of
new building blocks for the construction of nanosized self-
assembled systems we have developed a new class of amphiphilic
molecules, that is, giant amphiphiles, which consist of an enzyme
headgroup and a single covalently connected hydrophobic polymeric
tail (Figure 1)?

In the case of low-molecular weight amphiphiles (e.g., phos- (a)
pholipids) studies have shown that the shape of the individual molecular S
amphiphilic molecule very often determines the structure of the amphiphile amphiphile
resulting aggregate.Similar rules with respect to shape and
structure seem to hold for the more recently introduced class of Figure 1. Computer-generated models of (a) a phospholipid representing

L . . the class of molecular amphiphiles (molecular volur@®5 nn#, molecular
Super-amphlphlleg,whlch are composed of hydrophitidydro- weight~1 kDa), (b) a diblock polymer of polystyrene and a polyisocyano-
phobic diblock copolymers. These block copolymers have also beenpeptide representing the class of super-amphiphiles (molecular vetne
shown to form highly ordered aggregates with morphologies nm?, molecular weight~6 kDa), and (c) the lipase-polystyrene € 40)

dependent on the block lengths or the presence of inorganié salts biohybrid representing the new class of giant amphiphiles (molecular volume
or both. In terms of both molecular volume and molecular weight ~25 N molecular weight~40 kDa).

the here-reported giant amphiphiles are considerably larger thanmM phosphate buffer, pH 6.8). Titration of the product with
their low-molecular weight and polymeric counterparts. We thought Eliman’s reagent revealed the presence of one remaining free thiol
it to be of interest to investigate whether this next generation of group, indicating the coupling of only one maleimide per lipase
amphiphiles would behave in the same manner as their super- andmolecule (see Figure 1, Supporting Informatiéh).

low-molecular weight analogues and also form well-defined as-  The coupling of the maleimide-functionalized polystyrene (0.05
semblies in aqueous solution. mM, prepared from the carboxy-terminated polystyreme=(40)

In the past a wide variety of polymer/enzyme adducts have beenpy reaction with SOGland then with maleimide and base, see
synthesized by more or less randomly coupling an enzyme to a Supporting Information) to the reduced protein (0.03 mM) was
polymeric matrix. To the best of our knowledge the synthesis of a initially performed in aqueous solution (100 mM phosphate buffer,
precisely defined, nearly monodisperse enzyipelymer hybrid, pH 6.8, containing 2 mM EDTA and 150 mM NaCl); however,
aimed at developing surfactants, has not been reported before. Inonly ill-defined architectures were observed by transmission electron
the following we describe such a hybrid, derived from a lipase and microscopy (TEM, see Figure 3, Supporting Informatiéh).
polystyrene, and report on its self-assembling properties in water.  To obtain more defined structures and carry out the coupling in

The enzyme headgroup chosen was the lipase B ftamdida a more controlled manner, the reaction was carried out at the air
antarctica(CAL B, EC 3.1.1.3, triacylglycerol hydrolasé}.This water interface using a LangmuiBlodgett trough. A chloroform
well-studied 33 kDa lipase catalyzes in aqueous solutions the solution of the maleimide-funtionalized polystyrene was spread at
hydrolysis of esters, and in anhydrous organic solvents, the reversethe airwater interface, and the reduced enzyme was added to the
esterification reactiohCAL B is very stable even in various organic  sub-phase. The reaction was allowed to proceed for 4 h. After
solvents and at high temperatures. A maleimide-functionalized compression of the monolayer the presstserface area isotherm
polystyrene of 40 repeat units (PD+ 1.04) was used as the  of the reaction mixture revealed a lift-off area-e23 nn? (Figure
hydrophobic tail. The specific attachment of this polymer to the 2, I1l). When compared to the lift-off areas of the native lipase (12
enzyme was achieved by functionalizing the single disulfide bridge nne, Figure 2, 1) and the maleimide-functionalized polystyrers (
(Cys293-Cys311), which is exposed on the outer surface of the nmg), this increase of molecular area is in agreement with the
native lipase. The first step of the synthesis of the giant amphiphile formation of the giant amphiphile. A blank experiment using
was the complete reduction of this disulfide bridge with dithio- carboxy-terminated polystyrene and native CAL B was also
threitol (DTT), which was confirmed by titrating the reduced performed to ascertain that the lift-off area increase was not due to
enzyme with Ellman’s reagent (see Scheme 1, Supporting nonspecific adsorption of the protein to the polymer monolayer.
Information)®~12 To study the coupling of maleimides to the (This experiment resulted in a lift-off area of 7.5 HniFigure 2,
resultant free thiol groups, the reduced CAL B (0.25 mM) was 1I).
incubated with an excess of maleimide (0.6 mM maleimide in 20 A coupling reaction between nonaggregated components was

*To whom correspondence should be addressed. Fexd1) 24-3652929. subsequently t.ried by using a THF/water mixture (90/10 Y/V)' It
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Figure 2. Surface pressure/surface area isotherms recorded in a Largmuir
Blodgett trough using a subphase containing 20 mM phosphate buffer (pH
6.8), T =20°C. (I) CAL B, (ll) reaction mixture of polystyrene-maleimide
and native CALB, (Ill) the giant amphiphile formed in the monolayer, and
(IV) the giant amphiphile formed in THF/water system.

Figure 3. TEM images (Pt shadowing) of the aggregates obtained after
mixing reduced CAL B in water with maleimide-terminated polystyrene
in THF/water (9/1 v/v) mixture (A, B). The insert (B) showsn long
bundles of fibers, with the smallest fiber (C) having a diameter-d25

nm corresponding to a micellar rod (D).

monodispersed in THF solutions with up to 10% water content.
The reaction was performed in a THF solution of maleimide
polystyrene (0.03 mM) to which the reduced enzyme in water (0.015
mM, 100 mM phosphate buffer, pH 6.8, 2 mM EDTA, 150 mM
NaCl) was added to give a final water content of 8%. The reaction
was allowed to proceed overnight, and then additional water was
slowly added over a period of2 h16 TEM studies of the resulting
reaction mixture revealed the presence of well-definpedlong
fibers (Figure 3A,B). Closer examination of these fibers showed
that they were built up from bundles of rods, with the smallest rod
having a diameter between 25 and 30 nm (Figure 3C). The size of

hydrophobic polystyrene tail, which is attached without the help
of a hydrophilic spacer. In addition, upon aggregation of the giant
amphiphiles from fibers to bundles of fibers, fewer active sites of
the enzyme molecules will remain accessible to substrate mol-
eculest®

In conclusion, we have shown that monodispersed and precisely
defined giant amphiphiles consisting of an enzyme covalently
connected to a single hydrophobic polymeric tail can be prepared
and induced to self-assemble in a fashion similar to that of low-
molecular weight amphiphiles. Further studies are directed at
investigating the influence of different polymer tails (i.e., poly-
styrenes of different lengths with different hydrophilic spacer groups
for attachment to the enzyme) upon the activity and the self-
assembling behavior of the giant amphiphiles.
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