J. Am. Chem. So2000,122,1199711998 11997

Mesoscale Folding: A Physical Realization of an (@) (b)
Abstract, 2D Lattice Model for Molecular Folding
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Understanding protein foldirgthe translation of one-dimen- w %@# w
sional information contained in an amino acid sequence into a “ “
functional, three-dimensional structdteemains a central chal- ‘—gﬁ vijf
lenge to biophysics® The many approaches to the folding
problem have included detailed experimental stuéifeapdeling ‘
using molecular dynamids,” and abstract theoretical studies of | w
folding on regular lattice&® Theory and experiment are most L
successful when they are connected, and the more abstract
statistica-mechanical models have never enjoyed the opportuni-

ties for testing and improvement that direct comparison of theory faces are indicated by thick and thin lines, respectively. The number of

with experiment would afford. the edges is clockwise, with “1” being a face with a linker. (c) Sixteen

The objective of this work is to provide a simple, physical possible patterns of hydrophilic and hydrophobic faces for hexagons of
realization of folding on a regular lattice. Our model is based on {he typeo-H.

the two-dimensional (2D) folding of chains of hexagonal plates,
floating at a fluid-fluid interface (Figure 1a). These chains are

tethered together by flexible links and interact by directional la
capillary forces. We have described the characteristics of uncon- Photoresist Pattern
strained (that is, unlinked) plates in similar environméftdere of Linkers

we link these plates within a distance comparable to that over /J
which the capillary forces between hydrophobic faces operate. R
L
l b

Figure 1. (a) Analogy between our models and molecular amino acids.
(b) Nomenclature of the system used. The hydrophobic and hydrophilic

When these systems are suspended at the water/perfluorodecalin
(H,O/PFD) interface and agitated by swirling on an orbital shaker,
the plates with each chain self-assemble into regular structures
determined both by the pattern of the hydrophobic and hydrophilic _

faces of each plate and by the sequence of the plates in a chain. B B P kers

We fabricated the linked chains in poly(dimethylsiloxane)
(PDMS) using a combination of photo- and soft lithography
(Figure 2). The entire chairplates and linkerswas fabricated
as a unit, using a mold prepared by rapid prototypimgd two-
level photolithography (see Supporting Informatiéti)he linkers
were thin PDMS threads (1Q6m x 100um), designed as zigzags
to increase flexibility. Faces and edges were differentiated into
hydrophobic and hydrophilic sets using procedures described
previously*® the linkers were hydrophilic.

Figure 1b describes the nomenclature we use to describe these
plates. The nomenclature describes the shape of the basic unit
(H for hexagon), the relative location of the linkers, and the pattern
of the hydrophobic faces. In cases where a unit has two linkers,
we put a prefix-ortho ©), meta (), and parag)—in front of

<+—— PDMS mold
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Smm Figure 4. 2D folding of linked seven hexagonal plates. (a) H[24]
Figure 3. 2D folding of linked six hexagonal plates. (a) H[2;5] (0-H[2,4])s—0-H[2,3,5]-0-H[3,4]—H[3,5,6], (b) H[2,4}-(0-H[2,4])s—
(0-H[2,5])a—H[3,6], (b) H[2,5}-(0-H[2,5])2—0-H[2,3,5]-0-H[3,4]- H[4,6], and (c) H[2,4}(0-H[2,4])s—H[2,4].

HI5,6], and (c) H[2,4}-(0-H[2,4])s—H[3,5]. i _

of trials. Other sequence#[2,4]—(0-H[2,4])s—H[4,6] (Figure
4b) and H[2,4}(0-H[2,4])s—H[2,4] (Figure 4c)-gave mixtures
of structures rather than unique, compact structures.

This system has both strengths and weaknesses as a model with
which to explore aspects of folding of both of molecules and of
non-molecular structures. The strengths are that: (i) it is very
simple and flexible; (i) capillarity is a conceptually well-
understood interactiot?, albeit complicated to model; (iii) cap-
dllarity is related to the hydrophobic effett!®>and thus directly
relevant to a biologically significant interactidf(iv) the chains
can be designed conveniently using a computer, and fabricated
easily using rapid prototypint;(v) the number of hexagons, the
dimensions and patterns of hydrophobic faces on them, and the
length, location, and stiffness of the linkers between thaih

to which the linker is attached, and continues in a clockwise
direction. For example,d-H[2,3]" indicates a hexagonal plate
having two adjacent linkers and two adjacent hydrophobic faces
(Figure 1b).

Figure 3 shows the outcome of 2D folding of structures
comprising six linked hexagonal plates; these structures illustrate
the influence of the pattern of hydrophobic faces of the hexagonal
plates on the structures that form. There are 16 possible pattern
of hydrophilic and hydrophobic faces for hexagons of the type
0-H—a number close to the 20 common amino acidssuming
that the chain is directional (Figure 1c). Each chain has its own
sequence of hexagonal plates with patterns of hydrophobic and

hydrophilic faces; this sequence and these patterns direct |tsCan be easily controlled: (vi) arbitrary 2D shapes can be

folding into a final structure. o Substituted for the hexago#s(vii) the relative densities of the

The chains were placed at the interface in an extende . h involved d thus th | fth il
conformation. The folding took place in seconds, and required various phases Invoived, an us the value of the capiliary

no or only gentle agitation. We performed each experiment at interactions, can _be adjusted over s_ubstantlal raffgésthe
least 10 times with each chain. The structures shown in Figure 3weqknesses of this system are that it involves 2D rather than 3D
formed in more than 90% of the trials. In these systems, the folding (and that, as a consequence, the number of structures that

interactions between hydrophobic and hydrophobic faces are ¢an form is much smaller_than with pro_teins or polypeptides with
strongly attractive, the interactions between hydrophilic and the same number of units) and that it uses only two types of
hydrophilic faces are weakly attractive, and the interactions interactions-steric and capillaryrather than the larger range

between hydrophobic and hydrophilic faces are strongly repul- important for molecules. For all of its simplicity, the system
sivel® Figure 3a shows a chain of the sequence H[2,5] provides a physical realization of the abstract analytical models

(0-H[2,5]).—H[3,6], and the structure it forms on self-assembly. that aretusehd to |nV(—|:A_st(|jgflte rg)olticqlar f_oldlng.tThls appro?ch also
The structure is the one expected from aggregates of [1,4] s?ggese\évl_en applie tog ch St'n mlct;]orpe er lrgnq[ﬁeu es b
hexagons not constrained by linké?sThe structure shown in O 8SS€MDINg aggregated structures that would otherwise be
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