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A variety of naturally occurring biomaterials owe their unusual
structural and mechanical properties to layers of b-sheet proteins
laminated between layers of inorganic mineral. To explore the
possibility of fabricating novel two-dimensional protein layers, we
studied the self-assembly properties of de novo proteins from a
designed combinatorial library. Each protein in the library has a
distinct 63 amino acid sequence, yet they all share an identical
binary pattern of polar and nonpolar residues, which was designed
to favor the formation of six-stranded amphiphilic b-sheets. Char-
acterization of proteins isolated from the library demonstrates that
(i) they self assemble into monolayers at an airywater interface; (ii)
the monolayers are dominated by b-sheet secondary structure, as
shown by both circular dichroism and infrared spectroscopies; and
(iii) the measured areas (500- 600 Å2) of individual protein mole-
cules in the monolayers match those expected for proteins folded
into amphiphilic b-sheets. The finding that similar structures are
formed by distinctly different protein sequences suggests that
assembly into b-sheet monolayers can be encoded by binary
patterning of polar and nonpolar amino acids. Moreover, because
the designed binary pattern is compatible with a wide variety of
different sequences, it may be possible to fabricate b-sheet mono-
layers by using combinations of side chains that are explicitly
designed to favor particular applications of novel biomaterials.

Proteins play key roles in controlling the self-assembly of
biological materials (1–5). In recent years, interest has grown

in mimicking biological self assembly (2–11) with peptides or
proteins designed de novo. This interest is motivated both by a
desire to test our understanding of self assembly in natural
systems and by the drive to lay foundations for the fabrication of
novel protein-based biomaterials.

Self-assembled two-dimensional layers of proteins are of
particular interest for the fabrication of biomaterials. Such layers
play important roles in biological mineralization by controlling
the size, orientation, and morphology of inorganic crystals at the
surface of the protein layer (2, 5, 11–14). A well-studied example
of proteinyinorganic layering occurs in the nacre of mollusk
shells (‘‘mother of pearl’’) (4, 5, 11–17). These laminated struc-
tures are composed of alternating layers of a protein-rich matrix
and aragonite (a crystal form of calcium carbonate). The pro-
teins in the protein-rich layer are dominated by b-sheet second-
ary structure (1, 5, 11–14).

To explore the possibility of fabricating de novo b-sheet layers,
we studied the self-assembly properties of a collection of de novo
proteins derived from a combinatorial library of sequences
designed to favor the formation of amphiphilic b-strands punc-
tuated by reverse turns (18, 19). Each sequence in the library is
distinct. However, all sequences are the same length (63 resi-
dues), and they all share the identical binary patterning of polar
and nonpolar residues. Here we report that despite their differ-
ent amino acid sequences, proteins derived from this library
share the ability to assemble into monolayers at an airywater
interface. The monolayers are dominated by b-sheet secondary
structure, and their mean molecular areas match those expected

for proteins folding into b-sheet structures with one polar and
one nonpolar face.

Materials and Methods
Proteins. Construction of the combinatorial library of genes and
the expression and purification of the proteins have been de-
scribed (18, 19). The identity and purity of the purified proteins
were verified by SDSyPAGE and electrospray mass spectros-
copy. The purified proteins were dialyzed into water at pH 11.0
(adjusted with NaOH) and lyophilized overnight. The dry pro-
tein samples were dissolved in hexafluoroisopropanol (HFIP) at
a concentration of '1 mgyml. The exact concentration of the
proteinyHFIP solution was determined by quantitative amino
acid analysis (Biotechnology Analytical Facility, Cornell Uni-
versity, Ithaca, NY). For Langmuir–Blodgett studies, the pro-
teinyHFIP solution was diluted with chloroform. The volume
ratio of HFIP to chloroform was 1:8 for protein 17 and 1:6 for
proteins 23 and 69.

Langmuir–Blodgett Studies. Langmuir films at the airywater inter-
face were formed at 22°C by using a custom-built Teflon trough
(110 mm 3 95 mm) controlled by a commercial KSV 5000 (KSV
Chemicals) Langmuir–Blodgett system. In a typical experiment,
a solution of CHCl3yHFIP containing the desired protein at a
concentration of 0.1 mgyml was added dropwise through a
microsyringe onto the surface of deionized water that had been
saturated with CO2 and had a pH of 5.8. After layering of the film
and evaporation of the organic solvents, the surface film was
allowed to relax for 10–15 min. Isotherms were then recorded
while the film was compressed at a constant rate of 20 mmymin,
and surface pressure was measured by Wilhelmy plate. The mean
molecular area of each protein was estimated by extrapolating
the linear portion of each curve (between 15 mNym and 25
mNym) to a surface pressure equal to zero. Such extrapolations
are routinely used to estimate the mean molecular area in films
that are condensed but not under pressure (20).

Determination of Protein Secondary Structure. Secondary structure
was analyzed both by circular dichroism (CD) and transmission
infrared (IR) spectroscopy. Films were transferred from the
airywater interface onto solid substrates (hydrophilic quartz
slides for CD and CaF2 for IR) by vertical deposition at a
constant surface pressure of 25 mNym.

Transmission Fourier transform IR spectra were obtained on
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a Nicolet-730 FT–IR instrument by scanning 512 times at a
resolution of 4 cm21 using blank CaF2 as the background.

CD spectra were obtained for Langmuir films that had been
transferred onto quartz slides [Chemglass (Vineland, NJ), 19 3
19 mm]. Before use, these slides were cleaned by immersion in
‘‘piranha’’ solution (30% H2O2, 70% H2SO4), rinsed in deionized
water, and oven-dried. CD spectra were measured at 25°C by
using an Aviv Associates (Lakewood, NJ) 62DS CD spectrom-
eter. A blank quartz slide was used as background. The samples
responsible for the observed CD spectra contain only two
monolayers of protein (one on each side of the quartz slide).
Therefore, samples were scanned repeatedly to improve the
signal-to-noise ratio. The spectra shown in Fig. 4 represent 100

scans at 1-nm resolution. In some cases, we also attempted to
improve the signal-to-noise ratio by dipping the quartz slide
multiple times. An example of such an experiment is shown in
Fig. 4 for protein 23.

The CD spectra are presented as raw data. Conversion to
mean residue ellipticities requires an accurate assessment of the
concentration of protein on the quartz slides. Although the
concentration of protein in the original Langmuir monolayers
was known from quantitative amino acid analysis, uncertainties
about the efficiency of transfer to the quartz slides complicate
assessment of protein concentration in the CD experiment. [For
this reason, CD spectra of protein monolayers transferred onto
quartz slides are often reported as raw data (e.g., refs. 21 and
22).] Nonetheless, by assuming that transfer occurs at 100%
efficiency after a single dip of the quartz slide, we calculated
mean residue ellipticities (MREs) at 217 nm for proteins 17 and
69. The calculated values are '29,000 degzcm2ydmol. Because
the actual transfer presumably occurs with less than perfect
efficiency, the true MREs are likely to be somewhat more
negative. These values demonstrate the monolayers are domi-
nated by b-sheet secondary structure.

Model Building. The model shown in Fig. 6 was constructed using
the INSIGHTyDISCOVER package of programs (Molecular Simu-
lations, Waltham, MA). Initially, two seven-residue polyalanine
b-strands were placed into the standard conformation for anti-
parallel b-structure (23). Constrained energy minimization
brought the two strands to a separation distance consistent with
hydrogen bonding between backbone amides and carbonyls on
the adjacent strands. This pair of strands was then replicated
twice to generate a total of six antiparallel b-strands. Successive
b-strands were then linked by tetraglycine turns. Backbone
coordinates for these turns were taken from tetrapeptide turns
in natural proteins. For the first, third, and fifth turns, we used
the mirror image of the backbone coordinates of residue 19–22
of prealbumin (2PAB). For the second and fourth turns, we used
the backbone coordinates of residues 240–243 of penicillopepsin
(3APP). After the turns had been joined to the b-strands, the
side chains for the entire sequence of protein 17 were appended
onto the backbone, and the structure was minimized.

Results
A Designed Combinatorial Library of de Novo b-Sheet Proteins. The
proteins used in this study are derived from a library of amino
acid sequences designed to form six amphiphilic b-strands
punctuated by reverse turns (Fig. 1). Each of the six b-strands
was designed to be seven residues long with polar (E) and
nonpolar (F) amino acids arranged in an alternating pattern

Fig. 1. The designed binary patterning for a combinatorial library of de novo
proteins. Arrows designate b-strands, and gray loops designate reverse turns.
Red circles represent positions that can be occupied by any of the polar amino
acids His, Lys, Asn, Asp, Gln, or Glu. Yellow circles represent positions that can
be occupied by any of the nonpolar amino acids Leu, Ile, Val, or Phe. Gray
circles represent turn residues. (This figure shows 62 rather than 63 residues
because the initiator methionine is not included in this schematic represen-
tation.)

Fig. 2. (Top line) Binary sequence pattern of a designed combinatorial library of de novo proteins. The sequences are 63 residues long and are designed to
form six b-strands (arrows) punctuated by turns. (Second line) Alternating pattern in the b-strands is indicated with polar residues (E) as white font on black
background and nonpolar residues (F) as black font on gray background. Combinatorial diversity is incorporated at positions marked E, F, and t (turn). Fixed
residues are incorporated at the termini and in some of the turns (18, 19). (Lines 3–5) Amino acid sequences (single-letter code) of three de novo proteins from
the combinatorial library.
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(EFEFEFE). This polarynonpolar periodicity matches the
structural repeat of an amphiphilic b-strand, with successive side
chains pointing up-down-up-down, etc. (23–25). The b-strands
were separated by reverse turns designed to be four residues
long. By choosing turns with an even number of residues (e.g.,
EFEFEFE-t-t-t-t-EFEFEFE), we designed an interruption in
the alternating polarynonpolar periodicity. This interruption
would favor short b-strands separated by reverse turns, as shown
in Fig. 1, and disfavor alternative structures containing long
uninterrupted amphiphilic b-strands running the full length of
the sequences. (In contrast, a sequence with an odd number of
turn residues, such as EFEFEFE-t-EFEFEFE, could main-
tain the alternating polarynonpolar patterning by placing the
putative turn residue on the hydrophobic face of a long unin-
terrupted amphiphilic b-strand; see Discussion.)

Within the constraints of the designed polarynonpolar pat-
terning, combinatorial diversity was incorporated into the library
by allowing polar residues to be either His, Lys, Asn, Asp, Gln,
or Glu and nonpolar residues to be either Leu, Ile, Val, or Phe.
These combinatorial sets of amino acids were encoded by
libraries of synthetic genes in which polar residues are encoded
by the degenerate DNA codon NAN and nonpolar residues by
the degenerate DNA codon NTN (where N represent a specified
mixture of bases). The design and construction of this combi-
natorial library are described in greater detail in refs. 18 and 19.

A schematic diagram of the design and three representative
amino acid sequences are shown in Fig. 2. The designed pattern
of alternating polar and nonpolar residues is consistent with the
formation of a b-sheet structure in which all of the hydrophilic
side chains project from one face of the sheet and all of the
hydrophobic side chains project from the opposing face. For-
mation of these facial amphiphiles would be favored at an
interface between polar and nonpolar phases.

Monolayers at the AiryWater Interface. The three sequences shown
in Fig. 2 were expressed in Escherichia coli, purified, and
lyophilized. The lyophilized proteins were dissolved in a volatile
organic solvent (hexafluoroisopropanolychloroform) and then
gently layered onto the aqueous surface in a Langmuir–Blodgett
trough. All three proteins formed stable Langmuir films at the
airywater interface. Plots of the surface pressure as a function of
mean molecular area are shown in Fig. 3. The three isotherms
are similar but not identical. They differ somewhat from one
another, as expected for three distinctly different amino acid
sequences. Yet they share several key properties: all three
surface films are stable at surface pressures up to 30 mNym. The
films remained stable at surface pressures corresponding to their
assembled state (20 ' 25 mNym) for many hours without
noticeable loss of protein into the aqueous subphase. From the
isotherms in Fig. 3, the mean surface area occupied by each
protein molecule was estimated by extrapolating the linear
portion of each curve (between 15 and 25 mNym) to a surface
pressure equal to zero. Such extrapolations are routinely used to
estimate the surface area per molecule in films that are con-
densed but not under pressure (20). These extrapolations yielded
mean molecular surface areas of 600, 550, and 500 Å2 for
proteins 17, 23, and 69, respectively. The protein surface films
were robust and were readily transferred onto solid substrates for
further characterization.

b-Sheet Secondary Structure. The secondary structures of the
surface films were determined both by CD and IR spectroscopy.
To facilitate CD measurements, the films were transferred by
vertical deposition onto quartz slides. The CD spectra display a
single minimum at '217 nm (Fig. 4), demonstrating that the
films are dominated by b-sheet secondary structure (26). Be-
cause of inherent uncertainties in the concentration of protein
on the quartz slides, spectra are presented as raw data rather
than MREs. However, by assuming that transfer from the
airywater interface to the quartz slide occurred with 100%

Fig. 3. Isotherms of Langmuir films at the airywater interface.

Fig. 4. CD spectra of the Langmuir–Blodgett films after transfer onto quartz slides. Each spectrum represents the average of 100 scans. The single minimum
at 217 nm indicates b-sheet conformation. (Spectra for proteins nos. 17 and 69 result from a single dip of the quartz slide into the Langmuir–Blodgett film; the
spectrum for protein no. 23 was measured after multiple dips; see text.)
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efficiency, we were able to estimate mean residue ellipticities at
217 nm. For proteins 17 and 69, these estimated values are
'29,000 degzcm2ydmol. (No attempt was made to estimate a
MRE for no. 23; see Materials and Methods.) Because the actual
transfer presumably occurs with less than perfect efficiency, the
true MREs are likely to be somewhat more negative. These
values demonstrate the monolayers are dominated by b-sheet
secondary structure.

The secondary structures of the protein films were also
analyzed by IR spectroscopy, as shown in Fig. 5. To facilitate the
IR experiments, the films were first transferred by vertical
deposition onto CaF2 slides. For structural studies of proteins,
the infrared absorption band in the region of 1,600 ' 1,700 cm21

is assigned to the amide I stretching mode. The position of this
peak is very sensitive to conformation and is commonly used as
an indicator of protein secondary structure (27). a-Helical and
random-coil conformations absorb at 1,650 cm21 and 1,680
cm21, respectively, whereas the b-sheet conformation produces
a strong characteristic absorption centered at 1,630 cm21 (27).
The films of all three proteins showed significant absorption
peaks at 1,630 cm21, confirming that they are dominated by
b-sheet secondary structure.

Self-Assembled b-Sheet Monolayers. The experimental results pre-
sented in Figs. 3–5 demonstrate that at an airywater interface,
each of the three de novo proteins self assembles into a b-sheet
film. To assess the likely structure of these films, we constructed
a model of sequence 17 arranged as a flat b-sheet. The model was
constructed by placing the seven residues in each of the six
b-strands into the standard conformation for antiparallel
b-structure. The distances between b-strands are dictated by the
preferred hydrogen-bonding distance between the backbone
amides and carbonyls of neighboring strands. Turns were built to
connect the successive b-strands, and the energy was minimized.
The resulting model is presented in Fig. 6. All nonpolar side
chains (yellow) project from one face of the b-sheet; this face
would orient toward the air phase. In contrast, all polar side
chains (red) project from the opposing face of the sheet; this
face, along with the polar turns (gray), would be stabilized by
solvation in the aqueous subphase. Because all of the different
sequences in the designed library share the same binary pattern
of polar and nonpolar side chains, this model is generally
applicable to all proteins in the collection.

The dimensions of the monolayer in this model are dictated by

the well-known dimensions of b-structure. In antiparallel
b-structure, the length of a strand is 3.4 Å per residue (23).
Hence, the length of a seven-residue b-strand measured from the
a-carbon of the residue preceding the strand to the a-carbon of
the residue following the strand (shown as turquoise balls in Fig.
6B) would be 8 3 3.4 Å 5 27.2 Å. The distance across a b-sheet
is dictated by hydrogen bonding between the backbone NH and
CO groups of adjacent b-strands. In antiparallel b-structure,
these H-bonds cause successive strands to be 4.72 Å apart (28);
in the minimized model structure shown in Fig. 6, the adjacent
b-strands are 4.72 Å apart. Consequently, the distance from the
b-carbon of Ile-5 in the first b-strand to the b-carbon of Val-60
in the sixth b-strand (shown as blue balls in Fig. 6B) is 5 3 4.72
Å 5 23.6 Å. The area of the sheet is thus 27.2 Å 3 23.6 Å 5 642
Å2. (In Fig. 6B, this area corresponds to the distance between the
turquoise balls multiplied by the distance between the blue
balls.) Thus, the molecular area (642 Å2) of the monolayer model
presented in Fig. 6 is in reasonable agreement with the areas
(500–600 Å2) estimated from the Langmuir–Blodgett experi-
ments in Fig. 3.

Fig. 5. Transmission Fourier transform-IR spectra of the Langmuir–Blodgett
films after transfer onto CaF2 slides. Each spectrum represents the average of
512 scans. The peak at 1,630 cm21 indicates b-sheet conformation.

Fig. 6. (a) Molecular model of protein 17 at an airywater interface: The
model shows six antiparallel b-strands. Each strand contains seven residues—
four polar (red) and three nonpolar (yellow). The modeled conformation
shows a facial amphiphile with a hydrophobic face (toward air) and a hydro-
philic face (toward water), thereby facilitating formation of a b-sheet mono-
layer at the airywater interface. (b) Same model from a different angle.
Measurements indicate the length and width of the b-sheet. The length of the
b-strands is shown from the a-carbon of the residue (Asp-12) preceding the
second strand to the a-carbon of the residue (Asp-20) after the second strand.
These a-carbons are shown as turquoise balls. The distance between them is
27.2 Å. The width of the b-sheet is shown as the distance from the b carbon of
the middle residue on the first strand (Ile-5) to the b carbon of the middle
residue of the last strand (Val-60). These atoms are shown as blue balls. This
distance is 23.6 Å. The area of the b-sheet is thus 27.2 Å 3 23.6 Å 5 642 Å2. This
area corresponds to the distance between the turquoise balls multiplied by
the distance between the blue balls. This area does not include the polar turns,
which are modeled as projecting down into aqueous solvent, nor does it
include the area between proteins in the overall structure of the self-
assembled monolayer.
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Discussion
For de novo proteins to play a significant role in the development
of novel biomaterials, two goals must be achieved. First, methods
must be developed for the large-scale production of many
different de novo sequences. Second, these novel sequences must
fold and self assemble into predictable structures with desired
properties. The first of these goals—production of diverse
sequences in large quantities—is readily achieved by construct-
ing combinatorial libraries of synthetic genes and expressing
them in bacteria. Achieving the second goal—assembly into
predictable structures—is more subtle. Libraries of random
sequences rarely yield proteins capable of self assembly into
ordered structures. To produce collections of de novo proteins
that are capable of self assembly, it is essential that combinatorial
methodologies be guided by rational design. The design features
that must be imposed on the library depend on which self-
assembled structure is being targeted. If the desired structure is
a facial amphiphile composed of flat b-sheets, then the se-
quences must be chosen from libraries explicitly designed to
form amphiphilic b-strands.

The three sequences shown in Fig. 2 were chosen arbitrarily
from a library designed to form amphiphilic b-strands (18, 19).
All three folded into amphiphilic b-sheet structures at the
airywater interface. The areas (500–600 Å2) of the individual
protein molecules in the Langmuir–Blodgett experiments (Fig.
3) are close to those expected for proteins folded into amphiphi-
lic b-sheets (Fig. 6). Because each protein in the library has a
different amino acid sequence, the results presented in this study
suggest that the designed features shared by all members of the
library—i.e., the binary patterning shown in Figs. 1 and 2—are
sufficient to predispose these sequences to self assemble into
b-sheet monolayers at an airywater interface.

The detailed structures of our monolayers cannot be known in
the absence of high-resolution structural studies. Nonetheless,
some structures, such as a-helical monolayers, are not consistent
with the experimental data. Even among the various possible b
structures, some are more likely than others. The structure
modeled in Fig. 6 is consistent both with the sequence design
(Figs. 1 and 2) and with the experimental results demonstrating
b-sheet secondary structure (Figs. 4 and 5) and molecular areas
in the range of 500–600 Å2. In contrast, several alternative
b-sheet topologies would be unlikely for the sequences in our
collection. For example, a structure composed of two long
amphiphilic b-strands separated by a single hairpin (rather than
six short b-strands, as modeled in Fig. 6) was explicitly disfavored
by incorporating features of ‘‘negative design’’ into our se-
quences (18, 19). Specifically, we chose interstrand linkers of
four residues to ensure that the polarynonpolar periodicity could
not ‘‘run through’’ a desired turn sequence. This is diagrammed
in Fig. 7, which shows that a long continuous amphiphilic
b-strand is not possible for binary patterned b-strand sequences
with an even number (e.g., four) of linker residues between
successive b-strands. As shown in Fig. 7, if uninterrupted
b-strands did form, their polar and nonpolar faces would be
‘‘f lipped’’ by the four-residue linker sequence. Hence, long
uninterrupted b-strands could not form facial amphiphiles at an
airywater interface. The six-stranded structure shown in Fig. 6,
however, can readily form a facial amphiphile and therefore
represents a more reasonable model for our de novo b-sheet
monolayers.

The assembly of the binary code proteins into amphiphilic
monolayers is induced by the presence of a polarynonpolar inter-
face at the airywater boundary. In environments lacking a polary
nonpolar interface, these same protein sequences do not form
monolayers but assemble into entirely different structures. For
example, when dissolved in a homogeneous aqueous solution, these
same proteins assemble into long fibrils (18), resembling the

b-amyloid structures found in neurodegenerative diseases (29). In
the polar aqueous environment, a nonpolar phase is not available,
and the amphiphilic b-strands of the de novo proteins must bury
their hydrophobic side chains in the interior of the fibril. Alterna-
tively, when the de novo sequences are dissolved in HFIP, they form
a-helical structures (data not shown). Fluorinated alcohols, such as
triflouroenthanol and HFIP, are known to induce a-helical struc-
ture (23). In HFIP, which presents neither a polarynonpolar
interface nor a lipophobic environment, the drive to remove
nonpolar side chains from solvent is not a dominant effect and is
overcome by the solvent-induced a-helicity. When these same
HFIP solutions are diluted with chloroform and then layered onto
the airywater interface, the proteins undergo a structural transition
and self assemble into amphiphilic b-sheet monolayers (Figs. 3–6).
Thus the airywater interface clearly plays a vital role in dictating this
structure.

Our finding that alternating polarynonpolar sequences form
b-sheet monolayers at the airywater interface is consistent with
previous observations by using synthetic peptides. For example,
DeGrado and Lear showed that a seven-residue peptide com-
posed of alternating leucines and lysines formed Langmuir films
with b-sheet structure at the airywater interface (30). A similar
result was reported by Taylor for a 13-residue peptide composed
of alternating valine and ornithine residues (21). More recently,
Tirrell and coworkers showed that periodic peptides with the
alternating sequence Pro-Glu-(Phe-Glu)n-Pro form ordered
b-sheet films at the airywater interface (31). Finally, Kelly and
coworkers designed a peptidomimetic composed of two am-
phiphilic hexapeptide b-strands linked together by an artificial
b-turn (22). This molecule also formed b-sheet monolayers at
the airywater interface.

When reviewing these earlier studies, we found no consistent
value for the mean molecular area per residue for peptides in
b-sheet monolayers. For individual b-strand peptides (i.e., with-
out hairpins or b-turns), the reported values range from 13
Å2yresidue for the 13-residue ValyOrn peptide described by
Taylor (21) to 20 Å2yresidue for the 7-residue LeuyLys peptide
reported by DeGrado and Lear (30). For more complex pep-
tides, in which a turn is designed to link successive b-strands,

Fig. 7. Comparison of possible b-structures. Each b-strand is shown as an
arrow and is composed of four polar (E) and three nonpolar (F) residues
arranged in an alternating pattern (EFEFEFE). (Upper) If two successive
b-strands were joined by an odd number of turn residues (three ‘‘t’’s), then
failure to form the desired hairpin could produce a continuous double-length
amphiphilic b-strand with polar residues (E) pointing down toward the aque-
ous phase and nonpolar residues (F) pointing up toward the air. (Lower)
Double-length amphiphilic b-strands are disfavored by ‘‘negative design.’’
Incorporating an even number of turn residues (four ‘‘t’’s) between successive
b-strands disrupts the up–down nonpolarypolar patterning. Therefore, if the
four turn residues failed to form the desired turn (as depicted in Figs. 1 and 6)
but instead continued as b-structure, then the resulting polarynonpolar pat-
terning would be ‘‘flipped’’, and the double-length b-strand would not form
a continuous amphiphile. Hence, for sequences in this designed binary code
library (see Figs. 1 and 2), structures containing double-length b-strands would
be disfavored at an airywater interface.
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there is also no consensus on the mean area expected per
residue. Moreover, for linked peptides, it is not clear how much
the turn between successive b-strands contributes to the ob-
served areayresidue. This may depend on whether the turn is
predominantly hydrophobic [as in the peptidomimetic reported
by Kelly and coworkers (22)], or hydrophilic, as in our proteins.
Presumably hydrophobic turns would sit at the airywater inter-
face, whereas hydrophilic turns might become solubilized by the
aqueous phase, as shown in Fig. 6. The observed molecular areas
of our binary code proteins ranged from 500 to 600 Å2. If we
assume that the polar turns contribute little to this area and
consider only the 42 residues in the 6 b-strands, this would
correspond to 12–14 Å2 per residue. This value is smaller than
that reported by Lear and DeGrado (30) but similar to the value
reported by Taylor (21). Moreover, as described above, this
experimental value is similar to that expected for the idealized
b-sheet modeled in Fig. 6.

Our results with a combinatorial library of de novo 63 residue
proteins demonstrate that the tendency of alternating patterns of
polar and nonpolar residues to promote the formation of b-sheet
monolayers is not limited to short peptides or repeating silk-like

polymers. The three proteins used in this study (i) are comparable
in length to domains of natural proteins; (ii) are composed of
heterogeneous protein-like sequences, rather than polymer-like
repeats; and (iii) differ significantly from one another.

The results presented herein demonstrate that members of
a combinatorial library can have significantly different primary
sequences (Fig. 2) and nonetheless self assemble into similar
structures. Although we cannot be certain that all sequences
patterned according to Figs. 1 and 2 will indeed form b-sheet
monolayers, our findings demonstrate that this designed bi-
nary pattern is robust and can tolerate many possible combi-
nations of polar and nonpolar side chains. The availability of
this robust structural scaffold may facilitate design of novel
b-sheet monolayers in which the polar and nonpolar faces
might be designed explicitly to display combinations of side
chains tailored for specific properties in the construction of
novel biomaterials.
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