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FIG. 5

Identification of Negatively-charged Motifs in Sequences
involving Usual Amino Acids Only

1. Select an amino 2. Locate an uncharged or a
acid sequence. negatively-charged residue in this sequence
(Asp or Glu).
l
4a, If this 7-residue N 3. Examine the next 6 residues for at least
sequence contains at one occurrence of a positively-charged
least 4 residue (Arg, Lys, or His).
negatively-charged Y
residues (Asp or Glu), '
then this entire . 4b. Return fo step 2.

T-residue sequence is

a motif; retum to step

2 if further motifs are
sought.
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FIG. 8
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FIG. 9

Mass Percentage
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FIG. 10
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FIG. 11B
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FIG. 12

Layer by layer assembly of poly-L-lysine and poly-L-glutamate
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FIG. 13

Sequence motif 1 Functional Domain Sequence motif 2

FIG. 14

Sequence motif 1 Functional Domain Sequence motif 2
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MULTILAYER FILMS, COATINGS, AND
MICROCAPSULES COMPRISING
POLYPEPTIDES

CROSS-REFERENCE TO RELATED
APPLICATION

This application is a Continuation of U.S. Nonprovisional
application Ser. No. 11/586,330, filed Oct. 25, 2006, which is
a Continuation-In-Part of U.S. Nonprovisional application
Ser. No. 10/652,364 filed Aug. 29, 2003, and also claims the
benefit of U.S. 60/729,828 filed Ocl. 25, 2005, which are
incorporated by reference herein.

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to the fabrication of ultrathin
multilayered films on suitable surfaces by electrostatic layer-
by-layer self assembly (“ELBL”). More specifically, the
present invention relates to a method for designing polypep-
tides for the nanofabrication of thin films, coatings, and
microcapsules by ELBL for applications in biomedicine and
other fields. ’

2. Description of Related Art

ELBL is an established technique in which ultrathin films
are assembled by alternating the adsorption of oppositely-
charged polyelectrolytes. The process is based on the reversal
of the surface charge of the film after the deposition of each
layer. FIG. 1 shows a schematic diagram of the general ELBL.
process: films of oppositely charged polyions (cationic poly-
ions 10 and anionic polyions 11) are assembled in successive

" layers on a negatively-charged planar surface 12; the surface

charge is reversed after the deposition of each layer. This
process is repeated until a film of desired thickness is formed.
The physical basis of association is electrostatics—gravita-
tion and nuclear forces play effectively no role—and the
increase in entropy on release of counterions into solution.
Because of the generality and relative simplicity of the pro-
cess, EL.BL. allows for the deposition of many different types
of materials onto many different types of surface. There are,
therefore, a vast number of possible useful combinations of
materials and surfaces. For a general discussion of ELBL,

_ including its history, see Yuri Lvov, “Electrostatic Layer-by-

Layer Assembly of Proteins and Polyions™ in Protein Archi-
tecture: Interfacial Molecular Assembly and Immobilization
Biotechnology,Y. Lvov & H. Mohwald eds. (New York: Mar-
cel Dekker, 1999), pp. 125-167, which is incorporated herein
by reference in its entirety.

ELBL has recently become a focus area in the field of
nanotechnology because it can be used to fabricate films

Substantially less than 1 micron in thickness. Moreover,

ELBL. permits exceptional control over the film fabrication
process, enabling the use of nanoscale materials and permit-
ting nanoscale structural modifications. Because each layer
has a thickness on the order of a few nanometers or less,
depending on the type of material used and the specific
adsorption process, multilayer assemblies of precisely
repeatable thickness can be formed.

A number of synthetic polyelectrolytes have been
employed in ELBL applications, including sodium poly(sty-
rene sulfonate) " (“PSS™), poly(allylamine hydrochloride)
(“PAH™),  poly(diallyldimethylammonium  chloride)
(“PDDA™), poly(acrylamide-co-diallyldimethylammonium
chloride), poly(ethyleneimine) (“PEI”), poly(acrylic acid)
(“PAA™), poly(anetholesulfonic acid), poly(vinyl sulfate)
(“PVS™), and poly(vinylsulfonic acid). Such materials, how-
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ever, are not generally useful for biomedical applications
because they are antigenic or toxic.

Proteins, being polymers with side chains having ionizable
groups, can be used in ELBL for various applications, includ-
ing biomedical ones. Examples of proteins that have been
used in ELBL include cytochrome ¢, hen egg white lysozyme,
immunoglobulin G, myoglobin, hemoglobin, and serum
albumin (ibid.). There are, however, difficulties with using
proteins for this purpose. These include limited control over
multilayer structure (because the surface of the protein is
highly irregular and proteins will not ordinarily adsorb on a
surface in a regular pattern), restrictions on pH due to the
pH-dependence of protein solubility and structural stability,
lack of biocompatibility when using exogenous proteins, and
the cost of scaling up production if the gene has not been
cloned; unless the protein were identical in areadily available
source, e.g. a cow, the protein would have to be obtained from
the organism in which it was intended for use, making the cost
of large-scale production of the protein prohibitive.

By contrast polypeptides, which are generally smaller and
less complex than proteins, constitute an excellent class of
material for ELBL assembly, and polypeptide film structures
formed by ELBL will be useful in a broad range of applica-
tions. The present invention provides a method for designing
polypeptides for the nanofabrication of thin films, coatings,
and microcapsules by ELBL. Polypeptides designed using
the method of the present invention should exhibit several
useful properties, including, without limitation, completely
delermined primary structure, minimal secondary structure in
agueous solution, monodispersity, completely controlled net
charge per unit length, ability to form cross-links on demand,
ability to reverse cross-link formation, ability to form more
organized thin films than is possible with proteins, and rela-
tively inexpensive large-scale production cost (assuming
gene design, synthesis, cloning, and host expressionin E. coli
or yeast, or peptide synthesis).

Polypeptides designed using the method of the present
invention have been shown useful for ELBL of thin film
structures with targeted or possible applications in biomedi-

.cal technology, food technology, and environmental technol-

ogy. Such polypeptides could be used, for example, to fabri-
cate artificial red blood cells, drug delivery devices, and
antimicrobial films.

BRIEF SUMMARY OF THE INVENTION

Disclosed herein is a multilayer film comprising two or
more layers of polyelectrolytes, wherein adjacent layers com-
prise oppositely charged polyelectrolytes. A first layer poly-
electrolyte comprises a composite polypeptide comprising
one or more surface adsorption regions covalently linked to
one or more functional regions forming a single polypeptide
chain, wherein the composite polypeptide and the one or
more surface adsorption regions have the same polarity. The
surface adsorption regions comprise one or more amino acid
sequence motifs, the one or more amino acid sequence motifs
consisting of 5 to 15 amino acid residues and having a mag-
nitude of net charge per residue of greater than or equal to 0.4.
The one or more functional regions comprise 3 to about 250
amino acid residues. The composite polypeptide is not a
homopolymer, is at least 15 amino acids long, and has an
aqueous solubility at pH 4 to 10 of greater than 50 pg/mL.

. Further, a second layer comprises a second layer polyelectro-

lyte comprising a polycationic material or a polyanionic
material having a molecular weight of greater than {,000 and
at least 5 charges per molecule, and a charge opposite that of
the first layer polypeptide.
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A method of manufacturing a multilayer film, said film
comprising a first layer and a second layer, wherein adjacent
layers comprise oppositely charged polyelectrolytes, the
method comprises covalently joining one or more surface
adsorption regions and one or more functional regions to form
a composite polypeptide, wherein the composite polypeptide

. and the one or more surface adsorption regions have the same
polarity, and depositing the composite polypeptide onto a
substrate or the second layer to form a first layer. When
depositing comprises depositing the composite polypeptide
onto a substrate, the method further comprises depositing the
second layer polyelectrolyte onto the first layer.

The present invention also provides a novel method for
identifying “sequence motifs” of a defined length and net
charge at neutral pH in amino acid sequence information for
use in ELBL, and recording a desired number of the motifs.
The method comprises the steps of: (a) Obtaining an amino
acid sequence for a peptide or a protein from a particular
organism; (b) Locating a starter amino acid in the amino acid
sequence; (c) Examining the starter amino acid and the fol-
lowing n amino acids to determine the number of charged
amino acids having a polarity opposite the certain polarity;
(d) If the number of the charged amino acids having a polarity
opposite the certain polarity is one or more, continuing the
method at step g; (¢) Examining the starter amino acid and the
following n amino acids to determine the number of charged
amino acids having the certain polarity; (f) If the number of
charged amino acids having the certain polarity is equal to or
greater than x, recording the amino acid sequence motif con-
sisting of the starter amino acid and the following n amino
acids; (g) Locating another starter amino acid in the amino
acid sequence; and (h) Repeating the method beginning at
step c until the desired number of amino acid sequence motifs
have been identified or all of the amino acids in the amino acid
sequence have been used as the starter amino acid in step c;
wherein x is greater than or equal to approximately one-half
of n.

The present invention also provides a novel method for
designing a polypeptide for use in ELBL, comprising the
steps of: (a) Identifying and recording one or more amino acid
sequence motifs having a net charge of a certain polarity
using the steps mentioned in the preceding paragraph and (b)
Joining a plurality of said recorded amino acid sequence
motifs to form a polypeptide.

The present invention also provides a novel method for
designing a polypeptide for use in ELBL comprising the
following steps: (a) Designing de novo a plurality of amino
acid sequence motifs, wherein said amino acid sequence
motifs consist of n amino acids, at least x of which are posi-
tively charged and none is negatively charged, or at least x of
which are negatively charged and none is positively charged,
wherein x is greater than or equal to approximately one-half
of n; and (b) Joining said plurality of said amino acid
sequence motifs. The amino acid sequence motifs can com-
prise the 20 usual amino acids or non-natural amino acids,
and the amino acids can be either left-handed (L-amino acids)
or right handed (D-amino acids).

The present invention also provides a thin film, the film
comprising a plurality of layers of polypeptides, the layers of
polypeptides having alternating charges, wherein the
polypeptides comprise at least one amino acid sequence motif
.consisting of n amino acids, at least x of which are positively
charged and none is negatively charged, or at least x of which
are negatively charged and none is positively charged,
wherein x is greater than or equal to approximately one-half
of n. The motifs in these polypeptides may be selected using
either of the methods described above.
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The present invention also provides a novel process for
using cysteine and other sulfhydryl-containing amino acid
types to “lock” and “unlock™ the layers of polypeptide ELBL
films. This process enables the films to remain stable at
extremes of pH, giving greater control over the mechanical
stability and diffusive properties of films nanofabricated from
designed polypeptides and increasing their utility in a broad
range of applications.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

FIG. 1 is a schematic diagram of the general ELBL. process.

FIG. 2 is a graph of the cumulative secondary structure
propensities of the amino acid sequence motifs identified in
human amino acid sequence information using the method of
the present invention, compared with the distribution of struc-
ture propensities of 10° random amino acid sequences.

FIG. 3(a) shows adsorption data as monitored by the quartz
crystal microbalance technique (“QCM?”) for a combination
of amino acid sequences designed according to the present
invention.

FIG. 3(b) shows a comparison of adsorption data as moni-
tored by QCM for different combinations of amino acid
sequences designed according to the present invention.

FIG. 3(c) shows a graph of adsorbed mass in nanograms
versus layer number for amino acid sequences designed and
fabricated according to the present invention.

FIG. 4(a) illustrates intra-layer disulfide bonds according
to the cysteine locking method of the present invention.

FIG. 4(b) illustrates inter-layer disulfide bonds according
to the cysteine locking method of the present invention.

FIG. 4(c) illustrates the oxidation and reduction of disul-
fide bonds in microcapsules fabricated from polypeptides
designed according to the method of the present invention.

FIG. § is a schematic of the selection process of the present
invention used to identify in existing amino acid sequence
information amino acid sequence motifs having suitable elec-
trostatic properties for ELBL.

FIG. 6 shows the number of non-redundant sequence
motifs identified in available human amino acid sequence
data.

FIG. 7 shows the ELBL adsorption of poly-L-glutamate
and poly-L-lysine from an aqueous medium as a function of
ionic strength. '

FIG. 8 shows the adsorption of polypeptides designed
according to the method of the present invention for experi-
ments to probe the effect of disulfide bond formation.

FIG. 9 shows the percentage of material remaining during
thin film disassembly at acidic pH as discussed with reference
to FIG. 8.

FIG. 10 shows the percentage of material lost during the
acidic pH disassembly step of an experiment involving de
novo-designed polypeptides containing cysteine.

FIG. 11(a) illustrates the role of solution structure of pep-
tides on film assembly, showing how the assembly behavior
of poly-L-glutamate and poly-L-lysine depends on pH. QCM
resonant frequency is plotted against adsorption layer. The
average molecular mass of poly-L-glutamate was 84,600 Da,
while that of poly-L-lysine was 84,000 Da. The numbers refer
to pH values. E=Glu, K=Lys. The peptide concentration used
for assembly was 2 mg/mL.

FIG. 11(b) illustrates the role of solution structure of pep-
tides on film assembly, showing how the solution structure of
poly-L-glutamate and poly-L-lysine depends on pH. Mean
molar residue ellipticity is plotied as a function of pH. The
peptide concentration was 0.05 mg/mL.
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FIG. 12 shows adsorption data for polyelectrolytes of dif-
ferent lengths, illustrating that long polyelectrolytes adsorb
better than short ones.

FIG. 13 illustrates an embodiment of a “composite”
polypeptide (4) comprising two surface adsorption (1.2)
regions and one functional region (3). Each surface adsorp-
tion region (1,2) comprises one or more motifs.

FIG. 14 illustrates independent preparation of the three
different regions (1,2,3) of a composite polypeptide (4) by
solution-phase synthesis, solid-phase synthesis, or recombi-
nant peptide production.

FIG. 15 illustrates joining of three regions (1,2,3) of the
composite peptide (4) by peptide synthesis to form a single
polypeptide chain. Other approaches to joining the three
regions of this example are possible.

FIG. 16 illustrates the average extent of proliferation of
3T3 fibroblasts after 3 days on coverslips with different sur-
face coatings. PLL denotes 15 layers of poly(L-glutamic
acid) (PLGA) and poly(L-lysine) (PLL). PLL/RGD denotes
10 layers of PLGA/PLL followed by 5 layers of RGD-con-
taining peptides, and RGD denotes 15 layers of RGD-con-
taining peptides. The coatings were prepared by layer-by-
layer assembly, the terminal layer had a net positive charge in
each case, uncoated coverslips were included as a control.
Coated surfaces showed a greater extent of cell proliferation
than uncoaled surfaces, and surfaces coated with PLL/RGD
showed the greatest proliferation.

FIG. 17 illustrates an embodiment of a “composite”
polypeptide comprising two surface adsorption regions (120
and 130) and one functional region (110).

FIG. 18 (200) illustrate an embodiment of a “composite”
polypeptide comprising two surface adsorption regions (120
and 130) and one functional region (111), attached to a sur-
face (150).

DETAILED DESCRIPTION OF THE INVENTION

Explanations of Terms

For convenience in the ensuing description, the following
explanations of terms are adopted. However, these explana-
tions are intended to be exemplary only. They are notintended
to limit the terms as they are described or referred to through-
out the specification. Rather, these explanations are meant to
include any additional aspects and/or examples of the terms
as described and claimed herein. :

As used herein, “layer” means a film thickness increment,
e.g.,ona template for film formation, following an adsorption
step. “Multilayer” means multiple (i.e., two or more) thick-
ness increments. A “polyelectrolyte multilayer film” is a film
comprising one or more thickness increments of polyelectro-
lytes. After deposition, the layers of a multilayer film may not
remain as discrete layers. In fact, it is possible that there is
significant intermingling of species, particularly at the inter-
faces of the thickness increments.

As used herein, “biocompatibility” means causing no
adverse health effect upon ingestion, contact with the skin, or
introduction to the bloodstream.

As used herein, “immune response” means the response of
the human immune system to the presence of a substance in
the bloodstream. Animmune response can be characterized in
a number of ways, for example, by an increase in the blood-
stream of the number of antibodies that recognize a certain
antigen. (Antibodies are proteins made by the immune sys-
tem, and an antigen is an entity that generates an immune
response.) The human body fights infection and inhibits rein-
fection by increasing the number of antibodies in the blood-
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stream. The specific immune response depends somewhat on
the individual, though general patterns of response are the
norm.

As used herein, “epitope” means the structure of a protein
that is recognized by an antibody. Ordinarily an epitope will
be on the surface of a protein. A “continuous epitope” is one
that involves several amino acids in a row, not one that
involves amino acid residues that happen to be in contact in a
folded protein.

As used herein, “sequence motif” and “motif” mean a
contiguous amino acid sequence of a given number of resi-
dues identified using the method of the current invention. In a
preferred embodiment, the number of residues is 7.

As used herein, “amino acid sequence” and “sequence”
mean any length of polypeptide chain that is at least two
amino residues long.

As used herein, “residue” means an amino acid in a poly-
mer; it is the residue of the amino acid monomer from which
the polymer was formed. Polypeptide synthesis involves
dehydration, that is, a single water molecule is “lost” on
addition of the amino acid to a polypeptide chain.

As used herein, “designed polypeptide” means a polypep-
tide designed using the method of the present invention, and
the terms “peptide” and “polypeptide” are used interchange-
ably.

As used herein, “primary structure” means the linear
sequence of amino acids in a polypeptide chain, and *second-
ary structure™ means the more or less regular types of struc-
ture stabilized by non-covalent interactions, usually hydro-
gen bonds—examples include a-helix, B-sheet, and B-turn.

As used herein, “amino acid” is not limited to the 20 usual
naturally occurring L-c-amino acids; the term also refers to
other L-amino acids, D-amino acids, and other non-natural
amino acids, as the context permits.

As used herein, “non-natural amino acids” means amino
acids other than the 20 naturally occurring ones.

A “peptoid,” or N-substituted glycine, means an analog of
the corresponding amino acid monomer, with the same side
chain as the corresponding amino acid but with the side chain
appended to the nitrogen atom of the amino group rather than
to the a-carbons of the residue. Consequently, the chemical
linkages between monomers in a polypeptoid are not peptide
bonds, which can be useful for limiting proteolytic digestion.

“Substrate” means a solid material with a suitable surface
for adsorption of polyelectrolytes from aqueous solution. The
surface of a substrate can have essentially any shape, for
example, planar, spherical, rod-shaped, etc. A substrate sur-
face can be regular or irregular. A substrate can be a crystal.
Substrates range in size from the nanoscale to the macro-
scale. Moreover, a substrate optionally comprise a collection
of colloidal particles. A substrate can be made of organic
material, inorganic material, bioactive material, or a combi-
nation thereof. Nonlimiting examples of substrates silicon
wafers; charged colloidal particles, e.g., microparticles of
CaCO; or of melamine formaldehyde; biological cells suchas
erythrocytes, hepatocytes, bacterial cells, or yeast cells;
organic polymer lattices, e.g., polystyrene or styrene copoly-
mer lattices; liposomes; organelles; and viruses. In one
embodiment, a substrate is a medical device such as an arti-
ficial pacemaker, a cochlear implant, or a stent.

When a substrate is disintegrated or otherwise removed
during or after film formation, it is called “a template” (for
film formation). Template particles can be dissolved in appro-
priate solvents or removed by thermal treatment. If, for
example, partially cross-linked melamine-formaldehyde
template particles are used, the template can be disintegrated
by mild chemical methods, e.g., in dimethylsulfoxide
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(DMSO), or by a change in pH value. After dissolution of the
template particles, hollow multilayer shells remain which are
composed of alternating polyelectrolyte layers.

A “microcapsule” is a polyelectrolyte film in the form of a
hollow shell or a coating surrounding a core. The core com-
prises a variety of different encapsulants, for example, a pro-
tein, a drug, or a combination thereof.

“Bioactive molecule” means a molecule, macromolecule
or a macromolecular assembly having a biological effect. The
specific biological effect can be measured in a suitable assay
for measuring the biological effect and normalizing per unit
weight or per molecule of the bioactive molecule. A bioactive
molecule can be encapsulated or retained behind a polypep-
tide film. Nonlimiting examples of a bioactive molecule are a
protein, a functional fragment of a protein, a complex of
proteins, an oligopeptide, an oligonucleotide, a nucleic acid,
a ribosome, an active therapeutic agent, a phospholipid, a
polysaccharide. As used herein, “bioactive molecule” further
encompasses biologically active structures, such as, for
example, a functional membrane fragment, a membrane
structure, a virus, a pathogen, a cell, an aggregate of cells, and
an organelle. Examples of a protein that can be encapsulated
or retained within a polypeptide film are hemoglobin;
enzymes, such as for example glucose oxidase, urease,
lysozyme and the like; extracellular matrix proteins, such as
for example fibronectin, laminin, vitronectin and collagen;
and an antibody. Examples of a cell that can be encapsulated
or retained within a polypeptide film is a transplanted islet
cell, aeukaryotic cell, abacterial cell, a plant cell, and a yeast.

As used herein, a soluble polypeptide has a solubility in
aqueous solution at pH 7.0 of greater than 50 pg/mL. In
another embodiment, a soluble polypeptide has an aqueous
solubility at pH 7.0 of greater than or equal to about | mg/mL.

The following three-letler abbreviations are used herein for
the 20 usual amino acids:

Ala = alanine Cys = Cysteine Asp = aspartic acid
Glu = glutamic acid Phe = phenylalanine  Gly = glycine

His = Histidine fie = isoleucine Lys = lysine

Leu = leucine Met = methionine Asn = asparagine
Pro = proline Gln = glutamine Arg = arginine

Ser = Serine Thr = threonine Val = valine

Trp = tryptophan Tyr = tyrosine

DESCRIPTION OF THE INVENTION

The present invention includes multilayer films compris-
ing alternating layers of oppositely charged polyelectrolytes,

wherein a first layer of the films comprises a designed .

polypeptide. “Designed polypeptide” means a polypeptide
comprising one or more amino acid sequence motifs, wherein
the polypeptide is at least 15 amino acids in length and the
ratio of the number of charged residues of the same sign
minus the number of residues of the opposite sign to the total
number of residues in the polypeptide is greater than or equal
to 0.4 at pH 7.0. In other words, the magnitude of the net
charge per residue is greater than or equal to 0.4. In one
embodiment, the ratio of the number of charged residues of
the same sign minus the number of residues of the opposite
sign to the total number of residues in the polypeptide is
greater than or equal to 0.5 at pH 7.0. In other words, the
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In one embodiment, a polyelectrolyte comprises a polyca-
tionic material or a polyanionic material having a molecular
weight of greater than 1,000 and at least 5 charges per mol-
ecule. In one embodiment, the polycationic material com-

5 prises a polyamine such as, for example, a polypeptide, poly-

vinyl amine, poly(aminostyrene), poly(aminoacrylate), poly
(N-methyl aminoacrylate), poly (N-ethylaminoacrylate),
poly(N,N-dimethyi aminoacrylate), poly(N,N-cros-
marmelose  diethylaminoacrylate), poly(aminomethacry-

10 late), poly(N-methyl amino-methacrylate), poly(N,N-ethyl

aminomethacrylate), poly(N,N-dimethyl aminomethacry-
late), poly(N,N-diethyl aminomethacrylate), poly(ethylene-
imine), poly (dially! dimethylammonium chloride), poly(N,
N,N-trimethylaminoacrylate chloride), poly
ammonium chloride),
chitosan and combinations comprising one or more of the
foregoing polycationic materials. In another embodiment, the
polyanionic material comprises a polypeptide, a nucleic acid,
alginate, carrageenan, furcellaran, pectin, xanthan, hyalu-

20 ronic acid, heparin, heparan sulfate, chondroitin sulfate, der-

matan sulfate, dextran sulfate, poly(meth)acrylic acid, oxi-
dized cellulose, carboxymethyl cellulose, acidic
polysaccharides, croscarmelose, synthetic polymers and
copolymers containing pendant carboxyl groups, and combi-

25 nations comprising one or more of the foregoing polyanionic

materials.

The present invention also provides a method for designing
polypeptides for the nanofabrication by ELBL of thin films,
coatings, and microcapsules for applications in biomedicine

30 and other fields. The method involves 5 primary design con-

cerns: (1) the electrostatic properties of the polypeptides; (2)
the physical structure of the polypeptides; (3) the physical
stability of the films formed from the polypeptides; (4) the
biocompatibility of the polypeptides and films; and (5) the

35 bioactivity of the polypeptides and films. The first design

concern, electrostatics, is perhaps the most important because
it is the basis of ELBL. Without suitable charge properties, a
polypeptide will not be soluble in aqueous solution and can-
not be used for the ELBL nanofabrication of films. We have

40 devised a novel process for identifying in amino acid

sequence information amino acid sequence motifs having
electrostatic properties suitable for ELBL.

The secondary structure of the polypeptides used for ELBL
is also important, because the physical properties of the film,

4s including its stability, will depend on how the solution struc-

ture of the peptide translates into its structure in the film. FIG.
11 illustrates how the solution structure of certain polypep-
tides correlates with film assembly. Panel (a) shows how the
assembly behavior of poly-L-glutamate and poly-L-lysine

50 depends on pH. It is clear that the a-helix conformation

correlates with a greater extent of deposited material than the
B-sheet conformation. The precise molecular interpretation
of this behavior remains to be elucidated. Panel (b) shows
how the solution structure of these peptides depends on pH.

55 At pH 4.2 poly-L-glutamate is largely o-helical, as is poly-

L-lysine at pH 10.5. Both polypeptides are in a largely
unstructured coil-like conformation at pH 7.3.

The remaining concerns relate to the applications of the
polypeptide films. In practicing the invention, more or less

60 weight will be placed on these other concemns depending on

the design requirements of a particular application.

By using the selection process of the present invention to
identify in amino acid sequence information amino acid
sequence motifs having suitable charge characteristics, and

magnitude of the net charge per residue is greater than or 65 using the other design concerns to select particular motifs,

equal 0 0.5. In one embodiment, a designed polypeptide is
not a homopolymer.

one can design polypeptides suitable for the ELBL fabrica-
tion of nano-organized films for applications in biomedicine
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and other fields. Alternatively, one can use the method of the
present invention to design polypeptides de novo for use in
ELBL. The approach to de novodesign is essentially the same
as identifying motifs in existing amino acid sequence infor-
mation, except that each residue in an amino acid sequence
motif is selected by the practitioner rather than an entire motif
being identified in the genomic or proteomic information of a
specific organism. It must be emphasized that the fundamen-
tal polypeptide design principles adduced in the present
invention are independent of whether the amino acids
involved are the 20 usual naturally-occurring ones, non-natu-
ral amino acids, or some novel combination of these, in the
case of de novo polypeptide design. Further, other L-amino
acids and D-amino acids could be used.

The design concerns of the present invention are discussed
in more detail below.

Electrostatics

We have devised a novel process for identifying in amino
acid sequence information amino acid sequence motifs hav-
ing electrostatic properties suitable for ELBL. Using this
process, we have identified 88,315 non-redundant amino acid
sequence motifs in human proteome data—the translation of
the portion of the genome that encodes all known proleins in
the human body. This information is publicly available at the
National Center for Biotechnology Information’s (“NCBI”)
Web site: http://www.ncbi.nlm.nih.gov, among other places.
Such information is constantly being updated as the human
genome is further analyzed. As the amount of such informa-
tion increases, the number of amino acid sequence motifs that
could be identified in human sequence information by the
selection process of the present invention as having suitable
electrostatic properties for ELBL. will also increase. The same
is true for any organism. Accepted biochemical and physics
principles, as well as the experimental results described
below, indicate that the identified sequence motifs will be
useful for the design of polypeptides for the nanofabrication
of ELBL structures.

The key selection criterion is the average charge per unit
length at neutral pH (pH 7, close to the pH of human blood).
In addition, there are several structural preferences. First, it is
preferred that each amino acid sequence motif consist of only
7 residues.

Total Number of Residues in the Motif

In one exemplary embodiment, a motif length of 7 was
chosen in an effort to optimize biocompatibility, physical
structure, and the number of non-redundant sequence motifs
in available amino acid sequence data.

As discussed below, the magnitude of the net charge on the
amino acid sequence motif per residue is greater than or equal
1o 0.4. In one embodiment, at least half of the amino acid
residues in each sequence motif are charged, such that the
magnitude of the net charge on the amino acid sequence motif
per residue is greater than or equal to 0.5. Moreover, it is
preferred, but not required, that all of the charged residues in
each motif be of the same charge. These requirements ensure
that each molif will be sufficiently soluble in aqueous solvent
and have sufficient charge at neutral pH to be useful for
ELBL.. Because only a relatively small percentage of amino
acid types are charged, as the length of a given amino acid
Sequence increases, the odds decrease that the sequence will
have a sufficient percentage of appropriately charged amino
acids for ELBL. 4 charged amino acids is the preferred mini-
mum for a motif size of 7, because fewer than 4 charges yields
substantially decreased peptide solubility and decreased con-
trol over ELBL.
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Regarding biocompatibility (discussed further below),
each identified sequence motif is long enough at 7 residues to
constitute a continuous epitope (relevant to the possible
immune response of an organism into which a designed pep-
tide might be introduced), but not so long as to correspond
substantially to residues both on the surface of a protein and
in its interior; the charge requirements help to ensure that the
sequence motif occurs on the surface of the folded protein; a
charged residue cannot be formed in the core of a folded
protein. By contrast, a very short motif could appear to the
body to be a random sequence, or one not specifically “self,”
and therefore elicit an immune response. Although the ideal
length of a peptide for generating antibodies is a point of some
dispute, most peptide antigens range in length from 12 to 16
residues. Motifs that are 9 residues or shorter can be effective
antigens; peptides longer than 12 to 16 amino acids may
contain multiple epitopes (Angeletti, R. H. (1999) Design of
Useful Peptide Antigens, J. Biomol. Tech. 10:2-10, which is
hereby incorporated by reference in its entirety). Thus, to
minimize antigenicity one would prefer a motif shorter than
12 and, better yet, shorter than 9 residues.

The preferred motifs should not be too long for another
reason: 1o minimize secondary structure formation. Second-
ary structure decreases control of the physical structure of the
polypeptides (see below) and the films made from them.
Thus, an amino acid sequence motif should contain 5 to 15
contiguous amino acids.

Furthermore, the maximum number of non-redundant
motifs in the human genome is found when the number of
residues in each motif is 7. FIG. 6 shows the number of
non-redundant sequence motifs in available human amino
acid sequence information. The greatest number of positive
motifs is for a 5-residue length, while the greatest number of
negative motifs is for a 7-residue length. The greatest number
of positive and negative motifs is about the same for 5 and 7.
Thus, a motif length of 7 residues would appear to maximize
the number of non-redundant motifs.

For all of the above reasons, 7 residues is the preferred
length of motif to optimize polypeptide design for ELBL.
Nevertheless, it is possible that in some cases either slightly
shorter or slightly longer molifs will work equally as well. For
example, motifs 5 or 6 residues long may be employed, and
motifs on the order of 8 to 15 residues in length could also be
useful. Thus, an amino acid sequence motif is defined as
having 5 to 15 amino acid residues.

Number of Charged Residues

Second, it is preferred that at least 4 positively-charged
(basic) amino acids (Arg, His, or Lys) or at least 4 negatively-
charged (acidic) amino acids (Glu or Asp) are present in each
7-residue motif at neutral pH. Combinations of positive and
negative charges are disfavored in an effort to ensure a suffi-
ciently high charge density at neutral pH. It is possible, how-

 ever, that a motif containing both positive and negative amino

acids could be useful for ELBL. For example, a slightly
longer motif, say of 9 residues, could have 6 positively
charged amino acids and 1 negatively charged amino acid. It
is the magnitude of the net charge (i.e., the absolute value of
the net charge) that is important—the overall peptide must be
either sufficiently positively charged or sufficiently nega-
tively charged at neutral pH. Preferred embodiments of the
motifs, however, will contain only Glu or Asp or only Arg,
His, or Lys as the charged amino acids (although other non-
charged amino acids could, and ordinarily do, form part of the
motifs), unless non-natural amino acids are admitted as acidic
or basic amino acids. .
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FIG. 5 is a flow chart showing the steps involved in an
exemplary selection process for identifying amino acid
sequences having suitable electrostatic properties. It is
assumed that only the 20 usual amino acids are involved. If
searching for negatively-charged motifs, the process begins
by locating an amino acid in the sequence data. This amino
acid will be called the “starter amino acid” because it is the
starting point for the analysis of the surrounding amino acids
(i.e., it will begin the motif). Next, the starter amino acid and

- the following 6 residues are examined for occurrences of Arg,
His, or Lys. If one or more Arg, His, or Lys is located in these
7 amino acids, the process is begun anew at another starter
amino acid. If no Arg, His, or Lys is found, the 7 amino acids
are examined to determine the number of occurrences of Glu
and/or Asp. If there are at least 4 occurrences of Glu and/or
Asp in the 7 residues, the sequence motif is cataloged. The
selection process is essentially the same for positively
charged amino acids, except that Glu and Asp are replaced by
Arg, His, and Lys, and Arg, His, and Lys are repiaced by Glu
and Asp, respectively. Obviously, one could also begin the
method at the beginning of the amino acid sequence (amino
terminus) and proceed to the end (carboxyl terminus), or,
alternatively, one could begin at a random point and work
through all of the amino acids in the sequence, randomly or
systematically in either direction. Moreover, one could use
the method to identify motifs in sequence information con-
taining non-natural amino acids. In such a case, one would
search for non-natural acidic or basic amino acids instead of
Glu and Asp, and Arg, Lys, and His, respectively.

In one embodiment, the one or more first amino acid
sequence motifs consists of 5 to 15 amino acids, wherein the
magnitude of the net charge on the first amino acid sequence
motif per residue is greater than or equal to 0.4. In another
embodiment, the one or more first amino acid sequence
motifs consists of n amino acids, wherein the magnitude of
the net charge in the first amino acid sequence motif at pH 7
is greater than or equal to approximately one-half of n, and
wherein nis Sto 15.

The remaining design concerns, namely, physical struc-
ture, physical stability, biocompatibility, and biofunctional-
ity, deal primarily with the particular application for which
the designed polypeptides will be used. As noted above, more
or less weight will be placed on these concerns during the
design process, depending on the desired peptide properties
for a particular application.

Physical Structure

A design concern regarding the amino acid sequence
motifs is their propensity to form secondary structures, nota-
bly o-helix or B-sheet. We have sought in several ways to
control, notably minimize, secondary structure formation of
designed polypeptides in an aqueous medium in order to
maximize control over thin film layer formation. First, it is
preferred that the sequence motifs be relatively short, because
long motifs are more likely to adopt a stable three-dimen-
sional structure in solution. Second, we place a glycine resi-
due between each motif in preferred embodiments of the
polypeptide designs. Glycine has a very low a-helix propen-
sity and a very low P-sheet propensity, making it energetically
very unfavorable for a glycine and its neighboring amino
- acids to form regular secondary structure in aqueous solution.
Proline has similar properties in some respects and could be
used as an alternative to glycine to join motifs. Third, we have
sought to minimize the o-helix and $-sheet propensity of the
designed polypeptides themselves by focusing on motifs for
which the summed a-helix propensity is less than 7.5 and the
summed P-sheet propensity is less than 8. (“Summed” pro-
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pensity means the sum of the a-helix or f-sheet propensities
of all amino acids in a motif.) It is possible, however, that
amino acid sequences having a somewhat higher summed
a-helix propensity and/or summed B-sheet propensity would
be suitable for ELBL under some circumstances, as the Gly
(or Pro) residues between motifs will play a key role in
inhibiting stable secondary structure formation in the
designed polypeptide. In fact, it may be desirable in certain
applications for the propensity of a polypeptide to form sec-
ondary structure to be relatively high, as a specific design
feature of thin film fabrication; the necessary electrostatic
charge requirements for ELBL must still be met, as discussed
above. ,

In order to be able to select amino acid sequences with
desired secondary structure propensities, we first calculated
the secondary structure propensities for all 20 amino acids
using the method of Chou and Fasman (see P. Chou and G.
Fasman Biochemistry 13:211 (1974), which is incorporated
by reference herein in its entirety) using structural informa-
tion from more than 1,800 high-resolution X-ray crystallo-
graphic structures (1,334 containing a-helices and 1,221 con-
taining B-strands). Structures were selected from the Protein
Data Bank (a publicly-accessible repository of protein struc-
tures) based on: (a) method of structure determination (X-ray
diffraction); (b) resolution (better than 2.0 A)—“resolution”
in this context refers to the minimum size of a structure one
can resolve, as in the Rayleigh criterion; and (c) structural
diversity (less than 50% sequence identity between the pro-
tein crystallographic structures used to compute the helix and
sheet propensities of the various amino acids). The rationale
was to choose high resolution structures determined by the
most reliable methodology and not to bias the propensity
calculation by having similar structures. Next, for compari-
son 100,000 non-redundant random sequences were pro-
duced using a random number generator in a personal com-
puter. We then calculated the secondary structure propensities
for the 88,315 amino acid sequences identified using the
selection process described in part (A)(1) above (59,385 non-
redundant basic sequence motifs and 28,930 non-redundant
acidic sequence motifs). The propensities for the random
sequences were then compared to the propensities of the
selected sequences. FIG. 2 shows the distribution of second-
ary structure formation propensities in these sequence motifs.
The rectangle in FIG. 2 highlights the sequence motifs we
have identified as least likely to form secondary structure on
the basis of secondary structure propensities.

Physical Stability

Another design concern is control of the stability of the
polypeptide EL.BL films. lonic bonds, hydrogen bonds, van
der Waals interactions, and hydrophobic interactions provide
some, albeit relatively limited, stability to ELBL films. By
contrast, covalent disulfide bonds could provide exceptional
structural strength. We have devised a novel process for using
cysteine (or some other type of sulfhydryl-containing amino
acid) to “lock” and “unlock” adjacent layers of polypeptide
ELBL film. This process enables a polypeptide nanofabri-
cated film to remain stable at extremes of pH, giving greater
control over its mechanical stability and diffusive properties
(for discussions of porosity of multilayer films made of non-
polypeptide polyelectrolytes, see Caruso, F., Niikura, K., Fur-
long, N. and Okahata (1997) Langmuir 13:3427 and Caruso,
F., Furlong, N., Ariga, K., Ichinose, I., and Kunitake, T.
(1998) Langmuir 14:4559, both of which are incorporated
herein by reference in their entireties). Also, the incorporation
of cysteine (or some other type of sulfhydryl-containing
amino acid) in a sequence motif of a designed polypeptide
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enables the use of relatively short peptides in thin film fabri-
cation, by virtue of intermolecular disulfide bond formation.
Without cysteine, such peptides would not generally yield
sufficiently stable films (see FIG. 12, discussed below). Thus,
our novel use of cysteine will obviate the need to produce
expensive long versions of the designed polypeptides in a
substantial percentage of possible applications. This will be
particularly advantageous in situations where the thin film is
to be fabricated over material to be encapsulated, for example
a small crystal of a drug, a small spherical hemoglobin crys-
tal, or a salution containing hemoglobin.

For applications in which the physical stability of the films
is important, amino acid sequence motifs containing cysteine
(or some other type of sulfhydryl-containing amino acid) may
be selected from the library of motifs identified using the
methods discussed above, or designed de novo using the
principles described - above. Polypeptides can then be
designed and fabricated based on the selected or designed
amino acid sequence motifs. Once the polypeptides have
been synthesized chemically or produced in a host organism,
ELBL assembly of cysteine-containing peptides is done in
the presence of a reducing agent, to prevent premature disul-
fide bond formation. Following assembly, the reducing agent
is removed and an oxidizing agent is added. In the presence of
the oxidizing agent disulfide bonds form between cysteine
residues, thereby “locking” together the polypeptide layers
that contain them.

This “locking” method may be further illustrated using the
following specific example of microcapsule fabrication.
First, designed polypeptides comtaining cysteine are used to
form multilayers by ELBL on a suitably charged spherical
surface, normally in aqueous solution at neutral pH and in the
presence of dithiothreitol (“DTT”), a reducing agent. Next,
DTT is removed by filtration, diffusion, or some other similar
method known in the art, causing cysteine to form from pairs
of cysteine side chains and thereby stabilizing the film. If the
peptide multilayers are constructed on a core particle contain-
ing the materials one wishes to encapsulate, for instance a
crystalline material, the fabrication process is complete and
the core particle can thereafter be made to dissolve in the
encapsulated environment, for example by achange of pH. If,
however, the multilayers are constructed on a “dummy” core
particle, the core must be removed. In the case of melamine
formaldehyde particles (“MF”), for example, the core is ordi-
narily dissolved by decreasing the pH—dissolution is acid-
catalyzed. Following dissolution of the core, the pH of solu-
lion is adjusted to 4, where partial charge on the peptide
polyanions makes the microcapsules semi-permeable (com-
pare Lvov et al. (2001) Nano Letters 1:125, which is hereby
incorporated herein in its entirety). Next, 10 mM DTT is
added to the microcapsule solution to reduce cystine to cys-
leine. The microcapsules may then be “loaded” by transfer-
ring them to a concentrated solution of the material to be
encapsulated, for example a protein (ibid.). The protein enters
the microcapsules by moving down its concentration gradi-
ent. The encapsulated protein is “locked in” by removal of
reductant and addition of oxidant, thereby promoting the
reformation of disulfide bonds.

A schematic of the cysteine “locking” and “unlocking”
method of the present invention is shown in FIG. 4. Cysteine
can form both intra- and inter-molecular disulfide bonds.
Further, disulfide bonds can be formed between molecules in
the same layer or adjacent layers, depending on the location
of cysteine-containing peptides in the film. Referring to FIG.
4(a), basic polypeptides 2 are linked by disulfide bonds 3 in
all layers in which the basic peptides contain cysteine. The
acidic peptides of the intervening layer (represented in the
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figure by a translucent layer 4) do not contain cysteine. How-
ever, alternating layers continue to attract each other electro-
statically, if the acidic and basic side chains are charged at the
pH of the surrounding environment. Referring to FIG. 4(b),
disulfide bonds are shown between layers. Such structures
will form when both the acidic and basic polypeptides (i.e.,
alternating polypeptide layers) used for ELBL contain cys-
teine and the procedure used has been suitable for disulfide
bond formation. Referring to FIG. 4(c), reduction and oxida-
tion reactions are used to regulate the release of encapsulated
compounds 5 by breaking and forming disulfide bonds 3,
respectively, and thereby regulating the diffusion of particles
through the capsule wall.

The cysteine “locking” and “unlocking” is a novel way of
regulating the structural integrity and permeability of ELBL
films. Itis known in the art that glutaraldehyde can be used to
cross-link proteins, and this chemical could therefore be used
to stabilize polypeptide films. Glutaraldehyde cross-linking,
however, is irreversible. In contrast, the cysteine “locking”
and “unlocking™ method of the present invention is reversible
and, therefore, offers better control over structure formation
and, importantly, use of the films and capsules that can be
fabricated using the present invention. Blood is an oxidizing
environment. Thus, in certain biomedical applications, for
example artificial red blood cells or drug delivery systems
fabricated from designed polypeptides, exposing Cys-
crosslinked polypeptide film to the blood or some other oxi-
dizing environment after the formation of disulfide bonds is
not expected to cause those bonds to be broken. Finally, it
should also be noled that applications involving non-natural
amino acids would replace Cys with some other sulfhydryl-
containing amino acid type. For example, a sulfhydryl could
be added to P-amino acids such as D ,L-B-amino-B-cylohexyl
propionic acid; D,L-3-aminobutanoic acid; or 5-(meth-
ylthio)-3-aminopentanoic acid (see http:/www.synthatex-
.com). ’

Biocompatibility

Biocompatibility is a major design concern in biomedical
applications. In such applications, the practitioner of the
present invention will aim 1o identify genomic or proteomic
information that will yield “immune inert” polypeptides, par-
ticularly if the fabricated or coated object will make contact
with circulating blood. For purposes of the present invention,
it is preferred that the selection process discussed in Part
(A)(1) above be used to analyze the amino acid sequences of
blood proteins. This will maximize the odds of minimizing
the immune response of an organism.

Computer algorithms exist for predicting the antigenicity
of an amino acid sequence. Such methods, however. are
known in the art to be semi-reliable at best. In the present
invention, the sequence motifs identified using the selection
method discussed above in Part (A)(1) are highly polar. The
motifs must, therefore, occur on the surface of the native state
of the proteins of which they are part of the sequence. The
“surface” is that part of a folded protein that is in contact with
the solvent or inaccessible to the solvent solely because of the
granular nature of water. The “interior” is that part of a folded
protein that is inaccessible to solvent for any other reason. A
folded globular soluble protein is like an organic crystal, the
interior being as densely packed as in a crystal lattice and the
exterior being in contact with the solvent, water. Because of
their charge properties, the polypeptide sequence motifs iden-
tified using the method of the present invention must occur
mostly, if not exclusively, on the surface of a protein. Thus, all
of the sequence motifs identified in human biood proteins
using the selection process of the current invention are effec-
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tively always in contact with the immune system while the
protein is in the blood. This holds for all conformations of the
protein that might become populated in the bloodstream,
including denatured states, because it is highly energetically

16

wherein the surface adsorption region comprises two amino
acid sequence motifs. In another embodiment, a composite
polypeptide (4) comprises one functional region (3) and two
surface adsorplion regions (1,2), one attached to the N-termi-

unfavorable to transfer a charge from an aqueous medium to 5 nus of the functional region and one attached to the C-termi-

one of low dielectric (as occurs in a protein interior).
Accepted biochemical principles indicate, therefore, that the
polypeptides designed from blood proteins using the method
of the present invention will either not illicit an immune

nus of the functional region, wherein each surface adsorption
region comprises one or more amino sequence motifs and the
two surface adsorption regions are the same or different and
have the same polarity. (FIG. 13) The purpose of the surface

response ‘or will elicit a minimal immune response. For the 10 adsorption region(s) is to enable adsorption of the polypep-

same reasons, polypeptides designed using the method of the
present invention should be biocompatible. All sequence
motifs identified from genomic data using the selection pro-
cess of the current invention, not only those in blood proteins,

tide onto an oppositely charged surface in order to build a
multilayer film. The purpose of the functional region(s) is to
provide specific functionality to the film, such as, for
example, a biological function. Other types of function are

should be biocompatible, though the extent of immune 15 possible. For example, in one embodiment, the functional

response or any other type of biological response may well
depend on specific details of a sequence motif. (Because the
polypeptide sequences on which the motifs are based actually
occur in the organism for which the fiim as been fabricated,

region confers on the polypeptide multilayer film the ability
to bind calcium divalent cations with a high degree of speci-
ficity, as in the case where the functional region is a known
calcium binding motif from a protein, e.g., the calcium bind-

this approach will, at least in principle, work equally well for 20 ingloop of human milk protein a-lactalbumin. There is noth-

any type of organism. For instance, the approach may be of
significant value to veterinary science.) Both immune
response and biocompatibility are important regarding the
use of the designed peptides in biomedical applications,

ing fundamentally biological about the ability of a multilayer
film to bind calcium ions with high specificity, even if some
biological macromolecules do exhibit such ability and the
peptidic structure which enables such binding has been engi-

including, without limitation, the manufacture of artificial red 25 neered into a multilayer film.

blood cells, drug delivery systems, or polypeptides for fabri-
cation of biocompatible films to coat implants for short-term
or long-term introduction into an organism.

Bioactivity _

In some applications of polypeptide thin films, coatings, or
microcapsules, it is desirable to modify the design of the
polypeptides to include a functional domain for use in some
layer of the structure, often the outermost. A funclional
domain in this context is an independently thermostable
region of a protein that has specific biofunctionality (e.g.,
binding phosphotyrosine). It is well known in the art that such
biofunctionality may be integrated with other functionalities
in a multi-domain protein, as for example in the protein

The number of surface adsorption regions in a composite
polypeptide relative to the number and/or length of the func-
tional regions is related to the solubility requirement. For
example, if the functional region is a short amino acid

30 sequence such as “RGD”, that is, arginine-glycine-aspartic

acid, only one amino acid sequence motif of at least 12 amino
acid residues will be required to adsorb the composite
polypeptide onto a suitably charged surface. If, by contrast,
the functional region is a soluble folded structural domain of

35 a protein comprising, for example, 120 amino acid residues,

two amino acid sequence motifs will typically be sufficient to
impart enough charge for the composite polypeptide to be
water soluble and suitable for adsorption. The motifs could be
contiguous and located at the N-terminus of the domain,

tensin, which encompasses a phosphotyrosine binding 4 contiguous and located at the C-terminus of the domain, or

domain and a protein tyrosine phosphatase domain. The
inclusion of such a domain in a designed polypeptide could
function in a number of ways, including without limitation
specific ligand binding, targeting in vivo, bio sensing, or
biocatalysis.

In one embodiment, a multilayer film comprises a first
layer composite polypeptide comprising one or more surface
adsorption regions covalently linked to one or more func-
tional regions, wherein the first layer composite polypeptide

noncontiguous with one at the N-terminus and one at the
C-terminus.

The combined length of the surface adsorption regions is
related more to the dissipation due to thermal energy, which

45 must be overcome for composite peptide adsorption to occur

spontaneously, than to the number amino acid residues in the
functional region of the composite peptide. Therefore,
increasing the degree of polymerization of the functional
region by a factor of two does not necessarily require surface

and the one or more surface adsorption regions have the same so adsorption regions twice as long for effective binding of the

polarity. The surface adsorption regions comprise one or
more amino acid sequence motifs. The first layer composite
polypeptide is at least 15 amino acids long, and has a solu-
bility in aqueous solution at pH 4 to 10 of greater than 50

surface adsorption regions of the composite peptide. The
physical basis of adsorption of a composite peptide to a sur-
face is electrostatic attraction (and release of counterions to
bulk solution), the precise mass of the domain is of secondary

pg/mL. In one embodiment, the one or more surface adsorp- ss importance on the length scale of nanometers, and the main

tion regions and the one or more functional regions have the
same polarity. In another embodiment, the solubility of the
first layer composite polypeptide at pH 4 to 10 is greater than
or equal to about 1 mg/mL. The solubility is a practical

“force” counteracting composite peptide adsorption is ther-
mal energy. In view of this, one of skill in the art can readily
design surface adsorption regions that are suitable for physi-
cal adsorption to a surface of the particular functional region

limitation to facilitate deposition of the polypeptides from 66 of interest.

" aqueous solution. A practical upper limit on the degree of
polymerization of a composite polypeptide is about 1,000
residues. It is conceivable, however, that longer composite
polypeptides could be realized by an appropriate method of
synthesis.

In one embodiment, a composite polypeptide comprises
one functional region and one surface adsorption region,

A functional region comprises 3 to about 250 amino acid
residues. The term functional region includes both functional
motifs and functional domains. Functional motifs comprise
relatively few amino acid residues and therefore generally do

65 not have a compact or persistent three-dimensional structure;

nevertheless, they can exhibit specific functionality, as with
some peptide hormones and neuropeptides, and they can
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comprise elements of secondary structure such as a-helices
and f-sheets. An example of a functional motif is provided by
the RGD sequence of the extracellular matrix protein
fibronectin. When the functional unit is a functional motif, it
will typically comprise 3 to about 50 amino acid residues.
When the functional region is a domain, it will typically
comprise about 50 to about 250 amino acid residues.

A functional domain is defined herein as at least a portion
of a polypeptide which, when folded, creates its own hydro-
phobic core. A native protein, for example, may contain a
plurality of structural domains, each of which acts as an
independent unit of structure and function. The biological
function of one domain can be completely independent of the
function of another, as in the case of a catalytic domain and a
binding domain in the same polypeptide chain, where the two
domains do not interact with each other at all. Structural
interactions between domains in a native protein are not only
possibie, but relatively common; in such cases the interaction
between one structural domain and another structural domain
can be viewed as a type of quaternary structure.

As used herein, a functional domain typically has a mini-
mum of about 50 amino acid residues and a maximum of
about 250 amino acid residues. In principle, any functional
domain from a protein can be employed in a composite pep-
tide as outlined herein so long as the composite polypeptide
has Lhe appropriate aqueous sotubility for ELBL deposition.
In one embodiment, the functional domain has a water solu-
bility at pH 4 to 10 of greater than 50 pug/mL. In another
embodiment, the functional domain has a water solubility at

pH 4 to 10 of greater than or equal to | mg/mL. In yet another -

embodiment, the first layer composile polypeptide comprises
at feast two amino acid sequence motifs when the functional
unit comprises a functional domain.

The composite polypeptide, when it comprises a functional
motif instead of a functional domain, will typically have a net
charge per residue of greater than or equal 10 0.4. If, however,
the functional motif has a net charge per residue of less than
0.4, the one or more surface adsorption regions will typically
have a net charge per residue of greater than 0.4 to compen-
sale and give the composite polypeptide the appropriate
charge properties for solubility and physical adsorption.

Suitable functional regions for inclusion in composile
polypeptides include cysteine-containing motifs or 2 protease
recognition sites to control film stability and/or the release of
encapsulated materials from films/capsules; T-cell epitopes,
B-cell epitopes, or a cytotoxic T lymphocyte epitopes for
control of immunogenicity; sequences suitable for attach-
ment of a saccharide or polysaccharide by enzymatic cataly-
sis, for example, as in N-linked or O-linked glycosylation;
peptide recognition sequences in extracellular matrix pro-
teins for control of surface functionality and tissue engineer-
ing; sequences from antibacterial peptides for control of anti-
microbial  properties;  extracellular  domains  of
lransmembrane receptors for specific targeting in vivo; and
cation binding motifs such as EF hand motifs for control of
divalent cation binding.

In one non-limiting embodiment, the functional region of a
composite peptide comprises a protease recognition
Sequence. Suitable protease recognilion sequences include,
for example, the factor Xa recognition sequence Ile-Glu/Asp-
Gly-Argl, the enterokinase recognition sequence Asp-Asp-
Asp-Asp-Lys{, the thrombin recognition sequence Leu-Val-
Pro-ArglGly-Ser, the TEV protease recognition sequence
Glu-Asn-Leu-Tyr-Phe-GInlGly, the PreScission™ protease
Tecognition sequence Leu-Glu-Val-Leu-Phe-GlnlGly-Pro,
and the like.
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In another non-limiting embodiment, the functional region
of composite peptide comprises a T-cell epitope, a B-cell
epitope, or a cytotoxic T-cell epitope. As used herein, “T-cell
epitope™ refers to any peptidic antigenic determinant which is
recognized by T-cells. As used herein, “B-cell epitope” refers
to any peptidic antigenic determinant which is recognized by
B-cell immunoglobulin receptors and is capable of eliciting
the production of antibodies with appropriate help from T
cells when administered to an animal. As used herein, ‘‘cyto-
toxic T lymphocyte epitope™ refers to an any peptidic anti-
genic determinant which is recognized by cytotoxic T-lym-
phocytes. The epitopes are polypeptides produced by viruses,
bacteria, fungi, or parasites. In some cases the epitopes may
be polypeptides to which saccharides or oligosaccharides are
attached or could be attached, e.g., by N-linked or O-linked
glycosylation. .

Glycosylation is a common and highly diverse protein
modification reaction which occurs in most eukaryotic cells.
Such modifications can be divided into two general catego-
ries, N-linked and O-linked. In the former, the carbohydrate
moiety is attached to the amide nitrogen of the side chain of
asparagine, when asparagine is part of the consensus
sequence Asn-X-Ser/Thr. This signal is necessary but not
sufficient for glycosylation, e.g., X cannot be Pro, and if Pro
occurs shortly downstream of Ser/Thr glycosylation is inhib-
ited. In O-linked glycosylation, the carbohydrate moiety is
attached to the hydroxy! oxygen of Ser or Thr; it also occurs
as a primary modification of tyrosine and a secondary modi-
fication of 5-hydroxylysine and 4-hydroxyproline. There is a
high frequency of occurrence of Pro, Ser, Thr, and Ala resi-
dues around O-linked glycosylation sites.

Linear epitopes are segments composed of a continuous
string of amino acid residues along the polymer chain. Typi-
cal linear epitopes have a length of about 5 to about 30 amino
acids. Conformational epitopes, by contrast, are constituted
by two or more sequentially discontinuous segments that are
brought together by the folding of the antigen into its native
structure. Conformational epitopes generally correspond to
longer peptide chains than do linear epitopes. Either type of
epitope could serve as the functional region of a composite
polypeptide for LBL.

In another non-limiting embodiment, the functional region
of a composite peptide comprises a sequence from an anti-
bacterial peptide. Antimicrobial peptides include, for
example, inhibitory peptides that slow the growth of a
microbe, microbiocidal peptides that are effective to kill a
microbe (e.g., bacteriocidal and virocidal peptide drugs, ste-
rilants, and disinfectants), and peptides effective for interfer-
ing with microbial reproduction, host toxicity, or the like.
Examples of antimicrobial peptides include nisin, carnobac-
teriocins B2 and BMI, leucocin A, mesentericin Y105,
sakacins P and A, and curvacin A.

In another non-limiting embodiment, the functional region
of a composite peptide is a peptide recognition sequence for
extracellular matrix (ECM) recognition. One such sequence,
RGD, occurs in various extracellular matrix proteins and is a
key recognition sequence for integrin transmembrane recep-
tor molecules. Another ECM recognition sequence is
GFOGER, GLOGER, or GASGER, wherein ‘O’ represents
hydroxyproline. These are recognition sequences in collagen
for collagen-binding integrins. Both types of recognition
sequence are suitable for the functional region of a composite
peptide for LBL.

In another non-limiting embodiment, the functional region
of a composite peptide is a signaling motif for recognition by
a cell surface receptor for specific targeting in vivo. The
extracellular region of the receptor will bind the peptide or
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protein signal ligand with notable specificity. The peptide or

protein ligand could be a peptide hormone (e.g., insulin,
vasopressin, oxytocin) a growth factor (e.g, VEGF, PDGF,
FGPF), or the like. Such signal sequences are suitable for the
functional region of a composite peptide for LBL. In such
cases, the functional region of a composite peptide for LBL
will often be a functional motif. Similarly, the extracellular
region of a membrane receptor is suitable for the functional
region of a composite peptide for LBL. In such cases, the
functional region of a composite peptide for LBL will often
be a functional domain.

In another non-limiting embodiment, the functional region
of a composite peptide for LBL is a cation binding motif such
as an EF hand motif for control of divalent cation binding.
Other cation binding domains include the C2 domain, the
“VSFASSQQ” motif, and the dockerin domain.

In another non-limiting embodiment, the functional region
of a composite peptide is a phosphotyrosine recognition
domain, such as a protein tyrosine phosphatase domain, a C2
domain, an SH2 domain, or a phosphotyrosine binding
domain. Such domains from numerous different proteins are
known to be independent folding units.

In another non-limiting embodiment, the functional
domain is a polyproline recognition domain, such as an SH3
domain.

Each of the independent regions (viz., functional regions
and surface adsorption regions) of the composite polypeptide
can be synthesized separately by solution-phase synthesis,
solid-phase synthesis, or genetic engineering of a suitable
host organism. Solution-phase synthesis is the method used
for production of most of the approved peptide pharmaceuti-
cals on the market today. An N-terminal surface adsorption
region (1), a C-terminal surface adsorption region (2) and a
functional region (3) can be synthesized separately. (FIG. 14)
The solution-phase method can be used to synthesize rela-
tively long peptides and even small proteins. The longest
peptides that have made by the solution-phase method are
calcitonins (32mers). More commonly, the method is used to
produce smali- or medium-length peptides in quantities of up
to hundreds of kilograms. It is possible to produce such large
quantities of the desired peptides in a facility that follows
good manufacturing practices.

Alternatively, the various independent regions can be syn-
thesized together as a singie polypeptide chain by solution-
phase synthesis, solid-phase synthesis, or genetic engineer-
ing of a suitable host organism. The choice of approach in any
particular case will be a matter of convenience or economics.

If the various functional regions and surface adsorption
regions are Synthesized separately, once purified, for
example, by ion exchange chromatography followed by high-
performance liquid chromatography, they are joined by pep-
tide bond synthesis. For example, an N-terminal surface
adsorption region (1), a functional motif (3), and a C-terminal

surface adsorption region (3) can be synthesized separately

and joined to form a composite polypeptide (3) (F1G. 15). The
approach is similar to so-called hybrid synthesis, wherein
peptide segments with fully protected side chains are synthe-
sized by the solid-phase technique and then joined by peptide
bonds in a solution-phase or solid-phase procedure. This
hybrid approach has been applied to the synthesis of T20, a

. 36-amino acid residue peptide, but it has not been widely

exploited.

FIG. 17 illustrates an embodiment of a “composite”
polypeptide comprising 2 surface adsorption regions (120
and 130) and 1 functional region (110). 120 is the N-terminal
surface absorption region. 130 is the C-terminal absorptive
region. Each surface adsorption region comprises one or
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more motifs. A “composite” polypeptide is a unique combi-
nation of surface adsorption region(s) and functional
region(s) in a single polypeptide chain. Linker peptide
sequences (140) can be used to generate a composite
polypeptide comprising multiple functional regions in a
single polypeptide chain. In one embodiment, functional
region 110 can be a small furictional region comprising from
about 50 to about 130 amino acid residues, and having a
diameter of about 2 nm. In an alternate embodiment, func-
tional region 110 can be a large functional region comprising
about 250 amino acid residues, and having a diameter of
about 4 nm. The length of 16 amino acid residues in extended
conformation is approximately 5.5 nm.

FIG. 18 (200 and 300) illustrate embodiments of a “com-
posite” polypeptide comprising 2 surface adsorption regions
(120 and 130) and 1 functional region (111, 112), attached to
a surface (150). Embodiment 200 of FIG. 18 illustrates a
“composite” polypeptide comprising 2 surface adsorption
regions (120 and 130) and 1 functional region (111), attached
to a surface (150), wherein functional region 111 represents a
small functional region comprising from about 50 to about
130 amino acid residues, and having a diameter of about 2
nm. Small functional region 111 can be a short peptide
sequence, e.g., RGD. 120 is the N-terminal surface absorp-
tion region. 130 is the C-terminal absorptive region.

FIG. 18 (300) further illustrates an alternate embodiment
of a “composite” polypeptide comprising 2 surface adsorp-
tion regions (120 and 130) and 1 functional region (110),
wherein functional region 112 represents a large functional
region comprising about 250 amino acid residues and having
adiameter of about4 nm. Large functional domain 112 can be
the domain of a protein, e.g., the PTP domain of tensin. 120 is
the N-terminal surface absorption region. 130 is the C-termi-
nal absorptive region.

An advantage of a modular approach to building composite
peptides includes taking advantage of the previously
described amino acid sequence motif technology, minimizing
risk. Other advantages include generality of the approach for
nearly any conceivable functional region; and chemically
distinct peptides containing identical or different functional
regions and identical or different surface adsorption regions
of the same sign of electronic charge can be adsorbed simul-
taneously, creating a unifunctional or a multifunctional sur-
face as desired. Advantages of synthesizing the surface
adsorption regions and the functional regions as individual
building blocks include: the ability to pre-make and store
practically indefinitely (by lyophilization) the individual
building blocks for ready availability; the low cost of produc-
tion of composite peptides of specific functionality by use of
warehoused building blocks prepared in large quantities;
rapid preparation of the composite peptide in comparison to
straight solid-phase, solution-phase or biotic synthesis; rapid
response to new developments concerning functional regions
due to the modular synthetic approach; and the use of com-
pletely synthetic peptides and polypeptide multilayer-based
materials as a means of minimizing contamination by
microbes and simplifying approval of products by the US
Food and Drug Administration. -

Uses for Polypeptides Designed Using the Method of the
Present Invention

As noted above, polypeptides of suitable design are excel-
lent materials for ELBL, and polypeptide film structures
formed using ELBL will be useful in a large number of
different types of applications. Polypeptides designed using
the method of the present invention have been shown to be
useful for ELBL of film structures for possible applications in
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biomedical technology, food technology, and environmental
technology. For example, such polypeptides could be used to
fabricate artificial red blood cells.

Artificial Red Blood Cells

A number of different approaches have been taken to red
blood cell substitute development. One approach involves the
use of perfluorocarbons. Perfluorocarbon emulsions contain
synthetic fluorinated hydrocarbons capable of binding oxy-
gen and delivering it to tissues. This approach however,
increases reticulo-endothelial cell blockage. The perfluoro-
carbons can become trapped in the reticulo-endothelial sys-
tem, which may result in adverse consequences.

Another approach focuses on antigen camouflaging, which
involves coating red blood cells with a biocompatible poly-
mer called polyethylene glycol (PEG). The PEG molecules
form permanent covalent bonds on the surface of the cell. The
coating effectively hides the antigenic molecules on the sur-
face of the red blood cells, so that the blood recipient’s anti-
bodies do not recognize the cells as foreign. For example, the
immune system of a normal person who has type A blood will
nalurally have antibodies that recognize antigens on the sur-
face of type B red blood cells, leading to cell destruction. The
attachment of PEG to the surface of a Lype B red blood cell
“camouflages” the surface of the cell, so that its surface anti-
gens can no longer be recognized by the immune system and
the antigenically-foreign red blood cells will not be destroyed
as quickly (see Pargaonkar, N. A., G. Sharma, and K. K.
Vistakula. (2001) “Artificial Blood: Current Research
Report,” which is hereby incorporated by reference in its
entirety). '

A number of diseases, including thalassemia, that require
repeated blood transfusions are often complicated by the
development of antibodies to “minor” red cell anligens. This
“allosensitization” can render these patients almost impos-
sible to transfuse, rendering the situation life-threatening. In
in vitro testing, the PEG-modified red cells appear not to
trigger allosensitization and may also be useful in clinical
situations where allosensitization has already occurred (see
Scott, M. D. et al. (1997) “Chemical camoufiage of antigenic
determinants: Stealth erythrocytes,” Proc. Natl. Acad. Sci.
USA. 94 (14): 7566-7571, which is hereby incorporated by
reference in its entirety).

Other approaches involve purified hemoglobin. Unmodi-
fied cell-free hemoglobin has known limitations. These
include oxygen affinity that is too high for effective tissue
oxygenation, a half-life within the intravascular space that is
too short to be clinically useful, and a tendency to undergo
dissociation into dimers with resultant renal tubular damage
and toxicity. Because of these limitations, hemoglobin used
to make a cell-free red blood cell substitute must be modified.
A number of modification techniques have been developed.
Hemoglobin can be cross-linked (a covalent bond between
two molecules is made by chemical modification) and poly-
merized using reagents such as glutaraldehyde. Such modi-
fications result in a product that has a higher Py, (partial
Pressure of oxygen at which 50% of all oxygen-binding sites
are occupied) than that of normal hemoglobin, and an
Increase in the plasma half-life of up to 30 hours. The source
of the hemoglobin for this purpose can be human (outdated
donated blood), bovine, or human recombinant. The solution
of modified hemoglobin is prepared from highly purified
hernoglobin and taken through various biochemical pro-
Cesses, to eliminate phospholipids, endotoxins, and viral con-
Qminants (see Nester, T. and Simpson, M (2000) “Transfu-
Slon medicine update,” Blood Substitutes, which is hereby
Incorporated by reference in its entirety). Biopure Corpora-
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tion (Cambridge, Mass.) has been using modified hemoglo-
bin for their product, Hemopure.

The main potential adverse effect of modified hemoglobin
solutions is an increase in systemic and pulmonary vascular
resistance that may lead to a decrease in cardiac index.
Decreases in the cardiac index may impair optimum oxygen
delivery and outweigh the advantage of an oxygen-carrying
solution (see Kasper S. M. et al. (1998) “The effects of
increased doses of bovine hemoglobin on hemodynamics and
oxygen transport in patients undergoing preoperative
hemodilution for elective abdominal aortic surgery,” Anesth.
Analg. 87: 284-91, which is hereby incorporated by reference
in its entirety). One study has examined the utility of these
solutions in the acute resuscitation phase of unstable trauma
patients. Design of the study, however, was poor, and any role
of the solutions in influencing ultimate patient outcome was
unclear (see Koenigsberg D. et al. (1999) “The efficacy trial of
diaspirin cross-linked hemoglobin in the treatment of severe
traumatic hemorrhagic shock,” Acad. Emerg. Med. 6: 379-80,
which is hereby incorporated by reference in its entirety).

Many of the problems of cell-free hemoglobin can be over-
come by encapsulating it with an artificial membrane. Lipo-
somes are being used to encapsulate hemoglobin for use as a
blood substitute. The approach is technically chalienging
because not only must the hemoglobin be prepared, it must be
encapsulated in relatively high concentration and yield. The
final products must be sterile and the liposomes must be
relatively uniform in size.

Encapsulated hemoglobin has several advantages over
cell-free hemoglobin, Firstly, the artificial cell membrane
protects hemoglobin from degradative and oxidative forces in
the plasma. Secondly, the membrane protects the vascular
endothelium from toxic effects of hemoglobin. These relate
to heme loss, the production O, free radicals and vasocon-
strictor effects of NO binding. Thirdly, encapsulation greatly
increases the circulating persistence of the hemoglobin.
Moreover, encapsulated hemoglobin can be freeze-dried for
convenient storage.

Liposomal encapsulation invol ves phospholipids, as in cell
membranes. One major problem associated with liposomal
encapsulation, however, is that it is very difficult to regulate
the average size and distribution of liposomes. Another is that
unlike red blood cells, liposomes are often not very stable, as
they ordinarily lack an organized cytoskeleton. Yet another
problem is that liposomes often consist of multiple layers of
phospholipid. (A recent review of blood substitute develop-
ment is presented in Stowell et al. (2001) Progress in the
development of RBC substitutes, Transfusion 41:287-299,
which is hereby incorporated by reference in its entirety. See
also Chang, T. 1998 “Modified hemoglobin-based blood sub-
stitutes: cross linked, recombinant and encapsulated hemo-
globin,” Artificial Cell 74 Suppl 2:233-41, which is hereby
incorporated by reference in its entirety.)

Red blood cell substitules employing polypeptides
designed using the method of the present invention should
offer several advantages over approaches to the development
of red blood cell substitutes known in the art, including,
without limitation, superior oxygen and carbon dioxide bind-
ing functionality, lower production cost (large-scale and
therefore low-cost production is possible because bacteria

.can be used to mass-produce the peptides and because peptide

ELBL can be automated), the possibility of using suitable
preparations of hemoglobin as a template for ELBL, polypep-
tide biodegradability, the immune “inertness” of designed
polypeptides based on blood protein structure, and the struc-
tural stability exhibited by designed polypeptide films, which
exceeds that of liposomes. Polypeptide ELBL assembly
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yields semi-porous films, minimizing the amount of material
required for fabricating a means of encapsulation and
enabling glucose, oxygen, carbon dioxide, and various
metabolites to diffuse as freely through the films as a lipid
bilayer. In contrast, other polymers potentially suitable for
this purpose have undesirable side effects—for example,
polylactide degrades into lactic acid, the substance that
causes muscle cramps, and poly (styrene sulfonate) is not
biocompatible.

Microcapsules could be formed of designed polypeptides
to encapsulate hemoglobin to serve as a red blood cell sub-
stitute. Hemoglobin polypeptide microcapsules could also be
engineered to incorporate enzymes, including superoxide
dismutase, catalase, and methemoglobin reductase, which are
ordinarily important for red blood cell function. Moreover,
the nanofabricated microcapsules can predictably be dehy-
drated, suggesting that artificial red blood cells made as
described herein could be dehydrated, without loss of func-
tion, particularly because hemoglobin can be lyophilized
(i.e., freeze-dried) and reconstituted without loss of function,
and polyion films are stable to dehydration. This will be
important for long-term storage, transport of blood substi-
tutes, battlefield applications (particularly in remote loca-
tions), and space exploration.

Polypeptides designed using the method of the present
invention could also be used for drug delivery. -

Drug Delivery .

Micron-sized “cores” of a suitable therapeutic material in
“crystalline” form can be encapsulated by designed polypep-
tides, and the resulting microcapsules could be used for drug
delivery. The core must be insoluble under some conditions,
for instance high pH or low temperature, and soluble under
the conditions where controlled release will occur. The sur-
face charge on the crystals can be determined by {-potential
measurements (used to determine the charge in electrostatic
units on colloidal particles in a liquid medium). The rate at
which microcapsule contents are released from the interior of
the microcapsule to the surrounding environment will depend
on a number of factors, including the thickness of the encap-
sulating shell, the polypeptides used in the shell, the presence
of disulfide bonds, the extent of cross-linking of peptides,
temperature, ionic strength, and the method used to assemble
the peptides. Generally, the thicker the capsule, the longer the
release time—the principle resembles that of gel filtration
chromatography.

Some work has been done on sustained release from ELBL
microcapsules (see Antipov, A., Sukhorukov, G. B., Donath,
E., and Mohwald, H. (2001) J. Phys. Chem. B, 105:2281-
2284 and Freemantle, M. (2002) Polyelectrolyte multilayers,
Chem. Eng. News, 80: 44-48, both of which are incorporated
herein by reference in their entireties). Polyelectrolytes that
have been used are PSS, PAH, PAA, PVS, PEI and PDDA.

Polypeptides designed using the method of the present
invention should offer a number of advantages in the context
of drug delivery, including without limitation control over the
physical, chemical, and biological characteristics of the
microcapsule; the ability to make capsules with a diameter of
less than 1 mm, making the capsules suitable for injection;
low likelihood of eliciting an immune response; generally
high biocompatibility of capsules; control over the diffusive
properties of the microcapsules by varying the thickness of
the layers and using cysteine, as discussed below; the ability
to target specific locations by modification of the microcap-
sule surface using the highly reactive sulfiydryl groups in
cysteine (as is well known in the art, free sulfhydryl groups,
free amino groups, and free carboxyl groups are sites to which
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molecules for specific targeting could be attached), or by
incorporation of a specific functional domain in the design of
the polypeptide; and the ability of microstructures to be taken
up by cells using either endocytosis or pinocytosis.
Polypeptides designed using the method of the present
invention could also be used for antimicrobial coatings.

Antimicrobial Coatings

The method of the present invention could be used to

manufacture films encompassing antimicrobial peptides. For
example, one suitable sequence might be Histatin 5, which
occurs in humans:

(SEQ ID NO: 8)
Asp Ser His Ala Lys Arg His His Gly Tyr Lys Arg

Lys His Glu Lys His His Ser His Arg Gly Tyr

The preponderance of positive charge at slightly basic pH
makes this sequence quite suitable for ELBL. It could be
appended to a peptide designed using the method of the
present invention, resulting in an antimicrobial peptide suit-
able for use in ELBL. This peptide could be used as an
anti-biofouling coating. For instance, the peptide could be
used to form a coating on devices used for implantation.

There are also a number of other areas in which polypep-
tides designed using the method of the present invention
could be useful.

Other Uses

Other possible uses for peptides designed using the method
of the present invention include without limitation food cov-
ers, wraps, and separation layers; food casings, pouches,
bags, and labels; food coatings; food ingredient microcap-
sules; drug coatings, capsules, and microcapsules; disposable
food service items (plates, cups, cutlery); trash bags; water-
soluble bags for fertilizer and pesticides; microcapsules for
fertilizer and pesticides; agricultural mulches; paper coat-
ings; loose-fill packaging; disposable medical products (e.g.
gloves and gowns); and disposable diapers.

Fabrication

Once amino acid sequence motifs have been selected from
those identified using the method discussed in Part (A)(1)
above or designed de novo, the designed polypeptide is syn-
thesized using methods well known in the art, such as solid
phase synthesis and F-moc chemistry or heterologous expres-
sion following gene cloning and transformation. Designed
polypeptides may be synthesized by a peptide synthesis com-
pany, for example SynPep Corp. (Dublin, Calif.), produced in
the laboratory using a peptide synthesizer, or produced by
recombinant methods. _

In one embodiment, a designed polypeptide, e.g., a first
layer polypeptide, comprises a plurality of individual amino
acid sequence motifs joined in tandem to form a single
polypeptide chain. The same motif may be repeated, or dif-
ferent motifs may be joined in designing a polypeptide for
ELBL. Moreover, functional domains may be included, as
discussed above. Amino acids such as glycine or proline
could be used to link the sequence motifs, so long as the
overall charge properties of the polypeptide are maintained,
that is, the magnitude of the net charge on the polypeptide per
residue is 0.4. In one embodiment, a linker comprises 1-4
amino acid residues, for example, 1-4 glycine or proline
resides. In addition, amino acids other than the 20 usual ones
could be included in the motifs themselves, depending on the
properties desired of the polypeptide. Other properties could
likewise be specified by design requirements, using methods
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known in the art. For example, proline could be inciuded for
tarn formation, glycine for chain flexibility, and histidine for
pH-sensitive charge properties near neutral pH. *Hydropho-
bic” amino acids could also be included—hydrophobic resi-
due content could play a role in assembly behavior and con-
tribute to layer stability in a way resembling the hydrophobic
stabilization of globular proteins.

1n one embodiment, a first layer polypeptide comprises one
or more amino acid sequence motifs, wherein the polypeptide
is at Jeast 15 amino acids in length and the ratio of the number
of charged residues of the same sign minus the number of
residues of the opposite sign to the total number of residues in
the polypeptide is greater than or equal to 0.4 at pH 7.0. In
other words, the magnitude of the net charge on the polypep-
tide per residue is greater than or equal to 0.4. In another
embodiment, the ratio of the number of charged residues of
the same sign minus the number of residues of the opposite
sign to the total number of residues in the polypeptide is
greater than or equal to 0.5 at pH 7.0. In other words, the
magnitude of the net charge on the polypeptide per residue is
greater than or equal to 0.5.

In one embodiment, a designed polypeptide is greater than
or equal to 15 amino acid residues long. In other embodi-
ments, a designed polypeptide is greater than 18, 20, 25, 30,
32 or 35 amino acids long. The reason for this is that the
entropy loss per molecule is so thermodynamically unfavor-
able for short polymers that adsorption to an oppositely-
charged surface is inhibited, even if the polypeptide has a
charge per unit length of 1; long polyelectrolytes adsorb
better than short ones. This is illustrated in FIG. 12. The
average molecule masses of the peptides utilized for the
length-dependence studies were 1,500-3,000 Da (poly-L-
glulamate, “small”), 3,800 Da (poly-L-lysine, *“small”),
17,000 Da (poly-L-glutamate, “medium”), 48,100 Da (poly-
L-iysine, “medium”), 50,300 Da (poly-L-glutamate,
“large”), and 222,400 Da (poly-L-lysine, “large”). The data
shown in FIG. 12 clearly indicate that ELBL depends on
length of peptide. Inclusion of Cys enables the use of rela-
tively small peptides for ELBL, because the sulfhydryl group
_ can be used to form disulfide crosslinks between polypep-
tides.

Film Assembly

A method of making a designed polypeptide muitilayer
film comprises depositing a plurality of layers of oppositely
charged chemical species on a template, wherein at least one
layer comprises a designed polypeptide. Successively depos-
ited polyelectrolytes will have opposite net charges. In one
embodiment, deposition of a designed polypeptide (or other
polyelectrolyte) comprises exposing the substrate to an aque-
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ous solution comprising a designed polypeptide (or other

polyelectrolyte) at a pH at which it has a suitable net charge
for ELBL. In other embodiments, the deposition of designed
polypeptide or other polyelectrolyte on the substrate is
achieved by sequential spraying of solutions of oppositely
charged polypeptides. In yet other embodiments, deposition
on the substrate is by simultaneous spraying of solutions of
oppositely charged polylectrolytes.

In the ELBL method of forming a multilayer film, the
Opposing charges of the adjacent layers and the gain in
entropy on release of counterions to solution together provide
the driving force for assembly. It is not critical that polyelec-
trolytes in opposing layers have the same net linear charge
density, only that opposing layers have opposite charges. The
Standard film assembly procedure includes forming aqueous
solutions of the polyions at a pH at which they are ionized
(ie.,pH 4-10), providing a substrate bearing a surface charge,
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and aiternating immersion of the substrate into the charged
polyelectrolyte solutions. The substrate is optionally washed
in between deposition of alternating layer.

The concentration of polyion suitable for deposition of the
polyion can readily be determined by one of ordinary skill in
the art. An exemplary concentration is 0.1 to 10 mg/mL.
Typically, the thickness of the layer produced is substantially
independent of the solution concentration of the polyion dur-
ing deposition in the stated range. For typical non-polypep-
tide polyelectrolytes such as poly(acrylic acid) and poly(al-
lylamine hydrochloride), typical layer thicknesses are about 3
to about 5 A, depending on the ionic strength of solution.
Short polyelectrolytes typically form thinner layers than long
polyelectrolytes. Regarding film thickness, polyelectrolyte
film thickness depends on humidity as well as the number of
layers and composition of the film, For example, PLL/PLGA
films 50 nm thick shrink to 1.6 nm upon drying with nitrogen.
In general, films of 1-2 nm to 100 nm or more in thickness can
be formed depending on the hydration state of the film and the
molecular weight of the polyelectrolytes employed in the
assembly.

In addition, the number of layers required to form a stable
polyelectrolyte multilayer film will depend on the polyelec-
trolytes in the film. For films comprising only low molecular
weight polypeptide layers, a film will typically have 4 or more
bilayers of oppositely charged polypeptides. For films com-
prising high molecular weight polyelectrolytes such as poly
(acrylic aeid) and poly (allylamine hydrochloride), films com-
prising a single bilayer of oppositely charged polyelectrolyte
can be stable.

Experiments
EXAMPLE 1

Design of Polypeptides Based on Human Blood
Protein Sequences and their Use in Polypeptide Film
Fabrication

For this work, amino acid sequences were selected using
the process described in Part (A)(l) above to identify
sequence motifs in the primary structure of human blood
proteins: Complement C3 (gil68766) was the source of the
anionic sequence motifs, and lactotransferrin (gil4505043)
the source of the cationic sequence motifs. As discussed
above, blood protein sequences were used to minimize the
immune response of patients into whom devices involving the
polypeptides might be introduced (including, e.g. artificial
red blood cells). In principle, this approach should be appli-
cable for any organism having an immune system; it is not
limited to humans. Polypeptides were synthesized by SynPep
Corp. (Dublin, Calif.). The polypeptide sequences were:

(SEQ ID NO: 2)

Tyr Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp

Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp

Gly Glu Glu Asp Glu Cys Gln Asp

(SEQ ID NO: 1)

Arg Arg Ser Val Gln Gly Arg Arg Arg

Tyr Arg Arg

Arg Ser val Gln Gly Arg Arg Arg Arg Ser val Gln

Gly Arg Arg Arg Arg Ser val Gln
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.~continued

{SEQ ID NO: 4)
Tyr Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp

Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp
Gly Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp
Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp

(SEQ ID NO: 3)
Tyr Arg Arg Arg Arg Ser Val Gln Gly Arg Arg Arg

Arg Ser Vval Gln Gly Arg Arg Arg Arg Ser Val Gln
Gly Arg Arg Arg Arxg Ser Val Gln Gly Arg Arg Arg
Arg Ser Val Gln Gly Arg Arg Arg Arg Ser Val Gln

The amino acid residues are represented by the three-letter
code given above. One glycine was introduced between each
7-residue motif to inhibit secondary structure formation. Gly-
cine was selected for this purpose because it allows the great-
est variability in combination of dihedral angles (see Ram-
achandran, G. N. and Saisekharan, V. (1968), Adv. Prot.ein
Chemistry, 23:283, which is incorporated by reference herein
in its entirety) and has a low helix propensity (0.677) and low
sheet propensity (0.766). Alternatively, proline could be sub-
stituted for glycine between motifs on the basis of calculated
structure propensities. Additionally, a single tyrosine was
included at the N-terminus of each peptide for concentration
determination by UV absorption at 280 nm. SEQ ID NO:2 has
amagnitude of the net charge of 2042 (0.625) at pH 7; SEQID
NO: 1 has a magnitude of the net charge of '¢42 (0.5); SEQ ID
NO:4 has a magnitude of the net charge of 3%4g (0.625) at pH
7; and SEQ ID NO:3 has a magnitude of the net charge of 2428
(0.5) at pH 7. In all cases, the magnitude of the net charge is
greater than or equal to approximately one-half of the total
length of the first layer polypeptide at pH 7.

The polypeptides were named SN1 (SEQ ID NO: 2), SP2
(SEQ ID NO: 1), LN3 (SEQ ID NO: 4), and LP4 (SEQ ID
NO: 3), respectively, meaning short negative, short positive,
long negative, and long positive. These sequences are quite
different from polylysine (commonly used in the art as a
polycation) and polyglutamate (commonly used in the art as
a polyanion) which, though available commercially and inex-
pensive, have a high a-helix propensity under conditions of
mild pH and, crucially, are immunoreactive. The calculated
charge per unit length on the designed peptides at neutral pH
is 0.5 electrostatic units for SP and LP and 0.6 electrostatic
units for SN and LN. The positive peptides are somewhat
more hydrophobic than the negative ones, owing to the pres-
ence of valine and the long hydrocarbon side chain of argin-
ine. (As mentioned above, hydrophobic interactions between
polypeptide layers could stabilize films to some extent.) The
lengths are consistent with published studies showing that
polyions must have greater than 20 charged groups (i.e. aspar-
tic acid and glutamic acid; lysine, arginine, and histidine) to
be suitable for ELBL (see Kabanov, V. and Zezin, A. (1984)
Pure Appl. Chem. 56:343 and Kabanov, V. (1994) Polym. Sci.
36:143, both of which are incorporated by reference herein in
their entireties).

" Experimental Demonstration

Materials

QCM electrodes (USI-System, Japan) coated with evapo-
rated silver had a surface area of 0.16+0.01 cm on each side,
a resonant frequency of 9 MHz (AT-cut), and a long-term
stability of +2 Hz. The polypeptide molecular weight was
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verified by electrospray mass spectrometry. Peptide purity
was greater than 70%:. The polypeptide buffer was 10 mM
sodium phosphate or 10 mM Tris-HCL, 1 mM DTT, 0.1 mM
sodium azide, pH 7.4. All chemicals other than polypeptides
were purchased from Sigma-Aldrich (USA).

Procedures

Experiments were done using pairs of designed polypep-
tides, one negative and one positive. Multilayer films consist-
ing of at least 5 bi-layers of the above-identified SP2, SNI,
LP4, and LN3 were deposited onto the QCM resonators using
standard ELBL techniques (a bi-layer consists of one layer of
polycation and one layer of polyanion). The polypeptide con-
centration used for layer adsorption was 2 mg-mL™". It is
known that dependence of polyion layer thickness on poly-
electrolyte concentration is not strong (see Lvov, Y. and
Decher, G. (1994) Crystallog. Rep. 39:628, which is incor-
porated herein by reference in its entirety); in the concentra-
tion range 0.1 to S mg mL~', bilayer thickness was approxi-
mately independent of concentration for PSS/PAH. By
contrast, polypeptide thin films appear substantially less thick
than those fabricated using high molecular weight PSS/PAH
(mass calculated using Af data using the well-known Sauer-
brey equation); see Lvov, Y. and Decher, G. (1994)Crystallog.
Rep. 39:628. This follows from calculating film thickness on
the basis of mass deposited, as is ordinarily done in the art for
proteins. The calculated thickness for the designed polypep-
tide assembly shown in FIG. 3(c) is greater than the end-to-
end length of the peptides used to make the film. DTT was
included at 1 mM to inhibit disulfide bond formation. The
adsorption time was 20 minutes.

Resonators were rinsed for 1 min. in pure water between
subsequent adsorption cycles (removing perhaps 10-15% of
weakly adsorbed material) and dried in a stream of gaseous
N,. Then the mass of the deposited peptide was measured
indirectly by QCM. The mass measurement includes some
water, despite drying, and low mass ions like K*, Na*, and
CI™. Partial interpenetration of neighboring layers of peptide
is probable (see Decher, G. (1997) Science 227:1232; Schmitt
et al. (1993) Macromolecules 26:7058; and Komeev et al.
(1995) Physica B 214:954); this could be important for the
efficiency of disulfide “locking.”

Results

After adsorption of the polypeptide and rinsing and drying
the QCM resonator, the resonant frequency of the resonator
was measured. This enabled calculation of the frequency shift
on adsorption and change in adsorbed mass. A decrease in
frequency indicates an increase in adsorbed mass. The results
are provided in FIGS. 3(a) and 3(b). FIG. 3(a) shows a com-
parison of adsorption data for LP4 and LN3 in different
buffers (10 mM sodium phosphate, pH7.4, | mM DTT and 10
mM Tris-HCl, pH 7.4, 1 mM DTT). Itis clear from these data
that adsorption depends more on the properties of the pep-
tides than the specific properties of the buffer used. FIG. 3(b)
shows resonator frequency versus adsorbed layer for different
combinations of SP2, SN1, LP4, and LN3 (namely, SP2/SN1,
SP2/LN3, LP4/SN|, and LP4/LLN3) in 10 mM sodium phos-
phate, pH 7.4 and 1| mM DTT (the Iines merely connect
experimental data points). Each of these combinations
involved one negative polypeptide and one positive polypep-
tide, as required by ELBL. FIG. 3(c) shows a graph of calcu-
lated adsorbed mass versus layer number for SN1 and LP4 in
10 mM Tris-HCI, pH 7.4 and 1 mM DTT (calculated from
experimental data using the Sauerbrey equation). The total
adsorbed mass, approximately 5 ug, corresponds approxi-
mately to 1 nmol of peptide. The equation used for this
calculation was Am=-0.87-107° Af, where m is mass in grams
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and fis frequency in Hz (see Lvov, Y., Ariga, K., Ichinose, L.,
and Kunitake, T. (1995) J. Am. Chem. Soc. 117:6117 and
Sauerbrey, G. (1959) Z Physik 155:206, both of which are
incorporated herein by reference in their entireties). Film
thickness, d, is estimated as d=—0.016Af, where d is in nm
(see Yuri Lvov, “Electrostatic Layer-by-Layer Assembly of
Proteins and Polyions” in Protein Architecture: Interfacial
Molecular Assembly and Immobilization Biotechnology, (Y.
Lvov & H. Mohwald eds., 2000) (New York: Dekker, 2000)
pp. 125-167, which is incorporated herein by reference). The
line in F1G. 3(c) is a linear fit to experimental data points. The
linearity of the data is a likely indicator of precise, regular
assembly during adsorption and an approximately uniform
density of the polypeptides in each adsorbed layer. Adsorp-
tion occurred with a frequency shift of —610160 Hz (cations)
or—380+40 Hz (anions). Linear growth of deposited polypep-
tide mass indicates repeatability of adsorption steps early in
the assembly process and the general success of the multi-
layer fabrication process.

Conclusions

The above results show that polypeptides designed using
the method of the present invention are suitable for ELBL,
despite significant qualitative differences from PSS and PAH,
flexible homopolymers having 1 charge per unit length at pH
7.4. The charge per unit length on poly-L-lysine and poly-L-
glutamic acid is 1 at pH 7.4, as with PSS and PAH. but both of
these polypeptides have a marked propensity to form a-heli-
cal structure under various conditions, making them substan-
tially less suitable for multilayer assembly when control over
thin film structure is desired. The monodisperse polypeptides
of the present invention, however, enable the practitioner to
know, quite precisely, the structure of the material being used
for ELBL. Moreover, usual commercial preparations of poly-
L-lysine and poly-L-glutamic acid are polydisperse, and
poly-L-lysine, poly-L-glutamic acid, PSS, and PAH evoke an
immune response (i.e. are immunogenic) in humans.

Because the designed polypeptides are readily adsorbed on
an oppositely charged surface, as demonstrated by experi-
ment, there is no need for a “‘precursor” layer. As is known in
the art, “precursor” layers are deposited on a substrate to
enhance adsorption of iess adsorptive substances. The lack of
a precursor layer enhances the hiocompatibility of the poly-
ion films because polymers ordinarily used as precursors are
immunogenic or allow less precise control over polymer
structure or thin film structure than designed polypeptides.

Muitilayers of the designed polypeptides were stable at the
pH of human blood, 7.4. Thus, the multilayers should be
useful for a broad range of biological applications. Adsorp-
tion of the designed polypeptides, each of less than | charge
per residue, was essentially complete in less than |0 min. at 2
mg/mL and low ionic strength. This implies that these
polypeptides can be used to form multilayer films quickly and
with relative ease. Drying the peptide film with Ny, after
deposition of each layer did not impair assembly. Drying is
done to get an accurate QCM frequency measurement, but is
not required for assembly.

The film assembly experiments were done at a lower ionic
strength than that of blood, but the process gives a qualita-
tively similar result at higher ionic strength. The chief differ-
ence is the amount of peptide deposited per adsorption
layer—the higher the ionic strength, the greater the amount of
peptide deposited. This is illustrated by the graph in FIG. 7,
which shows the amount of material deposited as a function
of ionic strength—the peptides used were poly-L-glutamic
acid and poly-L-lysine. QCM resonant frequency is plotted
against adsorption layer. The average molecular mass of poly-
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L-glutamate was 84,600 Da, while that of poly-lys was
84,000 Da. The peptide concentration used for assembly was
2 mg/mL. The data indicate salt concentration (ionic strength
of solution) influences thin film assembly. In general, the
amount of material deposited per layer increases with ionic
strength in the range 0-100 mM NaCl. As the essential char-
acter of ELBL with designed polypeptides appears not to
depend on the choice of buffer under conditions of relatively
high net charge per unit length and low ionic strength, quali-
tatively similar results are expected at the ionic strength of
human blood. Thus, the choice of buffer should not funda-
mentally alter the stability of the multilayers in their target
environment. However, even if the choice of buffer did affect
the stability of the multilayers, the *focking” mechanism
would be available as a design feature to stabilize the capsule.

The greater apparent deposition of positive polypeptides
than negative ones may result from the higher charge per unit
length on the positive polypeptides at pH 7.4. The material
deposited in each layer probably corresponds to that required
for neutralization of the charge of the underlying surface.
Hydrophobic interactions could also help to explain this fea-
ture of adsorption behavior.

The usual thin film thickness calculation for proteins and
other polymers is probably invalid for short polypeptides
(calculated thickness is 60-90 nm, but summed length of 10
polypeptides is approximately 120 nm). This probably results
from a high density of packing of the relatively short polypep-
tides onto the adsorption surface; the result is also consistent
with finding that film thickness varies with ionic strength, as
changes in structural properties of a polymer will occur and
screening of charges by ions will reduce intra-layer charge
repulsion between adsorbed peptides. The thickness of the
designed polypeptide thin film discussed here is.estimated at
20-50 nm. .

Many aspects of the design and fabrication cycles could be
automated. For example, a computer algorithm could be used
to optimize the primary structure of peptides for ELBL by
comparing predicted peptide properties with observed physi-
cal properties, including structure in solution, adsorption
behavior, and film stability at extremes of pH. Moreover, the
polypeptide film assembly process can be mechanized, once
the details of the various steps have been sufficiently deter-
mined.

EXAMPLE 2

Experiments Involving De Novo-Designed
Polypeptides Containing Cysteine

Polypeptides
The polypeptides used were:

(SEQ ID NO: 5)
Tyr Lys Cys Lys Gly Lys val Lys Val Lys Cys Lys

Gly Lys Val Lys Val Lys Cys Lys Gly Lys Val Lys
val Lys Cys Lys Gly Lys Vval Lys

(SEQ ID NO: 6)
Tyr Glu Cys Glu Gly Glu val Glu Val Glu Cys Glu

Gly Glu Val Glu Vval Glu Cys Glu Gly Glu Val Glu

val Glu Cys Glu Gly Glu Val Glu

Unlike the other polypeptides used in the experiments
described herein, these two were not designed using human

i
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genome information; they were designed de novo for the sole
purpose of assessing the role of disulfide bond formation in
polypeptide film stabilization. SEQ ID NO:5 has a magnitude
of the net charge of !%42 (0.5) at pH 7; and SEQ ID NO:6 has
a magnitude of the net charge of 1942 (0.5) at pH 7. In both
cases, the magnitude of the net charge is greater than or equal
to approximately one-half of the total length of the first layer
polypeptide at pH 7.

Procedures

All experiments were conducted at ambient temperature.

All assembly experiments using QCM were conducted in
the same conditions, except that the samples to undergo oxi-
dation were dried using air instead of nitrogen gas. The
assembly conditions were 10 mM Tris-HCI, 10 mM DTT, pH
7.4. The nominal peptide concentration was 2 mg/mL. The
number of layers formed was 14.

Disulfide locking conditions for the oxidizing samples
were 10 mM Tris-HC), 1% DMSO, saturation of water with
air, pH 7.5. The duration of the “locking™ step was 6 hours.
Conditions for the reducing samples were 10 mM Tris-HCl, 1
mM DTT, saturation of water with nitrogen, pH 7.5. The
duration of this step was 6 hours,

All disassembly experiments using QCM were conducted
in the same conditions, except that the oxidizing samples
were dried using air instead of nitrogen. Disassembly condi-
tions were 10 mM KClI, pH 2.0 Samples were rinsed with D.
1. water for 30 seconds prior to drying.

Three different types of experiments were conducted: (1)
Reducing—no treatment: disassembly was conducted imme-
diately after assembly; (2) Reducing—®6 hours, as described
above for reducing samples; and (3) Oxidizing—6 hours, as
described above for oxidizing samples.

Results

The results are illustrated in FIG. 10. In the first two experi-
ments (both reducing), all of the deposited material (100%)
disassembled within 50 minutes. By contrast, in the oxidizing
experiment, a substantial amount of material remained after
substantial incubation of the peptide film-coated QCM reso-
nator at pH 2 for over 5 hours. The stability of the polypeptide
films at acidic pH is determined by the conditions of assem-
bly; in this way, film or capsule stability is a design feature
that becomes possible by using polypeptides as the polyelec-
trolytes for ELBL.

Conclusions

Electrostatic forces play a key role in holding together
oppositely-charged layers of designed polypeptides. At
acidic pH, the net charge on one of the peptides is neutralized
and the polypeptide film disassembles due to electrostatic
repulsion. Reducing conditions prevent disulfide bond forma-
. tion. Therefore, the electrostatic attraction between the layers
is the only binding force for stabilizing the layers under these
conditions. By contrast, under oxidizing conditions disulfide
bonds are formed. At acidic pH, disulfide bonds inhibit film
disassembly. The results indicate that layer stability at acidic
pH is directly affected by the formation of intra- and/or inter-
layer disulfide bonds—i.e. between molecules in the same
layer, between molecules in adjacent layers, or both. This is
illustrated by the results shown in FIG. 10—due 1o disulfide
locking, more than 30% of the film remained stable at acidic
pH, despite electrostatic repulsion at relatively low ionic
strength. Peptides with more cysteine residues are anticipated
to further improve disulfide Jocking efficiency. Moreover,
adjustment of the conditions of peptide assembly will be an
important aspect of engineering films to have the desired
physical as well as chemical and biological properties.
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EXAMPLE 3

Experiments Involving Designed Polypeptides
Containing Cysteine Materials

The essential elements of this experiment were a quartz
crystal microbalance instrument; silver-coated resonators (9
MHz resonant frequency); the negative 48-residue peptide
(LN3) (SEQ ID NO: 4); and a positive 48-residue peptide
named “SP5” of the following sequence:

{SEQ ID NO: 7)
Tyr Lys Gly Lys Lys Ser Cys His Gly Lys Gly Lys

Lys Ser Cys His Gly Lys Gly Lys Lys Ser Cys His
Gly Lys Gly Lys Lys Ser Cys His

Like the other designed peptides discussed above in Part
(D)(1), SP5 was designed using the process described above
in Part (A)(1) to analyze the amino acid sequence of the
human blood protein lactotransferrin (gil4505043). The
ELBL buffer was 10 mM Tris, pH 7.4, 10 mM NaC(l, and 1
mM DTT. The disassembly buffer was 10 mM KCI, pH 2. 2
mL peptide solutions were prepared for SP5 and LN3 by
adding 4 mg of each peptide to 2 mL of the above buffer
solution and adjusting the pH of each solution to 7.4; the
peptide concentration was 2 mg-mL™".

Procedure for Monitoring Assembly of Polypeptide Layers
on QCM Resonators

Reducing procedures were as follows: (1) The frequency of
the resonator was measured and recorded prior to peptide
adsorption; (2) The resonator was dipped into the SP5 peptide
solution for 20 min.; (3) The resonator was dipped into the
SP5 rinse solution for 30 sec.; (4) The resonator was removed
from the rinse solution and dried using nitrogen gas; (5) The
QCM resonant frequency of the resonator was recorded; (6)
The resonator was dipped into the LN3 peptide solution for 20
min.; (7) The resonator was dipped into the LN3 rinse solu-
tion for 30 sec.; (8) The resonator 1 was removed from the
rinse solution and dried using nitrogen gas; (9) The QCM
resonant frequency of the resonator was recorded; (10) Steps
2 through 9 were repeated until 16 layers were adsorbed onto
the resonator.

Oxidizing procedures were the same as the reducing pro-
cedures, except that the resonator was rinsed in D. I. water
instead of the SP5 buffer or the LN3 buffer and dried with air
instead of nitrogen before each measurement.

Locking Procedures

Reducing procedures were as follows: The resonator was
placed in an aqueous solution containing 1| mM DTT for 6
hours. DTT, a reducing agent, inhibited disulfide bond for-
mation.

Oxidizing procedures were as follows: The resonator was
placed in an air-saturated aqueous solution containing %
DMSO for 6 hours. DMSO, an oxidizing agent, promoted
disulfide bond formation.

Disassembly on Resonator:

Solutions

Reducing conditions were as follows: 10 mM KCl, | mM
DTT, pH 2.

Oxidizing conditions were as follows: 10 mM KCl, 20%
DMSO, pH 2.
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Procedure for Disassembly

Reducing procedures were as follows: (1) The initial reso-
nant frequency of the resonator was measured by QCM and
recorded; (2) The resonator was dipped into the reducing
disassembly solution for 5 min.; (3) The resonator was rinsed
in reducing buffer solution for 30 sec.; (4) The resonator was
dried with gaseous N,; (5) The resonant frequency of the
resonator was measured by QCM and recorded; (6) Steps 2
through 5 were repeated for reading times of 5, 10, 15, 20, 30,
60. and 90 min.

Oxidizing procedures were the same as for reducing pro-
cedures, except that rinsing of the resonator was donein D. 1.
water saturated with air instead of reducing buffer.

Results

F1G. 8 shows approximately linear increase in mass depos-
iled during thin film assembly of SP5 and LN3. Both resona-
tors show almost identical deposition of mass throughout the
process of assembly, despite differences in assembly condi-
tions.

FIG. 9 shows the percentage of material remaining during
film disassembly. The layers subjected to oxidizing condi-
tions showed a minimal loss of material at acidic pH with
almost 90 to 95% of mass retention. By contrast, layers sub-
jected to reducing conditions lost almost ali the film material
within the first 5 minutes of exposure to acidic pH.

Conclusions

The results demonstrate that at acidic pH, disulfide bonds
prevent layer degeneration and hold the layers firmly
together. Layer stability at acidic pH is directly affected by the
formation of intra- and/or inter-layer disulfide bonds. Disul-
fide bond formation is dependent on the concentration and
proximity of cysteine residues to each other. Increasing the
concentration per unit chain length of the polypeptide would
therefore directly influence disulfide bond formation and thin
film stability. Increasing the ionic strength of the buffer solu-
tions used for film assembly influences the concentration of
cysleine in the film by increasing the amount of material
deposited per adsorption cycle and the thickness of each
layer. The increased number of cysleine amino acids in a
single layer would in this way increase the number of disul-
fide bonds formed, and, on oxidation, increase film stability.

EXAMPLE 4

Films with polypeptides comprising an RGD functional
domain wherein the magnitude of the linear charge density
per residue is about 0.75.

In one embodiment, the functional region of a composite
polypeptide is an RGD sequence wherein the charge density
of the composite peptide is about 0.75. The RGD sequence
binds the extracellular portion of the receptor protein integrin
and thereby promotes cell adhesion. Sample peptide designs
are the following:

KKKAKKKGKKKAKKKGRGDKKKAKKKGKKKAKKKY (SEQ ID NO: B)

EEEAEEEGEEEAEEEGRGDEEEAEEEGEEEAEEEY (SEQ ID NO: 9)

In this example, the polypeptide of SEQ ID NO:8 is a
positively charged polypeptide having a functional region of
RGD, a first surface adsorption region  of
KKKAKKKGKKKAKKKG (SEQ ID NO:10) and a second
surface adsorption region of KKKAKKKGKKKAKKKY
(SEQID NO:11). The magnitude of the net charge per residue
at pH 7 of the composite peptide is +2%s or 0.74. The
polypeptide of SEQ ID NO:9 is a negatively charged polypep-
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tide having a functional region of RGD, a first surface adsorp-
tion region of EEEAEEEGEEEAEEEG (SEQ ID NO:12) and
a second surface adsorption region of EEEAEEEGEEE-
AEEEY (SEQ ID NO:13). The magnitude of the net charge
per residue at pH 7 of the composite peptide is —%4s or —0.74.

Various RGD sequence-containing peptides have been
synthesized and their suitability for multilayer fitm assembty
studied. The effect of the inclusion of RGD sequences in
polypeptide multilayer films on the attachment and prolifera-
tion of different mammalian cell types has also been studied.
Multilayer films comprising 5 bi-layers of (positive
sequence) and (negative sequence) were deposited onto a
quartz plate. The concentration of composite polypeptide for
layer adsorption was 2 mg-mL™"! in an aqueous solution at pH
7. The adsorption time was 20 min. Quartz plates were rinsed
for 1 minute in pure water between subsequent adsorption
cycles to remove weakly bound material. After deposition of
each layer, the substrates for film assembly were dried in a
stream of gaseous N,. Then the optical mass of the deposited
peptide was measured by UV spectroscopy. FIG. 16 com-
pares the effect on cell proliferation of including RGD in
peptides used to make the multilayer film. The technology is
potentially useful for in vitro cell and tissue culture for the
long-term purpose of regenerative medicine.

EXAMPLE 5

Films with polypeptides comprising an RGD functional
domain wherein the magnitude of the linear charge density
per residue is about 0.4.

In one embodiment, the functional region of a composite
polypeptide comprises an RGD sequence wherein the charge
density of the composite peptide is ~0.4. Sample peptide
designs are. the following:

AAKAKAKGKAKAKAKGRGDKAKAKAKGKAKAKAAY (SEQ ID NO: 14)

AAEAEAEGEAEAEAKGRGDKAEAEAEGEAEAEAAY (SEQ ID NO: 15)

In this example, the polypeptide of SEQ ID NO:14 is a
positively charged polypeptide having a functional region of
RGD, a first surface adsorption region  of
AAKAKAKGKAKAKAKG (SEQ ID NO: 16) and a second
surface adsorption region of KAKAKAKGKAKAKAAY
(SEQ ID NO: 17). The magnitude of the net charge per
residue at neutral pH of the composite peptide is +!%4s or
+0.4. The polypeptide of SEQ ID NO:15 is a negatively
charged polypeptide having a functional region of RGD, a
first surface adsorption region of AAEAEAEGEAEAEAEG
(SEQ ID NO:18) and a second surface adsorption region of -
EAEAEAEGEAEAEAAY (SEQ ID NO:19). The magnitude
of the net charge per residue at pH 7 of the composite peptide
is —'%4s or -0.4.

It is to be noted that the magnitude of the net charge per
residue of a composite peptide can be determined by chang-
ing the structure of the surface adsorption region(s) or the
functional region(s). In the present example, the net charge of
the composite peptide of the previous example is changed by
changing the structure of the surface adsorption regions only.
In principle, it is possible to use the same approach to control
the magnitude of the net charge per residue of any composite
peptide. In this approach, however, both the surface adsorp-
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tion region(s) and the functional region(s) shouid be indepen-
dently solubie for the composite peptide to be soluble.

EXAMPLE 6

Composite peptide wherein the functional region com-
prises two functional domains, wherein there is a surface
adsorption region at the n-terminus of the functional region
and at the c-terminus.

In this example, the functional domains are a Src homology
2 (SH2) domain, e.g., from human tensin, and a phosphoty-
rosine binding (PTB) domain, e.g., from human tensin. These
domains bind specific proteins which are phosphorylated on
tyrosine. An example of a composite peptide incorporating
the indicated domains of human tensin is the following:

(SEQ ID No: 20)
KKKAKKKGKKKAKKKGKYWYKPEISREQATALLKDQEPGAFIIRDSHSFR

GAYGLAMKVSSPPPTIMOONKKGDMTHELVRHFLIETGPRGVKLKGCPNE
PNFGSLSALVYQHSIIPLALPCKLVIKYWYKPEISREQAIALLKDQEPGA
FIIRDSHSFRGAYGLAMKVS SPPPTIMQQNHGDMLWHFL IETGPR
GVKLKGCPNEPNFGSLSALVYQHSI IPLALPCKLVIKKKAKKKGKKKAKK
KY

The surface adsorption regions are the same as in SEQ ID
NO:10 and SEQ ID NO:11. The SH2 domain and the PTB
domain sequences are availabie in accession NP_(072174
from the National Center for Biotechnology Information:

(SEQ ID NO: 21)
SH2 = KYWYKPEISR EQAIALLKDQ EPGAFIIRDS HSFRGAYGLA .

MKVSSPPPTI MQONKKGDMT HELVRHFLIE TGPRGVKLKG
CPNEPNFGSL SALVYQHSII PLALPCKLVI

' (SEQ ID NO:22)
PTB = VLFVNSVDME SLTGPQAISK ATSETLAADP TPAATIVHFK

VSAQGITLTD NQRKLFFRRH YPLNTVTFCD LDPQERKWMK
TEGGAPAKLF GFVARKQGST TDNACHLFAE LDPNQPASAI

VNFVSKVMLN AGQKR

We have synthesized a gene corresponding to the SH2
domain in human tensin and a gene corresponding to the PTB
domain in human tensin, cloned the genes into a bacterial
host, overexpressed the genes, purified the recombinant pro-
teins, and characterized various physical properties of the
domains. In one embodiment, multilayer films comprising 5
bi-layers of the indicated bioactive peptide and poly(L-
glutamic acid) are deposited onto a silicon wafer for surface
characterization and a quartz plate for monitoring of film
assembly. The polypeptide concentration for layer adsorption
is 2mg-mL™" in an aqueous solution at pH 7. The adsorption
time is 20 min. Substrates are rinsed for 1 min in water
between subsequent adsorption cycles to remove weakly
bound material. After deposition of each layer, substrates are
dried in a stream of gaseous N,. Then the optical mass of the
deposited peptide on quartz is measured by UV spectroscopy,
and the surface morphology of the film on a silicon wafer is
characterized by atomic force microscopy. The technology is
potentially useful for in vitro cell and tissue culture for the
long-term purpose of regenerative medicine. Incorporation of
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the SH2 domain into a bioactive peptide as defined here
enables a multilayer film to bind phosphotyrosiny! peptides.
The technology is potentialty useful for diagnostic purposes.

EXAMPLE 7

Composite polypeptide comprising a single functional
region and a single surface adsorption region at the n-termi-
nus of the polypeptide.

In this example, the functional region is a known functional
domain from a protein, e.g., the protein tyrosine phosphatase
(PTP) domain of human auxilin: i

(SEQ ID NO: 23)
KKKAKKKGKKKAKKKGLKDTLKDTSSRVIQSVTSYTKGDLDFTYVTSRII

VMSFPLDNVDIGFRNQVDDIRSFLDSRHLDHYTVYNLSPKSYRTAKFHSR
VSECSWPIRQAPSLHNLFAVCRNMYNWLLONPKNVCVVHCLDGRAASSIL

VGAMFIFCNLYSTPGPAIRLLYAKRPGIGLSPSHRYLGYMCDLLA

The surface adsorption region is the same as SEQ ID
NO:10. The sequence of the PTP domain is available from the
National Center for Biotechnology Information in accession
075061: ’

PTP Domain:

(SEQ ID NO: 24)
LKDTLKDTSSRVIQSVTSYTKGDLDFTYVTSRIIVMSFPLONVDIGFRNQ

VDDIRSFLDSRHLDHYTVYNLSPKSYRTAKFHSRVSECSWPIRQAPSLEN
LFAVCRNMYNWLLONPKNVCVVHCLDGRAASSILVGAMFIFCNLYSTPGP

AIRLLYAKRPGIGLSPSHRRYLGYMCDLLA

EXAMPLE 8

Composite polypeptide comprising two functional
regions, wherein there are three surface adsorption regions,
one at the N-terminus and one at the C-terminus of the com-
posite peptide and one between the two functional regions,
and wherein there are two different functional regions for
glycosylation.

A representative peptide structure is the following:

SAR-functional region-SAR-functional region-SAR

where, as before, the SAR is a motif and therefore suitable for
surface adsorption, e.g.,, RRRARRR (SEQ ID NO:25), and
one functional region contains a recognition site for N-linked
glycosylation, e.g., GGNVSGG (SEQ ID NO:26), and the
other for O-linked glycosylation, e.g., PPSSSPP (SEQ ID
NO:27). The amino acid sequence of a representative com-
posite peptide is:

RRRARRRGGNVSGGRRRARRRPPSSSPPRRRARRR (SEQ ID NO: 28)

The magnitude of the net charge per residue at pH 7 of the
composite polypeptide +184s=+0.5. The multilayer film in
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this case is built of the indicated positive peptide and a suit-
able negative peptide, e.g.,

EEEAEEEGEEEAEEEGEEEAEEEGEEEAEEEY (SEQ ID NO: 29)

EXAMPLE 9

Composite peptide with one functional region, wherein
there is one surface adsorption region at the C-terminus of the
composite peptide, and wherein there is one functional region
which comprises a peptide sequence known to have antimi-
crobial activity.

A representative peptide structure is the following:

Functional region-SAR

where, as before, SAR is a suitable surface adsorption region,
e.g., KKKAKKKGKKKAKKKY (SEQ ID NO:11), and the
functional region contains the sequence of histatin §, viz.,
DSHAKRHHGYKRKFHEKHHSHRGY (SEQ ID NO: 30).
The amino acid sequence of a representative composite pep-
tide is:

RRRARRRGGNVSGGRRRARRRPPSSSPPRRRARRR (SEQ ID NO: 31)

The magnitude of the net charge at pH 5.5 per residue of the
amino acid sequence of this representative composite peptide
is +24%9=+0.6. The multilayer film in this case is built of the
indicated positive peptide and a suitable negative peptide,
e.g., SEQ ID NO:29.

EXAMPLE 10

Composite peptide with a single functional region, wherein
there are two surface adsorption regions, one at the N-termi-
nus and one at the C-terminus of the functional region, and
wherein the functional region comprises two specific pro-
tease recognition sites and two linkers, each of which is a
single glycine residue. .

In one embodiment, the protease recognition sites are for
enterokinase and thrombin:

SAR-enterokinase recognition-linker-thrombin recogni-
tion-linker-SAR

where in each instance SAR represents a suitable surface
adsorption region, e.g., SEQ ID NO:10 and SEQ ID NO:11.
The functional region is encoded, epg. as
DDDDKGLVPRGSG (SEQ ID NO:32), wherein DDDDK
(SEQ ID NO: 33) is arecognition site for enterokinase, G is a
linker, LVPRGS (SEQ id no: 34) is a recognition site for
thrombin, and G is a linker. The amino acid sequence of a
representative composite peptide is:

(SEQ ID NO: 35}
KKKAKKKGKKKAKKKGDDDDKGLVPRGSGKKKAKKKGKKKAKKKY

The magnitude of the net charge per residue at neutral pH
of the composite peptide is +2%46=+0.5. The multilayer film in
this case is built of the indicated positive peptide and a suit-
able negative peptide, e.g., SEQ ID-NO:29.

EXAMPLE 11

Composite peptide with two functional regions, wherein
there are three surface adsorption regions, one at the N-ter-
minus and one at the C-terminus of the composite peptide and
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one between the two functional regions, and wherein there are
two identical functional regions for formation of natural pep-
tide crosslinks.
A representative peptide structure is the following:
SAR-functional region-SAR-functional region-SAR

where, as before, SAR is a suitable surface adsorption region,
e.g., EEEAEEE (SEQ ID NO:36), and the functional region
contains a specific number of Cys residues, e.g., GGCG-
GCGG (SEQ ID NO:37). The amino acid sequence of a
representative composite peptide is:

(SEQ ID NO: 38)
EEEAEEEGGCGGCGGEEEAEEEGGCGGCGGEEEAEEEY

The magnitude of the net charge per residue at pH 7 of the
composite peptide is ~0.5. The multilayer film in this case is
built of the indicated negative peptide and a suitable positive
peptide, e.g.,

KKKAKKKGKKKAKKKGKKKAKKKGKKKAKKKY (SEQ ID NO: 39)

EXAMPLE 12

Composite polypeptide comprising a single functional
region and a single surface adsorption region at the C-termi-
nus of the polypeptide.

In this example, the functional region is a known functional
domain from a protein, e.g., the BAG domain of National
Center for Biotechnology Information accession AAP06461:

BAG sequence-EEEAEEEGEEEAEEEY (SEQ ID NO: 40)

where “BAG sequence” represents the amino acid sequence
of the BAG domain of a hypothetical protein from Schisto-
soma japonicum:

BAG sequence
(SEQ ID NO: 41)

SLQPEIDRFDGTPHSKEFKCLMENLEQLILSLDNLETDGNVEFRTMRRDA
VKEIQQLMEMLDYRSLISSQNDEVLAD

The surface adsorption region is the same as SEQ ID
NO:13.

The use of the terms “a” and “an” and “the” and similar
referents (especially in the context of the following claims)
are to be construed to cover both the singular and the plural,
unless otherwise indicated herein or clearly contradicted by
context. The terms first, second etc. as used herein are not
meant to denote any particular ordering, but simply for con-
venience to denote a plurality of, for example, layers. The
terms “comprising”, “having”, “including”, and “containing”
are to be construed as open-ended terms (i.e.. meaning
“including, but not limited to”) unless otherwise noted. Reci-
tation of ranges of values are merely intended to serve as a
shorthand method of referring individually to each separate
value falling within the range, unless otherwise indicated
herein, and each separate value is incorporated into the speci-
fication as if it were individually recited herein. The endpoints
of all ranges are included within the range and independently
combinable. All methods described herein can be performed
in a suitable order unless otherwise indicated herein or oth-
erwise clearly contradicted by context. The use of any and all
examples, or exemplary language (e.g., “such as”), is
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intended merely to better illustrate the invention and does not Other embodiments of the invention are possible and modi-
pose a limitation-on the scope of the invention unless other- fications may be made without departing from the spirit and

wise claimed. No language in the specification should be scope of the invention. Therefore, the detailed description
construed as mdwatmg any non-claimed element as essential above is not meant to limit the invention. Rather, the scope of
to the practice of the invention as used herein. the invention is defined by the appended claims.

SEQUENCE LISTING

<160> NUMBER OF SEQ ID NOS: 50

<210> SEQ ID NO 1

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

il <400> SEQUENCE: 1

Tyr Arg Arg Arg Arg Ser Val Gln Gly Arg Arg Arg Arg Ser val Gln
1 5 10 15

Gly Arg Arg Arg Arg Ser Val Gln Gly Arg Arg Arg Arg Ser Val Gln
20 25 30

<210> SEQ ID NO 2

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 2

Tyr Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp
1 5 10 15

Gly Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp
20 25 30

<210> SEQ ID NO 3

<211> LENGTH: 48

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 3

Tyr Arg Arg Arg Arg Ser Val Gln Gly Arg Arg Arg Arg Ser Val Gln
1 5 10 15

i Gly Arg Arg Arg Arg Ser Val Gln Gly Arg Arg Arg Arg Ser Val Gln
20 25 30

|
1 Gly Arg Arg Arg Arg Ser Val Gln Gly Arg Arg Arg Arg Ser Val Gln
[‘ 35 40 45

.; <210> SEQ ID NO 4

<211> LENGTH: 48

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 4

Tyr Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp
1 5 10 15

Gly Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp
20 25 30

Gly Glu Glu Asp Glu Cys Gln Asp Gly Glu Glu Asp Glu Cys Gln Asp
35 40 45

<210> SEQ ID NO 5

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens
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<400> SEQUENCE: 5

Tyr Lys Cys Lys Gly Lys Val Lys Val Lys Cys Lys Gly Lys Val Lys
1 5 10 15

val Lys Cys Lys Gly Lys val Lys Val Lys Cys Lys Gly Lys Val Lys
20 25 . 30 ’

<210> SEQ ID NO 6

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 6

Tyr Glu Cys Glu Gly Glu val Glu Val Glu Cys Glu Gly Glu Val Glu
1 5 10 15

val Glu Cys Glu Gly Glu val Glu val Glu Cys Glu Gly Glu val Glu
20 25 30

<210> SEQ ID NO 7

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 7

Tyr Lys Gly Lys Lys Ser Cys His Gly Lys Gly Lys Lys Ser Cys His
1 1 10 15

Gly Lys Gly Lys Lys Ser Cys His Gly Lys Gly Lys Lys Ser Cys His
20 25 30

<210> SEQ ID NO 8

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 8

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Gly
1 5 10 15

Arg Gly Asp Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys
20 25 30

Lys Lys Tyr
35

<210> SEQ ID NO 9

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 9

Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu Glu Glu Gly
1 5 10 15

Arg Gly Asp Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu
20 25 30

Glu Glu Tyr
35

<210> SEQ ID NO 10

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 10

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Gly
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1 5 10 15

<210> SEQ ID NO 11

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 11

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Tyr
1 5 10 15

<210> SEQ ID NO 12

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 12

Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu Glu Glu Gly
1 5 10 15

<210> SEQ ID NO 13

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 13

Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu Glu Glu Tyr
1 5 10 15

<210> SEQ ID NO 14

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 14

Ala Ala Lys Ala Lys Ala Lys Gly Lys Ala Lys Ala Lys Ala Lys Gly
1 5 10 15

Arg Gly Asp Lys Ala Lys Ala LysbAla Lys Gly Lys Ala Lys Ala Lys
20 25 30

Ala Ala Tyr
35

<210> SEQ ID NO 15

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 15

Ala Ala Glu Ala Glu Ala Glu Gly Glu Ala Glu Ala Glu Ala Lys Gly

1 5 10 15
. Arg Gly Asp Lys Ala Glu Ala Glu Ala Glu Gly Glu Ala Glu Ala Glu
20 25 30
Ala Ala Tyr
35

<210> SEQ ID NO 16
<211> LENGTH: 16
' ¢212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 16

Ala Ala Lys Ala Lys Ala Lys Gly Lys Ala Lys Ala Lys Ala Lys Gly
1 5 . 10 15
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-continued

<210> SEQ ID NO 17

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 17

Lys Ala Lys Ala Lys Ala Lys Gly Lys Ala Lys Ala Lys Ala Ala Tyr
1 5 10 15

<210> SEQ ID NO 18

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 18

Ala Ala Glu Ala Glu Ala Glu Gly Glu Ala Glu Ala Glu Ala Glu Gly
1 5 : 10 15

<210> SEQ ID NO 18

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 18
Glu Ala Glu Ala Glu Ala Glu Gly Glu Ala Glu Ala Glu Ala Ala Tyr
1 S 10 15

<210> SEQ ID NO 20

<211> LENGTH: 252

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 20 .

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Gly
1 5 10 15

Lys Tyr Trp Tyr Lys Pro Glu Ile Ser Arg Glu Gln Ala Ile Ala Leu
20 25 30

Leu Lys Asp Gln Glu Pro Gly Ala Phe Ile Ile Arg Asp Ser His Ser
35 40 45

Phe Arg Gly Ala Tyr Gly Leu Ala Met Lys Val Ser Ser Pro Pro Pro
‘50 55 60

Thr Ile Met Gln Gln Asn Lys LYs Gly Asp Met Thr His Glu Leu Val
65 70 75 B0

Arg His Phe Leu Ile Glu Thr Gly Pro Arg Gly val Lys Leu Lys Gly
B85 90 95 N

Cys Pro Asn Glu Pro Asn Phe Gly Ser Leu Ser Ala Leu Val Tyr Glno
100 105 110

His Ser Ile Ile Pro Leu Ala Leu Pro Cys.Lys Leu Val Ile Lys Tyr
115 ' 120 125

Trp Tyr Lys Pro Glu Ile Ser Arg Glu Gln Ala Ile Ala Leu Leu Lys
130 135 140

Asp Gln Glu Pro Gly Ala Phe Ile Ile Arg Asp Ser His Ser Phe Arg
145 150 155 160

Gly Ala Tyr Gly Leu Ala Met Lys Val Ser Ser Pro Pro Pro Thr Ile
165 170 175

Met Gln Gln Asn Lys Lys Gly Asp Met Thr His Glu Leu Val Arg His
180 185 190

Phe Leu Ile Glu Thr Gly Pro Arg Gly Val Lys Leu Lys Gly Cys Pro
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185 200 205

Asn Glu Pro Asn Phe Gly Ser Leu Ser Ala Leu Val Tyr Gln His Ser
210 . 215 220

Ile Ile Pro Leu Ala Leu Pro Cys Lys Leu Val Ile Lys Lys Lys Ala
225 230 235 240

Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Tyr
245 250

<210> SEQ ID NO 21

<211> LENGTH: 110

<212> TYPE: PRT .
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 21

Lys Tyr Trp Tyr Lys Pro Glu Ile Ser Arg Glu Gln Ala Ile Ala Leu
1 5 10 15

Leu Lys Asp Gln Glu Pro Gly Ala Phe Ile Ile Arg Asp Ser His Ser
20 25 30

Phe Arg Gly Ala Tyr Gly Leu Ala Met Lys Val Ser Ser Pro Pro Pro
35 40 45

Thr Ile Met Gln Gln Asn Lys Lys Gly Asp Met Thr His Glu Leu Val
50 55 60

Arg His Phe Leu Ile Glu Thr Gly Pro Arg Gly Val Lys Leu Lys Gly
65 70 75 80

Cys Pro Asn Glu Pro Asn Phe Gly Ser Leu Ser Ala Leu Val Tyr Gln
85 90 95

His Ser Ile Ile Pro Leu Ala Leu Pro Cys Lys Leu Val Ile
100 105 110

<210> SEQ ID NO 22

<211> LENGTH: 135

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 22

val Leu Phe Val Asn Ser Val Asp Met Glu Ser Leu Thr Gly Pro Gln
1 5 10 15

Ala Ile Ser Lys Ala Thr Ser Glu Thr Leu Ala Ala Asp Pro Thr Pro
20 25 30

Ala Ala Thr Ile Vval His Phe Lys Val Ser Ala Gln Gly Ile Thr Leu
35 40 45

Thr Asp Asn Gln Arg Lys Leu Phe Phe Arg Arg His Tyr Pro Leu Asn
50 55 60

Thr Val Thr Phe Cys Asp Leu Asp Pro Gln Glu Arg Lys Trp Met Lys
65 70 75 80

Thr Glu Gly Gly Ala Pro Ala Lys Leu Phe Gly Phe Val Ala Arg Lys
85 90 95

Gln Gly Ser Thr Thr Asp Asn Ala Cys His Leu Phe Ala Glu Leu Asp
100 105 110

Pro Asn Gln Pro Ala Ser Ala Ile Val Asn Phe Val Ser Lys Val Met
115 120 125

Leu Asn Ala Gly Gln Lys Arg
130 135

<210> SEQ ID NO 23
<211> LENGTH: 195
<212> TYPE: PRT
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<213> ORGANISM:

<400> SEQUENCE:

Lys Lys Lys Ala
1

Leu

Thr

Ile

Asn

65

Phe

Ser

Leu

Ala

145

Gly

Leu

Lys

Ser

Ile

50

Gln

Tyr

His

Leu

Gln

130

Ala

Ser

Ile

Leu

Asp

TYyr

35

val

val

Thr

Ser

His

115

Asn

Ser

Thr

Gly

Ala
195

Thr

20

Thr

Met

Asp

val

Arg

100

Asn

Pro

Ser

Pro

Leu
180

Homo sapiens

23

Lys Lys

Leu Lys

Lys Gly

Ser Phe

Asp Ile
70

Tyr Asn
85

vVal Ser

Leu Phe

Lys Asn

Ile Leu
150

Gly Pro
165

Ser Pro

<210> SEQ ID NO 24

<211>
<212>

LENGTH: 180
TYPE: PRT

Lys

Asp

Asp

Pro

Arg

Leu

Glu

Ala

val

135

val

Ala

Ser

Gly

Thr

Leu

40

Leu

Ser

Ser

Cys

val

120

cys

Gly

Ile

His

<213> ORGANISM: Homo sapiens

<400> SEQUENCE:

Leu Lys Asp Thr

1

Thr

Ile

Asn

His

65

Phe

Ser

Leu

Ala

TyTr,

Ser

Ile

Gln

Tyr

His

Leu

Gln

Ala

130

Ser

Tyr

val

35

val

Thr

Ser

His

Asn

115

Ser

Thr

Thr

20

Met

Asp

val

Arg

Asn

100

Pro

Ser

Pro

24

Leu Lys
5

Lys Gly
Ser Phe
Asp Ile
Tyr Asn

70

val Ser
85

Leu Phe
Lys Asn

Ile Leu

Gly Pro

Asp

Asp

Pro

Arg

55

Leu

Glu

Ala

val

val

135

Ala

Thr

Leu

Leu

40

Ser

Ser

Cys

val

cys

120

Gly

Ile

Lys

Ser

25

Asp

Asp

Phe

Pro

Ser

105

Cys

Val

Ala

Arg

Arg
185

Ser

Asp

25

Asp

Phe

Pro

Ser

Cys

105

val

Ala

Arg

Lys

10

Ser

Phe

Asn

Leu

Lys

90

Trp

Arg

val

Met

Leu

170

Tyr

Ser

10

Phe

Asn

Leu

Lys

Trp

90

Arg

Val

Met

Leu

Lys

Arg

Thr

val

Asp

75

Ser

Pro

Asn

His

Phe

155

Leu

Leu

Arg

Thr

Val

Asp

Ser

75

Pro

Asn

His

Phe

Leu

Ala

val

Tyr

Asp

60

Ser

Tyr

Ile

Met

Cys

140

Ile

Tyr

Gly

Val

Tyr

Asp

Ser

60

Tyr

Ile

Met

Ile
140

Tyr

Lys

Ile

Val

45

Ile

Arg

Arg

Arg

Tyr

125

Leu

Phe

Ala

Tyr

Ile

Val

Ile

45

Arg

Arg

Arg

Tyr

Leu

125

Phe

Ala

Lys

Gln

30

Thr

Gly

His

Thr

Gln

110

Asn

Asp

Cys

Lys

Met
190

Gln

Thr

30

Gly

His

Thr

Gln

Asn

110

Cys

Lys

Lys

15

Ser

Ser

Phe

Leu

Ala

95

Ala

Trp

Gly

Asn

Arg

175

Cys

Ser

15

Ser

Phe

Leu

Ala

Ala
95

Trp

Gly

Asn

Arg

Gly

Val

Arg

Arg

Asp

80

Lys

Pro

Leu

Leu
160

Pro

Asp

Val

Arg

Arg

Asp

Lys

80

Pro

Leu

Arg

Leu

Pro
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145 150 155 160

Gly Ile Gly Leu Ser Pro Ser His Arg Arg Tyr Leu Gly Tyr Met Cys
165 170 175

Asp Leu Leu Ala
180

<210> SEQ ID NO 25

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 25

Arg Arg Arg Ala Arg Arg Arg
1 5

<210> SEQ ID NO 26

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 26

Gly Gly Asn Val Ser Gly Gly
1 5

<210> SEQ ID NO 27

<211> LENGTH: 7

«212> TYPE: FRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 27

Pro Pro Ser Ser Ser Pro Pro
1 5

<210> SEQ ID NO 28

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 28

Arg Arg Arg Ala Arg Arg Arg Gly Gly Asn Val Ser Gly Gly Arg Arg
1 S 10 15

Arg Ala Arg Arg Arg Pro Pro Ser Ser Ser Pro Pro Arg Arg Arg Ala
20 25 30

Arg Arg Arg
35

<210> SEQ ID NO 28

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 28

Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu Glu Glu Gly
1 S 10 . 15

Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu Glu Glu Tyr
20 25 30

<210> SEQ ID NO 30

<211> LENGTH: 24

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 30
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" -continued

Asp Ser His Ala Lys Arg His His Gly Tyr Lys Arg Lys Phe His Glu
1 5 10 15

Lys His His Ser His Arg Gly Tyr
20

<210> SEQ ID NO 31

<211> LENGTH: 35

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 31

Arg Arg Arg Ala Arg Arg Arg Gly Gly Asn Val Ser Gly Gly Arg Arg
1 5 10 15

Arg Ala Arg Arg Arg Pro Pro Ser Ser Ser Pro Pro Arg Arg Arg Ala
20 25 30

Arg Arg Arg
35

<210> SEQ ID NO 32

<211> LENGTH: 13

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 32

Asp Asp Asp Asp lLys Gly Leu Val Pro Arg Gly Ser Gly
1 5 10

<210> SEQ ID NO 33

<211s> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 33

Asp Asp Asp Asp Lys
1 5

<210> SEQ ID NO 34
<211> LENGTH: 6
<212> TYPE: PRT
<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 34

Leu Val Pro Arg Gly Ser
1 5

<210> SEQ ID NO 35

<211> LENGTH: 45

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 35

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Gly
1 5 10 15

Asp Asp Asp Asp Lys Gly Leu Val Pro Arg Gly Ser Gly Lys Lys Lys
20 25 30

Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Tyr
35 40 45

<210> SEQ ID NO 36

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens
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<400> SEQUENCE: 36

Glu Glu Glu Ala Glu Glu Glu
1 5

<210> SEQ ID NO 37

<211> LENGTH: B8

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 37

Gly Gly Cys Gly Gly Cys Gly Gly
1 )

<210> SEQ ID NO 38

<211l> LENGTH: 38

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 38

Glu Glu Glu Ala Glu Glu Glu Gly Gly Cys Gly Gly Cys Gly Gly Glu
1 5 10 15

Glu Glu Ala Glu Glu Glu Gly Gly Cys Gly Gly Cys Gly Gly Glu Glu
20 25 30

Glu Ala Glu Glu Glu Tyr
35

<210> SEQ ID NO 39

<211> LENGTH: 32

<212> TYPE: PRT

<213> ORGANISM: Homo sapiens

<400> SEQUENCE: 39

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Gly
1 5 10 15

Lys Lys Lys Ala Lys Lys Lys Gly Lys Lys Lys Ala Lys Lys Lys Tyr
20 25 30

<210> SEQ ID NO 40

<211> LENGTH: 16

<212> TYPE: PRT

<213> ORGANISM: Schistosom japonicum

<400> SEQUENCE: 40

Glu Glu Glu Ala Glu Glu Glu Gly Glu Glu Glu Ala Glu Glu Glu Tyr
1 5 10 15

<210> SEQ ID NO 41

<211> LENGTH: 77

<212> TYPE: PRT

<213> ORGANISM: Schistosom japonicum

<400> SEQUENCE: 41

Ser Leu Gln Pro Glu Ile Asp Arg Phe Asp Gly Thr Pro His Ser Lys -

1 S 10 15

Glu Phe Lys Cys Leu Met Glu Asn Leu Glu Gln Leu Ile Leu Ser Leu
20 25 ao

Asp Asn Leu Glu Thr Asp Gly Asn Val Glu Phe Arg Thr Met Arg Arg
as 40 45

Asp Ala val Lys Glu Ile Gln Gln Leu Met Glu Met Leu Asp Tyr Arg
50 55 60
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-continued

Ser Leu Ile Ser Ser Gln Asn Asp Glu Val Leu Ala Asp
65 70 75

<210> SEQ ID NO 42

<211> LENGTH: 5

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: factor Xa recognition sequence

<400> SEQUENCE: 42

Ile Glu Asp Gly Arg
1 5

<210> SEQ ID NO 43

<211> LENGTH: S

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: enterokinase recognition sequence

<400> SEQUENCE: 43

Asp Asp Asp Asp Lys
1 S

<210> SEQ ID NO 44

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: thrombin recognition sequence .

<400> SEQUENCE: 44

Leu Val Pro Arg Gly Ser
1 5

<210> SEQ ID NO 45

<211> LENGTH: 7

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: TEV protease recognition sequence

<400> SEQUENCE: 45

Glu Asn Leu Tyr Phe Gln Gly
1 5

<210> SEQ ID NO 46

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: PreScissionT protease recognition sequence

<400> SEQUENCE: 46

Leu Glu Val Leu Phe Gln Gly Pro
1 5

<210> SEQ ID NO 47

<211> LENGTH: 6

<212> TYPE: PRT .

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: ECM recognition sequence
<220> FEATURE:

<221> NAME/KEY: X

<222> LOCATION: (3)..(3}

<223> OTHER INFORMATION: hydroxyproline
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<400> SEQUENCE: 47

Gly Phe Xaa Gly Glu Arg
1 5

<210> SEQ ID NO 48

<211> LENGTH: 6

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: ECM recognition sequence
<220> FEATURE:

<221> NAME/KEY: X

<222> LOCATION: (3)..(3)

<223> OTHER INFORMATION: hydroxyproline

<400> SEQUENCE: 48

Gly Leu Xaa Gly Glu Arg
1 5

<210> SEQ ID NO 49

<211> LENGTH: €

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: ECM recognition sequence

<400> SEQUENCE: 49

Gly Ala Ser Gly Glu Arg
1 5

<210> SEQ ID NO 50

<211> LENGTH: 8

<212> TYPE: PRT

<213> ORGANISM: Artificial Sequence

<220> FEATURE:

<223> OTHER INFORMATION: C2 cation binding domain

<400> SEQUENCE: 50

val Ser Phe Ala Ser Ser Glm Gln
1 5

The invention claimed is:
1. A multilayer film, comprising

two or more layers of polyelectrolytes, wherein adjacent
layers comprise oppositely charged polyelectrolytes,

wherein a first layer polyelectrolyte comprises a composite

polypeptide comprising one or more non-homopolymer

surface adsorption regions covalently linked to one or

more functional regions forming a single polypeptide

chain, wherein the composite polypeptide and the one or

more non-homopolymer surface adsorption regions

have the same polarity,

wherein the one or more non-homopolymer surface
adsorption regions comprises one or more amino acid
sequence motifs, the one or more amino acid
sequence motifs consisting of 5 to 15 amino acid
residues and having a magnitude of net charge per
residue at neutral pH of greater than or equal to 0.4,
and

wherein the one or more functional regions comprise 3
to about 250 amino acid residues,

wherein the composite polypeptide is an unbranched
polypeptide, is not a homopolymer, is at least 15 amino
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acid residues long, and has an aqueous solubility at pH 4
to 10 of greater than SO pg/ml.;

wherein a second layer comprises a second layer polyelec-
trolyte comprising a polycationic material or a polyan-
ionic material having a molecular weight of greater than
1,000 and at least 5 charges per molecule, and a charge
opposite that of the first layer polypeptide; and

with the proviso that the one ore more functional regions is

not an antimicrobial peptide, a cysteine-containing
sequence or a sequence found in a human blood protein.

2. The multilayer film of claim 1, wherein the composite
polypeptide has an aqueous solubility of greater than or equal
to about 1 mg/mlL.. .

3. The multilayer film of claim 1, wherein the one or more
functional regions comprise 3 to about 50 amino acid resi-
dues, and wherein the composite polypeptide has a magnitude
of net charge per residue at neutral pH of greater than orequal
to 0.4.

4. The multilayer film of claim 1, wherein the one or more
functional regions comprises about 50 to about 250 amino
acid residues.
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S. The multilayer film of claim 4, wherein the one or more
functional regions has a water solubility at pH 4 to 10 of
greater than 50 pg/mL.

6. The multilayer film of claim §, wherein one or more the
functional regions has a water solubility at pH 4 to 10 of
greater than or equal to 1 mg/mL.

7. The muitilayer film of claim 4, wherein composite
polypeptide comprises at least two amino acid sequence
motifs,

8. The multilayer film of claim 1, wherein the polycationic
material comprises a polyamine,

9. The multilayer film of claim 8, wherein the polyamine
comprises polyvinyl amine, poly(aminostyrene), poly(ami-
noacrylate), poly (N-methyl aminoacrylate), poly (N-ethy-
laminoacrylate}, poly(N,N-dimethy! aminoacrylate), poly(N,
N-diethylaminoacrylate), poly(aminomethacrylate), poly(N-
methyl amino-methacrylate), poly-(N-ethyl
aminomethacrylate), poly(N,N-dimethyl aminomethacry-
late), poly(N,N-diethyl aminomethacrylate), poly(ethylene-
imine), poly (diallyl dimethylammonium chloride), poly(N,
N,N-trimethylaminoacrylate chloride), poly
(methyacrylamidopropyltrimethyl ammonium chloride),
chitosan and combinations comprising one or more of the
foregoing polycationic materials.

10. The multilayer film of claim 1, wherein the polyanionic
material comprises a nucleic acid, alginate, carrageenan, fur-
cellaran, pectin, xanthan, hyaluronic acid, heparin, heparan
sulfate, chondroitin sulfate, dermatan sulfate, dextran sulfate,
poly(meth)acrylic acid, oxidized cellulose, carboxymethyl
cellulose, acidic polysaccharides, and crosmarmelose, and
combinations comprising one or more of the foregoing polya-
nionic materials.

11. The multilayer film of claim 1, wherein the filmis in the
form of a microcapsule.

12. The muitilayer film of claim I, wherein the film is
formed on a substrate selected from an organic material and
an inorganic material.

13. The muitilayer film of claim 12, wherein the substrate
is a dissolvable template, calcium carbonate, melamine form-
aldehyde, or a polystyrene or styrene copolymer lattice.

14. The multilayer film of claim 1, comprising at least 4
pairs of alternately charged layers.

15. The multilayer film of claim 1, having a thickness of |
nm to 100 nm.

16. The multilayer film of claim 1, wherein the one or more
functional regions is a T-cell epilope, B-cell epitope, or a
cytotoxic T lymphocyte epitope.

17. The multilayer film of claim 1, wherein at least one of
the amino acid sequence motifs of the first layer polypeptide
is present in'the human proteome.

18. A method of manufacturing a multilayer film, said film
comprising a first layer and a second layer, wherein adjacent
layers comprise oppositely charged polyelectrolytes, the
method comprising:
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covalently joining one or more surface adsorption regions

and one or more functional regions to form a composite

polypeptide, wherein the composite polypeptide and the

one or more surface adsorption regions have the same

polarity,

wherein the one or more surface adsorption regions
comprises one or more amino acid sequence motifs
consisting of 5 to 15 amino acid residues and having
amagnitude of net charge per residue at neutral pH of
greater than or equal to 0.4, and

wherein the one or more functional regions comprises 3
to about 250 amino acid residues,

wherein the composite polypeptide is not a homopoly-
mer, is at least 15 amino acid residues long, and has an
aqueous solubility in the range pH 4 to 10 of greater
than 50 pg/mL; and

with the proviso that the one or more functional regions
is not an antimicrobial peptide, a cysteine-containing
sequence or a sequence found in a human blood pro-
tein;

depositing the composite polypeptide onto a substrate or

the second layer to form a first layer; and

wherein the second layer comprises a second layer poly-

electrolyte comprising a polycationic material or a
polyanionic material having a molecular weight of
greater than 1,000 and at least 5 charges per molecule,
and a charge opposite that of the first layer polypeptide.

19. The method of claim 18, wherein depositing comprises
depositing the composite polypeptide onto a substrate, and
further comprising depositing the second layer polyelectro-
lyte onto the first layer.

20. The multilayer film of claim 1, wherein the one or more
functional regions is a sequence for extracellular matrix rec-
ognition. '

21. The muitilayer film of claim 1, wherein the ene or more
functional regions is a phosphotyrosine binding domain.

22. The multilayer film of claim 1, wherein the one or more
functional regions is a Src homology 2 domain.

23. The multilayer film of claim 1, wherein the one or more
functional regions is a protein tyrosine phosphatase domain.

24. The multilayer film of claim 1, wherein the one or more
functional regions is an N-linked glycosylation substrate
sequence.

25. The multilayer film of claim 1, wherein the one or more

functional regions is an O-linked glycosylation substrate

sequence.
26. The multilayer film of claim 1, wherein the one or more
functional regions is a protease recognition site.
27. The multilayer film of claim 1, wherein the one or more
functional regions is a BAG domain.
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