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ABSTRACT:

Methods for facile synthesis of extraordinarily diverse
peptide-like oligomers have placed peptoids at the center
of a broad and vibrant area of foldamer science and
technology. The 7th Peptoid Summit offered a perspective
on the current state of peptoid science and technology and
on prospects for engineering supramolecular assemblies
that rival the complexity of biomolecular systems.
Methods for engineering biomolecular systems based on
DNA and protein are advancing rapidly, building a
technology platform for engineering increasingly large
and complex self-assembled nanosystems. A comparative
review of the physical basis for DNA, protein, and peptoid
engineering indicates that the characteristics of peptoids
suit them for a strong role in developing self-assembled
nanosystems. Physical parallels between peptoids and
proteins indicate that peptoid engineering, like protein
engineering, will require specialized software to support
design. Access to novel side-chain functionality will
enable peptoid designers to exploit novel binding
interactions, including many that have been discovered
and exploited in crystal engineering, a field that has
extensively explored the self-assembly of small organic
molecules to form well-ordered structures. Developments
in DNA, protein, and inorganic nanotechnologies are

converging to provide a technology platform for the
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design and fabrication of complex, functional, atomically

precise nanosystems. Peptoid-based foldamer technologies
can contribute to this convergence, expanding the scope of
the emerging field of atomically precise macromolecular
nanosystems. © 2011 Wiley Periodicals, Inc. Biopolymers
(Pept Sci) 96: 537—544, 2011.
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INTRODUCTION: AT THE SUMMIT
he presentations and discussion at the 7th Peptoid
Summit (August 2010) offered a stimulating cross-
sectional view of current progress and directions in
peptoid science and technology. The topics ranged
from foundations to applications, and together the
presentations painted a picture of an expanding field with
far-ranging potential. Here, I'd like to offer a brief overview
of the meeting, then examine peptoid-centered technologies
in the context both of current biomolecular engineering and
of progress toward self-assembling systems at the level of
complexity and functionality that we find in nature.

Directing Conformation

Techniques for modeling, synthesizing, and controlling pep-
toid structures are fundamental to peptoid engineering, and
these foundational topics dominated the first day of the 7th
Peptoid Summit.
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The opening presentations by Aaron Crapster (University
of Wisconsin) and Bishwajit Paul (New York University)
reported advances in directing peptoid conformations by
incorporating side-chains that induce either cis- or trans-am-
ide geometries. Today’s extensive toolkit for controlling pep-
toid secondary structure'™®
restrict conformation through steric constraints. These can
induce helical structures comparable to the peptide a-helix,
but stable to >75°C in 8M aqueous urea.” The advances
described at the meeting expand this toolkit and thereby

includes chiral side-chains that

expand the range of side-chain choices that are compatible
with a given target conformation. These are strong contribu-
tions toward the use of peptoid oligomers as building blocks
for engineering macromolecular systems.

Modeling and Design

Experience in the parallel field of protein engineering indi-
cates that design of complex peptoid assemblies will require
support from software tools that integrate design and model-
ing. To this end, Vincent Voelz (Simprota) examined the
strengths and weaknesses of existing molecular mechanics
force fields as a basis for molecular dynamics simulations of
peptoids and Dina Mirijanian (Lawrence Berkeley National
Laboratory) described extensions of the CHARMM?® force
field that improve the accuracy of peptoid modeling. Glen
Butterfoss (New York University) discussed applications of
high-level quantum mechanics calculations to map energies
across backbone-conformation space,” providing results that
can enable energy calculations and molecular dynamics
methods that more closely track reality.

In the parallel field of protein engineering, the Rosetta-
Design software toolkit (part of the Rosetta toolkit for Pro-
tein Science'’) has supported developments that range from
novel'' and highly stable'? folds to enzymes that catalyze
Diels-Alder and retro-aldol reactions.'>'* T was pleased to
learn over lunch that Glenn is involved in extending the
RosettaDesign code to support peptoid engineering.

In an engineering context, it is important to note that
conservative design can substantially compensate for inaccu-
rate modeling. Making design choices that are, in aggregate,
predicted to strongly stabilize an intended fold or binding
interaction can mask errors in predicting the magnitude—
and even the sign—of the effects of individual choices within
that set. In scientific analysis, masking errors is a problem; in
design, it is a source of robustness. As a (superficially) para-
doxical consequence of this, a force field that cannot reliably
predict the conformations of small structures may non-
etheless prove to be a robust basis for engineering larger
structures, because these can be stabilized by a larger set of
cooperative interactions.

Further, while the aim in science is to find a unique an-
swer to a question (the answer that corresponds to reality),
the aim in engineering is more forgiving: It is to identify one
or more effective solutions to a problem, and there will typi-
cally be many. These considerations—the masking of model-
ing errors by strong stabilization, the associated advantage of
larger structures, and the typical multiplicity of solutions—
should encourage boldness in undertaking the engineering of
large self-assembled nanosystems.

Peptoid Nanosheets

In peptoid self-assembly, the most exciting development of
the past year has been the synthesis of peptoid nanosheets,
crystalline bilayers with a thickness of 2.7 nm and transverse
dimensions that can exceed 100 um.'” Peptoid nanosheets
sandwich hydrophobic side-chains between surfaces that dis-
play alternating strips of positive and negative charge carried
by parallel all-trans peptoid oligomers bearing 2-aminoethyl
and 2-carboxyethyl side-chains. These structures resemble /-
sheet secondary structures found in proteins and could
potentially play a similar role in peptoid engineering. The
potential diversity of peptoid nanosheet variants offers
unique opportunities for functional engineering and suggests
prospects for extensive applications as robust lipid-mem-
brane analogs.'” At the meeting, Romas Kudirka reported
advances in understanding how these nanosheets form: The
crucial first step is the formation of amphiphilic monolayers
at the air-water interface. The monolayers grow as interfacial
area increases (for example, by bubble formation), and they
are driven to fold into solution-phase bilayers as the interfa-
cial area is reduced (for example, by bubble coalescence and
collapse). A key to this insight was the discovery that the
peptoid cocktail must be shaken, not stirred.

Synthesis

The submonomer method of peptoid synthesis established
the field as we know it today,'®'” but recent developments,
some described at the meeting, can play a complementary
role. I will say more about the special characteristics of the
submonomer method below, and about the value of aug-
menting main-chain synthesis with methods for creating
macrocycles, a topic addressed at the meeting by Donghui
Zhang (Louisiana State University), Mia Huang (New York
University), and Hyun-Suk Lim (Indiana University).

Applications

Application-oriented peptoid research has been driven
largely by objectives in biology and medicine,'®** which
exploit not only the ability of peptoids to mimic peptide
functions, but also their greater stability against enzymatic
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degradation and a more facile access to nonbiological side-
chain functionality. The 7th Peptoid Summit reflected the
strength of innovation in this area, with presentations span-
ning the fields of biomolecular sensing, drug delivery, anti-
microbial and anti-biofilm agents, and cancer therapeutics,
alongside advances in the combinatorial synthesis and
screening techniques that support much of this work. I
expect that the spectrum of biological and medical applica-
tions will expand together with the scope of peptoid engi-
neering, and in concert with applications that may reach far
beyond biology, deep into the world of nanostructured mate-
rials** and self-assembling nanosystems.*>

THE PEPTOID TECHNOLOGY PLATFORM

The 7th Peptoid Summit offered a perspective on the status
of the field; in the following sections, I will outline what the
fundamental nature of peptoid science and technology indi-
cates regarding its prospective contributions to engineering
atomically precise macromolecular systems.*® This motivates
a review of the physical basis for recent achievements in pro-
tein and DNA engineering and an examination of the suit-
ability of peptoids and related polymers for implementing
analogous molecular components with extended capabilities.

Accessing Diverse Functionality

The submonomer method of solid-phase peptoid synthesis
provides facile access to an unprecedented range of side-
chain functionality by enabling the direct incorporation of
inexpensive and commercially available primary amines.'”
Access to diverse peptide sequences, by contrast, is hampered
by the limited commercial availability and challenges of syn-
thesizing protected o-amino acids. The wide range of readily
available unprotected and side-chain protected primary
amines is partly a consequence of the demand for diverse
building blocks to support drug discovery.

Ease of synthesis is important, and the synthesis of pep-
toid oligomers is easy enough to be recommended as an exer-
cise for second-year undergraduates.”® Much of the promise
of peptoid technology stems from its applications in solving
problems in areas where peptoids per se are not the focus of
the research. The low barrier to entry can contribute greatly
to the growth of the field, and it deserves to be more widely
publicized.

Although reaction yields limit solid-phase synthesis to
chains no longer than a few tens of monomers, this places no
direct limit on the scale of peptoid-based assemblies. Main-
chain ligation, side-chain crosslinking, and non-covalent as-
sembly are among the means available to combine building
blocks of modest size to form structures of indefinitely large
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size. The functional diversity of peptoids supports the use of
a wide range of assembly strategies.

Extending a Compatible Family

In an engineering context (no holds barred!) “peptoid tech-
nology” can be regarded as shorthand for a family of
foldamers built using compatible chemistries for main-chain
synthesis. The submonomer method can be applied to pep-
toids with altered or mixed backbone structures: examples
include f-peptoids*”*® »2% that
employ aromatic building blocks. Peptoid chain-elongation

and “extended peptoids

cycles can also be interleaved with cycles that incorporate N-
protected o- and f-amino acids,” typically by means of the
standard Boc/Fmoc strategy. Thus, the power of peptoid
side-chain diversity can be combined with backbone diversity
and can be integrated with a range of other foldamer tech-
nologies—including, of course, incremental modification of
naturally occurring peptide structures.

As noted above, chiral, structure-directing side-chains can
induce peptoids to form stable secondary structures compa-
rable to the peptide o-helix; hybrid backbones provide access
to a range of additional helical secondary structures.””*° This
diversity of secondary structures available within the peptoid
family of foldamers expands options for organizing side-
chain functionality to satisfy design constraints on the geom-
etry and functionality of higher-order structures.”'

Encoding Folding and Self-Assembly

Strategies for atomically precise self assembly begin with con-
trol of covalent structure. As illustrated in molecular biology,
sequential steps can assemble a sequence of components that
encodes the folding of robust, pre-organized structures, and
these, in turn, can direct their own assembly into larger
structures. Synthetic foldamers have a similar capacity.

An important objective in foldamer engineering is to
induce pre-organization that constrains ligands to geometries
compatible with their intended binding modes. Pre-organi-
zation reduces the entropic penalty of binding and can desta-
bilize or preclude alternative binding modes. These effects
improve both the strength and specificity of interactions that
drive folding and higher order assembly.

At the bottom of the structural hierarchy, multi-dentate
ligands can be incorporated as peptoid side-chains®* and can
bind to one another through coordination to a shared metal
ion (a principle widely exploited in supramolecular chemis-
try).

At a higher level of the structural hierarchy, the formation
of secondary structure can pre-organize side-chains to form
complementary patterns that favor stable, selective binding
within and among yet larger structures. (And, of course, the
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formation of larger structures can cooperatively stabilize the
secondary structures themselves.) Peptoids designed around
pre-organized helical secondary structures have demon-
strated protein-like folding,” metal binding,** and enantio-
selective catalytic activity.”

DNA, PROTEIN, AND PEPTOID
ENGINEERING

The accomplishments of structural DNA and protein engi-
neering illustrate what could be achieved by similar engineer-
ing methods applied to peptoid and peptoid-class foldamers,
and these biomolecular technologies also help to define the
engineering context for developing functional peptoid-
enabled systems.

In general, to the extent that peptoids can imitate or
improve on the essential properties of a given class of biopol-
ymers, one can reasonably expect that similar design meth-
ods could yield similar engineering results. To the extent that
peptoid technology can incorporate components with an
expanded range of physical properties (geometrical, chemi-
cal, mechanical, optical, electronic, and so forth), one can
reasonably expect to find that it can deliver products with an
expanded range of functional properties.

Aside from specifically biological functional properties,
peptoids and peptoid-class oligomers can imitate or improve
on many of the desirable features of natural biopolymers,
while also providing access to components with a dramatically
expanded range of physical properties. This suggests that the
non-biological functional properties of products produced by
means of a biopolymer-based engineering technology could
typically be matched or improved upon by means of a compa-
rably well-developed peptoid engineering technology.

Structural DNA Nanotechnology

From a design perspective, the most striking property of
nucleic acids is that they display regular arrays of side-chains
that exhibit selective, pairwise affinities, and that this enables
strongly cooperative, highly selective binding between
oligomers that display pairwise complementary sequences.
The simplicity and modularity of this interaction enables
complementary nucleic acid interfaces to be designed with a
pencil and paper, while designing complementary protein
interfaces is a challenge that requires state-of-the-art compu-
tational methods.

DNA nanotechnology (SDN) exploits
sequence-directed binding to engineer self-assembled systems
in which strand-crossover junctions link double-strand DNA
segments to form two- and three-dimensional structures.”®>’
The scope of SDN now extends to the routine design and

Structural

fabrication of atomically precise frameworks on a scale of
hundreds of nanometers and millions of atoms.*®*°

In the “DNA origami” methodology, DNA structures are
threaded by long scaffold strands with non-repeating nucleo-
tide sequences. Oligomeric “staple strands” bridge hundreds
of distinct subsequences, directing structural organization
and providing anchor points for non-DNA components.’®
The emerging ability to attach components of distinct kinds
to specific framework sites holds great promise.

Research in materials-oriented areas of nanotechnology
has developed a host of inorganic nanostructures, including
nanoscale particles, rods, and tubes of oxide, metallic, and
semiconductor materials (and chemically functionalized
derivatives of these). In making these products, however,
there is no process analogous to the controlled, information-
rich, combinatorial synthesis afforded by foldamer produc-
tion methods. Because they provide no means for encoding
information into diverse complementary surfaces, materials-
oriented synthesis methods provide no means for directing
the formation of highly complex self-assembling structures.

Structural DNA nanotechnology is therefore a natural
partner to materials-oriented nanotechnology: SDN enables
the design and production of complex structures comparable
to circuit boards, while staple strands provide a means for
installing components in specific sockets.”>*!

Over the last decade, the global investment in developing
nanoscale functional components has risen into the multibil-
lion dollar range. Because SDN potentially offers a way to
organize these functional components to form complex
nanosystems, it features prominently in a recent roadmap for
atomically precise nanotechnologies.**

Structural DNA nanotechnology, however, is not necessarily
unique. Its utility stems from a particular property of nucleic
acids: highly selective cooperative binding between sequences
of pairwise complementary side-chains. This property, how-
ever, is by no means limited to structures with phosphodiester
backbones or biological nucleobases.*** SDN provides a
model for developing other foldamer systems able to support
systematic and scalable engineering of higher order structures.

Protein Engineering

The protein engineering literature traces its origin to the rec-
ognition that the problem of predicting how a natural pro-
tein will fold is fundamentally different from the problem of
designing an artificial protein that will fold predictably**~**
and since the initial steps in the 1980s,***” protein engineer-
ing has grown to become a large and capable field. The simi-
larity between peptides and peptoids makes protein engineer-
ing a useful model for a substantial portion of the prospec-
tive range of peptoid engineering.
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The vast functional range of protein-based systems is well
known: Protein mechanisms play central roles in virtually ev-
ery aspect of biology—structural integrity, chemical transfor-
mation, macromolecular synthesis, mechanical motion,
energy capture, and more. This rich protein functionality
stems from the diversity of folded protein structures together
with the diversity of the structural and chemical properties
of protein side-chains. Nucleic acid structures, by contrast,
offer far less structural and chemical diversity, while peptoids
offer far more.

Protein engineering has demonstrated the basic capabil-
ities necessary for architecting self-assembling systems: first,
sufficient mastery of chain folding to provide stable building
blocks for higher order assembly, and second, methods for
tailoring building-block surfaces that will bind a wide range
of other structures in specific and useful ways. Through
methods that include design and directed evolution, proteins
have been developed that bind other proteins,® inorganic
materials and structures (metals, oxides, semiconductors,
and nanotubes),**>!
duplex DNA.>>%

Together, these achievements make it clear that protein
engineering can become a strong partner in developing com-
plex nanosystems organized around structural DNA frame-
works. They indicate that proteins can be targeted to bind
specific sites on a DNA framework, to assemble larger pro-
tein complexes at those sites, and to bind diverse nanoscale

and specific base-pair sequences in

functional components with control of their relative posi-
tions and orientations.

Peptoid and Composite-System Engineering

How does the peptoid family of foldamers compare to DNA
and proteins as a basis for engineering functional self-assem-
bling systems? Aside from the cost of synthesis, the most im-
portant considerations in foldamer engineering are first, the
ability to incorporate diverse side-chain functionality and
second, the ability to fold and organize side-chains into use-
ful spatial patterns. The peptoid family offers advantages in
both areas.

As we have seen, the submonomer method of peptoid
synthesis affords easy access to an unprecedented range of
side-chain functionality, and standard peptoids can form sec-
ondary structures that include extraordinarily stable helixes.
Further, the submonomer method can be used to produce
diverse backbone structures (f-peptoids, extended peptoids)
and is compatible with the incorporation of non-peptoid
segments (o-amino acids, f-amino acids, and others). In
conjunction with the expanding toolkit for directing peptoid
conformations (discussed above), the peptoid family of
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oligomers provides access to a range of secondary structures
that subsumes and extends the range accessible through pro-
tein engineering.

Assembly directed by cooperative pairwise binding
between sequences of side-chains provides the basis for the
regularity, scalability, and modularity of structural DNA
nanotechnology. This principle of assembly can be (and has
been) generalized to synthetic foldamers. Peptide nucleic
acids (PNAs) are leading examples®*>> and their synthesis by
the Fmoc/Boc strategy qualifies them as members of the pep-
toid family of foldamers. PNAs bind with great affinity to
complementary PNAs, and by design, also bind to comple-
mentary DNA sequences. Omitting the DNA-binding con-
straint opens a much broader design space that includes al-
ternative backbone and side-chain structures.

Studies of protein stability enable quantitative estimates
of the increments in stability that can achieved by exploiting
an expanded set of side-chains,”® for example, by increasing
the internal packing density of folded structures. Crosslink-
ing and macrocyclization are particularly effective techniques
for stabilizing folds and higher order assemblies, and facile
access to diverse reactive functional groups greatly expands
the scope of these methods in peptoid engineering.”’
Expanded diversity also enables the use of non-covalent
binding interactions beyond those known from biomole-
cules.®’"® Research in crystal engineering, a field that has
extensively explored the self-assembly of small organic mole-
cules to form well-ordered structures, has identified and
characterized a wide range of these non-biomolecular inter-
actions,®" >’ suggesting novel ways to direct and stabilize
foldamer structures.

Table I outlines some of the distinctive and complementary
characteristics of protein, DNA, and peptoids, seen in the con-
text of engineering complex, self-assembling nanosystems. To-
gether, these classes of molecules provide an attractive basis
for exploiting the diverse functional components provided by
current materials-oriented areas of nanotechnology.

TOWARD PEPTOID DESIGN TOOLS

In a fundamental physical sense, the enormous design space
opened by modern foldamer technologies offers enormous
potential, but to make effective use of that physical potential
will require software tools to support what amounts to a new
field of engineering. Biology-based evolutionary methods
(such as SELEX and phage display) are unavailable in pep-
toid engineering, and this highlights the importance of devel-
oping design-based methods. Protein design provides a
model that illustrates the nature of the problem and some of
the solutions.
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TableI Comparative Engineering Characteristics of Inorganic, Biomolecular, and Peptoid Components for
Self-Assembling Nanosystems Organized on Atomically Precise Frameworks

Inorganic Structural Engineered Peptoid
Characteristic Nanostructures DNA Proteins Foldamers
Scale of single units ~1-100 nm ~100 nm ~3 nm ~3 nm
Granularity of design Particle Base pair Monomer Functional group
Combinatorial design? No Yes Yes Yes
Atomic precision? Rarely Yes Yes Yes
Functional diversity Enormous Low Large Enormous
Potential robustness Very high Low Low High
Prospective roles in Highly diverse functional ~ Large-scale addressable Diverse functional Robust, highly diverse
self-assembling components frameworks components, linking functional and structural

nanosystems

structures components

The Nature of the Design Problem

In protein engineering, a designer begins by choosing an
objective, for example, to identify a structure that is pre-
dicted to bind a given ligand strongly, or fit an intended
backbone conformation closely, or to provide a particular
functional-group configuration. An algorithm embodied in
design software then searches for a sequence of monomers
and side-chain conformations that will both achieve the cho-
sen objective and adequately stabilize the folded state. The
stabilizing interactions characteristic of proteins—dense
packing of a hydrophobic core, formation of internal hydro-
gen bonds, favorable electrostatic interactions, and so on—
depend on global structure and conformation. This contrasts
sharply with the local pairwise complementarity that directs
the folding of nucleic acid sequences in structural DNA
nanotechnology.

Modern algorithms for protein design
of development. Research continues to explore competing
methods for guiding search through the space of potential
sequences and competing methods for estimating the relative

6869 reflect decades

stabilization energy of each candidate sequence.

The above outlines only the basic nature of problems in
protein engineering. Current state-of-the-art systems do not
assume a fixed backbone conformation, and the constraints
of interest (and the scoring functions) may instead represent
requirements for binding to a specific surface,”® or for con-
structing a functional enzymatic active site.'>"*

Algorithms developed for protein engineering provide a
starting point for developing software that is effective in
other regions of the universe of peptoid-family foldamers.
(Indeed, as I noted above, an effort is underway to apply the
RosettaDesign code base”"’* to peptoid engineering.) Adapt-
ing methods to the peculiarities of a different foldamer back-
bone will be a necessary first step.

The Protein Data Bank has enabled the development of
knowledge-based potentials that have been used to great

advantage in protein engineering. The absence of a source of
equivalent information for peptoids (and the prospect of a
greatly expanded range of building blocks) indicates that the
alternative approach used in protein engineering, physics-
based potentials, will be the appropriate model for peptoids.
For the reasons noted above, structures and design methods
that enable large stability margins will decrease sensitivity to
modeling errors, providing a forgiving environment for the
development of successful potentials.

From an algorithmic perspective, I am persuaded that the
scale of the search space itself presents a more positive and
novel challenge: developing methods for effectively exploiting
new functional groups and interactions, and for searching
across an expanded range of potential solutions. It is crucially
important to recognize that, in solving a practical design prob-
lem (in sharp contrast to the essentially academic problem of
finding a unique optimum with respect to a scoring function),
expanding the search space doesn’t hide answers: instead, it
makes more and better answers available for discovery.

Peptoid, Protein, and Crystal Engineering

Peptoid synthesis methods can access a design space that is
not just a few, but many orders of magnitude larger than the
space available in protein engineering. To reach deep into
this space will require new search algorithms together with
appropriate models of molecular interactions unlike those
found in biology. There may be lessons to learn from meth-
ods used to explore combinatorial spaces in drug design’’:
Here, too, the search space extends far beyond the combina-
torics of a small set of side-chains, and ligands that bind
through non-biological interactions are common.

Knowledge from crystal engineering can help in this ex-
ploration. Crystal engineering is a burgeoning field that has
developed a strong, empirical science base for predicting
binding interactions among small, closely packed organic
molecules. Many of these small molecules can serve as mod-
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els for peptoid side-chains. Predictive potential energy func-
tions for an extraordinary range of these interactions can be
extracted through statistical analysis of the small-molecule
crystal structures (>500,000) in the Cambridge Structural
Database.”* This approach parallels the use of statistics from
the Protein Data Bank to develop knowledge-based potential
energy functions for protein engineering.””””” Knowledge
gleaned for crystal engineering could play a vital role in
exploring the universe of foldamers that lies beyond the fa-
miliar world of biomolecules.

Is the Essential Science in Place?

There is no end of useful knowledge yet to be learned about
peptoids—better methods of synthesis, further ways to con-
trol conformations, more accurate maps of the folding land-
scape, and so on—and there is no end in sight to the biologi-
cal questions that peptoids can help answer. The key question
for engineering, however, isn’t “What remains to be discov-
ered?”, but rather, “What is visibly within reach?”

The tool kit in hand for peptoid engineering is large and
growing, and has already proved adequate for engineering
protein-scale macromolecular objects. Exploiting side-chain
diversity offers many ways to increase the predictability and
stability of folds, many ways to link folded structures to form
larger systems, and many ways to imbue those structures
with new functions. This is enough to move forward, and
with confidence that the path leads beyond today’s horizon.

I thank Drs. R. N. Zuckermann and K. Kirshenbaum for helpful
discussions.

REFERENCES

1. Gorske, B. C.; Blackwell, H. E. ] Am Chem Soc 2006, 128,
14378-14387.

2. Huang, K.; Wu, C. W,; Sanborn, T. J.; Patch, J. A.; Kirshenbaum,
K.; Zuckermann, R. N.; Barron, A. E.; Radhakrishnan, I. ] Am
Chem Soc 2006, 128, 1733—-1738.

3. Shah, N. H.; Butterfoss, G. L.; Nguyen, K; Yoo, B.; Bonneau, R.;
Rabenstein, D. L.; Kirshenbaum, K. ] Am Chem Soc 2008, 130,
16622—-16632.

4. Fowler, S. A.; Luechapanichkul, R.; Blackwell, H. E. ] Org Chem
2009, 74, 1440-1449.

5. Gorske, B. C.; Stringer, J. R.; Bastian, B. L.; Fowler, S. A.; Black-
well H. E. ] Am Chem Soc 2009, 131, 16555-16567.

6. Seo, J.; Barron, A. E.; Zuckermann, R. N. Org Lett 2010, 12,
492-495.

7. Sanborn, T. J.; Wu, C. W.; Zuckermann, R. N.; Barron, A. E.
Biopolymers 2002, 63, 12-20.

8. Brooks, B. R., et al. 2009, 30, 1545—-1614.

9. Butterfoss, G. L.; Renfrew, P. D.; Kuhlman, B.; Kirshenbaum, K_;
Bonneau, R. ] Am Chem Soc 2009, 131, 16798—16807.

10. Das, R.; Baker, D. Annu Rev Biochem 2008, 77, 363—382.

Biopolymers (Peptide Science)

11.

12.

13.

14.

15.

16.
17.
18.
19.

20.

21.
22.

23.

24.

25.

26.
27.
28.
29.

30.
31.

32.
33.
34.
35.

36.
. Seeman, N. C. Mol Biotechnol 2007, 37, 246-257.

7th Peptoid Summit 543

Kuhlman, B.; Dantas, G.; Ireton, G. C.; Varani, G.; Stoddard, B.
L.; Baker, D. Science 2003, 302, 1364—1368.

Dantas, G.; Corrent, C.; Reichow, S. L.; Havranek, J. J.; Eletr, Z.
M.; Isern, N. G.; Kuhlman, B.; Varani, G.; Merritt, E. A.; Baker,
D. ] Mol Biol 2007, 366, 1209—1221.

Jiang, L.; Althoff, E. A.; Clemente, F. R.; Doyle, L.; Rothlisberger,
D.; Zanghellini, A.; Gallaher, J. L.; Betker, J. L.; Tanaka, F.; Bar-
bas, C. E, III; Hilvert, D.; Houk, K. N.; Stoddard, B. L.; Baker,
D. Science 2008, 319, 1387—1391.

Siegel, J. B.; Zanghellini, A.; Lovick, H. M.; Kiss, G.; Lambert, A.
R.; St. Clair, J. L.; Gallaher, J. L.; Hilvert, D.; Gelb, M. H.; Stod-
dard, B. L.; Houk, K. N.; Michael, E. E.; Baker, D. Science 2010,
329, 309-313.

Nam, K. T.; Shelby, S. A.; Choi, P. H.; Marciel, A. B.; Chen, R.;
Tan, L.; Chu, T. K;; Mesch, R. A.; Lee, B. C.; Connolly, M. D.;
Kisielowski, C.; Zuckermann, R. N. Nat Mater 2010, 9, 454—
460.

Zuckermann, R. N.; Kerr, J. M.; Kent, S. B. H.; Moos, W. H.
J Am Chem Soc 1992, 114, 10646—10647.

Culf, A. S.; Ouellette, R. J. Molecules 2010, 15, 5282—5335.
Kwon, Y. U.; Kodadek, T. ] Am Chem Soc 2007, 14, 1508—1509.
Brown, N. J.; Wu, C. W.; Seurynck-Servoss, S. L.; Barron, A. E.
Biochemistry 2008, 12, 1808—1818.

Chongsiriwatana, N. P; Patch, J. A.; Czyzewski, A. M.; Dohm,
M. T; Ivankin, A.; Gidalevitz, D.; Zuckermann, R. N.; Barron,
A. E. Proc Natl Acad Sci USA 2008, 105, 2794—2799.

Statz, A. R,; Park, J. P; Chongsiriwatana, N. P; Barron, A. E,;
Messersmith, P. B. Biofouling 2008, 24, 439-448.
Udugamasooriya, D. G.; Dineen, S. P.; Brekken, R. A.; Kodadek,
T. J Am Chem Soc 2008, 130, 5744—5752.

Lim, H. S.; Reddy, M. M.; Xiao, X.; Wilson, J.; Wilson, R.; Con-
nell, S.; Kodadek, T. Bioorg Med Chem Lett 2009, 19, 3866—
3869.

Lee, B.-C.; Connolly, M. D.; Zuckermann, R. N. NSTI Nanotech
2007, 2, 28-31.

Drexler, K.; Randall, J.; Corchnoy, S.; Kawczak, A.; Steve, M. L.,
Eds. Productive Nanosystems: A Technology Roadmap; Battelle
Memorial Institute: Cleveland, OH, 2007.

Yeliz, U.; Zuckermann, R. N.; Pohl, N. L. ] Chem Ed 2010, 87,
637-639.

Baldauf, C.; Gunther, R.; Hofmann, H. J. Phys Biol 2006, 3, S1-
S9.

Hjelmgaard, T.; Faure, S.; Caumes, C.; De,Santis, E.; Edwards,
A. A, Taillefumier, C. Org Lett 2009, 11, 4100-4103.

Combs, D. J; Lokey, R. S. Tetrahedron Lett 2007, 48, 2679—
2682.

Olsen, C. A. Chembiochem 2010, 11, 152—-160.

Yoo, B.; Kirshenbaum, K. Cur Opin Chem Biol 2008, 12, 714—
721.

Maayan, G.; Yoo, B.; Kirshenbaum, K. Tetrahedron Lett 2008,
49, 335-338.

Lee, B. C.; Zuckermann, R. N,; Dill, K. A. ] Am Chem Soc 2005,
127, 10999-11009.

Lee, B. C.; Chu, T. K; Dill, K. A.; Zuckermann, R. N. ] Am
Chem Soc 2008, 130, 8847—8855.

Maayan, G.; Ward, M. D.; Kirshenbaum, K. Proc Natl Acad Sci
USA 2009, 106, 13679-13684.

Chen, J. H.; Seeman N. C. Nature 1991, 350, 631-633.



544

38.
39.

40.
41.

42.
43.
44,
45.
46.
47.

48.
49.

50.

51.

52.
53.

54.

55.

56.

57.

Drexler

Rothemund, P. W. Nature 2006, 440, 297-302.

Douglas, S. M.; Dietz, H.; Liedl, T.; Hogberg, B.; Graf, E; Shih,
W. M. Nature 2009, 459, 414-418.

Shih, W. M; Lin, C. Curr Opin Struct Biol 2010, 20, 276-282.
Kuzyk, A.; Laitinen, K. T.; Tormi, P. Nanotechnology 2009, 20,
235305.

Janson, C. G.; During, M. J., Eds.; Peptide Nucleic Acids, Mor-
pholinos, and Related Antisense Biomolecules; Springer: New
York, 2006.

Drexler, K. E. Proc Natl Acad Sci USA 1981, 78, 5275-5278.
Pabo, C. Nature 1983, 301, 200.

Ulmer, K. M. Science 1983, 219, 666—671.

Ponder, J. W.; Richards, F. M. ] Mol Biol 1987, 193, 775-791.
DeGrado, W. F; Regan, L.; Ho, S. P. Cold Spring Harb Symp
Quant Biol 1987, 52, 521-526.

Mandell, D. J.; Kortemme, T. Nat Chem Biol 2009, 5, 797-807.
Whaley, S. R.; English, D. S.; Hu, E. L.; Barbara, P. E; Belcher, A.
M. Nature 2000, 405, 665—668.

Baneyx, E; Schwartz, D. T. Curr Opin Biotechnol 2007, 18, 312—
317.

De Miranda Tomasio. S.; Walsh, T. R. Mol Phys 2007, 105 221—
229.

Cathomen, T.; Joung, J. K. Mol Ther 2008, 16, 1200-1207.
Sander, J. D.; Maeder, M. L.; Reyon, D.; Voytas, D. E; Joung, J.
K.; Dobbs, D. Nucleic Acids Res 2010, 38, W462—-W468.
Egholm, M.; Buchardt, O.; Nielsen, P. E; Berg, R. H. ] Am
Chem Soc 1992, 114, 1895-1897.

Wojciechowski, F.; Hudson, R. H. Curr Top Med Chem 2007, 7,
667—-679.

Drexler, K. E. Annu Rev Biophys Biomol Struct 1994, 23, 377—
405.

Holub, J. M.; Jang, H.; Kirshenbaum, K. Org Lett. 2007, 9,
3275-3278.

58.
59.
60.
61.
62.
63.

64.

65.

66.
67.

68.

69.

70.

71.
72.

73.
74.
75.

76.
77.

Shin, S. B.; Yoo, B.; Todaro, L. J.; Kirshenbaum, K. ] Am Chem
Soc 2007, 129, 3218-3225.

Vaz, B.; Brunsveld, L. Org Biomol Chem 2008, 6, 2988-2994.
Desiraju, G. R. Angew Chem Int Ed Engl 1995, 34, 2311-2327.
Brammer, L. Chem Soc Rev. 2004, 33, 476—489.

Thalladi, V. R.; Dabros, M.; Gehrke, A.; Weiss, H.-C.; Boese, R.
Cryst Growth Des 2007, 7, 598—599.

Metrangolo, P.; Resnati, G.; Pilati, T.; Biella, S. Struct Bond
2008, 126, 105—136.

Chang, Y.-C; Chen, Y.-D.; Chen, C.-H.; Wen, Y.-S.; Lin, J. T,;
Chen, H.-Y.; Kuo, M.-Y.; Chao, 1. ] Org Chem 2008, 73, 4608—
4614.

Xu, X.-B; Lan, E-E; Yang, S.-Y.; Li, M.; Huang, R.-B.; Zheng,
L.-S.; J Chem Cryst 2010, 40, 551-556.

Desiraju, G. R. Angew Chem Int Ed 2007, 46, 8342—8356.
Aakerdy, C. B.; Champness, N. R.; Janiak, C. Cryst Eng Com-
mun 2010, 12, 22—-43.

Butterfoss, G. L.; Kuhlman, B. Annu Rev Biophys Biomol Struct
2006, 35, 49-65.

Lippow, S. M.; Tidor, B. Curr Opin Biotechnol 2007, 18, 305—
311.

Masica, D. L.; Schrier, S. B.; Specht, E. A.; Gray, J. J. ] Am Chem
Soc 2010, 132, 12252—-12262.

Liu, Y.; Kuhlman, B. Nucleic Acids Res 2006, 34, W235-W238.
MacDonald, J. T.; Maksimiak, K.; Sadowski, M. I.; Taylor, W. R.
Proteins 2010, 78, 1311-1325.

Reymond, J.-L. Med Chem Commun 2010, 1, 30-38.

Hofmann, D. W. M. Struct Bond 2010, 134, 89—134.

Summa, C. M.; Levitt, M. Proc Natl Acad Sci USA 2007, 104,
3177-3182.

Betancourt, M. R. ] Comput Biol 2010, 17, 943-952.

Sippl, M. J. Curr Opin Struct Biol 1995, 5, 229-235.

Biopolymers (Peptide Science)



