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Program Scope: This program focuses on the organization of nano-, micro-, and
mesoscale objects of dissimilar classes of materials into well-defined macroscale
structures with new, complex, and tunable functional behavior. It involves PIs with
expertise in materials synthesis, assembly, physical measurement, computer simulation
and theory, and is aimed at understanding the assembly of complex building blocks into
functional materials.

This abstract describes recent progress and future plans for a specific subtask within this
program, namely the study of particles with heterogeneous surface chemistry, so-called
“patchy” particles.

Recent Progress: Orientation-dependent interactions can drive unusual self-assembly
of colloidal particles. We have synthesized colloidal spheres that have different surface
chemistries on both hemispheres, and observed their self-assembly behavior in water. In
addition, we have performed corresponding Monte Carlo simulations that reproduce the
observed structures and provide information on the orientation of the anistropic colloids
within each structure.
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Different types of “Janus” particles have been synthesized, such as dipolar particles
(left), or amphiphilic particles (right). Through a combination of experiments and
computer simulations we have been able to demonstate that these particles aggregate
into specific structures that can be controlled by means of parameters such as surface
charge density and salt concentration.
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Specifically, we have shown that amphiphilic colloidal spheres, hydrophobic on one
hemisphere and charged on the other, assemble in water into extended structures not
formed by spheres of uniform surface chemical makeup. Small, compact clusters each
comprised of less than ten of these Janus spheres link up, as increasing salt concentration
enhances electrostatic screening, into wormlike strings (see figure next page). This study,
based on combined epifluorescence microscopy and Monte Carlo simulations,
generalizes to colloidal particles the concept of molecular amphiphilicity that is so
pervasive and useful in nature and technology.

Future Plans: The structures that we have observed are analogous to the micellar
shapes adopted by standard molecular amphiphiles, although an agenda for future study
will be to understand the delicate question of how their shapes evolve from the dilute
concentrations considered here to concentrated suspensions. Our findings can be
generalized in several ways. We have recently developed scale-up methods that make it
possible to functionalize a wide range of particle sizes, as small as 200 nm, to be
chemically asymmetric, giving this concept potential application in industrial practice to
replace molecular surfactants in certain functions. Furthermore, other self-assembled
structures can be expected when the balance is varied between the respective areas of the
hydrophobic and hydrophilic patches, and also when solid surfactants of different sizes
are mixed. On the applications side, it is expected that solid surfactants of the kind
described here will segregate strongly to liquid interfaces, thus stabilizing emulsions and
foams. We conjecture that the wormlike strings (see figure) may also modify suspension
rheology as well as serve as vehicles within which to encapsulate cargo for subsequent
release.

An extension that can be easily implemented is the use of more complex shapes than
spheres. In the same spirit, whereas we have first focused on amphiphilicity because it is
one of the most pervasive forms of chemical asymmetry, the exploration of more subtle
interactions, such as hydrogen bonding, molecular recognition, and the attachment of
macromolecules, offers other potential extensions.
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Variation of salt concentration causes amphiphilic particles (diameter 1 um) in aqueous
solution to assemble into clusters of various sizes and shapes. The images with green
background represent epifluorescence experiments. In the Monte Carlo computer
simulations, blue and yellow colors represent charged and hydrophobic hemispheres,
respectively. Panel A shows discrete particles for the case of particles in deionized
water. Panel B (I mM KNQO3) shows small clusters (up to nonahedra) in equilibrium
with one another. Panel C (5 mM KNQO;3) shows long, branched wormlike strings. The
simulations (right) confirm that the assembly of small clusters into strings occurs as the
range of the electrostatic repulsion, relative to hydrophobic attraction, decreases with
increasing salt.
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Program Scope:

The program objective is to study, to design, and to optimize the adhesive strength,
toughness, and frictional properties of bio-inspired fibrillar structures. The proposed work
combines fabrication and modeling of, and experiments on model fibrillar materials. These
include a novel film-terminated fibrillar structure that has demonstrated significantly enhanced
adhesion compared to an unstructured, flat control sample. Our approach isto

a) Fabricate and characterize model two-level structures with superior contact, adhesive, and
frictional properties.
b) Establish theory behind and design principles for these structures.

Recent Progress

We have recently begun an investigation of the frictional properties of our film-
terminated fibrillar samples. Figure 1(a) shows a typical scanning electron micrograph of the
fibrillar sample, which consists of a thick backing topped by a set of fibrils that themselves are
terminated by a film. All components are fabricated using poly(dimethylsiloxane) (PDMS) by
molding it into microfabricated silicon wafers [1,2]. The fibrils have square cross-sections with
10 microns sides. They have variable length and inter-fibrillar spacing.

While we and others have recently studied how such fibrillar structures can enhance
adhesion as measured by normal separation of the interface, little work has been conducted on the
behavior of these novel materials under shear [1-4]. In contrast, most adhesion enhancement in
natural systems has been found under shear loading [5,6]. The connection between adhesion and
friction is an important fundamental problem [7,8] and our fibrillar architecture can provide a
model material for its study.

Our experimental set-up is shown schematically in Figure 1(b). A fixed vertical load is
applied to the specimen through a spherical glass indenter; its magnitude is controlled by a
mechanical balance. The assembly is mounted on an inverted optical microscope and the sample
is pulled horizontally at a fixed rate by a DC motor. Simultaneously, we record the force that
resists this motion as well asimages of the contact region.

Figure 2 shows typical measured shear force-displacement traces for three fibrillar samples
with fibrillar length of 30 microns and three different values of inter-fibrillar spacing, w. Also
shown is the force-displacement trace for an unstructured flat control sample. A striking feature
isthe presence of a“static friction” peak that signifiesinitiation of steady sliding. The peak shear
force is many times greater in magnitude than both the shear force required to sustain steady
sliding (the “dynamic friction” force) and the shear force required to initiate sliding in the control.
For the fibrillar samples the static friction peak increases with inter-fibrillar spacing. The
effective work of adhesion, which we have measured in an independent experiment, also
increases with inter-fibrillar spacing in a similar fashion, suggesting a connection between
adhesion and friction. Another interesting feature of these data is the fact that the dynamic
friction force is nearly the same for al inter-fibril spacings. In addition, it is very similar in
magnitude to that of the flat control.
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Fig. 2. Simultaneous patterning of differentially labeled TMV nanotemplates (Cy3 vs
Cy5) via DNA probe specific addresses.

Multilayer coatings of viral assembled nanotemplates. Mixed or multilayered
inorganic coatings can be used to introduce novel characteristics and functionalities into a
device. We have recently developed strategies for the layered deposition of inorganic
compounds onto the surface of TMV. Silica-coated TMV is successfully used as a
template for platinum and palladium metal nanoparticle deposition. The coatings were
comparable to previous improvements made over the wild-type virus using genetically
modified TMV for the case of platinum, and were improved in the case of palladium over
similar procedures on the unmodified wild-type TMV template. These results show the
first layering of inorganic materials obtained using a virus template. This is
advantageous as silica coating enables the use of organic solvents that would normally
degrade the biological templates, opening the potential for a wide array of new coating
techniques. Future potential for this technique also lies in the ability to alternate between
silica and metallic nanoparticle shells with the intent to create nanomaterials with novel
conducting or surface-reactive properties.

Future Plans

We continue efforts to refine and expand the potential use of our
continuously coated virus arrays as battery electrodes and capacitors. Specifically, we
are investigating other electrode metals and chemistries with the aim of developing more
robust energy generating and storage devices. We also continue efforts to optimize
coating strategies for additional metals and inorganics, such as palladium, platinum, zinc
and silver. Our goal is to assemble both cathode and anode electrodes using differentially
coated virus templates. In addition, efforts are planned to expand upon our abilities to
assemble and pattern virus templates onto different surfaces. At present we have utilized
hybridized DNA probes on glass and chitosan surfaces or direct gold-thiol bonds to
attach and pattern virus nanotemplates. We are currently modifying these existing
methods and investigating additional strategies to pattern virus templates onto a variety of
different substrates, including silica, conductive glass and polymers. Results from this
study should lead to new applications for coated viruses, such as patterned conductive



surfaces on flexible polymer sheets. We continue efforts to genetically modify the virus
template to display new amino acid residues and peptides that can be screened for novel
inorganic binding properties. Finally, we are collaborating with a metrologist, Professor
Eric Stach, (Purdue Univerisity) to develop techniques to measure the electrical
properties of a single coated TMV nanorod and to use high resolution TEM to monitor
in-situ the behavior of palladium coated TMV in the presence of gases such as hydrogen.
Our long-term goal is to demonstrate the application of this easily renewable
biotemplates for the assembly and enhancement of nano-devices.
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Self-Assembling Biological Springs: Force Transducers on
the Micron and Nanoscales.

B. Khaykovich', N. Kozlova? C. Hossain®, A. Lomakin? D. E. Moncton?, and
G. B. Benedek®**

Program Scope and Definition

Self-assembly of helical ribbons in complex fluids is an interesting phenomenon, which poses
fundamental questions about the molecular structure, elastic properties and kinetic evolution of
these objects. In particular, quaternary solutions such as human gallbladder bile, which contain
cholesterol, non-ionic surfactants and lipids, spontaneously form helical ribbons with
characteristic pitch angles of 11 and 54°. These helical ribbons form in a variety of axial lengths,
widths and radii. Remarkably, however, they all have pitch angles of either 11 or 54° [1].

The first objective of our research program is to determine the molecular structure of the
helical ribbons. We have suggested previously that the remarkable stability of each of the two
pitch angles results from an underlying crystalline structure of the sterol ribbon strips. We
believe that the two different pitch angles correspond to either two different crystal structures or
growth directions of the ribbons. In order to probe the molecular structure of the ribbons, we
used x-ray diffraction from individual helical ribbons. Using a synchrotron x-ray source we have
indeed observed Bragg reflections from individual ribbons having 11° pitch angle and deduced
the parameters of the unit cell [2].

Next, we have been able to tether fine glass capillaries to these ribbons and subject
them to well defined axial forces [3]. We intend to use the helical ribbons as mesoscopic springs
to measure quantitatively the forces acting in nano-scale biological systems. As a first step, we
are studying the dependence of elastic modulii of the helices as a function of thickness.

Recent progress

We report the results of x-ray scattering studies of individual helical ribbons formed in
multicomponent solutions of cholesterol solubilized by various surfactants [2]. The solutions
were: chemically defined lipid concentrate (CDLC) and model bile. The helical ribbons are long
rectangular strips, which curl along a cylindrical surface. These objects form spontaneously
upon supersaturation of the solution with respect to cholesterol by dilution. The most important
observations on cholesterol helical ribbons are as follows [1,2]. (i) These helical ribbons form in
a variety of axial lengths, widths and radii. Remarkably, however, almost all have pitch angles of
either 11 or 54°. Helical ribbons of the same pitch angles have been observed in over 20
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02139.

% Materials Processing Center, Massachusetts Institute of Technology, 77 Massachusetts Ave.,
Cambridge, MA 02139.

® Department of Physics, Massachusetts Institute of Technology, 77 Massachusetts Ave., Cambridge, MA
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solutions with variable sterols and surfactants. (ii) Sterols dominate the chemical composition of
our strips. (iii) Our ribbons are much thicker than even multilamellar phospholipid membranes.
We expect that the thickness ranges from tens of nanometers to several microns. (iv) Helical
ribbons are metastable intermediates on the pathway of cholesterol crystallization in
supersaturated solutions.

We summarize here briefly the results of x-ray diffraction measurements which we
reported recently in Ref. [2]. We have demonstrated that the helical ribbons having pitch angle
of 11° in CDLC and model bile are constituted of coiled single crystal strips. These strips have
a crystal structure very similar to that of cholesterol monohydrate. The essential difference
between these two structures is in the tripling of the size of the unit cell along the ¢ axis for our
helices. The plane of the strip lies in the ab-plane, while the direction of preferred growth, i.e.
the long edge of the strip lies along the b-axis. Since the angle between a and b-axes is 101°,
the angle between the perpendicular to the edge of the ribbon and the a-axis is 11°, which
coincides with the observed pitch angle. Thus, it appears that the preferential bending direction
in low pitch helices is along the a crystallographic axis.

It appears that the range of spring constants of our helices is such that they are suitable
for measuring forces acting between nano-scale biological objects, such as antigen-antibody
and enzyme-substrate interactions, actin polymerization, etc. Therefore, the second major goal
of our research program is to apply the helical ribbons for biological force spectroscopy. In order
to measure the forces, we need to know the spring constant of individual ribbons. We believe
that the spring constants can be determined entirely by the external dimensions of the helices.
The geometry of the helical ribbons is characterized by the radius (R), width (w), thickness (t),
contour length (s), and pitch angle (). The axial length of a ribbon is | = s sin(y). We have

previously studied the elastic properties, including tension-induced phase transition, of these
helical ribbons [3]. These results were analyzed and explained using a crystal model for the
structure of the elastic free energy. According to the model, the radius of the ribbons is
determined by a balance between strip elasticity and a spontaneous bending force. This force
arises from different interfacial energies of the two opposite faces of a strip constituted of
asymmetrical cholesterol molecules. The radius of the ribbon is given by

R=(2/K,)K, cos*(y). Here v is the pitch angle and K, is a combination of the coefficients
of the elastic modulus tensor associated with the bending of lines parallel to the contour length.
K, is a spontaneous curvature constant. The spring constant K = (8w/R?s)K . We will

measure both R and K as function of the thickness and therefore determine the thickness

spring

spring
dependence of the elastic moduli: K, and K, . According to the crystal model, K, may scale as

the cube of the ribbon thickness and K_ may depend linearly on the thickness [3]. However the

actual dependence of the radius on thickness has never been measured. We also wish to
determine if the experimentally observed distribution of radii of helices is a result of a distribution

of strip thicknesses. From the dependence of K, and K, on thickness we shall be able to

determine the spring constant of any chosen ribbon solely on the basis of optically measurable
external dimensions. We have already begun the measurements of the thickness of the ribbons.

The thickness of the ribbons is less than 1 ym. This is below the resolution of most
optical microscopes. Therefore, we established collaboration with colleagues at MIT
Spectroscopy Laboratory. We are using a unique interference microscope recently developed in
that Laboratory, a tomographic phase microscope [4]. This microscope is capable of
determining the thickness of any selected ribbon curved in the solution. We are currently
working on optimizing the optical setup for reliable measurements of the ribbons of different
sizes. Figure 1 shows the result of a preliminary experiment. Figure 1b shows a two-
dimensional map of the phase of the wavefront reaching the detector. Only the part of the ribbon
which rests on the cover slip is in focus. The difference in phase is due to the difference of
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refractive index between the ribbon and the media. The thickness t is deduced from the phase
by t= Ago/Zﬂ(l/An), where Ag is the phase difference between the ribbon and the
background, 4 =633nm is the wavelength of light and An is the difference in refractive index
between the ribbon and the medium. For the ribbon on Figure 2, the thickness is approximately
200 nm while the diameter of the ribbon is about 30 uym (as determined by regular phase-
contrast microscope).

Figure 1 Images of different helical ribbons taken by (a) standard phase-contrast and (b) interference
microscopes. In figure (b) the colors correspond to the relative phase of the light wave reaching the detector.
The phase difference is proportional to the thickness.

Future Plans

Once the connection between the thickness and radius is established, the next crucial step is to
determine the spring constant of individual ribbons as a function of the thickness. This
information will allow us to determine the elastic constant of any ribbon just by measuring its
radius, length and width. Since the ribbons come in a wide range of radii, we would then be able
to choose a spring of desired elastic constant. The measurements of the spring constants will
be done by measuring elongation under applied force. This will be possible once we refine the
methods of tethering to individual ribbons.

In addition, we are currently working on developing reproducible and reliable methods of
tethering to individual helical ribbons. We are pursuing two different, but related strategies. One
direction is to modify existing helical ribbons in CDLC in order to functionalize their surface.
Another direction is to specifically engineer new or modified classes of materials which would
self-assemble into robust helical ribbons with high yield and have easily functionalizable
surfaces.
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equilibrium monolayer must thus be small. For comparison, non—equilibrium desorption experiments
(similar to those reported by others and used to characterize exchange dynamics) were performed (Fig. 3).
From the temporal profile of the surface density of SF active species (vCO) desorption into neat water is
obviously much slower initially and characterized by a substantial induction period. A detailed analysis of
these studies has been submitted for publication.

As part of the desorption experiments we
it it ' ' ' concurrently monitored the number of oriented
' water molecules in the interfacial region (done via
measuring their SF intensity at 3150 cm™). When
neat water is introduced, this intensity immediately
drops by 50% (Fig. 3). This indicates a severe
disruption of interfacial water structure induced by
minute changes in the surface layer. Slowly,
monomer desorption ensues. The monolayer is
negatively charged at full coverage, a phenomenon
commonly referred to as overcharging,' and retains
o 2000 4000 . 6000 . 8000 . 106000 . 12000 this charge during this initial period. Gradually, the

Time (s) point of charge neutrality is reached at f#,. At this

Figure 3. Desorption kinetics of a C12-H monolayer. At tlm.e a degree of S tructure re.turns o water in the

time 7,, the surfactant solution was replaced by neat water. region, but a detailed analysis of the phase of the

Charge neutrality of the interfacial water layer is reach at 7. VSFS response demonstrates that the interfacial

water molecules have flipped to an orientation with

their hydrogen atoms pointing toward the liquid phase, whereas water molecules above an intact

monolayer are oppositely oriented. During this same time the defect concentration of the monolayer
reaches a critical level and desorption then proceeds at a much higher rate.

The direct measurement of monomer exchange rates of interfaces at equilibrium adsorption density
has important implications for our understanding of self—assembled monolayers. A simplified, three step,
monomer exchange process is described in Fig. 1. The surfactant is first released from the monolayer (rate
constant kp). The novel, non-linear spectroscopic approach presented here reveals the dynamism of such
interfaces. These VSFS results also demonstrate the importance of understanding the structure of liquid
adjacent to the monolayer as this structure strongly affects system dynamics. From this realization we
may also infer a reason for the wide variation in reported rates of equilibrium and non—equilibrium kinetic
parameters.'' The structure of the liquid phase adjacent to the monolayer governs the energetic barriers
and thus the kinetics of monomer exchange. This structure is demonstrably highly fragile. Only very few
molecules can be withdrawn from the monolayer at a given time and if they are not replenished instantly,
further desorption incurs high energetic cost because it disturbs the highly—coordinated hydrogen bond
structure of water molecules within the interfacial region.

Zeff (a'u')

Ongoing and Near-Future Plans

Our planned studies of monolayer structure and assembly at the solid/liquid interface include:

* measuring the molecular structure and bonding of charged surfactants as they assemble at the surface
of charged mineral surfaces in solution and exploring how the interfacial water plays a role in the
assembly of surfactants at the aqueous/mineral interface.

* determining how surface-adsorbate interactions and the assembly process vary with the composition
of the aqueous phase (i.e. inorganic salt, pH, ionic strength etc.).

* conducting time-resolved spectroscopic measurements of the assembly process to determine the rates
of adsorption and desorption of monomers during the assembly process, the dynamic behavior of
interfacial water, and the effect of ions, solutes and surface composition and charge on these rates.
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In another area (not described above that involve publications 3, 4, 5, 8,9, 10) we seek to expand our
knowledge of the molecular properties of water, solutes and surfactants at the surface of hydrophobic
films and polymers in aqueous solutions by:

* measuring the structure and bonding of water and solutes at fluorinated polymers, and fluorocarbon
(FC) monolayer assemblies, and comparing them with their hydrocarbon (HC) counterparts.

* using signature vibrational modes of water that are indicative of weak bonding interactions to
measure the behavior of weakly interacting water molecules found at these interfaces and to examine
the factors that lead to (where possible) penetration into hydrophobic films.

* examining what effect pH, adsorbed solutes and different charged ions have on molecular structure
and bonding at the FC-monolayer/water, HC-monolayer/water and polymer/water interfaces.

* conducting computational studies that calculate the VSF spectrum using MD simulations,
determining from these calculations the best model(s) to use to accurately describe the system by
comparison with experiment, and extracting additional molecular information from the results to

complement and augment the understanding derived from the experimental studies.
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Program Title: Design, Synthesis & Characterization of Novel Electronic & Photonic BioMolecular
Materials

Principal Investigators: J.K. Blasie, W.F. DeGrado, J.G. Saven & M.J. Therien

Mailing Address: Department of Chemistry, University of Pennsylvania,
231 South 34" Street, Philadelphia, PA 19104-6323

Email: jkblasie@sas.upenn.edu

Program Scope:

Linearly extended conjugated chromophores can now be designed to possess an electron donor-
bridge-acceptor motif, and thereby exhibit efficient light-induced electric charge separation over large
nano-scale distances. Closely related chromophores can be designed to also minimize their HOMO-
LUMO bandgap and thereby optimize their molecular non-linear optical polarizability. These exceptional
microscopic properties can be exploited to result in novel macroscopic electro-optical materials if the
following can be controlled and thereby optimized: a) the positional & orientational ordering of the
chromophores in a 2-D or 3-D ensemble, b) the conformation & symmetry of the chromophore within the
ensemble, and c) the interaction among the chromophores in the ensemble. Exceptionally stable, artificial
a-helical peptides based on n-helix bundle structural motifs (e.g., n=2-6) can now be computationally
designed to achieve these three key goals. The interior of the bundle can be designed to control the local
environment, conformation and vectorial orientation of the chromophore within the bundle. The exterior
can be designed to control the vectorial orientation and ordering of the peptide-chromophore complexes
within both 2-D and 3-D ensembles. Importantly, incorporation of the chromophore into the core of the
bundle with its exterior controlling the nature of the ordering of the complex in the ensemble provides for
the additional control over chromophore-chromophore interactions within the ensemble. For example, in
non-linear optics, the lack of control of interactions between chromophores is thought to be responsible
for the inability of chromophore ensembles to achieve their predicted material properties. In the case of
light-induced electric charge separation, the inability to achieve purely uni-directional charge separation
over large nano-scale distances is thought to contribute substantially to their relatively low efficiencies.
The n-helix bundle structural motifs are chosen for the artificial peptides because of their significantly
higher stability compared to natural proteins. However, the interior of the bundle scaffold may not be so
stable to the supramolecular assembly process required to form a sufficiently ordered material. Thus, it is
important to monitor structurally the various stages of the self-assembly process starting from the
designed peptide, e.g. a particular n-helix bundle, to the incorporation of the extended conjugated
chromophore, through to the supramolecular assembly of the peptide-chromophore complexes into an
ensemble material ordered on a macroscopic scale. Since the desired material properties need not require
long-range periodic order, as opposed to orientational order, in two or three dimensions, structural
determination in the absence of such “crystallinity” is essential. As a result, the research program
necessarily involves a strong coupling of chromophore design and peptide design, with essential structural
and functional characterization at the microscopic level of the isolated chromophore-peptide complex, as
well as at both the microscopic and macroscopic levels within the 2-D & 3-D ensembles. These essential
structural and functional characterizations can then provide important feedback to the chromophore and
peptide design process to result in the desired optimization of the macroscopic material properties of the
ensemble. Thus, the research program described can only be accomplished via a highly collaborative
multi-investigator approach.
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Recent Progress:

A recent example is used to demonstrate our approach. Extended conjugated chromophores,
based on linear arrays of metallo-porphyrins and/or metal-polypyridyl complexes, exhibit exceptional
non-linear optical (NLO) properties. As mentioned above, these microscopic properties can be exploited
to result in a macroscopic electro-optical material if the following can be controlled and thereby
optimized: a) the positional & orientational ordering of the chromophores in a 2-D to 3-D ensemble, b)
the conformation & symmetry of the chromophore within the ensemble, and c) the interaction among the
chromophores in the ensemble. With regard to chromophore conformation, it has been recognized that D,
& D,; symmetries, for example, could be exploited for the design of single-oscillator octupolar NLO
chromophores. Such conformations have been recently detected only as thermally accessible, minor sub-
populations of the otherwise symmetric chromophores, e.g., ethyne- & butadiyne-bridged Zn-porphyrin
dimers, present in solution, via their second order NLO response measured by hyper-Rayleigh light
scattering (publication 2).

A de novo designed amphiphilic 4-helix bundle peptide, designated APO, has been utilized to
incorporate extended conjugated NLO chromophores. Previous experimental studies demonstrated that
altering the position of the chromphore’s binding site in the primary sequence of the helices, e.g. through
a histidyl residue binding a metallo-porphyrin in the chromophore via axial ligation of the metal atom,
appears to effectively control the chromophore’s spatial position and vectorial orientation within the
peptide scaffold (publication 8). The bundle’s designed amphiphilicty provided for the orientational
ordering of peptide-chromophore complexes within 2-D ensembles at the liquid-gas and solid-gas
interfaces with high in-plane chromophore density (publication 9). Second Harmonic Generation (SHG)
has recently been demonstrated for one such complex at the latter interface, importantly demonstrating
the preservation of the chromophore’s molecular hyperpolarizability in the macroscopic response of the
ensemble.

Nevertheless, the atomic-level 3-D structure and dynamics of the complex must be investigated.
The peptide is expected to modulate the conformation & symmetry of the chromophore, which is key to
optimizing the chromophore’s hyperpolarizability and resulting nonlinear optical response of the material.
Unfortunately, the structural methods utilized to demonstrate the orientational & positional ordering of
the peptide-chromophore complexes at these interfaces are capable of providing neither atomic-resolution
detail concerning the chromophore’s conformation and local environment nor its dynamics within the
peptide-chromophore complexes, especially in the absence of long-range, 2-dimensionally crystalline
order in the ensemble. Classical Molecular Dynamics (MD) simulations are capable of providing such
information, and importantly, the predictions from such simulations can be rigorously tested
experimentally (publication 10). We have found that the designed coiled-coil structure of the particular 4-
helix bundle peptide and the local environment of the chromophore in the bundle are dominant in
determining the conformation and dynamics of the chromophore (publication 11). The designed coiled-
coil structure induces an inter-planar twist of 20-25° between the two Zn-porphyrin least-squares planes
about the axis of the butadiyne bridge of the chromophore, dependent neither upon the choice of initial
configuration nor the chromphore’s inter-planar torsional potential employed in the MD simulations.
Importantly, the fluctuations about the mean twist-angle are limited to less that = 5°. Thus, it would
appear that gaining control over coiled-coil structure of the 4-helix bundle peptide should provide an
elegant tool to optimize the chromophore’s NLO response (see below).
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Future Plans:

Non-Linear Optics: With regard to the example described in the Progress section above, a
computational design approach based in statistical thermodynamics (publication 3) will be used to design
4-helix bundle peptides to incorporate such extended conjugated chromphores, based on linear arrays of
metallo-porphyrins and/or metal-polypyridyl complexes, with selected coiled-coil structures, described by
inter-helical crossing-angles ranging from ~30° (i.e., highly coiled helices) down to ~0° (i.e., uncoiled
straight helices). Recent progress has already demonstrated such control by design over the coiled-coil
structure of an amphiphilic 4-helix bundle peptide in the absence of an incorporated extended
chromophore. The structures and dynamics of these so-designed 4-helix bundle peptide/extended
chromophore complexes in 2-D monolayer ensembles will be investigated by MD simulations and
compared with experimental results from x-ray & neutron reflectivity and grazing-incidence x-ray
diffraction, with regard to bundle structure and inter-bundle ordering, and from circular dichroism and
hyper-Rayleigh light scattering, with regard to chromophore conformation. In addition, this
computational design approach will be utilized to a) gain control over the orientational and positional
ordering of the peptide-chromophore complexes in 2-D monolayer ensembles to approach 2-D crystalline
order and to b) utilize folded single-chain peptide designs instead of associated quaternary structures to
better control the vectorial association of the complexes with inorganic surfaces, key to both single
particle and ensemble based device applications for such peptide-chromophore complexes. 3-D
crystalline ordering of a water-soluble 3-helix bundle peptide in the absence of an incorporated
chromophore has already been achieved by design and demonstrated experimentally. Folded single-chain
designs incorporating a non-biological chromophore have also been recently achieved and demonstrated
experimentally (publication 4).

Light-Induced Electric Charge Separation: In addition to the above, we plan to extend our
approach to the closely related, linearly extended conjugated chromophores possessing a donor-bridge-
acceptor motif to exhibit efficient light-induced electric charge separation over large nano-scale distances.
The computational design approach will again be key to gaining control over chromophore conformation
within the n-helix bundle/chromophore complex critically important to maximizing charge separation and
minimizing charge recombination. Similarly, the structures and dynamics of these so-designed n-helix
bundle peptide/extended chromophore complexes in 2-D monolayer ensembles will be investigated by
MD simulations and compared with experimental results from x-ray & neutron reflectivity and grazing-
incidence x-ray diffraction, with regard to bundle structure and inter-bundle ordering, and from polarized
transient absorption/emission spectroscopy, with regard to chromophore conformation. Electric charge
separation & charge recombination rates will be determined at the microscopic level in the monolayer
ensembles via transient IR spectroscopy, while charge separation efficiency will be measured with
traditional approaches for ultrathin film devices at the macroscopic level. In addition, this computational
design approach will similarly be utilized to a) gain control over the orientational and positional ordering
of the peptide-chromophore complexes in 2-D monolayer ensembles to approach 2-D crystalline order
and to b) utilize folded single-chain peptide designs instead of associated quaternary structures to better
control the vectorial association of the complexes with inorganic surfaces, key to both single particle and
ensemble based device applications for such peptide-chromophore complexes.

Extension from 2-D to 3-D: The plans described above concern primarily 2-D monolayer
assemblies of the peptide-chromophore complexes with regard to both potential device applications.
Future work will also include new peptide design approaches for the step-wise directed assembly of linear
arrays of the peptide-chromophore complexes. This development, based on orthogonal
protection/deprotection chemistry employing non-biological amino-acids, is important for both single
particle nano-gap and multilayer ensemble based device applications for such peptide-chromophore
complexes. The first phase of such an approach has also been recently achieved (publication 5).
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DOE- DFK-FGU2-05KER46223, P. Leslie Dutton (P1)
Modular Designed Protein Constructions for Solar Generated H, from Water

P. Leslie Dutton.
The Johnson Research Foundation, Department of Biochemistry and Biophysics,
University of Pennsylvania, Philadelphia, PA 19104. dutton@mail.med.upenn.edu

The long-term goal of this grant is to equip synthetic protein designs with light activated electron
tunneling-mediated charge-separation and then couple electron transfer to bond-breaking/forming
catalysis of water-splitting to form oxygen and hydrogen. This goal relies on learning how to abstract and
translate sophisticated photocatalysis from natural to synthetic molecular system (maquettes). Although
many bio-inspired structures have been constructed, structure without function is insufficient. The first
section is describes engineering guidelines we are uncovering to couple electron tunneling to redox
catalysis. The second is corresponding assembly instructions for building function into maquette
structures, while the third describes scanning probe microscopy of amphiphillic versions of the redox
magquette helical bundles. The final section describes construction and incorporation of various redox
centers, including Fe and Mn clusters for hydrogen and oxygen evolving catalytic sites.

Engineering guidelines derived from natural oxidoreductases: We are extending our empirically-
derived principles of molecular engineering of electron tunneling in natural oxidoreductase proteins to
include the coupling of electron transfer cofactor chains to substrate sites where adiabatic high-barrier,
bond breaking and forming chemical catalysis takes place. Column 1 of Figure 1 describes a
conventional biochemical catalytic reaction with no electron transfer in which it is difficult to predict
reaction rates. Column 4 describes long distance electron transfer without catalysis, in which our
understanding in redox cofactor chains is now good, quite predictive and sufficient to have been
reproduced in synthetic constructs including our designed model maquette proteins. In between these two

extremes, electron transfer is . . . ;

i Conventional Borderline Interfacial Chain electron
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We contend that some of the basic electron tunneling engineering principles uncovered for natural
electron transfer chains also operate when electron tunneling is coupled to catalysis. Moreover, it appears
that Nature has exploited the ability to use short distances to speed inherent electron tunneling rates as a
means to overcome significant energetic barriers associated with the catalysis. Thus, we recognize that in
such a role, the single electron tunneling interface between redox cofactor chain and bond making and
breaking chemistry is positioned to exert major influence over the rates and perhaps direction of the
catalysis itself. These developing principles abstracted from nature are beginning to inform synthetic
maquette protein constructions designed to perform significant light and oxidant or reductant driven
catalysis. This long-term piece of work done by Christopher C. Moser, Christopher C. Page, Sarah E.
Chobot and P. Leslie Dutton is approaching completion, to be submitted to Proc. Natl. Acad. Sci. USA.

surfaces

Uncovering the assembly instructions of function in proteins using hydrophilic maquettes: We have
adopted a different approach to address how many engineering elements are required to achieve a
particular biological function. Our questions ask what are the individual biochemical and structural

168



tolerances ot these elements and how much ot a protein infrastructure 1s consumed 1n accommodating the
function? We have shown that through the stepwise incorporation of engineering elements, it is possible
to start from a functionally featureless peptide comprising just three different amino acids with a length
and sequence selected to ensure association as a water-soluble, molten globular four-a-helical bundle, and
produce a heme-containing protein maquette with native-like tertiary structure that performs the
myoglobin or neuroglobin-like function of dioxygen binding to the ferrous heme. We find as
schematically presented in Figure 2, that inclusion of two such elements to create a strained bis-histidine-
heme ligation is only sufficient to support oxygen binding at low temperature (H10A24-HP6); inclusion
of a third element (HP7) to restrict inter-helix motion renders the oxyferrous-heme state stable at 16°C.
Restriction of this motion is crucial as water penetration is minimized for stable oxyferrous-heme
formation. The demonstration of an uncovering of the ‘assembly instructions’ for maquettes promoting
stable generation of the primary step in respiration and a wide variety of oxidative chemistry represents a
major step forward for the development of catalytic maquettes. This sequential, biochemically-informed
maquette approach appears viable for the design of synthetic proteins performing catalysis generally. This
work was done by Ron L. Koder, J. L. Ross Anderson, K.S. Reddy, Lee A Solomon, Christopher C.
Moser and P. Leslie Dutton, is complete and will be submitted to Nature.

H10A24 BBL31M  HP1 HP6 HP7 C38S HP8 AP6

N LD LD LD -

* +
/AN

Fig 2. Stable room temperature oxyferrous-heme A or B is formed in maquettes with strained heme Fe histidine
ligation and constrained helix motion; this is achieved in hydrophilic (HP) maquettes, HP7 and variants. The first
four are defined maquette designs altered progressively until HP7. HP8 is a single sequence peptide of the next
generation. Early work with amphiphilic (AP) maquette, AP6, also revealed formation of the oxyferrous state and
opens rhe door to functionalizing membrane associated maquettes. Dark grey represents tertiary structures of the
helices induced by heme ligation; a second heme added to HP1 structures all four helices (not shown).

Amphiphilic Maquettes: We have synthesized a new set of amphiphilic maquettes (AP6 series)
schematically shown in Figure 3. The tetrameric AP-6 maquettes assemble with up to six ferric hemes B
per tetramer. The AP maquettes co-solubilize with diblock copolymers or lipids and on an air-water
interface, they compress to specific surface pressure, and can be transferred by Langmuir - Blodgett
technique on HOPG (highly ordered pyrolytic graphite) surface. The films containing diblock
copolymers reveal a surface roughness of about 5 nm, which is unacceptable for electrical measurements
because of a crosstalk between topographical signal and electrical conductivity measured. The films with
saturated lipids demonstrate that the roughness of supported lipid films with embedded AP-6 maquette
decreased to about 0.5 nm. Using the lipid-maquette mixtures, we have tested several scanning probe
microscopy techniques that would allow us to measure the electrical properties of the films. We have
determined that the mode that leads to most reproducible measurements of the current is conductive AFM
with torsional resonance feedback. In this mode, the amplitude of torsional oscillations of the tip is kept
constant allowing the surface distance and the conductivity between the tip and the surface to be
measured simultaneously. We are currently improving the resolution and current stability by switching
from measurements of DC conductivity to AC conductivity in a wide range of frequency from 20 kHz to
1 MHz, thereby improving the signal-to-noise ratio of the electrical signal. The second scanning
microscopy technique that will provide useful means of characterization is scanning impedance
microscopy, scanning probe technique based on the detection of the phase change of cantilever
oscillations induced by a lateral bias applied to the sample. This technique can be used to determine 2D
impedance at the nanoscale level (Fig. 3). This work is being done in collaboration with Prof. Dawn
Bonnel at the department of Materials Science and Engineering at the University of Pennsylvania and it
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will be submitted to Nano
Letters: M.P. Nikiforov, D.A.
Bonnell, P.L. Dutton, B.M.
Discher. Assembly and
electrochemical characterization
of  biomolecular electronic
interfaces from redox-active
protein maquettes incorporated
into lipid monolayers.

Redox centers
a) Naphthoquinone amino acid

for one- and two-electron
Fig.3: (a) Schematic drawing of an AP-6 maquette with 3 heme b chemistry at potentials
binding sites. (b) Topographic, impedance, and noise images for patch reducing enough for H,
of the film containing heme/AP6/DPPC = 3:1:200 on HOPG surface.
Line profile for topography and impedance images revealed 2 layers
formation within the film. The impedance scales linearly with the
number of layers.

production. In  membrane
proteins, with few exceptions,
quinones are bound weakly and
have neither clear binding site
sequence nor structural
consensus. We have dodged these problems to include a quinone in our maquette designs by synthesizing
a novel, Fmoc-protected naphthoquinone amino acid (Naq) functionally similar to the natural
menaquinone or vitamin K family. Naq was chosen in part because in the quinone form usefully is
physically similar to tryptophan to aid modeling. Naq has been proved to successfully incorporate in
peptides along with other natural amino acids using a synthesizer, and without
damage from the de-blocking measures required to expose the quinone
carbonyls. Naq oxidation-reduction contained in a heptamer (Figure 4,
heptaNaq) in aqueous media follows a typical two-electron (n=2.0) oxidation-
reduction coupled to two-proton exchange (E,; — 0.05V), while in aprotic
solvent Naq potentials for the Qox/SQ and SQ/Qred at —0.60V and —1.33V (vs

NHE) are well below the potentials of 2H/H, under most conditions. This
work is done by Lichtenstein, B.R. Cerda, J.F., Koder, R.L. and Dutton, P.L. Fig. 4) synthetic
and will be submitted as “Reversible Proton Coupled Electron Transfer in a | redox amino acid
Peptide-incorporated ~ Naphthoquinone = Amino  Acid.” to Chemical Naq in a peptide
Communications.

b) Flavins modified for protein association for one and two electron chemistry: The more water-
soluble redox analogue of quinones are the flavins. Flavins are ubiquitous in water-soluble oxidoreductase
proteins where they can perform one electron chemistry, clear two-step electron/proton oxidation-
reductions as well as be a partner for hydride transfer with strict two electron transfers substrates such as
the nicotinamides and carbon-carbon bond redox chemistry common in intermediary metabolism (Figure
1, Column 2). They also are well known to support photo-activated electron transfer. Thus, the flavin is
an important multipurpose cofactor for consideration in our functional designs. However, the high
complexity and reactivity of the flavin has represented a challenge to characterization and does not have
the broad range of variants offered by the quinones. We have approached the examination of the flavin

R moiety as a viable catalytic component by initially
o Ifg) ){Yo R synthesizing simplified flavin variants that are
S;EH/“N\ I:E\ /NYO ..... . highly soluble in organic solvents such as benzene
SN H N N Y ¢]
! ;

that interact minimally with the several polar

Rl R CHCHOMCILON | H"'jj groups of flavin and discourage aggregation. Hence
N R CH(CHOR),CH,0PO, \H\,\' O molecules such as TPARF and DBF (Flg 5 1eft)
o R ORI, - deine open the door to analysis by a full range of
ol R CREHCECH) © spectroscopies especially NMR and IR and
TPARF R =CH{CHOC=082),CH,0C=08z

electrochemistry (see refs 3 and 4) and shown
specifically interacting with Rotello H-bonding
partners (Fig. 5 right).

DBF R = CH,CH(Bx),

Fig. 5) Controlling H-bonding in flavins
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¢) Iron Cluster module for H, generation. @ We have
demonstrated the synthesis of a (m-SR),Fe,(CO)s complex
(74 coordinated to a simple, oa-helical peptide via two cysteine
*: " residues. This peptide serves as a first generation [FeFe]-

P hydrogenase maquette and opens the chemical door for the

creation of more sophisticated peptides containing second

i : coordination sphere residues designed to modulate the properties

of the diiron site. We have also created the first model system for
Fig 6) Di-iron hexacarbonyl studying the reactions of dithiolato diiron carbonyl compounds in
center akin to H,ase in a alpha | de novo designed peptides. Finally, through redesign, hydrogenase
helical synthetic protein. maquettes offer a promising opportunity to develop robust,

artificial, water-soluble, base-metal containing, cheap hydrogen
production catalysts for use in environmentally friendly energy
production strategies (Ref. 5).

d) Incorporating Mn clusters. A novel terpyridine amino acid,

designed to ligate a Mn,O; cluster in the form that Gary Brudvig shows
catalytically splits water in solution, is well on its way to successful >
synthesis. This material is ready to be Fmoc protected and incorporated

into a small Trp-zipper peptide using standard solid phase synthesis to

confirm that this peptide geometry is indeed appropriate for Mn,0,

ligation (ongoing work by R.L. Koder, B.R. Lichtenstein, and P.L.

Dutton).

e¢) Multimeric Zn- porphyrins. We are
testing a family of photoactive porphyrin
dimers that have the potential to be made
into dendrimers thereby becoming light
harvesting. This is work with David Officer
(Wollangong) and Keith Gordon (Dunedin
NZ) Binding was achieved to HP-7.
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A Hybrid Biological-Organic Photochemical Half-Cell for Generating Dihydrogen
John H. Golbeck (PI), Donald A. Bryant (Co-PI)

Department of Biochemistry and Molecular Biology, 310 South Frear Building, The
Pennsylvania State University, University Park, PA 16802

e-mail: jhg5@psu.edu, dabl4@psu.edu

Program Scope or Definition

The goal of this work is to design, fabricate, characterize, and optimize a biological/organic
hybrid electrochemical half-cell that couples Photosystem I (PS I), which efficiently captures
and stores energy derived from sunlight, with either a Fe-Fe Hase or a Ni-Fe Hjase, which is
capable of a high rate of H, evolution. The core idea is to deliver the electron from PS I to the
Hsase rapidly and efficiently using a covalently bonded molecular wire that will connect the
active sites of the two enzymes. The PS I-molecular wire-Hzase complex will be tethered to a
gold electrode through a baseplate of cytochrome cs, which will additionally serve as a
conduit of electrons from the gold to PS 1. Cytochrome ¢s will be covalently bonded to the
electrode through a self-assembling monolayer of functionalized alkanethiols The device
should be capable of transferring at least 1000 e per second from PS I to the H»ase to carry
out the reaction: 2H" + 2¢” + 2hv > H..

Recent Progress

1) Minimizing the mismatch between electron transfer rates of PS I and H,ase

Under full sunlight, PS T is capable of processing ~500 electrons per PS I per second. The
electron transfer rate is limited by the solar flux, not by an inherent rate limitation in the
electron transfer properties of PS 1. The Fe-Fe Hsase is capable of evolving >1000 H, per
second and the Fe-Ni H,ase is capable of evolving >3000 H, per second. One approach to
ameliorate the mismatch in electron transfer rates is to incorporate a larger antenna system in
PS I. Under iron stress, the isid gene is induced in Synechocystis sp. PCC 6803, which leads
to the synthesis of the Chl-containing IsiA protein. Eighteen of these proteins form a ring
containing ca. 225 Chl around the PS I trimer, thereby increasing the antenna size by a factor
of ~2. The main problem is that the iron-limited cells grow slowly and are sensitive to light-
induced chlorosis. We made the recent discovery (Balasubramanian et al. 2006) that
Synechocystis cells grow well under iron limitation and do not become chlorotic when the
iscA gene is interrupted. This gene, we believe, functions in a signal transduction cascade,
leading to changes that guarantee iron is available only for metabolically required activities.
The formation of the PS I/IsiA supercomplexes were verified in the iscA mutant strain using
low temperature fluorescence, EPR, time-resolved optical and cryo-EM spectroscopies.
Steady state kinetic experiments revealed that NADP" reduction rates mediated by flavodoxin
for WT PS I and PS I/IsiA supercomplexes were 113 and 201 umol/mg chl/hr, respectively,
thereby showing that PS I/IsiA supercomplexes promote electrons at a rate faster than WT PS
I. These PS I-IsiA supercomplexes will be used in the future for tethering the Hrase enzyme.

2) Engineering PsaC with a Gly ligand at Cys13 and attachment to PS 1.

PsaC binds two low-potential [4Fe-4S]'"*" clusters termed F and Fg. In the C13G/C33S
variant of PsaC, Gly has replaced Cys at position 13 creating a protein that is missing one of
ligating amino acids to Fe/S cluster to Fg. The present work tests the idea that a rescue ligand
consisting of an external thiolate is retained when inorganic Fe/S clusters are inserted in vitro
into a variant of Escherichia coli-expressed PsaC. Using a variety of analytical techniques,
including non-heme iron and acid-labile sulfur assays, and EPR, resonance Raman, and
Mossbauer spectroscopies, we showed that the C13G/C33S variant of PsaC binds two [4Fe-
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481" clusters despite the absence of one of the biological ligands. °F NMR spectroscopy
showed that an external thiolate indeed replaces Cys 13 as a substitute ligand to the Fp
cluster. The finding that site-modified [4Fe-4S]'"" clusters can be chemically rescued with
external thiolates shows that it is possible to attach an additional electron transfer cofactor to
the protein via a bound, external ligand. Following this logic, the methyl viologen derivative,
1-(3-thiopropyl)-1’-(3-(acetylthio)propyl)-4,4’-bipyridinium, was synthesized and used to
chemically rescue the Fp cluster of the C13G/C33S variant of PsaC. The chemical coupling
was accomplished by loading a Sephadex PD-10 column with the viologen derivative and
flowing the variant PsaC, at a ratio of 1:1, through the column. The tethered PsaC product
was washed by ultrafiltration over a 3 kDa cutoff membrane, allowing any unbound viologen
to pass through. UV/Visible absorption and EPR spectroscopies were performed on the
chemically-reduced, tethered PsaC product, which confirmed the presence of two reduced
[4Fe-4S]"" clusters and a viologen radical. The tethered PsaC was rebound to Fx cores in the
presence of PsaD, thereby resulting in a reconstituted PS I-tether complex. To verify the
ability of the tethered viologen to accept an electron from P700 at high quantum yields,
steady state kinetics at 600 nm and flat cell, room temperature EPR techniques are currently
being employed. Reference: (Antonkine et al. 2007)

3) Photosystem I/metal nanoparticle bioconjugates for the photocatalytic production of H,

The following-proof of concept experiment showed that electrons can be removed from PS I
via the molecular wire and transferred to a Pt catalyst, thereby leading to small amounts of
H,. This work was guided by the knowledge that catalytic production of H; has previously
been accomplished with the aid of metal nanoparticles (NPs). Photocatalytic production of H;
has been achieved by means of ethanol reforming on the surface of Au and Pt NPs supported
on semiconductor materials such as titania (TiO;). These semiconductor materials supply an
input of energy in the form of reducing electrons. A major drawback to this type of
photocatalysis of H; is that the light must have energy greater than the bandgap of titania in
order to produce a charge separated state that is capable of sustaining the reaction of 2H" +
2¢” — H,. The bandgap is 3.2 eV and corresponds to light with wavelengths shorter than
~350 nm. This means that only a very small fraction of incident solar radiation has sufficient
energy to produce this state. Covalent attachment of PS I to Au and Pt NPs provides an
attractive alternative to these titania-supported particles for the photocatalytic production of
H,. PS I has highly favorable properties that lend to its use in such an application. The
pigments that comprise the antenna complex of PS I absorb all wavelengths of light shorter
than 700 nm, which represents 43 to 46% of the total solar emission that reaches the surface
of the Earth. Nearly all of the photons that are absorbed are converted into the charge
separated state Ps0o" Fg', which means that PS I has a quantum yield that ~1.0. The charge
separated state is stable for ~100 ms, and the low potential electrons are poised at a redox
potential favorable for H, evolution. The challenge is to transfer the electron from PS I to the
nanoparticle surface within this 100 ms timeframe. The C13G/C33S variant of PsaC can be
chemically rescued by thiolate ligands and is redox active when bound to P700-Fx cores. As
indicated above, this construct has the ability to transfer electrons from the Fg cluster to a
covalently bound external acceptor. Facile surface modification of Au and Pt NPs coupled
with a capacity to catalyze the reduction of protons to H, make these particles attractive
candidates for this approach. The functionalization of Au and Pt NPs by thiolated molecules
is an extensively explored and well-documented field of study. PS I can be covalently
attached to the surface of these NPs via a dithiol linker molecule. One functional group of
the molecule acts to modify the surface of the particle while the other functional group serves
as the ligand to the Fp cluster. 1,6-hexanedithiol was chosen for these studies due to its
relatively short length (~ 1.2 nm), which will allow for electron transfer from PS I to the NP
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before the charge recombination between P00 and Fg~ can occur according to Marcus theory.
GC analysis shows that only PS I/Au and Pt NP bioconjugates under illumination were able
to generate H,. PS I/Au NP bioconjugates produced 3.4 pmol H, h™' mg Chl™' while PS I/Pt
NP bioconjugates were able to produce 9.6 pmol H, h™' mg Chl”'. No H, was evolved by any
of control that lacked one or more of the components. These results prove that the electron is
being transferred to the NPs only when the rebuilt PS I is covalently attached to the particle
surface by the dithiol linker, and that light produces the charge separated state in PS I
necessary for H, evolution. This proof-of-concept experiment shows that an approach that
links PS I to a site-engineered Fe-Fe or Fe-Ni Hsase for the efficient photoproduction of H,
constitutes a realistic strategy.

4) Re-engineering the small subunit of the Ni-Fe hydrogenase to accept a rescue ligand.

The next step in constructing a viable device is to replace the NP with a site-engineered
H,ase. We have been working with a heterodimeric membrane-bound Ni-Fe Hrase (MBH) of
Ralstonia eutropha H16. The MBH is composed of a large 67.1 kDa subunit, which harbors
the Ni-Fe active site, and a small 34.6 kDa subunit, which binds three Fe/S clusters. The
advantage of this system is that because the two subunits can be expressed separately in E.
coli, it should be possible to tether the small subunit to PS I and determine the quantum yield
of electron transfer through the three Fe/S clusters independent of H, generation. The
external ligand is attached by engineering an open coordination site in the distal [4Fe-4S]
cluster of the small subunit. A 43 amino acid deletion at the N-terminus of the small subunit,
which is the site responsible for affixing the protein to the membrane, has been made to allow
for increased solubility. The distal [4Fe-4S] cluster has a unique His ligation (His187) that
has been varied to a Gly to create an open coordination site. The small subunit lacking the N-
terminal domain with and without the HI87G variation has been expressed in an E. coli
Rosetta derivative with a C-terminal Strep-Tag for ease of purification. The E. coli cells are
grown in excess imidazole so that the distal Fe/S cluster can be chemically-rescued in vivo. It
will eventually be displaced by the tethered viologen in vitro. The presence and type of Fe/S
clusters is currently under study by electrochemistry, and by optical and EPR spectroscopy.

5) Re-engineering the Fe-Fe hydrogenase to accept a rescue ligand.

We are also attempting to couple PSI to a fully functional, expressed Fe-Fe Hase. We have
selected the Hoase, HydA, of C. acetobutylicum ATCC 824 as the optimal enzyme for these
studies based on its ease of genetic manipulation (King et al. 2006; Ghirardi et al. 2007),
hydrogen evolution capacity (2.4 L H, L™ culture h™") (Soni 1987), and its relative stability in
the presence of O,. HydA is highly similar in sequence to the C. pasteurianum hydrogenase,
Cpl, the structure of which has been solved by X-ray crystallography (Peters et al. 1998).
Based upon the homology between HydA and Cpl, a distal [4Fe4S] cluster, is more exposed
than the other Fe/S clusters to the surface of HydA. We showed earlier that a missing
cysteinyl ligand to a [4Fe-4S] cluster can be successful rescued using an external alkyl
thiolate (Antonkine et al. 2007). Thus, these observations led us to consider replacing a
similarly-located Cys ligand in HydA with a non Cys amino acid. If it is possible to rescue
the Fe/S cluster with an external ligand in HydA, a mechanism will exist to attach the tether
to insure a rapid transfer electrons from PS I to the active site of a Hyase. Point mutations in
the second Cys ligand to the [4Fe-4S] cluster have been constructed (G, D, S, A and R). As
shown in the Table, whole E. coli cells harboring the WT hydA gene as well as the site-
specific mutants have been tested for H, evolution using a tested protocol (King et al. 2006).
Current studies are focused on obtaining larger amounts of relatively pure HydA to enable us
to do optical and EPR spectroscopic analyses, electrochemistry, reconstitution experiments of
apo-HydA, and rescue of the missing cysteinyl ligand in the mutants. Studies are also being
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conducted to optimize the rate of H, evolution from the PS I/NP bioconjugate system.
Current efforts are aimed at optimizing the rate of electron donation to PS I, thereby
increasing the number of electrons that are available for H, reduction at the NP surface.

H, evolution activities of [Fe-Fe]-H,ases anaerobically co-expressed with the C. acetobutylicum
maturation proteins (HydE, HydF, and HydG) in E. coli cells DE-3 (BL21)

Organism [FeFe]-H,ase Whole cells extracts
(nmolH,.mI".min™")

E.coli 21

C. acetobutylicum HydA 286

C. acetobutylicum HydA cys97gly 154

C. acetobutylicum HydA cys97ser 219

C. acetobutylicum HydA cys97arg 140"

C. acetobutylicum HydA cys97ala 156"

C. acetobutylicum HydAcys97asp 145"

C. acetobutylicum HydA* 30"

The entry denoted HydA* represents a doubly tagged HydA protein, which carries a hexa-histidine tag at
its N-terminus and a StrepTagll at its C-terminus. The entries marked with a “*” represent provisional values
that will be remeasured to ensure reproducibility.

Future Plans

In addition to the work described above, additional work is currently underway to construct
G82C/D87C variants of cytochrome c¢ from Synechocystis sp. PCC 6803. These changes lie
on an a-helical portion of the protein that opposes the heme. These introduced changes are
designed to orient the cyt c¢s on the gold electrode for optimal electron transfer to PS 1.
Replacement of DCPIP/ascorbate with cyt c¢ is believed to increase the rate of reduction of
P70 Additionally, crosslinking of cyt cs to PS 1 via a zero-length cross linker like EDC will
provide an additional increase in electron transfer.
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Scope of the Research

The aim of our research is design effective methods for manipulating polymeric
microcapsules and biological cells in microfluidic devices. Our system consists of the following
components: soft particles (the microcapsules and cells) that are composed of a deformable shell
and encapsulated fluid, an underlying compliant surface and a host solution. Using theory and
simulation, we determine how the characteristics of the substrate, the polymeric shell,
encapsulated fluid and the surrounding solution affect the motion of the particles in the system
[1-13]. Our goal is to establish how synergistic interactions among the components can be
harnessed to yield the desired behavior, including the movement of the particles to specified
locations along the surface, the rupture of shell and the controlled release of the payload. Some
of our recent findings are described below.

Recent Progress

We investigated [1,2] the fluid-driven motion of compliant particles through
constrictions, which are formed by pillars that extend from the top and bottom walls of a
microchannel (see Fig.1). The entrapment of micron-sized particles in microscopic pores is
beneficial for the efficient functioning of filtration systems
and microfluidic devices for analyzing individual
biological cells. To optimize the performance of these
systems, it is important to isolate factors that regulate the
passage of particles through micron-sized constrictions. In
our simulations, the separation between the pillars that
make up these constrictions is approximately 10 percent
larger than the diameter of the undeformed capsules. We
introduced an attractive interaction between the capsules
and the tops of the pillars and varied the elasticity of both
the capsules and pillars. Surprisingly, we found that this =] 6
simple system shows a selectivity towards capsules of
intermediate stiffness. Softer capsules are readily deformed A . :

. . . moving in a channel with adhesive
py the viscous forces gnd do not experience the attractive | ojastic pillars. Arrows show velocity
interaction with the pillars, while stiffer capsules cannot | in the fluids. Local strain inside
deform to maximize the favorable contact with the “sticky” | capsule shell and pillars is scaled in
tops. By varying the elasticity of the pillars, we can tailor | colors (6 = 0.02).
the range of capsules that become stuck between the pillars.
The findings provide guidelines for designing filtration systems and yield insight into the factors
that drive particles to block microscopic channels. The results also yield design criteria for
designing effective bioassays for sorting cells by their mechanical properties—a vital function,
as described below.

Figure 1. Snapshot of a capsule
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For Dboth biological cells and synthetic
microcapsules, mechanical stiffness is a key parameter
since it can reveal the presence of disease in the former
case and the quality of the fabricated product in the latter
case. To date, however, assessing the mechanical
properties of such micron scale particles in an efficient,
cost-effective means remains a critical challenge. By
developing a three-dimensional computational model of
fluid-filled, elastic spheres rolling on substrates patterned
with diagonal stripes, we demonstrated a useful method
for separating cells or microcapules by their compliance
[3]. In particular, we examined the fluid-driven motion of
these capsules over a hard adhesive surface that contains
soft stripes or a weakly adhesive surface that contains
“sticky” stripes (see Fig. 2). As a result of their inherently
different interactions with the heterogeneous substrate,
particles with dissimilar stiffness are dispersed to distinct
lateral locations on the surface. Since mechanically and
chemically patterned surfaces can be readily fabricated
through soft lithography and can easily be incorporated
into microfluidic devices, our results point to a facile
method for carrying out continuous “on the fly”
separation processes.

] vielocity

-0.02 strain

Figure 2. Snapshots of an elastic
capsule rolling along a rigid
substrate  patterned with an
adhesive stripe in shear flow. The
system is shown in cross-section
(made through the capsule’s
center of mass). The arrows
indicate the flow direction and the
arrow’s  color indicates the
magnitude of the velocity. The
lines on the substrate mark the
boundaries of a sticky stripe.

(a) : ?
w g
Fig. 3 Snapshots of capsules on the Y-
patterned substrate. (a)-(b): The soft
capsule deforms and moves towards the
adhesive (sticky) branch. (c)-(d): The

stiff capsule moves towards the soft
branch.

Building on the above studies, we simulated
the motion of fluid-filled, compliant microcapsules on
a surface that is decorated with a Y-shaped pattern (see
Fig. 3); as compared to the stem of the Y, one branch
is relatively soft and the other branch is relatively
sticky [4]. The capsules are driven to move over this
substrate by an imposed fluid flow. Upon reaching the
junction point, we found that deformable capsules
preferentially move onto the sticky branch, while
stiffer capsules move onto the soft branch. Thus,
through their inherent interactions with the patterned
domains, the microcapsules are driven to “make
decisions” about their path along surface. Such surface
patterning provides a facile means of routing particular
capsules to specified locations in microfluidic devices
and can form a fundamental component in creating
fluidic circuits where microcapsules carry out simple
logic operations.

We note that since the explosion of interest in microfluidics, considerable effort has
focused on employing fluid droplets to carry out a host of functions. There have, however, been
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far fewer studies on harnessing the dynamic behavior of polymeric microcapsules in
microchannels for technological applications. Microcapsules present a variety of advantageous
features: for example, the capsule’s surface can be chemically altered, permitting significant
control of the capsule-substrate interactions. Additionally, the mechanical properties of the outer
shell can be varied, so that the capsules can display a broad range of compliances. Using
computational modeling, we showed how interactions between flowing capsules and surfaces
can be exploited to selectively divert the soft capsules, drive these capsules to burst (see Fig. 4)
and thereby deliver their payload to specified locations in microfluidic devices [5,6]. The
findings not only reveal that microcapsules can serve as effective micro-flasks, but also provide
guidelines for creating small-scale filtration devices that isolate and destroy specific microbes.

Figure 4. Graphical output from 3D
simulation of a capsule bursting on a
substrate, The fluid-driven capsule rolls
along an adhesive surface and when the
strain in the shell becomes sufficiently
large, a crack is initiated on the
capsule’s surface. Cracks propagate
and ultimately, the capsule is ruptured.
The red dots are tracer particles that
follow the streamlines of the external,
flowing fluid.

We also modeled the rolling motion of a fluid-driven, particle-filled microcapsule along a
heterogeneous, adhesive substrate to determine how the release of the encapsulated nanoparticles
can be harnessed to repair damage on the underlying surface [7]. We integrated the lattice
Boltzmann model for hydrodynamics and the lattice spring model for the micromechanics of
elastic solids to capture the interactions between the elastic shell of the microcapsule and the
surrounding fluids. A Brownian dynamics model was used to simulate the release of
nanoparticles from the capsule and their diffusion into the surrounding solution. We focused on a
substrate that contains a damaged region (e.g., a crack or eroded surface coating), which prevents
the otherwise mobile capsule from rolling along the surface. We isolated conditions where
nanoparticles released from the arrested capsule can repair the damage and thereby enable the
capsules to again move along the substrate. Through these studies, we established guidelines for
designing particle-filled microcapsules that perform a “repair and go” function and thus, can be
utilized to repair damage in microchannels and microfluidic devices.

Future Plans

These results imply that the intrinsic compliance and adhesiveness of the capsules and
cells constitute a code, and this code can be deciphered through the use of chemically and
mechanically patterned substrates. The coupling between the encoded particles and the decoding
surfaces opens up new methods for performing simple logic operations. In future studies, we will
harness this design principle to construct logic gates and more complex circuits, where cells or
microcapsules carry out the logic operations, by analogy with the functions carried out by
droplets and bubbles in microfluidic devices [14,15].
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Program Scope: Our overall goal is to establish through simulation the theoretical
feasibility of efficient electrocatalytic H, production from water by abiotic catalysts
derived from the di-iron subsite [2Fe]y of the active site of Fe-only hydrogenases and
which are attached to the surface of an Fe-S electrode.

In a first step, we have determined for the first time the reaction pathways and the
associated barriers for H, production in vacuo for several related model molecules in
different configurations, one example of which is shown in Fig. 1. Our results support
the possibility of efficient H, production by a [2Fe]y -based molecule outside the enzyme
pocket. Subsequent studies will concern compositional stabilization of the optimal
configuration we have found as well as the influences of an aqueous environment and of
electrode attachment on the reaction pathway and the associated kinetics.

Recent Progress: We have shown that the configuration of the [2Fe]y cluster
energetically stablest at each stage of the H, production cycle, one with a terminal CO on
the Fe? instead of the bridging CO of Fig. 1, has too large a barrier for H, production,
0.54 eV. The configuration of Fig.1, equivalent to that of the [2Fe]y cluster in the
enzyme, while metastable relative to the terminal CO configuration at each stage, has a
much lower barrier, but is endothermic by 0.28 eVV. However, with the terminal CN" on
Fe? in the up position instead of the trans-down position of Fig.1, the CO bridging
configuration is only 0.1 eV less stable that the terminal CO configuration, almost within
computational uncertainty. Moreover the reaction becomes exothermic by 0.18 eV, and
the barrier decreases to only 0.09 eV. The enzyme environment of the [2Fe]y subsite
within the enzyme must thus stabilize it in the CO-bridging and CN" down-trans
configuration of Fig. 1 and mitigate the exothermicity. Nevertheless, our results for the
CO bridging and CN" up configuration strongly support the possibility that the enzymatic
environment is not essential for efficient H, production.

[FE{S‘:\]*U*2 ’/'/f 'ﬂ f"

|
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N o [e} N
(a) DdH (b) model

Figure 1: (a) Active site of the Fe-only hydrogenase, as determined experimentally for D.
desulfuricans, (b) A model of the [2Fe]n subcluster used in our calculations. A DTN bridging group is
assumed.
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This most favorable cycle consists of 6 steps: 1. [2Fe]y™ is in the initial partially-

reduced active-ready state; 2. the first proton is adsorbed at Fe! (H* +[2Fe]y ™); 3. the
first one-electron reduction occurs (H™ +[2Fe]y ); 4. the second proton is adsorbed at
Fe? or DTN (2H" +[2Fe]s ); 5. the second one-electron reduction with both protons at
Fe? (2H" +[2Fe]n ); 6. desorption of H, occurs leaving the [2Fe]+™ in the active-ready
state (H, + [2Fe]u™). This cycle and the relative energies of the steps are shown in Fig. 2.

+ -2
2H +[2Fe]

AE =-381eV * -3
e- 2H'+[2Fe] ,,

AE =-0.18eV

E,=0.09 eV

H,

Figure 10 Energetics of the catalytic cycle for H, production along the optimal Fey"’-pathway. AE
indicates the energy change (in eV) and E, the energy barrier associated with desorption of an H,
molecule. The different structures assumed by the [2Fe]y subcluster along the cycle are portrayed in
ball and stick representation: Fe atoms are in light red, S atoms in yellow, C atoms in black, N atoms,
in light blue, O atoms in red, and H atoms in white. The blue and yellow circles indicate, respectively,
the first and the second protons captured by the [2Fe]y subcluster.
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We have investigated the effect of changing the di-thiol bridge from DTN to PDT and
of changing the thiol termination on FeP in Fig. 1 to CH3S and found no significant
changes.

Future Plans: Our computations thus strongly suggest that the model [2Fe]y cluster we
have studied is a good candidate catalyst for meeting our long term goals. We propose to
continue our simulations by linking it via the thiol connection to Fe’ to the surface of an
Fe-S electrode. We shall search for a ligand to complete the thiol connection to the Fe®
which we can use to tune the stability of the CO bridging configuration. Maintaining the
CO bridging configuration is essential for obtaining favorable kinetics because it blocks
the too-tightly-binding H-bridging site which is accessible in the CO terminal
configuration. Moreover, the CO bridging configuration must remain delicately balanced
with respect to the terminal configuration as, during the course of the reaction, the
configuration shifts subtly between more or less asymmetrical bridging of the 2 Fe’s.
This search is a worthwhile challenge which can be guided by our recently developed
chemical reactivity theory. In addition, we shall simulate the water environment of the
[2Fe]n activated Fe-S surface, studying the influence of the electrode and the water on
configuration stability and reaction pathway.

Publications: On the basis of the results outlined above, we are preparing a manuscript
in which we provide a detailed comparison between different pathways for the production
of Ho.

Collaborators: Dr Carlo Sbraccia (Post-Doctoral Fellow), Department of Chemistry,
Princeton University; Dr Morrel H. Cohen (Senior Research Staff), Dept. of Chemistry,
Princeton University, and Department of Physics and Astronomy, Rutgers University,
Piscataway, New Jersey
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(4) Overview
The genetic codes of all known organisms encode the same 20 amino acid building
blocks with the rare exceptions of selenocysteine and pyrrolysine. Although conventional
site-directed mutagenesis allows substitutions among these common 20 amino acids, our
ability to modulate protein structure and function remains quite limited in comparison to
chemists’ ability to manipulate small molecules. The ability to genetically encode
additional amino acids (beyond the common twenty), including those containing
spectroscopic probes, post-translational modifications, metal chelators, photoaftinity
labels, and unique functional groups, will provide new tools for exploring protein
structure and function, and generating proteins, or possibly entire organisms, with new or
enhanced properties. To this end, we recently developed a general method that makes it
possible to genetically encode unnatural amino acids (UAAs) with diverse physical,
chemical or biological properties in Escherichia coli, yeast, and mammalian cells. Over
40 UAAs have been cotranslationally incorporated into proteins with high fidelity and
efficiency by means of a unique codon and corresponding tRNA—synthetase pair. A key
feature of this methodology is the orthogonality between the new translational
components and their endogenous host counterparts. Specifically, the codon for the UAA
does not encode a common amino acid; neither the new tRNA nor cognate aminoacyl
tRNA synthetase cross-react with any endogenous tRNA—synthetase pairs; and the new
synthetase recognizes only the UAA and not any of the 20 common amino acids.

(5) Recent Accomplishments
Our recent efforts have focused on: (1) increasing the repertoire of unnatural amino acids
that can be genetically encoded in both prokaryotic and eukaryotic organisms; (2)
improving the overall efficiency of the methodology; and (3) characterizing the
properties of the evolved orthogonal aminoacyl-tRNA synthetases.

A. We have recently genetically encoded photocaged amino acids in both bacteria and
yeast. These include 2-nitrobenzyl tyrosine derivatives and 4,5-dimethoxy-2-nitrobenzyl
serine derivatives which can be photocleaved with >365 nm light to release tyrosine and
serine, respectively. These amino acids have been used to photocage the activity of
enzymes and to photocage signaling pathways, the latter directly in yeast. In addition, a
photoisomerizable amino acid, phenylalanine-4-azobenzene, was used to reversibly
photocontrol the binding affinity of catabolite activator protein to its promoter. The
ability to selectively incorporate these photoreactive amino acids into proteins at defined
sites should make it possible to regulate a variety of biological processes with light,
including enzyme, receptor and ion channel activity.
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B. Two metal binding amino acids, bipyridylalanine and a ferrocene derivative of
cysteine, have been genetically encoded in bacteria in response to the amber nonsense
codon TAG in high yield and with good fidelity. We are currently using these amino
acids to control protein redox activity; engineer catalytic sites (hydrolytic/redox) into
antibodies; and generate oligomeric proteins/peptides (Fabs, peptides, etc.).
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C. A number of chemically reactive amino acids have been genetically encoded in yeast
and bacteria including: (1) phenylselonocysteine, which can be oxidatively transformed
into dehydroalanine, and subsequently derivatized with thio-sugars, thio-lipids and other
thiol containing moieties; and (2) p-azidophenylalanine which can be selectively
derivatized in high yield in a selective Staudinger modification reaction. These methods
allow the selective modification of proteins with a wide array of biophysical probes, tags,
catalytic groups, etc.

D. A number of spectroscopic probes have been site-specifically introduced into proteins
in bacteria including: (1) p-nitrophenylalanine which acts as a distance probe by
quenching the intrinsic fluorescence of Trp; (2) L-(7-hydroxycoumarin-4-yl) ethylglycine
which is an environmentally and pH sensitive fluorophore; and (3) p-cyanophenylalanine
which is a sensitive vibrational probe of environment and dielectric. These methods
provide useful probes of protein structure, conformation and biomolecular interactions
both in vitro and in vivo.

E. We have determined the crystal structures of two substrate-bound Methanococcus
jannaschii tyrosyl aminoacyl-tRNA synthetases that charge the unnatural amino acids p-
bromophenylalanine and 3-(2-naphthyl)alanine (NpAla). A comparison of these
structures with the substrate bound WT synthetase, as well as a mutant synthetase that
charges p-acetylphenylalanine, shows that altered specificity is due to both side-chain and
backbone rearrangements within the active site that modify hydrogen bonds and packing
interactions with substrate, as well as disrupt the ag-helix, which spans the WT active
site. The high degree of structural plasticity that is observed in these aminoacyl-tRNA
synthetases is rarely found in other mutant enzymes with altered specificities and
provides an explanation for the surprising adaptability of the genetic code to novel amino
acids.

F. We have optimized the systems for incorporating unnatural amino acids in yeast and
bacteria by improving the expression of the tRNA and aminoacyl-tRNA synthetase
(aaRS), improving the processing of the tRNA, and enhancing the activity of the aaRS.
We have also simplified the evolution of novel aaRSs and the introduction of UAAs into
proteins of interest.
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(6) Future Experiments
We will focus on the following:

(1) increase the number of UAAs that can be incorporated into proteins by decreasing
codon redundancy in E. coli

(2) photocage specific biological processes including ion channel activity, cell
division and cell signaling

(3) introduce metal ion proteolytic sites into antibodies

(4) selectively couple proteins to two dimensional surfaces and electrodes

(5) expand the number of metal ion binding and fluorescent amino acids that can be
genetically encoded

(6) attempt to enhance the catalytic activity or thermal stability of a protein by the
introduction of UAAs
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INVITED TALKS




Biomolecular Stability and Life in Extreme Conditions

Frank Robb
Center of Marine Biotechnology, University of Maryland Biotechnology Institute
Baltimore, MD 21202

Abstract: We will address questions such as, how do hyperthermophilic organisms
protect labile metabolites, nucleic acids and proteins from the negative effects of
temperatures up to the current upper limit of life, 122C? The molecular mechanisms of
stabilization and assembly of macromolecular complexes under extreme conditions,
including pH=1.0 or 10.0, and the effects of ion composition on the stability of
protein/protein complexes will be reviewed. Current research on the enzymology of
protein folding under extreme conditions will be described in some detail.
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DNA: Not Merely the Secret of Life, Nadrian C. Seeman, Department of Chemistry,
New York University, New York, NY 10003, USA, ned.seeman@nyu.edu

DNA is well-known as the genetic material of living organisms. Its most
prominent feature is that it contains information that enables it to replicate itself. This
information is contained in the well-known Watson-Crick base pairing interactions,
adenine with thymine and guanine with cytosine, leading to the well-known double
helical structure. However relevant the double helix is to genetics, it is a limiting feature
when the goal is to prepare more complex chemical species, because the helix axis is
linear, in the sense that it is unbranched. Consequently, the only structures that can be
obtained by combining molecules with linear helix axes are longer linear molecules or
perhaps cyclic species, including knots and catenanes. This problem can be solved by
using the notion of reciprocal exchange, which leads to branched species. The
topologies of these species are readily programmed through sequence selection; in many
cases, it is also possible to program their structures. Branched species can be connected
to one another using the same interactions that genetic engineers use to produce their
constructs, cohesion by molecules tailed in complementary single-stranded overhangs,
known as 'sticky ends." Such sticky-ended cohesion is used to produce N-connected
objects and lattices.

Structural DNA nanotechnology is based on using stable branched DNA motifs,
like the 4-arm Holliday junction, or related structures, such as double crossover (DX),
triple crossover (TX), and paranemic crossover (PX) motifs. We have been working
since the early 1980's to combine these DNA motifs to produce target species. From
branched junctions, we have used ligation to construct DNA stick-polyhedra and
topological targets, such as Borromean rings. Branched junctions with up to 12 arms
have been produced. We have also built DNA nanotubes with lateral interactions.

Nanorobotics is a key area of application. PX DNA has been used to produce a
robust 2-state sequence-dependent device that changes states by varied hybridization
topology. We have used this device to make a translational device that prototypes the
simplest features of the ribosome. A protein-activated device that can be used to measure
the ability of the protein to do work, and a bipedal walker have both been built. We have
also built a robust 3-state device.

A central goal of DNA nanotechnology is the self-assembly of periodic matter.
We have constructed 2-dimensional DNA arrays from many different motifs. We can
produce specific designed patterns visible in the AFM. We can change the patterns by
changing the components, and by modification after assembly. Recently, we have used
DNA scaffolding to organize active DNA components, as well as other materials. Active
DNA components include DNAzymes and DNA nanomechanical devices; both are active
when incorporated in 2D DNA lattices. Multi-tile DNA arrays have also been used to
organize gold nanoparticles in specific arrangements.

The key structural challenge in the area is the extension of the 2D results obtained
so far to 3D systems with a high degree of ordering. Several motifs have been produced
that can produce 2D arrays in each of the three directions containing a pair of the vectors
that span the 3D space. Crystals with dimensions as large as a millimeter, ordered to 10
A resolution (as determined by X-ray diffraction) have been produced. Ultimately, we
expect to produce high resolution crystals of DNA host lattices with heterologous guests,
leading to bio-macromolecular systems amenable to diffraction analysis.

This research has been supported by the National Institute of General Medical
Sciences, the National Science Foundation, the Army Research Office, NYNBIT and the
W.M. Keck Foundation.
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What can we learn from nature about the principles of hierarchical
materials?

Huajian Gao
Division of Engineering
Brown University

The importance of mechanics and mechanical properties in biological functions has been
widely recognized. The present study has been motivated by the observation that multi-
level structural hierarchy is a rule of nature. Hierarchical structures/materials can be
observed in all biosystems from chromosome, protein, cell, tissue, organism, to
ecosystems. Mechanics of hierarchical materials inspired by nature may provide useful
hints for materials engineering. Some questions of interest include: what are the roles and
principles of structural hierarchy? What determines the size scales in a hierarchical
material system? Is it possible to design hierarchical materials with designated
mechanical and other properties/behaviors? Specifically, natural materials such as bone,
shell, tendon and the attachment system of gecko exhibit multi-scale hierarchical
structures which seem to primarily serve their mechanical functions. This talk will be
focused on the basic mechanical principles behind these hierarchical materials. We
perform detailed analyses on two idealized, self-similar models of hierarchical materials,
one mimicking the mineral-protein composite structure of bone and bon-like materials,
and the other mimicking gecko’s attachment system, to demonstrate that structural
hierarchy leads to simultaneous enhancement of multiple mechanical properties/functions
such as stiffness, toughness, flaw tolerance and work of adhesion. In conventional
homogeneous materials, the fracture energy is a material constant. In contrast,
hierarchical materials do not have a unique fracture resistance, rather their fracture
toughness depends on length scale: the bigger the scale, the larger the fracture resistance.
This has been demonstrated by determining the traction-separation laws (cohesive laws)
at different length scales in a hierarchical material.

Selected references:
H. Gao, B. Ji, I.L. Jaeger, E. Arzt and P. Fratzl, PNAS, 100, 5597-5600 (2003).
H. Gao, and H. Yao, PNAS, 101, 7851-7856 (2004).

M.J. Buehler, H. Yao, H. Gao and B. Ji, MSMSE, 14, 799-816 (2006).
H. Yao and H. Gao, JMPS, 2006, 54, 1120-1146 (2006).
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