
“Design, Synthesis & Characterization of
Novel Electronic & Photonic BioMolecular Materials”

• Michael J. Therien (Chemistry/Penn): 
--novel non-biological co-factor design, synthesis & characterization for 
a) control of fast e-- transfer over large distances & 
b) large molecular hyperpolarizabilities β

• William F. DeGrado (Biochemistry & Biophysics/Penn)
--bio-inspired & computational peptide design for
a) control of cofactor micro-environment
b) control of assembly of peptide-cofactor complexes on macro-scale

• Jeffrey G. Saven (Chemistry/Penn)
--”first-principles” de novo peptide design
a) key to utilization of non-biological cofactors & non-biological amino acid analogues
b) control of assembly of peptide-cofactor complexes on macro-scale

• J. Kent Blasie (Chemistry/Penn)
--structural characterization of non-crystalline materials
a) key to translation of microscopic molecular property into a macroscopic materials property



Artificial Protein Design: Artificial Protein Design: MaquettesMaquettes

Cytochrome bc1 complex

H10H24 (water soluble)

Robertson et al. Nature 368,  pp. 425-432 (1994)

“de novo”
Design via 

Bioinspiration



MaquetteMaquette--Based Based 
BioMolecular BioMolecular MaterialsMaterials

Assemble on 
Macroscopic Scale 

New BioMolecular Materials

CollectiveCollective
BehaviorBehavior

Functional Maquette Peptides



Novel Peptide Novel Peptide Amphiphile Amphiphile DesignDesign

Phospholipid BBC16
Maquette

Membrane 
Protein 

Maquette
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EnvironmentEnvironment



Vectorial Vectorial OrientationOrientation

symmetrical proteins aren’t 
as suitable for such experiments
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Binding Sites
@ Hydrophilic Region

Binding Sites
@ Hydrophobic Region

HydrophobicHydrophobic
EnvironmentEnvironment

HydrophilicHydrophilic
EnvironmentEnvironment

AP Family of AP Family of MaquettesMaquettes

AP0 AP1 AP2 AP3



AP Family Peptides
AP0

Ac-EIWKLHEEFFLKKFFEELLKLHEERLKKLLLLALLQLLLALLQLGGC-CONH2

Inspired by LS2
BB

Ac-SSDPLVVAASIIGILHFILWILDRGGNGEIFKQHEEAALKKFFE-CONH2

AP1

TM of M2 (influenza virus) Partial HP-1

AP2

Ac-IIMAIAMVHLLFFFEIWKEFEEALKKFEEALKEFEELKKL-CONH2

HP-1Partial D helix cyt. bc1

Ac-CGGGIIMAIAMVHLLFLFEIWKQFEEAALKKFFE-CONH2

Partial HP-1Partial D helix cyt. bc1

AP3



AP0 AP0 Kd Kd BindingBinding
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ε binding-heme =1.22E5 ± 0.15E5 M -1cm -1

ε free =6.43E4 ± 0.05E4 M -1cm -1

Basline=0.0030 ± 0.00082

Chi2=1.39E-5 

Buffer Condition: 50mM KPi, 0.9% ß-OG, pH=8.0, 25°C
Peptide Concentration: BA2 (H10A24)dimer, 0.5 um (4 helix-bundle)
Data File Directory: shixin/experiment/data/hemetitration/H10A24_0305_spec2.pxp
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Buffer Condition: 50mM KPi, 0.9% ß-OG, pH=8.0, 25°C
Peptide Concentration: BA2(H10A24) 0.8 um (4 helix-bundle)
Data File Directory: shixin/experiment/data/heme_tritration/H10A24dim_0517_spec.pxp

• AP0 (H6A20) bundle binds 2 hemes/bundle
• Kd1 = 60 nM
• Kd2 = 700 nM

H6H6

H20A mutationH20A mutation

GGCGGC



AP0 AP0 Kd Kd BindingBinding
• AP0 (H6A20) bundle binds 2 hemes/bundle
• Kd1 = 60 nM
• Kd2 = 700 nM

H6H6

H20A mutationH20A mutation

GGCGGC
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AP2 AP2 Kd Kd BindingBinding
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Buffer Condition: 50mM KPi, 0.9% ß-OG, pH=8.0, 25°C
Peptide Concentration: 0.2 uM (4 helix-bundle)
Data Directory: shixin/experiment/data/heme_titration/HC1BC1_052402_spec.pxp
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Buffer Condition: 10mM KPi, 100mM KCl, 0.5% C8E5, pH=7.0, 25°C
Peptide Concentration: 1.9 uM (4 helix-bundle)
Data File Directory: shixin/experiment/data/heme_tritration/HC1-BC1_011102_spec.pxp

• AP2 bundle binds 2 hemes/bundle
• Kd1 = 40 nM
• Kd2 = 3 uM

H9H9



AP2 AP2 Kd Kd BindingBinding

• AP2 bundle binds 2 hemes/bundle
• Kd1 = 40 nM
• Kd2 = 3 uM

H9H9
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ZnBChl:AP2 (4helix bundle)
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Zn-3-3-Zn Ru-Zn

Structure of non-biological cofactors for 
electron transfer & non-linear optics 

applications:
donor-bridge-acceptor “push-pull” 

extended π-electron systems
(sub-picosecond e--transfer &  

large molecular hyperpolarizabilities β)
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Zn-3-3-Zn
H6F20

Zn-3-3-Zn 
F6H20

Zn-3-3-Zn 
F6H20

AP0 AP2/AP3

QuickTime?and a
TIFF (LZW) decompressor

are needed to see this picture.

Zn-3-3-Zn 
H9
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Electronic spectra: binding of non-biological cofactors in 
core of hydrophilic domain of amphiphilic 4-helix bundle 

AP0 via axial histidyl coordination
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Reflectivity: α=β

α β
ki

kf

z

Qz=2ksinα

Grazing Incidence Diffraction
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Qz=k(sinα+sinβ)
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Figure:
Helm et al.
Biophys. J. 60
p. 1459 (1991)
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Electron Density Profiles for apo- vs. holo-AP2 for FePPIX (heme)



Molecular Dynamics (Theory)
Effect of Cofactor Incorporation for F6H20 AP0 & FePPIX

apo-AP0 peptide holo-AP0:FePPIX peptide
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Electron Density Profiles for apo- & holo-AP0 and Zn-3-3-Zn

Profiles: Apo-AP0

Profiles: Holo-AP0 Zn-3-3-Zn



GIXD(qxy-dependence) consistent with 4-helix bundles (4-
cylinder model, 8Å diameter cylinders @ 10Å inter-helix 
spacing), allowing for ∆ qxy-resolution and GIXD(qz-
dependence) consistent with coiled-coil with pitch of major 
helix of ~100Å and pitch angle of ~170

GIXD from apo-AP0

GIXD
Apo- vs. Holo-AP0 & Zn-3-3-Zn



Reflectivity from apo-AP2 & holo-AP2 
for 2 Zn-3-3-Zn/4-helix bundle

apo-AP2 vs. apo-AP3
∆ = 14-residues in

hydrophilic domain



GIXD apo-AP2

GIXD(qxy-dependence) consistent with 4-helix bundles;  
(4-cylinder model, 10Å diameter cylinders @ 12Å inter-helix spacing)

GIXD(qz-dependence) consistent with coiled-coil 
with pitch of major helix of ~125Å and pitch angle of ~140



ResultsResults--toto--Date SummaryDate Summary
AP0, AP2 & AP3 peptides vectorially orient in Langmuir monolayers at the 
air/water interface as stable 4-helix bundles, with the bundle axis normal 
to the plane of the interface at higher surface pressures

AP2 & AP3 bind biological redox cofactors (via axial histidyl ligation) at 
selected positions within both hydrophilic & hydrophobic domains

AP2 & AP3 are able to bind several different redox cofactors, e.g., 
metalloporphyrins & metal-substituted chlorophylls, thereby providing 
electron-donor pairs with selected separations along bundle axis

AP0, AP2 & AP3 can also bind non-biological cofactors (via axial histidyl 
ligation) at selected positions within both hydrophilic & hydrophobic 
domains thereby providing designed electron-donor pairs within a single 
cofactor

AP0-AP3 can orient with the electron transfer vector perpendicular to AND 
across the interface ⇒ potential materials applications



Intra-Bundle Structure
MD simulation vs. neutron reflectivity of

amphiphilic di-helical peptide BBC16 with selectively 2H-labeled leucine residues

Molecular Dynamics (MD) simulation of an ensemble of 
sixteen alkylated di-helical peptides, vectorially-oriented
in a Langmuir monolayer at the air-water interface upon 
compression; the helix orientation is perpendicular to the 
monolayer plane.  The instantaneous configuration of one
di-helix within the equilibrated ensemble is shown to scale
in the top frame. Leucine residues at the 09, 14, 21, and 28 
positions in the sequence shown in the CPK representation.  
The air-water interface is located at z=0Å with the aqueous 
sub-phase to the left at negative z-values.  The time-averaged 
distribution of these four leucine residues within the ensemble 
profile structure is shown in the middle frame as the open circles; 
the non-linear least-squares best fit to this distribution (red), and 
modeling the distribution of each leucine residue as a Gaussian
function (blue dotted).  The mean positions of these four leucine 
residues agree very well (but not exactly) with those determined
by neutron reflectivity, employing selective deuteration of each 
of these four leucine residues, summarized in the bottom frame.  
The experimentally determined positions of the residues are shown, 
determined to an accuracy of ±0.5Å, superimposed on the
isomorphous electron density profiles for the fully-hydrogenated 
and the four selectively deuterated peptides.



Conclusions Re-Peptide 
Intra-Bundle Structure

• 2H-labelled residues can be localized to within ±0.5Å within the monolayer 
profile structure via neutron reflectivity & solution of the phase problem, 
BUT absolute requirement for isomorphism between monolayers of the 
fully-hydrogenated peptide and selectively labelled peptides, which must be 
demonstrated, e.g., via X-ray reflectivity.

• MD simulations can provide agreement with experimental results of lower 
dimension, thereby providing a 3-D atomic level view.  This will be key to 
understanding the effect of cofactor intercalation via specific binding at 
selected locations within the cores of the 4-helix bundle peptides.



WHY does it matter???
• X-ray crystal structures remain problematical (one to date!) and 

they’re of questionable relevance

• NMR structures also remain problematical (also only one to date!) 
and they’re of also questionable relevance

• NEED structure at the interface, namely
both intermolecular & intramolecular! 

• NEED structure at the interface, for both apo- and holo-forms, latter 
depending on nature & number of cofactors/4-helix bundle!

• Atomic resolution 3-D structure utilizing Molecular Dynamics 
simulation with experimental results as primary constraints
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