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Abstract

We show that simply designed amphiphilic 4-helix bundle peptides can be utilized to vectorially-
orient a linearly-extended Donor-bridge-Acceptor (D-br-A) electron transfer (ET) chromophore
within its core. The bundle’s interior is shown to provide a unique solvation environment for the
D-br-A assembly not accessible in conventional solvents, and thereby control the magnitudes of
both light-induced ET and thermal charge recombination rate constants. The amphiphilicity of the
bundle’s exterior was employed to vectorially-orient the peptide-chromophore complex at a
liquid-gas interface, and its ends tailored for subsequent covalent attachment to an inorganic
surface, via a “directed assembly” approach. Structural data, combined with evaluation of the
excited state dynamics exhibited by these peptide-chromophore complexes, demonstrates that
densely-packed, acentrically ordered 2-D monolayer ensembles of such complexes at high in-
plane chromophore densities approaching 1/200A2 offer unique potential as active layers in binary
heterojucntion photovoltaic devices.

1. Introduction

Covalently linked Donor-bridge-Acceptor (D-br-A) assemblies have been designed to
exhibit efficient light-induced electron transfer “through bonds” over nano-scale distances to
achieve long-lifetime charge-separated states.1~13 Such D-br-A chromophores thereby offer
considerable potential as the active layer in bilayer heterojunction devices for organic
photovoltaic (OPV) applications.14-20 However, in order for such structures to realize their
full potential, they must be vectorially oriented throughout a 2-D ensemble positioned
between planar electrodes with a comparable nano-scale separation.
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We have shown that robust, amphiphilic 4-helix bundle peptides can be designed to bind
linearly-extended chromophores containing a metal-porphyrin with high specificity to
thereby vectorially-orient the chromophore within the core of the bundle.2123 The
amphiphilic exterior of the bundle can then be utilized to form ordered 2-D ensembles of the
peptide-chromophore complex at an interface between polar and non-polar media, the
designed amphiphilicity directing the acentric ordering of the complex at the interface. The
designed chemical reactivity of the end(s) of the bundle can subsequently be utilized for
attaching the acentrically ordered 2-D ensemble to planar inorganic (conductor, semi-
conductor) surfaces. The utility of this “directed-assembly” approach was demonstrated
using a dipolar chromophore possessing a large optical hyperpolarizability, since the
macroscopic nonlinear optical (NLO) response of the 2-D ensemble is exquisitely sensitive
to the degree of acentric order achieved.24 25

Here, we utilize amphiphilic 4-helix bundle peptides to bind, orient, and assemble a D-br- A
chromophore, PZnPI (N-[5-(10,20-diphenyl porphinato)zinc(11)]-V -~(octyl)pyromellitic
diimide), that features a pyromellitimide (PI) acceptor directly linked to the
(porphinato)zinc(11) (PZn) chromophore meso-carbon, at an interface.1® Two amphiphilic 4-
helix bundle peptides of minimal length were utilized, that differed only in the particular end
of the bundle possessing the inorganic surface-reactive residue, to thereby control the
orientation of the electron transfer (ET) vector with respect to the surface normal, as shown
by the electron density profiles of the monolayer ensembles derived from x-ray reflectivity/
interferometry data. Time-resolved transient absorption spectroscopic experiments
demonstrate that incorporation of the PZnPI chromophore into the core of the bundle
accelerates light-induced charge separation and substantially extends the lifetime of the
charge-separated state relative to that evinced previously in organic solvents.13 This work
demonstrates that these 4-helix bundle peptides not only provide the required structure to
enable formation of acentric 2-D ensembles of D-br-A chromophores at high in-plane
densities, but also afford a means to engineer chromophore-localized solvation environments
while protecting sensitive, organic-based photo-active elements in an insulating sheath.

2. Experimental Section

2.1. Peptide Design

The simple graphical “heptad-based” design of the helices within the prototypical
amphiphilic 4-helix bundle peptides AP0 and AP2 has been described previously.2: 26 |t
employs 3.5 residues/turn to yield 7 residues (one heptad)/2-turns of the helix, instead of the
3.6 residues/turn typical of an ideal, straight a-helix. The peptides employed herein differ
from full-length AP2 only in that their hydrophilic domains are shortened by one heptad (7-
residues) to result in SAP2 (i.e., short AP2). Additionally, a Gly-Gly-Gly-Cys sequence was
added to either the C-terminus or the N-terminus, designated as SAP2C and SAP2N,
respectively, to permit homo-dimerization resulting in di-helices covalently linked via a
disulfide at the end of either the hydrophilic domain (SAP2C) or the hydrophobic domain
(SAP2N). Note that the SAP2 peptide, lacking a cysteine, cannot be dimerized. The primary
sequences of these peptides are shown in Scheme 1a.

2.2. Peptide Synthesis and Purification

The peptides described in Scheme 1a were synthesized on a Liberty-12-channel automated
solid-phase peptide synthesizer (CEM Co., Matthews, NC, USA) using standard Fmoc/tBu
protection strategy on a Fmoc-PEG-PAL-PS resin (Applied Biosystems, Carlsbad, CA,
USA) at 0.1 mmol scale. After peptide formation, the peptides were acetylated at their N-
terminus (1:1 (v/v) acetic anhydride: pyridine for 20 min) followed by thorough washing
with dimethylformamide (DMF) and CH,Cl, (solvents from Fisher Scientific, Pittsburg, PA,
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USA). Each peptide was cleaved from the resin and simultaneously deprotected using 90:8:2
(v/viv) trifluoroacetic acid (TFA)/ethanedithiol/water for 2 h followed by thorough washing
with TFA (Sigma, St. Louis, MO, USA). TFA was then evaporated on a rotary evaporator
(ROTAVAPOR® R-200, BUCHI Co., New Castle, DE, USA). Crude peptides were
precipitated and washed with tert-butyl methyl ether (Sigma-Aldrich, St. Louis, MO, USA),
followed by dissolution in water (0.1% v/v TFA), lyophilization, and purification on a
reversed phase C4 high-performance liquid chromatography (HPLC) column (VYDAC®
Grace, Deerfield, IL, USA) using gradients of 6:3:1 (v:v:v) 2-propanol/acetonitrile/H,0
(solvents from Fisher Scientific, Pittsburg, PA, USA) containing 0.1% (v/v) TFA and water
containing 0.1% (v/v) TFA. The purity and molecular weight of the acetylated peptides were
confirmed by matrix-assisted laser desorption/ionization mass spectrometry (MALDI-MS,
Applied Biosystems, Carlsbad, CA, USA) using a-cyano-r-hydroxycinnamic acid as a
matrix. The peptides were lyophilized and stored in a freezer. We also dimerized pure
peptides (SAP2C and SAP2N) as necessary by resolubilizing them in a basic buffer solution
(pH 8.5) to form the disulfide-linked peptide dihelical units (composition confirmed by
analytical C4 HPLC).

2.3. Materials

N-[5-(10,20-Diphenylporphinato)zinc(11)]-V ~(octyl)pyromellitic diimide (PZnPI) was
synthesized as described previously.2” The molecular structure of PZnPI, and a schematic
representation of SAP2 peptide and SAP2-PZnPI peptide-chromophore complex are shown
in Scheme 1b and c, respectively. The detergent r-octyl-S-D-glucopyranoside (OG) was
purchased from Anatrace (Maumee, OH, USA). 3-Aminopropyldimethylethoxysilane was
bought from Gelest Inc. (Morrisville, PA, USA) while the linker succinimidy! 4-(/-
maleidomethyl) cyclohexane-1-carboxylate (SMCC) was obtained from Fisher Scientific
(Springfield, NJ, USA). All other solvents and reagents were obtained from Fisher
Scientific. All purchased chemicals were used without further purification. The fused silica
slides (UV grade; 25 mm x70 mm) were bought from Esco Products (Oak Ridge, NJ, USA)
and the 3 in. diameter silicon wafers (n-type Si:P, 600 xm thick) were purchased from EI-
Cat Inc. (Waldwick, NJ, USA). In order to increase the sensitivity and spatial resolution of
the x-ray reflectivity technique by employing the interferometric approach, Si-Ni-Si
multilayers comprised of 50A Si/20A Ni/20A Si were deposited via magnetron sputtering
onto the silicon wafers. This fabrication was performed in the deposition laboratory at the
Advanced Photon Source (APS) at Argonne National Laboratory (ANL) (Argonne, IL,
USA).

2.4. Peptide Solubilization

Since the AP (Amphiphilic Peptide) family of peptides are water-insoluble, they require
detergent (OG) for solubilization in aqueous buffers. We have found that all peptides used in
this study could be solubilized in 2.2 % (w/v) OG, 50 mM potassium phosphate (KPi), pH
8.0 buffer. Peptide concentrations were determined spectroscopically by monitoring the
tryptophan (W) absorption at 280 nm using an extinction coefficient of 5690 M~ cm™1.

2.5. Chromophore Incorporation

A dimethyl sulfoxide (DMSO) (Aldrich) solution of the PZnP1 chromophore was added to
peptides in 2.2 % OG solutions. The final concentration of DMSO in the peptide solution
was lower than 2.0 % (v/v). UV-visible spectroscopy for SAP2- PZnPl complexes were
carried out in buffer solutions containing 2.2 % OG, 50 mM KPi at pH 8.0. A Lambda 650
UV-vis spectrometer (PerkinElmer, Waltham, MA) and a standard 1 cm path length quartz
cuvette were used for absorbance measurements.
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2.6. Langmuir Monolayer Preparation

Solutions of the gpo-form (i.e., without a PZnPI chromophore) and Ao/o-form (i.e., with a
bound PZnPI chromophore) of the peptides, typically having a concentration of about 100
MM, were spread from 50 mM KPi Buffer (pH 8) with 2.2 % OG to form Langmuir
monolayers on the aqueous subphase (1 mM KPi at pH 8.0) in Langmuir troughs
manufactured by either Riegler & Kirstein (Potsdam, Germany) or Lauda, (Lauda-
Koenigshofen, Germany), which were equipped with the Wilhelmy plate and the floating-
barrier surface pressure transducer, respectively, for monitoring the surface pressure. The
temperature of the subphase was maintained constant at 20 °C during the experiment. After
waiting for about 15 min for the monolayer to equilibrate, we compressed at a rate of 20 A2
per helix per minute by a motor-controlled barrier with feedback until the desired surface
pressure was achieved. The pressure-area (r-A) isotherms were also recorded during the
compression. Chromophore binding into peptide bundles at the air-water interface has been
examined by using a portable UV-vis absorption spectrometer, which has been specially
designed for measuring absorbance of Langmuir monolayers by six passes through the
Langmuir monolayer. The detailed description of the instrumentation and data collection has
been described in an earlier publication.28

2.7. X-ray Reflectivity from Langmuir Monolayers at the Liquid-Gas Interface

The x-ray reflectivity (XR) measurements on the Langmuir monolayers were performed at
the liquid surface scattering instrument on the undulator beamline at sector 9 of Advanced
Photon Source (APS) at Argonne National Laboratory (ANL) (Argonne, IL, USA). The
Langmuir trough, enclosed within a gas-tight canister, was flushed with humid He gas, as
monitored by an oxygen sensor in the canister (5101, QUBIT Systems, Kingston, ON,
Canada), in order to reduce the xray background scattering arising from air and also to
minimize subphase evaporation. A large Kapton window permitted the incident and
scattered x-ray beams to penetrate the canister. A Bicron scintillation detector measured the
scattered beam intensity, while a He-filled ion chamber before the sample measured the
incident beam intensity. A flat smooth glass block was also placed in the trough and
submerged slightly below the water surface to damp long-wavelength excitations in the local
height of the water surface. X-ray reflectivity data at the air-water interface were collected
over a range of photon momentum transfer 0.01 A~1 < g,< 0.60 A~1 at constant surface
pressures or constant areas (for ¢ > 30 mN/m). At higher surface pressures, we relied on the
area/a-helix instead of surface pressure because the Wilhelmy-plate utilized for the latter
did not penetrate through the monolayer vertically, typical of more solid-like monolayers.
During the measurement, we kept the spectrometer in the specular reflectivity condition,
a=p, where a and g are the angles that incident and reflected beams, respectively, make
with the liquid surface, so as to collect the photons scattered with momentum transfer
perpendicular to the liquid surface (g~=(4 sina)/ ). We collected data with the detector in
the plane of the reflection (26,,~0°), and the background with the detector on either side of
the plane (26,,~0.3°) over the full range of g,, and subtract the latter from the former to
provide the specular x-ray reflectivity data. Data reduction including normalization of the
specular reflectivity data by the Fresnel function was performed on Silicon Graphics
workstations using the program C-Plot (Certified Scientific Software, Cambridge, MA). The
Fresnel-normalized specular reflectivity data were analyzed by the so-called “box-
refinement” method, which requires no a-priori assumptions and is therefore model-
independent,2° to solve the classical “phase problem” and thereby provide directly the
monolayer electron density profiles.

2.8. Interferometric Approach for X-ray Reflectivity from Langmuir Monolayers

The x-ray reflectivity measurement on the 4p0-SAP2C Langmuir monolayer employing an
interferometric approach was also performed using the same liquid surface spectrometer at
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the APS. The details of interferometric x-ray reflectivity data collection and analysis have
been explained in an earlier publication.3C Interference between the strong specular
reflectivity from the Si-Ni-Si multilayer reference structure with the much weaker specular
reflectivity from the Langmuir monolayer enhances both the sensitivity and spatial
resolution of the monolayer electron density profiles derived from the x-ray reflectivity data.
For SAP2C peptide, however, we used the Si wafer (76mm x 38mm) possessing multilayer
structure on its upper surface, and also alkylated with 3-aminopropyldimethylethoxysilane
and the SMCC linker to facilitate the covalent attachment between the SMCC linker and the
cysteine residue at the lower end of the peptide bundle’s hydrophilic domain. The details of
experimental procedure for the silane/linker deposition have been described previously.24
The alkylated substrate was initially buried deeply in the subphase. The Langmuir
monolayer of SAP2C peptide was formed at water-air interface as described in the previous
section and compressed. Subsequently, the wafer was slowly raised, ultimately coming into
juxtaposition with the compressed Langmuir monolayer by using a NTS10 NanoDirect
nanopositioner (DTI-NanoTech, Sarasota, FL, USA).

2.9. Langmuir-Schaefer Deposition of Langmuir Monolayers on Solid Substrates

For interferometric x-ray reflectivity measurement for the covalently attached monolayers of
the gpo and holo forms at the silicon oxide-helium interface, we used a triple-axis
diffractometer with an Enraf-Nonius F-591 rotating-anode x-ray source and a scintillation
detector. The silicon wafers with multilayer structure were cut into pieces of 20 mm x 10
mm dimension suitable for this x-ray experiment and alkylated with the silane and linker as
described in the previous section. The Langmuir monolayer of the gpo-form of the SAP2N
or SAP2C peptide spread at the water-air interface was compressed to a surface area of 100
A2 per a-helix, using the Lauda trough, and subsequently covalently attached onto the
previously treated silicon wafer by Langmuir-Schaefer deposition (i.e., with the plane of the
substrate’s surface parallel to the plane of the Langmuir monolayer) from either above the
monolayer (designated LS,) or from below the monolayer (designated LSy) for the SAP2N
or SAP2C peptide, respectively. After deposition, the substrates with the attached peptide
monolayer were washed several times with 2.2 % OG solution in order to remove
nonspecifically adsorbed peptide molecules. After x-ray reflectivity measurement of this gpo
monolayer on the substrates, the substrates were then incubated with 30 x«M PZnPI solution
(in 2.2 % OG pH 8.0 KPi buffer) at 4 °C overnight to achieve axial histidyl ligation of
PZnPI chromophore into the bundles of SAP2C and SAP2N peptides. After incubation, the
substrates were once again washed several times with 2.2 % OG solution in order to remove
nonspecifically adsorbed PZnPI molecules. In addition, covalently attached single
monolayers of both the apo- and Aolo-forms of the two peptides on fused silica were also
prepared in paralle/ with monolayer deposition on the multilayer substrates. Linear UV-vis
absorption spectroscopic data were collected at room temperature from monolayer films on
fused silica slides in order to confirm the chromophore binding into peptide bundles.

2.10 Pump-Probe Transient Absorption Spectroscopic Studies of SAP2N-PZnPI in
Detergent Solution

Ultrafast transient absorption spectra were obtained using standard pumpprobe methods.
Optical pulses (= 120 fs) centered at 780 nm, were generated using a Ti:Sapphire laser
(Clark-MXR, CPA-2001, Dexter, MI, USA), which consisted of a regenerative amplifier
seeded by a mode-locked fiber oscillator. A homebuilt near-IR (NIR) optical parametric
amplifier generates excitation pulses tunable in wavelength from the UV through the NIR
region. The pump beam was chopped at half the laser repetition rate (~500 Hz). A fraction
(<5%) of the output from the regenerative amplifier was passed through an optical delay
line, and focused onto a 2 mm c-cut sapphire plate to generate a white light continuum,
which was used as the probe beam. The polarization and attenuation of the pump and probe
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beams were controlled by a half-wave plate and Rochon prism polarizer pairs. The
polarization was set to the magic angle (54.7 °) for these experiments. The pump beam was
focused into the sample cell with an =20 cm lens, while the probe beam was focused with
a concave mirror. The spot size diameter was 0.3 mm. After passing through the sample, the
probe light was adjusted using a neutral density filter to avoid saturating the detectors, and
focused onto the entrance slit of the computer-controlled image spectrometer (Acton
Research Corporation, SpectraPro-150, Trenton, NJ, USA). A CCD array detector (Roper
Scientific, 1024 x 128 elements), interfaced to the spectrometer, recorded the spectrum of
the probe light from the UV (~370 nm) to the NIR (~1100 nm), providing spectral resolution
better than 0.5 nm. Pairs of consecutive spectra were measured with (/,n(A)) and (/(\)) to
determine the difference spectrum, AA = log(/%s(A))/(/on(A)). Transient absorption data
acquired over 0.9-1.4 um NIR region were recorded using a liquid nitrogen cooled InGaAs
512-element linear array detector (Roper Scientific, Trenton, NJ, USA) interfaced to a
SpectraPro-2150 spectrometer. All these experiments utilized a 2 mm12 path-length fused-
silica sample cell; all transient optical studies were carried out at 20 + 1 °C. All transient
spectra reported represent averages obtained over 5 scans, with each scan consisting of
~100-200 data points.

In these experiments, the delay line utilizes a computer-controlled delay stage. Delay times
up to 6 ns were achieved using a Compumotor-6000 (Parker, Rohnert Park, CA, USA). The
baseline noise level in these transient absorption experiments corresponded to ~ 0.2 mOD
per second of signal accumulation. The time resolution is probe wavelength dependent; in
these experiments, the FWHM of the instrument response function (IRF) varied between
140-200 fs (e.g., at 680 nm, the IRF was 150 + 6 fs). Following all pump-probe transient
absorption experiments, electronic absorption spectra verified that peptide-bound PZnPI was
robust.

3. Results and Discussion
3.1. PZnPI Incorporation into SAP2C & SAP2N Peptides

We investigated whether the histidine residue in the a.-helix of the two peptides binds the
(porphinato)zinc component in PZnPI via axial histidyl coordination, using UV-vis
absorption spectroscopy. Titration experiments were performed by adding the dihelical
peptides of SAP2C or SAP2N (see Figure 1) dissolved in a aqueous buffer solution (50 mM
KPi at pH=8.0) containing 2.2 % of the detergent OG into the PZnP1 in 50 mM KPi buffer
solution with 2.2 % OG. The PZnPI absorption spectrum shows the characteristic features of
this chromophore,3L: 32 displaying Soret and Q-bands centered respectively at 418 and 549
nm. Upon adding the SAP2C peptide into the PZnP1 solution, the Soret and Q-band
absorption maxima were red-shifted from 418 to 424 nm, and from 549 to 556 nm,
respectively, indicative of binding the Zn-porphyrin component of the chromophore to the
peptide bundles via axial-histidyl coordination of the zinc atom. This was not the case at
other lower detergent concentrations, most likely due to aggregation of the chromophore, as
evidenced by a broadening of the chromophore’s absorption bands when solubilized in
detergent at these lower concentrations /in the absence of the peptide. The titration shows a
gradual increase in spectral shift toward the red with added peptide saturating at a 2:1
peptide helix/PZnPIl mole ratio, after which there was no further detectable shift for both
Soret and Q-bands. Similar spectral changes were also obtained for SAP2N-PZnPI
complexes. The peptide in the monomeric state (i.e., undimerized helices) also exhibited the
same PZnPI chromophore binding properties on this spectroscopic basis. The prototype AP2
peptide was designed to form 4-helix bundles and shown to bind up to two metal-porphyrin
chromophores per bundle with high specificity.2! The a-helices forming the hydrophilic
domain of AP2 are three heptads long and their amphipathicity is solely responsible for
driving bundle formation. 4-helix bundle formation was demonstrated for the gpo-form
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(without bound chromophores) via grazing-incidence x-ray diffraction (GIXD) from
Langmir monolayers of the peptide at higher surface pressures. However, the GIXD data for
this full-length AP2 was substantially weaker than for another prototypical amphiphilic 4-
helix bundle peptide APO, in which the a-helices forming the hydrophilic domain are
comprised of four heptads, namely one heptad longer.21 Although the peptides utilized in
this work, SAP2C & SAP2N, were based on AP2, the helices forming their hydrophilic
domain were even shorter, comprised of only two heptads. Thus, it may not be surprising
that GIXD was not observable from Langmuir monolayers of these shorter peptides even at
higher surface pressures, where the helices are oriented perpendicular to the air-water
interface (see section 3.2), for both apo- and Ao/o-forms. As a result, we can only assume
that the observed saturation of PZnPI chromophore binding upon increasing the
chromophore/helix mole ratio from 1:4 to 1:2 relates to one versustwo chromophores per 4-
helix bundle, respectively. Support for this assumption is provided by closer inspection of
the chromophore’s Soret absorption, which slightly broadens to result in a small blue-shift
characteristic of a H-type (face-to-face) excitonic interaction upon increasing the
chromophore/helix mole ration from 1:4 to 1:2.33: 34 The cartoon in Scheme 1d shows how
the two, five-coordinate Zn-porphyrin moieties of the chromophore could be accommodated
within the core of a close-packed rhombic 4-helix bundle structure to satisfy the
spectroscopic data. Note that while an obvious alternative of one chromophore per 2-helix
bundle could account for the absence of detectable GIXD (based on model calculations
shown in the supporting information24) for PZnP1 chromophore/helix mole ratios from 1:4
to 1:2, it could not account for the spectroscopic data described above.

3.2. Pressure-Area Isotherms for Langmuir Monolayers of apo- & holo-SAP2 Peptides at
the Liquid-Gas Interface

Due to the overall amphiphilic nature of the 4-helix bundle peptides, they are capable of
vectorial insertion across a soft interface between polar and nonpolar media. Surface
pressure-area (rt-A) isotherms can provide some insight into the orientation of the helices
with respect to the plane of the interface. The isotherms recorded upon compression for the
apo- and holo-forms of the SAP2 peptide monolayers are shown in Figure 2. The surface
pressure for gpo-peptide monolayer increases rapidly over the 5-10 mN/m range,
corresponding to an average area per helix of 400-450 A2, This is reasonably consistent
with the expected dimension of the ~42 A length of the SAP2 a-helix (i.e., 28 residues at
1.5 Alresidue) with a diameter of ~10 A, suggesting that helices are tightly packed, all lying
in the plane of the interface at these lower surface pressures. Upon further compression
approaching a maximal pressure of 55-60 mN/m, the average area per helix approaches
~100 A?/helix, namely approximately the cross sectional area of an a.-helix, suggesting that
helices are again tightly packed, but now all with their long-axis perpendicular to the plane
of the interface at these higher surface pressures, thereby resulting in a 2-D ensemble of
vectorially oriented peptide bundles on a macroscopic scale. The isotherm for the #o/o-form
of the SAP2 peptide with a chromophore/peptide helix mole ratio of 1:4 is similar to that of
the gpo-form but shifted slightly by about 40 A2 toward larger area/helix over the entire
isotherm before the inflection point at = = ~53 mN/m. This shift likely reflects the presence
of the chromophores incorporated into the core of the peptide bundles via axial histidyl
ligation. Porphyrin binding into peptide bundles in these Langmuir monolayers at the air-
water interface has been examined by using a portable UV-vis absorption spectrometer.28
From the absorbance spectrum (See supporting information Figure S1), it was evident that
the position of the Soret peak centered at 424 nm is identical to that for solution spectra (see
Figure 1). This emphasizes that axial histidyl ligation of the Zn-porphyrins in the peptide
bundles present in the #0/o solution was preserved even after spreading at the air-water
interface and subsequent compression in the monolayer.
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3.3. X-ray Reflectivity from Langmuir Monolayers of apo-SAP2 Peptides at the Liquid-Gas

Interface

Fresnel-normalized x-ray reflectivity data, /(g,)/Rr(g), shown in Figure 3a were collected
from Langmuir monolayers of the apo-SAP2 peptide in the monomeric (un-dimerized) state
as a function of surface pressure. These data are typical of such amphiphilic peptide bundles,
exhibiting a broad maximum at t=13 mN/m, which becomes progressively narrower and
shifts to smaller momentum transfer, g, with increasing surface pressure. The inverse
Fourier transform of these data without phase information provides the autocorrelation of
the gradient electron density profile of the Langmuir monolayer, indicating the maximal
extent of the respective gradient profiles at each surface pressure. This maximal extent is
employed as the key constraint for the box-refinement algorithm applied to the normalized
reflectivity data to solve the phase problem and thereby obtain directly the gradient electron
density profile for the monolayer, which subsequently provides the monolayer electron
density profile itself via numerical integration of the gradient profile. The electron density
profiles of the apo-peptide monolayer at the corresponding surface pressures are shown in
Figure 3b. At the lowest pressure of 13 mN/m, a single relatively electron dense feature ~10
A in width occurs at the interface, consistent with the cross-sectional dimension of an a-
helix, indicating that all the helices in the monolayer lie with their long-axis parallel to the
plane of the interface. With increasing surface pressures up to 40-43 mN/m, the excess
electron density in the monolayer profiles extends progressively more deeply into the
aqueous subphase, reaching a maximal extent of ~40A. The normalized reflectivity from a
Langmuir monolayer of the dimerized gpo-SAP2C peptide was also collected at one of the
higher surface pressures (40 mN/m), the data being qualitatively similar to that for the
peptide in the monomeric (un-dimerized) state (Figure 3c and d). The electron density
profile for the 4p0-SAP2C similarly extends over ~40 A along the z-axis into the subphase,
consistent with the expected length of the peptide helix (for the SAP2C, the 28- residue
helix provides a length of 42 A for an ideal straight a-helix with 1.5 A/residue along the
long axis), indicating that the long-axis of the helices becomes oriented perpendicular to the
plane of the interface at these higher surface pressures. We note that the peptide-water
interface at the end of the 2-heptad hydrophilic domain for these shorter SAP2, SAP2C &
SAP2N peptides in such Langmuir monolayers at higher surface pressures is comparable to
that for the longer AP2 peptide possessing a 3-heptad hydrophilic domain, but much less
well defined than for the even longer APO peptides possessing a 4-heptad hydrophilic
domain. Nevertheless, these above-mentioned results are fully consistent with the
implications from the pressure-area isotherm data described in the previous section.

3.4. X-ray Interferometry from Langmuir Monolayers of apo-SAP2C Peptide at the Liquid-
Gas Interface

In order to enhance the “sensitivity” (ability to distinguish features of slightly differing
contrast across the interface) and “spatial resolution” (the minimum separation of distinct
features along the length of the electron density profile perpendicular to the interface) of
electron density profiles derived from x-ray reflectivity data from Langmuir monolayers of
the SAP2 peptide bundles, a recently developed interferometric approach was utilized. This
approach utilizes a juxtaposed, inorganic multilayer as a reference structure to produce an
interference effect between the strong specular reflectivity from the inorganic multilayer and
the much weaker specular reflectivity from the adjacent bio-organic Langmuir monolayer
without any perturbation of the latter.30

In this work, the Si-Ni-Si inorganic multilayer substrate’s surface was alkylated with 3-
aminopropyldimethylethoxysilane, followed by deposition of the succinimidyl 4-( /-
maleidomethyl) cyclohexane-1-carboxylate (SMCC) linker to facilitate the covalent
attachment of the peptide monolayer to the surface of the substrate upon contact with the
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Langmuir monolayer of the SAP2C peptide. This alkylated substrate was immersed deeply
in the subphase before spreading the Langmuir monolayer, having been precisely aligned
parallel to the plane of the interface and characterized in helium gas by x-ray reflectivity
prior toimmersion in the subphase. After the x-ray reflectivity data collection from the
compressed peptide monolayer at the gas-water interface (corresponding to Figure 3), the
alkylated surface of the inorganic substrate was gently raised to the interface until
juxtaposed with the vectorially oriented peptide monolayer. The substrate was then tilted by
~ 3° relative to the plane of the monolayer, but with the water meniscus remaining fully
attached, to promote thinning of the intervening water layer between the Langmuir
monolayer and the multilayer substrate. This allowed the covalent attachment of the
Langmuir monolayer onto the alkylated surface of the inorganic multilayer substrate, the
former remaining otherwise unperturbed at the water-helium interface based on the
invariance of the measured surface pressure. Fresnel-normalized x-ray reflectivity data were
then collected from the 4uo-SAP2C monolayer on the Si-Ni-Si substrate, following retilting
the wafer back to the original alignment (i.e., precisely parallel to the water-helium
interface). The results are shown in Figure 4a and b along with data for the alkylated Si-Ni-
Si reference structure itself in helium gas, clearly demonstrating that the normalized
reflectivity for the alkylated Si-Ni- Si substrate is significantly different from that with the
covalently attached gpo-SAP2C peptide monolayer over the range of momentum transfer, O
A~1<g<0.3 A-1. Differences in the data for higher momentum transfer, g, are more
evident on a semilog scale, and directly provide the electron density profile for the
multilayer-overlayer system via the box-refinement procedure, which here also utilizes the
known profile structure of the reference multilayer (determined independently) as an
additional constraint (see Figure 4c). Note that the electron density profile for the alkylated
multilayer substrate itself in helium is used only as an /nitial constraint in the box-
refinement of reflectivity data for the multilayer-overlayer system to thereby provide the
electron density profile for the system nearest (i.e., most similar to) that of the multilayer
substrate; as a result, the profile structure of the substrate within the multilayer-overlayer
system can evolve somewhat from that initially as the refinement proceeds to convergence.
The results reveal the significant difference in the electron density between the reference
structure itself and that with the overlying peptide monolayer. Given the fabrication
specifications employed for the Si-Ni-Si multilayer deposition, the electron density profile
of the reference structure can be expected to be comprised of five regions (layers); region |
(the underlying bulk Si wafer), region 11 (first deposited amorphous Si layer), region 11l
(deposited amorphous Ni layer), region IV (second deposited amorphous Si layer), and
region V (amorphous SiO layer). This allows us to assign the different features of the
electron density profile to these different layers, as shown in Figure 4c, consistent with the
fabrication specifications and allowing for subsequent interlayer diffusion and oxidation of
the surface. Note also that this Fourier representation, here of the reference multilayer
structure itself, provided by the box-refinement phasing procedure contains the effects of
Fourier transform truncation, both for g, < (Gz)min ~ 0.032A1 corresponding to the critical-
angle for total reflection and for g, > (0z)max ~ 0.625A~1, resulting in the minimum
wavelength Fourier component in the so-derived electron density profile thereby limiting the
spatial resolution achieved. The former (g;)min truncation effect is more pronounced near the
substrate’s surface due to the nearby high contrast Ni-layer resulting in a negative apparent
electron density adjacent the surface (see Figure 4c & Figure 6¢c—d). This effect can be
removed by subtraction of the profile for the multilayer substrate itself from that for the
multilayer-overlayer system, as demonstrated previously#®. Subtraction of the profile of this
reference structure from that profile for the peptide monolayer on the same substrate’s
surface thus correctly provides the electron density of the SAP2C monolayer itself occurring
within the range of +35 A (corresponding to the SiO ,-peptide interface) to +82 A
(corresponding to the peptide-helium interface) (see Figure 4d). The full-width at half-
maximum (fwhm) value of the features of the peptide monolayer over this region of the
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profile was found to be 43-45 A, which is in good agreement with the expected length of the
peptide helix, noting here that both the peptide-linker interface at z ~ 40 A and the peptide-
helium interface at z ~ 80 A are well-defined. Also of relevance to the subsequent section,
note that the overall asymmetry of the SAP2C peptide monolayer profile shown here
(namely somewhat higher density in the hydrophobic domain for 60A < z < 80A relative to
that in the hydrophilic domain for 40A < z < 60A) is consistent with that of SAP2C in a
Langmuir monolayer in the absence of the adjacent multilayer substrate (Fig. 3d), the
peptide having the same vectorial orientation in each case.

3.5. UV-vis Absorption Spectra of SAP2N & SAP2C Peptide-Chromophore Complexes in
Monolayers at the Solid-Gas Interface

The gpo SAP2C monolayer was covalently attached to the alkylated surface of the Si-Ni-Si
& fused silica substrates by LSy, deposition, while the 400 SAP2N monolayer was covalently
attached to the alkylated surface of the Si-Ni-Si & fused silica substrates by LS, deposition,
these depositions performed at an area of 100 A2 per a-helix. The linear UV-vis absorption
spectra for the respective monolayers covalently attached onto the fused silica slides are
shown in Figure 5, where the Soret maxima are centered at ~426 nm and 424 nm for the
respective fo/o SAP2C and SAP2N peptides, consistent with the corresponding absorption
maxima (424 nm) evident in detergent-solution. These results indicate that the PZnPI
chromophores remain intercalated into the peptide bundles attached on the substrates, and
strongly bound to the histidine residue positioned at a specific site along the length of the a-
helix even after the multiple rinsing steps carried out with 2.2 wt% OG solution. The surface
density of the chromophore bound in the monolayer was also calculated from the Soret peak
absorbance, yielding 192 A2 and 297 A2 for the #0/o SAP2C and SAP2N monolayers,
respectively (corresponding to an average helix/chromophore mole ratio of ~2:1 and ~3:1,
respectively). This is similar to the maximal stoichiometry obtained for titration in detergent
solution (namely, a peptide helix/chromophore mole ratio of 2:1).

3.6. X-ray Interferometry of the SAP2N & SAP2C Peptide-Chromophore Complex in
Monolayers at the Solid-Gas Interface

Fresnel-normalized x-ray reflectivity data enhanced by interferometry were also collected
for both monolayers of /o/o SAP2C and SAP2N peptides incorporated with the
chromophore at the silicon oxide-helium interface after incubation with the PZnPI
chromophore and rinsing (Figure 6). The data for the multilayer substrate-overlayer systems
for the SAP2C/PZnPI1 and SAP2N/PZnPI complexes, along with that for the multilayer
reference structure itself, show a significant difference in the normalized reflectivity data
between the reference structure itself and that with the covalently attached monolayer over
the entire range of momentum transfer, and are especially evident when plotted on a semilog
scale. The electron density profiles were similarly obtained (as described in section 3.4)
from the normalized reflectivity via the box-refinement procedure, again assigning a total of
five regions (or layers) within the reference structures based on their fabrication
specifications; region | (the underlying bulk Si wafer), region Il (first deposited amorphous
Si layer), region 111 (deposited amorphous Ni layer), region IV (second deposited amorphous
Si layer), and region V (amorphous SiO, layer) (see Figure 6¢ and d). The difference in the
profiles between this reference structure and that for the peptide-chromophore monolayer on
the same substrate correctly provides (as described in section 3.4) the electron density of the
monolayers of the /o/o peptides SAP2C-PZnPl and SAP2N-PZnPI within the range of +20
A (corresponding to the SiO -peptide interface) to +65 A (corresponding to the peptide-
helium interface) (see Figure 7). The full-width at half-maximum (fwhm) values of the
features of the peptide monolayer over this region of the profiles were found to be ~33 A
and ~30 A for the SAP2C-PZnPI and the SAP2N-PZnPlI, respectively. This is substantially
shorter than the expected full-length of ~42 A for the peptide’s 28-residue a-helix. Note that
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the asymmetric features of SAP2C with respect to the substrate surface in Figure 7a are
highly similar to those for SAP2 in Figure 4d, while only their profile extent differs. Thus,
this discrepancy can be ascribed to the tilt of the a-helices relative to the normal to the plane
of the interface by approximately 37 to 44°. This is not surprising, because here the
monolayer of the goo-peptide covalently attached onto the substrate was first rinsed with OG
solution, then incubated with a PZnPI/OG solution, and subsequently rinsed extensively
again with OG detergent solution, thereby also removing any non-covalently attached
peptide in addition to excess chromophore. This would result in some degree of incomplete
surface coverage, thereby allowing some tilt of the remaining peptide bundles with respect
to the surface normal. We also note that the electron density features for the monolayer
profiles of SAP2C-PZnP1 and SAP2N-PZnPI are shown to be asymmetric, and near mirror
images of each other with respect to the substrate surface (Figure 7). The difference between
the SAP2C and SAP2N peptides is by design, based on the location of a cysteine residue on
their peptide’s primary sequences (i.e., SAP2C has a cysteine residue at its C-terminus at the
end of the hydrophilic domain while SAP2N has a cysteine residue at its N-terminus at the
end of the hydrophobic domain). Hence, slightly different techniques for the monolayer
deposition were applied, namely, LSy and LS, techniques for SAP2C and SAP2N,
respectively (see Experimental Section for more details), providing precisely the opposite
vectorial orientation of the peptide-chromophore complex for SAP2C-PZnPI versus SAP2N-
PZnPI with respect to the substrate surface. Lastly, we note that the asymmetry in the profile
structures of SAP2C-PZnPl and SAP2N-PZnPlI is already present in the gpo-forms of these
peptides, each possessing somewhat higher electron density within their hydrophobic
domain, where the histidine residue responsible for binding the Zn-porphyrin moiety of the
chromophore is located, relative to that of their hydrophilic domain. Thus, it’s not possible
to ascribe this additional /o/o form hydrophobic domain electron density exclusively to the
presence of bound PZnPI.

3.7 Pump-Probe Transient Absorption Spectroscopy of SAP2N-PZnPI in Detergent

Solution

The excited state dynamics of the SAP2N peptide-chromophore complex, and PZnP1 in
DMSO solution, were interrogated using femtosecond transient absorption spectroscopy.
Figure 8a—b displays representative transient absorption spectral data obtained for the
SAP2N holo peptide in buffered detergent, and PZnPI in DMSO solvent, at multiple time
delays. Note that the general features of these transient absorption spectra resemble those
elucidated previously for PZnPI in CH,Cl, solvent.13:27 Electronic excitation of PZnPI
produces a porphyrin-localized singlet excited state, 1(PZn)*-PI, which in CH,Cl, solvent
undergoes a charge separation (CS) reaction characterized by a sub ps time constant (tcg =
770 fs), and a correspondingly rapid thermal charge recombination (CR) reaction (tcgr = 5.2
ps).2’ Similarly, the excited state dynamics evinced by PZnPI within the SAP2N peptide or
in DMSO solvent display the spectroscopic hallmarks of CS state formation (P1°~, sharp
absorption at ~710 nm,3% PZn**, broad absorption at ~450 nm and ~700-750 nm).27. 36.37

The rate constants for photoinduced CS and thermal CR reactions for the SAP2N holo
peptide and PZnPI in DMSO solvent, were determined from multiwavelength global fitting
of the vis/NIR domain transient absorption data (Figure 8c, d). With respect to the PZnPI
dynamics determined in DMSO (tcs = 1.2 ps, Tcr = 4.6 ps), note that these time constants
not only resemble those previously evaluated in CH,Cl,,27 but also those determined for a
closely related PZnPI structure examined in THF (tcs = 2.6 ps, tcr = 9.1 ps) and DMF (tcs
=1.8 ps, tcr = 3.1 ps) solvents.38

The excited state dynamics manifest by the SAP2N holo peptide in buffered detergent (tcs
=0.3ps, Tcr = 78 ps; Figure 8a, ¢), however, differ markedly from those evinced by PZnPI
in DMSO, CH,Cl,, THF, and DMF solvents. The CR time constant determined for the
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SAP2N holo peptide, interestingly, is of similar magnitude to that evaluated for PZnPl in
toluene solvent (tcr = 91 ps), consistent with the typically low dielectric strength of the
peptide interior (eqoluene = 2.38;3° epeptide interior ~2 — 4),*% 41 and the expectation that a
decrease in solvent polarity will augment PZn**P1*~ charge-separated lifetime, consistent
with previous studies and CR thermodynamics that underscore that this process lies in the
Marcus inverted region.27-38

Note that the CS time constant determined for the SAP2N holo peptide lies in the ultrafast
time regime (tcs = 0.3 ps), and contrasts sharply that evaluated for PZnPl in toluene solvent
(tcs = 5.9 ps).38 It is important underscore in this regard that the impact of H-bonding
interactions upon PZnP1 CS dynamics have been interrogated; these data demonstrate that
addition of ethanol (0.1~1%, v:v) to nonpolar solvents significantly decreases the magnitude
of Tcs, presumably through imide-localized H-bonding interactions that augment PI electron
affinity and thereby decrease AGcs.*? While control studies that examine PZnPI charge
transfer dynamics in agueous detergent in the absence of protein also showed an accelerated
CS rate constant relative to that evinced in aprotic solvent, it is important to note that
consistent with extensive previous work,*3-4° the protein matrix may play additional roles
that reduce reorganization free energy relative to bulk solvent. Nonetheless, in the absence
of detailed structural or vibrational spectroscopic data for the a-helical bundle-based ET
assembly, these pioneering dynamical experiments involving mixed nonpolar/H-bonding
solvent systems offer an extremely intriguing explanation for the PZnP1 ET dynamics
determined within the SAP2N peptide: namely, that within the bundle interior, one or more
H-bonding interactions involving the peptide or a trapped water molecule with the Pl imide
carbonyl oxygen serves to diminish the magnitude of AGcg for PZnPI, while maintaining a
highly nonpolar chromophore-localized dielectric environment.

4. Conclusions

4-helix bundles of a shortened version of the amphiphilic peptide AP2 have been utilized to
vectorially-orient the PZnPIl Donor-bridge-Acceptor electron transfer chromophore within
acentric 2-D ensembles on a planar inorganic surface via a “directed-assembly” approach,
achieving in-plane chromophore densities approaching 1/200A2. The particular vectorial
orientation of the chromophore with respect to the surface normal was controlled through
the utilization of inorganic surface-selective residues positioned at either end of the bundle.
The excited state dynamics of the SAP2N peptide-chromophore complex determined in
buffered detergent solution differ significantly from those established in all other solvent
systems27:38 in that the PZnPI chromophore displays both ultrafast charge separation (tcs =
0.3 ps) and a long-lived PZn**PI*~ charge-separated state (tcg = 78 ps). Extensive
benchmark datal3.27:38.42 strongly suggest that the combination of one or more H-bonding
interactions involving the peptide (or a trapped water molecule within the peptide assembly)
and the Pl imide carbonyl oxygen, and a highly nonpolar chromophore-localized dielectric
environment, lie at the genesis of these electron transfer dynamics. These 4-helix bundle
peptides thus not only provide the required structure to enable formation of acentric 2-D
ensembles of D-br-A structures at high in-plane densities, but also afford a means to
engineer unigue chromophore-localized solvation environments while protecting sensitive,
organic-based photo-active elements in an insulating sheath. Analogous chromophores,
utilizing longer bridges, will allow the length of the Donor-bridge- Acceptor assembly to
match that of the peptide bundle; such D-br-A structures, having both optimized length and
appropriate CS and CR reaction thermodynamics, utilized in concert with modern peptide
design, provide a new approach in the development of more efficient active layers in bilayer
heterojunction photovoltaic devices.
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Figure 1.

Titration of SAP2C (a) and SAP2N (b) with a 3M solution of PZnPI in 50 mM KPi buffer
with 2.2 wt% OG at pH 8 and 20°C. The spectra were recorded in a 1cm path length cuvette,
containing 0, 0.5, 1, 2, 4, 6, 8 equiv added peptide monomer per chromophore. Expanded
UV-vis absorption spectral views (Soret region, 350-500 nm) for SAP2C-PZnPI (c) and
SAP2N-PZnPI (d) complexes. Further expanded UV-vis absorption spectral views (Soret
region, 400-450 nm) for SAP2C-PZnPI (e) and SAP2N-PZnPI (f) complexes at
chromophore/peptide helix mole ratios of 1:2 and 1:4. Soret peak positions determined by
Gaussian fitting vs [SAP2C helix]/[PZnPI] mole ratio for SAP2C-PZnPI (g) and SAP2N-
PZnPI (h) complexes.
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Figure2.

Surface pressure-area (rt-A) isotherms recorded for SAP2 in the gpo-form (continuous) and
with PZnP1 at a chromophore/peptide helix mole ratio of 1:4 (dotted) spread from aqueous
solution (50 mM phosphate buffer) with 2.2 wt% OG detergent on a subphase of 50 mM
phosphate buffer at pH 8 and 20°C.
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Figure 3.
Experimental Fresnel-normalized x-ray reflectivity data (open symbols) compared with that
calculated for the monolayer electron density profiles (solid curves) derived from the
boxrefinement analysis as a function of photon momentum transfer g, for Langmuir
monolayers of the SAP2 (at various surface pressures) (a) and of the SAP2C (at the higher
surface pressure extreme) (c) at the water-air interface. The derived electron density profiles
are shown for Langmuir monolayers of the SAP2 (b) and SAP2C (d).
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Fresnel-normalized x-ray reflectivity data (circles) obtained via the interferometric approach
for (i) a Si-Ni-Si multilayer reference structure with SAM and linker and (ii) the overlying
SAP2C monolayer covalently attached to the surface of the Si-Ni-Si multilayer structure; (a)
shows these data on a linear ordinate scale while (b) utilizes a corresponding log scale. (c)

Corresponding electron density profiles derived for the multilayer substrate-peptide
overlayer system. (d) Difference between the electron density profile for the Si-Ni-Si

reference structure itself and with the SAP2C monolayer overlying the Si-Ni-Si structure
[i.e., profile for SAP2C on Si-Ni-Si] minusthat for [Si-Ni-Si].
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Linear UV-vis absorbance spectra of (a) SAP2C-PZnPI and (b) SAP2N-PZnPI monolayer
films (#o/lo-form) covalently attached to the surface of a fused silica substrate.
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Figure®6.

Fresnel-normalized x-ray reflectivity data (circles) and the best fits (solid curves) from the
box-refinement analysis as a function of photon momentum transfer g, for (i) a Si-Ni-Si
multilayer reference structure itself and (ii) (2) SAP2C and (b) SAP2N monolayers
covalently attached to the surface of the Si-Ni-Si multilayer structure, followed by
incubation in 30 wM solution of PZnPI solution in 2.2 wt% of OG overnight and subsequent
rinsing. Corresponding electron density profiles for (i) the Si-Ni-Si multilayer reference
structure and (ii) the PZnPI-bound Aolo- (c) SAP2C and (d) SAP2N monolayers, covalently
attached to the surface of the respective alkylated Si-Ni-Si multilayer substrates.
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Figure7.
Difference between the electron density profile for the Si-Ni-Si reference structure and
peptide/chromophore monolayer (/0/o form) on the Si-Ni-Si structure shown in Figure 6: (a)
[SAP2C/PZnP1 on Si-Ni-Si profile] minus [Si-Ni-Si profile] and (b) [SAP2N-PZnPI on Si-
Ni-Si profile] minus [Si-Ni-Si profile]. The red open rectangular box (dotted line) indicates
the expected position of PZn moiety of the bound PZnPI chromophore. Highly schematic
representations of the SAP2C-PZnPl & SAP2N-PZnPI complexes (/#0/o forms) covalently
attached to a Si-Ni-Si surface are juxtaposed immediately above the profiles approximately
to scale. Expanded scale schematic illustrations of the /0/o 4-helix SAP2C and SAP2N

bundles are also shown above these representations.
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Figure8.
Transient absorption spectra of (a) the SAP2N-PZnPI peptide (chromophore/peptide helix
mole ratio of 1:4 in 50 mM phosphate buffer with 2.2 wt% OG, and (b) PZnPI in DMSO
solvent, recorded at the labeled time delays. Experimental conditions: temperature = 20 °C;
(@) Aex =560 nm, (b) Agx = 601 nm. Exemplary transient decay kinetics measured at 719 nm
for the (c) SAP2N-PZnPI peptide (chromophore/peptide helix mole ratio of 1:4) and (d)
PZnPI in DMSO solvent. Insets to panels (c) and (d) display summaries of the respective
proposed ET dynamics determined from global fitting of transient data acquired over the
vis-NIR spectral domain (SAP2N-PZnPI: tcg = 300 fs, tcr = 78 ps; PZnPl in DMSO: t¢g
=1.2ps, Tcr = 4.6 ps).
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NS

5-coordinate axial
histidyl coordination

Scheme 1.

(a) Amino acid sequences (one-letter symbol) for AP2, SAP2, SAP2C and SAP2N. (b)
Chemical structure of the PZnPI chromophore. (c) Schematic illustration of the SAP2-PZnPI
complex (the blue and yellow regions represent the hydrophobic and hydrophilic domains,
respectively). (d) Schematic illustration of a rhombic arrangement of the four helices in the
plane perpendicular to the bundle axis with resulting chromophore/4-helix bundle mole ratio
of 2:1.
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