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ABSTRACT: Long fibers assembled from peptide
amphiphiles capable of binding the metalloporphyrin
zinc protoporphyrin IX ((PPIX)Zn) have been synthe-
sized. Rational peptide design was employed to generate a
peptide, c16-AHL;K;-CO,H, capable of forming a S-sheet
structure that propagates into larger fibrous structures. A
porphyrin-binding site, a single histidine, was engineered
into the peptide sequence in order to bind (PPIX)Zn to
provide photophysical functionality. The resulting system
indicates control from the molecular level to the
macromolecular level with a high order of porphyrin
organization. UV/visible and circular dichroism spectros-
copies were employed to detail molecular organization,
whereas electron microscopy and atomic force microscopy
aided in macromolecular characterization. Preliminary
picosecond transient absorption data are also reported.
Reduced hemin, (PPIX)Fe', was also employed to
highlight the material’s versatility and tunability.

N ature utilizes macrocyclic molecules in organized arrays of
proteins to function as electron-transfer sites (cytochrome
bel)," catalytic reaction centers (cytochrome p450, cytochrome
¢ oxidase),” and light-harvesting complexes (LHCs; photo-
systems I and II).* In particular, the LHC®” from purple bacteria
highlights one of nature’s most fascinating capabilities, the self-
assembly of basic building blocks, peptides and chlorophyll, into
a well-ordered and well-structured functional material. By
organizing a multitude of chromophores in a controlled manner,
nature has devised a means of collecting sunlight and utilizing
that sunlight to catalyze the synthesis of useful fuel. Here, we
employ peptide amphiphiles as the structural architecture to
guide the formation of fibrous assemblies while ordering
metalloporphyrins in a well-organized manner.
Peptide-directed self-assembly is an ever-expanding tool in the
development of useful nanomaterials.® Peptide amphiphiles™"°
that can self-assemble into high-aspect-ratio nanofibers have
recently been employed in a wide array of functions including
directed cell proliferation,“’12 nanoparticle organization,13 and
bone regeneration’ to name a few. Based on the peptide
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Figure 1. (A) Peptide design: c16-AHL;K;-CO,H lysine (blue), leucine
(green), histidine (red), alanine and c16 (yellow). (B) (PPIX)Zn. (C)
P-Sheet organization with (PPIX)Zn (purple). (D) Cross section of self-
assembled fiber.

amphiphiles’ versatility through rational design, we explore here
their potential as scaffolds for “light-harvesting fibers”. To date,
empirical and computationally derived coiled-coils dominate the
literature regarding binding of metalloporphyrins to designed
peptide frameworks."*">” However, these tetra-a-helical bundles
were designed to yield water-soluble monomeric units capable of
binding 1—4 chromophores. To generate a useful material, the
long-range ordering of exogenous chromophores, like porphyr-
ins, is necessary.”® The design presented herein consists of a
standard amphiphilic motif (Figure 1): a polar head, to which we
have assigned three lysine residues, and a nonpolar, aliphatic tail,
palmitic acid. Three leucine residues were employed to enhance
structural organization using well-documented J-sheet con-
formers.”” " Leucine possesses moderate f3-sheet propensity
and was strategically chosen to provide a handle for control over
the rate of fiber formation. A metalloporphyrin binding site of a
single histidine was chosen, as it is the predominant axial ligand
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Figure 2. CD spectra of S00 M c16-AHL;K;-CO,H in water (black)
and 125 mM NH,OH (red). Inset: expanded view of the minima
representing the f-sheet signal.

for many metalloporphyrin cofactors found in naturally
occurring proteins.l_7 Finally, to provide additional space for
the chromophore to bind, a single alanine was introduced as a
spacer between the functional binding group and the aliphatic
tail. The final sequence, c16-AHL;K;-CO,H, yielded the ideal
porphyrin-binding peptide amphiphile. Once assembled, the
peptide fibers would have a diameter between 6.9 (fully
interdigitated alkyl tail) and 9.0 nm (fully extended peptide)
(Figure S1).

The peptide was synthesized using standard solid-phase Fmoc-
based chemistry and purified by RP-HPLC (Figure S2).
Dissolution of the peptide amphiphile in water at a concentration
of 1 wt%, 8.4 mM, results in a fluid solution. Upon addition of
ammonium hydroxide (final NH,OH concentration, 125 mM),
the solution immediately becomes viscous and ultimately forms a
self-supporting gel (Figure S3). CD spectroscopy indicates that
in water a sample of c16-AHL;K;-CO,H (500 uM) yields no
observable structure, even when the sample is aged for days
(Figure 2). Addition of NH,OH yields a twisted or aggregated f-
sheet conformation, as indicated by the red-shifted 218 nm
signature band of a typical S-sheet.**** Time-dependent
measurements on samples at various concentrations of c16-
AHL;K;-CO,H followed by addition of 125 mM NH,OH
indicate immediate formation of a f-sheet followed by additional
twisting/aggregation of a larger structure (218—231 nm) over
30 min (Figures S4—S6). This slow transition allows for the
timely incorporation of an exogenous substrate, such as a
metalloporphyrin chromophore.

Zinc protoporphyrin IX ((PPIX)Zn, SO uM) was added to a
solution of c16-AHL;K,;-CO,H (500 #M in 125 mM NH,OH)
that had been aged for 1 h. UV/vis spectroscopy indicates histidyl
axial binding of the chromophore, as the B-band (/,,,, = 431 nm)
and Q-bands (4, = 552, 589 nm) are red-shifted from the
unbound (PPIX)Zn in 125 mM NH,OH (B-band, 1, = 412
nm; Q-bands, A, = 550, 586 nm; Figure S7). Interestingly,
circular dichroism indicates a strong signal in the visible region
with a negative Cotton effect (4,,;,) at 425 nm and positive
Cotton effect (4,,,) at 433 nm (Figure S7). Such a strong signal
is indicative of exciton coupling between well-ordered
neighboring chromophores.”**** No observable signal was
obtained in the absence of peptide. A temporal component has
also been noted in the sample preparation that directly coincides
with f-sheet formation. Addition of the chromophore into the
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Figure 3. Titration of c16-AHL;K;-CO,H into (PPIX)Zn, monitored
by UV/vis and CD spectroscopy. (Top) Absorption and (bottom) CD
spectra of SO uM (PPIX)Zn in 125 mM NH,OH with 50—500 M c16-
AHL,K;-CO,H. Insets: dependence of (PPIX)Zn B-band absorption,
431 nm (top), and positive Cotton band, 433 nm (bottom), on cl6-
AHL;K;-CO,H concentration.

material solution immediately after adding NH,OH and after 2 h
incubation results in inefficient binding (UV/vis signal decrease)
and ordering (CD signal decrease) of (PPIX)Zn, suggesting a
moderately narrow window for cofactor addition at these
concentrations. Before addition of base, the structure is not
formed, and after 2 h, fiber bundling becomes extensive. Between
those times, we suggest there is an optimal window in which
accessible water channels are available for the (PPIX)Zn
molecule to migrate toward the hydrophobic core and bind to
the available histidine moiety.***”

To determine the stoichiometry, or porphyrin loading
capacity, of the peptide material, titrations were performed
holding the chromophore constant at 50 #M while varying the
peptide concentration from 50 to 500 M. Based on the model
(Figure S1), we expected roughly a 1:4 metalloporphyrin/
peptide stoichiometry. By monitoring the B-band (431 nm) in
the absorption spectrum which corresponds to the axially bound
cofactor (Figure 3), we found a 1:6 stoichiometry. CD spectra
elicit a unique insight into the porphyrin organization. The
largest observed signal in the CD titration was observed at a 1:6
stoichiometry, consistent with that found for the UV/vis titration
(Figure 3). This suggests that the porphyrin is tightly packed,
with a small interchromophore distance at a fixed dihedral angle
in the assembled peptide material at this stoichiometry.®* At a
1:10 stoichiometry, this signal was decreased by nearly a factor of
2, consistent with an increase in chromophore—chromophore
distance. We did not observe the expected 1:4 stoichiometry,
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Figure 4. SEM images of fibers formed from addition of 125 mM
NH,OH to c16-AHL;K;-CO,H, without (left) and with (right)
(PPIX)Zn.

o e

Helght, nm
s s

0.00 nm 0.00 nm

Figure S. AFM images of fibers formed from addition of 125 mM
NH,OH to c16-AHL;K;-CO,H with (PPIX)Zn. Left, 10 X 10 ym; right
image, 2.5 X 2.5 pm; inset, height profile of a single fiber.

most likely due to potential steric interactions between the bulky
side chains of neighboring (PPIX)Zn molecules. In addition, the
model (Figure S1) assumes a very flat and planar f-sheet,
whereas twisting of the structure could induce a change in the
binding site, lending itself to the observed 1:6 stoichiometry.

The supramolecular assembly of the material was analyzed by
SEM with a transmission electron detector (TED). In water,
irregular spherical or disk-like structures are observed (Figure
S8). Upon addition of NH,OH, we observe bundling fibers
(Figure 4). In conjunction with the observed CD data, it can be
concluded that f-sheet formation is a precursor to the formation
of the bundled fibers. The degree of bundling is somewhat
controlled (i.e, number of fibers per bundle) by modifying the
concentration at which the fibers are formed (Figure S9). As the
concentration increases, bundling increases. The addition of
(PPIX)Zn does not have any influence over the sample
morphology (Figure 4). The fibers were noted to be micrometers
in length and significantly entangled. AFM was performed to
analyze the height dimensions of the fibers (Figure S).
Interestingly, we observed single, double, triple, etc. fibers. The
single fibers exhibited 7—9 nm height, consistent with the
molecular model of the peptide (6.8—8.9 nm).

To probe the photophysical properties of the long order
arrangement of (PPIX)Zn, femtosecond transient absorption
spectroscopy was employed.*® Upon excitation at 430 nm, the
first sample, (PPIX)Zn in SO gM DMSO under an inert
atmosphere, was found to have a lifetime much greater than the
upper limits of our instrumental setup (Figure S10, top). The
difference spectra in the microsecond time regime indicated
formation of the expected triplet excited state. The kinetic profile
yielded a plateau extended to S us. Typically, the zinc porphyrin
triplet excited state exhibits a millisecond lifetime.>” The second
sample, S0 uM (PPIX)Zn in 125 mM NH,OH, is not stable for
long times and tends to aggregate under these conditions,
exhibiting significant exciton annihilation contributions (Figure
S10, bottom). Interestingly, the third sample, (PPIX)Zn:c16-
AHL;K;-CO,H complex (1:10 porphyrin/peptide to ensure
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Figure 6. Transient absorption (1, = 430 nm) difference spectra at
selected delay times (left) and kinetics measured at 490 nm (right), raw
data (black line), and triexponential kinetic fit, 7, = 10.3 ps, 7, = 56.6 ps,
and 73 = 570 ps (red line) of (PPIX)Zn:c16-AHL;K;-CO,H (1:10) in
125 mM NH,OH. Residual graph represents the difference between the
kinetic fit and the data.

complete cofactor binding), exhibits no observable triplet excited
state in the microsecond time regime (Figure 6). The observed
multicomponent time processes on the picosecond time scale are
consistent with singlet exciton annihilation interactions between
neighboring excited chromophores.”***~*

To better understand the chromophore organization, a second
peptide was synthesized, c16-AHAL;K;-CO,H, that incorpo-
rated an extra alanine between the porphyrin-binding histidine
and the f-sheet structural region of the peptide. We found that
the peptide formed standard f-sheets (218 nm; Figure S11) and
did indeed bind (PPIX)Zn, but strong exciton coupling was not
observed in the visible region of the CD spectrum (Figure S12).
The morphology of the self-assembled peptide in a basic solution
without and with (PPIX)Zn was the same as that of the parent
peptide. However, it was noticed that, over time (1 day), a 1 wt%
solution of c16-AHAL;K;-CO,H in water formed a viscous
solution. SEM (TED) indicated self-assembly of fibers and sheets
in the absence of base (Figure S13). This lack of control over the
pH-triggered assembly may suggest the additional alanine
contributes to a stronger f-sheet-forming peptide, but a less
rigid porphyrin-binding pocket results due to the poor space-
filling of the alanine residue. Due to the seemingly minor
addition to the peptide sequence, the alanine residue provides
insight into next-generation designs of peptide amphiphiles
capable of binding metalloporphyrins.

Finally, the modularity of the material was tested. Hemin is
simply protoporphyrin IX with a ferric (Fe**) ion as the metal
center. It is found in all living mammals, serving as a redox-active
center with applications in electron transfer as well as oxygen
binding and activation. The ferric center prefers six-coordinate
geometry, while the ferrous (Fe*") ion prefers five-coordinate
geometry, similar to that of zinc. We were able to confirm binding
in the ferrous state to the peptide by the red-shifted UV/vis data
(B-band, A, = 426 nm; Q-bands, A, = 527, 559 nm) and
exciton interactions of neighboring chromophores by CD
spectroscopy with a negative Cotton effect (4,,) at 421 nm
and positive Cotton effect (4,,,,) at 434 nm (Figure S14). The
peptide, c16-AHL;K;-CO,H, successfully incorporates both
ferrous and (PPIX)Zn cofactors. Therefore, the material
character can be tuned (ie., from a light-harvesting fiber with
(PPIX)Zn to an oxygen-activating fiber with reduced hemin)
simply by exchanging cofactors that require a single axial
histidine ligand.

In comparison to other metalloporphyrin-binding peptide
systems, peptide amphiphiles offer several advantages: (1) The
long-aspect-ratio fibers housing metalloporphyrins provide a
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readily available platform for employment as a molecular wire, as
opposed to other metalloporphyrin-binding peptides that would
require some element of post-processing, i.e., surface immobi-
lization. (2) The fiber itself provides an overabundance of
metalloporphyrin-binding sites, allowing the material to be tuned
simply by loading the material to its 1:6 chromophore/peptide
maximum loading capacity or well below that value to obtain the
desired photophysical/electronic characteristics. (3) Finally, the
single histidine available for binding allows for material tunability
simply by incorporating the metalloporphyrin with the desired
physical property, in this case (PPIX)Zn for photoexcitation or
hemin for oxygen activation.

In conclusion, we have exhibited excellent control over
porphyin organization from the molecular to the macro-
molecular scales by using a simple peptide amphiphile design.
Upon addition of base, f-sheet formation propagates the
formation of larger fibrous structures capable of binding and
encapsulating a photoactive chromophore, (PPIX)Zn, as well as
an oxygen-activating chromophore, reduced hemin. The
assembly indicates strong exciton interactions between neighbor-
ing chromophores, suggesting a tight packing and close
proximity. Photophysical measurements indicate a definite
influence of the peptide on the electronic interactions of the
chromophore. Further studies will focus on obtaining physical
measurements of the fibrous material and varying the peptide
sequence and cofactor to produce a more stable peptide-based
photovoltaic material.
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