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Abstract

The misfolding of proteins and peptides potentially leads to a conformation transition from an
a-helix or random coil to S-sheet-rich fibril structures, which are associated with various amyloid
degenerative disorders. Inhibition of the S-sheet aggregate formation and control of the structural
transition could therefore attenuate the development of amyloid-associated diseases. However,
the structural transitions of proteins and peptides are extraordinarily complex processes that

are still not fully understood and thus challenging to manipulate. To simplify this complexity,
herein, the effect of metal ions on the inhibition of amyloid-like S-sheet dipeptide self-assembly
is investigated. By changing the type and ratio of the metal ion/dipeptide mixture, structural
transformation is achieved from a S-sheet to a superhelix or random coil, as confirmed

by experimental results and computational studies. Furthermore, the obtained supramolecular
metallogel exhibits excellent /n vitro DNA binding and diffusion capability due to the positive
charge of the metal/dipeptide complex. This work may facilitate the understanding of the role of
metal ions in inhibiting amyloid formation and broaden the future applications of supramolecular
metallogels in three-dimensional (3D) DNA biochip, cell culture, and drug delivery.
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The aggregation of proteins and peptides into amyloid fibrils has attracted a considerable
amount of attention in the fields of structural biology, medicine, chemistry, physics, and
materials science,1~# since it is a ubiquitous phenomenon associated with neurodegenerative
disorders such as Alzheimer’s, Parkinson’s, and Huntington’s diseases.>1! Under the
influence of modified conditions, these proteins and peptides may partially unfold and
subsequently assemble into insoluble, highly ordered antiparallel S-sheet rich fibrous
structures.1213 Both random coil to B-sheet and helix to S-sheet transitions could occur
during the misfolding process, inducing amyloid diseases.1# Although the pathogenesis of
these diseases has been established to be associated with the process of amyloid formation,
the mechanism of structural transitions associated with protein and peptide misfolding
remains unclear. Thus, regulation of the structural transformation of the stable and highly
ordered B-sheet conformation into the helix or random coil bears important implications for
inhibiting amyloid fibril formation and still remains an urgent unmet challenge.

Due to the moderate bond strength and reversibility, supramolecular interactions of
misfolded proteins and peptides are usually formed in response to different physical and
chemical stimuli (e.g., temperature, 1516 Coulomb interaction,1’ pH,18:19 metal ions,20:21
and chemical additives?2-23), which induce structural transformation. Among these stimuli,
metal ions, mainly copper, zinc, and iron, have been proposed to play a key role in several
processes associated with the etiology of Alzheimer disease, but their role is not yet fully
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understood.24 Depending on the position of coordination residues, metal-ion complexation
was shown to either inhibit or accelerate the amyloid formation process through rational
control of noncovalent interactions,2>-37 such as metal coordination, hydrogen bonding, and
7e— 7t stacking, further inducing rearrangement of the protein main chain and determining
the major secondary structures. To the best of our knowledge, the disruption of S-sheet
formation and further structural transition into a helix or random coil triggered by changing
the type and stoichiometry of metal ions has been rarely reported, and no genuine
understanding of the mechanism of structural modification is available.

To simplify the complexity of proteins and peptides, we chose a reductionist approach aimed
at understanding the fundamental role of metal ions in the formation of amyloids by a short
peptide model. The diphenylalanine (FF) peptide was identified as the smallest unit and the
core recognition motif of the Alzheimer’s g-amyloid polypeptide that can self-assemble into
tubular structures with the characteristic amyloid-like structural signatures, rather than into
fibrous structures.38-43 Following modification by aromatic protection of FF, the extensively
studied 9-fluorenylmethoxycarbonyl (Fmoc)-modified dipeptide (FmocFF) self-assembles
into highly ordered antiparallel g-sheet rich typical amyloid-like fibrils through hydrogen
bonding and -7 stacking.#4-20 Regarding the strong coordination interactions between
carbonyl groups and metal ions, the regulation of the structural transition of FmocFF self-
assembly may be modulated by changing the type and ratio of metal ions. Herein, a facile
route is developed to explore the effect of metal ions on the structural transformation of
amyloid-like B-sheet self-assembled FmocFF into superhelix or random coil conformations.
The metal coordination is shown to lead to a structural transition of the supramolecular
[-sheet self-assembly with varying different valences of metal ions and ratios of metal ions/
dipeptide (Figure 1). The secondary structures and morphologies of the metal ion/ dipeptide
assemblies are fully investigated by circular dichroism (CD), Fourier transform infrared
(FTIR), transmission electron microscopy (TEM), and atomic force microscopy (AFM).
The proposed models for metal ions-peptide coordination are further confirmed by density
functional theory (DFT) calculations. Moreover, the introduction of metal ions coordination
into peptide assembly typically endows the nanofibrils with a positive charge, which
improves the DNA binding ability of the FmocFF-based supramolecular metallohydrogels.
This study may facilitate the understanding of the role of metal ions in inhibiting amyloid
formation and broaden the future applications of the supramolecular metallogels in 3D DNA
biochips and cell culture.

Results and Discussion

Based on the different coordination properties of metal ions, we chose metal ions of different
valences for this study (Na*, K*, Zn2*, Cu2*, Fe3*, AI3*). The dynamic gelation behaviors
of FmocFF in the presence of different ratios of the various metal ions were investigated

by recording time lapse optical images. All of the metal ion solutions are transparent before
addition of FmocFF dipeptide. At a concentration of 2.0 mg/mL, single-component FmocFF
formed a self-supported and invertible gel in 2% DMSO in H,0 (v/v) (Figure 2a). The
inverted test tube method indicated that following the addition of FmocFF to most of the
monovalent and divalent metal ion solutions at different molar ratios, ranging from 2:1

to 1:2, hydrogels were formed, except for FmocFF/Cu?* (1:2) (Figure 2a and Figures S1
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and S2). However, no gel was formed except for a precipitate in the presence of trivalent
metals at different molar ratios, ranging from 3:1 to 1:3 (Figure 2a and Figure S3). It

also should be noted that the time required for the transition from the opaque emulsion

of FmocFF to relatively transparent gels was substantially different in the presence of the
different metal ions, varying from ~5 min for single FmocFF, ~8 min for FmocFF/Na* and
FmocFF/K*, to ~30 min for FmocFF/ Zn2* and FmocFF/Cu?*. No transparency transition
was observed for FmocFF/Fe3* and FmocFF/AIS*, These findings indicated the different
assembly behaviors of FmocFF in the presence of various metal ions. To quantify the
kinetics of the assembly process, we monitored the time-dependent absorbance of the metal/
dipeptide solutions at 405 nm for transparency change (Figure 2b). The absorbance of
single FmocFF solution started to decrease after 282 s and reached an optical density

(OD) of 0.18 after 1460 s, while the absorbance in the presence of metal ions solution
reached different OD values depending on the valence of the metal ion (Figure S4). For the
monovalent metal ions, the OD value reached approximately 0.5 after 1800-3600 s, and an
OD value of ~1.5 was obtained after 2400 and 8000 s in the presence of Zn?* and Cu?*
divalent ions, respectively. The OD value remained around 3.5 throughout the experiment
for Fe3* and AI3*. The kinetics of fiber formation by the FmocFF/metal ions solution was
slower than that of FmocFF, indicating that metal coordination interactions indeed occurred,
possibly regulated by the different molar ratio of the two components. It should be noted
that there was a difference between the time frames of the vial turbidity assay and the
absorbance measurement at 405 nm, possibly due to the different solution volumes used in
each experiment, which affected the assembly kinetics.

We next aimed to measure the mechanical rigidity of the different metal-incorporated
peptide-based hydrogels using rheology. We first performed the strain sweep experiment

to determine the linear viscoelastic regime, followed by a frequency sweep experiment to
confirm the formation of gels. Rheological studies of pure FmocFF hydrogel exhibited a
breakage strain of 52%, along with a frequency-independent nature of the storage (G”) and
loss (G””) moduli, a characteristic signature of gelation! (Figure S5). Subsequently, we
analyzed the rheological properties of the corresponding metallohydrogels (Figure S6). The
strain sweep experiments carried out on the metallohydrogels composed of monovalent ions
revealed almost identical results compared to the pure Fmoc-FF hydrogel for each molar
ratio. However, for the divalent metal ions, the breakage strain increased in most cases
(except for 1:1 FmocFF/Cu?*), reached above 100%, and was accompanied by a decrease
in the modulus values. Lower moduli indicate less rigid fibers capable of withstanding
higher values of shear resulting in increased breakage strain. On the other hand, stiff gels
break at lesser strain values, as they are composed of a network of less elastic, rigid fibers.
Therefore, the metallogels comprising divalent metal ions break at higher strain values
compared to single FmocFF and the monovalent counterparts. Frequency sweep experiments
on the metallogels (Figure 2c and Figure S7) showed an increase in the G’ value for

low concentrations of the monovalent metal ions (2:1 FmocFF/Na* and FmocFF/ K*)
indicating stiffer gel formation, probably indicating the increased number of supramolecular
interactions due to the coordination of metal ions and FmocFF. However, the G” decreased
with further increase in Na*/K* concentration (1:1 and 1:2 FmocFF/Na* and FmocFF/K™*),
indicating weaker network formation after addition of excess metal ions. For the divalent
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metal ions, a drastic decrease of both G” and G”” was observed for all the gels, which may
be ascribed to the stronger metal ion/FmocFF coordination. The G’ value was higher than
G’ for FmocFF/Cu2* (1:2) due to no self-supported gel formation under these conditions.
Notably, rheological properties of FmocFF/trivalent ions were not evaluated as these hybrids
failed to form gels.

The microstructures of FmocFF and FmocFF/metal ions were investigated by TEM and
AFM, allowing us to examine the size and height distribution of the assemblies. Single
FmocFF formed well-defined entangled nanofibrous structures ~8 nm in average diameter
and ~5-10 nm in height (Figure 2d,h). However, improved average size distribution of
10-20 nm in diameter was observed following the addition of monovalent or divalent metal
ions at different ratios (Figure 2e,f and Figures S8 and S9), with the largest size distribution
of nanofibrils observed for FmocFF/Cu?*. In the presence of the trivalent metal ions, the
FmocFF/metal complex generated spherical structures with a maximal size of 90-100 and
50-70 nm for Fe3* and AI3*, respectively (Figure 2g and Figure S10). It should be ascribed
to the enhanced hydrophobic interactions induced by the relative strong binding between
dipeptides and metal ions, which inhibit the further assembly of spheres into nanofibrils.52
The morphologies of FmocFF/ metal ions, as observed by AFM images, were in good
agreement with the results of the TEM analysis, with height distributions of 5-15 and 5-40
nm for mono-/divalent and trivalent metal ions, respectively (Figure li—k and Figure S11).
These results suggest the self-assembly of FmocFF is influenced by the metal/dipeptide
coordination interactions.

To investigate the effect of metal ions on the secondary structure of amyloid-like dipeptide
self-assembly, CD spectra of metal ion/dipeptide assemblies in the far UV region of 190—
260 nm were recorded. For FmocFF self-assembled in the absence of metal ions (Figure
3a), positive and negative Cotton effects were observed at 194 and 218 nm, respectively,
indicating a B-sheet rich structure. When examining different ratios of FmocFF/Na* and
FmocFF/K™, an a-helix-like CD pattern comprising one maximum positive peak at 192-194
nm and two minimum negative peaks at 203—205 and 214-216 nm were observed for

all of the assemblies (Figure 3b,c and Figure S12a—d), suggesting a structural transition
from B-sheet into superhelix-rich conformations. The CD spectra for FmocFF/monovalent
metal ions showed blue-shifted a-helixlike patterns in its minima, compared to that of
canonical longer a-helical peptides (208 nm, 222 nm), as previously observed and defined
as characteristic of helical conformations of short peptide.>354 Our group has also reported
a self-assembling single heptad repeat module to form a superhelical conformation, where
the peptide exhibited two negative maxima at around 205 and 218 nm.>> Thus, the helical
conformation of metal ion/dipeptide should be ascribed to the type of superhelix stabilized
by metal coordination and intermolecular noncovalent interactions. For the divalent metal
ions, the structural conformations were strongly related to the ratio of metal ion/dipeptide.
After coordination with Zn2*/Cu2* at a ratio of 2:1 (Figure 3d and Figure S12i), one
maximum peak at 194 nm and one minimum peak at 205 nm were obtained, demonstrating
a blue shift (13 nm) of the minimum peak, thus indicating highly ordered B-sheet-rich
assemblies. However, one maximum positive peak at 192 and two minimum negative peaks
at 202 and 208 nm were observed by changing the ratio of FmocFF/Zn2* to 1:1, suggesting
a superhelix rich conformation in the assemblies (Figure 3i). Interestingly, the FmocFF/Cu2*
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(1:1) assembly showed two minimum peaks identical to those of the canonical longer
a-helical peptides (208, 222 nm), possibly indicating a very similar helical structural
conformation (Figure S12j). B-Sheet- and a-helix-like CD patterns were completely absent
for the FmocFF/Zn2* (1:2) and FmocFF/Cu?* (1:2) assemblies. Similar random coils were
found for FmocFF in the presence of trivalent metal ions at different ratios (Figure 3j—I and
Figure S12k,1,g-s).

High-resolution TEM images were investigated to study the nanostructures formed by metal
ion/FmocFF following secondary structural transition by metal coordination. Relatively flat
fibrils were observed for all B-sheet-rich assemblies formed by FmocFF, FmocFF/Zn2*
(2:1), and FmocFF/Cu?* (2:1) (Figure 3e,h and Figure S12m). However, right-handed
helical fibrils were observed for the superhelix rich samples of FmocFF/Na* (2:1, 1:1, 1:2),
FmocFF/K* (2:1, 1:1, 1:2), FmocFF/Zn2* (1:1), and FmocFF/Cu?* (1:1) (Figure 3f,g,m and
Figure S12e-h,n), revealing extensive fiber network formation with helical substructures.
For the random coil substructures formed by FmocFF/Zn2* (1:2), FmocFF/Cu2* (1:2),
FmocFF/Fe3* (3:1, 1:1, 1:3), and FmocFF/AIR* (3:1, 1:1, 1:3), both nanofibrils and

spheres were found (Figure 3n—p and Figure S120—p,t-v). Random coils based assemblies
by FmocFF/Zn2* (1:2) and FmocFF/Cu2* (1:2) are nontypical fibrous structures. Such
nonamyloid nanofibrils have also been reported in the self-assembly of ovalbumin, which
does not only form amyloid fibrils but also nonamyloid fibrils at low pH conditions.>®

In order to further explore the underlying mechanism of metal coordination induced
structural transition of amyloidlike dipeptide self-assembly, the formation of a S-sheet

by single FmocFF and FmocFF/Zn2* (2:1) and of superhelix by FmocFF/Na* (1:1) and
FmocFF/Zn%* (1:1) was studied by FTIR spectroscopy, fluorescence emission, and DFT
calculations. Changes in the solid state of characteristic FTIR absorption peaks could
reflect the interaction of metal ions with the possible binding sites of amide/carbonyl
groups in the FmocFF dipeptide. The 3500-3200 cm~2 region representing amide A bands
is important for assessing N—H stretching vibrations, providing information on hydrogen-
bonding interactions. The 1800-1500 cm~1 region corresponds to the stretching band of
amide | and the bending peak of amide 11 (Figure 4a). The FTIR spectrum of FmocFF
showed amide A bands at 3304 and 3448 cm™2, indicating that free N—H and intermolecular
hydrogen-bonded N-H, respectively. The amide | and amide 11 bands appeared at 1746,
1692, 1661, 1605, and 1536 cm™1. In FmocFF/Na* (1:1), the amide A bands at 3448 cm™1
split into two peaks of 3474 and 3414 cm™1, indicating different intermolecular hydrogen
bonding interactions between amide groups in the assembly. This hydrogen bonding was
also weakened in the presence of Zn2* for both the 2:1 and 1:1 ratios since the peak

at 3448 cm~1 became weaker by increasing the concentration of Zn2*. The amide | and
amide 11 bands of the metallogels appeared at FmocFF/Na* (1:1) (1746, 1692, 1656, 1535
cm™1), FmocFF/ Zn?* (2:1) (1696, 1662, 1538), and FmocFF/Zn%* (1:1) (1694, 1654, 1534
cm™1). The stretching vibration band of C=0 from carboxy! groups at 1746 cm~! became
weak for FmocFF/Na* (1:1) and almost disappeared for FmocFF/Zn2* (2:1) and FmocFF/
Zn2* (1:1), suggesting a better coordination ability of Zn2* with the carbonyl groups, as
compared to Na*.20 Furthermore, for FmocFF/Na* (1:1) and FmocFF/ Zn2* (1:1), the
intense bands at 1656 and 1654 cm™2, respectively, could be ascribed to the predominantly
helical conformation,® in good agreement with the CD spectra analysis.
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A fluorescence emission spectrum was employed to study the —r interactions between
aromatic groups, which play an important role in stabilizing the 3D structural conformation
of the supramolecular gels. As shown in Figure 4b, compared to the maximum emission
wavelength of FmocFF solution in DMSO (312 nm), red shifts were observed for all

the hydrogels, indicating that 7— interactions between Fmoc groups take place during
FmocFF aggregation. Compared to the maximum emission wavelength of FmocFF and
FmocFF/ Na* (1:1) at 322 nm, a slight red shift was observed for FmocFF/Zn2* (2:1) and
FmocFF/Zn?* (1:1) at 324 nm. Moreover, the strong fluorescence emission was observed
for FmocFF/Zn2*, which could be ascribed to the chelationenhanced fluorescence (CHEF)
effect allowing bouncing back of an excited electron from the lowest unoccupied molecular
orbital (LUMO) back to the highest occupied molecular orbital (HOMO) of the fluorophore
upon the addition of Zn2*.58

DFT calculations were further performed to unravel the possible coordination modes
within the dipeptide—metal ion complexes during the self-assembly process. The stable
conformation of FmocFF homoclusters is shown in Figure 4c. An antiparallel S-sheet is
formed through the hydrogen bonding between amide groups and r—r stacking between
aromatic groups. The optimized structure of the FmocFF/Zn2* (2:1) complex is depicted
in Figure 4d. The binding sites of carbonyl groups from amide and carboxylic group

were identified for FmocFF/Zn2* (2:1), in which Zn?* can coordinate with two dipeptide
molecules and influence the molecular organization of the dipeptide. In the optimized
conformers of FmocFF/Na* (1:1) and FmocFF/Zn?* (1:1), metal ions coordinate with two
carbonyl oxygen atoms within the main chain of FmocFF (Figure 4e,f), which result in
the conformational transformation of the dipeptide, probably inducing the formation of
superhelix structures with further assembly by the metal ion/dipeptide complex. Notably,
FmocFF cannot further assemble into nanofibrils instead of spheres in the presence of
trivalent metal ions due to the very strong metal coordination interactions, which induce
random coils. In this work, we studied the molecular coordination between metal ions and
dipeptides by DFT calculations. It should be noted that the interactions between metal
ion—amyloid fibrils are also interesting and have been reported at both structural and
thermodynamic levels for the application of industrial water purification technologies.>9:60
The binding ability of metal ions to amyloid FmocFF fibrils will be investigated in our
future work.

The above results of FTIR, fluorescence emission, and DFT calculations reveal that the
self-assembly behavior of the dipeptide is influenced upon the coordination between
carbonyl groups and metal ions and that the synergic effect of metal coordination, hydrogen
bonds, and 7—rr stacking induces the structural transformation of amyloid-like dipeptide
self-assemblies.

DNA biochips consisting of DNA sequences covalently bound/attached to solid substrates
(e.g., glass, silicon, polymers) have gained considerable interest for the fast and efficient
detection of pathogens. However, the restricted hybridization efficiency and the limited
loading capacity of surface materials are the main disadvantages of two-dimensional (2D)
DNA chips. As an alternative approach, supra-molecular metal-peptide hydrogels may
exhibit excellent DNA binding and diffusion capability due to the 3D network, utilizing
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the positive charge of the metal-peptide complex for fast binding of the negative DNA
(Figure 5a and Figure $13).81 DNA-binding assays of different metallogels mixed at various
ratios indicated that Zn2*-containing metallogels bound DNA faster than that gels containing
Na* and the control FmocFF gel. While the fluorescence of Zn2*-containing metallogels
decreased to below 20% after 0.5-h incubation with DNA, the fluorescent signal of Na*-
containing metallogels decreased much more slowly with no change for single FmocFF

gel (Figure 5b). Although Na*-containing metallogels and the single FmocFF gel showed a
DNA binding property for a long time, the binding capacity of Zn2*-containing metallogels
was supposed to be higher due to more effective DNA binding within 0.5 h (Figure 5c).
This could be explained by the strong ability of Zn?* to bind both the negative phosphate
groups in the DNA backbone and the DNA bases, while Na* only binds the phosphate
groups.>” TEM images of FmocFF/Zn2* (1:1) and FmocFF gels after 0.5 h incubation with
DNA are shown in Figure S14. Many plasmid DNA molecules 10-50 nm in size were
found to be encapsulated in the FmocFF/Zn2* gel network, but not in the single FmocFF,

in good agreement with the results of fluorescence assay (Figure 5b). Time-dependent TEM
images of the FmocFF/Na* (1:1) hydrogel with DNA solution also indicated the increasing
binding of DNA molecules to the 3D gel network from 0 to 7 h. This result reveals that the
supramolecular metallohydrogels may find potential application in the construction of 3D
DNA biochips.

Conclusion

In summary, the metal ion-modulated structural transformation from an amyloid-like g-sheet
into superhelix or random coil has been successfully achieved by changing the types and
ratios of metal ion/dipeptide through metal coordination, hydrogen bonding, and —r
stacking. The structural transformation of dipeptide self-assembly regulated by metal ions

is fully demonstrated by CD spectroscopy, TEM images, AFM images, FTIR spectroscopy,
and DFT calculations. The in vitro DNA binding abilities of metallohydrogels are further
studied by fluorescence spectroscopy and TEM images, indicating the fast binding and good
loading capacity of the dipeptide/ZnZ* gel network. The present work not only exemplifies
a feasible strategy to explore the effect of metal ions on the inhibition of amyloid-like
structure formation by short dipeptide building blocks but also may lay the basis for various
future applications of supramolecular metallogels, including 3D DNA biochip, cell culture,
and drug delivery.

Experimental Methods

Gel Preparation

A 10 gL dimethyl sulfoxide (DMSO) solution of FmocFF was added to 490 s double-
distilled water containing different concentrations of metal ions (NaCl, KCI, ZnCl,, CuCly,
FeCls, AICI3) to a final gelator concentration of 2.0 mg/mL. Gel formation was evaluated
by the “inverted-vial” method. All of the fresh metal ion solutions are transparent and used
for the experiments. 0 min represents the starting point after addition of FmocFF into the
different metal ion soultions.
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Turbidity Assay

Rheology

TEM Images

AFM Images

A 200 gL amount of only FmocFF and different ratios of FmocFF/metal ions were prepared
as described above and put into a 96-well plate. Absorbance at 405 nm was measured

every 10 s using a TECAN Infinite M200PRO plate reader until the equilibrium value was
reached.

Rheological studies were performed on an ARES-G2 rheometer (TA Instruments, New
Castle, DE) using a 20 mm parallel-plate geometry with a gap of 1000 zm. One-day aged
gels were used for the measurements. Dynamic frequency sweep experiments were carried
out at a constant strain of 0.1%. Strain sweep was carried out at a constant frequency of 1
Hz.

Aliquots (10 z1) of diluted gel solution were added into a glow discharge copper grid
(400 mesh) coated with thin carbon film for 2 min. Excess solution was then removed, and
the grid was washed with deionized water three times and stained with 2.0% (w/v) uranyl
acetate (UA) by exposing the grid to one drop of UA solution for 60 s. TEM images were
viewed using a JEOL 1200EX electron microscope operating at 80 kV.

Samples of FmocFF/metal ions were deposited onto freshly cleaved mica without any
dilution and dried with an air flow in a thermostatic vacuum drier. AFM scanning

was conducted using a Bruker (USA) Dimension lon operated in tapping mode with a
ScanAsyst-Air cantilever under ambient conditions. The structures of interest were analyzed
in the section profile using a Nano-Scope Analysis software.

FTIR Spectroscopy

A 250 w4l portion of each gel was deposited onto a real crystal KBr IR card (International
Crystal Laboratories, Garfield, NJ) and vacuum-dried. The dried sample was then wetted
three times with 1 mL of D,O. The FTIR spectra were recorded on a Nicolet 6700

FTIR spectrometer (Thermo Scientific, Waltham, MA), from 4000 to 400 cm™! at room
temperature. The background signal was recorded using D,O and subtracted to obtain each
FTIR spectrum.

CD Spectroscopy

CD spectra of all the samples were collected on a carried out with an Applied Photophysics
Chirascan spectrometer with a bandwidth of 1.0 nm in the ultraviolet (UV) region (190-260
nm) using a 0.1 mm quartz cuvette. All scans were performed at a scan speed of 30 nm
min~1 with a data pitch of 0.5 nm at room temperature. All spectra were obtained following
solvent background subtraction. The reported spectra represent the average of three scans.
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Computational Methods

To determine the coordination environment of the metal ion (M™*) within the FmocFF-M"*
complex, density functional theory (DFT) calculations were carried out using the Gaussian
09 package.52 Full geometry optimizations of the FmocFF-M"*" complex with different
structures were carried out using the Becke three-parameter hybrid (B3LYP) exchange-
correlation function without symmetry constrains.83 The standard split-valence 6-31G(d)
basis set of atomic orbitals was used for H, C, N, O, and Na atoms, and the Zn%* was
described by the LANL2DZ relativistic pseudopotentials.®4 Harmonic vibrational frequency
calculations on the optimized geometries were also performed to ensure the structures were
at local minima.

DNA Binding

The interactions between plasmid DNA (pDNA) and metallogels were detected by
fluorescence measurements. pDNA (pET14b-eGFP) (7.5 ug/mL~1) and SyberSafe (SS)
(X10,000) were dissolved in double-distilled H,O and incubated for 30 min at room
temperature. A total of 1000 zL of the pDNA-SS solution was transferred to the wells
of a black 96-well plate containing 350 4L metallogels at different dipeptide/metal ion
ratios. An aliquot of 50 4L was taken at defined times and returned after fluorescence
measurement (excitation wavelength at 502 nm and emission wavelength at 530 nm). A
mixture containing only pDNA, SS, and double-distilled H,O served as the calibration
standard.
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Core recognition motif: FF
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Figure 1. Schematic illustration of the metal-ion modulated structural transformation of

amyloid-derived self-assembled FmocFF from the B-sheet into the superhelix and random coil.
Themolar ratios mentioned in the scheme are of FmocFF to metal ions. The coor dination of

metal ion with FmocFF isfrom DFT calculations.
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(a) Time lapse optical images of FmocFF, FmocFF/Na* (1:1), FmocFF/Zn?* (1:1), and
FmocFF/Fe3* (1:1) in 2% DMSO in H,0 (v/v) at a concentration of 2 mg/mL. 0 min
represents the starting point after addition of FmocFF into the different metal ion soultions.
(b) Turbidity measured at 405 nm over 3600 s for FmocFF, FmocFF/Na* (1:1), FmocFF/
Zn2* (1:1), and FmocFF/Fe3* (1:1) solutions in 2% DMSO in H,0 (v/v). (c) Dynamic
frequency sweep of gels of FmocFF, FmocFF/Na* (1:1), and FmocFF/Zn2* (1:1) at a strain
of 0.1% over a range of 0.1-100 rads™L. (d—g) TEM images of (d) FmocFF, (e) FmocFF/Na*
(1:1), (f) FmocFF/Zn2* (1:1), and (g) FmocFF/Fe3* (1:1) in 2% DMSO in H,0 (v/v). Scale
bar is 200 nm. (h—k) AFM images (top) and height distribution (bottom) of (h) FmocFF, (i)
FmocFF/Na* (1:1), (j) FmocFF/Zn2* (1:1), and (k) FmocFF/Fe3* (1:1) in 2% DMSO in H,0

(v/v). Scale bar is 500 nm.
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Figure 3.
(a—d, i-I) CD spectra and (e—h, m—p) high-resolution TEM images of FmocFF with different

metal ions in 2% DMSO in H,0 (v/v) at a concentration of 2 mg/mL. (a, €) FmocFF, (b, f)
FmocFF/Na* (2:1), (c, g) FmocFF/K* (2:1), (d, h) FmocFF/Zn2* (2:1), (i, m) FmocFF/zZn2*
(1:1), (j, n) FmocFF/Zn2* (1:2), (k, 0) FmocFF/Fe3* (3:1), and (I, p) FmocFF/AIR* (3:1).
Scale bar is 50 nm.
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(a)g FTIR spectra of gels formed by FmocFF, FmocFF/Na* (1:1), FmocFF/Zn2* (2:1),

and FmocFF/Zn?* (1:1). (b) Fluorescence emission spectra of FmocFF (DMSO), and

gels formed by FmocFF, FmocFF/Na* (1:1), FmocFF/Zn2* (2:1), and FmocFF/zZn2*

(1:1) at an excitation wavelength of 260 nm. (c) Molecular clusters of FmocFF. (d-f)
Optimized geometries of all the metal ion-containing models of (d) FmocFF/Zn2* (2:1), (e)
FmocFF/Na* (1:1), and (f) FmocFF/Zn2* (1:1) obtained by DFT calculations.
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Figure5.

(a?Schematic presentation of the preparation of 3D metallogels and their application in
DNA binding. (b, c) Binding of DNA (syber safe assay) to gels formed by FmocFF,
FmocFF/Na*, and FmocFF/Zn2* at different dipeptide/metal ion ratios via fluorescence
measurements in short time of 2 h (b) and longtime of 8 h (c). (d—f) Time lapse TEM images
of DNA binding to the FmocFF/Na* (1:1) hydrogel after addition of DNA: (d) 0 h, (e) 2 h,
(f) 7 h. Scale bar is 200 nm.
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