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ABSTRACT
A tetrameric coiled-coil peptide, TetNL, is used herein as a building block for hierarchical assembly into higher order structures. 
Assembly within phosphate buffer (pH 7.4) led to the rapid formation of micron-sized fibers and cuboid structures, a process that 
could be shifted toward cuboid formation with agitation during the assembly process. Investigation of the packing of the cuboid 
assemblies by TEM demonstrated a regular banding pattern (4.6 nm) within the structures that was perpendicular to the length 
of the cuboids, a value that supports an end-to end organization of the tetrameric coiled coils along the blocks. SWAXS analysis 
supports that the internal packing of the tetrameric coiled coil building blocks is a close-packed hexagonal structure. These data 
represent an interesting comparison with a trimeric coiled coil peptide, TriNL, that forms hollow nanotubes with the same in-
ternal hexagonal packing. Modified TriNL has been used to generate numerous unique morphologies, and the data presented 
herein provide a distinct tetrameric building block that can also be exploited in this manner.

1   |   Introduction

Precise engineering of biomaterials requires a comprehensive 
understanding of the relationship between molecular struc-
ture and self-assembling properties  [1]. Peptides, facilitated by 
varied functionality present in natural amino acids, have been 
designed to self-assemble into a wide variety of functional mate-
rials [2, 3]. A useful characteristic of peptides is that they can be 
designed to adopt stable secondary structures that subsequently 
undergo hierarchical self-assembly into higher ordered struc-
tures [4–6]. In particular, coiled-coil peptides are an intriguing 
structure due to the breadth of knowledge about the proper-
ties affecting their oligomerization state [7]. The identity of the 
amino acids along the hydrophobic face of the alpha helices and 
the interhelical residues dictate the orientation and oligomeriza-
tion of the coiled-coil unit. Altering the oligomerization state of 
self-assembling coiled-coil peptides has previously been shown 
to affect their assembly properties [8–14], although there is sig-
nificantly more sequence and structural space to explore.

In this regard, a coiled-coil peptide of note is that from the 
leucine zipper region of the GCN4 transcription factor. This 
peptide has been shown to adopt dimeric through tetrameric 
oligomeric states based on the identity of the amino acids in 
the hydrophobic core and solvent-exposed residues of the coils 
[15, 16]. A GCN4 coiled coil mutant with eight Ala residues 
has also demonstrated higher oligomerization to a seven-
helix coil [17]. Specifically, a trimer is formed when the a 
and d positions are populated by isoleucine residues, whereas 
when these residues are leucine and isoleucine, respectively, 
a tetrameric coiled-coil predominates (Figure  1). This pro-
grammability creates a useful toolbox of different coiled-coil 
oligomers that can be harnessed for hierarchical assembly 
into functional materials.

The trimeric coiled-coil peptide, TriNL (Figure  1), for in-
stance, has served as a versatile building block for inclusion 
of higher order assembly signals within the sequence [18–24]. 
On its own, TriNL has been observed to assemble into hollow 
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nanotubes capable of encapsulating cargo, including proteins, 
dextrans, and fluorophores [14]. Incorporating ligands for 
metal ions at the termini of TriNL rapidly produced micron-
sized hexagonal crystals and disks in a metal-dependent 
fashion, along with the ability to include His-tagged cargo 
within the crystals [25, 26]. Placing hydrophobic bipyridyl 
groups at the center of the TriNL sequence promoted as-
sembly into banded nano- and microstructures, in a revers-
ible, pH-dependent, fashion [23]. Addition of both of these 
terminal and central modifications within TriNL produced 
a complex three-dimensional matrix upon addition of metal 
ions, which encapsulated cells and supported their growth 
[24]. With this rich set of morphologies and function obtained 
starting from the TriNL building block, we hypothesized that 
the tetrameric variant, TetNL (Figure 1), may exhibit unique 
self-assembling properties due to inter-coiled-coil interactions 
from the additional α-helix. Herein, we explore the hierarchi-
cal assembly of the TetNL peptide and evaluate morphologi-
cal changes brought about by the increase in the coiled-coil 
oligomerization state.

2   |   Materials and Methods

2.1   |   Materials

Fmoc (fluorenylmethyloxycarbonyl) -protected amino acids 
Fmoc-Gly-OH, Fmoc-Met-OH, Fmoc-Ser(tBu)-OH, Fmoc-
Asn(Trt)-OH, Fmoc-Glu(OtBu)-OH, Fmoc-Gln(Trt)-OH, 
Fmoc-Tyr(tBu)-OH, Fmoc-Asp(OtBu), Fmoc-Ala-OH, 
Fmoc-Lys(Boc)-OH, Fmoc-Leu-OH, Fmoc-Ile-OH, Fmoc-
His(Trt)-OH, and Fmoc-Arg(Pbf)-OH were purchased from 
ChemPep Inc. (Wellington, Florida, USA). HBTU (hexafluoro-
phosphate benzotriazole tetramethyl uronium) was purchased 
from Chemimpex (Wood Dale, Illinois, USA). H-Rink Amide 
NovaPEG resin (LL) was purchased from Millipore Sigma. 
N,N-dimethylformamide (DMF), dichloromethane (DCM), 
methanol (MeOH), diisopropylethylamine (DIEA), trifluo-
roacetic acid (TFA), triisopropylsilane (TIPS), acetic anhy-
dride, and diethyl ether were purchased from Sigma-Aldrich 

(St. Louis, Missouri, USA). Reagents purchased from commer-
cial sources were used without further purification.

2.2   |   Synthesis of TetNL

The synthesis of the TetNL peptide was performed using stan-
dard Fmoc (fluorenylmethyloxycarbonyl) based solid-phase 
synthesis methods on the NovaPEG Rink Amide resin (300 mg, 
60 μmol). The resin was treated with the desired Fmoc-protected 
amino acid (4 eq., 240 μmol), HBTU (4 eq., 240 μmol), and DIEA 
(8 eq., 480 μmol) in DMF for 45 min at room temperature. The 
resin was washed with DMF, DCM, MeOH, DCM, and DMF (2 
X 8 mL). The Fmoc protecting group was removed with a 20% 
piperidine solution in DMF (8 mL) for 20 min. After piperidine 
treatment, the resin was washed with DMF, DCM, MeOH, 
DCM, DMF (2 X 8 mL). This process was repeated until all the 
amino acids in the peptide were added to the resin. After the last 
Fmoc was deprotected, the N-terminus of the resin-bound pep-
tide was acetylated with a solution of 5% acetic anhydride and 
8.5% DIEA in DMF (8 mL) over 30 min. The resin was washed 
as described above.

The peptide was cleaved from the solid support with a solution 
of 95% TFA, 2.5% TIPS, and 2.5% H2O (15 mL). The filtrate was 
collected, and the resin was washed with TFA (2 X 15 mL) and 
DCM (2 X 15 mL). The filtrates were combined, and the solvents 
were removed under reduced pressure. The peptide was pre-
cipitated using cold diethyl ether and collected via centrifuga-
tion. The peptide was purified to homogeneity by reverse phase 
(RP) HPLC on a Luna C18 semi-prep column (250 x 21.20 mm, 
100 Å pore size, 10 μm, Phenomenex) using a using a solvent 
gradient of 20%–70% acetonitrile in H2O (with 0.1% TFA) for 
60 min. HPLC retention time: 34.5 min. The peptide was found 
to be greater than 95% pure by UPLC, and MALDI-ToF mass 
spectrometry confirmed the desired mass: calculated—3766.5, 
observed—3764.7. The concentrations of peptide solutions were 
determined using an Agilent Cary 6000i UV–Vis–NIR spectro-
photometer based on the absorbance of tyrosine at 280 nm.

2.3   |   Peptide Assembly

A 1 mM solution of TetNL was prepared in 200 mM of the in-
dicated buffer (total volume: 50 μL) and incubated at room tem-
perature for 1 or 24 h. In the case where the assembly process 
was agitated, the tube was placed in a rotary spinner for 1 h. 
In all cases, a precipitate formed immediately. At the indicated 
time, the precipitate that formed was collected by centrifugation 
(10,000 g, 3 min). The supernatant was removed, and the precip-
itate was re-suspended in water. The washing process was re-
peated three times to remove excess buffer. The assemblies were 
stored in water until analysis.

2.4   |   Scanning Electron Microscopy (SEM)

TetNL samples were prepared for SEM by adding 5 μL of sam-
ple suspended in water onto a glass cover slip adhered to the 
stub with double sided copper tape. The samples were air-dried 

FIGURE 1    |    (Top) Sequences of TetNL (tetramer) and TriNL (trim-
er) coiled-coil peptides indicating the heptad repeats (a-g). Residues in 
bold (a and d) comprise the hydrophobic core of the oligomer. (Bottom) 
A helical wheel diagram of a tetramer and coiled coil structure of 
TetNL [14].
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and sputter coated with platinum for 60 s. Samples were imaged 
using a Teneo Volumescope SEM (FEI Company, Hillsboro, 
OR, USA) with an Everheart Thornley detector. Samples were 
acquired using an accelerating voltage of 5 kV with a working 
distance of 10 mm.

2.5   |   Transmission Electron Microscopy (TEM)

TetNL samples were prepared for TEM by adding 5 μL of 
sample suspended in water to a 400-mesh copper grid coated 
in formvar with a carbon film that was previously glow dis-
charged. The samples were left to stand for 10 min and the 
water was then wicked away. The grid was rinsed through stain 
droplets of 2% uranyl acetate and blotted dry. Samples were 
imaged using a Tecnai T20 TEM (FEI Company, Hillsboro, 
OR, USA) operated at 100 kV, with a spot size of 3200 μm con-
denser aperture and a 70 μm objective aperture. Images were 
captured using an SIA L3C 4-megapixel CCD camera.

2.6   |   Small and Wide Angle X-Ray Scattering 
(SWAXS)

TetNL samples were prepared for x-ray scattering by drop-
ping a 1 μL aliquot of the sample in water on scotch tape and 
allowing the sample to air dry. The measurements were per-
formed using an Anton-Paar SAXSpoint 2.0 system with a 
Cu x-ray source. Diffraction patterns were acquired with an 
average of 3x15 minute scans using a 2D EIGER R series hy-
brid photon counting detector and a high-resolutions WAXS 
module. Measurements were obtained at a sample to detector 
distance of 113 nm.

3   |   Results & Discussion

3.1   |   Peptide Self-Assembly and SEM Analysis

The assembly properties of the tetrameric TetNL peptide were 
investigated. The peptide (1 mM) in phosphate buffer (pH 7.5) 
produced a visible precipitate within minutes. After 1 h at room 
temperature, the precipitate was collected and visualized by 
scanning electron microscopy (SEM). Interestingly, two major 
morphologies were observed. Thin micron-sized fibers had as-
sembled, in addition to distinctive rectangular cuboid structures 
that ranged in length from 2 to over 30 μm (Figure 2a,b), with an 
average length of 15.8 ± 13.8 μm (N = 30). These structures rep-
resent a notable change in morphology from the hollow tubes 
formed by the trimeric coiled-coil TriNL [14]. Since there were 
two distinct populations of materials, we probed if a longer in-
cubation time of the peptide in buffer would influence the dis-
tribution of the assemblies. TetNL was incubated, therefore, in 
phosphate buffer for 24 h. The peptide again generated cuboid 
structures with a similar size as compared to the 1 h experi-
ments, with an average length of 18.1 ± 12.7 μm (N = 30). With 
the longer incubation time, however, there was notably more 
fiber-like structures coating the cuboids. (Figure 2c,d).

Due to the observation that two distinct morphologies were 
formed, we looked to explore methods to create a monodisperse 
assembly. In some cases, the characteristics of self-assembling 
peptides have been altered by constant agitation during the 
assembly process [27–29]. With this in mind, we subjected the 
TetNL peptide in buffer to agitation by rotating the mixture 
during the 1 h incubation period. The resulting structures were 
found to be much more monodisperse and the majority of the 
assemblies were smaller blocks (Figure 3), with an average size 

FIGURE 2    |    SEM images of structures formed from TetNL (1 mM) assembled in phosphate buffer (200 mM, pH 7.5) for (a-b) 1 h and (c-d) 24 h.
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of 1.9 ± 0.7 μm (N = 30). This mechanical agitation may facilitate 
the assembly process by bringing the peptide in solution in more 
constant contact with the nucleating structure. A more rapid nu-
cleation process has been shown to lead to more monodisperse 
molecular self-assembly [30].

It has previously been observed that coiled-coil peptides exhibit 
different self-assembling properties depending on the pH of the 
solution in which they assemble [31–35]. Therefore, we incubated 
TetNL (1 mM) in different buffers to probe this pH dependence. 
At pH values below the pKa of carboxylic acids (citrate buffer 
pH 3.8) or above the pKa of amines (CAPS buffer pH 11.8), no as-
sembly was detected after 24 h. These data suggest that electro-
static interactions between charged side chains of coiled-coils play 
a role in the observed assembly process.

3.2   |   Structural Analysis by TEM and SWAXS

These smaller, monodisperse blocks were studied further to 
investigate how the coiled-coil building blocks are arranged 
within the cuboids. The assemblies were first observed with 
transmission electron microscopy (TEM). This analysis revealed 
a distinct banding pattern perpendicular to the length of the 
rectangular blocks (Figure 4a). Fourier transform of the TEM 
images (Figure  4b) showed that the banding pattern repeated 
every 4.6 nm, which is about the length of the GCN4 tetramer 
[15]. This 4.6 nm length is shorter than what one would expect 
for a helical peptide of this size, presumably due to the super-
coiling of the coiled coil structures. These data suggest that like 
TriNL, the TetNL coiled-coils are arranged along the length of 
the self-assembled structures (Figure 4c).

The cuboids were also examined with small and wide-angle 
X-ray scattering (SWAXS) (Figure  5a). The diffraction peak 
at q = 1.40 nm−1 corresponds to a d-spacing of 4.5 nm and is 
close to the length of the tetrameric GCN4 coiled-coil deter-
mined by X-ray crystallography [15], and TEM as described 
above. The distinct signals at q values of 3.11, 5.54, 6.31 nm−1 
correspond to d-spacings of 2.02 nm, 1.13 nm and 1.00 nm, 
respectively. These data correspond to the (100), (110), and 
(200) planes in a hexagonal lattice with a lattice parameter of 

2.33 nm (Figure 5b). Due to a low signal-to-noise ratio, we were 
not able to fit the low q values to a particular structure. Due to 
the size of a coiled-coil tetramer, the SWAXS data suggests that 
the coiled-coil units are arranged in a hexagonal close-packed 
arrangement. x-ray scattering combined with TEM analysis 
suggests that the tetramers are aligned end-to-end along the 
block and laterally in a hexagonal arrangement (Figure  5b). 
This is similar to the packing arrangement observed within 
the hollow nanotubes of TriNL (lattice parameter of 2.09) [14], 
although due to the extra alpha helix per coiled coil present in 
TetNL, the tetrameric oligomer packs into a larger hexagonal 

FIGURE 3    |    SEM images of blocks formed by TetNL (1 mM) in phosphate buffer (200 mM, pH 7.5) for 1 h with constant mixing.

FIGURE 4    |    (a) TEM image of a block formed by TetNL (1 mM) in 
phosphate buffer (200 mM, pH 7.5) for 1 h with constant mixing and (b) 
Fast fourier transform of the TEM image. (c) Representation of a self-
assembled cuboid denoting the putative end-to-end assembly of TetNL.
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lattice. Interestingly, the change from a trimeric to tetrameric 
building block with TriNL and TetNL leads to a dramatic 
change in morphology, from hollow nanotubes to rectangular 
cuboids, yet their internal packing remains fairly consistent. 
The q value of 12.51 nm−1 from the SWAX data corresponds to 
a d-spacing of 0.50 nm which could be attributed to hydrogen 
bonding or electrostatic interactions between the coiled-coils.

4   |   Conclusion

In conclusion, a change in the coiled-coil oligomeric state, 
from trimer to tetramer, led to a considerable difference in the 
morphology of self-assembled materials. However, despite the 
change in morphology from nanotubes to rectangular cuboids 
with TriNL and TetNL, respectively, the internal organiza-
tion of the coiled-coils maintained a hexagonal close-packed 
arrangement, implying that there may be a thermodynamic 
preference for hexagonal arrangement of GCN4-based coiled-
coil assemblies. We also demonstrated that agitation during 
assembly leads to the formation of smaller, more monodisperse 
structures, presumably due to increasing the rate of coiled-coil 
assembly. Additionally, changes in the pH of buffers highlighted 
the importance of the charge of side chains on radially directed 
coiled-coil peptide assembly. In all, these studies further our 
understanding of the self-assembling properties of coiled-coil 

building blocks and will help direct the development of novel 
biomaterials in the future.
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