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ABSTRACT: The fabrication of dynamic, transformable biomaterials that respond to environmental cues represents a sig-
nificant step forward in the development of synthetic materials that rival their highly functional, natural counterparts. Here,
we describe the design and synthesis of crystalline supramolecular architectures from charge-complementary heteromeric
pairs of collagen-mimetic peptides (CMPs). Under appropriate conditions, CMP pairs spontaneously assemble into either 1D
ultraporous (pore diameter > 100 nm) tubes or 2D bilayer nanosheets due to the structural asymmetry that arises from
heteromeric self-association. Crystalline collagen tubes represent a heretofore unobserved morphology of this common
biomaterial. In-depth structural characterization from a suite of biophysical methods, including TEM, AFM, high-resolution
cryo-EM, and SAXS/WAXS measurements, reveals that the sheet and tube assemblies possess a similar underlying lattice
structure. The experimental evidence suggests that the tubular structures are a consequence of the self-scrolling of incipient
2D layers of collagen triple helices, and that the scrolling direction determines the formation of two distinct structural
isoforms. Furthermore, we show that nanosheets and tubes can spontaneously interconvert through manipulation of the
assembly pH and systematic adjustment of the CMP sequence. Altogether, we establish initial guidelines for the construction
of dynamically responsive 1D and 2D assemblies that undergo a structurally programmed morphological transition.

INTRODUCTION design of the corresponding peptide sequences. Heter-

The controlled fabrication of functionally responsive as- omeric self-association affords an alternative approach to
semblies remains a key contemporary challenge in nano- define higher order structure among peptide-based mate-
science. While sequence-defined polymers (eg., peptides, rials. Peptide sequence space can be expanded through use
nucleic acids, and proteins) are promising building blocks of two or more appropriately designed and selectively in-
for constructing a myriad of assemblies with excellent na- teracting protomers. This approach presents the oppor-
noscale order,** the ability to reliably and predictably en- tunity to encode a greater amount of structural infor-
code responsive behavior and higher-order function lies mation within the collective ensemble of peptide sequenc-
beyond current synthetic capabilities, especially when es, and enables the design and construction of supramo-
compared to multicomponent macromolecular machines lecular assemblies having greater structural and functional
of living systems.5- complexity.”-23 In addition, the individual peptide sequenc-

es within the protomer pool can be chemically modified to

Most synthetic peptide assemblies are derived from ho- further increase the structure complexity of the resultant

momeric self-association of appropriately designed, single-

. assemblies.
component protomers. However, the structural infor- . ) o
mation required to drive selective self-assembly must nec- While hete.:romerlc s.elf-assoaatlor'l has k?een employed
essarily be encoded within a single peptide sequence. successfully in the design of synthetic peptide assemblies,
While this approach has been incredibly successful, struc- the engineering of responsive behavior remains a signifi-
tural evolution can be difficult to control due to over- cant hurdle to implementation of these peptide-based ma-

terials in tailored applications.2* The promise of this ap-



proach can be glimpsed through comparison with DNA
nanotechnology, in which multiple sequence-specific pro-
moters are employed that self-assemble with high struc-
tural specificity into structurally defined supramolecular
assemblies.! 25 Competition between different oligonucleo-
tides for a complementary partner enables engineering of
precise responsive behavior at the molecular level. Oligo-
nucleotides have the advantage that the Watson-Crick base
pairing rules provide a digital scoring function that can
encode higher order structure and dynamic function in a
predictive manner.26 In contrast, the rules that govern in-
teractions between peptides and proteins-and their effect
on higher order structure-are more complex and difficult
to reliably predict.

Here, we describe the design of a heteromeric pair of
charge-complementary collagen-mimetic peptides (CMPs)
that self-assemble into either ultraporous laminated tubes
or bilayer nanosheets. CMPs represent a highly versatile
and programmable biomimetic assembly building unit.27-38
We demonstrate that systematic changes to the sequence
design and assembly conditions can toggle the peptide
assemblies between the two structurally distinct poly-
morphs. This morphological transition is triggered through
a change in pH and rationalized in terms of the influence of
surface charge on the stacking of crystalline layers of colla-
gen-mimetic triple helices. The responsive behavior of
these heteromeric assemblies provides a rubric for the
molecular design of shape-shifting nanomaterials that can
enhance the potential utility of these materials for applica-
tions that include drug delivery, controlled release, gated
catalysis, etc.3?

RESULTS AND DISCUSSION

Recently, we developed protocols for the design and
construction of nanosheets from crystallizable collagen
triple helices.4*4¢ The triple helices, which serve as rigid,
rod-like tectons, comprise CMP sequences having positive-
ly charged, neutral, and negatively charged segments (Fig-
ure 1a). This triblock architecture promotes ordered self-
assembly into a 2D lattice via electrostatic interactions
between antiparallel-oriented triple helical protomers
(Figure 1b). The packing arrangement is consistent with
crystal structures of CMPs deposited in the Protein Data
Bank (PDB), in which the majority have been shown to
crystallize in layered structures in an antiparallel orienta-
tion.*>47 We postulated that the triblock architecture of
these CMPs adventitiously reinforces this native packing
arrangement.

Based on the previous sequence design, in which triple
helical units possess both positively and negatively
charged segments, we surmised that these charged seg-
ments could be deconstructed into two separate peptide
molecules (Figure 1c). In this manner, heteromeric pairs
of CMP triple helices, one having positively charged triads
and the other having negatively charged triads could be co-
assembled to form hierarchical peptide-based architec-
tures. Both peptides possess six repeats of the canonical
collagen triad, Pro-Hyp-Gly; the presence of which has
been demonstrated to stabilize the triple helical structure.
In order to maintain the favorable antiparallel packing
arrangement between triple helices, the positively and

negatively charged segments are placed at the N- and C-
termini, respectively, of the heteromeric pairs of peptides
(Figure 1c). We hypothesized that these complementary
charged CMP pairs would ultimately assemble into 2D “Ja-
nus-like” lamellar structures displaying surface asymmetry
(Figure 1c). For 2D assemblies, the two faces of the sheet
would be physically and chemically distinguishable, which
was not achievable using our previous CMP molecular de-
signs.

CMP = (F’ro-Y-GIy)a— (Pro-Hyp-GIy)b—

Y = positively charged amino acid
X = negatively charged amino acid

(X-Hyp-Gly), =

b

( triple helix nanosheet
\ = formation assembly
<), — —
AR
T>Th T<Th
Asymmetric
x 1D and 2D Assemblies
* split c
sequence <
N
d CMPs Employed in the Work

4P6: (Pro-Arg-Gly),— (Pro-Hyp-Gly),

iR =
{R6P6: (Pro-Arg-Gly),— (Pro-Hyp-Gly),
iR 5

3P6: (Pro-Arg-Gly),— (Pro-Hyp-Gly),

I Positively charged
peptides

; Dli> Negatively charged
________________________________________________ ' peptide

Dual-charged
peptide

Figure 1. (a) Amino acid sequence of a self-complementary
CMP having a triblock architecture with sequential positively
charged, neutral, and negatively charged triad segments. (b)
Folding of synthetic CMPs into self-complementary collagen
triple helices upon cooling the assembly solution below the Tm
triggers spontaneous assembly into a 2D lattice. CMP triple
helices pack in an antiparallel fashion to facilitate favorable
charge interactions between structurally adjacent triple heli-
ces. (c) Deconstruction of the triblock sequence architecture
into two oppositely charged homomeric collagen triple helices
as a means to construct asymmetric 1D and/or 2D assemblies.
(d) List of CMP sequences employed within this study.

Two peptide sequences, termed R4P6 and P6E4 (Figure
1d), were synthesized using standard solid-phase peptide
synthesis protocols and characterized via MALDI-TOF
mass spectrometry (Figure S1). Both CMPs consist of a
diblock architecture having six Pro-Hyp-Gly triads at-
tached to a charged block consisting of four positively or
negatively charged triads containing arginine (R4P6) or
glutamic acid (P6E4) residues, respectively. The sequences
were designed such that co-assembly of the pre-formed
homomeric triple helices would permit the antiparallel
packing arrangement to be maintained (vide supra). Fur-



thermore, we anticipated that co-assemblies derived from
both peptides would most likely occur under neutral pH
conditions, which would give rise to favorable Coulombic
interactions. Tables S1 and S2 show estimated pl values
of individual peptides as well as approximate pl values for
equimolar mixtures, respectively. We note that these esti-
mated pl values serve only as a reference point to contex-
tualize subsequent structural studies. The true charge
state of the respective peptides reflects not only the solu-
tion conditions employed for peptide assembly, but also
the triple-helical structure of CMPs. Both considerations
may result in deviation of the estimated pl values from the
actual pl values.

Before conducting the heteromeric assembly experi-
ments, we characterized both CMPs independently. Circu-
lar dichroism (CD) spectropolarimetry of solutions of the
single-component R4P6 and P6E4, collected after one
week of incubation at 4 °C, confirm that the respective
CMPs form collagen triple helices, as determined by the
presence of a positive maximum at ca. 224 nm and a nega-
tive minimum at ca. 198 nm (Figure 2a). To assess the
stability of the homomeric triple helices, Rpn values, which
report the ellipticity ratio of the positive and negative max-
imum intensities, were calculated.*® Rpn values of 0.081
and 0.064 for R4P6 and P6E4, respectively, indicate that
the R4P6 displays a greater propensity to adopt a triple
helical conformation than its negatively charged counter-
part. Furthermore, CD thermal denaturation studies con-
firm this difference in triple helix stability between the two
homomeric triple helices (Tm(R4P6) = 37 °C, Tm(P6E4) =
28 °C; Figure 2b). These results agree with prior reports
that presented Pro-Arg-Gly triads as a highly stable com-
plement to Pro-Hyp-Gly, in comparison to Glu-Hyp-Gly.49-50
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Figure 2. R6P6/P6E4 assembly characterization. (a) CD spec-
tra of R4P6, P6E4, and R4P6/P6E4 tubes ([peptide] = 1
mg/mL) in MOPS buffer (20 mM, pH 7.0) after one week of
incubation at ambient temperature. Rpn values of 0.081,
0.064, and 0.12 were obtained for R4P6, P6E4, and
R4P6/P6E4, respectively. (b) First derivative of the CD signal
at 224 nm as a function of temperature for R4P6 and P6E4 (1
mg/mL). (c) Stained TEM image of R4P6 tubes ([total pep-
tide] = 1 mg/mL) assembled in MOPS buffer (20 mM, pH 7.0)

after one week of assembly time. (d) TEM image revealing
lamination of concentric layers comprising the tube walls.

Based on previous investigations in our laboratory, we
concluded that the slow, controlled formation of CMP tri-
ple helices would be necessary for fabrication of well-
defined nanosheets.#® Concerned about the formation of
kinetically trapped aggregates arising from mixing pre-
formed R4P6 and P6E4 triple helices, we decided to em-
ploy a protocol that closely mimicked the previously re-
ported assembly conditions. Stock solutions of R4P6 (1
mg/mL) triple helices were prepared by thermally anneal-
ing R4P6 in MOPS buffer (20 mM, pH. 7.0) followed by
incubation for at least one week at 4 °C to maximize triple
helix formation (see Experimental Methods; Figure S2).
P6E4 solutions in identical buffer conditions were ther-
mally annealed and cooled to ambient temperature. This
freshly annealed P6E4 solution was mixed with an equiva-
lent volume of the R4P6 stock solution. Minutes after mix-
ing, the solution became cloudy, which suggested the pres-
ence of supramolecular assembles.

Surprisingly, co-assembly of R4P6 and P6E4 triple heli-
ces using this procedure yields tube structures rather than
nanosheets. The corresponding tubes span tens of microns
in length and hundreds of nanometers in diameter, as evi-
denced from transmission electron microscopy measure-
ments (TEM; Figure 2c). Negative staining clearly indi-
cates differential contrast between the inner lumen and
outer walls of the tubes (Figure 2d). Furthermore, stria-
tions within the tube walls suggest that the tubes consist of
stacked concentric lamellae (Figure 2d inset). No assem-
bled structures are observed from annealed solutions of
the individual homomeric triple helices, which confirms
that assemblies only occur when both CMP triple helix
pairs are present (Figure S3). Furthermore, one-pot an-
nealing of R4P6 and P6E4 yield unordered aggregates,
indicating that the formation of homomeric triple helices is
an essential pre-requisite for hierarchical assembly (Fig-
ure S4). The Rpn value of 0.12 for the R4P6/P6E4 tubes
indicates that the triple helices are substantially more sta-
ble when co-assembled with their complementary charged
partners (Figure 2a). The added stability is attributed to
close packing of oppositely charged triple helices in an
antiparallel orientation, which would counteract the elec-
trostatic repulsion between adjacent strands within isolat-
ed CMP triple helices of the individual component pep-
tides. Unfortunately, CD thermal denaturation studies
could not be effectively applied to solutions of the tubes
due to limited solubility in near-neutral pH buffers.

These results contrast with previously published reports
from our laboratory, in which CMPs having a self-
complementary triblock architecture were observed to
preferentially self-assemble into nanosheets. We ascribe
this difference in morphology to the antiparallel packing of
R4P6 and P6E4 triple helices, which, upon co-assembly,
would result in an incipient 2D lattice with surface asym-
metry. The larger effective packing diameter of the charged
residues that comprise one side of the nanosheet could
induce curvature to the extended 2D structure, and, there-
by, lead to the formation of tubular assemblies. To test this
hypothesis, a symmetric variant, CP262 (Figure 1d), was
synthesized and purified (Figure S5). CP262 possesses an



identical number of triads to R4P6 and P6E4 but differs in
that it contains both positive- and negative-charged seg-
ments. TEM images confirm that CP262 assembles into 2D
structures (Figure S6), thereby suggesting that the asym-
metry associated with antiparallel-packed R4P6 and P6E4
triple helices is responsible for tube formation.

Although the R4P6/P6E4 tubes appear to adopt a well-
defined structure, they were prone to aggregation through
lateral association at near-neutral pH. To improve colloidal
stability, a longer, positively charged CMP was designed
and synthesized (R6P6; Figure 1d). We hypothesized that
the two extra positively charged triads would extend from
the tube surface and prevent self-association between
tubes in solution due to electrostatic repulsion at near-
neutral pH. This design concept was used successfully for
constructing monolayer nanosheets from triblock CMPs.*!
Like R4P6, R6P6 forms stable collagen triple helices after
approximately 1 week in buffered aqueous solutions (pH
6-8; Figure S7). Rpn values for buffered aqueous solutions
of R6P6 in the near-neutral pH range are consistent with
the value calculated for R4P6 triple helices (Rpn ca. 0.08;
Figure S7d). TEM images of R6P6 solutions confirm that
no discernable assemblies form in the absence of the com-
plementary triple helical partner (Figure S8).

R6P6/P6E4 co-assembly experiments were conducted
using the same protocol described above. TEM imaging of
the resultant assemblies reveal that the morphology unex-
pectedly depended on the pH of the assembly buffer. Un-
der acidic and neutral conditions in MES buffer (20 mM,
pH 6.0) and MOPS buffer (20 mM, pH 7.0), respectively,
sheet-like assemblies are observed (Figures 3a and S9). In
contrast, large-diameter, multi-walled tubes are formed
exclusively at basic pH in TAPS buffer (20 mM, pH 8.0)
(vide infra).

The R6P6/P6E4 nanosheets are similar to previously
studied nanosheets derived from self-complementary
triblock CMPs. However, unlike prior reports, where sheets
typically exhibited square or rectangular dimensions, the
R6P6/P6E4 sheets frequently display a parallelogram-like
morphology (Figure 3a inset). Atomic force microscopy
(AFM) height profiles reveal a sheet thickness of ca. 17 nm.
This heightvalue suggests that the sheets possess a bilayer
structure, as it is approximately double the expected
thickness of 10 nm for a monolayer sheet (Figure 3b). The
smaller height value compared to the theoretical value of
bilayer sheets (ca. 20 nm or twice the length of R6P6 triple
helix) is attributed to the dry imaging conditions, which
would collapse the extra charged triads that extend from
the sheet surface.*! The proposed bilayer structure is fur-
ther supported by TEM images, which reveal differences in
electron contrast at the periphery of the assembly suggest-
ing the presence of two distinct layers (Figure S$10).

Synchrotron small- and wide-angle X-ray scattering
(SAXS/WAXS) measurements of R6P6/P6E4 nanosheets
provide additional evidence of the proposed bilayer archi-
tecture. A Guinier analysis for sheet-like forms, returned a
sheet thickness value of 230 + 5 A (Figure $S11). Similarly,
oscillations in the form factor scattering could be fit direct-
ly with a lamellar model, which afforded a sheet thickness
value of 218 + 26 A (Figure $12). Both measurements are
internally consistent and in agreement with the expected

thickness of a bilayer assembly architecture. We ascribe
the discrepancy in sheet thickness between SAXS and AFM
measurements to the different experimental conditions
under which data were collected. Solution SAXS measure-
ments detect the presence of the hydrated extensions cor-
responding to the two extra charged triads of R6P6 triple
helices, which would be collapsed under the dry imaging
conditions employed in AFM height measurements. We
have observed similar distinctions between SAXS thickness
and AFM height measurements for related collagen
nanosheet samples.4!
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Figure 3. R6P6/P6E4 nanosheet characterization. (a) Stained
TEM images of R6P6/P6E4 nanosheets (1 mg/mL) assembled
in MOPS buffer (20 mM, pH 7.0). (b) AFM image and height
trace of R6P6/P6E4 nanosheets. (c) Synchrotron SAXS/WAXS
scattering profile of R6P6/P6E4 nanosheets (4 mg/mL) in
MOPS buffer (20 mM, pH 7.0). Peaks (1) and (2) correspond to
d-spacings of 13.8 A and 10.8 A, respectively. (d) Overlay of
the lattice-filtered cryo-EM image over its respective drift-
corrected image (Figure S15a) of a R6P6/P6E4 nanosheet.
Inset: high magnification image of the ordered 2D lattice com-
prising the nanosheets. (e) Representative FFT analysis of
R6P6/P6E4 nanosheets. Averaged d-spacings values, ob-
tained from analysis of several nanosheets, are listed for the
2D lattice. (f) Packing model of collagen triple helices within
the 2D lattice using averaged d-spacing values (in Angstroms)
from FFT analysis. Red and blue coloring denotes negative



and positive triads at the surface to highlight the antiparallel
packing between adjacent triple helices. The yellow box high-
lights the monoclinic unit cell. (g) 2D lattice packing model
denoting the angles ® and y, which are ca. 82° and 90.6°, re-
spectively. (h) Side view of the proposed model of
R6P6/P6E4 nanosheets revealing the bilayer structure of
collagen layers, and their tilted orientation with respect to the
surface. The tilted layers are packed “back-to-back”, in which
charged segments interface with the aqueous media.

Two Bragg diffraction peaks, labeled (1) and (2) (Figure
3c), are observed in the high g region of the SAXS/WAXS
intensity profile and correspond to d-spacings of ca. 13.8 A
and ca. 10.8 A, respectively. These values are similar to d-
spacing values that we have reported for crystalline 2D
lattices of collagen nanosheets (Figure $13).40-4¢ The rela-
tionship between the two measured values indicate that
the lattice deviates from a tetragonal lattice (10.8 x V2 #
13.8) and represents the most structurally distorted 2D
lattice that we have thus far observed for synthetic colla-
gen nanosheets.

Cryo-EM measurements were performed to further
characterize the internal structure of the 2D assemblies.
Filtered cryo-EM micrographs provide striking visual evi-
dence of the ordered 2D lattice that constitutes the
nanosheet assemblies (Figure 3d). Representative Fast
Fourier transform (FFT) reveals a two-fold rotational
symmetry that confirms the parallelogram crystal habit
that we observed from negative-stain TEM measurements
(Figures 3e and S14). Bragg spots, with resolution of up to
2.7 A signify the high degree of crystallinity (Figure S14).
Figure 3e shows average d-spacing values from FFT anal-
ysis of several crystals. The 2D crystal is best described as
having a monoclinic unit cell with lattice parameters a =
21.6 A and b = 18.6 A, which are associated with the [1,0]
and [0,1] lattice planes, respectively (Figures 3e-g and
$15 and Table 1). In addition, two pairs of Bragg spots,
which correspond to d-spacings of 14.2 A and 14.0 A, de-
fine the distances between lattice planes having Miller in-
dices of [1,1] and [1,-1], respectively (Figures 3e-g and
S§15 and Table 1). The lattice parameter values differ
slightly from those observed from SAXS analysis. In the
latter case, only a subset of the diffraction peaks observed
in the cryo-EM analysis could be detected in the SAXS in-
tensity profile. The lattice spacing corresponding to the
distances of the [1,1] and [1,-1] lattice planes were not
resolved in the SAXS data and were observed at a slightly
shorter distance (13.8 A). In comparison, the d-spacing for
the [2,0] (10.8 A = 21.6 A/2) is the same for both SAXS and
cryo-EM. The discrepancy in the observed metrical values
between measurements may arise due to differences in
conditions under which the measurements were acquired.

Finally, FFT data provides real-space angular infor-
mation that relates to the unit cell and crystal habit ({ and
O; Figure 3e,g). The angle between the a and b vectors
([1,0] and [0,1] planes), O, is approximately 90° (90.6°
Figure 3e,g). In contrast, the internal angle between the
[1,1] and [1,-1] planes, ), is approximately 82°, which is
consistent with the internal angle measured from the in-
tersection of edges in parallelogram-shaped crystals (Fig-
ure S16). This confirms that the parallelogram crystal hab-
itis derived from the monoclinic unit cell (Figures 3f,g).

Based on analysis of the structural information gathered
from AFM, SAXS/WAXS, and cryo-EM measurements, we
propose the following model for the R4P6/P6E4
nanosheet assemblies. Within a single 2D layer, oppositely
charged triple helical protomers are packed in an antipar-
allel orientation within a distorted tetragonal lattice (Fig-
ure 3f). The nanosheets comprise two such CMP layers
that are packed “back-to-back”, which allows the charged
segments to interact with the aqueous medium at the ex-
posed surfaces of the bilayer assemblies (Figure 3h). The
proposed bilayer structure schematically resembles the
double leaflet architecture of lipid bilayer membranes, in
which the charged head groups are exposed at the surface
and the hydrophobic tails congregate within the core. Fur-
thermore, we propose that the triple helices are tilted at an
angle with respect to the assembly surface (; Figure 3h)
on the basis of information from unprocessed cryo-EM
images that appear to show parallel “lines” across the
nanosheet surface (Figure S17). Further evidence of this
tilting is observed from cryo-EM analysis of the tube sam-
ples, which provides a “side-view” of the triple helices with
respect to the electron beam (vide infra).

In contrast, the R6P6/P6E4 assemblies observed at
basic pH values are similar in morphology to the tubular
assemblies of R4P6/P6E4 under neutral pH conditions
(Figure 4a,b). The tube walls consist of multiple layers
with an approximate thickness of 10 nm (Figure S18).
This distance correlates well with the theoretical length of
the longer CMP triple helices of R6P6 (36 residues x 0.286
nm = 10.3 nm),51-52 thereby suggesting that the tube walls
are composed of laminated layers of CMP triple helices.
Scanning electron microscopy (SEM) verifies the hollow
interior of the assemblies and reveals that the tube surface
consists of areas with varying number of layers along the
contour length of the assemblies (Figure 4c and S19). In
addition, AFM height and amplitude traces indicate that
the structures retain their cylindrical shape under dry im-
aging conditions, which suggests that the tubes are highly
rigid, presumably due to the reinforcement of the tubular
structure through lamination of multiple layers of collagen
triple helices (Figure 4d,e). Line scans along the tube axis
reveal that the height of the surface layers are approxi-
mately 10 nm, which is consistent with the thickness
measurements of the individual layers of the tubes (Figure
44,g). These results demonstrate that the number of layers
could differ along the length of the tube, including between
diametrically opposite tube walls. We speculate that these
tubes arise from scrolling of incipient asymmetric (ie.,
Janus) nanosheets, although microscopy measurements
have not been able to directly capture this process (vide
infra).

Synchrotron SAXS/WAXS measurements were employed
to analyze the structure of collagen tubes in solution (Fig-
ure 4h). Distinct features are observed in the intensity
profile on three different length scales. At low g values (ca.
0.005 - 0.02 A1), the form factor scattering could be simu-
lated in terms of a hollow cylinder with polydispersity in
the inner radius (95 = 12 nm) and wall thickness (37 * 4
nm) (Figure S20). These values roughly agree with the
TEM data in that tubes with varying degrees of lamination
were observed that would result in cross-sectional
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Figure 4. Microscopic analysis of R6P6/P6E4 tubes. (a) Negatively stained TEM image of R6P6/P6E4 tubes (1 mg/mL) assem-
bled in TAPS buffer (20 mM, pH 8.0). (b) High-magnification TEM image revealing the lamellar structure that comprises the tube
walls. (c) SEM images of R6P6/P6E4 tubes. AFM (d) height trace and (e) amplitude trace of R6P6/P6E4 tubes deposited onto
mica. Inset scale bar = 1 pm. (f) 3D reconstruction from AFM data revealing the change in height along the tube shown in the inset
of (e). (g) AFM height trace along the tube shown in (f). (h) Synchrotron SAXS/WAXS scattering profile of R6P6/P6E4 tubes (2

mg/mL) in TAPS buffer (20 mM, pH 8.0).

polydispersity. In the mid q region (ca. 0.04 - 0.15 A1), two
relatively broad peaks, labeled (1) and (2), are observed at
approximate g values of 0.0579 A and 0.122 A1, respec-
tively. We posit that these peaks correspond to the lamel-
lar stacking periodicity for the concentric scrolled layers,
as the stronger peak (peak (1)) corresponds to a d-spacing
of ca. 108 A, which coincides within experimental error to
the thickness of layers observed from TEM images of the
tubes and the theoretical length of a collagen triple helix
(vide supra). Peak (2) likely corresponds to a second har-
monic of the first peak (d-spacing of ca. 52 A). The absence
of a peak corresponding to 2 x peptide length (ca. 216 A),
as observed for the bilayer sheets, suggests that the layers
within the tubes are packed in an asymmetric “face-to-
back” orientation rather than an alternating “face-to-
face/back-to-back” orientation of the bilayer nanosheets.

Finally, peaks (3) and (4), found at high g values, are as-
sociated with the crystalline 2D lattice within layers of
packed triple helical CMPs (Figure 4h). These peaks,
which correspond to d-spacings of 13.8 A and 10.8 A, re-
spectively, are identical to the lattice packing parameters
obtained from SAXS data of the sheet sample, which sug-
gests that the sheets and tubes possess the same underly-
ing 2D layered structure of collagen triple helices. These
results imply that the formation of tube versus sheet as-
semblies for the R6P6/P6E4 system is not due to differ-
ences in the internal 2D arrangement of triple helices, but
rather to the effect of assembly conditions. Although a de-
tailed analysis was not performed, the general features of
the synchrotron SAXS/WAXS intensity profile of the
R4P6/P6E4 tubes was observed to be similar to that of the
R6P6/P6E4 tubes over all three length-scales, albeit with
slight differences in metrical parameters (Figure S21).

Cryo-EM was employed to interrogate the internal struc-
ture of the tubular assemblies at high-resolution (Figure

5a-c). Unexpectedly, analysis of cryo-EM images indicated
the presence of two structurally distinct populations of
tubes: thin tubes (R6T_thin), having 2 or 3 layers (n = 2,3),
and thick tubes (R6T_thick), having 4 or more layers (n =
4) (Figure 5b,c). The distinction between the two different
tube populations is manifested in terms of a sharp discon-
tinuity in inner diameter distance that is observed be-
tween tubes having three layers and four layers (Figure
5d).

Cryo-EM images of the representative tubes from the
two classes indicate that the orientation of triple helices
within the layers differs between the two tube populations.
The angle of the triple helix with respect to the central
tube axis (denoted @ in Figure 5b,c) is different for
R6T_thick (® = 90°) and R6T_thin (& ~ 82°) tubes. Fur-
thermore, cryo-EM image analysis reveals discrepancies
between repeat distances (s) along the tube axis (s = 18.5 A
and 21.5 A for R6T _thin and R6T _thick tubes, respective-
ly). Layer thickness values, r, are similar (r=11.1 and 10.4
nm for both tubes, respectively) and correlate with the
TEM and SAX/WAXS data. FFT analysis of the tubes reveals
spots associated with diffraction related to the Moiré pat-
tern that arises from interference between the two sides of
the respective tubes.3 Lattice spacings can be calculated
from the FFT analysis, which provide distances of 21.5 A
and 18.5 A for the unit cell parameters of R6T_thin and
21.5 A and 19.5 A for the unit cell parameters of R6T_thick
tubes (Table 1). These distances reveal slight differences
in the packing arrangement of triple helices within the
layers that comprise the two respective populations of
tubes. The O values, calculated for the respective unit cells
of each class of tubes, remain at ca. 90.6°. The calculated
values of the metrical parameters for R6P6/P6E4 sheets,
R6T_thin tubes, and R6T_thick tubes are compiled in Ta-
ble 1. Based on this analysis, we conclude that the underly-



ing 2D triple helix lattice for the two populations of tubes
is similar to the 2D lattice that constitutes the nanosheets
(Figure 5e).

Altogether, these results allow us to propose an assem-

ers along the tube axis (Figure 5f). The non-perpendicular
value of the tilt angle, ®, suggests that the collagen triple
helices are inclined along the “b” direction, which we pro-
pose is similar to the triple helix tilt angle, Q (Figure 3h),

inferred from the cryo-EM images of the nanosheets (vide
supra). Although we cannot conclusively state the degree
to which the triple helices are tilted in the nanosheets, the
data suggests that (0 = ®rer_thin = 82°. In a similar fashion,
R6T_thick tubes result from corner to corner scrolling of

bly model for tube formation, in which incipient single-
layer nanosheets of R6P6/P6E4 scroll along different
crystallographic axes upon co-assembly at basic pH. Scroll-
ing of the collagen 2D lattice along the “a” axis, or [1,0]
plane, yields R6T_thin tubes, in which repeat spacings of
18.5 A are observed between triple helices oriented in lay-

n = # of layers
r = layer thickness
s = d-spacing (tube axis)
q = inner diameter
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Figure 5. (a) [llustration of the proposed model for the collagen nanotubes depicting the various structural parameters of the tube
assembly. High-resolution cryo-EM micrographs (i and ii) and corresponding FFT analysis (iii) of (b) R6T_thin and (c) R6T_thick
tubes. (d) Inner diameter, g, as a function of the number of layers, n, comprising the tubes. (e) Packing model of collagen triple heli-
cal layers within the tube walls in which structurally adjacent heteromeric pairs of triple helices pack in an antiparallel orientation.
Two lattice planes, labeled “a” and “b” define the [0,1] and [1,0] planes, respectively. (f) Proposed model for assembly of R6T_thin
tubes. 2D sheets are scrolled along the “a” axis. The arrows indicate the tilted direction of the triple helices with respect to the sur-
face. Scrolling along the “a” axis yields tubes with repeated distances of 18.5 A and ® of 82°, which is consistent with high-
resolution cryo-EM micrographs. (g) Proposed model for assembly of R6T_thick tubes. 2D sheets are scrolled along the “b” axis.
The arrows indicate the tilted direction of the triple helices with respect to the surface. Scrolling along the “b” axis yields tubes
with repeated distances of 21.5 A and ® of 90.5°, which is consistent with high-resolution cryo-EM micrographs.



nanosheets along the “b” axis, or [0,1] plane (Figure 5g),
which leads to repeat distances of 21.5 A between triple
helices within layers oriented along the tube axis. The tri-

ple helices appear to be nearly perpendicular to the tube
axis (® = 90.5°), which would only be possible if the tilting
occurred out of the plane of the lamellar cross-section

Table 1. Selected Structural Parameters from Cryo-EM Analysis

Species layers (n) count (N) a(d) b () (9 0 () s (nm) q (nm)
R6P6/P6E4 NS - 10 21.6+0.1 18.6+0.1 - 90.6 £ 0.4 - -
R6T_Thin n=2,3 14 21.5+0.1 185+02 | 822+0.2 | 90.7+0.2 | 185+0.0 | 105.1+5.8
R6T_Thick nz4 31 2150 19.5+02 [ 89.9+0.2 | 90.5+0.2 | 21.5+0.1 165-102

along the scrolling direction. These two scrolling mecha-
nisms create tubes having distinctly different supramolec-
ular architectures, even though they are based on closely
related 2D unit cells. Moreover, the correspondence be-
tween the metrical parameters of the sheet and tube struc-
tures indicate that the unit cells of these two polymorphs
are clearly related at a fundamental structural level. How-
ever, despite the similarity in 2D unit cells between the
two populations of tubes, the degree of lamination de-
pends strongly on the scrolling direction. The extent of
scrolling is clearly limited along the crystallographic “a”-
direction, but can achieve high degrees of lamination (up
to at least 16 layers) when scrolling along the “b”-
direction.

We hypothesized that the preference for tube versus
sheet formation in co-assemblies of R6P6/P6E4 was re-
lated to the degree of excess charge present at the assem-
bly surface. At pH values in which one would expect a high
net charge on the assembly, that is, under assembly condi-
tions in which the buffer pH values diverges significantly
from the estimated pl of the CMP mixture (Table S2),
sheet formation was observed in solution (i.e., R6P6/P6E4
co-assembled under neutral or acidic conditions). In con-
trast, pH values that partially neutralized this excess sur-
face charge yielded multi-lamellar tubes (i.e., R6P6/P6E4
and R4P6/P6E4 tubes grown under basic and neutral
conditions, respectively). To verify this hypothesis, zeta
potential measurements were conducted for all assemblies
grown under the tested pH buffer conditions. The zeta po-
tential values of R6P6/P6E4 assemblies decrease by 50
percent as the buffer pH increases from 6 to 8 (Figure 6a),
which suggests that surface charge plays a critical role in
determining the morphology of the final assembled struc-
ture. In conjunction with the slightly negative zeta poten-
tial of R4P6/P6E4 tubes at neutral pH, these results sug-
gest that tube formation occurs under conditions that re-
duce excess charge at the assembly surface (Figure 6a).

In addition to modulating the assembly pH, the structur-
al evolution of the peptide assemblies could be controlled
through blending the two different positively charged
CMPs at different compositional ratios. We hypothesized
that this process could attenuate the level of excess posi-
tive surface charge at neutral pH and thereby result in a
compositionally dependent morphological transition. To
test this hypothesis, ternary peptide mixtures were pre-
pared in MOPS buffer (20 mM, pH 7.0). The concentration
of P6E4 was held constant while the compositional ratio of
R4P6 versus R6P6 was continuously varied over the en-
tire concentration range. As the relative concentration of
R4P6 within the mixture increases, the zeta potential of

the assembly solution decreases from ca. +17 mV to -5 mV
(Figure 6b). TEM images at the various ratios confirm the
morphological transition from sheets to tubes as a result of
this variation in composition (Figure S$22).
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Figure 6. pH and zeta potential studies of peptide assemblies.
(a) Zeta potential values of R6P6/P6E4 and R4P6/P6E4 as-
semblies (0.2 mg/mL) assembled under various pH condi-
tions. (b) Zeta potential values of ternary peptide assemblies
(grown in MOPS pH 7.0 buffer) as a function of R6P6/R4P6
ratio, while the concentration of P6E4 remains constant. (c)
Scheme detailing the assembly conditions for R3P6/P6E4
sheets and tubes as a function of pH. (d) Zeta potential values
of R3P6/P6E4 assembled under various pH conditions.
Stained TEM images of R3P6/P6E4 assembled in (e) acetate
buffer (20 mM, pH 5.0), (f) MES buffer (20 mM, pH 6.0), and
(g) MOPS buffer (20 mM, pH 7.0).

In a further test of the influence of surface charge, we an-
ticipated that co-assembly of R3P6 and P6E4 triple helices
would reverse the pH dependence of morphological transi-
tion observed for R6P6 and P6E4. The pl value for this
mixed peptide system was estimated to be approximately
4.9 (Table S2), due to the extra negatively charged triad of
P6E4 vis-a-vis R3P6. We hypothesize that co-assembly of
the two peptides would result in tubes under acidic condi-
tions, that is, in which the net surface charge is expected to
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Figure 7. In situ interconversion between sheets and tube via pH modulation. Schematic representation of the inter-conversion
(top) and the corresponding stained TEM images (bottom) of R6P6/P6E4 assemblies at various stages within the timepoint exper-
iment: (a) R6P6/P6E4 nanosheet starting material assembled in MOPS buffer (20 mM, pH 7.0); (b) R6P6/P6E4 assemblies after 1
week of incubation in TAPS buffer (20 mM, pH 8.5); (c) R6P6/P6E4 tubes after 2 weeks of incubation in TAPS buffer (20 mM, pH
8.5); (d) R6P6/P6E4 assemblies after 3 days of incubation in MOPS buffer (pH 7.0); (e) R6P6/P6E4 nanosheets after 1 week of

incubation in MOPS buffer (pH 7.0).

be nearly neutral (Figure 6c). Zeta potential experiments
confirm the increase in net negative charge associated with
increasing the pH of the assembly solution (Figure 6d). As
predicted, R3P6/P6E4 assembles into tubes under suffi-
ciently acidic pH (pH 5.0; Figure 6e). As the buffer pH in-
creases, a mixture of sheets and tubes are observed with a
greater proportion of sheets at neutral pH (Figures 6f,g).

The change in morphology as a function of pH, led us to
investigate the potential for transforming the morphology
of the mixed assemblies in situ. As a proof-of-concept, we
employed the R6P6/P6E4 co-assembly system. Nanosheet
solutions, prepared at neutral pH in MOPS buffer (20 mM,
pH 7.0), were sedimented via centrifugation and the su-
pernatant was discarded. The nanosheets were re-
suspended in TAPS buffer (20 mM, pH 8.5) and the solu-
tion was incubated at ambient temperature. After two
weeks, TEM images capture the successful transition from
sheets to tubes (Figure 7a-c and S23-25). To demonstrate
reversibility of this process, the tubes were sedimented
and transferred to MOPS buffer (20 mM, pH 7.0) using the
protocol described above. After incubation for 1 week at
ambient temperature, the population of assemblies revert
to nanosheets (Figure 7c-e and $26-27).

TEM images acquired during intermediate stages in this
process reveal an asymmetry in the transition between
these two structurally distinct polymorphs. When solu-
tions of sheets were placed at basic pH values, the tubes
did not appear to directly form from sheets, perhaps due to
the symmetric bilayer structure. Instead, it seems that the
sheets initially disassemble and then re-form into tubes.
However, in the reverse direction, the TEM images provide
evidence that the sheets emerge from tubes during the
transition process (Figure 7d and S26). These results
suggest that the reverted sheets originate from “unraveled
or unscrolled” tubes. Furthermore, the sheets produced as
a result of this pH-driven tube-to-sheet transformation
exhibit a more uniform and well-defined morphology
compared to the sheets assembled through the protocol
employed with the previous experiments (Figure 7e and
$27). In general, we have observed that the initial co-
assembly is a rapid process that is presumably under ki-

netic control. In contrast, the pH-driven morphological
transition occurs over a prolonged period that presumably
permits the more controlled assembly of nanosheets.
While the mechanism of this morphological transition re-
mains to be elucidated in detail, these results nevertheless
demonstrate that nanosheets and tubes can undergo dy-
namic interconversion.

Since we attribute the morphological transition between
tubes and sheets to the effect of pH on the protona-
tion/deprotonation state of the charged residues at the
surface of the assembly, we reasoned that the ionic
strength of the assembly buffer may also exert an influence
due to charge screening of the electrostatic interactions
between triple helical protomers. To address this, NaCl
was added to a solution of pre-formed R6P6/P6E4
nanosheets ([peptide] = 1 mg/mL) assembled in MOPs
buffer (20 mM, pH 7.0). After several days, the sheet as-
semblies remained intact, even at concentrations up to 100
mM Nac(l, indicating that charge screening is not sufficient
to induce a commensurate morphological transition be-
tween sheets and tubes (Figure S28a,b). Furthermore, the
formation of R6P6/P6E4 sheets assembled in the pres-
ence of NaCl (100 mM in 20 mM MOPS buffer, pH 7.0), pro-
vides further evidence of the limited role of ionic strength
on the assembly process (Figure S28c).

Finally, in order to assess the practical utility of these
materials for applications, we investigated the effect of
surface modification on the morphological behavior of the
assemblies. As a proof-of-concept, N-terminal-modified
biotin R6P6 peptide (b-R6P6; Figure S29) was doped
(5%) into a stock solution of R6P6 (1 mg/mL). This solu-
tion was then used for co-assembly experiments with
P6E4 to produce biotin-doped sheets or tubes. The result-
ant assemblies were then incubated with either streptavi-
din-tagged Cy3B or green fluorescent protein (GFP) (Fig-
ure 8a). After the removal of excess dye, fluorescence op-
tical microscopy was employed to confirm successful func-
tionalization of the 1D and 2D assemblies (Figure 8b-e).
These results demonstrate that the sheets and tubes can be
functionalized with exogenous substrates without disrupt-
ing the morphological preference. These results point to-



wards the potential for using these materials as responsive
scaffolds for a variety of applications.

CONCLUSION:

We demonstrate that charge-complementary heter-
omeric pairs of designed collagen triple helices can spon-
taneously assemble into asymmetric 2D nanostructures
(Janus nanosheets), which, under appropriate conditions,
scroll to form high aspect-ratio crystalline nanotubes. The
morphological outcome of this process depends on the
excess surface charge, which can be controlled through
peptide sequence, composition, and environmental condi-
tions. While uncommon, environmentally responsive
structural transitions between sheet and tube morphology
have been observed for natural®456 and synthetic57-60 pro-
tein assemblies - although this process doesn’t necessarily
depend on surface asymmetry. In addition, peptide-based
Janus nanosheets don’t necessarily scroll into tubes even
though surface asymmetry may be present.6!
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Figure 8. Surface functionalization of sheets and tubes. (a)
Scheme detailing the attachment of SA-Cy3B and SA-GFP onto
b-R6P6/P6E4 assemblies. Fluorescent optical micrographs of
(b) b-R6P6/P6E4 tubes and (c) b-R6P6/P6E4 sheets func-
tionalized with Cy3B; and (d) b-R6P6/P6E4 tubes and (e) b-
R6P6/P6E4 sheets functionalized with GFP. Scale bars = 4 pm
(inset scale bars = 2 um).

The phenomenon of scrolling of 2D materials has been
previously reported.®270 In a majority of these cases, un-
balanced surface stresses arise from asymmetric surface
structures, which results in scrolling of sheets into tubular
assemblies. We propose that a similar mechanism operates
within these heteromeric collagen assemblies. However, in
this work, the surface stresses and, consequently, the mor-
phological transition, can be modulated through the devel-
opment of differential surface charge between two struc-
turally distinct interfaces. The two-component peptide
system that we have developed may represent a more flex-

ible platform to control this morphological transition since
the sequences of the two peptides can be independently
designed in order to enhance or abrogate this process (vide
supra). This work highlights the potential for fabricating
complex, transformable materials at the nanoscale, using
simple biologically derived assembly motifs. We envision
that these structures will provide new opportunities for
creation of dynamically responsive materials that can be
tailored for specific applications through incorporation of
molecular mechanisms that can actuate this higher-order
structural transitions.

EXPERIMENTAL METHODS:

Materials and Methods. Chemical reagents were pur-
chased from Sigma Aldrich Chemical Co. (St. Louis, MO)
and used without further purification. Fmoc-Gly-HMP-
TentaGel resins were purchased from Anaspec (Fremont,
CA). Biotin-PEG2-acid was purchased from Broadpharm
(San Diego, CA). Biotin-GFP was purchased from Pro-
teinMods (Madison, WI). Peptides were quantified by mass
and dissolved in water, followed by separation into ali-
quots of known amounts of peptides, and lyophilized. Ma-
trix-assisted laser desorption ionization time-of-flight
mass spectrometry (MALDI-TOF) data were collected us-
ing an Applied Biosystem 4700 mass spectrometer (posi-
tive reflector mode; accelerating voltage: 20 kV) and using
a-cyano-4-hydroxycinnamic acid (CHCA) as the ionization
matrix.

Peptide Synthesis and Purification. All peptides were
prepared using microwave-assisted synthesis on a CEM
Liberty solid-phase peptide synthesizer and Fmoc-Gly-
HMP-Tentagel resin. In addition, P6E4 and R6P6 peptides
were also purchased commercially from Synpeptide Com-
pany, Ltd. (Shanghai, China). Standard Fmoc protection
chemistry was employed with coupling cycles based on
HBTU/DIEA-mediated activation protocols and base-
induced deprotection (20% piperidine in DMF) of the
Fmoc group. For the biotinylated peptide (b-R6P6), biotin-
PEG2-acid (Broadpharm, San Diego, CA) was used to cap
the N-terminus of the peptide while the peptide was still
attached to the resin (no final deprotection step). After
coupling, the DMF/resin mixture was filtered and rinsed
with acetone and then air-dried. The crude peptides were
cleaved for 3 h with a cleavage solution consisting of
92.5% TFA/ 2.5% H20 / 2.5% DODT / 2.5% TIS (TFA =
trifluoroacetic acid, DODT = 3,6- Dioxa-1,8-octane-dithiol,
TIS = Triisopropylsilane). After filtration, crude peptide
product in TFA was precipitated with cold Et20 and centri-
fuged at 4 °C. The supernatants were discarded, and the
pellets were dried under vacuum overnight.

Crude peptides were purified using a Shimadzu LC-20AP
reverse-phase high performance liquid chromatography
(HPLC) instrument equipped with a preparative scale C18
column. Peptides were eluted with a linear gradient of wa-
ter-acetonitrile with 0.1% trifluoroacetic acid (TFA). The
target fractions were collected and lyophilized. The lyophi-
lized peptides were repurified via HPLC under the same
protocol described above, and lyophilized. Doubly pure
peptides were dialyzed against HPLC-grade H20 to remove
residual TFA (MWCO = 2000 Da). The resulting peptide
solutions were lyophilized and stored at -30°C.



Peptide Assembly Experiments. All annealing experi-
ments were conducted using a BioRad T-100 thermal cy-
cler. The annealing protocol consisted of heating peptide
solutions to 90°C for 15 min, followed by slow-cooling to
either 25°C or 4°C (0.5°C/2.5 min rate).

Assembly experiments involved annealing (90°C to 4°C)
positively charged peptides (R4P6, R6P6, R3P6; 1
mg/mL) in appropriate buffers (acetate pH 5.0, MES pH
6.0, MOPS pH 7.0, TAPS pH 8.0). After at least one week of
incubation (to promote homotrimeric triple helix for-
mation), P6E4 in corresponding buffer (1 mg/mL) was
annealed from 90°C to 25°C and added directly to the argi-
nine-containing peptide solution and the solution was vor-
texed immediately. Mixed peptide solutions were allowed
to sit at room temperature. The solutions became cloudy
after a few minutes, and a white precipitate was observed
in solution within one day indicating the presence of as-
sembled peptide.

Circular Dichroism Spectropolarimetry. CD meas-
urements were conducted on a Jasco J-810 or ]J-1500 CD
spectropolarimeter. Three spectra were recorded and av-
eraged from 260 nm to 190 nm at a scanning rate of 100
nm/min and a bandwidth of 2 nm. CD melting experiments
were performed in the temperature range from 5°C to
85°C at a heating rate of ca. 20°C/hour. The intensity of the
CD signal at 224 nm was monitored as a function of tem-
perature. Rpn values were determined by dividing the ab-
solute maxima and minima values at 224 and 198 nm, re-
spectively.

Transmission Electron Microscopy. TEM images were
collected with a Hitachi H-7700 transmission electron mi-
croscope at an accelerating voltage of 80 kV. TEM speci-
mens were prepared by briefly mixing 2.5 pL of peptide
nanosheet solution with 2.5 pL of aqueous uranyl acetate
stain solution (1%) directly on a 200-mesh carbon-coated
copper grid. After 30 s, the excess liquid was wicked away
and the grids were air-dried.

Dynamic Light Scattering. Zeta potential measure-
ments were conducted using a NanoPlus DLS Particle Size
Analyzer instrument (Particulate Systems, Norcross, GA).
Immediately prior to data collection, samples (1 mg/mL)
were diluted 5-fold (0.2 mg/mL) with the corresponding
buffer. The diluted assembly solutions (200 pL) were then
measured using a 200 pL disposable zeta cuvette (Mi-
cromeritics). The mean zeta potential values were calcu-
lated by the NanoPlus software using the Smoluchowski
approximation. Three replicates were measured for each
sample.

Atomic Force Microscopy. AFM images were collected
with an Asylum MFP-3D atomic force microscope using
tapping-mode in air. Images were obtained using ul-
trasharp AFM tips with a force constant of 5 N/m and res-
onance frequency of 150 kHz (Budget Sensors, SHR-150).
Images were collected with a scanning rate of 1 Hz. Sam-
ples were washed by centrifuging the peptide assembly
solutions (1 mg/mL) and removing the supernatant buffer,
followed by resuspension in equivalent volume of HPLC-
grade H20. The peptide assembly solutions were then
dropcast (20 pL) onto freshly cleaved mica. After 5 min,
the solution was wicked away and allowed to dry.

Scanning Electron Microscopy. SEM images were col-
lected with a Topcon DS-130F field emission scanning elec-
tron microscope operating at an accelerating voltage of 10
kV. SEM specimens were prepared by dropcasting 5 pL of
R6P6/P6E4 tube solution onto a 200-mesh carbon-coated
copper grid. After 30 s the excess liquid was wicked away
and the grids were air-dried. The samples were then sput-
ter-coated (using a Denton Desktop II) with Au/Pd alloy
for 2 min (ca. 6 nm).

Small-Angle/Wide-Angle X-ray Scattering Measure-
ments. Synchrotron SAXS/WAXS measurements were per-
formed at the 12-ID-B beamline of the Advanced Photon
Source at Argonne National Laboratory. The sample-to-
detector distances were set such that the overall scattering
momentum transfer, g, range was achieved from 0.005 to
0.9 A-1, where q = 4msin®/A, 20 denoting the scattering
angle and A the X-ray wavelength. The wavelength was set
at 0.9322 A during the measurements. Scattered X-ray in-
tensities were measured using a Pilatus 2M (DECTRIS Ltd.)
detector. Measurements were conducted on aqueous solu-
tions of R6P6/P6E4 assemblies (4 mg/mL for sheet sam-
ple; 2 mg/mL for tube sample) in 20 mM MOPS buffer (pH
7.0) or 20 mM TAPS buffer (pH 8.0) for sheets and tubes,
respectively. A quartz capillary flow cell (1.5 mm diame-
ter) was employed to prevent radiation damage. The 2D
scattering images were converted to 1D scattering curves
through azimuthal averaging after solid angle correction
and then normalizing with the intensity of the transmitted
X-ray beam, using the software package at beamline 12-ID-
B. The 1D curves of the samples were averaged and sub-
tracted with the background measured from the corre-
sponding buffers.

Cryo-EM. The nanosheet and tube samples were
shipped and stored at 4°C. Hereafter it was briefly centri-
fuged to obtain a denser solution. Then 3-4 pL of the sus-
pensions were pipetted onto a glow-discharged QuantiFoil
grid 1.2/1.3 or Lacey grid (300 mesh). In case of the pH 8.0
samples, 8 uL of the sample was mixed with 31 pL of buffer
(90 mM Tris pH 8.0) and 1 uL 5 nm gold beads before ap-
plying the solution to the grid. Grids were blotted for 3 s
with blot force 1 and plunge-frozen in liquid ethane using a
Vitrobot with the environmental chamber set at 100%
humidity and 4°C. Data were acquired on a Titan Krios
electron microscope at 300 keV (Thermo Fisher) in nano-
probe mode, with a GIF Quantum LS Imaging filter (20 eV
slit width) and a K2 Summit electron counting direct detec-
tion camera (Gatan).

Datasets at zero tilt were collected at a microscope mag-
nification of 130k, after correction resulting in a calibrated
pixel size 1.05 A and 47.6k magnification. The defocus was
set in a range of 0.7-2.0 um. The data were collected with a
modified in-house script using SerialEM.”! Every position
was selected manually by observation of crystal-like fea-
tures and each of these positions was exposed by record-
ing a 10 s movie with 50 frames totaling ~63 e-/A2

The Focus software package was used to dose weight
and drift correct the images by Motioncor2.7273 The images
were selected on minimal drift and non-stacked sheets and
complete tubes (in case of pH 8.0 samples). These images
were analyzed with FIJI software package.’* Sheets: an FFT
was obtained and average (Table 1). To identify the crys-



tal habit, images with clear edges were selected and the
angle between the measured unit cell in the FFT was com-
pared with the averaged edge of the crystal. Tubes: images
were selected showing complete tubes. The measurements
of the inner diameter of the tubes, layer thickness (for
tubes where n < 4), and angle of the peptides within the
layer were performed on the real images. The Moiré pat-
tern lattice points were identified by measuring the FFT in
the core of the tubes. An FFT on the layers was used to
determine the spacing and order of the collagen triple heli-
ces in the direction of the tube. For tubes with layers n > 3,
the FFT was used to measure the layer thickness.

The images used in Figures 3d and S15b were enhanced
by a filter, based on a Wiener Filter approach.”’> To enhance
lattice signal, images were filtered using an in-house algo-
rithm, in which the filtered images were used as an overlay
with 50% transparency on top of the original non-noise
filtered image (Figures 3d and S15a) using the standard
overlay feature in FIJI. Enhancing the signal in this way
allows for better identification of crystal features like edg-
es, lattice stress or other defects.*2 Except for using the
filter as an overlay, nothing was changed from the original
filtering method, mathematical procedures and effects.
These are extensively described in detail in Ref. 75.

Fluorescence Optical Microscopy. Imaging was ac-
complished on a Nikon Eclipse Ti microscope, operated by
Nikon Elements software, a 1.49 NA CFI Apo 100x objec-
tive, perfect focus system. An Andor iXon Ultra 897 elec-
tron multiplying charge coupled device was used for image
acquisition. Widefield epifluorescence illumination was
provided by an X-Cite 120 lamp (Excelitas). All of the re-
ported experiments were performed using the Quad Cube
(cat. #97327), TRITC (cat. #96321, Chroma) and reflection
interference contrast microscopy (RICM) (cat. #97270,
Nikon).

Experiments were conducted using no. 1.5 glass slides
(25 x 75 mm) that were cleaned by sonication in MilliQ
(18.2 MQ/cm) water for 15 min, followed by a second son-
ication in 200 proof ethanol for 15 min, and then dried
under a stream of Nz. The slides were etched by piranha
solution (v/v = 3:7 hydrogen peroxide/sulfuric acid -
please take caution as piranha is extremely corrosive and
may explode if exposed to organics) for 30 min to remove
residual organic material. The clean glass slides were
mounted to a custom-made 30 well microfluidic chamber
fabricated in-house from Delrin (McMasterCarr, cat. #
8573K15). The nanosheet and tube solutions were added
(10 pL) to the wells and were immediately subjected to a
was (3 x 100 pL) with 20 mM MOPS or TAPS buffer (pH 7.0
or 8.0, respectively). Assembly location was determined
using RICM imaging. After focusing using RICM, one wide-
field epifluorescence micrograph was acquired.
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Figure S1. HPLC traces of (a) R4P6, (c) P6E4, (¢) R6P6, and (g) R3P6. MALDI-TOF mass
spectra of purified (b) R4P6, m/z = 2862.66 (M + H"); (d) P6E4, m/z = 2818.17 (M + HY); ()
R6P6, m/z = 3482.46 (M + H"); and (h) R3P6, m/z=2553.1 (M + H").
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Figure S2. Rpn values of R4P6 and P6E4 in MOPS buffer (20 mM, pH 7.0) as a function of
time.

Figure S3. Stained TEM images of (a) R4P6 and (b) P6E4 solutions (1 mg/mL) after one week
of incubation at ambient temperature in MOPS buffer (20 mM, pH 7.0).
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Figure S4. Stained TEM images of R4P6/P6E4 (1 mg/mL) after one week of incubation at
ambient temperature in MOPS buffer (20 mM, pH 7.0), using a one-pot annealing protocol. Ill-

defined aggregates were primarily observed.
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Figure S5. (a) HPLC trace of doubly purified CP262. (b) MALDI-TOF spectrum of purified
CP262, m/z = 2840.54 (M + H"). Arrow in a signifies the peak containing free, unassociated
peptide CP262. Peptide CP262 aggregates strongly to form higher order species in solution, which
can be detected as the major component in the HPLC trace. Both free peptide and aggregated
peptide display identical mass spectra.
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Figure S6. Stained TEM images of CP262 nanosheets (1 mg/mL) assembled in MOPS buffer (20
mM, pH 7.0) after 2 weeks of assembly time.
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Figure S7. Circular dichroism (CD) spectra, collected at various timepoints, of R6P6 (1 mg/mL)
in (a) MES buffer (20 mM, pH 6.0), (b) MOPS buffer (20 mM, pH 7.0), and (c) TAPS buffer (20
mM, pH 8.0). (d) Table of Rpn values calculated from the CD spectra of a-c.
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Figure S8. Stained TEM images, after one week of incubation at ambient temperature, of R6P6
in (a) MES buffer (20 mM, pH 6.0), (b) MOPS buffer (20 mM, pH 7.0), and (c) TAPS buffer (20
mM, pH 8.0). No structurally defined assemblies were observed.
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Figure S9. Stained TEM image of R6P6/P6E4 nanosheets (1 mg/mL) assembled in MES buffer
(20 mM, pH 6.0) after one week of assembly time.
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Figure S10. Stained TEM images of R6P6/P6E4 nanosheets (1 mg/mL) assembled in MOPS
buffer (20 mM, pH 7.0). Arrows indicate nanosheet periphery having different electron contrast,
which suggests the presence of at least two separate layers.
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Figure S11. Guinier plot of experimental data for R6P6/P6E4 nanosheets (red) in MOPS buffer
(20 mM, pH 7.0) fitted to an equation for sheet-like forms (blue line).
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Figure S12. Direct fit of experimental SAXS scattering data (red) with lamella plot (blue) for
R6P6/P6E4 nanosheets in MOPS buffer (20 mM, pH 7.0).
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Figure S13. Proposed model of 2D lattice structure of R6P6/P6E4 nanosheets with d-spacings
obtained from SAXS/WAXS scattering curves. The d-spacing associated with the 10.8 A distance
corresponds to the [2,0] plane, as it represents half the distance (21.8 A/2) associated with the [1,0]
plane as determined from the cryo-EM analysis. The d-spacing at 13.8 A represents a slightly
contracted composite of the distances associated with [1,1] and [1,-1] planes, which cannot be
resolved in the SAXS measurements.
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Figure S14. FFT of a cryo-EM image of the R6P6/P6E4 nanosheets. Structurally important
Bragg spots are labeled with their corresponding d-spacing values. Note: averaged d-spacing
values are reported.




Figure S15. (a) Drift-corrected cryo-EM image of a R6P6/P6E4 nanosheet. Inset: high
magnification image reveals the ordered 2D lattice. (b) Overlay of the lattice filtered cryo-EM
image of a R6P6/P6E4 nanosheet over the original drift-corrected image revealing the 2D
lattice. Labeled d-spacing values reflect the average measured distance from 10 nanocrystals.
The 2D monoclinic unit cell is indicated with the associated lattice parameters “a” and “b”.

Figure S16. Parallelogram morphology of a R6P6/P6E4 nanosheet, in which two opposite corners
exhibit an internal angle of ca. 82°.
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Figure S17. Unprocessed cryo-EM images revealing parallel “lines” as opposed to a grid-like
tetragonal pattern typically observed for 2D layers of collagen triple helices.
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Figure S18. Negatively stained TEM images of several representative R6P6/P6E4 tubes. Analysis
of layer thicknesses observed within the tube walls reveals an average layer thickness of
approximately 10 nm.
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Figure S19. SEM micrographs of R6P6/P6E4 tubes assembled in TAPS buffer (20 mM, pH 8.0).
Arrows indicate regions in which layers associated with individual scrolled layers can be detected.
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Figure S20. Fit of experimental synchrotron SAXS data (blue) for R6P6/P6E4 nanotubes (2
mg/mL) in TAPS buffer (20 mM, pH 8.0) to a hollow cylinder model (green) with size
polydispersity (inner radius = 95 £ 12 nm and wall thickness = 37 + 4 nm). Polydispersity of the
sample attenuates the oscillation in the form factor region. Blue dots represent experiment data
points of R6P6/P6E4 tubes.

S16



\m

I"*.\(G)

=]
- \®)
_— \
— \ (4)
@
8 _j’ i
A
\ \“—~—4
2 3 4 ééiéd',‘ 2 3 456789
A -1
q (A7)

Figure S21. Synchrotron SAXS scattering profile of R4P6/P6E4 tubes (1 mg/mL) in MOP buffer
(20 mM, pH 7.0). d-spacings: (1) 13.5 A, (2) 18.4 A, (3) ~48.3 A, (4) ~104.7 A. Peaks (5), (6),
and (7) are attributed to form factor scattering arising from tubular morphology with polydisperse
cross-section.
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Figure S22. Stained TEM images of R6P6/R4P6/P6E4 assemblies in MOPS buffer (20 mM, pH
7.0) at different compositional ratios (R6P6/R4P6): (a) 90/10; (b) 75/25; (c) 50/50; (d) 25/75; and
(e) 10/90.
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Figure S23. Stained TEM image of R6P6/P6E4 grown in MOPS buffer (20 mM, pH 7.0). These
nanosheets were used as the starting materials for the in situ morphology transition study.

Figure S24. Stained TEM images of R6P6/P6E4 assemblies taken after 1 week in TAPS buffer
(20 mM, pH 8.5).
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Figure S25. Stained TEM images of R6P6/P6E4 tubes taken after 2 weeks in TAPS buffer (20
mM, pH 8.5).

Figure S26. Stained TEM images of R6P6/P6E4 assemblies after 3 days in MOPS buffer (20 mM,
pH 7.0).
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Figure S27. Stained TEM image of R6P6/P6E4 nanosheets obtained after 1 week in MOPS buffer
(20 mM, pH 7.0). Nanosheets were observed at the conclusion of the in situ morphology transition
study, confirming that the morphological transition from sheets to tubes is reversible.
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Figure S28. Stained TEM images of R6P6/P6E4 nanosheets incubated in the presence of (a) 10
mM NaCl and (b) 100 mM NaCl after 2 days and 1 week, respectively. NaCl was introduced to
pre-formed R6P6/P6E4 nanosheets in 20 mM MOPS buffer (pH 7.0). Salt contamination on the
surface of the grid is noticeable at 100 mM NaCl concentration. (c) Stained TEM image of
R6P6/P6E4 nanosheets that were formed in the presence of 100 mM NaCl in 20 mM MOPS buffer
(pH 7.0).
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Figure S29. (a) HPLC trace of b-R6P6. (b) MALDI-TOF mass spectrum of purified b-R6P6, m/z
=3867.8 (M + H").

(https://web.expaé))l/.org/compute_pi/) (http://isoeFI):actric.org/)
R4P6 12.48 12.32
R6P6 12.70 12.54
R3P6 12.30 12.14
P6E4 3.58 3.28

Table S1. Estimated isoelectric point, pl, values of CMPs employed in this work. Estimated pl
values were obtained from ExPASy Compute pI/MW tool! and IPC - Isoelectric Point Calculator.?
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(https://web.expas;.org/compute_pi/) (http://isoe?:ectric.org/)
R4P6/P6E4 6.72 6.77
R6P6/P6E4 11.30 11.15
R3P6/P6E4 4.95 4.90

Table S2. Estimated isoelectric point, pl, values for co-assemblies of CMP assemblies employed
in this work. The pl values were estimated using a procedure in which the two peptides were
combined into a single sequence. Estimated pl values were obtained from ExPASy Compute

pI/MW tool! and IPC - Isoelectric Point Calculator.?
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