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Influence of Linker Design on the Stability, Folding, and Assembly
of Tethered Collagen-Mimetic Peptides

Debasis Ghosh,? Anthony R. Perez,® S M Mobin Sikder,? Jesus R. Vasquez,? Claire Zhang,® Anjan
Maity,? Tao Ye,? and Andrea D. Merg*?

Covalently tethered collagen-mimetic peptides (CMPs) serve as synthetically programmable molecules for studying the
collagen triple helix fold. Tethered CMPs, which overcome limitations that are inherent to their non-tethered counterparts
(e.g., decreased stability, concentration-dependent folding, and slow folding kinetics), are constructed using a variety of
templating strategies. Despite the plethora of reports of tethered CMPs in literature, there has been little exploration in
determining the effects that the linker region, which connects the CMP sequence to the trivalent scaffold, has on the stability
and assembly of tethered CMP triple helices. Here, we systematically study the influence of linker length and composition
on the stability, folding, and assembly of covalently tethered CMPs. We synthesized a family of tethered CMPs comprising
pegylated linkers of different lengths (CTH-PEG2, CTH-PEG4, CTH-PEG6) to assess how linker length influences the properties
of CMP triple helices. Moreover, we synthesized tethered CMPs comprising hydrophobic (CTH-HEX) and peptide-based
linkers (CTH-GSG). All tethered CMPs possess a triblock sequence architecture that directs the assembly of resulting triple
helices into nanostructures. Transmission electron microscopy (TEM) and atomic force microscopy (AFM) confirm that
tethered CMPs assemble into nanosheets and nanoribbons. Circular dichroism (CD) spectroscopy reveals that increasing the
length of the flexible linker systematically decreases the thermal stability of tethered CMP triple helices and alters their
folding kinetics. Furthermore, CD data of CTH-HEX and CTH-GSG indicate that linker composition can play a role, though
limited, in influencing the stability and folding properties of CMP triple helices. The presented work highlights how tuning
the linker design — both length and composition — serves as a facile route towards fine-tuning the properties of CMP triple
helices and their assemblies without perturbing the CMP sequence architecture, and will provide guidance to future
researchers in choosing appropriate linkers for their own applications.

The collagen triple helix fold, derived from CMPs, is defined by
three peptide strands that intertwine to form a right-handed helix via
staggered interstrand hydrogen bonding interactions. The peptide

Collagen-mimetic peptides (CMPs) represent synthetically accessible
constructs for understanding the structural and folding properties of
the collagen triple helix. 2 Over the past several decades, studies
involving CMP triple helices have elucidated their host-guest
properties,® 4 afforded insights into their folding and unfolding
kinetics,” and have served as testing grounds for incorporating non-
canonical residues and chemical moieties to modify, diversify, and
stabilize the triple helix fold.% &° Furthermore, inspired by the
diversity and function of collagen-based architectures in biology,* in
which the collagen triple helix serves as the foundational structural
motif, there has been significant progress in developing CMPs as
synthetically programmable collagen-mimetic building blocks for
fabricating artificial biomolecular assemblies for a broad array of
potential applications in biotechnology.® 1118
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sequences comprise a three-residue repeat, Xaa-Yaa-Gly, in which
Gly residues occupy every third position, while Pro and Hyp
frequently occupy the Xaa and Yaa positions, respectively. Other
amino acids can be incorporated in these positions, but this must be
done judiciously as deviations from the canonical Pro-Hyp-Gly triad
destabilizes the collagen triple helix fold.3 4

Because of the short sequence length of CMPs and the lack of
covalent stabilization (a feature found in natural collagen), the
stability of CMP triple helices is dependent on the CMP sequence
length, amino acid composition, and CMP concentration in solution.
Alterations to the peptide sequence outside the canonical Pro-Hyp-
Gly repeat and working with CMPs under more dilute conditions,
lowers the stability of the triple helix fold. Moreover, it is well-
documented that CMPs exhibit slow rates of folding that can often
take days and/or weeks.> ° These limitations serve as barriers for
employing CMPs, and their supramolecular assemblies for
biomedical applications. To overcome these challenges, template-
assisted strategies have been developed to broaden the stability of
CMP triple helices.?° Several approaches utilize trivalent organic
scaffolds such as Kemp triacid (KTA),2> 22 tris(2-aminoethyl) amine
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(TREN),? cyclic hydropyran oligolides,?* cyclotriveratrylene (CTV),%®
1,2,3-propanetricarboxylic acid,?® among others.?0 In addition there
has been success in utilizing a branching strategy that involves
employing orthogonally protected Lys residues, biorthogonal azide-
alkyne cycloaddition, or disulfide bridges (e.g., “cysteine knots”).27-33
In all cases, covalent tethering of CMPs stabilizes triple helicity and
enhances folding kinetics compared to their non-tethered
counterparts.

Despite the plethora of reports on covalently tethered CMPs,
little attention has been directed towards exploring the effects of the
linker that connects the individual CMP strands to the trivalent
template, and how the linker design influences the stability and
folding of the resulting CMP triple helices. To our knowledge, only a
single report investigated the role of linker length on the properties
of tethered CMPs. In this work, conducted by Hojo and co-workers,
they demonstrated that altering the linker length, via employing a
combination of aminohexanoic acid (Ahx) and/or beta-alanine
(BAla), was shown to influence the thermal stability of the triple
helix.3* They determined that longer linkers, which possess greater
conformational flexibility (thus increasing the entropic cost of
folding), led to a decrease in the thermal stability of the tethered
CMPs that were studied. Intrigued by this report and motivated by
the lack of further exploration on the influence of tethered CMP
linker designs in the literature, we set forth to provide a systematic
investigation on the role that linker length and linker chemistry has
in influencing the properties of CMP triple helices. Additional studies
on linker design will provide researchers with guidelines for choosing
appropriate linkers, including linker length and composition, for
future applications involving tethered CMPs.

Here, we synthesized a family of tethered CMPs comprising
different lengths and different linkage chemistry. Unlike the previous
approach, we explore the effects of utilizing hydrophilic, pegylated
linkers of varying lengths, and compare them with tethered CMPs
that utilize commonly employed hydrophobic linkers (Ahx) and
peptide-based linkers (Gly-Ser-Gly). These studies are all within the
context of employing a previously studied triblock CMP sequence
design that directs the assembly of CMP triple helices into nanoscale
architectures (Figure 1a). The present work demonstrates that the
stability and assembly of tethered CMPs can be fine-tuned and
broadened without altering the CMP sequence architecture.
Moreover, our results challenge the common assumption that
extended linkers are advantageous for forming stable molecular
triple helices. We demonstrate here that directly tethering CMPs off
the e-amine of Lys yields collagen triple helices with the greatest
stability.

Results and Discussion

Tethered CMP Design and Synthesis. The parent CMP sequence,
CMP322, consists of three Pro-Arg-Gly triads, two canonical Pro-Hyp-
Gly triads, and two Glu-Hyp-Gly triads (Figure 1c). This triblock
sequence architecture, in which positive and negatively charged
triads are segregated at opposite ends, has been previously shown
to assemble into nanosheets (Figure 1a).3>37 The CMP nanosheets
comprise collagen triple helices that are packed in an antiparallel
fashion, which affords favourable Coulombic interactions between
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Figure 1. (a) Charge-segregated CMPs assemble into 2D nanostructures

via complementary electrostatic interactions between antiparallel-
packed collagen triple helices. (b) Covalently tethered CMPs (c) The
parent CMP322 sequence comprises three Pro-Arg-Gly triads, two Pro-
Hyp-Gly triads and two Glu-Hyp-Gly triads. Several different linker
lengths (linker lengths shown in A) and linker chemistries are studied.

adjacent helices (Figure 1a). An additional positively charged triad
(Pro-Arg-Gly) to the CMP sequence was included to bias the
formation of single-layer nanosheets with a thickness that is
commensurate with the length of a single triple helix, as
demonstrated previously.3®

Tethered CMPs (CTH, CTH-PEG2, CTH-PEG4, CTH-PEG6, CTH-
HEX, and CTH-GSG; Figure 1c) were prepared using solid-phase
peptide synthesis (SPPS) via a branched lysine strategy (Figure 2a).2°
Two Lys(ivDde) residues, which contain orthogonally protected
ivDde-protecting group chemistry,3 are coupled sequentially near
the C-terminus. Upon Fmoc and ivDde deprotection using 20% 4-
methylpiperidine (4MP) and 2% hydrazine, respectively, the
unprotected amines were coupled with various pegylated acids
(PEG2-OH, PEG4-OH, PEG6-OH for CTH-PEG2, CTH-PEG4, CTH-PEGS6,
respectively; PEG = polyethylene glycol), Ahx (CTH-HEX), or a Gly-Ser-
Gly sequence (CTH-GSG) using standard SPPS chemistry. The CMP
sequence (CMP322; Figure 1c and S1) was then synthesized directly
off the linkers via SPPS to yield tethered CMPs (Figure 2a). For the
synthesis of CTH, two CMP322 sequences were attached directly
from the e-amino groups of both Lys residues. Tyrosine was
incorporated at the C-terminus to quantify the tethered CMPs via
UV-vis spectroscopy. All tethered CMPs were successfully
synthesized and isolated with product yields of 5.5%, 6.9%, 7.0%, and
7.2% for CTH, CTH-PEG2, CTH-PEG4, and CTH-PEGS6, respectively
(Figure 2b,c and S2-7). The lower yield of CTH-GSG (2.0%) may be a

This journal is © The Royal Society of Chemistry 20xx
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Figure 2. (a) Synthetic scheme for preparing tethered CMPs. Tethered
CMPs are synthesized via a branched lysine strategy utilizing orthogonal
deprotection chemistry and standard fmoc-based SPPS. (b) Analytical
HPLC traces of tethered CMPs and (c) corresponding MALDI-TOF mass
spectrometry data.

consequence of the sterically bulky Gly-Ser-Gly linker and the two
additional coupling steps that are required.

Effect of Linker Length on Tethered CMP Triple Helices. CTH,
CTH-PEG2, CTH-PEG4, and CTH-PEG6 (200 uM) were dissolved in 20
mM 3-(Morpholin-4-yl)propane-1-sulfonic acid (MOPs) buffer (pH
7.0). The solutions were heated to 90°C to dissociate any kinetically
trapped aggregates and ensure a monomeric population of tethered
CMPs. After heating, the solutions were slow-cooled to 4°C
(0.2°C/min) and incubated at 4°C for at least one week. Transmission
electron microscopy (TEM) images of CTH, CTH-PEG2, and CTH-PEG4
assembly solutions reveal the presence of sheets and nanoribbons of
varying sizes and morphology (Figure 3a-c and S8a-c), except for
CTH-PEGS6, in which no assemblies were observed (Figure 3d and
S8d). The physical dimensions of the assemblies extend from microns
to tens of microns in size with varying aspect ratios. Atomic force
microscopy (AFM) of CTH nanoribbons determine assembly
thicknesses of 5.8 £ 2.0 nm (Figure 3e,f and S9), which confirms that
the assemblies do not comprise multiple stacked layers of CMPs. The
average thickness is in line with the expected length of
approximately 6.0 nm for the CMP triple helix domain (0.286 nm
rise/res. for collagen triple helix; Figure 3g).*% 41 Unlike previously
studied nanosheets, which were assembled from untethered CMPs,
the nanostructures appear to be relatively flexible with a tendency
to wrinkle and fold together. We attribute the observed increase in
flexibility of the nanostructures to the shorter CMP length within
tethered CMPs (21 residues) compared to previous untethered CMP
designs that utilized CMP lengths ranging from 36 to 45 residues.3*
38 We surmise that the decreased thicknesses of our tethered CMP
assemblies give rise to less rigid nanostructures that are more

This journal is © The Royal Society of Chemistry 20xx
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susceptible to deformation. In addition, a uniformgantrast.ef
individual nanosheets, from the TEM data, Rrthérlodggest BRaLAR
tethered CMP assemblies comprise a single layer of CMPs. As
described above, this is expected due to the additional positively
charged triad within the sequence design.38 No definable assemblies
were observed for CMP322 (600 pM) at comparable CMP
concentrations, due to the significant decrease in triple helix stability
of untethered CMP322 (vide infra; Figure S10).

CTH-PEG6

]
=
=]

Thickness (nm)
o O N &

‘o 05 10 15 3 25 30
Length (um)

~6.0nm 0.286 nm/res.
— x 21 res.
. E =6.0

Figure 3. Stained TEM images of (a) CTH, (b) CTH-PEG2, (c) CTH-PEG4,
and (d) CTH-PEG6 after 1 week of assembly. All tethered CMPs (200 uM)
were assembled in 20 mM MOPS buffer (pH 7.0). (e) AFM image of CTH
and (f) corresponding height profile of the line trace shown in e. (g) The
estimated length of the CMP domain is approximately 6 nm, as
determined by a rise/residue of 0.286 nm for collagen triple helices.

Circular dichroism (CD) spectroscopy confirms the presence of
collagen triple helices for all tethered CMPs (Figure 4a). CD spectra
of the pegylated CMP derivatives display the characteristic profile
indicative of collagen triple helix formation, as evidenced by maxima
and minima peaks at ~224 nm and ~198 nm, respectively (Figure 4a).
Rpn values, which report the ratio of these peak intensities, are
useful in determining the population of collagen triple helices in
solution. Rpn values of 0.09, 0.1, 0.09, and 0.08 for CTH, CTH-PEG2,
CTH-PEG4, and CTH-PEGS6, respectively, indicate the presence of
stable collagen triple helices.*? These values contrast the calculated
Rpn value of 0.05 for CMP322, which suggests that the increased
population of folded triple helices is a result of covalent tethering.
However, we note that light scattering and orientation effects, which
stem from the large size and anisotropic nature of tethered CMP
assemblies, can significantly distort CD measurements and thus
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prevent the use of Rpn as a conclusive method to determine collagen
triple helix stability.

View Article Online
DOI: 10.1039/D5CB00298B

a C 5 e
_ — 1 CTH-PEG2 —~ 2 CTH-PEG6
o y——- o e o <V
g 0 T .g 30 W N —— Heating % Heating
g £ 20 \ Cooling 1S 104 Cooling
= \ =)
P ——CMP322 > L\ -
- 904 E= \ i
S 20 —CTH G 10 S .
= —— CTH-PEG2 = o, = ¥
= —— CTH-PEG4 8 0 o =
T -40- CTH-PEG6 i -10 . W 40l
190 200 210 220 230 240 250 260 10 20 30 40 50 60 10 20 30 40 50 60
Wavelength (nm) Temperature (°C) Temperature (°C)
b 40 d f — 301
_ CTH CTH-PEG4 O 25
o 304 D 204 =
g —— Heating g 20 —— Heating @ 20
] ccene Co0li Cooli =
é 20 ooling ,E, 10, ooling 5 1.
2 10/ 2 2 4o
) o 10
2 Qg 3
= 04 ‘3_ @ 54
— - (=
w o 104 | } ! ! }
101 w e, O O O O
S — ——— ——— B My Fn e, P P,
10 20 30 40 50 60 10 20 30 40 50 60 % S, %6 So &

Temperature (°C)

Temperature (°C)

Linker Composition

Figure 4. (a) CD spectra of CMP322 (600 uM), CTH (200 uM), CTH-PEG2 (200 uM), CTH-PEG4 (200 uM), and CTH-PEG6 (200 uM) after one week in
20 mM MOPS buffer (pH 7.0). Average CD thermal denaturation and refolding curves for (b) CTH, (c) CTH-PEG2, (d) CTH-PEG4, and (e) CTH-PEG6
(200 uM each). (f) Tm, refolding temperature (T;), and AT values for CTH (T, = 29.0 £ 0.5°C; T, = 23.3 £+ 0.8°C), CTH-PEG2 (Tr, = 21.4 £ 0.3°C; T, = 18.1
+0.3°C), CTH-PEGA4 (T, = 18.0 £ 0.04°C; T, = 12.0 £ 0.9°C), CTH-PEG6 (T, = 16.4 £ 0.3°C; T, = 9.3 + 1.4°C), CTH-GSG (Tm = 24.0°C; T, = 20.5°C), and CTH-

HEX (T = 22.2 + 0.3°C; T, = 17.3 £ 1.2°C).

Prior reports have demonstrated that the stability of CMP
nanosheets are determined by the melting temperature (Tm) of the
collagen triple helices that comprise their assembled structure.3® CD
thermal denaturation experiments, carried out in triplicate, of the
tethered CMP assemblies confirm the decrease in stability of
collagen triple helices as a function of increasing linker lengths
(Figure 4b-f and S11). We note that because triple helix formation
proceeds intramolecularly, thus significantly reducing the association
kinetics of trimerization, Tm values can provide insight regarding
differences in thermal stabilities between tethered CMPs.
Interestingly, CTH, in which CMP sequences are directly attached to
lysine side chains, exhibits the greatest thermal stability (Tm =29.0 +
0.5°C; Figure 4b,f). These results imply that the inclusion of flexible
linkers, which is routinely employed (e.g., Ahx) as a way to better
accommodate the folding geometry of the triple helix structure, is
unnecessary for enhancing the stability of collagen triple helices. The
Lys side chain itself provides the necessary flexibility required for
forming stable collagen triple helices. For CTH-PEG2, CTH-PEG4, and
CTH-PEG6, we observe a decrease in T (21.4 £ 0.3°C, 18.0 £ 0.04°C,
and 16.4 + 0.3°C, respectively) signifying that utilizing longer linkers
destabilizes the triple helix fold (Figure 4c-f). The low melting
temperature of CTH-PEG6, which indicates its reduced triple helix
stability, likely explains the lack of observable assemblies for CTH-
PEG6. The decrease in thermal stability as a function of increasing
linker lengths confirms the previous study (vide supra),?* which
demonstrated that tethered CMPs with longer, hydrophobic linkers
give rise to CMP triple helices with lower thermal stabilities. This is
attributed to the increasing entropic penalty associated with longer,

4| J. Name., 2012, 00, 1-3

flexible linkers, without any enthalpic gains as the CMP length
remains unchanged.3* In comparison to the tethered CMPs, no triple
helix T was observed for CMP322 (Figure S12). This is unsurprising
since tethering CMP domains together lower the entropic and kinetic
barriers for folding via increasing the effective local concentration
and pre-organizing the alignment of CMP strands for triple helix
formation. Both factors contribute to stabilizing the presence of the
triple helical fold under the studied conditions. Altogether, these
results demonstrate the ability to fine-tune the thermal stability of
tethered CMPs simply through modulating the linker length. This
contrasts conventional approaches that rely on manipulating the
CMP sequence, either through extending the CMP length or altering
the CMP amino acid composition.

The folding kinetics of CMPs were compared within the family
of tethered pegylated CMPs via assessing the hysteresis loop
between their heating and cooling profiles.*3 A significant hysteresis
between the unfolding and refolding temperature is often observed
for untethered CMPs due to the slow, rate-determining cis-trans
amide isomerization step that is required for the formation of triple
helices and the relative high kinetic barrier associated with bringing
three strands together in the correct registry.** In contrast, through
lowering the kinetic barrier, intramolecular folding associated with
tethered CMPs significantly minimize hysteresis, highlighting their
faster fold recovery.*>*” From refolding experiments, we determine
hysteresis (AT) values of 3.2°C, 6.0°C, and 7.1°C for CTH-PEG2, CTH-

This journal is © The Royal Society of Chemistry 20xx
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Figure 5. (a) CD spectra of CTH-GSG and CTH-HEX (200 uM each) in 20
mM MOPS buffer (pH 7.0) after one week. CD thermal denaturation and
refolding curves for (b) CTH-GSG and (c) CTH-HEX (200 uM each). Tn, T:
and AT values for CTH-GSG and CTH-HEX are shown in Figure 4f.

PEG4, and CTH-PEG6, respectively, which suggests that longer
pegylated linker lengths lead to slower relative refolding rates
(Figure 4b-f). However, a AT of 5.7°C is calculated for CTH, which
implies that other factors (e.g., steric effects) may contribute to the
refolding rate of our tethered CMPs. We also observe larger final CD
signals for the pegylated triple helices after conclusion of the
refolding experiments. These results indicate that there is an
increase in the fraction of folded collagen triple helices, which
suggests that the folded population was not at equilibrium or
comprised triple helices that were partially misfolded, prior to
heating. Interestingly, we do not observe this behaviour for CTH. We
speculate that this may be due to the improved stability and registry
alignment of CTH triple helices, both of which can be attributed to
the absence of the extended pegylated linker. To our knowledge, this
work provides the first characterization of unfolding/refolding
hysteresis for end-capped CMPs. We note that the AT values are
larger than reported values for covalently captured CMPs, in which
CMPs are tethered via multiple, interstrand isopeptide bonds.*> 46
The smaller hysteresis of covalently captured CMPs is likely due to
slower heating/cooling rates that were employed, which more
closely capture the true equilibrium transitions.*3

Effect of Linker Composition. To assess the importance of the
chemical make-up of the linker region on the thermal and folding
properties of CMPs, we extended our study to include tethered CMPs
having aliphatic and canonical peptide-based linkers (CTH-HEX and
CTH-GSG, respectively; Figure 1c). We hypothesized that these CMP
designs may shed light on the effect of employing hydrophobic (CTH-
HEX) and sterically bulky linkers (CTH-GSG). The contour lengths of
the linkers within CTH-HEX and CTH-GSG (7.4 and 9.7 A, respectively)
are similar to the contour length of PEG, within CTH-PEG2 (10.7 A;
Figure S13).

Akin to the pegylated derivatives, CTH-GSG and CTH-HEX
assemble into nanostructures with heterogenous size distributions
(Figure S14,15). CD spectra confirm the formation of collagen triple

This journal is © The Royal Society of Chemistry 20xx
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helices, as evidenced by the canonical collagen triple helicalprofile
with maxima and minima at ~224 and ~198 Rf1; tFedpéetivehp (Fighire
5a). In comparison to CTH-PEG2 (Tr, = 21.4°C), CTH-GSG (Tm = 24.0°C)
and CTH-HEX (Tm = 22.2°C) both possess slightly higher thermal
stabilities (Figure 4f and 5b,c). The higher T, for CTH-GSG may be
explained by the lower conformational freedom associated with the
peptide-based linker, which decreases the entropic penalty for
folding. Refolding experiments of CTH-GSG and CTH-HEX reveal AT
values of 3.6°C and 4.8°C for CTH-GSG and CTH-HEX, respectively,
which are similar to the AT value of CTH-PEG2 (3.2°C; Figure 4f and
5b,c). Altogether, these results suggest that the chemistry of the
linker may have a subtle role in influencing the unfolding and folding
properties of tethered CMP triple helices, however, additional
studies involving a broader set of linkers will be needed to validate
any potential trends.

Assembly Under Dilute Conditions. A limitation of assembling
biomaterials using CMP building blocks is that a relatively high
concentration of CMPs is often required for assembly. Because of the
concentration-independent folding of tethered CMPs, and that the
formation of charge-segregated CMP triple helices is a necessary step
for forming CMP nanosheets,3® we reasoned that our tethered CMPs
should assemble under dilute conditions. CD spectrum of 50 uM CTH
solution confirm the presence of stable collagen triple helices (Figure
6a). Moreover, CD thermal denaturation and refolding experiments,

C
0550 pMCTH [CTH] = (50 uM)
, ] Ll Bl Sl b
0 , Tm ~27°C
0.5 /
' T, ~21°C
5-1.0 .:’ AT ~6°C
=-1.5 ]
20]. K 50 pM CTH
2.5 '/
3.0

190 200 210 220 230 240 250 260
Wavelength (nm)

6 50 pM CTH

Ellipticity (mdeg) ©

2+ — Heating
o- - Cooling
.24

-4

-6

10 20 30 40 50 60
Temperature (°C)
Figure 6. a) CD spectra of CTH (50 pM) in 20 mM MOPS buffer (pH 7.0)
after one week. (b) Average CD thermal denaturation and refolding
curves for CTH (50 uM). (c) Table showing Tm, T, and AT for 50 uM
solutions of CTH. (d) TEM images of CTH (50 puM) after one week of

assembly.

carried out on CTH at 50 uM concentration, reveal approximate Tn,
of 27°C, refolding temperature (T;) of 21°C, and AT value of 6°C
(Figure 6b,c and S16). These values are similar to the data collected
from 200 uM CTH solutions. TEM images of CTH, assembled at 50 uM
reveal the presence of nanostructures, including nanoribbons and
nanosheets (Figure 6d), which confirm that tethered CMPs assemble
independently of concentration. These results point to the ability to
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assemble tethered CMPs under dilute conditions, which overcomes
limitations where relatively high concentrations are required for
CMP self-assembly.

Conclusions

We systematically explored the effects of linker length and
composition on the stability and folding of several tethered
CMPs. We demonstrate that longer linker lengths give rise to
tethered CMP triple helices with lower thermal stabilities when
employing the same linker chemistry. Furthermore, longer
linkers generally lead to slower relative fold recovery rates (i.e.,
larger hysteresis), however, there are some notable exceptions
(e.g., CTH has larger hysteresis compared to CTH-PEG2). We
also demonstrate that linker composition may play a role in
altering the stability and folding of tethered CMPs, however, the
changes we observe indicate that these effects are minor (at
least for the limited number of linker designs that we study
here).

When employing a branched lysine template strategy, our
results indicate that attaching a flexible linker off the lysine side
chain is not a necessary requirement for forming stable triple
helices. The use of Ahx, for example, as an additional linker is
prevalent throughout the reported literature.2% 2932 |n fact, the
presented work indicates that tethered CMPs, in which CMP
domains are directly attached to the e-amino group of lysine,
yield the most stable triple helices. These studies highlight how
linker length can serve to “fine-tune” the stability of triple
helices and their supramolecular assemblies. This strategy
contrasts conventional approaches for tuning the properties of
tethered CMP triple helices, which rely on altering the CMP
sequence via incorporating amino acid substitutions or
modifying the length of the CMP domain. Such changes to the
CMP design may lead to a loss of target function, lower yields
(due to additional SPPS coupling/deprotection steps), and
decreases in the stability of triple helices and their assembled
architectures. The ability to tailor the folding properties of
tethered CMPs without perturbing the functional CMP
sequence domain represents a useful tool that can be exploited
for designing families of tethered CMP constructs with identical
CMP sequences but having adjustable thermal stabilities.

Furthermore, in all cases, we demonstrate that the
tethered CMPs, comprising charge-segregated sequences, self-
assemble into nanostructures. In contrast, the untethered
version, which cannot form stable triple helices at the
conditions employed, are unable to self-assemble. Moreover,
we confirm that the assembly of tethered CMPs is
concentration-independent. We note that the presented
conclusions are specific to the tethered system and CMP design
presented (i.e., lysine-branched strategy and charge-segregated
CMPs, respectively). Further studies are needed to determine
the extent that this work translates with other CMP tethering
strategies and CMP sequence architectures. In summary, we
anticipate that the presented work will provide a starting point

for designing future tethered CMPs in which researchers can

6 | J. Name., 2012, 00, 1-3

weigh the utility of various linker designs for their interged
applications. DOI: 10.1039/D5CB00298B
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