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One route to develop new synthetic-biological systems is to
assemble discrete nanoscale objects from programmed peptide-
based building blocks, or tectons.! This would require tectons that
exhibit high fidelity interactions with specified partners, and the
potential to be functionalized. Such a set of peptidic building blocks
could be used to create more-complex assemblies analogous to the
way that DNA has been used design a wide range of 2D and 3D
nanostructures.””® While DNA-based assemblies have reached the
level of sophistication to allow control of structure and even
motion,” the use of peptidic building blocks is far less advanced.
This is because the rules relating peptide sequence to structure are
less well established than the exquisite specificity of base pairing
in DNA. Although the design of peptidic tectons is more difficult,
the potential benefits include ease of production, functionalization,
and versatility. Here we present an algorithm to search coiled-coil
specificity space, along with a few modest multicomponent
structures to demonstrate our ability to build peptide-based nano-
structures from the bottom up.

We take the a-helical coiled coil as a starting point for design
because the rules governing its structure, oligomerization state, and
partner specificity are arguably the most developed for any protein-
folding motif.'°~'? Indeed, scoring matrices that allow the predic-
tion of melting temperatures, or rank ordering of partner sequences
based on interactions within and straddling the hydrophobic core
are becoming available (Figure 1).'*'*

To produce building blocks that interact in specified combina-
tions, we must design coiled-coil sequences that preferentially bind
to their partner sequence over any other sequence present. In other
words, we need to find the set of coiled-coil sequences that
maximize the energy gap between the least favorable desirable and
the most favorable undesirable interactions. In the first instance
we wish to make multicomponent sequences via peptide synthesis
and are therefore limited to considering coiled-coil segments that
are a maximum of three heptads—the seven-residue, a—g, signature
repeat of coiled-coil sequences—in length. These are too long to
be considered in an exhaustive search of sequence space.'> We
consider only a limited number of heptad positions that impact
directly on the peptide—peptide interface, and a reduced amino-
acid alphabet.

As a starting point for assigning theoretical interaction scores,
we created a matrix based on the bCIPA algorithm (see Supporting
Information).'® The matrix gives a score for the interaction between
two heptads from either the same or different sequences. The
interactions considered and their scores are shown in Figure 1B.
We allowed only Asn or Ile at position @, Leu at position d, and
only Gln, Lys, or Glu at positions g and e. There are 18 possible
heptads that can be made using these residues and sequence
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positions. Combining three such heptads with the constraint that
Asn was not used in terminal heptads due to its capping propen-
sity,'® generated 1458 candidate sequences for the algorithm to rank.
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Figure 1. Principles of coiled-coil design. (A) View of a dimeric coiled-
coil heptad from the N- to C-terminus. The specifying residues at the g, a,
d, and e positions are highlighted indicating their heptad repeat positions.
(B) Interactions considered in generating a heptad-based score. (C) Some
possible configurations scored in the algorithm. The target blunt-ended
heterodimer is highlighted (dotted box).

The maximum score for one strand interacting with another was
calculated by scoring all of the possible homo-, hetero-, blunt-ended,
sticky-ended, parallel, and antiparallel configurations (Figure 1C).
For the purposes of this work a successful pair of sequences is one
for which the blunt-ended, parallel, heterodimer is the highest
scoring. These criteria can be extended to a set of two or more
dimeric coiled coils (four or more sequences). For this system, we
found that a maximum of three heterodimers could be generated.

We chose a specific group of peptide sequences from a range of
the highest scoring hits based on secondary information. First, we
considered the preferred ordering for Glu and Lys pairings in human
BZip protein sequences (Glu at g Lys at e)."” Second, we gave a
bias toward positively charged peptides to assist purification and
solubility. Third, we considered the interactions that would be
involved once these peptides were linked together to allow further
assembly (Supporting Information). Once a group had been chosen,
the b, ¢, and f positions, which were not specified by the algorithm,
were filled with a mixture of high o-helix propensity Ala and Gln,
and Tyr to give each peptide a chromophore and a unique mass
(Figure 2). The scores for each sequence as a homodimer and the
15 heterodimer combinations were calculated (Figure 2).
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Pairwise Scores
pl p2 p3 p4 P5 p6

Peptide Sequences

pl EIAALKQENQALEQKIAALKGYK| -
P2 EIAALKQKNKYLKQEIQQLE 240 156

pé x:qun:amrx.ggz:gm 168 189 150 171

238 180
Linked Sequences
p7 EIAALEQONKYLKQEIAALKGGQIAALEQEIAALEQEIAALE
p8 KGGEIAALKQKNKYLKQEIQQLE

Figure 2. Results of the design algorithm. The score for each of the 21
pairwise combinations along with the sequences of these peptides and the
linked pairs of peptides.

To test the success of the algorithm, the six sequences were
synthesized and characterized for folding and assembly. The folding
of the 21 peptide combinations was probed by circular dichroism
(CD) spectroscopy (Figure 3A). In both shape and magnitude these
spectra indicated that the individual peptides and the 12 nonspecified
combinations were less than half-folded as o-helices. In contrast,
all of the target interactions showed a higher level of o-helical
folding, and, at 100 #M, were the only mixtures for which 7y, values
could be determined (p1/p2, 21 °C; p3/p4, 50 °C; and p5/p6, 15
°C). The weaker pairings also exhibited concentration dependence
as expected for oligomeric assemblies (Figure S2, Supporting
Information).

To test the fidelity of the pairings, N-terminally Cys-labeled
versions of the six peptides were made.'® These peptides were
mixed under redox buffered conditions designed to allow each
peptide to be either reduced or oxidized. The species produced were
monitored using reverse-phase HLPC and identified by mass
spectrometry (Figure 3B). Under denaturing conditions, only a trace
amount of the most stable disulfide-bonded dimer was found, with
the majority of the peptide present in either the reduced form or
conjugated to glutathione. However, under folding conditions only
3 out of the possible 21 disulfide-bonded dimers were found in
significant quantities, and their masses corresponded to the three
designed pairs (pl/p2, p3/p4, and p5/p6). Furthermore, these
disulfide-bound pairs were fully folded at 5 °C and exhibited
concentration-independent folding, demonstrating that they were
parallel dimeric species as expected (Figure S2—S7, Supporting
Information). The mixture of all three pairs showed no change in
stability over the average of the isolated mixtures indicating that
even in the presence of all of the possible competing interactions
the system successfully generates only the three specified interac-
tions (Figure S3, Supporting Information).

To demonstrate the utility of the designed 3-heptad coiled coils
as tectons for synthetic biology, we synthesized two longer peptides:
p7 comprising pS-Gly-Gly-p4, and p8 comprising p3-Gly-Gly-p2
(Figure 2). This enabled us to build a set of discrete nanostructures
with more than one coiled-coil domain: mixing p3 and p4 should
render a 3 nm rod; p7, p3, and p6 gives a 6 nm rod; and p7, p8,
pl, and p6 gives a 9 nm rod (Figure 4). A Gly—Gly linker was
chosen to allow flexibility and space for the shorter peptides to
dock adjacent to one another.

To probe the assemblies in more detail, we measured the
dominant diffusion coefficient using dynamic light scattering (DLS)
(Figure 5B). For comparison, we calculated a theoretical diffusion
coefficient for each of the assemblies using coordinate files based
on appropriate coiled-coil models, which were then processed using
the program Hydropro.'® Although the theoretical values slightly
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Figure 3. Partner specificity. (A) CD spectra obtained at 100 uM of each
peptide, 5 °C and 10 mM MOPS. Grey hatched area shows the region
occupied by the spectra from the 6 individual peptides and the 12
nonspecified interactions (Figure S1, Supporting Information): red, p1/p2;
green, p3/p4; and blue, p5/p6. (B) Normalized HPLC traces from the mixture
of all six Cys-linked peptides (100 M of each peptide, 5 °C, 10 mM MOPS,
1 mM reduced glutathione and 4 mM oxidized glutathione), blue line, with
6 M guanidine HCI, red line, without (normalized intensity + 4). Numbers
refer to peptides: (—) disulfide bond; () glutathione adduct.
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Figure 4. Scheme for nanostructure assembly; color as in Figure 2.

underestimated the peak of experimentally determined size distribu-
tions (possibly due to an underestimate of the solvent layer, or an
overestimate of the density) the trend and correlations are clear
(Figure 5B).

Analytical ultracentrifugation (AUC) was also performed on the
three mixtures (Figure 6). All three samples modeled well as single
species and the observed masses (4980, 9500, and 14650 Da)
compared well with those calculated from sequence (4996, 9572,
and 14463 Da). Together with the demonstrated fidelity of the tecton
pairs, these CD, DLS, and AUC data indicate that we have
successfully produced discrete nanoscale objects by combining
programmed peptidic building blocks.

In conclusion, we present a method that applies rules relating
sequence and stability in dimeric coiled coils to produce peptidic
tectons for use in self-assembly and synthetic biology. The method
uses a reduced alphabet and considers only the g, @, d, and e
positions of the heptad repeat. In this way we designed six peptides
to interact preferentially with their designed partners over any of
the other possible combinations and so demonstrated control over
specificity.

Our system also presents a framework for extending and testing
scoring matrices for sequence-to-stability relationships in coiled-

J. AM. CHEM. SOC. = VOL. 131, NO. 3, 2009 929



COMMUNICATIONS

-
L

1x10"

T
ve]

]
E
D:,awrr.

A x 10‘;. I';(I\l

sailesaalases

Normalized Intensity

|
(%]
»
)
o«b
o © o o
o N » o ®
T
—

'
w
=
-
=
T T
e
/

\ \ 4

A \ \

\ \ i
/ i

Y VIRR!
461 i A T A 1Y

a
Hydrodynamic diameter (nm)

Molar Ellipticity
{mdeg cm” dmol-res™)

siialeseals

4x10't
. 0;90 10
Wavelength (nm)

Figure 5. Characterization of multicomponent assemblies I. (A) CD spectra
(red, p3 + p4; blue, p7 + p3 + p6; green, p7 + p8 + pl + p6). (B) DLS
data indicating the size distribution for each mixture. Vertical bars indicate
the predicted diameters.
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Figure 6. Characterization of multicomponent assemblies II. Lower panel:
AUC data of the three more-complex combinations (red, p3 + p4; blue, p7
+ p3 + p6; green, p7 + p8 + pl + p6). Data from runs at 33000 rpm are
shown along with the single ideal species fit.>° Upper panels: the residuals
for each fit.

coil systems. For example, we note that the difference in folding
between the most-folded nonspecified interaction and the least-
folded specified interaction, and the 7y values are quite modest
with respect to natural coiled-coil proteins. We also find that bCIPA,
on which our algorithm is based, fails to accurately predict Ty
values for our 3-heptad coiled coils. These discrepancies are likely
due to the fact that bCIPA is trained on natural coiled coils.'® The
majority of these proteins derive their stability and specificity from
sequences that are several heptads longer than those we had to use
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herein. We anticipate that extending this algorithm to design
sequences with four heptads instead of three—while necessitating
a move to either ligation strategies or recombinant methods to
produce the linked peptides of the type described—should increase
both the stability and the number of specified pairs that can be
generated, and give better correspondence between the predicted
and experimental stabilities. For such longer constructs it should
also be possible to incorporate a wider range of specifying motifs
including recently demonstrated de novo examples.?' 2

By linking the designed coiled-coil segments into larger se-
quences, we have begun to build self-assembling nanostructures.
This concept is readily expandable both to longer coiled coils and
to larger numbers of domains. These extensions could provide both
the extra versatility and stability necessary to achieve programmed
multicomponent self-assembling systems. In future, we aim to
extend the number and functionality of the available building blocks,
thus developing a toolkit and a basis for an exciting bottom-up
approach to synthetic biology.
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