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Abstract. The controlled assembly of protein domains into supramolecular
structures will be an important prerequisite for the use of functional proteins
in future nanotechnology applications. Coiled coils are multimerization motifs
whose dimerization properties can be programmed by amino acid sequence.
Here, we report programmed supramolecular self-assembly of protein molecules
using coiled coils and directly demonstrate its potential on the single molecule
level by AFM force spectroscopy. We flanked two different model proteins,
Ig27 from human cardiac titin and green fluorescent protein (GFP), by coiled
coil binding partners and studied the capability of these elementary building
blocks to self-assemble into linear chains. Simple sterical constraints are shown
to control the assembly process, providing evidence that many proteins can be
assembled with this method. An application for this technique is the design of
polyproteins for single molecule force spectroscopy with an integrated force-
calibration standard.

Proteins provide tailored functionality at the nano-scale. Hence, proteins are likely to play
significant roles in future nano-scale technologies. Assembly of nano-scaled protein domains
into larger-scale functional assemblies is a difficult task. The formation of self assembled linear
filaments in the cytoskeleton, like actin, myosin filaments or the giant muscle protein titin are
examples of how nature solves this problem. Can we develop similar assembly strategies to
control the assembly of protein subunits? Unlike with DNA, where controlled assembly can
already be designed almost at will, folding and structure formation of proteins are yet far
from being understood. A major challenge resides in identifying methods that allow for the
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programmed self-assembly of supra-molecular protein complexes. Here, we report a method
to assemble linear chains of proteins into supramolecular complexes based on coiled coil
formation. A possible application of such protein chains is their mechanical and functional
characterization in single molecule force spectroscopy.

Coiled coils are highly specific multimerization motifs frequently found in natlif€l f1].

Coiled coils are formed from two or more amino acid sequences exhibiting a heptad signature.
Upon multimerization, the binding partners assume helical structure and twist around each other
to form a coiled coil. An extraordinary property of coiled coils is that the potential binding
partners and their relative orientation along the helix axis can be programmed entirely by amino
acid sequence5[ 6]. Coiled coils are thus excellent candidates to use for the programmed
self-assembly of supramolecular protein complexes.

Figurelillustrates how coiled coils can be employed in order to control protein assembly.
The multiple cloning site of a conventional DNA protein expression vector is modified such
that it is flanked by the coding DNA sequences for two coiled coil binding partners (CCP). The
coding DNA sequence of a target protein is then to be inserted between the CCP sequences.
Expression of this fusion gene in bacteria leads to a monomeric fusion protein molecule, where
the target protein is flanked by two CCP on both of its termini. In the simplest case, the two
CCP sequences could be chosen equal and such that they form a homo-dimeric coiled coil.
In this case, the fusion monomers will spontaneously assemble to form linear polyprotein
chains. Integration of a cysteine residue at a proper site in the CCP sequences will provide a
persistent covalent linkage of the coiled coils by disulphide bond formation. By design, it will
be straightforward to integrate different CCP sequences that form dimeric, trimeric or higher-
order homo- or hetero-coiled coils in order to create branching points for three-dimensional
assemblies, inspired by DNA nanotechnology projecks|[L0].

In order to test this assembly strategy, we first focus on equal CCP sequences that form
homo-dimeric coiled coils and study their capability to assemble a single domain of a model
protein, 1g27 from human cardiac titin, into linear polyprotein chains. As CCP, we chose a
35 amino acid sequence that is based on a motive known as GCN4-pl leucine Zifjper [
supplemented with a C-terminal cysteine residue. We term this sequencelZ0410 forms
a parallel, homo-dimeric coiled coil.

We created the corresponding assembly vector by flanking the coding Ig27 DNA sequence
by two LZ10 sequences in the multiple cloning site of the standard expression vector pPRSET5d
(Novagene). Expression i coli then yielded terminally linked fusion proteins, with one LZ10
sequence on each terminus of 1g27.

Such prepared protein units are able to multimerize in three different geometries that
are illustrated in figure2(a). Dimerization of the C-terminal LZ10 of one Ig27 unit with
the N-terminal LZ10 of another unit leads to linkage geometry |. Geometry Il arises
when two C-terminal LZ10 sequences dimerize, while geometry Ill arises upon dimerization
of two N-terminal LZ10 sequences. The three different modes of assembly are shown in a more
schematical drawing in figurg(d), inset. If such a polyprotein chain is stretched mechanically,
geometry | will lead to a coiled coil aligned in parallel to the stretched chain, i.e. in an
‘overstretching’ geometry, while geometries Il and Ill lead to an orthogonal configuration, i.e.
an unzipping geometry. Geometry Il differs from geometry Il in that the terminal cysteine
residue in LZ10 prevents the coiled coil from unzipping by a covalent disulphide bond located
on the polyprotein axis. If the assembly of the polyproteins is independent of the target protein’s
properties and steered by coiled coil formation, the frequency of linkage geometry should be
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Figure 1. Scheme of coiled coil mediated protein self-assembly. (a) The multiple
cloning site of a standard protein expression vector is flanked by the DNA
sequences coding for two coiled coil binding partners (CCP1 and CCP2).
(b) DNA sequence coding for the protein to be assembled is ligated between
the CCP1 and CCP2 sequences. (c) Expression of the fusion gene in a suitable
organism, followed by self-assembly via programmed coiled coil formation.

stochastic. Specifically, geometry | should occur in 50% of all cases, while geometries Il and Il
should occur each in 25% of all cases.

Force microscopy using an atomic force microscope (AFM) allows for stretching single
polyprotein molecules. The mechanical signature of forced Ig27 domain unfolding has been
extensively studiedl3]-[17]. The mechanical signature of coiled coil overstretchib has
been studied as well as their behaviour in unzipping geométtly AFM force spectroscopy
allows thus to investigate the desired coiled coil mediated self-assembly of Ig27 molecules into
linear polyprotein chains and to directly study the linkage geometries.

Figure2(b) shows a typical force extension trace obtained with a coiled coil assembled 1g27
polyprotein as schematically shown in figu2éa). The well known sawtooth-shaped pattern
arising from the sequential force induced unfolding of single Ig27 domdigisi§ visible at
extensions above 280 nm (blue section). In the displayed case, a total of fifteen individual 1927
domains have been unfolded. The mechanical signature of unzipping and overstretching coiled
coils is expected to occur at forces lower than 30 pN. In order to increase resolution in the low
force regime, the trace has been recorded by cycling extension and relaxation of the molecule
multiple times at extensions between 50 and 180 nm, followed by averaging of the cycles.
Figure 1(c) displays a zoom into the force extension response of the coiled coil assembled
Ig27 polyprotein. A force plateau becomes clearly visible at forces around 10 pN, followed by
a second plateau at 25pN. The gain in length upon unzipping of a single coiled coil is much
larger than upon overstretching a single coiled coil. Unzipping and overstretching of coiled coils
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Figure 2. (a) Scheme of a coiled-coil assembled 1g27 polyprotein. Three linkage
geometries are possible: (I) overstretching, (II) unzipping, and (Ill) blocked
unzipping. Arrows indicate position of reinforcing disulphide bonds. (b) Force
extension response of a coiled coil assembled 1927 polyprotein, containing 15
subunits. Blue section: sequential unfolding of individual 1g27 domains, grey
section: unspecific interaction at low distances to surface; red section: cycling
phase. (c) High-resolution force extension response of the linking coiled coils,
obtained by averaging the cycles in (b). Overstretching coiled coils results
in a force plateau at 25 pN, while unzipping in a plateau at 10 pN. (d) Size-
distribution in a coiled-coil assembled Ig27 polyprotein solution, normalized to
monomer concentration, obtained by size exclusion chromatography.

occurs close to thermal equilibrium. The work needed to dissociate a single coiled coil can be
estimated by the exerted force times the gain in length and equals its free folding energy. The
free folding energy of a LZ10 coiled coil is 24T, regardless of linkage geometrd/]. Hence,

the lower force plateau at 10 pN must be due to unzipping events with a greater gain in length per
unzipped coiled coil, while the higher force plateau at 25 pN must be due to overstretching with
the smaller gain in length per overstretched coiled coil. A simple two state equilibrium model
(seemethodssection) allowed us to fit the force extension data and determine the number of
coiled coils involved in the different linkage geometries.
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In the force trace in figure2, we determined three unzipping events and seven
overstretching events. Hence, seven of the 15 Ig27 domains in the stretched coiled coil linked
Ig27 polyprotein have been assembled by coiled coils in overstretching geometry, while three
have been assembled in unzipping geometry Il. The remaining five Ig27 domains have thus
been added to the polyprotein in geometry Ill, where the linking coiled coils are shielded from
unzipping by the blocking disulphide bonds. The trace in figutBus closely resembles the
expected ratio of linkage geometry formation of 50:25:25% for each of the three possible
linkage geometries. This behaviour is consistently found throughout the investigated coiled coil
assembled Ig27 polyproteins and provides evidence that the coiled coil based assembly process
is independent of the target proteins chemical properties and should hence depend only on
sterical constraints. Size exclusion chromatography shows that Ig27 polyproteins containing
more than 30 individual coiled coil linked 1927 units (see fig8(d)) can be easily assembled
using coiled colil tags.

What is the potential advantage of coiled coil mediated polymerization over purely
chemical polymerization exploiting the reactivity of cysteine residues as has been shown
previously [L9, 20]? First, the degree of polymerization using coiled coils is significantly higher
than for chemical polymerization. Another clear disadvantage of chemical polymerization
becomes evident when the termini of the protein subunits are located close to each other.
Circular dimerization will prevent polymerization in these cases. Green fluorescent protein
(GFP) is an example of such a protein, where N and C termini lie close to each other (see
figure 3). Indeed, previous attempts to polymerize GFP via reactive cysteines located at the
N and C terminus have failed (unpublished results). In a first attempt, we therefore flanked
individual GFP molecules by LZ10 sequences and investigated their capability to form linear
polyproteins. As is the case for chemical polymerization the assembly of coiled coil flanked
GFP molecules ceases at the level of dimers. The three modes of assembly are illustrated
in figure 3(a). While in the case of 1927, all different modes of assembly are possible (see
figure2), for GFP the sterical repulsion between the GFP subunits prevent coiled coil formation
in the cases illustrated in figu&a) middle and right. In the third mode of assembly where
the two GFP subunits lie opposite of each other assembly will terminate at the level of dimers
as illustrated in figure3(a) left. Indeed, chromatography shows that in fact only monomers
and dimers are present in such a sample (see figi@@. However, by introducing a longer
coiled coil structure, the sterical constraints preventing assembly of GFP can be overcome. To
this end, we flanked GFP N-terminally with a single LZ10 sequence and C-terminally with
a much longer, triple LZ10 sequence. The resulting fusion protein is shown schematically in
figure3(b). Now, the assembly modes where at least one long zipper is involved (@ign)reft
and middle) are possible again. Again, chromatography confirms the expected assembly into
polyproteins (see figur&(e)). As expected, AFM force spectroscopy allows the observation of
unfolding events from long GFP polyproteins (see figs(®).

In summary, we have demonstrated the potential of a coiled coil based protein
multimerization. We collected promising evidence that this technique may form the basis
for a programmable protein self-assembly technique. Usage of higher-order than dimeric
coiled coils should allow for the construction of three-dimensional structures. The presented
technique for the self-assembly of a target protein into linear polyprotein chains will find
immediate application in single molecule force spectroscopy. Polyproteins are an essential
prerequisite for force spectroscopy experime@@4[22]. Complicated recombinant protocols
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Figure 3. (a) Schematic representation of a GFP flanked terminally by two
equal coiled coil binding partners, by geometry of GFP located spatially on
the same side of the protein. The linkage geometry | will have a strong
tendency for cyclization, since a simple 18flip around one of the coiled
coils will suffice to bring the two remaining coiled coil binding partners in
correct dimerization orientation. In geometries Il and Ill, dimerization will be
sterically strongly hindered. (b) Scheme of GFP flanked terminally by coiled coill
binding partners of different length. Geometries | and Il are now open for further
polymerization while dimerization along geometry Ill is still hindered. (c) Force-
extension response of a coiled coil mediated GFP dimer as in (a) showing
two GFP unfolding events. (d) Typical force extension response of coiled coil
assembled GFP polyproteins as in (b), displaying 5 and 6 GFP unfolding
events, respectively. (e) Distribution of polyprotein lengths in protein solutions
containing GFP flanked with equal coiled coil binding partners as in (a) (red line)
and containing GFP flanked with coiled coil binding partners of different length
as in (b) (green line) as obtained by size exclusion chromatography.
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have been developed for the artificial construction of polyproteins. Coiled coil based protein
polymerization is an easy and fast method to polymerize proteins. Specifically, the loading rate
independent signature of coiled coil unzipping and overstretching may serve as an integral force
calibration standard in single molecule force spectroscopy.

Methods

Expression vectors have been prepared by restriction and ligation of coding sequences into
pPpRSETS5d vector (Novagene). Protein expression was done with BL21-CodonPlus (DE3)-RIL
E. coli cells (Stratagene). Proteins were purified with Ni-NTA based affinity chromatography.
Assembly of polyproteins occurs rapidly at protein concentrations aboyeVR@lready

in the expression cells and during purification steps. Further treatment is not necessary.
All force spectroscopy measurements were performed on a custom-built AFM. Gold-coated
cantilevers (BioLevers, Olympus, Tokyo) with spring constant of 6 pNiwere used. For the
measurements, the protein solutions were applied to a clean glass surface.

In order to determine the number of coiled coils participating in the overstretching and
unzipping-like linkage geometries we fitted a two state model to the force extension data. The
model considers every single coiled coil to fold two-state like in thermodynamic equilibrium.
The ratio between unfolded and folded coiled coils is Boltzmann-distributed where the energetic
differenceAG(F) between the two states depends on the applied fo{@3):

AG(F) - AG0 + AGstretch(F’ I—folded’ I—unfolded) —F-AL- Xfrac(F)7 (1)

where AG, denotes the folding free energy at zero foree5, = 24kg T for LZ10). AGsyretch
accounts for the difference in the work required to stretch an unfolded coiled coil to a given
force F compared to the work required to stretch a folded coiled coil to the same force.
The last term in equationl) denotes the reversible work upon unfolding of a coiled coil
at a forceF. xqac denotes the fractional extension of the coiled coil relative to its contour
length. We calculated . by inverting the WLC-interpolation formul&fl] with a persistence
length of p = 0.7 nm. The overstretching and unzipping linkage geometries differ by the length
increaseAL upon unfolding (unzippingL ip-folded = 0.9 NM, Lip-unfoided= 25.6 NM, AL jp =

24.7 nm; overstretchingt sy-foiged = 5.5 NM; Lgy-unfoided= 12.8 Nm; andA L overstretch= 7.3 NM).

The contribution of all coiled coils to the extension of the polyprotein at given fériethen:

X(F) = NunzippingXrac (F) - {

inp-unfolded inp-folded
1+ erGzp(F) 1 + @ AGzip(F)

Lstrhunfolded Lstrhfolded
+ i . +
Noverstretchma(frac (F) { 1 + e\ Gsu(F) 1 + e AGsu(F) .

Fitting this expression to the force extension data allowed us to determine the number
of unzipping linkage geometriesN(yipping @and the number of overstretching geometries

(Noverstretchina-
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