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ABSTRACT

Parallel three-helix bundle metalloproteins incorporating C-terminal thiol groups have been designed to orient vertically on a gold(111) surface.
A small area of pre-assembled octadecanethiol was exchanged with the proteins under the action of an AFM tip. The resulting “nanografted”
metalloprotein was imaged at low applied force. The measured height of the octadecanethiol monolayer was 2.2(1) nm and the mean height
above this of the grafted metalloprotein layer was 3.1(4) nm. Thus the total height of the grafted metalloprotein is 5.3(4) nm. The predicted
height of the vertically oriented metalloprotein is 5.2 nm. We take this as good evidence for spatial control of monolayer assembly of three-
helix bundles with predictable orientation.

Natural proteins can exhibit exquisite molecular recognition allows the visualization, at unprecedented resolution, of
of small molecules (mw< 1000). Such selective binding is  surfaces in mixed solidaqueous phasés? This has allowed
a prerequisite for the design of sensor devices of all kinds, researchers not only to arrange biologically relevant mol-
and biosensors in particular. The key to this selectivity lies ecules on a variety of surfaces but also to confirm their
in the enormous combinatorial repertoire of “host” sites that positioning and integrity:®* Such molecular level con-
can be constructed from the twenty naturally occurring amino fidence in a system is invaluable for the design and real-
acids. One approach to biosensor design has been to harnesgation of biomolecular devices capable of predictable
biological macromolecules, coupling molecular recognition function.
to an appropriate detection device. Such a device may be an The fabrication of biosensors has traditionally been
electronically addressable substrate upon which the respon-centered on the choice of a natural biomolecule that exhibits
sive element may be mountéd/ery useful in this context  the desired physicochemical properties in solution. Minimal
is the technique of atomic force microscopy (AFM), which maodification is then undertaken in order to anchor the system
in an appropriate matrix while preserving as best as possible
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Figure 1. Schematic illustrations of three-helix bundle metalloproteinsdp®ELC26)]%+. (a) Ribbon diagrams showing the coiled-coil
fold, top and side views. The [Fe(bp}d" andb-cysteine residues are shown in ball-and-stick representation. (b) Model of six three-helix
metalloproteins grafted into a;&€SAM. One of the proteins is shown as in (a), one is in color-coded space-filling representation, and the
remainder are shown as van der Waals surfaces. Then@nolayer is shown without the 3(ilt for clarity.

characteristics of the immobilized biomolecule. Such systemsgrafting provides a thiol-rich substrate in which even
may be further destabilized by the anchoring chemistry or sterically hindered thiol functionalities may find a pathway,
by the proximity of the substrate. by exchange with the smaller alkanethiols, to bind to the
We have attempted to circumvent some of these problemssurface rapidly.
by designing structurally robust proteins adapted for predict- The past 10 years have seen an enormous increase in the
able adsorption to surfaces. To probe the successful surfacainderstanding of protein folding and application of this
assembly of these proteins, we have adopted the strategy ofinderstanding to de novo protein design. It is no longer
nanografting, by which submicron-scale areas of a self- unusual to see reports of designed proteins in the literature,
assembled monolayer on a gold substrate may be patterne@dnd the principles of design of motifs such as coiled coils
by tip-induced chemical exchange with a different molecule. are well establishet’-1” We have chosen to work with a
Nanografting offers several clear advantages for this type subset of this general fold, the parallel three-stranded coiled
of work: (1) it allows investigation of a conveniently small coil. Such systems can be selectively assembled by appropri-
region with well-defined boundaries; (2) the technique is ate choice of hydrophobic core residues. For example, a
inherently nanoscale and lends itself to the patterning of repeat of the hydrophobic amino acids leucine (L) and valine
multifunctional devices by the sequential adsorption of a (V) at the first and fourth positions of a heptad of amino
series of proteins with different functionality in different acids has been reported to confer trimeric specificity over
addressable locations; (3) it allows the measurement ofdimeric, tetrameric, etc. aggregation stafesor shorter
molecular heights above the substrate with sufficient preci- peptides (less than 30 amino acids), however, such specificity
sion (<10%) to identify molecular orientation for all but the may not be as marked. For this reason we use a design that
most spherical molecules; and (4) last but not least nano-exploits the coordination requirements of transition metal ions
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in order to dictate the topology of the resulting multipeptide
ensemblé®23

Specifically, each peptide has a bidentaté-3;2arboxy-
bipyridyl ligand appended covalently via an amide linkage
to the N terminus. Addition of ferrous iron sequesters three
such ligands to form the octahedral [Fe(kf3%) complex.
Formation of the complex increases the effective local
peptide concentration, and the ensuing hydrophobic collapse
of the interior of the structure is accompanied by folding of
the tertiary parallel three-helix bundle protein architecture.
The folded structure is designed to present the C-termini of
the three helices to an appropriate surface in a tripodal
manner. To facilitate assembly on gold, the helices were
terminated witho-cysteine residues. Thithiols enable the

necessary chemisorption to gold and the unnatwral | -
stereochemistry presents them coaxially with the helices ' = %
rather than equatorially, which would be the case were

L-cysteine to be employed. We here report the results of
nanografting the 78 amino acid iron(Il) complex [BpYaL ¢
C26Y%]?* (Figure 1) into a G alkanethiol monolayer previ-
ously assembled on a Au(111) surface. Experiments were
also attempted using the truncated 19-residue analogue [Fe
(opVal4C19)]2 .

The process of nanografting has been described extensively
elsewheré. Briefly, a monolayer of (for example) a&
alkanethiol is allowed to self-assemble on a gold surface by
exploiting the affinity of thiols for elemental gold. An AFM
tip can then be used at a low applied force (typicatly0
nN) to image the surface morphology (sometimes achieving
molecular resolution) to select a flat region. If the force is
then increased (the precise increase is determined by the tif
radius) in the presence of a solution containing a different : i : ] .
molecule, the AFM tip can stimulate exchange between the 40 60 80
new molecules and those comprising the monolayer through- )
out the region of interest. The alkanethiols displaced from X-axis (nm)

the SAM are sgbject to extr(_amely high dilution in the liquid Figure 2. Cyo grafted into a Gs SAM (100 nm x 100 nm) and
cell and have little opportunity to return to the gold surface. he measured height differenceah(calc) = 0.86 nm,Ah(obs)=
Subsequent imaging of the selected area, again at low forcep.90(4) nm. Steps in the gold surface are clearly visible in both
allows visualization of the exchanged molecules. If the height figures.

of the SAM is known, one can image the exchanged

molecules by virtue of a height difference. Such height \grsely the aqueous environment necessary to induce the
difference between the SAM and the grafted molecule is, (o rtiary protein structure is not expected to be optimal for

however, not a prerequisite for successful imaging, as theyhe necessary solvation and transport of the alkanethiols
new patch inevitably exhibits different properties (particularly displaced during the grafting process. It was found that these
friction) than the bulk SAM. problems could be overcome by the addition of trifluoro-
To test the reliability of measured height differences, a ethanol (TFE, 10% v/v) to the aqueous buffer. Not only
patch of Go alkanethiol was grafted into thei£SAM. The  does this allow for the solubilization of alkanethiols, it is
results are shown in Figure 2. The measured height differencealso expected to induce helicity in the protein with a
was 0.90(4) nm. The calculated height difference, assumingconcomitant increase in stability. Solution stability data for
a hydrocarbon chain tilt angle of 30s 0.86 nm. The grafting  [Fe(apV.L,C26)%" (with and without TFE) and [Fe-
experiments were conducted over a range of applied force.(apV,L4C19)]2" (with TFE) are presented in Figure 3. It is
Below a force of 15 nN, incomplete patterns are formed. At apparent that the addition of 10% TFE dramatically increases
applied forces above this threshold, complete patterns arethe stability of the protein. A6 M guanidinium hydrochlo-
formed with one pass. At still higher applied forces, the tip ride [Fe@pV.L4C26)]2" is only one-third unfolded, whereas
and the gold substrate are irreversibly damaged. in the absence of TFE the protein is 90% unfolded. The high
While such experiments are conveniently performed in stability of [Fe@pV.L4C26%]?" in 10% TFE precludes ac-
2-butanol (see Supporting Information), it is unlikely that quisition of a complete unfolding data set, and the free energy
protein structure can be maintained in such milieu. Con- of folding cannot be reliably determined from the plot.
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Figure 3. Chemical denaturation of [FepV.L4C26)]?" (solid red
circles) and [FefpVa.L4C19%]%" (solid blue circles) in the presence
of 10% TFE, and [Fe{pViL4C26)%]%" without TFE (empty red
circles). Calculated free energies of folding are: EH&(.Lq
C19)]?+ 2.8 kcal M%; [Fe(apVaL4C26)])%" (without TFE) 3.7 kcal
M™% [Fe(@pValdC26%]%" (with TFE) could not be reliably
determined.
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Figure 5. (a) Histogram of 48 measurements for 7 protein patches
of the kind shown in (b) of the height-differencA# between the

patch surface and the surface of the SAM matrix. The forces used
Grafted protein patterns were imaged at different applied in the height measurements were at all times smaller than 15 nN.

. . The continuous line on the left corresponds to a Gaussian fit
forces (Figure 4). Itis clear that forces larger than 40 nN centered on the value 3.1(4) nm. The patch is distorted (from a

disrupt th? adsorbed protgins as ev?denced by an apparenfguare to a parallelogram) due to thermal drift at the slow scan
decrease in measured height. Imaging was thus conductedpeed used in the grafting.

at forces in the range 1 nN to 15 nN. The histogram of

measured height differences between the grafted protein and5AM which slowly fill with protein molecules. In such cases
the Gg SAM is shown in Figure 5a. The average value of the quality of the grafted regions is inferior to those obtained
the height difference is 3.1(4) nm, giving a measured height when the tip moves slowly. A typical grafted protein patch
for the proteins of 5.3(4) nm. This compares well with the is shown in Figure 5b.

height of 5.2 nm predicted from molecular models. Itis also  Spontaneous exchange of proteins with thgSAM was
noteworthy that the relatively large size of the protein (and also investigated. A solution of [FepV.L4C26%]>" was
hence its low diffusion coefficient in solution) slows the allowed to exchange with a freshly preparegs SAM for
nanografting process significantly (as compared to the 12 h. The results of subsequent AFM imaging are shown in
grafting of a Go alkanethiol). To form compact layers, the Figure 6. Small patches of adsorbed metalloprotein2®
AFM tip must be drawn slowly over the area to be grafted. molecules) are observed with a measured height of 2.2(2)
If the motion of the tip is too rapid, “holes” appear in the nm above the G SAM.

Figure 4. Height differences (protein to ;¢ SAM) vs imaging
force.
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measured height of the protein is 5.3(4) nm, in good
agreement with molecular models. This study opens the way
for a second generation design in which molecular recogni-
tion elements can be built into the surface-bound three-helix
architectures®
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