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ABSTRACT. Proteins are the most specific yet versatile biological self-assembling agents with a
rich chemistry. Yet, the design of new proteins with recognition capacities is still in its infancy
and has seldom been exploited for the self-assembly of functional inorganic nanoparticles. Here,
we report on the protein-directed assembly of gold nanoparticles using purpose-designed
artificial repeat proteins having a rigid but modular 3D architecture. aRep protein pairs are
selected for their high mutual affinity from a library of 10° variants. Their conjugation onto gold
nanoparticles drives the massive colloidal assembly of free-standing, one-particle thick films. By
lowering the average number of proteins per nanoparticle, the extent of self-assembly is limited
to oligomeric particle clusters. Finally, we demonstrate that the aggregates are reversibly
disassembled by an excess of one free protein. Our approach could be optimized for applications

in biosensing, cell targeting or functional nanomaterials engineering.



Molecular self-assembly, specific recognition and reversible binding are ubiquitous
mechanisms in living organisms where they underlie tissue growth and information processing,
for instance. These mechanisms have inspired new concepts for the design and self -assembly of
hybrid nanomaterials showing a wide range of innovative properties including sensing, data or
energy storage and biocide activity.! In spite of tremendous progress in recent years, the
challenge remains the control in time and space of the molecule-driven assembly sequences
resulting in predictable and robust 3-dimensional organization of the nanosized building blocks.”
4 Leading strategies have focused on refining the self-assembly, recognition and 3D topological
organization capabilities of molecular scaffolds such as block copolymers,” amphiphilic peptide
fibers,® solvent exclusion from hydrophobic polymer,” depletion in patchy nanoparticles® * or

liquid crystals,' for example. Among promising mediators, biomolecules including DNA,'""?

14, 15 16-21

polypeptides and proteins naturally fulfil most of the requirements. Directed self-

assembly relies on two orthogonal approaches: templated self-assembly and direct partner
recognition. The former consists in precisely positioning the nanoparticles with anchoring groups

borne by a solid or supramolecular substrate. DNA origami templates,”* peptides fibers, p-
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sheets ™" or complex 3D architectures ©° and even 2D arrays of S-layer = and chaperonin

proteins’” as well as entire viruses (TMV,** ? CCMV?", CPMV?!) have been successfully
synthesized or modified to organize nanoparticles.”> Yet template-mediated assembly fails to
control the interparticle distance with the precision required for properties deriving from near-
field coupling. In particular, the extreme sensitivity of the surface plasmon (SP) resonances to

the spatial organization of the noble metal (e. g. Au, Ag) nanoparticles in close proximity to each

32-35 36-38

other, has created a new ground for fundamental near-field optics, quantum plasmonics,

enhanced spectroscopy and sensing applications, but imposes, in return, stringent conditions on



the precision of the interparticle distance.”*

In this respect, direct recognition produces
colloidal aggregates with more precisely adjusted gap distances and hence improved collective
properties. DNA hybridization between oligonucleotide strands tethered to Au nanoparticles was

43, 44

the first biomolecular implementation of direct coupling and has, so far, led to the most

41,4548 1~z
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diverse approaches towards increased organizational and compositional complexity.
peptide coupling using coil-coil interactions ** *° has been exploited in a similar way.”' Early
attempts to demonstrate protein-driven self-assembly, after grafting the protein partners onto
metallic nanoparticles, used the archetypal strong interaction between streptavidin and biotin.>*
33 Other natural protein pairs have recently demonstrated the ability to precisely guide the 3D
organization of colloids but the use of natural proteins is hampered by the absence of
designability, which limits them to the discovered systems.” >*>*> Antigen-antibody affinity pairs
have also been considered early on and show the important assets of designability by standard
phage display methods.’® However antibodies are large molecules that are inefficiently produced
as recombinant proteins in prokaryotic expression system because of their high propensity to
aggregation, therefore limiting their use as self-assembly building blocks. A more promising
approach is to mass produce recombinant proteins with a low aggregation propensity and a high
folding efficiency.'® Artificial proteins offer a unique way to interaction design and are creating
opportunities to encode them with a highly versatile binding surface that can be optimized for
improved specificity towards a chosen target. One class of appealing targets are proteins
themselves in order to create high affinity protein pairs that serve as a generic and designable
platform for the complex and specific self-assembly of functional colloids.*

In this Article, we report the massive assembly of Au nanoparticles driven by artificial repeat

protein pairs. We demonstrate that o-repeat (aRep) protein pairs are a new class of self-



assembling agents able to organize functional colloids with a predefined specificity. The protein
pairs are selected from a large library of 10° repeat proteins variants. The mutual affinity of the
two biomolecular partners benefits from the highly stable periodic architecture and reaches nM
dissociation constants. aRep have a common and rigid tertiary structure derived from the
concatenation of a thermally stable o-helicoidal HEAT-like motif'® and a variable surface
corresponding to six hypervariable amino acid positions in each motif that do not affect the
protein structure.'”>” As depicted schematically in Figure 1, the selected interactant proteins and
the target are modified to create high affinity pairs that are grafted onto peptide-primed Au
nanoparticles by the ligand exchange method. The mutual affinity of the grafted proteins induces
the self-assembly of the gold nanoparticles as a first step towards new approach to rationally

directed complex colloidal assembly with potential nano-optical applications.

Results and Discussion

The selection of protein pairs is carried out according to the method described in *’. The
combinatorial phage display technique is used to perform in-vitro directed evolution of the
protein library in order to select individuals with high affinity (nM range) for a chosen aRep
protein target, A3, the sequence of which comprises five variable repeats and is shown in Figure
2a(i). The cyclic process of selective enrichment and amplification leads to a pool of phages with
potentially strong A3 binding ability. After three cycles, two different A3 binders, named a2 and
al7, were selected and amplified. Although both proteins interact specifically with A3, they
have different number of repeats (two and three respectively, excluding the C-cap) and different

hypervariable sequences as can be seen from the sequences (ii) and (ii1) in Figure 2a.



In order to graft the proteins onto the Au nanoparticles, a cysteine tag (CGCGCGS) is inserted
at the C-terminal end. The aRep genes are sub-cloned into a new vector encoding the cysteine
tag. The corresponding aRep-Cyss proteins are produced and purified under reducing conditions
(ImM DTT) in order to avoid any disulphide bonds. In the case of tag-free A3+a2 complex, the
X-ray crystallographic structure shows that the interaction occurs between the concave faces of
the proteins, through four hydrogen bonds and three salt bridges.”” The A3+02 complex
formation involves 19 residues of A3 and 22 residues of 2. The interacting residues of A3
originate from the N-cap (4 residues) and from the internal repeats (15 residues). All are found at
hypervariable positions. The resolved structure of the A3+a2 complex (Figure 2b) suggests that
the HEAT-repeat motif is preserved and that no steric hindrance in the complex mitigates with
the protein backbone structure, which is globally preserved. The C-terminal Cyss tagging does
not appear to modify the structure of the untagged protein pair nor the stability of the isolated or
paired proteins.

A quantitative analysis of the binding affinity of a2-Cys; and al7-Cys; for A3-Cys; is
obtained by isothermal titration calorimetry (ITC), which provides the dissociation constant, Kp,
and complex stoichiometry, n.”” The titrations of A3-Cys; by the Cyss-tagged binders are shown
in Figure 3. The Kp and n values are 4.2+ 3.8nM and 0.81 +0.01 for Cys;-A3+a2-Cyss
(Figure 3a) and 213+£25nM and 0.86+£0.01 for Cys3;-A3+al7-Cys; (Figure 3b). Both
complexes show a clear 1:1 stoichiometry alike the non-tagged proteins. However, the high
affinity of a2-Cyss for A3-Cys; results in a very abrupt equivalence that makes it difficult to
evaluate the dissociation constant. It can be re-evaluated by a competition experiment in which
the Cys3;-A3+a17-Cys; complex is titrated with an excess a2-Cyss. The heat-binding isotherm in

Figure 3c shows a smooth transition that yield a dissociation constant of 12.9 + 1.1 nM for Cyss-



A3+02-Cyss. These experiments demonstrate that the nM affinity of the selected aRep protein
pairs is only marginally affected by the cysteine tagging.’’

Implementing steps I and II of the flowchart in Figure 1, the Cys-tagged proteins are grafted
onto Au nanoparticles to drive the formation of higher order colloidal superstructures. In order to
preserve the protein affinity intact once tethered to the metallic surface, the surface of the citrate-
stabilized nanoparticles is first primed with a short anionic peptide ligand (C;E¢Asp) composed
of three functional blocks: a triple cysteine tag, that binds covalently to the gold surface, a 6-
glycol spacer and an aspartate head group (pKa = 4.0) that bears a net negative charge at pH 7
(Step I). The large negative charge of the covalent capping layer provides an excellent colloidal
stability, as can be inferred from the transmission electron micrographs (TEM) of the well-
dispersed C3EsAsp-capped nanoparticles.”® (Figure 4a). Moreover, no modification of the 520-
nm surface plasmon resonance of the nanoparticles is observed after peptide capping (Figure 4e).

Next, the tagged aRep proteins are introduced in the capping layer by ligand exchange as
detailed in the Supplementary Information (Step II).”> The outcome of the protein insertion is
monitored by stained TEM (Figure 4b-d) and UV-visible absorption (Figure 4e). Both techniques
confirm that the colloidal suspensions of protein-functionalized nanoparticles remain stable, even
10 days after ligand exchange. In particular, no aggregation is observed.

TEM images of stained samples evidence the presence of a much thicker organic corona
around the nanoparticles (insets of Figure 4b-d). This apparent thickness is commensurate with
the protein size of ca. 5 nm and consistent with the estimated maximal stoichiometry of 4
proteins per nanoparticle, based on the respective molarity and sizes of nanoparticles and
proteins, assuming a quantitative exchange probability. In order to assess the influence of the

grafting stoichiometry, two nominal molar ratios of 20 or 30 proteins per nanoparticle are used.



The protein grafting does not change the general profile of the plasmon resonance band
(Figure 4¢e). The marginal cumulated shift from 520 to 525 nm occurring during the Steps I and
IT is consistent with a small increase of the local refraction index upon replacing the citrate by
the 5-nm thick peptide / proteins coating.

Figure 5a-c show the evolution of the electrophoretic properties of the Au nanoparticles on an
agarose gel as they are primed with peptide and then functionalized with proteins. Citrate-
stabilized Au nanoparticles bear a small net charge, consequently they do not migrate (Figure Sa,
track 1). Once coated with C;E¢Asp, the net negative charge per particles is significantly higher,
which allows a significant and uniform migration (track 2). The grafting of the proteins affects
the particle mobility differently depending on the balance between the increased hydrodynamic
size and the net charge. The A3-functionalized nanoparticles migrates efficiently but show a
large spread (track 3) whereas a2- and al7-functionalized nanoparticles migrate less but lead to
narrower bands (tracks 4 and 5). Zeta potential measurements indicate that A3-functionalized
nanoparticles bear a larger net charge at pH 7 than the ones derivatized with a2-Cyss or a17-
Cyss. This suggests that the attachment of the a2 and al7 proteins result in a significant
conjugate size increase that is not compensated by a concomitant increase of net negative charge.
Moreover, tracks 4 and 5 are narrow, which implies that the nanoparticles bear a similar number
of proteins. On the contrary, the A3 :nanoparticle stoichiometry is less homogeneous, as
revealed by the broader track 3, which could be in part due to the weak dimerization."
Interestingly, the colorimetric profiles of tracks 3-5 displayed in Figure 5b and 5S¢ present a clear
maximum at specific migration distance that can be used to identify the three types of bio-nano-

conjugates.



The ability of artificial protein pairs to drive nanoparticle assembly (Step III in Figure 1) is
investigated by mixing equimolar suspensions of A3-conjugated nanoparticles with either a.2- or
o1 7-conjugated nanoparticles (See Supplementary Information). The self-assembly is monitored
by gel electrophoresis (GEP), UV-visible absorption (Figure 5) and TEM (Figure 6). The
dielectrophoretic migration of both Au-A3+a2-Au and Au-A3+al7-Au duplex structures differs
significantly from their isolated constituents (Figure 5, tracks 6 and 7). In particular, their
respective colorimetric profiles 6 (Figure 5b) and 7 (Figure 5c¢) show maxima in between that of
A3-Au and those of a2-Au or al 7-Au respectively. The intermediate migration indicates that the
A3-carrying nanoparticles are slowed down due to the drag of attached partner particles while
the a2- and al7-carrying particles benefit from a better migration rate thanks to interaction with
more charged species. These results strongly suggest that protein pair interaction takes place
between Au nanoparticle populations. When a similar experiment is performed at lower nominal
nanoparticle concentration, the bands of the assembled solutions can hardly be distinguished
from the ones of isolated particles indicating a less effective pairing (See supplementary
information, Figure S2). Importantly, all experiments are performed in BSA-primed containers to
avoid protein adsorption on the plastic walls, following a well-established protocol for
experiments involving specific protein interactions. Incidentally, the presence of adsorbed BSA
also ensures that non-specific interactions are ruled out from the observed self-assembly.

The monitoring of the UV-visible spectra for 48 h after the mixing of the complementary
nanoparticle populations produced with the high protein : nanoparticle molar ratio (30 : 1) shows
a marked decrease of the SP resonance intensity but no spectral shift of the absorption maximum
(Figure 5d curve 6 and Figure Se curve 7). Moreover, minute amounts of thin black filaments are

produced that settle rapidly. The absence of complete precipitation indicates that ill-controlled



aggregation by non-specific interactions does not occur. The decrease in absorbance for the Au-
A3ea2-Au system is more important than for the Au-A3+al7-Au system, suggesting that a
sizable fraction of the nanoparticles undergo self-assembly into large aggregates (filaments).
Free particles that remain in suspension, due to the finite effective Kp, account for the
subsistence of the unshifted SP band after mixing. It thus appears that the Au-A3+al7-Au is
slightly less effective in driving large scale assembly in agreement with the higher Kp measured
for the tagged protein pair A3+al7.

The superstructures obtained after self-assembly were examined in TEM. The morphology of
the aggregates varies not only with the protein pairs but also with the grafting stoichiometry.
Indeed the relative size of the nanoparticles and proteins, the protein-protein electrostatic
repulsion as well as the kinetics of the ligand exchange reaction used for the surface
immobilization limit the number of proteins per particle much below the geometrical limit of 20
proteins per 11-nm nanoparticle for A3, for example. If a majority of nanoparticles comprise
more than 3 binding proteins, the assembly branches out isotropically into a 3-dimensional
network. Conversely, if the stoichiometry is limited to 1 ; 1, nanoparticle dimers only will form.
None of these extreme cases were observed in this work. Yet, when a high protein : nanoparticle
molar ratio (30: 1) was used to graft the biomolecules, the self-assembly of the resulting
nanoparticle populations yields macroscopic filaments in a clear supernatant within 48 hours
after mixing. SEM and TEM images of the filaments revealed massive micrometer-sized films
composed of a uniform monolayer of densely packed nanoparticles (Figures 6a,b, S4 — S6). The
general morphology of the monolayer film is similar with both proteins pairs but a slight

difference in the average interparticle distance is observed. It is 3.5 £ 1.2 nm for Au-A3-al7-Au

and 4.4 £ 1.2 nm for Au-A3+a2-Au (Figure S4). A very thin layer of protein is indeed visible

10



between the particles of the films, even without staining. Noteworthy, isolated nanoparticles or
clusters are very seldom observed and the packing density of the nanoparticles is homogeneous
throughout the film, which indicates that the monolayer film does not fragment or collapse upon
deposition or drying. Neither spinodal drying patterns nor nanoparticle accumulation near the
edge of the monolayer could be seen. Therefore, capillary artifacts due to drop-drying effects
during sample preparation are unlikely to account for the monolayer formation. The observation
of a free-standing film indicates that the protein : nanoparticle stoichiometry remains essentially
between 1:1 and 3:1. In contrast, when the protein : nanoparticle molar ratio is reduced to 20 : 1,
no extended monolayer films are found but finite-sized aggregates are produced with both
protein pairs (Figures 6¢ and 6d). Flat clusters of a few tens of particles are seen with Au-
A3eal7-Au (Figure 6¢) while dimers, trimers and small chains of a few nanoparticles are
observed with Au-A3+a2-Au (Figure 6d). A very thin layer of proteins along the nanoparticle
chains is visible on magnified TEM images. Interestingly, the UV-visible spectral attenuation
was not observed for conjugates produced with a nominal 20 : 1 molar ratio at the nanoparticle
functionalization step (Fig. S3). In this case, the preservation of the plasmon resonance is
attributed to the fact that finite size clusters remain suspended. No coupling between the
individual bands occurs due to the large interparticle distance that exceeds 4-5 nm, whereas
measurable red-shift is expected for sub-3 nm interparticle distance only (See simulations data in
Fig. S3 and Fig. S6). We understand this change in superstructure morphology from film to
clusters as the result of a variation of the amounts of mono-, di- and tri- topic conjugates, i.e.
nanoparticles bearing 1, 2 or 3 binding proteins as detailed in Supplementary Information
(Section 6). Indeed, the breadth of the bands in tracks 3 and 5 of Figure 5 suggests a range of

stoichiometry for the high protein : nanoparticle molar ratio, but the corresponding bands in
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tracks 3 and 5 in Figure S2 obtained for the low protein : nanoparticle molar ratio are both
narrower and relatively closer to the injection well. This indicates that a smaller number of
proteins attached, on average, on the nanoparticles when the protein : nanoparticle molar ratio is
reduced. If tri-topic nanoparticles are present but significantly less frequent than ditopic ones, 3-
dimensional networking is limited and the self-assembly proceeds in two dimensions resulting in
monolayered film, as observed in Figures 6a,b but also for CdTe nanoparticles® and for DNA-
linked metal nanoparticles,’' for example. If the number of proteins available at the nanoparticle
surface is further reduced, for example by reducing the protein concentration at the grafting
stage, mostly di- and monotopic but few tri-topic conjugates are formed. The expansion of the
self-assembly is limited by the more probable incorporation of mono-topic particles that stop the
chain growth, thus quickly stopping the development of the aggregates. This results in finite
sized clusters as illustrated in Figures 6¢,d. In both cases, assembly is seen to proceed in two
dimensions (film and flat clusters) rather than in disordered three dimensional networks and
aggregates. We attribute this specific assembly morphology to the regular equatorial arrangement
of the proteins on the nanoparticle surface as a result of the steric hindrance resulting between
proteins grafted on a nanoparticle of similar size, of the inter-protein electrostatic repulsion. The
rigid protein pair formation would preserve the directionality of particle-to-particle attachment in
the film or clusters (See Section 5 in Supplementary Information).

Since the protein-directed self-assembly is governed by the association equilibrium of the
protein duplex characterized by Kp, it can be reverted by adding one competing protein in large
excess. In particular, the addition of a tenfold excess of the A3 protein bearing no cysteine tag to

a conjugated Au-A3+a2-Au suspension triggers the entropic dissociation of the hybrid assembly

to form Au-oa2¢A3 and concomitantly releases unbound Au-A3 in solution as schematized in

12



Figure 6e. Since all particles are primed with a peptide layer, the disconnected nanoparticles
remain stable in suspension. When prepared in exactly the same conditions, the TEM samples of
assembled Au-A3+al7-Au and Au-A3-a2-Au exposed to free A3 present isolated nanoparticles
without any sign of massive or cluster aggregates as displayed in Figure 6f and 6g respectively.
The disassembly is quite effective in spite of the presence of the proteins in the immediate

vicinity of the particles as witnessed by the organic matrix surrounding the nanoparticles.

Conclusion

In conclusion, a family of artificial proteins with tailored binding affinity have been applied,
for the first time, to the self-assembly of metallic colloids. This work demonstrates the concept
that new pairs of proteins with high mutual affinity can be isolated, identified, mass-produced
before they are attached to nanoparticles to drive their assembly. We have shown that the extent
of the self-assembly process of protein-functionalized gold nanoparticles could be tuned between
massive one-particle-thick films and finite sized nanoparticle clusters by changing the protein-
particle stoichiometry. Moreover, exploiting the equilibrium properties of protein duplex
formation, the aggregates have been reversibly disassembled into isolated nanoparticles. Since
the protein pairs were identified by the highly combinatorial phage display approach, our concept
opens the route to vast opportunities of optimization regarding the protein pair interaction
properties, the protein-colloid chemistry and the reversibility mechanism. Finally, this work
focuses on symmetrical gold-gold nanoparticle assembly. Yet, the aRep library is a generic
source of specific proteins for arbitrary predefined biomolecular targets. For example, orthogonal

protein pairs can be generated by this approach and grafted to other types of nanoparticles, thus
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opening the way to an unlimited generalization to more complex functional assemblies. By
combining the affinity and selectivity properties of proteins with the functionalities of inorganic
nanoparticles, our approach pertains to a large number of application fields from (bio)sensing,
cell targeting or functional nanomaterials design such as the reversible tuning of nano-optical

properties.

Methods

Au nanoparticle synthesis. A 22 nM stable sol of monodispersed 11-nm diameter gold
nanoparticles in water is synthesized by the classical reduction of tetrachloroauric acid by
trisodium citrate.” The standard deviation of the nanoparticle diameter is about 10% from
transmission electron microscopy analysis. The UV-visible spectrum of the citrate-stabilized Au
nanoparticles shows a plasmon resonance centered at 520 nm. (See Section 2 in Supplementary
Information)

Selection of interacting protein pairs by phage display. The selection of protein pairs has been
carried out according to the method described in *’. Briefly, a phage library displaying 10’
variants of aRep proteins as fusion with the coat protein plll is exposed to a target protein aRep
A3, that comprises five variable repeats and a fixed C-cap (See sequence (i) in Figure 2a), for an
affinity selection. The aRep library is assembled in a phage display phagemid vector.'” Each
bacterial cell produces phage particles with their associated aRep protein displayed on plIIl . The
variants of aRep proteins differ from each other by their sequence in hypervariable positions
and / or by the number of repeat units. The affinity selection is performed on an immobilized
target in Elisa plate. In the first selection round, phages showing affinity for the target A3 are

captured when non-binding phages are washed away. The bound phages are then eluted and
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amplified by infection in E.coli cells. Each bacterial cell produces phage particles with their
associated aRep protein displayed on pllIl. The amplified phage population is subjected to the
next round of selection/amplification. After three rounds of selection, two different aRep binders
named a2 and a7 are isolated and produced.

Peptide and protein conjugation on Au nanoparticles. A freshly prepared aqueous solution of
Cys-Cys-Cys-21-amino-4, 7, 10, 13, 16, 19-hexaoxaheneicosanoyl-aspartate (C3E6Asp, 100 uL,
1 mM) in NaP 50 mM pH 7 buffer is added to 1 mL of the 22 nM Au nanoparticle suspension.
The mixture is allowed to stand overnight at 12°C and under slow shaking at 400rpm to ensure a
maximal covalent binding of the cysteine-tagged peptide.”® Next, the peptide-stabilized
nanoparticles are derivatized with aRep proteins. The intra and inter-protein disulfide bonds are
reduced by incubation at 12°C for 2 hours in 100 mM DTT under slow stirring (400 rpm). The
excess DTT is removed by elution through desalting column with NaP buffer (50 mM, pH 7).
3.6 uM activated protein solutions are collected. The Au nanoparticles are functionalized at the
nominal molar ratio of 20 or 30 proteins per nanoparticle. For a 1:20 molar ratio, 150 uL of
3.6 uM protein solution is added very slowly to 1 mL of peptide-stabilized Au nanoparticles and
left overnight at 4°C to allow ligand-exchange between the protein and the peptide. For the 1:30
molar ratio, the volume of 3.6 uM protein solution is 250 pL.

BSA priming of polystyrene containers. In order to reduce non-specific hydrophobic
interaction of a-repeat proteins with the walls of Eppendorf tubes and 94-well plates, BSA is
primed to the inner surface to reduce the protein loss during assembly experiments. 2% solution
of BSA (50mM NaP buffer pH 7) is incubated in Eppendorf tubes or well plates for overnight

and washed thoroughly with buffer solution and used in assembly experiment. Our previous
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work on the protein pairs,” including crystallographic data, show that this priming method does
not lead to BSA interference in the protein pair interaction.

Protein pair driven self-assembly. The protein-driven self-assembly experiments are run by
mixing equimolar amount of A3-functionalized nanoparticles with a2- or al7-functionalized
nanoparticles. In order to enhance the protein recognition, the starting nanoparticles suspension
are concentrated five times by 11000 x g ultracentrifugation. Hence, 300 uL. of 100 nM
C3E6Asp-primed Au nanoparticles functionalized with A3 protein are mixed with 300 uL of
90 nM oa2-functionalized Au nanoparticles. The mixture was incubated at 12°C for 1 hr and
400 rpm after which it is left undisturbed for 48 hr. The same procedure is used for a mixture of
A3-functionalized Au nanoparticles and 90 nM a.17-functionalized Au nanoparticles.

Affinity competition tests. Entropy-driven disassembly of the protein-pairs tethered to
nanoparticles was tested by adding a 10-fold excess of aRep protein A3 bearing no Cys-tag. A
minimum concentration of 10°M of aRep A3 (10mL) in NaP 50mM pH7 buffer was
introduced into the suspensions of assembled Au-A3+a2-Au or Au-A3+a17-Au and incubated at
12°C for 1 hr. A mild reduction of the color was noticed upon incubation. A control experiment
on the possible effect of dilution was performed, where the free A3 protein aliquot was replaced
by an identical volume of pure buffer did not yield to disassembly.

UV/Vis spectroscopic measurements. UV/Vis spectroscopic measurements were carried out
using a Cary-5000 UV-Vis NIR spectrophotometer instrument operated by Carry UVWinLab
(Version 1.1) software. Typical spectra were recorded in the range 200-800nm and at 600nm/min
scan rate. A matched pair of Hellma QS 284 precision cells made of QUARTZ SUPRASIL (path

length 1mm, working volume 250uL) was used to hold both the sample and reference solutions.
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Transmission Electron Microscopy (TEM). TEM measurements of the samples were carried
out on 300mesh carbon coated copper grids using PHILIPS CM20FEG or CM30 operating at
200kV or 150kV respectively accelerating voltage in bright field mode. The filament source is a
Schottky field emission gun (FEG) or LaB6 (CM30). The microscope is equipped with a SC100
Orius CCD camera (11 megapixels) (FEG) or a CCD MSC 794 camera (CM30) mounted on
35mm port, which offers a large field of view. Microscope images were recorded on Gatan
Digital Micrograph software.

TEM staining protocol: 1% of sodium phosphotungstate dibasic hydrate was prepared by
dissolving metal salts in deionized water and then pH was adjusted to pH 7. The dried grid was
taken and a drop of staining solution was added and left undisturbed for 3-5 min, washed once
with distilled water and once dried, observed by TEM.

Agarose gel electrophoresis (GEP). To perform agarose gel electrophoresis of Au nanoparticles
conjugated with peptide and protein, Enduro Gel XL with standard casting set, gel tank with
safety lid and power supply, 120V (E0160) w/ FREE UPS was purchased from Labnet
International Inc. For the preparation of the agarose gel: about 500mg of agarose was weighed
and 100 mL of Tris borate 0.2 M buffer was added. The solution was heated at 85°C with stirring
until all agarose dissolved in the buffer then the solution was slowly cooled down until 50°C and
poured into gel tray. The comb was inserted and the solution was allowed to cool down for
30 min. It can be used by placing the gel in a buffer dam. Before running the samples, they were
first mixed with 30% glycerol solution and then slowly injected in a well. A current of 100 mA is
applied across the gel for 30 min.

Isothermal Titration Calorimetry (ITC). The binding parameters were monitored with an ITC

200 microcalorimeter (MicroCal). For the titration of target protein, 2 uL aliquots of the titrant
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A3-Cys; (350 uM), were injected from a computer-controlled 40 uL microsyringe at intervals of
180 s into the solution of target (30 uM) in cell (volume 0.24 mL) dissolved in the same standard
buffer (PBS) while stirring at 1000 rpm. The heat of dilution of the binder was determined from
the peaks measured after full saturation of target by the binder. The data were integrated to
generate curves in which the areas under the injection peaks were plotted against the ratio of
injected sample to cell content. Analysis of the data is performed using the MicroCal Origin
software provided by the manufacturer according to the one-binding-site model. AH®, the
standard change in enthalpy and AG°®, the standard change in Gibbs free energy, were calculated
by integration of heat capacity variation from the titration curve and the associated equilibrium
constant. AS®, the standard change in entropy upon binding, was calculated from determined
equilibrium parameters using the equation: -RTLn(K,) = AG® = AH® - TAS®, where R is the
universal gas constant (1.9872 calmol ' 'K™"), T is the temperature in Kelvin, K, is the
association constant. The binding constant of each interaction is expressed as 1/Kx = Kp (in
mol.L™"), for more clarity.

The competition binding experiments corresponding to the displacement titration of a mixture
of A3-Cys; (25 uM) in presence of al7-Cyss (45 uM) with a2-Cys; (350 uM) has been
performed in the same standard buffer. Experimental data were fitted using the MicroCal Origin
software according to the competitive binding model based on the analysis of competition ligand
binding experiment by displacement.®’

Zeta potential. The zeta potential measurements performed on Malvern Zetasizer at pH 7 of
pure proteins are -41.83 mV for Cys3;-A3, -29.6 mV for Cys;-a2 and -40.9 mV for Cys;-al7.
These are consistent with the protein pl, which are 5.43 for A3, 7.07 for a2 and 8.89 for al17.

The measured zeta potential of pure Au nanoparticles -24.3 mV tend to decrease to -19.1 mV
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when Cys;-A3 protein was conjugated and a further decrease to -18.2 mV was observed with the

conjugation of a-Rep-2cys and a-Rep-17cys proteins respectively.
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Figure captions

Figure 1. Schematic flow chart of the Au NPs self-assembly driven by the aRep protein pair
formation. Step I : anionic thiopeptide surface capping of citrate-stabilized Au nanoparticles.
Step II : protein functionalization by ligand exchange. Step III : Nanoparticle self-assembly by
protein pair recognition. Inset: TEM image of a massive nanoparticle film formed between A3-

and ol7-functionalized Au nanoparticles. Scale bar 2 um.

Figure 2. (a) Amino acid sequence of the cysteine-tagged aReps (i) A3-Cyss, (i1) a2-Cys; and
(i11) a1 7-Cyss. The Cysss tag is indicated in blue and the sequences also contain a N-terminal
His6-tag (black). Green sections are the N-caps, red sections are the C-caps. Hypervariable
positions are shown in orange . (b) Scheme of the interacting Cyss;-A3+a2-Cys; protein pair
based on the crystallographic structure of the tag-free A3+a2 complex’’ placed between two

schematic Au nanoparticle surfaces with schematic Cys; tags.

Figure 3. Micro-calorimetry (ITC) analysis of the A3-Cyss-binding activity of (a) a2-Cys;

(30 uM in cell) and (b) a17-Cys3 (30 uM in cell). Experiments performed at 15°C in PBS (50
mM sodium phosphate pH 7, 150 mM NacCl) with 350 uM A3-Cys; in syringe. For each ITC
experiment, the raw data (left panel) is integrated to obtain the saturation curve (right panel). (¢)
ITC analysis of the competition experiment between 350 uM a2-Cys; (in syringe) and 25 uM

A3-Cys; pre-bound to 45 uM a17-Cys; (in cell).

Figure 4. TEM images of (a) Au NPs conjugated with a peptide and exchanged with b) A3cysj3,
¢) a2cyss and d) al7cys; proteins. The insets present the TEM images of the corresponding

stained samples. () Normalized UV-visible spectra of the samples (a) to (d): in black the as-
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synthesized Au NPs and in grey, the Au NPs functionalized with a peptide or an aRep protein

(all data strictly overlap).

Figure 5. (a) Agarose gel electrophoresis of Au NPs stabilized by (1) citrate or (2) anionic
C3E6Asp peptide. Tracks (3) to (5) correspond to Au NPs functionalized with aRep proteins
A3-Cyss, 02-Cys; and a.17-Cys; respectively. The conjugates Au-A3+a2-Au and Au-A3eal7-
Au are run in tracks (6) and (7) respectively. (b) Electrophoresis profile plots for tracks (3), (4)
and (6) for the self-assembly driven by the A3+a2 pair. (c) Electrophoresis profile plots for

tracks (3), (5) and (7) for the self-assembly driven by the A3¢a17 pair. (d, ) UV-visible

spectrophotometry of the corresponding experiments for (d) the A3+a2 pair and (e) the A3-al7

pair.

Figure 6. (a-d) TEM images of Au nanoparticles self-assembly induced by the affinity pairing

of

the conjugates A3*al7 (a, ¢) or A3*a2 (b, d) at a nanoparticle : protein molar ratio 1 : 30 (a : b)

or 1 :20 (c, d). (e) Schematic of affinity competition tests where the addition of a 10-fold excess

of free aRep A3 bearing no cysteine tag induces the disassembly of the nanoparticle conjugates.

(f, g) TEM images of the disassembled Au-A3e a2-Au (f) and Au-A3-al7-Au (g) conjugates

after incubation in the presence of free A3.
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Purpose-designed, artificial repeat proteins with a modular and rigid 3D architecture are used to

drive colloidal self-assembly.

31



Au nanoparticles
(diameter: 11 nm)

I lpeptide o

o5
0] 92L,
Peto 9% T
£33
S‘CL, .
~ m ()'.2-GYS3I |A3 CYySj3 a‘
||
' X
i, S 55, S
bt I sce B Cz"
e 1
l I
¥
e Lix Lrved
.. d. o regey, _—
fg Zsén o "E";' 2y 55
vm'r“',u-" g ‘?::‘é,‘ :%. .
T8 SGy
R X
s
=L P %



d

(i) MRGSHHHHHHTDPEKVEMYIKNLQDDSYYVRRAAAYALGKI
GDERAVEPLIKALKDED WVR:AAADALGOT
GDERAVEPLIKALKDED W VR(OSAAVALGOTI
GDERAVEPLIKALKDED/ VR *AAFALGHI
GDERAVEPLIKALKDED WVR(OSAADALGHI
GGERVRAAMEKLAETGTGFARKVAVNYLETHKSLSCGCGCS

(ii) MRGSHHHHHHTDPEKVEMY IKNLQODDSSVVRKAAAVALGEL
GDERAVEPLIKALKDEDOFVRIAAAWALGKI
GGERVRAAMEKLAETGTGFARKVAVNYLETHKSLSCGCGCS

(ili) MRGSHHHHHHTDPEKVEMY IKNLODDSWOVRRVVAEALGKI
GDERAVEPLIKALKDED AVRRNAATALGKI
GDERAVEPLIKALKDED ''VRUVAACATLGHTI
GGERVRAAMEKLAETGTGFARKVAVNYLETHKSLSCGCGCS

b N-cap
AWy,

Cys;-tag  C-ca



0 10 20 30 40 50 60 00 05 10 15 20 25 3.0 =
a «“——F"F"F "7 T S
i u 18 U_J‘
0.3} =
L 6 o
g @
@ 0.2+ . 4 g
§ =
= 01t L 2 (.“;
Av3

0.0 J...L_L_L + {0

b 04— t t f t } t f + t f t f t

. =
0.3} I 12 £
[+ @
@ ]
£ o2 \ 8 =
= r Y
b o
3 2@
0.1} - 4 35
=
0.0} JAU L o &
=
c L 0o £
0.001 b ‘E
2
=
g -0.04} 1 12 =
£ o
E 0.08 5
.0.08} =]
= L 14 =
™
012t I = g_‘)

i i i ! 1 1 i 1 i 1 I i _G

0 10 20 30 40 50 60 0.0 05 10 15 20 25 3.0

Time (min) Molar Ratio

Micro-calorimetry (ITC) analysis of the A3-Cys3-binding activity of (a) a2-Cys3 (30 uM in cell) and (b) al17-
Cys3 (30 pM in cell). Experiments performed at 15°C in PBS (50 mM sodium phosphate pH 7, 150 mM NacCl)
with 350 uM A3-Cys3 in syringe. For each ITC experiment, the raw data (left panel) is integrated to obtain
the saturation curve (right panel). (c) ITC analysis of the competition experiment between 350 pM a2-Cys3
(in syringe) and 25 uM A3-Cys3 pre-bound to 45 pM a17-Cys3 (in cell).
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Figure 4. TEM images of (a) Au NPs conjugated with a peptide and exchanged with b) A3cys3, c) a2cys;
and d) al7cyss proteins. The insets present the TEM images of the corresponding stained samples. (e)
Normalized UV-visible spectra of the samples (a) to (d): in black the as-synthesized Au NPs and in grey, the
Au NPs functionalized with a peptide or an aRep protein (all data strictly overlap).
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Figure 5. (a) Agarose gel electrophoresis of Au NPs stabilized by (1) citrate or (2) anionic C3E6Asp peptide.
Tracks (3) to (5) correspond to Au NPs functionalized with aRep proteins A3-Cyss, a2-Cysz and al7-Cyss
respectively. The conjugates Au-A3ea2-Au and Au-A3eal7-Au are run in tracks (6) and (7) respectively. (b)
Electrophoresis profile plots for tracks (3), (4) and (6) for the self-assembly driven by the A3ea2 pair. (c)
Electrophoresis profile plots for tracks (3), (5) and (7) for the self-assembly driven by the A3eal7 pair. (d,
e) UV-visible spectrophotometry of the corresponding experiments for (d) the A3ea2 pair and (e) the
A3eal7 pair.
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Figure 6. (a-d) TEM images of Au nanoparticles self-assembly induced by the affinity pairing of the
conjugates A3eal7 (a, c) or A3ea2 (b, d) at a nanoparticle : protein molar ratio1 : 30 (a : b) or 1 : 20 (c,
d). (e) Schematic of affinity competition tests where the addition of a 10-fold excess of free aRep A3 bearing
no cysteine tag induces the disassembly of the nanoparticle conjugates. (f, g) TEM images of the
disassembled Au-A3e a2-Au (f) and Au-A3eal7-Au (g) conjugates after incubation in the presence of free
A3.
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1. Materials

Ultra-pure water with a conductivity of 18.2 MQ/cm was used throughout the experiments.
Tetrachloroauric acid (HAuCly), trisodium citrate (NazCgHsO-), dithiothreitol (C4H1002S, - DTT), sodium
phosphotungstate dibasic hydrate (2Na,0.P,Os 12W03.18H.0), boric acid (H3BO3), sodium chloride
(NaCl) and agarose powder, sodium phosphate (NaP) 50mM pH7 and pH8 buffers were purchased
from Sigma-Aldrich and used as received. Negatively charged peptide, Cys-Cys-Cys-21-amino-
4,7,10,13,16,19-hexaoxaheneicosanoyl-Asp (C3E6Asp) (>90% purity) was bought from Polypeptide
Group and used as received. All glassware was cleaned with aqua regia (HCI:HNO; 3:1) and rinsed
abundantly with ultra-pure water.
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2. TEM and UV visible absorption spectrum of citrate-stabilized Au
nanoparticles.

The citrate-stabilized Au nanoparticles were synthesized as described in Section 1 of this document
and characterized by TEM and UV-visible spectrophotometry as described in Figure S1. The typical
average particle diameter was 11 nm with a size distribution of 10-15%. The nanoparticle exhibited a
localized plasmon resonance at 520 nm.
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Figure S1. (a) TEM image of citrate-stabilized Au nanoparticles. They are stable and
well separated with typical average diameter of 10-11 nm and a standard deviation of
10-15% as illustrated in the inset. (b) UV-visible extinction spectrum.
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3. Gel electrophoresis of constituent and assembled protein-functionalized
nanoparticles at low colloidal concentration

The protein-driven self-assembly of nanoparticles results from the pairing equilibrium which is affected
by the activity of the proteins in solution. As the proteins are immobilized on the surface of the
nanoparticles, this activity depends on the nanoparticle concentration.

In Figure S2, the successive synthetic steps leading to protein-functionalized nanoparticles are
reproduced by following the protocol described in the main text (Tracks 1 to 5 in Fig. 5). In tracks 6
and 7, the particle suspensions are mixed at low nominal nanoparticle concentration, i.e. without the
5x concentration step described at the end of the protocol.

It can be noticed that the self-assembly does proceed albeit to a much lesser extent, which is
observable by the dilute and spread signal in tracks 6 and 7.

e o e

Figure S2. Migration of gold nanoparticle in agarose gel electrophoresis at low
nanoparticle concentration. The protocol is identical with the one described in the
main text except that the particle suspensions are not concentrated 5 times. Au NPs
stabilized by (1) citrate or (2) C3E6Asp peptide. Tracks (3) to (5) correspond to Au
NPs functionalized with o-Rep proteins A3, a2 and a17 respectively. The conjugates
Au-A3+a2-Au and Au-A3+a17-Au, prepared without the 5x concentration step, are run
in tracks (6) and (7) respectively.
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4. Spectral shift of the plasmon resonance with the interparticle distance

When Au nanoparticles are brought very close to each other, the localized surface plasmon band
(LSP) undergoes a spectral shift towards higher wavelengths because of the dipolar coupling of the
LSP borne by the nearest neighbors.1 This has been widely documented in aggregates of
nanoparticles obtained by direct coagulation or by self-assembly driven by small molecules. When, the
interparticle gap distance is as small as 1 nm, the spectral shift can be as large as 200 nm." 2

However, this spectral shift rapidly vanishes as the gap distances increases.

In Figure S3a, the absorption spectra of 11-nm Au nanoparticle dimers placed in a medium of
refractive index n=1.5 are calculated as a function of the gap distance of 3, 5 and 7 nm and compared
to the one of isolated nanoparticles. A gap distance of 3 nm does produce a distinct redshift but for a
gap of more than 5 nm, this shift is almost imperceptible.

a Simulations

n=15

gap
—— |solated nanoparticles
—— Gap = 3nm
Gap = 5nm
—— Gap = 7nm

Absorbance (a.u.)

+—————t—————

Experiments

o~

a2-functionalized np
Finite-sized np clusters
self-assembled by A3-a2
pairing (See Fig. 6d)

—— A3-functionalized np

Absorbance (a.u.)

500 600 700 800
Wavelength (nm)

Figure S3. (a) Evolution of the absorption spectra of 11-nm Au nanoparticle dimers

as a function of the interparticle gap distance. The refractive index of the surrounding

medium is 1.5 (glass). (b) Absorption spectra of isolated nanoparticles functionalized

with A3 or a2 proteins (black) and of the self-assembled finite size clusters shown in
Fig. 6d (red).

This idealized situation can be compared to the spectra of isolated Au nanoparticles functionalized
with complementary proteins (A3, a2 or a17) as described in the main text and the spectra of the self-
assembled structure. Figures 6d and 6e present the spectra for the high protein : nanoparticle molar
ratio (30 : 1) leading to monolayered films and Fig. S3b shows, for the A3+a2 system, the spectra for
the low protein : nanoparticle molar ratio (20 : 1) that is shown to yield finite sized nanoparticle clusters
(Fig .6c, d). We observe that the spectral shift upon assembly is imperceptible.

The main reason in the case of the monolayered film (Fig. 5d,e) is that the film settles (or has a small
absorption cross-section) and is not probed by spectrophotometry. The spectra (6) and (7) shown in
Fig5d-e are due to the nanoparticle NOT assembled in the film but still individually suspended, which
thus exhibit a non-shifted maximum. The formation of the film is nevertheless revealed in those
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spectra by the decrease in absorption corresponding to the nanoparticles immobilized in the self-
assembled film.

For the clusters, which remain in suspension, the absence of shift is consistent with the average gap
size that exceeds 5.5 nm (See Section 5 and Fig. S6). We should point out that the simulations in
Fig. S3a are done in a glass-like medium of refractive index n = 1.5 in order to increase the redshift,
which consequently also redshift the LSP maximum (Ama ~ 535 nm) compared to the aqueous
medium of index n=1.33 used in the experiments of Fig. S3b (Amax 520 nm). Moreover, the
simulated LSP bands are narrower than the experimental ones because the ohmic losses are slightly
underestimated. Consequently, the experimental redshift for a gap size equal or greater than 5 nm is
expected to be smaller than the ones obtained in the simulations. Both simulations and experiments
are therefore consistent with the fact that protein-pair driven self-assembly, as designed in this work,
does not lead to a measurable spectral shift of the LSP.
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5. Characterization of freestanding particle film assembled by protein pairing

Web-like filaments that spontaneously form within 48 hours after mixing A3-Au nanoparticles with a.2-
Au or al17-Au nanoparticles were analyzed by SEM (Fig. S4) and TEM (Fig. S5). For this, droplets
containing the filaments were deposited onto a chip of oxidized silicon wafer and left to dry.

Figure S4 shows SEM images taken at several magnifications. Fig. S4a shows that the filaments are
made of a uniform, one-particle-thick film that extends overs tens of micrometers. Zoomed in views
reveal that the nanoparticles are densely but uniformly packed but no sign of three dimensional
stacking or clustering is observed (Fig. S4b). Very occasionally, a second partial monolayer can be
observed as in Fig. S4c but it was not possible to attribute such bilayers to self-folded monolayer
areas or to areas where self-assembly produced a bilayer region.

The variation in compaction observed in Fig. S4d-f can be attributed to the variation of protein pair crosslinking as
the effective concentration increased inside the drying droplet. The structure of the monolayered film in the
aqueous medium would thus be similar to the dark areas in Fig. S4d also depicted in Fig. S4f.

Figure S4. SEM image of Au-A3 conjugate mixed with Au-A17 protein conjugate. (a) Low magnification view of
the self-assembled monolayer of Au nanoparticles. (b) Closer view of the monolayer showing the compact
arrangement of nanoparticles. (c) Portion of bi-layer found in some rare places. (d) Low magnification view of an
area of the monolayer with two levels of compaction. The bright close packed area is magnified in (e) and the
more loosely packed zone is magnified in (f).
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In complement to Fig. 1 and Fig. 6a in the main text, Figure S5 displays TEM images of free-standing
film at low (a-c) and high (d) magnifications. The highly homogeneous monolayered film (including
along its edges), the absence of lone clusters and the very few individual nanoparticles in the vicinity
of the film edge confirms that the observed film is produced in suspension and not by drying/dewetting
on the supporting carbon film. The nanoparticles are surrounded by organic matter with a typical
distance to nearest neighbors of about 3-5 nm as seen in Fig. S5d, which is similar to the SEM
observations in Fig. S4f.

d

T

2Q0 e

Figure S5. TEM images of Au-A3 conjugate mixed with Au-A17 protein conjugate. (a,b,c) Low magnification
views of the self-assembled monolayered film of Au nanoparticles. (d) Closer view of the monolayer showing the
compact arrangement of nanoparticles surrounded by organic material.

Within the free standing films constituting the web-like filaments, the Au nanoparticles could be seen
as densely and regularly packed with a uniform finite interparticle distance. Figure S6 shows two
histograms of the interparticle distance measured from TEM and SEM images. Both distributions
coincide on a mean distance of about 3.5 + 1.2 nm and 4.3 £ 0.7 nm that is in good agreement with
the spherical volume of the protein pair of about 5 nm diameter.

A more detailed analysis of SEM and TEM images such as Fig. S4b or Fig. S5b is provided by the 2D
auto-correlation analysis of the SEM image in Fig. S6¢, shown in Fig. S6d. The auto-correlation shows
clear maxima on close-packed sites with intensity maxima along two or three hexagonal rings that
indicate a significant correlation with first, second and even third nearest neighbors. The average
center-to-center interparticle distance is 17.5 nm, which corresponds to an interparticle gap of about
5.5 nm.
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Figure S6. (a, b) Histograms of interparticle distances measured on (a) TEM and (b)
SEM images of the nanoparticle filamentous film collected after mixing Au-A3 and
Au-a17 conjugates. (c) SEM image and (d) corresponding 2D auto-correlation image
showing short range close packed order with first and second nearest neighbors
clearly identified by maxima in the auto-correlation function. The third nearest
neighbor corona is partially visible too. The center-to-center distance is 17.5 nm
corresponding to an interparticle distance of about 5.5 nm.

We note that free-standing nanoparticle films with thickness as small as one nanopatrticle have been
reported on multiple occasions in the past decade,[8-13] which indicates that 2D assembly is not as
unfavorable as it could first appear. While no general mechanism accounts for all systems, which all
have specific reasons to undergo 2D assembly, one can distinguish two types of rationale.
Nanoparticles with isotropic ability to self-assemble (for example uniformly coated with complementary
DNA strands) are confined in 2D spaces by spinning, surface templating, dewetting across small
apertures, etc. Alternatively nanoparticles with regioselective and directional assembling interactions
can form 2D films in solutions. Anisotropic dipolar interactions, coplanar interacting patches have been
shown to yield free-standing films.

In our case, the a-Rep pair formation implies that the concave facet is freely accessible and therefore
the proteins (in particular A3) are probably positioned radially to the nanoparticle surface thanks to the
Cyss linker placed at the C-terminal.

Moreover, owing to their modular structure, the proteins bear a well-defined distribution of charges in
the non-variable part of the proteins. In particular, two longitudinal ridges of negative charges are
present in the loops bridging the successive double a-helices (sequences DED and DER before and
after each helix). When one takes into account the fact that A3 and a17 are rather large (5 nm long)
compare to the nanoparticles size (10 nm), it is therefore possible that 3 proteins attached to a given
nanoparticle adopt a regular equatorial arrangement.

The rigid protein pair formation evidenced by XRD in our earlier work would preserve the directionality
of particle-to-particle attachment through the protein pair.[14] Although this work on the self-assembly
of particles decorated with flat interacting patches, which departs from our case where the
nanoparticles and the proteins are of similar size, it has shown that nanoparticles with selective
directional interactions from equatorial patches leads to stable film formation. Moreover when the
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particle bear only two patches with a relative azimuthal angle smaller than 180°, particle rings are
formed which are indeed observed in our films (Fig. S5d).

We therefore believe that the combination of low stoichiometry, regular equatorial surface layout of the

proteins due to the inter-protein charge interactions and steric hindrance along with rigid protein pair
formation contribute to favor coplanar assembly of the nanoparticles.
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6. Link between protein: nanoparticle stoichiometry and self-assembly
topology

The grafting of the a-Rep proteins onto the nanoparticles is obtained through thiol-Au bond formation,
which is quantitative, the surface chemistry is not limiting and more than one protein can definitely be
attached to the nanoparticles. Yet their maximum number is rather limited owing the comparable size
of the proteins (A3, and a17) with the nanoparticles and the significant charge borne by them at pH7.
If the nanoparticles were covered with more than 4 proteins, reticulated and isotropic 3-dimensional
aggregation would occur which was not seen for the finite sized aggregates nor alongside the
extended film formation. This observation indicates that the stoichiometry remains essentially between
1:1 and 3:1 protein per particle.

In Figure 5, the breadth of the GEP bands No3 and 5 indicates that we have a range of stoichiometry
for the high feeding ratio. The corresponding GEP bands No3 and 5 obtained for the low feeding ratio
(Fig. S2) are both narrower and relatively closer to the injection well. This observation is consistent
with a smaller number of proteins attached, on average, on the nanoparticles and the stated
observation that a higher feeding ratio leads to larger aggregates (film) and a smaller feeding ratio to
finite sized clusters. A similar interpretation of a2 is less straightforward since this protein is much
smaller and the variation of stoichiometry does not affect significantly the charge / size of the
bioconjugate.

When nanoparticles bear 1, 2, 3 or more proteins able to bind complementary partners, the topology of
the resulting self-assembly structure will depend on the relative amount of each types of nanoparticles,
as illustrated in Figure S7.
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Figure S7 Schematics of some topologies adopted by self-assembled nanoparticles
superstructures when relative amount of particles bearing 1, 2 or 3 binding proteins is
modified. (a) When nanoparticles bearing a single proteins are much less numerous
than ones bearing 2 or 3 proteins, the network can expand largely. If ditopic particle
prevail, the 3-dimnesional branching is limited and the resulting self-assembly can be
restricted to monolayered films. (b) If particles bearing 3 proteins are present but in
small amount, the di- and monotopic particles will rapidly limit the growth extension
and finite sized clusters are formed.

With pure 1:1 stoichiometry, i.e. nanoparticles bearing a single protein, only dimeric structure can be
produced.
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With a mixture or mono- and ditopic (2:1 stoichiometry) particles, chains will be formed, the length of
which will vary with the relative amount of mono- vs ditopic particles.

As soon as tri-topic particles (3:1 stoichiometry) are introduced, the self-assembled structures can
expand as a 3D network, which will grow all the more that monotopic particles are scarce and unable
to stop the nanoparticle concatenation. Yet, the relative amount or di- vs tritopic particles may favor
the formation of 2D assembly. In particular if tri-topic nanoparticles are significantly less frequent than
ditopic ones (Fig. S7a), the potential for 3D networking is limited and the self-assembly can proceed in
2D resulting in monolayered film as observed in this work and earlier reports for semiconductive
nanoparticles (Kotov et al., Science 2006, 314, 274-278) and for DNA-linked metal nanoparticles (D.
Luo et al, Nature Materials, 2009, 8, 519-25), for example.

If the number of available proteins is further reduced, leading to few tri-topic particles but mostly di-
and monotopic particles, the expansion of the self-assembly is limited by the incorporation of mono-
topic particles that stop the chain growth, thus quickly stopping the development of the aggregates.
This results in finite sized clusters as illustrated in Fig. S7b and experimentally observed in our case in
Figs. 6¢ and 6d.
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