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ABSTRACT. Functionalization of nanoparticles with biopolymers has yielded a wide range of structured and responsive
hybrid materials. DNA provides the ability to program length and recognition using complementary oligonucleotide se-
quences. Nature more often leverages the versatility of proteins, however, where structure, assembly, and recognition are
more subtle to engineer. Herein, a protein was computationally designed to present multiple Zn*" coordination sites and
cooperatively self-associate to form an antiparallel helical homodimer. Each subunit was unstructured in the absence of
Zn*" or when the cation was sequestered with a chelating agent. When bound to the surface of gold nanoparticles via cys-
teine, the protein provided a reversible molecular linkage between particles. Nanoparticle association and changes in in-
terparticle separation were monitored by redshifts in the surface plasmon resonance (SPR) band and by transmission
electron microscopy (TEM). Titrations with Zn*" revealed sigmoidal transitions at submicromolar concentrations. The
metal-ion concentration required to trigger association varied with the loading of the proteins on the nanoparticles, the
solution ionic strength, and the cation employed. Specifying the number of helical (heptad) repeat units conferred con-
trol over protein length and nanoparticle separation. Two different length proteins were designed via extension of the
helical structure. TEM and extinction measurements revealed distributions of nanoparticle separations consistent with
the expected protein structures. Nanoparticle association, interparticle separation, and SPR properties can be tuned us-
ing computationally designed proteins, where protein structure, folding, length, and response to molecular species such

as Zn* can be engineered.

Introduction

Nano-scale hybrid materials combine “hard” nano-
materials such as inorganic nanoparticles (NPs) and “soft”
materials such as polymers. Potential applications include
sensing’, imaging®, catalysis®, self-assembling materials®,
drug-delivery®, and plasmonic devices’. These hybrid sys-
tems can incorporate polymers or biopolymers such as
deoxyribonucleic acids (DNA) and proteins in combina-
tion with NPs. The key feature of the biological compo-
nents of these systems is that they are programmable,
where variation of the biopolymer subunits results in var-
iation of structure and functionality. This functionality
can be further tuned by choosing the size, shape, and
composition of NPs to incorporate desirable optical, elec-
tronic, or magnetic properties.””” Programmability of
DNA-functionalized NPs is straightforward, where base-
pair complementarity allows hybridization of comple-
mentary DNA strands. It is also of interest to consider
other biopolymers, particularly those having greater
structural and functional diversity such as proteins. How-
ever, the interactions of proteins are more subtle and
challenging to design. Herein we discuss the tailoring of a

protein biopolymer to achieve a hybrid-NP material
whose assembly is triggered by the presence of Zn** ions.

In the past, gold nanoparticles (AuNPs) have been func-
tionalized with small molecules, polymers, and biopoly-
mers. Without proper surface passivation, ®™* ™ NPs
undergo irreversible aggregation under most biologically
relevant solution conditions.” While small molecules con-
fer such surface passivation, they typically offer limited
control over the assembly structures of NPs.**** Function-
alizing NPs with biopolymers, particularly those having a
degree of programmability, affords the capability to gen-
erate specific interactions. Complementary strands of
DNA have been used to mediate assembly of metal NPs
into well-defined small clusters®, macroscopic aggre-
gates™, layered structures™™’, three-dimensional superlat-
tices™®*, and complex nanostructures®**>. Of specific in-
terest has been the control of NP spacing and reversible
assembly.***3° DNA linkers can yield a broad range of
interparticle separation distances* > 3* with assembly
triggered by changes in system conditions.’** The control
over separation provided by DNA has been used to study
distance dependent phenomena such as energy transfer
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Compared to DNA, proteins have a greater number of
monomer types (amino acids) and are more versatile
structurally and functionally. Moreover, proteins can be
stable in a wide array of solvent conditions and can be
tuned for stability in a chosen salt and pH environment.
Work has proceeded in this area by combining NPs with
well-structured natural proteins to control the assembly
of NPs*°, develop sensors of metal ions” and biological
molecules®®™, and modulate enzymatic and biological
activity®®. Protein-NP systems can leverage the struc-
tures and functions of proteins to realize association of
nanoparticles in one, two, and three dimensions.®**’ Pro-
teins adhered to nanoparticles have been used to control
NP assembly via association of their unfolded states.®*®
Electrostatic interactions involving proteins and nanopar-
ticles have also been used to control NP association.””™
Specific, selective interactions involving proteins attached
to nanoparticles can confer nanoparticle association, e.g.,
using antigen-antibody pairs”*” and biotin-streptavidin
systems.” With protein functionalized nanoparticles, as-
sociation can be controlled via variation of pH” 578 elec-
trostatic interactions 7, and relative concentrations of
peptides and nanoparticles.”” Protein-protein interactions
offer great promise for tunable association of protein-NP
systems. Dimeric coiled-coil proteins have been used to
mediate association of nanoparticles, and the dimeriza-
tion can be reversed with variation of pH.”® Triggering
association under conditions which do not involve varia-
tion of pH or temperature is relevant for a wide variety of
applications, including biomolecular sensing. Use of a
mediator that triggers protein association is one such ap-
proach. A ternary helical coiled-coil system has been de-
veloped, where particles are functionalized with two dis-
tinct peptides, and the addition of a third yields associa-
tion which can be reversed via the use of denaturant.”
With a designed protein that forms a dimer in the pres-
ence of metal ions, nanoparticle association can be revers-
ibly controlled via addition and sequestration of these
metal ions.*® These previous efforts highlight the capa-
bilities of proteins and peptides to mediate and control
nanoparticle association.

Generalizing this protein-NP approach, however, pre-
sents substantial challenges associated with designing
proteins given their size, large number of possible se-
quences, and the subtle intermolecular interactions that
confer folding and assembly.®®” Consequently, current
protein-NP hybrid systems commonly use structures and
structural motifs found in natural proteins. When more
precise control of structure and function is desired, such
as tunability of length and association conditions, it is
advantageous to design a protein system from scratch. In
such cases, computational design affords the ability to go
beyond natural systems and instead build, from the
ground up, a unique protein programmed with the de-
sired functionality.***> The effort herein involves the met-

alloprotein design, which has received substantial atten-
tion, 587 9397

An important next step is to develop NP-protein sys-
tems that integrate and extend current capabilities to
allow (a) reversible control of the association of protein-
functionalized particles, (b) nanoparticle dispersion over
a range of ionic strengths and buffer conditions, (c) pro-
grammable control of interparticle spacing, (d) assembly
and disassembly at neutral pH and room temperature,
and (e) use of metal ion mediators to elicit association at
low (micromolar) concentrations. We present a protein-
NP system that achieves these capabilities using a compu-
tationally designed helical dimer having multiple zinc-
coordinating sites.

Experimental Methods

Protein Synthesis and Purification. Designed amino
acid sequences were synthesized via solid phase synthesis,
purified by reversed phase HPLC, and characterized by
MALDI-MS. (For details see Supporting Information.)

Au Nanoparticle Preparation. Spherical AuNPs were
synthesized by the Turkevich method.”® (For details see
Supporting Information.) The aggregation state of the
particles is sensitive to solution ionic strength. Cations of
different size and charge have different effectiveness at
screening the negative charge of citrate resulting in irre-
versible aggregation of AuNPs.*™ For example, 3 nM
citrate  capped AuNPs in 10 mM  3-(N-
morpholino)propanesulfonic acid (MOPS) pH 7 were
found to irreversibly aggregate with the addition of 200
uM Zn*" and Ca™. Citrate capped AuNPs are typically sta-
ble in 10 mM Na*.'* As such, care was taken to select a low
ionic strength 10 mM MOPS pH 7 buffer (Sigma-Aldrich).
Both the protein and AuNPs were found to remain dis-
persed in this buffer.

Citrate capped AuNPs in 10 mM MOPS pH 7 buffer
were characterized with UV-Vis spectroscopy and small
angle x-ray scattering (SAXS). SAXS measurements re-
vealed an AuNP diameter of 13.5 + 1.6 nm. (For details see
Supporting Information.) UV-Vis measurements revealed
the surface plasmon resonance (SPR) wavelength of max-
imum extinction (Amax) to be 520 nm, which is consistent
with 13 nm AuNP diameter."***

Protein/NP Complex Preparation. All ligand ex-
change reactions were performed in a 10 mM MOPS pH 7
buffer. Unless indicated otherwise, this buffer system was
used for all solution-phase studies. Each mixing step was
performed in a 1.5 mL centrifuge tube resting in a 50 mL
conical vial, which was fixed to the tray of an incubator
shaker rotating at 250 rpm and 25°C.

Ligand exchange reactions were performed in 1 mL vol-
umes. In the first step, 3.98 pM of protein was treated
with a stoichiometric amount of pH 7 tris(z-
carboxyethyl)phosphine (TCEP) and mixed for 1 hour to
ensure cysteine residues are present as the reduced (thiol)
form. This was followed by addition of citrate capped NPs
to achieve a 3 nM NP solution. The solution was then
mixed for 16 hours. During this time, the thiol group of
cysteine displaces the weakly associated citrate ions and
coordinates to the AuNP surface."” The resultant protein
ligated NPs were purified from the unbound protein in
solution by three consecutive centrifugation steps consist-
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ing of 40 minutes at 13,400 rcf. After each centrifugation
step, 950 pL of supernatant was replaced with 10 mM
MOPS pH 7 buffer, and the NPs were resuspended in
buffer by vortexing. The UV-Vis spectrum of the superna-
tant from the final centrifugation step confirmed the ab-
sence of free protein.

Two protein loading variants were made. A higher load-
ing variant prepared with a ligand exchange composition
[Cysteine : NP : Protein] having the relative molar ratios
[0 :1:1325]; the concentration of each species was [0 : 3
nM : 3.98 pM], respectively. A lower loading variant was
also created with ligand exchange composition of [2500 : 1
: 1325] using the following concentrations of each species
[7.5 tM : 3 nM : 3.98 pM]. Cysteine was treated with TCEP
in the same manner as the protein. To achieve a lower
loading, the NPs were first combined with cysteine and
mixed for 16 hours prior to the addition of proteins.

The amounts of proteins on nanoparticles (loadings)
were determined by fluorescence measurements of pro-
tein (Supporting Information, Figure S1), which was
cleaved from the surface of AuNPs by the addition of 10
mM dithiothreitol (DTT) and mixing overnight at room
temperature. During this time, the mono-thiol protein is
replaced by the more strongly binding di-thiol DTT.****®
The samples were then centrifuged at 12,000 rpm for 30
minutes thereby removing the DTT substituted AuNPs.
The concentration of free protein in the supernatant was
then determined by measuring tyrosine fluorescence. The
protein contains a tyrosine residue that was excited at 275
nm. The collected emission spectra, with maxima at 305
nm, were compared against a calibration curve of known
concentrations of the protein in the presence of 10 mM
DTT. Over time, DTT is oxidized, and oxidized DTT acts
as a static quencher of tyrosine.” To avoid error, all sur-
face loading samples and calibration curve samples were
prepared and analyzed at the same time. In addition, the
concentration of DTT was more than 1000 times that of
the AuNP, such that the effect of DTT binding to the
AuNP surface would have negligible impact to the DTT
concentration left in the supernatant.

Stock solutions of 250 uM Zn*" and 25 UM Zn*" were
prepared from ZnSO,s7H.0 (Acros Organics) in 18.2
MQ-cm resistivity water. EDTA Stock solutions (250 uM
and 25 uM) were prepared by dilutions of a neutral pH 0.5
M EDTA solution (Gibco).

Spectroscopy. Protein and AuNP concentrations were
measured in 1 cm path length quartz cuvettes (Starna)
using a Cary 100 Bio UV-visible spectrophotometer in
double beam mode. Shifts in AuNP SPR bands were
monitored at room temperature using a TECAN Infinite
Miooo PRO Plate Reader UV-visible spectrophotometer
and Greiner bio-one 384 well pClear non-binding micro-
plates. Circular dichroism (CD) measurements were per-
formed in Starna o.1 cm path length quartz cuvettes using
an AVIV Circular Dichroism Spectrometer Model 410.
Isothermal wavelength scans were collected at 20°C. Un-
less indicated otherwise, error bars associated with Amax in
titrations are plus/minus one standard deviation, where
the standard deviation is calculated using measurements

from three independent preparations of protein function-
alized AuNPs.

Analytical Ultracentrifugation (AUC). Sedimenta-
tion equilibrium AUC was performed using a Beckman
Optima XL-I centrifuge, An-60 Ti rotor, and cells with a
six-channel centerpiece and quartz windows. Absorbance
data (280 nm) was collected at 4 °C and 18,000 26,000 and
34,000 rpm. A total equilibration time of 24 hours was
used for each speed. Buffer for all samples consisted of 25
mM MOPS, 25 mM NaCl, pH 7.4. Holo samples of 40 uM,
60 uM, and 8o pM ZADs5-NoLinker protein each with 600
UM Zn** were analyzed. Partial specific volume of the pro-
tein (0.6951 cm’/g) as well as the solvent density (1.0012
g/cm?®) were calculated from standard tables using the
SEDNTERP program.™ Data analysis was performed by
global analysis of the nine data sets (three concentrations
at three different speeds) using SEDPHAT (version
121b)." SEDPHAT’s Species Analysis and Monomer-
Dimer Self-Association models were used for global fits,
and SEDPHAT’s covariance matrix analysis was used to
estimate error intervals.

Transmission Electron Microscopy (TEM). Samples
to determine protein-mediated interparticle separations
were prepared by adding 100 uM Zn** to 3 nM of protein-
ligated AuNPs in a 500 pL centrifuge tube. The tube was
flicked several times to mix and 10 pL of the solution was
deposited on a TEM grid. The TEM grid was pre-
positioned on an ozone cleaned piece of Si mounted to a
spincoater. The sample was spun for 5 minutes at 2000
rpm. The sample preparation time between addition of
Zn™" and the start of the spincoater was approximately 25
seconds. The TEM grid was held in place on the Si plate
by the surface tension of water. TEM characterization was
done on a JEOL 2100 TEM.

Results and Discussion

Design of Protein Structure. Backbone structures
were computationally designed to support a targeted Zn™
binding motif. We leveraged previous work in parameter-
izing such “coiled-coil” structures, and each helix con-
tained a seven-residue “heptad” repeat.”” "> Helical pro-
tein structures were created de novo subject to variation a
small set of global geometric parameters.***> "7 An en-
semble of mathematically specified, dimeric D, symmetric
coiled-coil structures was generated, where each structure
comprised two antiparallel 35-residue alpha helices. From
this ensemble, structures were selected that support in-
ter-helical, bis-histidine zinc-coordinating sites."®™ Each
coordinating site was solvent exposed, allowing for two
solvent water molecules (not considered explicitly in the
calculations) to complete the tetrahedral coordination of
each zinc ion. The periodicity of the heptad repeat allows
for the creation of dimeric structures having a specified
number of putative zinc-coordinating sites (Figure 1b).
Initially, structures having five coordination sites were
considered. Structures so generated were energy mini-
mized before performing subsequent sequence design. (A
detailed description appears in the Supporting Infor-
mation.)
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Figure 1. Designing ZADs. (A) Computationally identi-
fied Zn*" coordination site for ZAD5 with Zn*" cation (ma-
genta) and histidines (cyan, blue). The targeted Zn'- Ne2
bond length was 2.1 A, and the targeted Nesa-Zn**-Ne.o bond
angle was 109.5°. (B) To create the 5-site model, the identi-
fied configuration in (A) was positioned at four a-a’ heptad
positions in the computationally generated coiled coil. (C)
Five bis-histidine coordination sites of ZADs5 are rendered as
space filling (cyan). (D) As in (C) with interior hydrophobic
core residues, valines, rendered (pink). (E) Salt bridging side
chains (green). (F) Histidine coordination sites (cyan, ma-
genta) and salt bridges (green) appear opposite one another.
(G) Remaining residues (yellow).

Sequence Design. To determine sequences, the prob-
abilities of the amino acids were estimated computation-
ally using a probabilistic approach.* "> An atomistic
potential energy function and discrete side chain confor-
mations were employed using a rotameric state approxi-
mation.” The approach provides an average total internal
energy over sequences consistent with a given structure
and set of constraints. Separate sequence calculations
were performed for each dimeric structure. The identified
positions and conformations of the histidine residues
were not allowed to vary. The sets of amino acids consid-
ered at the remaining positions were selected based upon
the locations of the residues within the dimeric structure.
The site-specific amino acid probabilities were deter-
mined through multiple iterations of probabilistic design,
as described previously. ***>**>*° A final calculation was

used to calculate the average internal energy over the
rotameric states of each final sequence. Multiple low in-
ternal energy sequence-structure combinations were
identified. The lowest energy combination possessed a
superhelical radius larger than observed in most natural
dimeric coiled-coils, r = 5.2 A: NQHYQ FQQEH QQVQQ
EHQQV QQKHQ QLQQK HQQWQ. This sequence was
synthesized and observed to dimerize in the presence of
Zn*" (Supporting Information, Figure S4). A separate low
internal energy sequence-structure combination was ob-
served for a structure having a smaller superhelical radius
r = 4.6 A, and a sequence was computationally identified
and labeled ZADs-NoLinker: NEHYQ VQQEH QQVQQ
KHQQV QQEHQ YVQQR HQQVQ. In addition to the
designed bis-His Zn*" coordination sites, the model struc-
ture for this dimer possessed complementary hydropho-
bic interactions among interior valine residues and salt-
bridge interactions across the helix-helix interface (Figure
1¢, 1d, 1e, 1f). To create a construct suitable for attachment
to AuNPs, a tri-glycine linker and cysteine residue were
added to the C-terminus, resulting in the following se-
quence: NEHYQVQ QEHQQVQ QKHQQVQ QEHQYVQ
QRHQQVQ GGGC. This sequence, a putative zinc-
activated dimer containing five zinc-coordinating sites,
was labeled ZADs. (A more detailed description appears
in the Supporting Information.)

Characterization of the Protein. ZAD5-NoLinker was
characterized in 20 mM MOPS 50 mM NaCl pH 7.8 buffer
by circular dichroism (CD) (Figure 2a). In the absence of
Zn™, the mean residue ellipticity was consistent with that
of a protein with little or no persistent secondary struc-
ture (random coil). In the presence of four equivalents of
Zn*, minima in the mean residue ellipticity were ob-
served at 208 and 222 nm, consistent with the formation
of helical secondary structure.

CD spectroscopy was also used to monitor helical struc-
ture upon the addition of a zinc-chelating agent. The ti-
trations in Figure 2b are for sequential additions of Zn*
up to four equivalents, followed by sequential additions of
ethylenediaminetetraaceticacid (EDTA). Subsequent ad-
dition of EDTA decreases the magnitude of the mean res-
idue ellipticity at 222 nm. The sequestration of Zn** coin-
cides with the loss of alpha helical structure. These obser-
vations are consistent with the reversible formation/loss
of helical structure upon the addition/removal of Zn™".

Sedimentation equilibrium AUC was performed on ho-
lo ZADs5-NoLinker samples consisting of 40 pM, 60 uM,
and 8o uM protein with 600 pM Zn*" to determine the
molecular weight and thereby oligomerization state of the
Zn* associated species. Buffer conditions were 25 mM
MOPS, 25 mM NaCl, pH 7.4 and chosen to be similar to
those used for CD measurements with slightly lower pH
to allow greater Zn*" solubility. Global fits using
SEDPHAT's single Species Analysis model revealed a mo-
lecular weight of 9378 + 134 g/mol consistent with the
calculated mass of 9,390 g/mol for the ZADs5-NoLinker
dimer bound with 5 copies of Zn*. Additionally,
SEDPHAT's Monomer-Dimer Self-Association model was
applied to the holo samples, which revealed a monomer-
dimer equilibrium with an apparent association constant
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logio(Ka/M) = 6.07 + 1.83 and a fitted monomer mass of
4701 * 315 g/mol. Given protein concentrations ranging
from 40 uM to 60 uM, this association constant is con-
sistent with the dimeric oligomerization state observed in
the single Species Analysis fit. Furthermore, the fitted
mass of the monomer (4701 * 315 g/mol) is in agreement
with half the mass of the calculated holo dimer (4695
g/mol). The data strongly support a Zn*" activated equi-
librium comprising only monomer and dimer (no appre-
ciable populations of higher molecular weight species).
The AUC data for the samples fitted with SEDPHAT’s
Monomer-Dimer Self-Association model are shown in the
Supporting Information, Figure S2.
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Figure 2. CD Spectroscopy of ZAD5-NoLinker. (A) Cir-
cular dichroism spectra with mean residue ellipticity of 40
pM Apo ZADs-NoLinker (red) and 40 pM protein with 400
pM Zn** (blue). (B) Mean residue ellipticity of 40pM protein
at 222 nm with increasing concentrations of Zn** (blue) and
sequential additions EDTA (red). The number of equivalents
Zn™" is Neq = (2/5)([Zn]available/ [Protein]), where [Zn]available =
([Zn]total - [EDTA]). All measurements were performed at
20°C.
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Figure 3. ZAD5-AuNPs in Free and Aggregated states. (A) Descriptive scheme showing the reversible assembly of protein
coated AuNPs induced by zinc ion and EDTA. (B) UV-Vis spectra: 3 nM Apo ZAD5-AuNP (green curve); assembled with addition
of Zn™* (ZnSO,), 3 nM ZAD5-AuNP and 400 pM Zn™* (blue curve); and disassembled by stoichiometric addition of EDTA, 3 nM
ZAD5-AuNP, 400 uM Zn*" and 400 uM EDTA (red curve). Wavelengths of maximum extinction Amax are indicated. (C) Amax of a 3
nM ZADs-AuNP solution at different Zn*" concentrations (blue) and after subsequent addition of a stoichiometric amounts of
EDTA, [EDTA] = [Zn™*] (red). D) Amax of a 3nM ZAD5-AuNP solution upon multiple cycles of increasing “available” zinc concen-
tration, [Zn*"]-[EDTA] = 2 uM (blue), followed by a stoichiometric addition of EDTA (red); at cycle o, [EDTA] = o. TEM of (E)
Apo ZAD5-AuNP; (F) ZAD5-AuNP aggregates induced by addition of 100 uM Zn™*, and (G) ZAD5-AuNP disassembled by addi-
tion of a stoichiometric quantity (100 pM) of EDTA. Error bars in (C) and (D) indicate plus/minus one standard deviation.

Characterization of protein functionalized AuNP.
ZADs5 ligated AuNPs were prepared with two different
surface loadings as described in the Methods section. The
loading of the protein on NPs was determined by dissoci-
ating the protein from the NP using dithiothreitol (DTT)
and measuring the protein concentration using fluores-
cence spectroscopy. The samples where ZADs5 was al-
lowed to replace citrate directly, “ZAD5-AuNP”, were
found to have a loading of approximately 100 pro-
tein/AuNP or 018 protein/nm®. The samples where the
AuNPs were first subjected to cysteine to partially block
the surface, “ZAD5-AuNP-50”, were found to have a re-
duced loading of approximately 50 protein/AuNP or 0.09
protein/nm®. These AuNP surface loadings are similar to
the o0.14 protein/nm* at pH 7 reported for a disordered
modified GCN4 construct having the same GGGC linker
and 39-residue length as the ZADs5 construct.”” A trend of
increasing redshift in the surface plasmon resonance
(SPR) wavelength of maximum extinction Ama.x with in-
creasing amount of protein on AuNP surface was ob-
served: Amax(Citrate-AuNP) = 520 nm; Amax(ZAD5-AuNP-
50) = 525 nm; and Amax(ZAD5-AuNP) = 527 nm. These dif-
ferences in SPR redshift are consistent with variation in
refractive index at the AuNP surface due to the presence
of bound protein.”**°

The aggregation and precipitation of citrate-ligated
AuNPs are known to be sensitive to ionic strength.” The

ZADs5-AuNP solutions, however, were robust with respect
to changes in salt concentration. Solutions containing 3
nM ZADs5-AuNP in 10 mM MOPS at pH7 were exposed
overnight to 500 mM Na(Cl, 50 mM CaCl,, and 50 mM
MgCl,. For each of these three solutions, no change was
observed in the SPR extinction for the ZADs5 functional-
ized particles. Under each of these same conditions, a 3
nM Citrate-AuNP solution showed complete loss of ex-
tinction due to NP aggregation and precipitation. These
observations also reveal that Ca** and Mg™" cations do not
trigger folding, association, and AuNP aggregation at 50
mM concentrations.

Characterization of ZAD5-AuNP response to Zn™.
The protein is hypothesized to undergo a similar change
in structure and dimerization state when in solution and
when bound to the surface of an AuNP via a flexible
GGGC linker. CD data for ZADs-NoLinker in solution
exhibits a structural transition from random-coil to alpha-
helical conformation upon the addition of Zn*". AUC data
for ZADs5-NoLinker in solution are consistent with the
formation of a dimeric species upon the addition of Zn*".
(See “Characterization of the Protein.” section.) ZADs-
AuNP would then be expected to associate upon addition
of Zn* to activate the dimerization, which could be re-
versed upon sequestration of the metal ion with the addi-
tion of EDTA (Figure 3a).
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UV-Vis spectra may be used to monitor shifts in Amax
(Figure 3b, 3¢, 3d). These SPR redshifts are indicative of
changes in the NP separation distance.”” **** Dispersed
ZADs5-AuNPs have a maximum SPR extinction wave-
length at Amax = 527 nm (Figure 3b green curve). Addition
of Zn™ causes a redshift to Amax = 556 nm (Figure 3b, blue
curve). The redshift is indicative of a decrease in the sepa-
ration between the NPs in solution. The broadening of
the SPR extinction band is also observed, which is con-
sistent with increased scattering of the incident light by
large aggregates of nanoparticles. The trends in extinction
shift and broadening are well known in aggregated AuNP
systems.™*

The shift in Amax Was resolved as a function of Zn** con-
centration for 3 nM ZAD5-AuNP (Figure 3C). The Amax
exhibits a sharp sigmoidal transition with increasing met-
al-ion concentration, having a transition window mid-
point near 400 nM Zn*". The width of the transition win-
dow spans approximately 300 nM (250 nM - 550 nM).
This switch-like behavior is attributed to the cooperativity
between the multiple metal binding sites of the homodi-
mer as well as cooperativity involving the formation of
multiple homodimers across one or more adjacent NP
interfaces. As a control, comparable Zn** titrations were

performed using ZADs-NoLinker and citrate capped
AuNP solutions, and no shifts in Ama.x were observed (Fig-
ure Ss).

Zinc-aggregated samples of ZAD5-AuNP could be re-
versibly dispersed with stoichiometric additions of EDTA.
This is evidenced in the UV/Vis extinction by a return of
Amax and the peak width to values observed prior to Zn**
addition. (Figure 3B red curve, and Figure 3C red points).
The reversibility was tested over several cycles and moni-
tored spectroscopically. The results shown in Figure 3D
indicate that the system is capable of multiple cycles of
association and dispersion, with little variation in the Amax
of the aggregated state and the EDTA released state for
each cycle. The reversibility was also shown directly by
transmission electron microscopy (TEM). Figure 3E pre-
sents a TEM sample with ZAD5-AuNPs in the absence of
Zn*" where the particles are freely dispersed. Figure 3F
shows the aggregates observed after Zn™ addition, and
Figure 3G shows particles from a solution after a stoichi-
ometric addition of EDTA to return the ZAD5-AuNPs to
their dispersed state. The reversible nature of the system
confirms the AuNP aggregation is protein and metal-ion
mediated.



Characterization of ZAD5-AuNPs response to La**
and Mn*". While ZADs5 was designed to coordinate Zn*",
it is of interest to consider the selectivity of the metal-
mediated association of ZAD5-AuNP. As mentioned pre-
viously, for 3 nM ZADs5-AuNPs, association was not ob-
served in the presence of 50 mM Ca*" and Mg™. La*" and
Mn™" were also considered. La*" was chosen because a
previous study of a designed protein (also used to func-
tionalize AuNPs) found that exposure to either Zn** or
La*" led to the formation of similar secondary structure
content.* Mn>* was chosen because a review of metallo-
proteins revealed that Zn*" and Mn*" binding sites often
contain histidine residues.

Titrations of La*" and Mn™ into 3 nM ZAD5-AuNPs re-
vealed trends similar to those observed upon exposure to
Zn>*. (1) The SPR Ay as functions of metal ion concentra-
tion were sigmoidal, exhibiting switch-like behavior. (2)
The transitions were reversible by stoichiometric addition
of EDTA. Notably different, however, were the larger
metal ion concentrations required for ZAD5-AuNP asso-
ciation. Both metal ion concentration shifts were accom-
panied by decreasing sharpness of the sigmoidal transi-
tion and increases in the width of the transition windows.
For 3 nM ZAD5-AuNP in 10 mM MOPS pH 7 buffer, Zn**
activation occurred at 0.5 pM Zn™" and had a transition
window of 0.3 uM (0.250 uM - 0.550 uM) (Figure 3c). La**
activation was centered at 13.5 pM La** and had a transi-
tion window of 1 uM (12.5 uM - 13.5 uM) (Figure 4b). Mn™
activation occurred at 2000 pM Mn** and had a transition
window of 1000 pM (9oo pM - 1900 pM) (Figure 4c). The
concentration ranges of these metal activated transition
windows are depicted on a logarithmic scale in Figure 4a,
revealing order of magnitude separations in the concen-
trations sufficient for nanoparticle association as well as
pronounced selectivity for Zn*" over La*" and Mn*". When
considering Zn*" compared to Mn™, the observed binding
trend agrees with the well-known Irving-Williams Series
of relative stabilities of M*" first-row transition metal ion
complexes involving nitrogen-coordinating ligands.*®
The ZADs5 metal binding site consists of inter-helical, bis-
histidine residues positioned in a tetrahedral binding ge-
ometry. This is ideal for binding Zn*', which readily ac-
commodates tetrahedral coordination environments.
Conversely, in proteins, Mn*" is primarily in octahedral
geometries and only prefers tetrahedral coordination
when fully saturated with negatively charged ligands.?®
The designed ZADs5 binding site does not present the pre-
ferred Mn** ligand geometry,” which is consistent with
the observed selectivity for Zn** over Mn*". La*" is relative-
ly insensitive to ligand geometry.*’ This geometric con-
sideration as well as the high oxidation state of La*" may
be responsible for the observed trend for the three metal
ions. Further investigation is needed to understand the
binding of Mn*" and La*". These observations reveal that
these metal ions expected to have little or no affinity for

the putative bis-his coordination sites can elicit ZADs5-
AuNP association at sufficiently high concentrations.

ZAD5-AuNP Zn™ response in the presence of solu-
tion additives. As previously discussed, the designed
protein includes three main sets of complementary inter-
actions at the interhelical regions of the dimer: a hydro-
phobic valine zipper, salt-bridging interactions, and histi-
dine-metal ion interactions. While the dimerization is
metal-ion activated, the hydrophobic valine core and salt-
bridging interactions also stabilize the alpha-helical di-
mer formation. As such, solution conditions which alter
the strengths of these interactions should have an impact
on the metal-ion concentration required to activate asso-
ciation of functionalized particles. Toward this end, we
considered the Zn*" response of ZAD5-AuNPs in the pres-
ence of solution additives.

The strength of salt-bridge interactions and the im-
portance of their role in conferring structure within a pro-
tein are expected to decrease with increasing ionic
strength. Particle association was monitored at two dif-
ferent salt concentrations: (a) 10 mM MOPS, pH 7 and (b)
10 mM MOPS, pH 7, and 153 mM NaCl. Condition (b) cre-
ates a saline pH 7 buffered environment often used with
biological systems. The additional 153 mM NaCl is ex-
pected to partially shield the positive and negative charg-
es of the Arg, Lys, and Glu residues. In Figure 5, the blue
trace reveals the association of ZAD5-AuNPs in the higher
ionic strength environment required more than1 pM Zn*',
which contrasts with only 0.5 pM Zn** when no NaCl is
present. These observations are consistent with the de-
stabilization of salt-bridging interactions at higher ionic
strength conditions. The increase in solution ionic
strength did not affect the reversibility of the system. As
shown in the red trace of Figure 5, the association is still
fully reversible with stoichiometric additions of EDTA.
UV-Vis control experiments of 3 nM citrate capped
AuNPs with 300 nM ZADs-NoLinker in the presence of
153 mM NaCl resulted in irreversible AuNP aggregation.
The ZADs5-NoLinker concentration corresponded to that
of ZADs5 for 3nM ZAD5-AuNPs having a surface loading of
approximately 100 protein/AuNP. This confirms ZADs5
only stabilizes the AuNPs in 153 mM NaCl when attached
to the AuNP surface.
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NaCl. Wavelength of maximum extinction of a ZAD5-AuNP
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indicate plus/minus one standard deviation.

A decrease in the strength of the hydrophobic (valine
zipper) interaction between the helices was achieved with
increasing percent volume (v%) of trifluoroethanol (TFE).
TFE was chosen because it is well-tolerated by proteins in
solution and does not adversely affect helix formation
when up to 8o v% TFE is present in solution."** In fact,
TFE is well-known to enhance alpha helix formation of
isolated non-associating single alpha-helices."® Thus, this
cosolvent increases the hydrophobic character of the
buffer system without the added complication of destabi-
lizing helices. The Zn*" dependent response of ZADs5-
AuNP in 10 mM MOPS pH7 was examined at four differ-
ent fractions of TFE: 0%, 20%, 40%, and 60% by volume.
Increasing TFE content is expected to decrease the
strength of the hydrophobic (valine) interaction within
the interior of the dimer. Figure 6 shows an increase in
the Zn** concentration required for dimerization as the
v% of TFE in solution increases. This observation is con-
sistent with ZADs5-AuNP association requiring a greater
concentration of Zn*" to compensate for destabilization of
designed, complementary hydrophobic interactions with-
in the helix dimer. The increase in v% TFE did not affect
the reversibility of the system with respect to addition
and sequestration of Zn™".
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Figure 6. Zn™" Titrations in presence of TFE. Wave-
length at maximum extinction of ZAD5-AuNPs in solvent
with different volume ratios of TFE upon addition of differ-
ent concentrations of Zn*". Error bars indicate plus/minus
one standard deviation.

Characterization of ZADs5-AuNP-50 response to
Zn**. The lower protein loading ZAD5-AuNP-50 sample
with approximately 50 protein/AuNP was also found to
exhibit a reversible aggregation response in the presence
of Zn™. Figure 7 shows a comparison of the Zn** response
of the ZADs5-AuNP (~100 protein/AuNP) and ZADs-
AuNP-50 systems. For the same concentration of func-
tionalized NPs (3 nM), the ZAD5-AuNP-50 system with
lower loading requires a greater Zn*" concentration to
activate association. In addition, the concentration range
(width) of the transition window is increased for the low-
er loading sample. These changes are potentially due to a
reduced local protein concentration at the ZAD5-AuNP-
50 surface resulting in fewer protein-mediated connec-
tions between the AuNPs. Nonetheless, both loadings still
exhibit sigmoidal transitions indicative of cooperative
binding interactions, similar redshifts in Ama, and com-
plete reversal to their zinc-free states by adding stoichio-
metric amounts of EDTA.
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Figure 7. Protein loading dependent Zn* sensitivity.
Wavelength at maximum extinction of ZAD5-AuNP (dia-
monds) and ZAD5-AuNP-50 (triangles) solutions at different
Zn®* concentrations (blue). After addition of EDTA (red);
[EDTA] = [Zn™]. R is the estimated number of proteins per
AuNP. R =100 protein/NP (diamonds). R = 50 protein/NP
(triangles). Error bars indicate plus/minus one standard de-
viation.

Characterization of ZAD7-AuNP response to Zn™.
The folded ZADs5 protein design model is an anti-parallel
homodimer, wherein each helix is built using a repeating
heptad unit. The length of the dimer structure may be
controlled via variation of the number of repeating hep-
tad subsequences, each of which includes the histidine of
the Zn** coordination site. In principle then, the separa-
tion between AuNPs can potentially be controlled by var-
ying the length of the protein. In an effort to explore this
potential, a seven-heptad sequence (ZAD7) was synthe-
sized: NEHYQVQ QEHQQVQ QKHQQVQ QEHQQVQ
QKHQQVQ QEHQYVQ QRHQQVQ GGGC. An addi-
tional two-heptad repeat unit (underlined) was inserted
interior to the sequence in a manner that extended the
pattern of bis-His coordination of Zn*, valine zipper
packing, and complementary salt bridge pairing. (Figure
8)

ZADS5

NEHYQVQQOEHQQVQQKHQQVQQ--~-—=-==-=—-=———~ EHQYVOQRHQQVQ
ZAD7

NEHYQVQQEHQQVOOKHQQVOOEHQQVOOKHOOVOOEHQYVQORHQQVQ

Figure 8. ZAD7 Protein. ZAD5 (Top) and ZAD7 (Bottom)
proteins with heptad repeat units highlighted in red and
blue. A 14-residue heptad subsequence (red) from ZADs is
repeated and inserted (blue) to achieve ZAD7. ZAD7 con-
tains two additional Zn** coordination sites while retaining
valine core (pink) and salt-bridging interactions.

Using the same protocols to create ZAD5-AuNP, ZAD7
was introduced onto AuNPs yielding protein functional-
ized particles, ZAD7-AuNP. Titrations ranging from o nM
to 750 nM Zn* in 50 nM increments were performed on
solutions of 3 nM ZAD7-AuNP in 10 mM MOPS pH7 buff-
er. This data is shown overlaid with Zn* titrations of
ZADs in Supporting Information (Figure S6). These titra-
tions confirmed that 600 nM Zn** saturated both the
ZADs5-AuNP and ZAD7-AuNP systems. In addition, the
titration curves (Figure S6) show that the transition mid-
points are similar for two systems, likely indicating simi-
lar affinity for Zn*" consistent with a similar surface load-
ing. In the absence of Zn*', the ZAD7-AuNP exhibits Amax
= 527 nm, which is identical to that of ZAD5-AuNP. This
congruence is consistent with similar protein loadings for
both the ZAD5-AuNP and ZAD7-AuNP systems on their
NP surfaces. Upon exposure to 600 nM Zn*', the ZAD7-
AuNP SPR band exhibited a redshift to Am.x(ZAD7-AuNP)
= 544 nm; under similar conditions Ami(ZAD5-AuNP) =
556 nm (Figure 3C). This 12 nm decrease in Amax of the
Zn™" activated state is consistent with increased NP sepa-
ration in the ZAD7-AuNP system.” "3 As with ZADs5-
AuNP, the zinc-associated ZAD7-AuNP system was found
to reversibly dissociate with the addition of stoichio-
metric amounts of EDTA, returning to Amax(ZAD7-AuNP)
= 527 nm. UV-Vis spectra of the apo and 600 nM Zn**
ZADs5-AuNP and ZAD7-AuNP systems are shown in Sup-
porting Information (Figure S7).
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Figure 9. TEM studies of ZAD5-AuNP and ZAD7-AuNP. Histogram for interparticle separation S of (A) 216 (ZAD5-AuNP)
and (B) 143 (ZAD7-AuNP) measurements obtained from TEM images of NP aggregates. Each centered bin of the histogram is 0.5
nm wide. Renderings of ZADs5 and ZAD7 are on the same length scale as the histogram abscissa. To the right of each histogram
are representative TEM images used for the interparticle separation (S) measurements.

TEM measurements were made on aggregated samples
of ZAD5-AuNP and ZAD7-AuNP (described in Methods
section). Interparticle separations S were measured only
from small aggregates. Representative TEM micrograph
images of these small aggregates are shown in Figure 9gA
and 9B. The image processing was performed using Im-
age]."** Each AuNP was labeled with an index n, and the
position of the centroid R, was determined. The centroid-
to-centroid separation for each AuNP pair (m,n) is | Rn -
R, |. The average Feret radius (r,) was determined indi-
vidually for each particle using Image/. For a given pair of
particles m and n, the interparticle separation (S) was
determined as Smn = | Rm = Ra | - (fm + ). Finally, only
values of interparticle separation less than the average
AuNP diameter (Smn < 13.5 nm) were used to identify
nearest neighbors selected for the statistical analysis of
pair separation. This yielded 216 and 143 unique pairs for
ZADs5-AuNP and ZAD7-AuNP, respectively. The average
values are < S > = 2.8 + 0.1 nm for ZAD5-AuNP and < S > =
4.3 £ 0.2 nm for ZAD7-AuNP (uncertainties are two times
the standard deviation of the mean). It is worth noting
that the average interparticle separations are highly re-
producible in multiple measurements. Although the aver-

age separations are distinct, a range of separations are
observed for each system: the standard deviations are 0.8
nm and 1.1 nm for ZAD5-AuNP and ZAD7-AuNP, respec-
tively (Figure 9).

The histograms in Figure 9 show the distributions of
measured separations and incorporate renderings of
ZADs5 and ZAD7 on the same length scale as the histo-
grams. Importantly, no values of S are observed among
nearest neighbor particles that exceed the length of the
model protein structures. The lengths of the model struc-
tures were measured as the distance between the C-
termini of the dimeric structure, yielding 5.3 nm and 7.3
nm for ZADs5 and ZAD7, respectively. In each case, the
folded protein’s length coincides with the upper bound
on the interparticle separation S. The maximum observed
S is consistent with a single designed helical protein
structure forming the linkage between adjacent AuNPs.
The majority of S values are shorter than the length of the
folded protein, presumably due to the flexibility of the
GGGC linker, incomplete folding, or the formation of
multiple homodimers across adjacent AuNP interfaces
(Figure 10). As discussed previously, the step-like metal-
binding behavior (Figure 3) is consistent with multiple
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connections between AuNPs. ZAD7-AuNP has a broader
distribution of pair separations, as may be expected for
the longer protein and the potential for multiple linkages
between particles. Distributions of pair separations with
features similar to those of Figure 9 have also been ob-
served between pairs of DNA-linked nanoparticles."*
Lastly, the separations observed for ZADs5-AuNP and
ZAD7-AuNP are consistent with the antiparallel orienta-
tion of the computational design since much smaller sep-
arations would be expected if a parallel dimer were
formed. The TEM measurements necessarily involve dried
samples and therefore it may not reflect the interparticle
separations in solution phase.

Figure 10. Effect of multiple protein linkages on parti-
cle separation. Adjacent nanoparticles can potentially be
linked by one or more intervening proteins, leading to a
range of pair separations.

Conclusion

A protein system was computationally designed to bind
Zn*" cooperatively and form an antiparallel homodimer,
which could be used to functionalize gold nanoparticles
(AuNPs). The targeted dimerization involves multiple
metal-ion binding sites, and the periodicity of the coiled-
coil structure allows control of the protein length. The
sequence undergoes a transition from unstructured to
alpha-helical when Zn™ is introduced into the solution.
The cooperative formation of helical structure is reversi-
ble with stoichiometric additions of the chelator EDTA.
The designed sequence was augmented with a C-terminal
cysteine linker, which allowed attachment to the AuNP
surface. The resulting protein functionalized nanoparti-
cles, ZAD5-AuNP, exhibited reversible interparticle asso-
ciation/dissociation. The change in AuNP separation, in-
duced by dimerization of the ligated protein, was moni-
tored by shifts in the surface plasmon resonance and vis-
ualized using TEM. Aqueous titrations with Zn*" revealed
sharp “switch-like” sigmoidal transitions over submi-
cromolar Zn*" concentrations. In addition, the metal-ion
concentration that yielded nanoparticle association could
be shifted by varying one of several parameters: the sur-
face loading of the protein, solution ionic strength, addi-
tion of hydrophobic co-solvents, and the metal ion used
to trigger the dimerization. The cooperativity for nano-
particle association is consistent with the multiple metal
binding sites in a single dimer, folding of the dimer pro-
tein, and the association of multiple dimers between adja-
cent nanoparticles. The association of ZAD5-AuNP was
most sensitive to Zn*', and the concentration of nanopar-
ticle association for Zn** was well separated from those
observed for La*" and Mn** (Figure 4). The protein dimer

length is variable with the addition or removal of repeat
units within the sequence. The 5-heptad protein was
lengthened by two-heptads to create a 7-heptad variant,
which was used to functionalize the particles (ZAD7-
AuNP). ZAD7-AuNP also exhibited reversible metal-
induced nanoparticle association. For the associated
states of ZAD5-AuNP and ZAD7-AuNP, TEM and extinc-
tion data were consistent with the nanoparticle separa-
tions expected given the lengths of model structures of
the proteins.

While high-resolution structures of the designed pro-
teins on the nanoparticle surfaces have not been deter-
mined, many of the experimental observations are con-
sistent with the model structures of the designed se-
quences. The isolated protein ZAD5-NoLinker undergoes
a transition to alpha helical structure upon exposure to
Zn*". Analytical ultracentrifugation studies are consistent
with monomer-dimer equilibrium at high concentrations
of Zn™. The functionalized particles undergo zinc-
mediated association. Solution conditions were modified
with the addition of a hydrophobic co-solvent or an in-
crease of solution ionic strength, and the subsequent in-
creases in the Zn*" concentrations necessary to elicit asso-
ciation were consistent with destabilization of the de-
signed valine zipper and the salt-bridging interactions
present in the computational model of the dimer. TEM
measurements revealed that the distributions of interpar-
ticle separations are commensurate with the lengths of
the protein model structures. Nonetheless, it will be of
interest to further investigate the structure of these de-
signed zinc binding proteins when on the AuNP and how
the structure may be modified when metal ions other
than Zn*" are employed at high concentrations.

This de novo designed protein system is a step towards
developing a predictive understanding of how to use large
conformationally flexible amino acid sequences to create
self-assembled systems with well-structured local envi-
ronments. Although not explored herein, the assembly
properties of the dimer proteins should also be sensitive
to pH and temperature. Herein the proteins were real-
ized using peptide synthesis, but these sequences can also
be genetically encoded and fused with other proteins,
thus providing a means to reversibly immobilize targeted
proteins on nanoparticles. The designed proteins may
also potentially be displayed on phage or cellular exteriors
to provide reversible linkages to proteins and nanoparti-
cles. Incorporating computational design of the biological
component of these hybrid systems affords great control
over the resultant function of the hybrid material and
allows the creation of function beyond what may be lev-
eraged with natural proteins.
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