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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 Zn2+ coordination sites and 
cooperatively self-associate to form an antiparallel helical homodimer.  Each subunit was unstructured in the absence of 
Zn2+ 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 Zn2+ 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 Zn2+ 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 
sensing1, imaging2, catalysis3, self-assembling materials4, 
drug-delivery5, and plasmonic devices6. 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.7-12 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 Zn2+ ions.  

In the past, gold nanoparticles (AuNPs) have been func-
tionalized with small molecules, polymers, and biopoly-
mers. Without proper surface passivation, 13-14 15-18 NPs 
undergo irreversible aggregation under most biologically 
relevant solution conditions.19 While small molecules con-
fer such surface passivation, they typically offer limited 
control over the assembly structures of NPs.20-22 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 clusters23, macroscopic aggre-
gates24, layered structures25-27, three-dimensional superlat-
tices28-29, and complex nanostructures30-32. Of specific in-
terest has been the control of NP spacing and reversible 
assembly.24, 33-36  DNA linkers can yield a broad range of 
interparticle separation distances24, 33, 36 with assembly 
triggered by changes in system conditions.37-39 The control 
over separation provided by DNA has been used to study 
distance dependent phenomena such as energy transfer 
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between nanoparticles40-41 and sensing DNA-binding pro-
teins.42-49  

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 NPs50-56, develop sensors of metal ions57 and biological 
molecules58-59, and modulate enzymatic and biological 
activity60-61. Protein-NP systems can leverage the struc-
tures and functions of proteins to realize association of 
nanoparticles in one, two, and three dimensions.62-67 Pro-
teins adhered to nanoparticles have been used to control 
NP assembly via association of  their unfolded states.68-69 
Electrostatic interactions involving proteins and nanopar-
ticles have also been used to control NP association.70-71 
Specific, selective interactions involving proteins attached 
to nanoparticles can confer nanoparticle association, e.g., 
using antigen-antibody pairs72-73 and biotin-streptavidin 
systems.74 With protein functionalized nanoparticles, as-
sociation can be controlled via variation of pH70, 75-76, elec-
trostatic interactions 71, and relative concentrations of 
peptides and nanoparticles.77 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.78 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.79 
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.80-82 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.83-87 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.88-92 The effort herein involves the met-
alloprotein design, which has received substantial atten-
tion.83-87, 93-97   

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.98 (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.99-101 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 
μM Zn2+ and Ca2+. Citrate capped AuNPs are typically sta-
ble in 10 mM Na+.101 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 (λmax) to be 520 nm, which is consistent 
with 13 nm AuNP diameter.102-104  

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 µM of protein was treated 
with a stoichiometric amount of pH 7 tris(2-
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.105 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 µL 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 µM], 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 µM : 3 nM : 3.98 µM]. 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.106-108 
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.109 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 μM Zn2+ and 25 μM Zn2+  were 
prepared from ZnSO4⦁7H20 (Acros Organics) in 18.2 
MΩ⋅cm resistivity water. EDTA Stock solutions (250 μM 
and 25 μM) 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 
M1000 PRO Plate Reader UV-visible spectrophotometer 
and Greiner bio-one 384 well μClear non-binding micro-
plates. Circular dichroism (CD) measurements were per-
formed in Starna 0.1 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 λmax 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 μM, 
60 μM, and 80 μM ZAD5-NoLinker protein each with 600 
μM Zn2+ were analyzed. Partial specific volume of the pro-
tein (0.6951 cm3/g) as well as the solvent density (1.0012 
g/cm3) were calculated from standard tables using the 
SEDNTERP program.110 Data analysis was performed by 
global analysis of the nine data sets (three concentrations 
at three different speeds) using SEDPHAT (version 
12.1b).111 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 μM Zn2+ to 3 nM of protein-
ligated AuNPs in a 500 μL centrifuge tube. The tube was 
flicked several times to mix and 10 μL 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 
Zn2+ 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 Zn2+ 
binding motif. We leveraged previous work in parameter-
izing such “coiled-coil” structures, and each helix con-
tained a seven-residue “heptad” repeat.87, 112-113 Helical pro-
tein structures were created de novo subject to variation a 
small set of global geometric parameters.88-89, 114-117 An en-
semble of mathematically specified, dimeric D2 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.118-119 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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Characterization of ZAD5-AuNPs response to La3+ 

and Mn2+. While ZAD5 was designed to coordinate Zn2+, 
it is of interest to consider the selectivity of the metal-
mediated association of ZAD5-AuNP. As mentioned pre-
viously, for 3 nM ZAD5-AuNPs, association was not ob-
served in the presence of 50 mM Ca2+ and Mg2+. La3+ and 
Mn2+ were also considered. La3+ was chosen because a 
previous study of a designed protein (also used to func-
tionalize AuNPs) found that exposure to either Zn2+ or 
La3+ led to the formation of similar secondary structure 
content.82 Mn2+ was chosen because a review of metallo-
proteins revealed that Zn2+ and Mn2+ binding sites often 
contain histidine residues.135   

Titrations of La3+ and Mn2+ into 3 nM ZAD5-AuNPs re-
vealed trends similar to those observed upon exposure to 
Zn2+. (1) The SPR λmax 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, Zn2+ 
activation occurred at 0.5 μM Zn2+ and had a transition 
window of 0.3 μM (0.250 µM – 0.550 µM) (Figure 3c). La3+ 
activation was centered at 13.5 μM La3+ and had a transi-
tion window of 1 μM (12.5 µM – 13.5 µM) (Figure 4b). Mn2+ 
activation occurred at 2000 μM Mn2+ and had a transition 
window of 1000 μM (900 µM – 1900 µM) (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 Zn2+ over La3+ and Mn2+. When 
considering Zn2+ compared to Mn2+, the observed binding 
trend agrees with the well-known Irving-Williams Series 
of relative stabilities of M2+ first-row transition metal ion 
complexes involving nitrogen-coordinating ligands.136 137 
The ZAD5 metal binding site consists of inter-helical, bis-
histidine residues positioned in a tetrahedral binding ge-
ometry. This is ideal for binding Zn2+, which readily ac-
commodates tetrahedral coordination environments. 
Conversely, in proteins, Mn2+ is primarily in octahedral 
geometries and only prefers tetrahedral coordination 
when fully saturated with negatively charged ligands.138  
The designed ZAD5 binding site does not present the pre-
ferred Mn2+ ligand geometry,139 which is consistent with 
the observed selectivity for Zn2+ over Mn2+. La3+ is relative-
ly insensitive to ligand geometry.140 This geometric con-
sideration as well as the high oxidation state of La3+ may 
be responsible for the observed trend for the three metal 
ions. Further investigation is needed to understand the 
binding of Mn2+ and La3+. These observations reveal that 
these metal ions expected to have little or no affinity for 

the putative bis-his coordination sites can elicit ZAD5-
AuNP association at sufficiently high concentrations.  

 
ZAD5-AuNP Zn2+ 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 Zn2+ 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 than 1 μM Zn2+, 
which contrasts with only 0.5 μM Zn2+ 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 ZAD5-NoLinker in the presence of 
153 mM NaCl resulted in irreversible AuNP aggregation. 
The ZAD5-NoLinker concentration corresponded to that 
of ZAD5 for 3nM ZAD5-AuNPs having a surface loading of 
approximately 100 protein/AuNP. This confirms ZAD5 
only stabilizes the AuNPs in 153 mM NaCl when attached 
to the AuNP surface. 
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