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Abstract:

There are few methods for the assembly of defined protein oligomers and higher order structures that could
serve as novel biomaterials. Using fluorescent proteins as a model system, we have engineered novel
oligomerization states by combining oppositely supercharged variants. A well-defined, highly symmetrical 16-
mer (two stacked, circular octamers) can be formed from alternating charged proteins; higher order structures
then form in a hierarchical fashion from this discrete protomer. During SUpercharged PRotein Assembly
(SuPrA), electrostatic attraction between oppositely charged variants drives interaction, while shape and
patchy physicochemical interactions lead to spatial organization along specific interfaces, ultimately resulting

in protein assemblies never before seen in nature.
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The assembly of genetically-encoded molecules into symmetric, supramolecular materials enables complex functions
in natural biosystems and would likewise prove valuable in the development of bionanotechnologies including drug
delivery, energy transport, and biological information storage.”” Repeated, symmetric interactions between molecular
building blocks enable the formation of complex, defined, assemblies from a small total number of components as
well as dynamic propagation of conformational change.®>® However, while de novo engineering of artificial
symmetrical biomolecular complexes has begun to be explored,®*® these efforts generally rely upon precise design of
molecular interfaces.'®Y" In contrast, studies of simple synthetic colloids suggests that higher order structures can be
derived based solely on packing and energetic and considerations. Computational and experimental studies of
polyhedral or spherical colloids indicate that complementary particle shapes®®?* and simple attractive “patches”?4-2
alone can enable formation of complex symmetrical assemblies. Shape complementarity has likewise been exploited
to arrange synthetic linear biomolecules, i.e., double-stranded DNA strands, into distinct structures, demonstrating its
utility for  for the higher order arrangement of synthetic linear biomolecules, suggesting a utility beyond inorganic

systems.30:31

Herein we demonstrate a simple, robust strategy to assemble normally monomeric proteins into well defined,
oligomeric quaternary structures and micron-scale particles. This strategy centers on driving protein interactions by
engineering oppositely supercharged variants. Generally, oppositely-charged proteins interact through simple
electrostativ interactions.? Previously, this propensity has been exploited in artificial biosystems to engineer binary
protein crystals from naturally oppositely charged proteins®3* as well as and artificial encapsulation®*-%" and
Matryoshka-like cages®® from naturally assembling proteins. Here, we suspected that shape and physicochemical
features would favor assembly of oppositely charged protein pairs along particular interfaces to produce defined
oligomeric assemblies (Fig. 1a). To the extent that these hypotheses can be realized, the ability to readily engineer
synthetic, scalable molecular assemblies into almost any protein via supercharging should prove useful for
technologies ranging from pharmaceutical targeting to artifical energy harvesting to “smart” sensing and building

materials.1 16:17. 39
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As a model system we employed variant pairs of monomeric supercharged green fluorescent proteins (GFPs)
containing excess basic or acidic amino acids on their surfaces (Fig. 1b, Supplementary Fig. 1).4% %t Beyond the
ability to observe fluorescent properties, the simple barrel shape of GFP potentially enables assembly into several
crystalline*? 4 and non-crystalline** geometries. For the positively supercharged protein we used a monomeric GFP
variant with a +32 net charge at pH 7.4 (GFP+32),%° and for the negatively charged protein we used monomeric GFP
variants with net charges of -10, -17, and -31 at pH 7.4 (GFP-10, GFP-17, and GFP-31).** To enable FRET
measurements between positively and negatively charged proteins we introduced a Y66W mutation to blueshift the
GFP+32 chromophore and three associated stabilizing mutations (F146G, N1471, H149D)**" ultimately yielding
“Ceru+32.” Native gels (Supplementary Fig. 2) and absorbance/emission spectra (Supplementary Fig. 3) indicated
that each protein expressed monomerically and with expected fluorescent properties. Solutions containing individual
proteins showed no precipitation (Fig. 1c), and Dynamic Light Scattering (DLS) measurements indicated diameters
of sizes of 5.7%1.7, 6.2+1.9, 5.5x1.4, and 5.9+1.9 nm for Ceru+32, GFP-10, GFP-17, and GFP-31, consistent with the

size of GFP monomers (Fig 1d, Supplementary Fig. 4).

While each GFP variant was individually monomeric, combining oppositely-charged proteins produces larger
particles. Mixing equal amounts of Ceru+32 and any of the negatively supercharged GFPs at 50 mM NaCl produced
a cloudy solution containing fluorescent particles that settled after brief centrifugation at 1700 x g relative centrifugal
force (Fig. 1c). Dynamic Light Scattering (DLS) measurements indicated that Ceru+32/GFP-10 and Ceru+32/GFP-
17 were micron-scale and quite monodisperse, with average diameters of 1675+251 nm and 1421+136 nm,
respectively (Fig. 1d, Supplementary Fig. 4). Ceru+32/GFP-31 particles were larger and more polydisperse, with an
average diameter of 2452+984 nm (Supplementary Fig. 4). Mixing two positively supercharged proteins

(Ceru+32/GFP+17) produced no visible precipitation (Fig. 1c).

The observed interaction of opposite- but not like-charged proteins indicates that assembly is mediated by electrostatic
interactions, and we therefore next investigated the relationship between particle size and ionic strength. Notably,
combining Ceru+32 and GFP-17 at higher ionic strength yields smaller but definitively non-monomeric particles,
producing, for example, a particle size of 11.6+£1.8 nm at 150 mM (Fig. 1d). Measuring Ceru+32/GFP-17 particle size

over a range of NaCl concentrations indicates a phase-transition behavior, with consistent diameters of ~1400 nm at
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NaCl <50 mM and ~12 nm at 100-300 mM NaCl (Fig. 1d, 2a). Ceru+32/GFP-17 particle diameter decreases slightly
to ~9 nm at NaCl > 300 mM, suggesting that at these high-salt conditions a fraction of the ~12 nm particle may
dissociate. Formation of the 11 nm-scale protomers from the larger particles is reversible. Addition of high-salt buffer
to increase sodium chloride concentration from 50 mM to 100 mM reduced the average diameter of Ceru+32/GFP-17
particles from 1280+327 nm to 12.5+2.2 nm (Fig. 2b). This transition occurs rapidly, with the solutions becoming
clear and particle size decreasing immediately upon addition of salt. This reversibility suggests that the micron scale
particles assemble via well-defined, discrete interactions between folded structures, as opposed to non-specifically via
unfolded, irreversible interactions.*® Ceru+32/GFP-10 and Ceru+32/GFP-31 particles show qualitatively similar salt-
dependence as Ceru+32/GFP-17 (Supplementary Fig. 5). However, compared to Ceru+32/GFP-17 the size transition
from ~1300 nm to ~12 nm diameter occurs at considerably higher NaCl concentrations, 150 mM and 300 mM for

GFP-10 and -31, respectively, indicating that the larger particles may have even higher stabilities.

Ceru+32/GFP-17 particle size likewise depends on protein stoichiometry and pH. To characterize the effects of
stoichiometry, we measured the size of particles formed at 50 mM NaCl and 150 mM NaCl from 0.1 mg/ml of either
Ceru+32 or GFP-17 and 0.02, 0.05, 0.01, or 0.2 mg/ml of the other. At 50 mM NaCl, DLS measurements indicated
~1300 nm particles at excess or equivalent GFP-17 but ~10-12 nm particles at excess Ceru+32 (Fig. 2¢). At 150 mM
NaCl, DLS measurements indicate ~12 nm particles at 1:2, 1:1, 2:1, and 5:1 ratios of Ceru+32 to GFP-17 and ~7 nm
particles at 1:5 ratios of Ceru+32 to GFP-17. Although the DLS measurements did not generally directly indicate the
presence of monomeric proteins even at unequal stoichiometries, we suspect that they are likely present: DLS
generally provides the “major” component in a solution via extrapolating particles sizes from the time-correlation of
scattering patterns. Because scattering intensity depends on particle diameter to the 6™ power, DLS contains a
significant bias toward larger components,*® suggesting that our measurements may resolve only the largest major
component (i.e., the 12 nm particle), or potentially, a size in between two similarly sized but different components
(i.e., the ~6 nm protein and ~12 nm particle). Decreasing pH dissolved the both the protomer and larger particle
completely to monomers. At 50 mM NacCl, particle size decreased from 1622+556 nm at pH 7.4 to 5.7+2.4 nm at pH
6.5; at 150 mM NaCl, particle size decreased from 11.0£3.1 nm at pH 7.4 to 6.0+0.7 nm (Supplementary Fig. 6).
Fluorescence measurements confirmed that both proteins remain well-folded at pH 6.8, suggesting that dissolution

occurs due to decreased interaction favorability rather than unfolding (Supplementary Fig. 7). Taken together, these
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observations that mixtures of Ceru+32 and GFP-17 assemble into three distinct phases — ~6 nm (monomeric), ~12
nm, and ~1300 nm - at a broad range of NaCl, stoichiometric, and pH conditions suggest that the proteins assemble

via discrete, specific intermolecular interactions.

To study the architecture of the ~12 nm particles we visualized negatively stained Ceru+32/GFP-17 particles formed
at 150 mM NacCl using electron microscopy. Raw electron micrographs show mono-disperse, globular protomers with
dimensions of ~160-A in diameter that appear to contain internal features (Supplementary Fig. 8). Intriguingly, the
particles show 8-fold symmetry after reference-free alignment, classification, and averaging to increase the signal-to-
noise ratio (Supplementary Fig. 8). Using 3D reconstruction techniques (see Materials and Methods) we obtained
a structure of this complex at ~18-A resolution clearly showing eight globular densities of the same size arranged into
a single ring (Fig. 3a). There appear to be two symmetric rings stacked on top of one another and offset by about half
a subunit, ultimately forming a barrel (Fig. 3b). Each globular density in the particles in the rings corresponded to the
size and shape of a GFP monomer; the x-ray crystal structure of GFP can be easily accommodated within the density
(Fig. 3b). Not This structure is roughly equivalent in volume to the ~11 nm diameter sphere measured by DLS,
strongly suggesting that the protomers observed by DLS and EM are the same. Combinations of other charged GFP
states can be combined to form similar but less stable protomer particles (Supplementary Fig. 8). This is the first

example of a defined SUpercharged PRotein Assembly, or SuPrA.

To further investigate the composition and electronic structures of the SuPrA particles we employed FRET. Exciting
Ceru+32/GFP-17 particles at Ceru+32’s absorption maximum, 433 nm, produces GFP-17 emission between 515-535
nm ~30% higher than the sum of the individual spectra, indicating effective energy transfer consistent with separation
<10 nm.® To quantify our results, we define a “transfer ratio” of GFP emission in response to 433 nm to that in
response to direct excitation (485 nm). Mixed Ceru+32/GFP-17 solutions produces an average transfer ratio of ~0.35,
while mixed Ceru+32/GFP+17 solutions produces an average transfer ratio of 0.19, only slightly higher than the ~0.17

value seen for GFP-only solutions (Supplementary Fig. 9).

Bulk FRET of Ceru+32/GFP-17 SuPrA particles show a qualitatively similar but more graded dependence on salt

concentration compared to DLS. At NaCl <50 mM, the transfer ratio remains ~ 0.35 (Fig. 4a, b). Increasing NaCl
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progressively decreases fluorescence transfer until ~450 mM, at which transfer ratios leveled off at ~ 0.22. Notably,
increasing NaCl does not affect fluorescence from direct GFP excitation (Supplementary Fig. 10). This graded
transition suggests that increasing NaCl produces subtle shifts in equilibria or geometries DLS misses. This is not
surprising: whereas DLS generally provides the “major” component in a solution via the time-correlation of scattering
patterns,*® FRET generally provides the “average” component via total energy transfer to acceptor fluorophores.
Together, our DLS and FRET data are consistent with subtle but significant shifts in spectral overlap or packing
geometries within SuPrA particles of a given size, or with changes in equilibria between differently-sized SuPrA

particles.

The observation that two oppositely supercharged proteins are required to form SuPrA particles larger than the
monomer indicates that assembly is driven by favorable electrostatic interactions. However, the specific interactions
driving the formation of a discrete structure rather than a polydisperse variety of shapes and sizes remains unclear.
One possibility is that the oligomeric structure arises serendipitously due to specific contacts mediated by introduced
residues. An alternative possibility is that while the introduced charged residues provide attractive electrostatics
between Ceru+32/GFP-18 interaction, a more general set of shape, patchy steric, or hydrophobic interactions guide
formation into a stacked octamer structure. We assessed this hypothesis by assaying the assembly of four “revertant”
Ceru+32 variants that each reverted two or three spatially-close residues. We also tested the assembly of a positively
supercharged GFP+33 that contained a largely different set of charged residues than did Ceru+32 variant
(Supplementary Fig. 11).#° Upon mixture with GFP-17 at moderate NaCl concentrations each of these variants again
forms a ~12 nm structure consistent with the size of the SuPrA protomer, indicating that while charge:charge
interactions drive structure formation, the overall shape of the fluorescent protein is sufficient to mediate SuPrA
protomer formation. These observations have important implications for further generalizing the methods we describe

for nanoparticle formation.

Modeling of SuPrA protomer assembly further indicates that electrostatics and general shape complementarity support
the formation of stacked-octamer protomer structures. Specifically, we employed a computational framework
developed by the Glotzer lab to robustly assess the assembly of computationally-derived polyhedral shapes to test the

stability of simplified candidate protomer structures. Ceru+32 and GFP-17 were modeled as hard, nonconvex
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polyhedra representing their solvent-excluded surface, with point charges placed at each atomic site (Fig. 5a). Because
the vast majority of natural homomeric protein complexes contain symmetrical arrangements of proteins,” it is likely
that the synthetic SuPrA protomer would likewise contain a symmetric arrangement of proteins. Thus, four candidate
configurations of proteins with different symmetrical arrangements within the SuPrA protomer were identified and
tested (Fig. 5b). The stability of each configuration was assessed over a range of NaCl concentrations via 400,000
Monte Carlo sweeps using the Hard Particle Monte Carlo (HPMC) plugin to HOOMD-blue.>*%® The total energy at
each step was calculated as the sum of the hard particle and screened electrostatic contributions. At the end of the
simulation protomer stability was assessed by calculating the radii of gyration Ry (Supp. Eq. 3), defined as the root
mean squared molecule-to-molecule distance. The TEM data indicate a Ry ~6.5 nm in the intact SuPrA protomer; we
define clear dissociation at Ry > 13 nm. Each candidate configuration remained intact at low NaCl concentrations
(INaCl] < 38mM), again demonstrating that electrostatic and large-scale shape interactions supported stable SuPrA
protomer formation. Control SuPrA protomers containing entirely Ceru+32, entirely GFP-17, or an octamer of
Ceru+32 juxtaposed with an octamer of GFP-17 were unstable at all NaCl concentrations, consistent with the
experimental observations (Supplementary Fig. 12, 13) Finer-grained structural modeling (i.e., of hydrophobic
effects and counterion release) must await specific structural and physical details that should become manifest with

further imaging (i.e., cryo-EM) experiments that better determine the precise symmetric arrangement of monomers.

While previous studies have shown that it is possible to design synthetic protein oligomers either by modifying extant
structures®®*¢ or de novo,®'? we now show that it may be possible to induce the formation of novel quaternary
structures through the simple expedient of supercharging. In so doing, we demonstrate that precise molecular
configurations can be obtained by focusing on the driving forces for assembly (charge:charge interactions) rather than
the details of the interface. Notably, while some GFP variants, including the parent protein originally found in Aegqorea
Victoria dimerize, the native dimer structure fits poorly into the electron density maps of the protomer, suggesting that
the architecture of the protomer is completely novel.>* The formation of SuPrA protomers appears to be largely
independent of the placement of charges, suggesting that oppositely supercharging protein variants may generally
drive formation into ‘stacked’ or brick-like structures whose overall form is determined by symmetric interactions.
Given that both natural proteins®® and synthetic colloids'®-?® have been shown to readily assemble into symmetric,

higher order structures, we anticipate that our SuPrA strategy can now be generalized to create synthetic, scalable
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architectures with other proteins, especially since supercharging has proven possible across a broad variety of

proteins 37, 38, 54-58
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Fig. 1. Oppositely supercharged Cerulean and GFP variant proteins as a model system for charge-mediated
protein assembly. a, We hypothesized that generating and mixing oppositely supercharged variants of normally
monomeric proteins could produce symmetrical oligomeric and higher-order structures b, To investigate the use of
supercharging for the ordered assembly of proteins we employed supercharged GFP variants engineered by mutating
surface residues of superfolder GFP to positively or negatively charged residues, shaded blue and red, respectively.
For the negative protein we employed a cerulean variant of superfolder GFP+3, “Ceru+32";* for the negative variants
we employed Rosetta Supercharged GFPs with negative charges of -10, -17, and -31.%* ¢, While all of the individual
proteins are easily soluble and do not produce precipitant, mixing 0.1 mg/ml Ceru+32 with an equivalent amount any
of the negatively supercharged GFPs at 50 mM produces visible particles that sink upon light centrifugation. Mixing
Ceru+32 with a positively supercharged control protein, GFP+174 does not produce precipitation. d, Dynamic Light
Scattering (DLS) measurements indicate that the precipants formed from mixing Ceru+32 and GFP-17 at 50 mM NacCl
are largely composed of monodisperse particles with an average diameter of 1421+136 nm. Mixing Ceru+32 and GFP-
17 at 150 mM NaCl, in contrast, produces monodisperse particles with an average diameter of 11.6+1.8 nm.

Measurements of Ceru+32 and GFP-17 alone indicate particles of average diameter of 6.3+1.6 nm and 5.5+1.4 nm,
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consistent with monomers. Measurements of Ceru+32/GFP-10 and Ceru+32/GFP-31 and GFP-10 and GFP-31 alone

indicate slightly larger and more polydisperse mixed particles.

11
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Fig. 2. Ceru+32/GFP-17 particle size depends on environmental conditions. a, Particle size depends on sodium

chloride in a phase-like manner. At pH 7.4 and 0.1 mg/ml of both Ceru+32 and GFP-17, ~1300 nm scale particles

assemble when mixed at sodium chloride concentrations at and below 50 mM; ~12 nm particles assemble when mixed

at sodium chloride concentrations at and above 100 mM. Even at the highest sodium chloride concentration we

measure, 950 mM, particle size remains significantly higher than that of the monomeric size measured in solutions

containing single proteins. b, Micron scale particle formation was reversible: increasing the sodium chloride

concentration of Ceru+32/GFP-17 particles initially mixed at 50 mM to 100 mM rapidly reduced particle size from

1280 + 327 nm to 12.5 nm £ 2.2 nm. ¢, Micron vs ~12 nm particle formation depends on stoichiometry: at 50 mM

NaCl with excess Ceru+32, ~12 nm particles form; with equivalent or excess GFP-17, ~1300 nm particles form. d, At
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150 mM NacCl, at 5:1 ratios of Ceru+32 to GFP-17, ~7 nm particles form; at all other measured ratios, ~10-12 nm

particles form.
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Reference-free 2D class averages

bottom
ring

Fig. 3. Molecular architecture of the GFP protomer. a, Raw micrographs of Ceru+32/GFP-17 particles. b.,
Reference-free 2D class averages of the protomers c, Three-dimensional architecture of negatively stained
Ceru+32/GFP-17 protomer at ~18-A resolution with 8 subunits forming an octameric ring. d, Each protomer consists
of a top and bottom ring that are offset by ~0.5 subunits in the axial direction. The x-ray crystal structure of GFP (PDB

1EMA) is easily accommodated within the map of each of these subunits.
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Fig. 4. Forster Resonance Energy Transfer (FRET) measurements of Ceru+32/GFP-17 particles show
increasing energy transfer between Ceru+32 and GFP-17 with decreasing sodium chloride concentration. a,
Excitation of Ceru+32/GFP-17 particles at 433 nm, Cerut32’s excitation maximum, produces decreased Ceru+32
fluorescence and increased GFP-17 fluorescence, indicating transfer. b, Increasing salt concentrations progressively
decreases fluorescence transfer until around 450 mM where it levels off at approximately 0.22. This graded transition

suggests that increasing salt concentrations produce subtle shifts in particle sizes and geometries missed by DLS.
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Fig. 5. Coarse-grained simulations of candidate protomer structures qualitatively recapitulate experimental
data. a, To construct coarse-grained protomers, we first generate polyhedral representations of molecular surfaces for
the constituent Ceru+32 and GFP-17 structures and assign point charges to each atomic locus. We determine the
positions of proteins in the ring by fitting the all-atom representation of the proteins to the electron density. We then

use this data to arrange the polyhedra into candidate protomer configurations. We assessed the stability of each
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configuration by modeling the position of the Ceru+32 and GFP-17 proteins after 400,000 Monte Carlo sweeps,
employing both local and geometric cluster moves to equilibrate candidate configurations. b, We identified and tested
four candidate configurations that all contain alternating, symmetric arrangements of eight Ceru+32 and eight GFP-
17 molecules but differ in individual protein orientations. The simulations indicate that all candidate configurations
remain intact at low NaCl concentrations, <38 mM but dissolve at higher NaCl concentrations. The highest stable
sodium concentration is attained by the conformation in which the orientations of the N-termini alternate within the
octameric ring, which dissolves at NaCl ~ 48 mM. Notably, this is still well below the experimentally observed

stability limit of ~300 mM.
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