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Proteins as synthons for biological complexity 

The molecular complexity of life is driven by proteins, at least in the eyes of this 
chemist. In fact, no other type of molecule epitomizes the term chemical complexity as 
much as a protein, which is perhaps best manifested by the fact that proteins may represent 
entirely different things to different scientists. To a polymer chemist, proteins are sequence-
defined linear polymers that somehow manage to fold into discrete 3D structures in an 
atomically precise fashion. To an inorganic chemist, proteins are complex scaffolds that 
control the reactivity of metal ions beyond what is possible with small, synthetic ligands. 
To a nanoscientist or a supramolecular chemist, proteins may represent infinitely patchy 
colloidal particles or nanoscale synthons whose surface chemistry can be tuned with atomic 
precision. To a biochemist, proteins are the sophisticated end-products of millions of years 
of evolution, dissected and scrutinized through detailed top-down studies to uncover their 
structure-function relationships.  

Regardless of which view one holds of proteins, they are distinguished from all other 
types of molecules by their spatially precise yet dynamic organization of 20 different 
chemical functionalities, which in turns allows them to interact with or act upon any other 
type of organic or inorganic entity of any arbitrary shape and composition with high 
specificity. Importantly, it also follows that individual proteins can organize into larger 
supramolecular assemblies that carry out some of the most challenging biochemical tasks 
(e.g., photosynthetic water oxidation or nitrogen fixation) or extended materials that fulfill 
essential mechanical functions (e.g., intracellular transport, cell motility and division) in 
living cells. Despite such functional diversity and sophistication, natural proteins and 
protein assemblies constitute an infinitesimally small fraction of 3D structures that can be 
obtained using the available amino acid sequence space. Furthermore, these natural 
systems have only evolved for functional adequacy in the very restricted chemical 
environment of a cell.  These limitations logically lead to the following questions: Can we 
use proteins as building blocks for new biological machines and materials with structural 
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and functional properties that surpass those that evolution has produced? Can we 
incorporate new strategies unrestrained by the limitations of cellular chemistry in this 
design process to broaden the structural and dynamic complexity of proteins?   

Chemical Design of Dynamic and Functional Protein Assemblies 

From the outset, our group took an alternative approach to purely symmetry-based  
[1] or computational design strategies [2, 3] by viewing protein self-assembly through the 
perspective of a supramolecular or an inorganic chemist (rather than a biochemist or a 
protein designer). We surmised that properly engineered metal coordination motifs on a 
protein surface can enable control of protein self-assembly on small design footprints 
(owing to the higher strength of metal coordination bonds relative to non-covalent 
interactions), while also imposing symmetry and providing chemical control and reactivity 
by the metal ion [4]. Through this metal-directed strategy, sometimes complemented by 
computational design or the use of synthetic ligands, various natural protein building 
blocks (in particular, the monomeric hemeprotein cytochrome cb562) were engineered to 
assemble into discrete oligomers, 0-D cages, 1-D filaments and nanotubes, as well as 2-D 
and 3-D lattices [5]. This chemical-bonding-focused approach was further expanded 
through the implementation of disulfide bonds and host-guest interactions to yield defect-
free 1- and 2-D nanotubes and crystalline arrays [6, 7].  A distinguishing characteristic of 
all of these protein architectures is the reversibility and minimal surface footprints of the 
chemical interactions. These features not only render the assembly-disassembly process 
inherently responsive to external stimuli (e.g., redox, pH, temperature, metal ions, ligands, 
light, etc.), but also endow the resulting protein architectures with dynamic properties. A 
compelling case in point are disulfide-mediated 2D crystals of the protein RhuA, which 
undergo coherent opening-closing motions due to the flexibility of the disulfide linkages, 
yielding an auxetic material with the thermodynamically smallest possible Poisson’s ratio 
of –1 (Fig. 1) [6]. Another example is the protein-metal-organic frameworks (protein 
MOFs) composed of ferritin building blocks assembled into porous, 3D lattices via surface 
metal coordination and ditopic organic linkers [8, 9]. Owing to their sparsely connected, 
soft-crystalline lattices, some ferritin-MOFs undergo highly cooperative first-order 
transitions with large volumetric changes near room temperature and wide thermal 
hysteresis windows – properties that may be exploited in sensing and memory devices [10]. 

The ability to chemically control protein-protein interactions has also allowed us to 
finely tune and explore the energy landscape of protein self-assembly. This, in turn, 
revealed previously unconsidered properties of proteins and unusual assembly behaviors 
that informed subsequent design efforts. For example, detailed structural analyses of 
disulfide-linked 2D RhuA crystals revealed that the individual RhuA molecules are 
oriented in an alternating, up-down pattern with respect to the 2D plane due entirely to the 
favorable dipolar interactions between the RhuA molecules (1200 debye per RhuA; Fig. 
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2a) which can act over distances of >5 nm [11]. These dipolar interactions can be overcome 
by electrostatic interactions if the RhuA self-assembly takes place on a charged mica 
surface (Figs. 2b and 2c), which results in uniform alignment of the RhuA dipoles and 
yields a 2D material with permanent electric polarization and piezoelectricity. When the 
RhuA molecules are interconnected by host-guest interactions (e.g., b-cyclodextrin-
azobenzene) instead of disulfide bonds, the original antiparallel arrangement of RhuA 
molecules is preserved. Yet, now, the longer host-guest linkages allow the curving of the 
2D assemblies into helical 1D nanotubes [7]. Interestingly, a kinetic analysis showed that 
these RhuA nanotubes self-assemble without a nucleation barrier. This isodesmic 
polymerization behavior, which is highly unusual for helical structures, was found to stem 
from the ability of host-guest pairs in the lattice to readily exchange with one another 
during self-assembly. These examples demonstrate how a single protein building block can 
be engineered with different “chemical interaction motifs” to engender a wide variety of 
structural outcomes, emergent physical properties and new dynamic behaviors. 

The dynamicity and the functional complexity of artificial protein assemblies can 
be further bolstered through their hybridization with abiological materials. For example, 
the mesoporosity of metal-directed 3D ferritin crystals allows them to be fully infiltrated 
by synthetic polymer precursors (e.g., acrylate, acrylamide), which can subsequently be 
polymerized in crystallo [12].The resulting polymer-integrated protein crystals (PIX) (Fig. 
3) possess several outstanding properties including fully reversible, >500% volumetric  

 
Fig. 1.  Coherent dynamics of C98RhuA crystals. Top row: reconstructed 2D images of seven 
distinct conformational states of the 2D crystals (I-VII); middle row: magnified views of states II, 
V and VII; bottom row: structural models of conformations II, V and VII with unit cells and angles 
(α) between RhuA molecules. Adapted from Ref. [6]. 
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expansion while retaining crystallinity, efficient self-healing behavior, and the ability to 
selectively uptake and release macromolecules that are significantly larger than the original 
lattice pores [12-14]. Each of these is an emergent property that arises from the integration 
of protein, crystal and polymer components, and cannot be achieved with any one (or two) 
of the three components alone. 

Outlook 

As shown by the examples above, the field of protein design or “protein 
nanotechnology” has transitioned from a purely structure-building stage to a property- or 
function-building phase. One outstanding challenge is to increase the structural and 
compositional complexity of the protein assemblies beyond one- or two-component 
systems. Most natural biomachines (e.g., Photosystem II or nitrogenase) are composed of 
multiple types of protein units, each of which fulfill an individual role and cooperate 
together to enable the complex functional  outcome. As mentioned before, AI/ML-based 
computational tools have certainly facilitated the design of sophisticated multi-component 
protein architectures, however, attaining cooperative functions (apart from binding target 
molecules) and requisite structural dynamics for such functions remain a distant goal. In 
parallel, directed evolution methods coupled with high-throughput screening have enabled 

 
Fig. 2.  (a) The negatively charged C-terminal face and partially positively charged N-terminal 
face of C98RhuA (left) give rise to a very large macrodipole moment (right). (b) Preferential 
adsorption of the N-terminal or the C-terminal face of RhuA can be controlled by the charge state 
of the mica template. (c) C98RhuA assembly pathways in solution and on the mica surface. Adapted 
from Ref. [11]. 
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the optimization enzyme activities and discovery of new-to-nature catalytic reactions [15]. 
However, these studies have almost exclusively been geared toward single-component 
protein systems with relatively easy-to-screen binding or catalytic functions. Evolving 
complex multi-step reactions or dynamic/mechanical properties in artificial protein 
assemblies will require considerable ingenuity and almost certainly involve a combination 
of rational chemical and computational design, exploitation of the ever-expanding AI/ML 
toolkit [16, 17], and the incorporation of the assemblies into the life cycles of natural or 
artificial cells (wherein they can be subjected to functional screening or natural selection). 

Another important goal is to translate the cellular functions and materials properties 
of protein assemblies into real-world applications in non-cellular environments. There are 
prominent examples of industrially important enzymes that have been engineered for 
operation under non-physiological conditions and proteins that have been incorporated into 
functional devices and used in practical applications outside their native biological contexts 
(e.g., blood sugar monitors, antigen detection kits, and biosensors/DNA sequencing 
devices. However, again, all of these cases have relied on the inherent structure and 
function of a single protein as an individual unit and not in the context of a supramolecular 
architecture. The fundamental challenge here is how to stabilize protein assemblies to 
withstand harsh conditions (e.g., high temperatures, extreme pH’s, organic solvents, low 
humidity, mechanical stress), while also maintaining their dynamics, inherent functions 
and chemical specificities. Our experience thus far indicates that the metal- or disulfide-
directed assembly of proteins into extended crystalline arrays can also increase their 

 
Fig. 3. (a) Schematic representation (top) and light micrographs (middle) showing the formation, 
expansion and contraction of ferritin-PIX. Light micrographs of ferritin-PIX (bottom) showing 
the self-healing behavior of cracks that appear during Ca-induced contraction. Adapted from Ref. 
[12]. (b) Schematic representation of the reversible anisotropic expansion/contraction of 
rhombohedral raft-ferritin-PIX (top). Light micrographs of the rhombohedral raft-ferritin-PIX crystal 
showing cation-induced bending motion (middle) and self-healing behavior (bottom). Adapted 
from Ref. [14]. 
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thermal and chemical stabilities to the extent that they maintain their structures and 
functions in boiling water and polar organic solvents [18]. More recently, our group 
reported that the dynamic 2D crystals of RhuA can be engineered to selectively open and 
close in response to hydrogen cyanide (HCN) and these crystals can be integrated with 
porous Si photonic chips as selective molecular gatekeepers for remote HCN sensing [19]. 
This study illustrates that properly engineered protein assemblies can operate as dynamic 
components of a solid-state device under conditions normally considered to be 
incompatible with proteins, opening up new avenues in the design of functional protein-
based materials. 
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