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Abstract
Modular self-assembly of biomolecules in two dimensions (2D) is straightforward with DNA but 
has been difficult to realize with proteins, due to the lack of modular specificity similar to Watson-
Crick base pairing. Here we describe a general approach to design 2D arrays using de novo 
designed pseudosymmetric protein building blocks. A homodimeric helical bundle was 
reconnected into a monomeric building block, and the surface was redesigned in Rosetta to 
enable self-assembly into a 2D array in the C 1 2 layer symmetry group. Two out of ten designed 
arrays assembled to µm scale under negative stain electron microscopy, and displayed the 
designed lattice geometry with assembly size up to 100 nm under atomic force microscopy. The 
design of 2D arrays with pseudosymmetric building blocks is an important step toward the design 
of programmable protein self-assembly via pseudosymmetric patterning of orthogonal binding 
interfaces. 

Introduction
Programmatic molecular self-assembly -- the ability of complex assemblies to be built from simple 
building blocks -- is ubiquitous in Nature. In particular, naturally occurring protein assemblies 
combine symmetry with pseudosymmetry 1, use conformational flexibility to break symmetry 2, or 
bind scaffolding molecules such as nucleic acids 3 to construct large but bounded assemblies 
from simple protein building blocks. Mimicking native assemblies, we aim to design a modular 
scheme for programmatically controlling protein assemblies. Due to the simplicity of design, we 
focus on the use of pseudosymmetry -- through sequence variations on a fixed backbone -- as a 
preferred route of engineering programmable protein self-assemblies. 

Several prior efforts have attempted to design such assemblies. Drawing off the specificity of 
Watson-Crick base pairing, a series of methods have been developed to accurately pattern DNA 
in two dimensions 4–6. For many applications, protein is a more attractive building material due to 
its inherent bio-reactivity. Previous efforts in making patterned 2D materials with native proteins 
have resulted in some success 7–12. These previous efforts all made use of native proteins as 
building blocks, which is practically limiting: the geometry and overall symmetry of the final 
assembly is limited by the oligomeric state and symmetry of the native building block. De novo 
protein building blocks can be custom designed to have the desired symmetry 13–15 and high 
stability 16, properties that should result in more diverse and robust building blocks for designing 
2D self-assembling materials.

Here we describe a general approach for generating pseudosymmetric 2D assemblies based on 
a C 1 2 symmetric layer group. Starting from a de novo designed homodimer, we first design a 
new loop to monomerize the backbone of our building block, then identify configurations of this 
backbone capable of forming 2D arrays with pseudo-C 1 2 symmetry, and finally redesign the 
interface so that the building block will be programmatically assembled into 2D arrays with the 
prescribed unit cell dimensions and subunit configuration. The resulting layer group symmetry is 
pseudo-C 1 2 because the addition of a loop breaks the C2 symmetry of the building block. The 
use of pseudosymmetric building blocks only requires the redesign of a single interface to form a 
2D array. The monomerization of the multimeric protein building block allows unique sequences 
to be designed on each of the 4 binding interfaces, ultimately enabling the modular assembly of 
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higher order interactions through the design of mutually orthogonal interfaces with the same 
subunit placement and unit cell dimensions. This study experimentally characterizes a key step 
towards this overall design goal, which will enable various applications including patterned 
enzymatic reactions. 

Results
Building off Gonen et al. 7, we developed a general strategy for the design of pseudosymmetric 
2D protein assemblies using de novo designed proteins as building blocks, fully described in 
Methods. Figure 1 presents a high-level overview of the approach. Briefly, a previously designed 
helical bundle homodimer 2L4HC2_23 (PDB ID 5J0K 14, Fig. 1A) was connected into a single 
chain monomer via a designed loop, resulting in a pseudo-C2 symmetric building block 
(SC_2L4HC2_23, Fig. 1B). This building block has lower-order symmetry than any of the native 
building blocks used in a prior study 7. We solved the X-ray crystal structure of the building block, 
revealing a backbone nearly identical to the design model and the original 2L4HC2_23 
homodimer structure, with a Cα root mean square deviation (RMSD) of 1.08 Å between the design 
and crystal structure (Fig. 1F). 

Using this monomerized building block as a starting point for pseudosymmetric assembly, we 
subsequently enumerated all possible pseudo-C 1 2 symmetric layer assemblies compatible with 
this design, exhaustively sampling three degrees of freedom: two parameters (a, b) describing 
the lattice dimensions, and one parameter (θ) controlling rotation of the building block around its 
central axis (Fig. 1C). We sampled 576,000 settings of these three parameters, and removed 
those which were not capable of forming a connected, non-clashing 2D assembly (Fig. 1D). The 
remaining ~1,000 designs had their surfaces redesigned to self-assemble into the corresponding 
lattice arrangement using standard Rosetta fixed backbone design 17. Using computationally 
predicted interface energies as well as visual inspection, seven designs were selected for 
experimental characterization, out of which two did not express, two purified solubly, and three 
formed higher order assemblies that could be purified from the insoluble fraction. 

Examination by negative-stain electron microscopy (EM) and atomic force microscopy (AFM) 
revealed regular arrays on the µm scale for one of the insoluble designs with exclusively 
hydrophobic residues at the binding interfaces (2D-HP, Fig. 2 A, B), with 84% sequence identity 
to SC_2L4HC2_23 (22 mutations). The design was found to be ɑ-helical and stable up to 95 ℃ 
(Supp Fig. S1 C, D) as measured by circular dichroism. Negative-stain EM revealed the clustering 
of 2D arrays into bundle-like structures that are sensitive to different staining molecules (Fig. 2C, 
Supp Fig. S1 A, B). AFM analysis showed the formation of highly ordered assemblies on mica 
surfaces, with clearly evident rectangular packing (Fig. 2D). Higher magnification revealed lattice 
dimensions of 6.3 ± 0.5 nm by 4.7 ± 0.4 nm, in close agreement with the designed lattice 
dimensions of 6.1 nm by 4.7 nm . The measured single layer thickness of the 2D assemblies was 
2.4 nm (Fig. 2E), closely consistent with the thickness of 2.3 nm from the design model (Fig. 2F). 

Given the non-specific clustering of 2D-HP assemblies under EM, we sought to further improve 
the binding specificity among building blocks by using the Rosetta HBNet algorithm 14 to design 
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buried hydrogen bonds at the interface (Fig. 1E). A systematic search of interfacial hydrogen bond 
networks on 576,000 lattice dimensions resulted in 24 designs with no buried unsatisfied polar 
heavy atoms and good interfacial binding energy. After a round of in silico selection with Rosetta 
docking 18, three such designs were ordered, with one of the designs (2D-HBN, Fig. 3 A, B) 
forming more extended and regular assemblies compared to that of 2D-HP (Fig. 3C), likely due 
to better binding specificity conferred by hydrogen bond networks. The design 2D-HBN has 52% 
(68 mutations) and 55% (62 mutations) sequence identity to SC_2L4HC2_23 and 2D-HP, 
respectively. To rule out the possibility of domain swapping from the single chain building block 
contributing to the final assembly, we additionally expressed the building block protein of 2D-HBN 
as individual homodimers of helix hairpins, which similarly assembled into 2D arrays of the same 
morphology under the same condition (Supp Fig. S2). 

To verify that the array was forming a regular 2D grid, we collected a larger negative stain dataset 
of the best-behaved arrays (Supp Fig. S3 A). Subsequent 2D classification and averaging of 1,893 
boxed ~20 nm regions yielded an image showing an ordered two-dimensional assembly with a 
power spectrum indicating first-order spots (Supp Fig. S3 B-C). While the resulting images were 
consistent with a C 1 2-symmetric complex, the unit-cell dimensions were different than designed: 
while the design had a 6.6 by 4.5 nm unit cell, the experimental images indicated approximately 
a 6.8 by 2.2 nm unit cell. Given the inability to pack the designed model into this observed 
spacegroup (Figure S4), we believe this apparent difference is due to either an artifact of image 
averaging or stacking of individual layers (Figure S5). 

We further validated the 2D-HBN design with AFM. Direct measurement on single-layered 
assemblies revealed highly ordered rectangular packing, with individual monomers clearly 
resolved (Fig. 3 D, E). Lattice dimensions of 6.7 ± 0.3 nm by 4.7 ± 0.3 nm with a thickness of 2.4 
nm were observed (Fig. 3F), in close agreement with the designed lattice dimensions of 6.6 nm 
by 4.5 nm with a thickness of 2.3 nm (Fig. 3G). Furthermore, we observed the in situ growth and 
dissolution of 2D-HBN under AFM, showing protein building blocks being dynamically and 
reversibly added onto already assembled 2D arrays (Fig. 3H). 

Discussion
We showed that by systematically sampling lattice dimensions followed by computational 
interface design, the same de novo designed helical bundle building block can be modularly self-
assembled into two arrays with unique cell dimensions. Limited by available de novo designed 
protein building blocks, the designed interfaces are much smaller than those in previously 
designed 2D protein assemblies, resulting in a high degree of structural flexibility under EM. 
Future work could address this in two ways: 1) using bigger de novo building blocks, more rigid 
arrays should be possible to realize with bigger binding interfaces; 2) designing in non-polar layer 
groups, which have a rotation about the layer plane (e.g., P 3 2 1 and P 4 21 2), effectively 
canceling out any “curvature” errors in binding along the z axis, further flattening out the 2D 
assembly 7 . As more de novo building blocks are designed, particularly with higher-order 
symmetry, a variety of 2D assemblies with unique layer group symmetries should be achievable 
with the same design protocol. 
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The monomerization of the homodimer building block coupled with designed hydrogen bond 
networks should allow orthogonal interfaces to be designed at each intermolecular binding site, 
paving the way for the programmatic self-assembly of proteins into finite shapes, which requires 
the design of multiple such interfaces on a single pseudosymmetric building block (Fig. 4 A, B). 
Such interfaces can be applied modularly, by plugging designed sequence on to the 
corresponding helical bundle. Our work represents a key step toward this goal and shows that de 
novo designed proteins can be engineered to self assemble into regular 2D arrays.
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Figure 1. Overview of the design process. A de novo designed homodimer, with its two monomers 
colored in green and purple (A), is connected into a single chain (B), and docked in a C 1 2 layer 
group symmetry with three parameters a, b, and θ (C), resulting in a 2D lattice (D). Inter-subunit 
binding interfaces are designed with hydrogen bond networks to confer specificity, show here as 
an example between the green and blue building blocks (E). (F) A 1.74 Å resolution crystal 
structure of the design SC_2L4HC2_23 (PDB ID 6EGC, white) superimposed onto the design 
model (rainbow); the design model deviates from the crystal by 1.08 Å RMSD. 
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Figure 2. Structural analysis of the designed 2D assembly 2D-HP. (A) Lattice design of 2D-HP, 
with the black box showing unit cell. (B) Designed interface of 2D-HP with exclusive hydrophobic 
packing across the interface. (C) Negatively stained array of 2D-HP under electron microscopy. 
(D) AFM image of 2D-HP assemblies, with zoomed-in views of one of the assemblies 
superimposed onto the design model. (E) AFM height profiles of 2D-HP assemblies. (F) 
Thickness of the design model is 2.3 nm based on Cβ distances. All scale bars: white, 50 nm; 
yellow, 10 nm; black, 5 nm.
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Figure 3. Structural analysis of the designed 2D assembly 2D-HBN. (A) Lattice design of 2D-HBN, 
and its designed interface with a hydrogen bond network (B). (C) Negatively stained array of 2D-
HBN showing an extensive and flexible 2D assembly. (D) AFM image of 2D-HBN assemblies, 
with a zoomed-in view of one of the assemblies superimposed onto the design model (E). (F) 
AFM height profiles of 2D-HBN assemblies. (G) Thickness of the design model is 2.3 nm based 
on Cβ distances. (H) In situ self-assembly of 2D-HBN, red circles show regions of growth at t=0 
min (dotted) and t=10 min (solid). Inset, zoomed-in view of one of the growing assemblies. All 
scale bars: white, 50 nm; black, 5 nm.
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Figure 4. Pseudosymmetry enables the design of programmatic assemblies. (A) 2D self-assembly 
using homodimers as building blocks. Designed inter-building block binding interfaces are 
highlighted in cyan and yellow, indicating heterotypic interactions. In this scenario the assembly 
process will result in an infinite 2D lattice. (B) By using designed loops to monomerize the building 
block, and modularly mixing orthogonal binding interfaces (e.g., dark red exclusively binds light 
red), programmatic assembly design is enabled (in this case, a heterotetramer).
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