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ABSTRACT: This work describes the use of computational strategies to design megamolecule 

building blocks for the self-assembly of lattice networks. The megamolecules are prepared by 

attaching four Cutinase-SnapTag fusion proteins (CS fusions) to a four-armed linker, followed by 

functionalizing each fusion with a terpyridine linker. This functionality is designed to participate 

in a metal-mediated self-assembly process to give networks. This manuscript describes a 

simulation-guided strategy for the design of megamolecules to optimize the peptide linker in the 

fusion protein to give conformations that are best suited for self-assembly, and therefore 

streamlines the typically time-consuming and labor-intensive experimental process. We designed 

eleven candidate megamolecules and identified the most promising linker, (EAAAK)2, along with 

the optimal experimental conditions through a combination of all-atom molecular dynamics, 

enhanced sampling, and larger-scale coarse-grained molecular dynamics simulations. Our 

simulation findings were validated and found to be consistent with experimental results. 

Significantly, this study offers valuable insight into the self-assembly of megamolecule networks 

and provides a novel and general strategy for large biomolecular material designs using systematic 

bottom-up coarse-grained simulations. 
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INTRODUCTION 

Proteins are versatile building blocks for self-assembled materials, particularly the network-like 

assemblies that offer unique opportunities for biomedical and material science applications.1-7 

Some protein assembly networks provide exciting applications in cellular functions, drug delivery, 

diagnostics, and protein therapeutics.8-11 Recent work has used natural metal-binding amino acids, 

synthetic ligands, as well as other biomolecular modifications to drive the large-scale assembly of 

protein networks.11-16 These approaches often require significant protein engineering efforts, 

involving the introduction of multiple mutations or chemical modifications to the protein building 

blocks to establish necessary protein-protein interfaces for geometric specificity.7,17 These 

examples demonstrate methods to install synthetic ligands on the protein binding surface, but these 

strategies are not general or straightforward.14,18 Furthermore, the choice of protein building blocks 

is often limited to naturally symmetric proteins or non-symmetric units with pre-existing protein-

protein interactions.12 We previously reported a series of synthetic strategies for synthesizing 

precisely-defined multiprotein scaffolds, or megamolecules, by way of reactions between enzyme 

domains and their covalent inhibitors.19-23. These approaches have been used to prepare linear, 

branched, cyclic, and dendritic megamolecules having defined size, orientation, and 

connectivity,19-21,23,24 and has been used to prepare megamolecule mimics of therapeutic antibodies 

which has promising biomedical applications.10,22 

In this work, we use a four-armed megamolecule that is functionalized with a terpyridine ligand 

(tpy) on each arm (Figure 1). In this way, the megamolecule serves as a building block that can 

assemble into a large-scale protein network with addition of divalent metal ions, which form a 

complex with two terpyridine ligands on neighboring proteins.  To synthesize the tetravalent 

building block, we first expressed a fusion protein of Cutinase and SnapTag (CS fusion) in E. coli 
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hosts. This fusion protein can selectively react with a chloro-pyrimidine (CP) group at SnapTag 

Cys14525,26 and with an ethyl p-nitrophenyl phosphonate (pNPP) group at Cutinase Ser120,27 

respectively, to give covalent adducts (Figure S1 of Supporting Information). We then 

functionalized the SnapTag domain (colored orange in Figure 1) at the catalytic residue Cys145 

with a heterodimeric linker consisting of a CP group (orange) and a terpyridine ligand (colored 

purple in Figure 1), which has a strong coordination affinity with transition metals.28 Four tpy-

functionalized CS fusions (CSt) were then reacted with a symmetrical tetrameric linker to connect 

the Cutinase domain (colored blue in Figure 1) on each arm, forming the Tetra-(Cutinase-

SnapTag-Terpyridine) megamolecule, or (CSt)4. Additional details and characterization regarding 

the synthesis and characterization can be found in the Supporting Information. 

 

 

Figure 1. Synthesis and metal-dependent self-assembly of the tetravalent megamolecule building 
block (CSt)4. A Cutinase-SnapTag fusion protein (CS fusion) was reacted with a terpyridine (tpy) 
linker to give the functionalized fusion protein (CSt). Four equivalents of CSt were reacted with the 
tetrameric linker to yield the building block (CSt)4. In the presence of two equivalents of divalent 
metal ions, the building block is designed to self-assemble into the lattice, mediated by the chelation 
between two tpy ligands and a divalent metal ion (complex shown in the box). The bottom-right 
structure depicts the CS fusion with Cutinase Ser120 colored blue, SnapTag Cys145 colored orange, 
and the engineered peptide linker colored grey. 
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The CS fusion protein should have certain properties for optimizing the self-assembly process, 

including the proper positioning of active amino acids (Ser120 and Cys145) and a rigid (CSt)4 

skeleton to support and maintain the network. These properties will primarily depend on the 

peptide sequence (linker) that joins the two proteins in the CS fusion.29-32 The characteristics of 

the peptide linker, such as its length, flexibility, and composition, will influence the relative 

positions of the active sites, with a direct effect on the orientation of the tpy ligands and how the 

metal-dependent complexation determines the overall symmetry of the self-assembled network. 

Specifically, the position of the tpy ligand on the fusion protein determines whether interactions 

are more likely to occur intramolecularly or intermolecularly, which either terminates or facilitates 

self-assembly, respectively. However, the synthesis and characterization for large-scale screening 

through experiments are time-consuming, labor-intensive, and expensive. We therefore leverage 

computer simulations in this work to assist in the design of CS fusions through molecular dynamics 

(MD) simulations and validate the computational results with experiments.33,34 On the other hand, 

regular all-atom (AA) MD alone encounters limitations in handling large-scale biomolecular 

processes, such as the self-assembly of cytoskeleton and viral capsids,35-38 long timescale 

biomolecular processes,39-41 and the megamolecules explored in this study. To overcome this 

limitation, we employed a systematic bottom-up coarse-grained (CG) modeling approach,42-44 

which represents a megamolecule with only a small subset of CG beads while preserving their 

essential dynamics and significantly simplifying the complexity of the system.44-50 

In this work, we demonstrate how the use of both AA and CG simulations can facilitate the 

design and screening of candidate CS fusions for use in self-assembling networks. The workflow 

is illustrated in Figure 2, including AA MD simulations augmented by enhanced free energy 

sampling, while both are employed to calculate the favorable conformation and rigidity of CS 
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fusions. Subsequently, intensive CG simulations are conducted to explicitly mimic the actual 

assembly process under diverse experimental conditions, including variations in megamolecule 

concentrations, types of metal ions, metal-to-megamolecule ratios, and linker types. We also 

include experimental validation to confirm the computational results. Finally, guided by insights 

from the computational investigation, we synthesized and characterized the candidate  (CSt)4 

megamolecule building blocks under optimized conditions. As predicted by simulations, we 

observed significant conversion of the optimal building blocks into a macroscopic gelatinous 

product, while the negative controls showed minimal assembly. 
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Figure 2. (A) The computational workflow used in this study. The strategy starts with the 
exploration of single protein dynamics of Cutinase-SnapTag proteins (CS fusion) through all-atom 
MD simulations, which are used to screen fusion proteins and identify those with an optimal 
geometry and flexibility for assembly into networks. Next, the candidate CS fusions are assembled 
into (CSt)4 megamolecules, and their self-assembly is explicitly simulated using bottom-up coarse-
grained MD simulations under different experimental conditions. (B) A representative snapshot of 
a cubic simulation box with periodic boundary conditions containing fifty (CSt)4 megamolecules, 
with the central tetrameric linker, tpy, and metal colored red, blue, and black, respectively. An 85-
bead CG model is constructed based on the corresponding all-atom model comprising ~25,000 
atoms. 

 

EXPERIMENTAL SECTION 

Computational Methods. The input structures of CS fusions for AA MD simulations were 

predicted using AlphaFold2,51 as displayed in Figure S2. Each CS fusion was solvated by packing 

TIP3P water in a cubic box within at least 10 Å from the box edges, neutralized with a minimal 

amount of Na+ ions, and parameterized by CHARMM36m force field.52 For each CS fusion, we 

conducted ~1000 ns × 3 replica simulations to relax the AlphaFold-predicted structures using 

GROMACS 2021.5 MD software.53,54 The initial 100 ns of each simulation was excluded as 

equilibration. Umbrella sampling55 was then employed to calculate the free energy profile 

associated with pulling the Cutinase and SnapTag domains apart. The potential of mean force 

(PMF) was then reconstructed using the weighted histogram analysis method (WHAM).56 

For comparison with the AA MD results and validation with the experimental data, we 

constructed CG models of (CSt)4 to simulate the megamolecule self-assembly. Gromologist was 

used to set up the AA simulations system of (CSt)4.57 The development of each CG model was 

based on the corresponding AA trajectories. Essential dynamics coarse-graining (ED-CG)45 was 

used to generate the CG mapping with a resolution of ~20 residues/CG bead. Additionally, five 

CG beads were assigned to one tetrameric linker and four tpy ligands (Figure 2B). Thereafter, a 

heterogeneous elastic network model58 (HeteroENM) was used to capture the internal motion and 
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parameterize the intramolecular interactions. The intermolecular interactions between CG beads 

were represented using a mixed potential of soft and inverted Gaussian functions to mimic their 

repulsive and attractive nature. All of the previously mentioned methods are implemented in the 

OpenMSCG software package.59 The overall workflow of the CG modeling is shown in Figure 

S12. The interactions between terpyridine and divalent metal ions were determined using 

Gaussian16 software60 and fitted by a Morse potential. Packmol61 was implemented to sample the 

initial configurations in a cubic box containing fifty (CSt)4 megamolecules. For each condition, 

~109 CG MD steps × 6 replica CG MD simulations were carried out using LAMMPS 20Sep2021 

MD software62 by integrating Langevin dynsmics63 with a timestep of 10 fs at 300 K. The initial 

8 μs of the simulation was excluded from the subsequent analysis. A complete description of the 

simulation details can be found in the Supporting Information. 

Synthesis of (CSt)4 Megamolecules. The synthesis of (CSt)4 is outlined in Figure 1 and detailed 

in the Supporting Information (Figure S1). Briefly, the CS fusion protein was reacted with the tpy 

linker to give CSt, which was subsequently treated with a tetrameric linker to produce the final 

product (CSt)4. The functionalization of the SnapTag domain with the tpy linker was confirmed 

by Electrospray Ionization Mass Spectrometry (ESI) (Table S1). The purity and molecular weight 

of (CSt)4 were verified by gel-electrophoresis (Figure S10) and mass photometry (Figure S11 and 

Table S2), respectively. The purification histag was removed using Tev protease to avoid 

unwanted metal coordination. A control experiment was conducted to validate that metal-mediated 

assembly occurred exclusively with tpy-functionalized protein (Figure S5).  

Mass Photometry (MP) Measurement of (CSt)4 Megamolecules Assembly. The (tSC HL2)4 

Megamolecules (20 mM HEPES, pH 7.4, 150 mM NaCl, 10 μM EDTA) (39 μM) were mixed with 

2 eq of NiCl2, CoCl2, or ZnCl2, and incubated at room temperature overnight. For the metal 
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equivalence experiment, the (tSC HL2)4 megamolecule (39 μM) was mixed with NiCl2 ranging 

from 0-5 equivalents. EDTA (10uM) was added to the buffer to prevent protein monomer assembly 

with trace metals in the buffer. An additional 10 μM of metal was added at each condition to 

neutralize the EDTA. The resulting reaction mixtures were centrifuged at 6000 rpm for 5 minutes.  

All MP data were acquired using a Refeyn TwoMP mass photometer. For each acquisition, an 

initial 10 μL of filtered buffer was applied on a silicone gasket on a microscopy slide to focus the 

microscope. The diluted protein solution (10 μL, 80 nM) was prepared immediately before 

measurement, added to the gasket containing 10 μL of buffer, and mixed well with a micropipette 

to achieve a final concentration of 40 nM. Movies were recorded for 60 seconds and processed 

using DiscoverMP. Contrast values were converted into molecular weights using a calibration 

curve constructed with Thyroglobulin (670 kDa) and β-amylase (56, 112, and 224 kDa), with 

calibration performed every 2 hours to maintain accuracy. Species counts were obtained from 

Gaussian fitting to the MP distribution. The percentage of monomer and oligomer was calculated 

by dividing the number of each species by the total counts, and the average multimer size was 

determined by accounting for the number of valencies. Each sample was measured independently 

three times. 

UV-Vis Analysis of (CSt)4 Megamolecules Assembly. The (CSt HL1)4, (CSt HL2)4, (CSt FL)4, 

and (tSC HL2)4 megamolecules ranging from 19.5 μM to 156 μM were mixed with 1.5 eq of NiCl2 

in solution and incubated at room temperature overnight, followed by centrifugation at 6000 rpm 

for 5 minutes. The absorbance of the supernatant was measured at 280 nm to determine protein 

concentration in the supernatant and at 330 nm to assess Ni2+ coordination with the tpy ligand. 

Conversion of the (CSt)4 network was calculated using the measured absorbance and the extinction 

coefficient of protein and terpyridine. 
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Preparation and Macroscopic Characterization of (CSt)4 Megamolecules Assembly. The 

assembly solution (8 μL) was prepared on silicone gaskets (Grace Bio-Labs reusable 

CultureWellTM gasket, diameter x depth 3 mm x1 mm) on a glass slide. The protein solution was 

mixed with 1.5 eq of NiCl2 in HEPES buffer and incubated at room temperature overnight. The 

(CSt HL2)4 Megamolecule (156, 117, and 78 μM, respectively) rapidly formed a dense, gelatinous 

material, which was imaged using an optical microscope. Assemblies of (CSt HL1)4, (CSt HL2)4, 

(CSt FL)4, (tSC HL2)4 ranging from 19.5 μM to 156 μM were prepared similarly. Their images 

were captured by a camera. 

 

RESULTS AND DISCUSSION 

Design of the CS Fusions. We identified a series of tetrameric proteins that were designed to 

self-assemble into regular network lattices.  They were each based on a CS fusion protein (CS) 

and differed in either the peptide linker that tethered the Cutinase and SnapTag proteins or the 

orientation of the fusion protein.  Specifically, we designed eight CS fusions that lacked a linker 

(CS w/o linker), that had helical linkers having one or two copies of EAAAK (CS HL1, CS HL2), 

XTEN flexible linkers (CS FL), (Pro)3 or (Pro)9 linkers (CS P3, CS P9), three repeats of the Asp-

Pro dipeptide linker (CS DP3), HL2 linkers without the first 16 amino acids (CS HL2 w/o pro), 

and three N-terminus SnapTag fusions (SC HL1, SC HL2, SC HL5). The complete structures of 

those CS fusions are shown in Figure S2. The sequences of the fusion proteins can be found in the 

Supporting Information. 

The Screening of Candidate CS Fusions. We hypothesized that a CS fusion connected by a 

rigid linker would be important for holding the two enzyme domains apart and for minimizing the 

potential conformational heterogeneity. To measure the rigidity of various CS fusions, we 
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employed umbrella sampling to calculate the PMF associated with pulling the Cutinase and 

SnapTag domains apart. The reaction coordinate was chosen as the center of mass (COM) distance 

between the Cutinase and SnapTag domains, with the equilibrium dCOM = 0 Å. As shown in Figure 

3B, the HL2 linker provides the most rigid fusions due to its alpha-helix structure.30 Notably, most 

linkers enhance the rigidity of CS fusions compared to the unmodified fusion. On the other hand, 

the solvent-accessible surface area (SASA) of the Cutinase and SnapTag domains can measure the 

structure compactness between the two domains. A larger SASA indicates an extended framework 

of a CS fusion. As shown in Figure 3C, CS HL2 and CS HL1 have the largest SASA values, 

indicating that the domains are held apart from one another. The Ser120-Cys145 distances for all 

CS fusions are shown in Figure 3D. SC HL1 and SC HL2 have the smallest distances, suggesting 

a more compact structure. These smaller distances likely reduce conformational flexibility, 

effectively locking the ligands in positions that favor intramolecular assembly. This is further 

supported by the expanded angle observed, which will be discussed in detail in the next paragraph. 
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Figure 3. Insights from all-atom simulations of the CS fusion proteins to compare their 
conformations and rigidities. (A) Definition of the expanded angle. (B) Potential of mean force 
(PMF) as a function of the pulling distance between the Cutinase and SnapTag domain, starting 
from the equilibrium state. (C) Solvent-accessible surface area (SASA), (D) Ser120-Cys145 
distance and (E) expanded angles for all the CS fusions, respectively. Error bars indicate the 
standard deviations throughout MD trajectories after 100 ns. 

 

Further, we believe that the best fusion proteins would have the Cutinase and SnapTag active 

sites positioned at opposite ends of the fusion proteins and not, for example, at the sides or even 

oriented towards the center.  This orientation would promote an end-to-end assembly of the (CSt)4 

building block in the network.  We define this conformation using an expanded angle, defined as 

the sum of the two angles formed by each active site and the COM of the two domains (Figure 

3A). The results for the expanded angles are presented in Figure 3E, where CS HL2 gives the most 

open structure, while SC HL1 and SC HL2 maintain a more closed configuration. Notably, the 

directionality of CS fusions significantly impacts their behavior due to the asymmetry of their 

active sites. When Cutinase is positioned at the N-terminus and connected with the helical HL2 
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linker, the helix at its C-terminus can extend further, resulting in a longer helix and a more rigid, 

structured scaffold. In contrast, when SnapTag is at the N-terminus, it terminates with a flexible 

loop, which does not support the same helical extension. The Ser120-Cys145 distance and the 

extended angles also reveal that Cutinase adopts the desired active site orientation when it is 

included as the N-terminus protein. Suggested by the insight from AA MD simulations, we 

identified CS HL2 as the optimal CS fusion for assembling (CSt)4. Based on this analysis we 

selected four megamolecules—CSt HL1, CSt HL2, CSt FL, and SC HL2—for modeling using the 

CG method, as described next. 

Varying the Length of Tpy Linker. To ensure an accessible presentation of the tpy ligand at 

Cys145, we introduced variations in the length of the linker used to attach the tpy ligands to the 

Cutinase domain.  We did this by modifying the number of [CH2CH2O]n (EG groups), to include 

one, two, three and five glycol units (Figure S3). We measured the distance between terpyridine 

and Cys145 within the same CSt domain of a (CSt)4 megamolecule. As Figure 4B shows, there is 

no significant difference for the number of EG groups. We believe this finding can be explained 

by a hydrophobic effect, where the (EG)n chains tend to coil rather than adopt an extended 

conformation.64 This result is also consistent with data from dynamic light scattering experiments 

(Figure S3C), where the Z-average diameters of different tpy linker lengths do not exhibit 

significant differences or a clear trend. We therefore used the (EG)5 linker in the subsequent 

theoretical computations and experiments because it offers sufficient EG groups to improve tpy 

linker solubility in aqueous solutions, making it a practical choice for experimental procedures.65 

Concentration Dependence. The AA MD simulations described above are unable to handle the 

complex self-assembly process for the megamolecule system. For example, a cubic AA box 

containing fifty (CSt)4 at a concentration of 50 mM would contain ~168 million atoms. Hence, CG 
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MD simulations were conducted to probe the assembly behavior. We defined the connection 

number (CN) as a metric, similar to the coordination number commonly used in crystallography, 

to quantify the average number of intermolecular connections of all (CSt)4 in a simulation box, 

taking into account the periodic boundary conditions. A value of CN = 1, for example, describes 

a system where each (CSt)4 building block is metal-coordinated to one other molecule in a dimer. 

A CN value of 2 describes a system where the building blocks are present in a polymer-chain 

configuration, or a one-dimensional assembled network. A value of CN = 4 represents the 

maximum possible CN that (CSt)4 megamolecule can achieve, which is a fully interconnected 

network structure. We calculated the CN of (CSt HL2)4 at different concentrations of the molecule 

and find the expected result that CN increases with higher concentrations, demonstrating that 

elevated concentrations favor the assembly (Figure 4A). This is in good agreement with the DLS 

data and SEC traces depicted in Figure S3C and Figure S4. A concentration of ~200 μM was found 

to be necessary to sustain extended self-assembly. 
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Figure 4. Coarse-grained molecular dynamics simulations. (A) Connection number (CN) for 
various concentrations of (CSt HL2)4, with a dotted black line indicating the threshold CN = 2. (B) 
Distances between Tpy-Cys145 within the same CSt domain of a (CSt)4, varying with the number 
of (EG)n groups. (C) CN and system compositions of 100 mM (CSt HL2)4 megamolecules reacting 
with 2 eq of different metal ions. (D) CN values of 100 mM (CSt HL2)4 varying with different 
metal:protein ratios. (E) Reaction progress of (CSt HL2)4 assembly (red) and metal binding to tpy 
(blue) as a function of simulation timesteps. (F) Megamolecules compositions of panel E. (G) CN 
grids for various megamolecule types at different concentrations. (H) Radial distribution functions 
(RDF) with respect to the distances between all the central tetrameric linkers in different 200 μM 
megamolecules reacting with 2 eq of Ni2+ ions. (I) A snapshot of the chair conformation of the (CSt 
HL2)4 assembly system, highlighting the central tetrameric linker in red, the metal ions in grey, 
and the tpy ligand in blue. 

 

Varying Divalent Metal Types. Terpyridine forms dimeric complexes with a wide range of 

divalent transition metals.66 Ni2+, Co2+, and Zn2+ are three commonly used transition metals that 

have been used in protein assembly and exhibit different orders of magnitude of kinetic and 
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thermodynamic constants for complexation.67,68 We used these three metal ions to mediate the self-

assembly process. The affinity of the metal ion for the ligand can affect the partitioning of 

intramolecular and intermolecular complexation (which also depends on the conformational 

properties of the (CSt)4 megamolecule), though in non-obvious ways. We therefore used CG MD 

simulations to explicitly compare the self-assembly process in the presence of these metal ions. 

We added the metal ions (2 eq) to (CSt HL2)4 (100 μM). As shown in Figure 4C, Ni2+ gives the 

most favorable results with a CN value of 1.58 ± 0.13, while Zn2+ demonstrates the lowest CN 

value of 0.91 ± 0.11. To characterize the megamolecule compositions for the different metal ions, 

we calculated the molecular percentage of monomer, dimer, trimer, tetramer, and pentamer of each 

system (Figure 4C). The Ni2+ ion gives the lowest proportion of intramolecular monomers and the 

highest proportion of pentamer assemblies. 

 

https://doi.org/10.26434/chemrxiv-2024-fvl09 ORCID: https://orcid.org/0000-0002-3267-6748 Content not peer-reviewed by ChemRxiv. License: CC BY-NC-ND 4.0

https://doi.org/10.26434/chemrxiv-2024-fvl09
https://orcid.org/0000-0002-3267-6748
https://creativecommons.org/licenses/by-nc-nd/4.0/


 16 

 

Figure 5. Mass photometry (MP) analysis of (CSt)4 assembly using various metal ions. (A) MP 
distribution of (tSC HL2)4 control and multimers assembled with NiCl2, CoCl2, and ZnCl2. (B) 
Cartoon representation of (CSt)4 oligomers mediated by metal coordination. (C) Monomer, dimer, 
trimer, tetramer, and pentamer populations calculated from the areas of the Gaussian peaks based 
on the MP distribution. (D) Average size of multimers in the (tSC HL2)4 assembly. NiCl2 resulted 
in the most extensive assembly. 

  

To compare these results to experiment, we separately treated the (CSt HL2)4 building block 

with the three metal ions. However, in the presence of NiCl2 (2 eq), we observed significant 

precipitation with (CSt HL2)4, even at a low protein concentration, as evidenced by a decrease in 

absorbance at 280 nm in the supernatant (Figure S6). This precipitation made it challenging to 

quantitatively analyze the assembly distribution in solution. We therefore switched to the (tSC 
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HL2)4 building block, which did not precipitate under the same conditions. This allowed more 

straightforward quantification of assembly composition in the solution phase using mass 

photometry, a label-free single-molecule technique.69 The outcomes of various conditions were 

quantified by the percentage and average multimer size of soluble oligomers in solution. 

We expected the choice of metal to significantly influence assembly outcomes due to varying 

binding affinity for terpyridine. We tested the three metals simulated previously (NiCl2, CoCl2, 

and ZnCl2). We again mixed 2 eq of metal with (tSC HL2)4 (39 μM) and incubated the solutions 

at room temperature overnight to allow the assembly to equilibrate. The (tSC HL2)4 monomers 

were expected to form a distribution of monomers and oligomers, as depicted in Figure 5B. We 

used mass photometry (MP) to identify the amounts of each oligomeric form and we observed 

formation of dimers, trimers, tetramers, and pentamers when NiCl2 was used (Figure 5A and 

Figure S7). Mass photometry provides the number of counts for each molecule at a given mass, 

with the peak area corresponding to the total number of molecules. Using these counts, we 

calculated the percentage of monomers and oligomers, as well as the average multimer size. 

Approximately 30% of total molecules comprised species larger than monomers, indicating that 

55% of starting monomers assembled into larger species (Figure 5C). In contrast, the final 

assembly mixture contained 85% and 94% of monomers with CoCl2 and ZnCl2, respectively. 

Figure 5D summarizes the average multimer size for these three metals, with Ni2+ producing the 

largest average multimer size of 1.51 ± 0.06. These results align with CG simulation trends (Figure 

4C) and previous reports on their thermodynamic constants.67 Even though the rate constants for 

formation of the single liganded metal ion complex follows the order Ni2+ < Co2+ < Zn2+, the Ni2+ 

complexes exhibit significantly higher stability (β2 = 21.8), with a stability constant three orders 

of magnitude higher compared to Co2+ (β2 = 18.3), which is dictated by the dissociative rate 
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constant (Ni2+ < Co2+ <  Zn2+).66 This strong Ni-tpy coordination serves as a potent driving force 

for protein assembling into large oligomeric complexes. 

 

 

Figure 6. Analysis of (CSt)4 assembly mediated by different equivalents of NiCl2. (A) Average 
size of multimers in the (tSC HL2)4 assembly when treated with 0-5 eq of NiCl2 relative to (tSC 
HL2)4. (B) Monomer, dimer, trimer, and tetramer populations calculated from the MP distribution. 
(C) Absorbance at 280 nm and 330 nm of the (tSC HL2)4 assembly when treated with 0-5 
equivalents of NiCl2. The dashed line represents the expected absorbance value when tpy ligands 
are saturated with NiCl2. 

Varying the Ratio between Metal Ions and (CSt)4. Despite our initial assumption that 2 eq of 

metal is ideal for the formation of fully connected networks, here we use simulations to examine 
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how the CN varies with different Ni2+:(CSt HL2)4 ratios, for a concentration of megamolecule of 

100 μM. We find that the CN number reaches its maximum value when metal:protein = 1.5 and 

then gradually diminishes (Figure 4D). To further explore this result, we analyzed the reaction 

progress of (CSt)4 assembly and metal binding to tpy ligands throughout the course of simulation 

timesteps. Figure 4E reveals that the binding of metal to tpy ligands occurs rapidly within the 

initial 30 × 106 CG MD steps and much faster than the subsequent assembly of (CSt)4. This 

suggests that metal ions primarily occupy almost all the possible tpy ligands first before 

megamolecule self-assembly occurs. The compositions of megamolecules at different 

metal:protein ratios are shown in Figure 4F. The simulation results indicate that directly 

incorporating 2 eq or more metal ions into the megamolecules leaves fewer free tpy sites for 

coordinating with metal-occupied tpy sites. By introducing fewer equivalents of metal ions, more 

tpy sites are left available to the binding of a second metal-occupied tpy ligand. Notably, the 

monomer population exhibits a basin-like pattern with its bottom at metal:protein = 1.5. Once a 

tpy ligand coordinates with a metal ion, it can quickly engage with its neighboring tpy ligand 

through fast intramolecular interaction to form a bis-terpyridine complex.67 Although CS HL2 was 

designed with optimized active sites, expanded angles, and domain positions to favor 

intermolecular interactions, competition between intra- and intermolecular interactions still 

occurs. Due to the inherent conformational flexibility of fusion proteins, and because bis-complex 

formation is fast and does not require a second protein megamolecule to diffuse into proximity, 

intramolecular interaction can happen rapidly. This process reduces the number of free tpy sites 

for intermolecular interaction. Adding slightly fewer equivalents of metal ions preserves more free 

tpy sites, even in the presence of rapid intramolecular interactions. These additional free tpy sites 

are crucial for enabling the intermolecular interactions and forming large assembly networks.  
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We next experimentally determined the influence of metal-to-protein ratio on the assembly of 

(tSC HL2)4. Mass photometry analysis revealed that mixing NiCl2 and (tSC HL2)4 at a molar ratio 

of 1.5 eq yielded the largest sized oligomers (Figure 6A). At 1.5 eq NiCl2, the percentage of larger 

oligomers (trimer, tetramer, and pentamer) and its average multimer size were the highest (Figure 

6A and 6B). The average multimer size decreases with lower metal equivalents due to insufficient 

metal ions for coordination, and with higher metal equivalents due to the depletion of free tpy 

ligands for coordination. This finding is consistent with the results of the CG MD simulation in 

Figure 4F. Additionally, achieving full saturation of the tpy ligand on the protein required a 

stoichiometric ratio of 2 eq NiCl2, as shown by UV-vis analysis in Figure 6C. We monitored the 

absorbance of the protein solution at 280 nm and 330 nm after (tSC HL2)4 was treated with 0-5 eq 

NiCl2. Both absorbance curves plateaued over 2 eq of NiCl2, indicating that at least 2 eq NiCl2 is 

required to fully saturate the tpy ligands on (CSt)4. The absorbance at 280 nm did not decrease, 

suggesting that all protein assembly complexes remained soluble in the solution. 

 

The Impact of Different Linkers. The flexibility of the peptide linker connecting the two 

protein domains and the domain directionality are two other important factors for assembly. We 

used simulation to analyze the assembly results of different megamolecules reacting with 2 eq Ni2+ 

ions. Here, (CSt HL2)4 exhibits the highest CN, confirming it as the most promising candidate for 

formation of self-assembled networks (Figure 4G). In contrast, both (CSt FL)4 and (tSC HL2)4 

exhibit small CN values (<1.5) across all the grid points, indicating their inherent unsuitability for 

assembly. To further understand the specific connectivity of the assembly system, we calculated 

the radial distribution function (RDF) between the central tetrameric linker for the assembly of 

different megamolecules, at 200 μM, with 2 eq of Ni2+ ion. The RDF, as shown in Figure 4H, 
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illustrates different first-peak intensities unique to each megamolecule assembly process, where 

(CSt HL2)4 features the highest and sharpest first-peak, followed by (CSt HL1)4, (tSC HL2)4 and 

(CSt FL)4, which indicate that (CSt HL2)4 forms more ordered and compact assemblies. For 

comparison, (tSC HL2)4 and (CSt FL)4 exhibit lower peaks, indicating fewer neighboring 

molecules. To avoid further confusion, it is important to note that due to the inefficiency in 

simulating diffusion, the box was limited to having fifty (CSt)4 megamolecule building blocks. 

This restriction is necessary to manage the simulation box size effectively. Also, the simulations 

were conducted using the constant NVT ensemble. Consequently, only a few peaks can be observed 

in Figure 4H. Figure 4I depicts a snapshot from the (CSt HL2)4 system, showing an ideal chair 

conformation of a megamolecule trimer. 

 

 

Figure 7. Comparison of (CSt)4 assembly with various CS building blocks. (A) Images of 
gelatinous products for the assembly of four megamolecule building blocks: CS HL2, CS HL1, CS 
FL, and SC HL2. Proteins at concentrations ranging from 19.5 to 156 μM were treated with NiCl2 
and incubated at room temperature for 24 hr. (B) Macroscopic characterization of (CSt HL2)4 
assembly at 156 μM (top), 117 μM (middle), and 78 μM (bottom) reveals the formation of 
gelatinous assemblies across all three concentrations. (C) Precipitated (CSt)4 versus the protein 
concentration. (D) The snapshots of the intermolecular assembly of two (CSt HL2)4 megamolecules 
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and the intramolecular assembly of two tpy ligands within the same (tSC HL2)4, highlighting the 
central tetrameric linker in red, the metal ions in grey and the tpy ligands in blue. 

 

Finally, we experimentally explored assembly of the CS fusion candidates into extended 

networks. We mixed either (CSt HL2)4, (CSt HL1)4, (CSt FL)4, or (tSC HL2)4 with NiCl2 at protein 

concentrations ranging from 156 μM down to 19.5 μM. To clearly visualize the gel formation, we 

prepared the assembly mixtures in a gasket (Figure 7A). The (CSt HL2)4 solution immediately 

gave a viscous, gelatinous material upon mixing with NiCl2 solution. The material was sticky and 

would cling to a pipette tip when brought into contact (Figure 7B). To determine the fraction of 

megamolecule building blocks that were incorporated into this insoluble network, we prepared the 

reactions under the same conditions, allowed them to incubate overnight, and then centrifuged any 

insoluble material and measured the absorbance of the supernatant at 280 nm. (CSt HL2)4 

displayed the highest conversion, starting at 50% at 39 μM, 70% at 78 μM, and 80% at 156 μM 

(Figure 7C). Scaffolds containing rigid linkers (CS HL1 and CS HL2) yielded higher conversion 

of gelatinous products, while those with flexible linkers or with N-terminal SnapTag did not 

produce any macroscopic material until the concentration reached 156 μM. This result is consistent 

with the simulated (CSt HL2)4 assembling in the concentration range shown in Figure 4G, where 

a connection number of approximately 2 was achieved when concentration was increased to 150 

μM and 200 μM. To elucidate the molecular-level differences of these building blocks, we 

reexamined the conformation and connectivity of individual molecules in the resulting assembly 

mixture generated by CG simulation. We notice that the conformation of (CSt HL2)4 is more 

extended. This extended conformation likely renders intramolecular interaction less favorable and 

allows more time for the tpy ligands to coordinate with another protein through intermolecular 

interactions. In contrast, the assembly of many (tSC HL2)4 molecules is prematurely terminated 
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due to the intramolecular interaction of tpy ligands on the arms of the same molecule (Figure 7D). 

The position of tpy ligands is less exposed for intramolecular assembly. This observation is 

consistent with the expanded angle and active site separation in Figure 3C-E. 

 

CONCLUSIONS 

In this work, we elucidated an efficient and robust computational framework that combines 

AlphaFold,51 all-atom, and systematic bottom-up coarse-grained molecular dynamics simulations 

for explicitly simulating the structures and conformational properties of (CSt)4 megamolecule 

building blocks and their self-assembly into networks. The computational studies served to identify 

building blocks that had desired properties—orientation of the ligands and stiffness of the fusion 

proteins—and understand parameters that would optimize metal ion-dependent assembly. This 

approach allows for precise and efficient CG MD simulation, using only 0.0025% of the number 

of particles to represent the corresponding all-atom simulation with the capability to complete each 

replica within one day using half of a Cascade Lake computer node, and the computational results 

were largely in good agreement with experimental studies.   

Specifically, we first used AA MD simulations to investigate the conformational and mechanical 

properties of the eleven candidate megamolecules. Based on the computational results, we selected 

CS HL1, CS HL2, CS FL, and SC HL2 fusion proteins for subsequent construction of CG models. 

Next, the CG models were constructed based on the reference AA trajectories to ensure they could 

capture the essential dynamics of the AA models.45,49 Extensive CG simulations were performed 

under varying experimental conditions, including concentration, choice of metal ion, metal:protein 

ratio, and choice of megamolecule building block. This comprehensive analysis highlighted (CSt 

HL2)4 as the most promising candidate, demonstrating the highest CN value, a lower threshold for 
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achieving CN = 2, and a favorable RDF curve. These computational findings then aligned well 

with the experimental results. Notably, most of these computational results are inaccessible using 

AA MD or high-resolution CG modeling, but required the implementation of low-resolution 

systematic bottom-up CG modeling, which significantly reduces the computational complexity but 

preserves the essential dynamics of megamolecules.45,49 

Guided by these computational insights, we synthesized the (CSt)4 megamolecules and report 

preliminary studies of their assembly into networks, and network precursors.  This work lays the 

foundation for further work that will demonstrate and characterize long-range ordered networks. 

What is important here, though, is that the computational approach has identified building blocks 

and experimental conditions for attaining the network structures, and specifically has revealed 

optimized peptide linkers and conditions for metal-chelator interactions crucial for network 

formation. The key properties of the building blocks identified here for the macroscopic assembly 

can be leveraged in future studies. For example, by varying the connection valency through 

altering the central symmetry of megamolecule linkers, we can further refine the physical 

properties, such as viscosity, elasticity, and porosity, of these macroscopic networks. To achieve 

these goals, the same computational approach can be used to guide the experimental tuning of 

these network. These materials can be further customized to incorporate functional protein 

domains, through genetic fusion or encapsulation within the network to expand its 

functionalities.2,3,6,70,71  

This work significantly reduces experimental effort and advances our understanding of the 

factors that influence megamolecule assembly, thereby facilitating the design of more effective 

strategies for the construction of structured and functionalized networks. It is especially 

noteworthy that the CG modeling successfully predicted how the macroscopic assembly depends 
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on a number of parameters, including: (1) Concentration dependence: Extensive CG simulations 

were conducted for four selected (CSt)4 candidates, which can estimate their threshold 

concentrations required to form networks. (2) Metal ion affinity: We evaluated the tpy binding 

strength by varying the types of divalent metal ions. A high-affinity metal ion, such as Ni2+, is 

favorable for forming stable assemblies. (3) Metal-to-protein Ratio: This parameter affects the 

availability of tpy ligands for bis-terpyridine complex formation. 1.5 eq of NiCl2 yielded the largest 

average assembly population, although two equivalents were necessary to fully saturate the 

terpyridine ligand. (4) Peptide linker rigidity and directionality of the Cutinase and SnapTag 

domains are two other non-trivial factors that influence the optimal orientation and accessibility 

of the tpy ligands for intra- or inter-assembly. These key insights gained from MD simulations 

prior to synthesis also help to mitigate the cost associated with time-consuming trial and error 

experimental effort, thereby avoiding additional potential pitfalls. This design framework thus 

provides a versatile platform for the development of a variety of megamolecules with potential 

therapeutic and materials science applications.10,22 

At the same time, we note that the bottom-up CG modeling described in this paper allows 

researchers to tailor the resolution of their biomolecular systems, i.e., by defining the number of 

CG sites per a biomolecule, based on the desired tradeoff between system size and simulation 

accuracy that one would like to achieve. The resolution can extend to over 30 amino acids per CG 

site, which has been demonstrated as being particularly useful for the modeling of complex 

biomolecular processes, such as the actin filament growth and virus capsid assembly.36,72 By 

adopting a lower CG resolution, the simulation can become significantly more efficient since it 

only maintains the essential dynamics of the biomolecules and ignores non-crucial details, such as 

the conformational fluctuations in this study. The computationally guided framework employed 
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here can be transferable to other biomolecular assembly systems to aid in the design of biomaterials 

and in the study of complex biomolecular processes. 
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