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Helical protein nanotubules assembled from 
sacrificial supramolecular polymers
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Long Li    1  & Guosong Chen    1 

Precise helical supramolecular polymers of proteins can only be achieved 
in vivo by tuning complex, competing supramolecular interactions. 
This formation suggests a level of cellular control that defines functional 
structures with high fidelity. Achieving such a phenomenon through 
synthetic reactions is a challenge owing to the lack of native competing 
interactions. Here we report that synthetic self-assembled polymers 
spontaneously disassemble to trigger helical growth of protein units to 
form well-defined protein tubules in vitro. Cryogenic electron microscopy 
reconstruction at near-atomic resolution reveals uniform protein helical 
arrays rather than polymorphic arrays. These uniform arrays are similar 
to natural microtubules, and the aggregated structure of the sacrificed 
supramolecular ligands within the protein nanotubule is pentameric. 
The formation of the protein nanotubules, rather than supramolecular 
polymer of ligands, regulates the physical properties of the solution 
and the morphology of liposomes. It was shown that enthalpy–entropy 
compensation provided by the dissociation of aggregated ligands modulates 
the homogeneity of the helical pattern of the protein nanotubules, shedding 
light on the creation of sophisticated bionic materials.

Nature exploits the complex interplay of supramolecular interactions 
to construct highly organized hierarchical architectures with regulated 
functions1,2. Notably, biological supramolecular polymers with high 
aspect ratios—such as flagella3, microtubules4,5 and microfilaments6—
are ubiquitous in organisms from prokaryotes to eukaryotes, providing 
special material properties for living systems. These supramolecular 
polymers normally have uniform helical packing of protein building 
blocks, suggesting that one level of cellular control involves defining 
unique linear geometries. For example, the uniform 13-fold symmetry 
of microtubules is preferred in vivo although polymorphism can be eas-
ily found in vitro from purified tubulin7. Such uniform supramolecular 
packing ensures functional fidelity, which is further tuned by other 
one-dimensional assemblies of molecules located at regulatory nodes, 

providing alternative facets of function regulation within the cell8,9. In 
living cells, the dynamic formation of microtubules can be regulated 
by an competitive network of microtubule-associated proteins (MAPs) 
that stabilize microtubules10,11, providing a well-balanced system under 
physiological conditions12 (Fig. 1a). By such sophisticated interactions 
of different assemblies in competitive balance, the biological system 
is precisely and exquisitely regulated to maintain correct functioning, 
where errors can be efficiently detected and fixed13,14.

Over the past decades, synthetic molecules15,16, inorganic 
particles17,18 and engineered biomacromolecules19–21 have been used 
to build artificial supramolecular polymers to mimic the unique struc-
tures and functions of native linear assemblies, providing a promising 
class of advanced materials and an avenue to unravel the molecular 
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Interestingly, it was found that these molecules had different chi-
ralities despite the same d-Gal being modified onto their backbones. 
The circular dichroism spectra results showed that, for PE1Gal, obvious 
chiral signals were observed at 325 nm and 378 nm, which were related 
to its chromophore, indicating the formation of chiral supramolecu-
lar structures (Fig. 2b and Supplementary Fig. 11). This signal may be 
explained by the chiral environment provided by the aggregated d-Gal 
derivative on the non-chiral hydrophobic core via the stacking into 
LSP31. However, no substantial Cotton effect was observed for PE2Gal 
(Fig. 2b). The achiral phenomenon indicated that although the two 
ligands exhibited similarly fibrous structures, the molecular packing of 
PE2Gal can be very different from that of PE1Gal. An all-atom molecular 
dynamics simulation was therefore employed to investigate the struc-
tural differences. The results revealed that the molecular packing of 
PE2Gal was not as condensed as those of PE1Gal (Fig. 2c). Compared 
with PE1Gal, the cluster of PE2Gal has a higher average distance between 
the geometric centres of pyrene and the solvent-accessible surface 
area (SASA) (Fig. 2d and Supplementary Figs. 12 and 13), implying 
a relatively unstable LSP. The hydrogen/deuterium exchange mass 
spectrometry results consistently showed that the active hydrogens 
in LSP of PE2Gal were replaced by deuterium more rapidly than that 
of PE1Gal (Supplementary Fig. 14), further confirming the different 
robustness of the two fibrous structures.

Competition between LSP and PSP drives 
liposome deformation
Encouraged by the successful generation of LSP, we investigated the 
competition between LSP and PSP by incubating the ligands with 
SBA—a homotetramer with four Gal-binding sites—in HEPES buffer (see 
Methods for details). After mixing, the Tyndall effect was enhanced in  
PE2Gal/SBA, whereas PE1Gal/SBA showed no obvious changes, indi-
cating that there was a substantial difference in the ability of the two  
LSPs to induce protein self-assembly (Supplementary Fig. 15). This dif-
ference was further verified by cryo-EM. It was observed that PSP was 
generated with the disappearance of the PE2Gal LSP (Fig. 2h). Mean-
while, fitting of small-angle X-ray scattering (SAXS) data revealed a 
tubular structure with an inner diameter of 16 nm and a wall thickness 

mechanisms of relevant physiological phenomena22,23. The cellular 
non-covalent interaction networks for regulating biological supramo-
lecular polymers with structural homogeneity have inspired research 
on artificial supramolecular polymers that comprise competitive 
interactions, which, as far as we know, are only based on the synthetic 
molecules24,25. For example, a supramolecular system containing sur-
factants and supramolecular monomers was developed, in which the 
competitive network resulted in sol–gel transition upon dilution26. 
However, the competitive interplay has not been explored in supramo-
lecular polymerization of biomacromolecular building blocks, owing 
to the challenges in introducing competitive supramolecular polymers 
with native sophisticated regulation for homogeneity control27,28.

Here we construct a multicomponent competitive system contain-
ing supramolecular polymers of small molecules and biomacromol-
ecules (Fig. 1b). The proteins can be induced to polymerize into helical 
nanotubules (with high structural similarity to natural microtubules) by 
tetratopic ligands, which themselves can self-assemble into nanofibres. 
By molecular design, the robustness of the ligand supramolecular poly-
mer (LSP) was regulated to compete with the protein supramolecular 
polymer (PSP), enabling well-regulated pathways and outcomes of 
multicomponent supramolecular polymer systems. This results in five 
nanotubules with variable surface lattices, protofilament numbers, hel-
ical pitches and tube diameters. These findings suggest that, after bind-
ing with proteins, sacrifice of ligand assemblies with varying robustness 
provided a distinct pathway that was driven by entropy instead of 
enthalpy, which means the formation of LSPs before complexation 
with protein can modulate the formation rate and homogeneity of the 
PSPs. Although helical tubes based on soybean agglutinin (SBA) have 
been reported28, such competition has never been achieved before with 
ligands in the monomeric state. Importantly, the different outcomes 
affected the physical properties of the competitive system, enabling 
modulation of viscosity by the dominant supramolecular polymer. 
Furthermore, this system was employed to regulate the morphology 
of vesicles in confined space. These findings provide an alternative 
way to understand the thermodynamic origins and interplay networks 
underlying the biological supramolecular polymers. They also offer an 
approach for the design and precise control of desirable properties via 
interactive supramolecular structures. This provides a potential basis 
for the creation of bionic materials and artificial intelligent materials.

Designing LSP for protein nanotubules
A class of ligand structures with certain aggregation tendency and 
structural rigidity is required to construct the sacrificial ligands that 
can disassemble from their own supramolecular polymers to gener-
ate protein nanotubules (Fig. 2a). Here, pyrenes (P) were employed as 
hydrophobic cores, considering their tendency for π–π interactions29,30, 
which was further enhanced by tetraphenyl extension. The native ligand 
of SBA, d-galactoside (Gal), was coupled with the hydrophobic core by 
one ethylene glycol linker (E1), named PE1Gal. Meanwhile, additional 
ethylene glycol linkers (E2) were designed to modulate the aggregation 
state of the hydrophobic core, thereby obtaining another ligand PE2Gal 
(Fig. 2a and Supplementary Figs. 1–8). With the ligands in hand, we 
investigated their critical micelle concentration (Supplementary Fig. 9). 
The results showed that changes in fluorescent spectra of these two 
ligands at different concentrations were similar. Moreover, when the 
concentrations were higher than 0.1 μM, a new peak assigned to aggre-
gated species emerged at 540 nm, supporting that the concentrations 
in subsequent experiments (maintained at 160 μM) were above their 
critical micelle concentration. The ultraviolet spectra of the two ligands 
in DMSO exhibited a hypsochromic shift, which also indicated the 
formation of assemblies in aqueous solution (Supplementary Fig. 10). 
The observation of cryogenic electron microscopy (cryo-EM) showed 
that both ligands assembled into fibrous structures with a width of 
approximately 2 nm (Fig. 2g,h), indicating the formation of LSP via 
π–π stacking of the hydrophobic core.

LSP PSP
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b

Native supramolecular polymer regulating microtubule

Synthetic supramolecular polymer regulating protein nanotubule

Tubulin

Phosphorylation

MAPs Homogeneous 
microtubule

SBA

GalNAc

Fig. 1 | Design of the sacrificial supramolecular polymer for protein 
supramolecular polymerization. a, Schematic illustration of sacrificial MAPs in 
nature. b, Schematic illustration of sacrificial LSP that regulates PSP.
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of 4 nm, which was consistent with the cryo-EM results (Fig. 2h and Sup-
plementary Fig. 16). By contrast, PE1Gal failed to induce formation of 
regular protein assemblies (Fig. 2g and Supplementary Fig. 16). Based 
on 300 kV cryo-EM, the structure of PE2Gal/SBA was obtained with 
3.57 Å resolution (Fig. 3a). The three-dimensional (3D) reconstruction 
result showed that the tubular structure encompassed the central pore 
with a diameter of ~13 nm surrounded by a single layer of SBA with a 
thickness of ~4 nm. This protein nanotubules consisted of a quadru-
ple helix of SBA, with each helical turn comprising six SBA tetramers 
(denoted 6–4). More importantly, the high-resolution density map 
allowed us clearly observe ligand arrangement within the protein nano-
tubule. The results suggested that the PE2Gal ligands were arranged 
as pentamers between the four adjacent proteins (Fig. 3b). The ligand 
molecules in this pentamer form a π-conjugation plane perpendicular 

to the tubular surface, whereas the PE2Gal ligands were stacked via π–π 
interactions to form a stable pentameric supramolecular aggregate. 
As for the pentamer, the first and fifth PE2Gal molecules were con-
nected to the surrounding two SBAs with two of their Gal, respectively 
(Fig. 3b and Supplementary Fig. 17). Each SBA tetramer interacts with 
one pentamer at their four carbohydrate-binding sites (Supplementary 
Fig. 17). The LSP of PE2Gal dissociated into a pentameric form in the 
protein nanotubule, confirming the competition of supramolecular 
polymerization between the ligand and the protein, where the LSP 
sacrificed to form PSP.

To confirm this competition, circular dichroism was used to inves-
tigate the changes of the two LSPs while the same amount of SBA was 
introduced. The results indicated that the formation of protein assem-
blies was inversely correlated to the chirality of the aggregated ligands. 

300 350 400 450 500
–4

–2

0

2

4

6

Wavelength (nm)

El
lip

tic
ity

(m
de

g)

PE1Gal
PE2Gal

PE1Gal
PE2Gal

0 10 20 30 40
0.2

0.4

0.6

0.8

Time (ns)

Av
er

ag
e

di
st

an
ce

(n
m

)

a

h

b

f

PE1Gal: R = R1
PE2Gal: R = R2

c d

e

g

SBA

PE1Gal PE2Gal

SBA

PE1Gal PE2Gal

Non-sacrificial supramolecular polymers Sacrificial supramolecular polymers

PE1Gal PE1Gal/SBA PE2Gal PE2Gal/SBA

D = 16 nm

R R

RR

O

HN
OO

HO
HO

OHOH

R1=

O

HN

OOO

HO
HO

OHOH

R2=

Fig. 2 | Design and analysis of the LSPs for protein nanotubules. a, Molecular 
structures of ligands PE1Gal and PE2Gal with pyrene cores and distinct ethylene 
glycol linkers. b, Circular dichroism spectra of PE1Gal and PE2Gal (160 μM) at 
room temperature; the path length of the cell is 1 mm. c, Molecular dynamics 
simulates the condensed arrangement of PE1Gal and the loose arrangement of 
PE2Gal in aqueous solution. d, Calculation of the average distance between the 
geometric centres of pyrenes within PE1Gal and PE2Gal. All of the simulations 

described above were performed using GROMACS 2018 (ref. 45). e,f, Schematic 
illustration of non-sacrificial PE1Gal (e) and sacrificial PE2Gal assembled with 
proteins (f). g,h, Cryo-EM images of PE1Gal (g) and PE2Gal (h), presented as fibril 
structures at 160 μM in aqueous solution, and their assembled behaviour after 
the addition of 20 μM SBA. D represents the diameter of protein nanotubule 
which is 16 nm. Scale bar, 20 nm.
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For PE2Gal, which originally exhibited no chiral peaks, the negative 
signals appeared at 320 nm and 420 nm, which were enhanced with 
increasing concentrations of SBA (Supplementary Fig. 19). This sug-
gests that the ligand was influenced by the chiral environment provided 
by the protein. For PE1Gal, which cannot induce protein self-assembly, 
there was no change in the circular dichroism spectrum, indicating 
that the added SBA had a negligible effect on this robust LSP (Supple-
mentary Fig. 19). Furthermore, the time-tracking of this competition 
process was investigated via fluorescent spectroscopy and light scatter-
ing, which showed that the fluorescence intensity of PE2Gal increased 
substantially when SBA was added, indicating the dissociation of PE2Gal 
LSP. Meanwhile, tracking of scattered light intensity revealed the gen-
eration of PSP (Fig. 3c). These results suggested that, for PE2Gal/SBA, 
the interaction between the PE2Gal pentamer is much weaker than 
that between the pentamer and SBA. However, for PE1Gal/SBA, the 
competition between the two types of supramolecular polymers did 
not take place. The fluorescence intensity of PE1Gal barely changed, 
indicating the stability of this robust nanofibre. Meanwhile, negligible 
changes in scattered light intensity implied that the protein did not 

form aggregates (Supplementary Fig. 20). Together with the cryo-EM 
observations and molecular dynamics simulations of the initial fibrous 
structures of the two ligands and their assembly process after binding 
SBA (Supplementary Figs. 21 and 22), these results demonstrate that 
although similar LSPs were observed from both of the ligands, the 
relatively loose packing of PE2Gal facilitated the formation of PSPs via 
supramolecular competition. By contrast, PE1Gal, with its condensed 
packing, did not. These results suggest that, compared with PE2Gal, the 
Gal interactive site of PE1Gal is closer to the hydrophobic core, which 
reduces the degree of conformational freedom, resulting in lower 
entropy loss and easier self-association to form LSP. This is further 
verified by the small-angle neutron scattering experiments that PE1Gal 
has a pronounced periodic alignment peak, whereas PE2Gal does not 
(Supplementary Fig. 23). However, this lack of conformational freedom 
might hinder the formation of complexes with SBA. When the binding 
ability of PE1Gal or PE2Gal as fibrous structure to SBA was measured, 
it was found that PE2Gal was able to bind to SBA, whereas PE1Gal did 
not exhibit such affinity (Supplementary Fig. 24). As a result, there 
is a correlation between self-assembly capability and complexation 
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Fig. 3 | PSP induced by PE2Gal and the competition effect among them. 
a, Electron density map of nanotubules induced by PE2Gal through three-
dimensional reconstruction. The different protofilaments are coloured blue, 
pink, green and yellow. b, A magnified view of the PE2Gal structural model fitted 
into an electron density map. The hydrophobic core of pyrene is demonstrated 
by the electron density coloured red, whereas the four Gal groups binding to the 
four SBAs are indicated by the electron density coloured blue. c, Characterization 
and schematic representation of competition between LSP and PSP in the case 
of PE2Gal. Normalized fluorescence intensity of ligand (red) and light-scattering 

data of protein assembly (blue) during reversible competition. [ligand] = 160 μM, 
[SBA] = 20 μM, [GalNAc] = 640 μM. *The curve of LSP fluorescence intensity  
over time is inverted along the x axis to represent the competitive trends.  
d, Confocal images of the PE1Gal/SBA and PE2Gal/SBA encapsulated into 
droplets using microfluidics. Scale bar, 10 μm. e,f, A schematic diagram showing 
the use of liposomes encapsulating PE1Gal/SBA and PE2Gal/SBA (e), and the 
result of confocal fluorescence images (f). The green channel represents SBA 
proteins labelled with FITC, whereas the red channel represents lipids labelled 
with rhodamine. Scale bar, 2 μm.
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capability with SBA, that is, the ability of LSP self-assembly is inversely 
related to that of PSP generation.

Considering that the formation of nanotubules and the decom-
position of fibrous structures primarily depend on the interactions 
between Gal and SBA—which can be competitively substituted by the 
stronger binding of N-acetylgalactosamine (GalNAc) to SBA32—we 
investigated the reversibility of the competition process by adding Gal-
NAc to PE2Gal/SBA. The decrease of scattered light intensity suggests 
disassembly of the PSP. Meanwhile, the decrease of ligand fluorescence 
intensity indicated that PE2Gal pentamers were released from the 
PSP and repolymerized into LSP (Fig. 3c and Supplementary Fig. 25). 
Diffusing-wave spectroscopy (DWS) was used to investigate the micro-
rheological properties of the solutions, since the competition between 
such supramolecular polymers may tune the property of their solution. 
The results revealed that the viscosity of LSP and SBA were only around 
10−2 Pa s. By contrast, the viscosity of PE2Gal/SBA reached 10−1 Pa s, 
which is one magnitude higher, suggesting that the transformation 
from LSP to PSP resulted in changes in the properties of the system 
(Supplementary Fig. 26). Following the addition of GalNAc, a decrease 
in viscosity was observed as the protein nanotubules dissociated and 
the LSP reorganized, thereby reversing the competitive behaviour 
(Supplementary Fig. 26). For PE1Gal/SBA, such a dramatic change in 
viscosity was not observed, as the competition between the two types 
of supramolecular polymers did not take place (Supplementary Fig. 27).

Such competition was investigated within simplified models 
of the confined space inside cells. Here, droplets with a diameter of 
30 μm were fabricated using microfluidic techniques, encapsulating 
two LSPs and each assembly with protein. The localized brightening 
observed in the confocal images—owing to fluorescein isothiocyanate 
(FITC)-labelled SBA aggregation—indicated that PE2Gal can induce PSP 
formation (Fig. 3d). However, the homogeneous fluorescence image of 
PE1Gal/SBA suggested that no protein nanotubule forms were present. 
Furthermore, liposomes 5 μm in diameter were employed to encapsu-
late the two LSPs and SBA (Fig. 3e). The results demonstrated that the 
successful growth of protein nanotubules led to the deformation of the 
liposome in the PE2Gal/SBA scenario (Fig. 3f), which was dramatically 
different from the PE1Gal/SBA scenario—in which PSP competition 
was absent—where the liposomes maintained their spherical shape. 
This was confirmed by quantitative analyses of the extend of liposome 
deformation over time and comparative studies of assemblies released 
from liposome (Supplementary Figs. 28 and 29). The deformation 
of the liposomes may be attributed to the interaction between the 
nanotubules and lipid bilayer (Supplementary Fig 30). These results 
indicated that the ligand-induced protein nanotubule provides an 
alternative approach to deform liposomes. Together, these results 
demonstrated that the properties of the multi-component competi-
tive system containing supramolecular polymers of small molecules 
and biomacromolecules can be remarkably regulated by the different 
competitive outcomes between the two components.

Regulating protein nanotubules by ligand 
aggregation
The successful outcomes of the competition between two types of 
LSPs suggest that modulating ligand aggregation is an unexplored 
route to controlling the formation of protein nanotubules. We there-
fore synthesized an extended series of four-armed ligands, each with 
different hydrophobic cores to provide diverse aggregation tenden-
cies (Fig. 4a). Three hydrophobic cores, pyrazine (Z), benzene (B) 
and tetraphenylbenzene (TB) were coupled with Gal, and extended 
with the tetraphenyl and ethylene glycol linker. This resulted in four 
new ligands: ZE1Gal, BE1Gal, TBE1Gal and TBE2Gal (Supplementary 
Figs. 31–38). Molecular dynamics results showed that ZE1Gal and 
BE1Gal had weak aggregation tendencies, which was confirmed by the 
decreases in SASA; on the other hand, substantial increases in SASA 
indicated that TBE1Gal and TBE2Gal displayed strong aggregation 

tendencies (Supplementary Fig. 39). A comprehensive understanding 
of the aggregation ability of the ligands in aqueous solution (con-
centration = 160 μM) was provided by the combination of different 
characterization techniques. Cryo-EM observation revealed that 
ZE1Gal and BE1Gal had no obvious aggregates, whereas TBE1Gal and 
TBE2Gal self-assembled into layered structures with regular lattice 
and fibrous assemblies, respectively (Supplementary Fig. 40). For 
ZE1Gal and BE1Gal, the aggregation states and sizes were confirmed by 
fluorescence spectra and SAXS. Consistent with the cryo-EM results, 
the emission of ZE1Gal remained unchanged as the ligand concentra-
tion changed, indicating that ZE1Gal existed in the form of monomers 
in water (Supplementary Fig. 41). This was confirmed by the radius of 
gyration (Rg) of 0.75 nm in aqueous solution (Supplementary Figs. 42 
and 43). Yet, when the concentration was increased to 0.1 μM, a hyp-
sochromic shift of the fluorescent emission was observed in BE1Gal, 
suggesting that this ligand exhibited aggregation33 (Supplementary 
Fig. 41). Moreover, the Rg measured by SAXS was about 1.3 nm, which 
confirmed that BE1Gal existed as oligomers in water rather than mon-
omers (Supplementary Figs. 42 and 43). The diffusion-ordered 1H 
NMR spectroscopy showed that the diffusion coefficient of ZE1Gal 
(2 × 10−10 m2 s–1) was twice of that of BE1Gal (1 × 10−10 m2 s–1), suggesting 
that BE1Gal aggregated in aqueous solution, whereas ZE1Gal did not 
(Supplementary Fig. 44). Together, combining with the observations 
of the ligands PE1Gal and PE2Gal, these results indicated the order of 
aggregation tendencies for the six ligands, namely, the aggregation 
ability from weak to strong could be ZE1Gal, BE1Gal, PE2Gal, PE1Gal, 
TBE2Gal and TBE1Gal (Fig. 4b).

After incubating the ligands with SBA, the supramolecular polym-
erization of proteins was influenced by the aggregation of the ligands. 
The circular dichroism spectra results showed that ZE1Gal and BE1Gal 
exhibited obvious chiral peaks at 320 nm after adding SBA (Supplemen-
tary Fig. 45), similar to PE2Gal, which was attributed to the ligands enter-
ing the chiral environment of the protein, suggesting the generation 
of protein nanotubules. The cryo-EM and SAXS results confirmed the 
structure of these protein nanotubules (Supplementary Fig. 46). The 
diameters of ZE1Gal/SBA and BE1Gal/SBA were approximately 30 nm 
and 35 nm, respectively. While, for TBE1Gal and TBE2Gal, which were 
similar to PE1Gal, no substantial changes in circular dichroismpeaks 
and SAXS signals were observed (Supplementary Figs. 45 and 46). It was 
confirmed that the two assembled ligands maintained their stability 
after adding proteins, and the protein nanotubules could not be gener-
ated owing to the strong robustness of supramolecular architectures 
of TBE1Gal and TBE2Gal.

3D reconstruction was employed to further investigate these 
tubular structures (Fig. 4c–f and Supplementary Fig. 47). The 
two-dimensional class averaging results showed that, for ZE1Gal exist-
ing as a monomer in water, the assemblies contained three types of 
protein nanotubules with different inner diameters of 33.8 nm (28%), 
29.1 nm (32%) and 23.9 nm (40%), respectively. Meanwhile, the central 
Z-section view and the reconstructed density maps showed that, in 
these polymorphic architectures, the periodic structures were com-
posed of seven-, six-, and four-fold helical strands, each containing 
12, 11 and 10 SBA tetramers as a cycle (referred as 12–7, 11–6 and 10–4), 
respectively. Although, for ligands that existed in the form of oligomers 
in water, similar to PE2Gal/SBA (6–4), BE1Gal/SBA was uniform protein 
nanotubules with an inner diameter of 23.4 nm, and the periodic struc-
ture consisted of three-fold helical strands containing 9 tetrameric 
SBA as a cycle (9–3). It is worth mentioning that, the diameter and 
helical pitch of different nanotubules fitted well with the surface lattice 
accommodation model28 (Supplementary Fig. 48). Furthermore, the 3D 
reconstructions showed that, although ZE1Gal/SBA was polymorphic, 
the ligand existed as monomers in all three tubular structures, and 
each ligand was connected to four SBA tetramers by four Gal groups 
on four arms. For the uniform protein nanotubules of BE1Gal/SBA, 
the connection between ligand and protein was observed in the same 

http://www.nature.com/natsynth


Nature Synthesis

Article https://doi.org/10.1038/s44160-024-00726-y

manner as ZE1Gal/SBA. Considering the oligomeric state of BE1Gal in 
aqueous solution, it indicated the dissociation of ligand aggregates to 
generate PSP, which could be similar to that of PE2Gal/SBA.

Competition controls kinetics and homogeneity 
of PSP
To investigate the differences between polymorphic and homogene-
ous protein nanotubules, the kinetics of the protein supramolecular 
polymerization induced by ZE1Gal, BE1Gal and PE2Gal were tracked 
by SAXS. For ZE1Gal/SBA, the characteristic peaks of a tubular struc-
ture confirmed that the protein supramolecular polymerization 
occurred at 5 min and reached equilibrium within 30 min (Fig. 5a). For 
BE1Gal-induced protein supramolecular polymerization, the SAXS sig-
nal increased within 30 min and equilibrated until 8 h (Fig. 5b), whereas 
equilibrium was not observed in PE2Gal/SBA even after 24 h (Fig. 5c). 
The formation of protein nanotubules induced by PE2Gal/SBA was also 
characterized by circular dichroism, which was consistent with the 

SAXS results (Supplementary Fig. 49). Combining with the aggregation 
states of the ligands, it suggested that the rate at which the protein 
polymerized into nanotubules decreased with the enhanced aggrega-
tion of the ligand; that is, stronger competition between the ligands 
and SBA resulted in a slower rate of protein microtubule production. 
In the non-competitive process, the fluorescence intensity of ZE1Gal 
did not change substantially, indicating that this ligand maintained 
its monomeric state during protein supramolecular polymerization 
(Fig. 5d). By contrast, after adding SBA, the fluorescence intensity 
of oligomeric BE1Gal increased slightly owing to the reduction of 
aggregation-induced quenching34, indicating that its oligomers dis-
sociated into monomers. The increase of the fluorescence intensity 
was observed in PE2Gal/SBA, in which the ligand dissociated from 
supramolecular nanofibres into pentamers in protein nanotubules. 
These results were consistent with the ligand structure deciphered 
by high-resolution reconstruction (Fig. 4f), revealing the existence of 
different supramolecular competition pathway.
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cores. b, A schematic illustrating the different aggregation trends of six 
ligands and whether they can induce PSP. c, 3D reconstruction of different 
nanotubules. Reference-free 2D class averages calculated from single-particle 
cryo-EM micrographs. d, Central Z-sections of the reconstructed density map 
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3D reconstruction. The different protofilaments are uniquely coloured. f, Close 
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The initial nucleation of the nanotubules through different assem-
bly pathways was investigated by tracking of scattered light intensity. 
The protein supramolecular polymerization induced by these ligands 
was analysed in accordance with the homogeneous nucleated polym-
erization model35. Consistent with the SAXS tracking results, the fitting 
data of scattered light intensity indicated that the nucleation rate 
gradually decreased from ZE1Gal, to BE1Gal and to PE2Gal because of 
the different aggregation states of the three ligands (Supplementary 
Fig. 50). The parameter n*, which denotes the critical nucleus, exhibited 
the same trend as the nucleation rate36. The consistent trends of n* 
and diameters of these protein nanotubules suggest that the nuclea-
tion process may determine the tubular diameters (Supplementary 
Fig. 51). Cryo-EM tracking confirmed that these ligands prompted 
SBA assembly into rings, followed by nanotubule growth through 

nucleation–elongation (Supplementary Fig. 52), which was similar to 
the growth model of native microtubules37.

Isothermal titration calorimetry (ITC) was used to analyse the 
thermodynamic parameters of the process by which three ligands 
induce SBA to polymerize into nanotubules (Fig. 5e and Supplementary 
Fig. 53). First, the KD values of ZE1Gal, BE1Gal and PE2Gal were quite 
similar, indicating the retained binding ability of Gal to SBA in these 
three ligands. Their free energy change was similar, but a decrease 
trend of ΔG can be found from ZE1Gal to BE1Gal and then PE2Gal. With 
the same type of Gal/SBA binding inducing nanotubule formation, 
which makes a similar contribution to ΔH, it was interesting to find that 
the ΔH of ZE1Gal was around –5.95 kcal mol–1, which is much greater 
than those of the other two ligands (BE1Gal = –2.81 kcal mol–1 and 
PE2Gal = –1.72 kcal mol–1; Fig. 5e). More importantly, entropy changes 
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nanotubules is homogenized in the sacrificial pathway.
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of BE1Gal and PE2Gal were much greater, with TΔS values of 3.6 and 
4.79 kcal mol–1, respectively, whereas that of ZE1Gal was –0.3 kcal mol–1 
(Fig. 5e). These enthalpy–entropy changes correlate to each other 
since a linear relationship can be drawn between ΔH and TΔS (Fig. 5f). 
These results indicated that there was substantial enthalpy–entropy 
compensation behaviour38,39 in the cases of BE1Gal and PE2Gal, which 
can be attributed to the dissociation of the aggregated ligands during 
protein assembly (Fig. 5g). In other words, the fibrous structure of 
PE2Gal itself dissociated into pentamers, which contributed to the 
great entropy gain measured by ITC, similar dissociation of BE1Gal 
from oligomer to monomer enhanced the entropy as well. Based on 
the ITC results, we may conclude that ZE1Gal rapidly induced pro-
tein nanotubules formation in its monomeric form, driven more by 
enthalpy. This fast growth of nanotubules would lead to kinetic trap-
ping and result in microtubular structural polymorphism. In contrast, 
BE1Gal disassembled from oligomers to monomers, which resulted 
in increased entropy. This provided time for nanotubules to become 
uniform structure. Similarly, for PE2Gal, dissociation from fibrous 
assemblies to pentamers also led uniform diameter of the nanotubules. 
The results indicated that via disassembly of LSP, homogenization of 
helical protein nanotubules can be achieved in vitro, demonstrating a 
possible mechanism of uniform nanotubules in vivo and giving a bright 
future in human-made active materials.

Conclusion
In summary, the homogeneity of helical protein nanotubules was 
achieved by sacrifice of small-molecular supramolecular polymers. 
By designing molecular structure, the aggregation state of ligands 
was controlled to modulate the outcomes of the competition system, 
resulting in five protein nanotubules with different structures and 
protein arrangements. The competitive mechanism demonstrated 
that the dissociative ligand substantially contributes to the entropy 
change of the tube formation, unifies the protein tubular structure, 
which was only controlled by enthalpy with uncontrollable diam-
eters and helical packings before. More importantly, the sacrifice 
of LSP to the generation of PSP not only substantially changed the 
solution property, but also induced the deformation of liposomes, 
demonstrating potential creation in protocell combined with other 
approach40,41. Such competition may be applicable to other supra-
molecular structures with proteins involved, which could be helpful 
for a deeper understanding of supramolecular competition phe-
nomena in living systems. Considering the crucial role of natural 
microtubules as cytoskeleton, these results provide a bright future 
in constructing protocells with complex regulation on its behaviour 
via artificial cytoskeleton, shedding lights on design of artificial intel-
ligent materials.

Methods
Materials
Commercial reagents were mainly obtained from J&K Scientific, 
Sigma-Aldrich, Innochem and Adamas-beta, and were used as received 
unless otherwise stated. 1,2-Dioleoyl-sn-glycero-3-phosphocholine 
(DOPC), cholesterol (ovine) and 1,2-dioleoyl-sn-glycero-3-p
hosphoethanolamine-N-(lissamine rhodamine B sulfonyl) (ammo-
nium salt) (Rhod PE) were purchased from Avanti Lipids. Anhydrous 
N,N-dimethylformamide was purified using a solvent purification 
system (PS-MD3, Innovative Technology). Detailed synthetic proce-
dures for ligands are given in the Supplementary Information. Soybean 
agglutinin protein and FITC-labelled SBA were purchased from Vector.

LSP and PSP preparation
To prepare the ligand sample, six ligands were dissolved in water at 
a concentration of 800 μM. Samples were sonicated for 30 min and 
equilibrated for 24 h. This procedure was applied to obtain reproduc-
ible experiments.

Protein assembly preparation: all self-assembly experiments were 
performed in the same HEPES buffer (Ca2+ = 250 μM, Mn2+ = 250 μM, 
HEPES = 300 μM, pH 7.2). Soybean agglutinin protein (lyophilized 
powder) was dissolved in buffer at a concentration of 40 μM (calculated 
as tetramer), and filtered through a Miliipore 0.45 μm membrane. 
Nanodrop was used to define the final concentration of SBA solu-
tion. All of the other ligands were dissolved in buffer at a concentra-
tion of 0.8 mM and filtered through a Millipore 0.45 μm membrane. 
The protein-assembly structure was prepared by mixing the ligand 
and protein solutions, and additional buffer, together to give a final 
ligand:protein molar ratio of 8:1. For example, if we wanted to obtain 
100 μl ZE1Gal/SBA, 20 μl ZE1Gal solution (800 μM) and 50 μl SBA pro-
tein solution (40 μM), 30 μl buffer was mixed to achieve the above 
assembly environments. For other ligands, the self-assembly experi-
ment was done in the same protocol. Unless otherwise stated, all meas-
urements were conducted on samples prepared after 24 h.

Spectroscopic measurements
Dynamic light scattering was taken by Zeta sizer Nano ZS90 from 
Malvern Instruments. Solution-phase synchrotron SAXS experiment 
data were obtained on the SAXS beam line (BL16B1) of the Shanghai 
Synchrotron Radiation Facility. The incident X-ray wavelength was 
0.124 nm. The sample-to-detector distance was 1.89 m. Scattering 
images recorded were integrated along the Debye–Scherrer ring using 
the FIT2D software42, affording one-dimensional intensity data. Ultra-
violet–visible absorption spectra were recorded using a Shimadzu 
UV2550 spectrophotometer. The fluorescence emission spectra of the 
samples were recorded on an Edinburgh FLS1000. Circular dichroism 
spectra were recorded on a Chirascan spectrometer (Applied Photo-
physics). Diffusing-wave spectra were recorded on the LS Instruments 
DWS RheoLab III at 20 °C, using a transmission measurement mode. 
The tracer particles were 500 nm polystyrene particles.

Small-angle neutron scattering experiments were performed 
using the very small-angle neutron scattering instrument BL-14 (ref. 43) 
at the China Spallation Neutron Source. Neutron data were collected 
with a wavelength range from 2.2 Å to 6.7 Å, employing a collimation 
length of 9.92 m. Samples were encased in quartz cells with an optical 
path length of 1 mm. Data reduction was performed using the direct 
beam method43, which included measurement of the direct beam, 
solid angle and transmission correction as well as solvent scattering 
background subtraction.

Molecular dynamics simulations
The small organic molecule was parameterized using the CHARMM 
General Force Field (CGenFF) program44. GROMACS 2018 was 
employed for all of the molecular dynamics simulations45. The simu-
lation box size was designed to be10 nm × 10 nm × 10 nm, and ten 
small molecules were stochastically generated in the box by using 
the insert-molecules command. For the fibre structures, the simula-
tion box size was designed as 10 nm × 10 nm × 8 nm. The CHARMM36 
force field was used for the molecules and TIP3P model for explicit 
water molecules46,47. The particle mesh Ewald method48 was used 
to calculate the electrostatic interactions of the system with a grid 
spacing of 1.75 Å, while short-ranged electrostatic and Van der Waals 
interactions were truncated at 1.2 nm. The system was first minimized 
with harmonic restraints of 200 kJ mol–1 Å–2 placed on all heavy atom 
of the solute molecule. The reference temperature was maintained at 
298 K by the stochastic integrator with a relaxation time at 2 ps. The 
pressure was maintained at 1.0 bar by the Berendsen algorithm with a 
relaxation time of 1 ps. The system composed of the small molecules, 
and water was pre-equilibrated in the NVT ensemble for 500 ps and 
another 500 ps in the NPT ensemble, by using a V-rescale thermostat 
and Parrinello–Rahman(6) barostat, respectively. The production run 
was then continued for another 100 ns. An integration time-step at 
1 fs was used for all of the above simulations. The SASA results of the 
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clusters, as well as the distance and angle between two pyrenes, were 
obtained by using the sasa, distance and gangle codes in GROMACS 
2018 with default parameters.

Cryo-EM data collection and processing
Cryo-EM imaging was performed using a JEOL Cryo ARM 300 TEM 
equipped with a cold field emission gun operating at 300 kV and a 
Gatan K3 direct electron detector. The cryo-EM specimens were pre-
pared as follows: an aliquot (~3.5 μl) of sample solution was placed on 
a glow-discharged holey carbon-film-coated copper grid (Quantifoil 
Cu 200 mesh, R1.2/1.3); the samples were blotted for 3 s with filter 
paper from both sides at ~100% humidity and 4 °C with a FEI Vitrobot 
rapid-plunging device and then flash-frozen in liquid ethane cooled by 
liquid nitrogen. Vitrified grids were either transferred directly to the 
microscope cryo-holder or stored in liquid nitrogen before imaging. 
For 3D reconstruction images collection, the images were automati-
cally collected using SerialEM and a preset defocus range 0.5–3 μm 
at a magnification of 50,000 (Raw pixel size is 0.48 Å) under a total 
exposure dose of 50 e− Å–2 for each movie stack containing 40 frames.

All of the procedures for image processing were performed using 
CryoSPARC49,50. A total of 4306, 5371 and 2386 images, for ZE1Gal/SBA, 
BE1Gal/SBA and PE2Gal/SBA complex samples respectively, were first 
operate patch motion correction, and then patch CTF estimation. Using 
filament tracer process to track nanotubules and extract the particles 
from micrographs. As a result, a total of 305908, 329591 and 228059 
particles were selected and then extracted with a box size of 750, 500 
and 400 pixels in case of ZE1Gal/SBA, BE1Gal/SBA and PE2Gal/SBA 
respectively. In two-dimensional (2D) class, we selected the fine 2D 
class particles and exercised the helical refinement. The symmetry 
search was also done. For the ZE1Gal/SBA case, category 1 nanotubules 
(12-7) have helical twist of 23.92°, helical rise of 35.55 Å and the point 
group symmetry is D1. Category 2 (11–6)/category 3 (10–4) nanotubules 
induced by ZE1Gal, the helical twist is –27.06°/–42.35°, helical rise of 
33.73 Å/38.18 Å and the point group symmetry is D1/D2. In the case of 
BE1Gal/SBA (9–3), the helical twist, helical rise and point group sym-
metry are –10.59°, 63.65 Å and D3. In the case of PE2Gal/SBA (6–4), 
the helical twist, helical rise and point group symmetry are 43.53°, 
41.06 Å and D2. And the final resolution of the ZE1Gal/SBA is 4.43 Å 
(12–7), 4.26 Å (11–6) and 3.97 Å (10–4). The resolution of BE1Gal/SBA 
(9–3) is 3.13 Å and PE2Gal/SBA (6–4) is 3.57 Å. This overall resolution 
estimate was based on the gold-standard Fourier shell correlation 
0.143 criterion51. All the images of 3D reconstructions were prepared 
with UCSF ChimeraX52.

Model building and refinement
Model building was performed based on the 3.13–4.43 Å post- 
processing map. The coordinates of SBA tetramer (PDB accession no. 
1SBE) were first roughly fitted into the electron microscopy density 
map by UCSF Chimera. Individual monomers within the tetramer were 
then locally fitted into the density to maximize the correlation between 
the model and map, and then manually refined in Coot53.

Liposome encapsulated ligand/protein preparation
Liposome were prepared according to literature works54,55. Briefly, 
lipids mix solubilized in chloroform were prepared and desiccated 
using a gentle nitrogen flow. After that, the vial was brought inside a 
glovebox, where the lipid film was resuspended in 500 μl of chloroform. 
The chloroform in the lipid solution was then evaporated under vacuum 
for at least 2 h. A mixture of 2 ml silicon oil (viscosity 5 cSt (25 °C), 
Sigma-Aldrich) and 0.5 ml mineral oil (BioReagent, Sigma-Aldrich) 
was then added dropwise to the lipids while vortexing. The resulting 
suspension was sonicated in ice for 15 min. The lipids mix used in this 
study was composed of DOPC (70.4% mol/mol), cholesterol (29.32% 
mol/mol) and Rhod PE (0.28% mol/mol). Finally, droplets were gen-
erated by pipetting 10 μl ‘inner’ aqueous solution (ligand induced 

protein assembly solution) into 50 μl lipid-in-oil suspension. The tube 
was flicked until solution turbid, left to stand at room temperature for 
5 min and then flicked again ten times until turbid.

A mask of the liposome was obtained by thresholding the fluores-
cence intensity of fluorescently labelled lipid at the pane of the lipo-
some and an ellipse was fitted to the mask in ImageJ56. The eccentricity 
of the fitted ellipse was calculated as, where M and m are the major and 
minor axis of the ellipse:

e =√1 − m2

M2

Data availability
All data required to interpret, verify and extend the results are given 
in the paper and its Supplementary Information. The maps of nano-
tubules are deposited in the Electron Microscopy Data Bank under 
accession codes EMD-60193, EMD-60194 and EMD-60195 for ZE1Gal/
SBA, EMD-60192 for BE1Gal/SBA and EMD-60191 for PE2Gal/SBA.
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