


 

OPTICAL CONTROL OVER MONOMERIC AND 

MULTIMERIC PROTEIN HYBRIDS 

  

 

 

 

 

 

 

 

 

 

 

 

 

Rindia Maharani Putri 

 

 

 

 

 

 

 

 

 



 

 

 

 

Members of the committee: 

Chairman: Prof. dr. H.H.J. ten Kate                (University of Twente) 

Promotors: Prof. dr. J.J.L.M. Cornelissen  (University of Twente) 

  Prof. dr. N.H. Katsonis   (University of Twente)  

Members: Prof. dr. G.A. Woolley   (University of Toronto) 

Prof. dr. J.R. Castón (CSIC Madrid) 

Dr. M.S.T. Koay (Sanofi-Aventis 

Deutschland GmbH) 

Prof. dr. M.M.A.E. Claessens  (University of Twente) 

  Prof. dr. J. Huskens   (University of Twente) 

 
 

The research described in this thesis was performed within the laboratories of the 

Biomolecular Nanotechnology (BNT) group, the MESA+ Institute for Nanotechnology, and 

the Department of Science and Technology (TNW) of the University of Twente. This 

research was supported by the Netherlands Organization for Scientific Research (NWO), the 

European Research Council (ERC) and Indonesia Endowment Fund for Education (LPDP).  

   

      
 

Optical control over monomeric and multimeric protein hybrids 

Copyright © 2017, Rindia Maharani Putri, Enschede, The Netherlands. 

 

All rights reserved. No part of this thesis may be reproduced or transmitted in any form, by 

any means, electronic or mechanical without prior written permission of the author. 

ISBN:  978-90-365-4365-1 

DOI:  10.3990/1.9789036543651 

Cover art: Pichamon Graphic House and Rindia Maharani Putri  

                             (also featured in the inside back cover of ChemPhysChem 12/2016)  

Printed by: Gildeprint The Netherlands 

http://www.google.nl/url?sa=i&rct=j&q=&esrc=s&frm=1&source=images&cd=&cad=rja&uact=8&docid=rgrA4P7HewDqLM&tbnid=klhOSEBQyF5VHM:&ved=0CAUQjRw&url=http://www.ppi-wageningen.org/info-beasiswa/beasiswa-lpdp/&ei=wiGXU4CoNpOHuATNu4LgBg&bvm=bv.68445247,d.c2E&psig=AFQjCNEOiyFLcVKjdioz62186F6kaqb7bw&ust=1402499894105981


 

 

 

 

 

 

OPTICAL CONTROL OVER MONOMERIC 

AND MULTIMERIC PROTEIN HYBRIDS 
 

 

 

 

DISSERTATION 

 

 

to obtain 

the degree of doctor at the University of Twente, 

on the authority of rector magnificus 

Prof. dr. T. T. M. Palstra, 

on account of the decision of the graduation committee, 

to be publicly defended 

on Friday September 8, 2017 at 12.45 h 

 

 

 

by 

 

Rindia Maharani Putri  

Born on May 28, 1991 

in Padang, Indonesia 



 

 

 

 

 

This dissertation has been approved by: 

 

Promotors:   Prof. dr. J.J.L.M. Cornelissen  

   Prof. dr. N.H. Katsonis 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

To my family 

 

 



i 
 

Table of contents 

Chapter 1: General introduction 1 

1.1 Introduction 1 

1.2 Aim and outline 2 

1.3 References 3 

   

Chapter 2: Strategies to modulate allosteric regulation and 

self-assembly of proteins using light 

5 

2.1 Introduction 6 

2.2 Photo-activated allosteric regulation 8 

2.2.1 Inclusion of photo-active protein domains 8 

2.2.2 Inclusion of synthetic photo-switches 12 

2.3 Photo-responsive protein assemblies of naturally occurring 

structures 

14 

2.3.1 Photo-activated dimerization 15 

2.3.2 Photo-responsive cage-like and filament proteins 19 

2.4 Photo-responsive artificial protein-based systems and higher-

order structures 

22 

2.5 Perspectives  24 

2.6 References 25 

Chapter 3: Programming allostery in the human serum 

albumin with light 

31 

3.1 Introduction  32 

3.2 Results and discussion 33 

3.2.1 Design and characterization of a photo-switchable 

hybrid 

33 

3.2.2 Optical control over ligand binding to subdomain IB 37 

3.2.3 Molecular dynamic simulations 41 

3.3 Conclusions 44 

3.4 Acknowledgements 44 



ii 
 

3.5 Materials and methods 45 

3.5.1 General 45 

3.5.2 Synthesis of the photo-switch  45 

3.5.3 Synthesis and characterization of the hybrid system 48 

3.5.4 

3.5.5 

3.5.6 

3.5.7 

3.5.8 

Photo-responsive ligand binding analyses 

PFGSE-NMR experiments 

Determination of effective quenching constants 

Analyses of protein global structure 

Data and schematic representation 

48 

50 

50 

50 

51 

3.6 References  51 

Chapter 4: Bacterial encapsulins as in vitro and in vivo 

protein-based nanoplatforms 

55 

4.1 Introduction  56 

4.2 Results and discussion 57 

4.2.1 Characterization of encapsulin stability and structure 57 

4.2.2 

 

In vitro study of encapsulin as nanoreactors on 

surface 

65 

 

4.2.3 In vivo study of encapsulin as an agent for cellular 

infection 

68 

4.3 

4.4 

Conclusions  

Acknowledgements 

70 

70 

4.5 Materials and methods  71 

4.5.1 General 71 

4.5.2 Cryo-EM and image processing 71 

4.5.3 Characterization of encapsulin stability 72 

4.5.4 

4.5.5 

Immobilization of encapsulin and catalytic assay 

Cell experiments 

73 

74 

4.6 References  74 

Chapter 5: Labeling encapsulin with light-switchable 

fluorophores 

77 

5.1 Introduction 78 

5.2 Results and discussion 79 



iii 
 

5.2.1        Covalent attachment of spiropyran to encapsulin 

5.2.2        Photo-switchable fluorescence  

5.2.3        Structural integrity of encapsulin particles 

79 

82 

84 

5.3 

5.4 

Conclusions  

Acknowledgements 

86 

86 

5.5 Materials and methods 86 

5.5.1 General  86 

5.5.2 Synthesis of spiropyran-succinimide 86 

5.5.3 

5.5.4 

5.5.5 

Covalent attachment of spiropyran and encapsulin 

Photo-switchable fluorescence analysis 

Characterization of encapsulin structure 

89 

89 

90 

5.6 References 90 

Chapter 6: Light-fueled assembly of encapsulin and 

chaperone into hybrid superstructures 

93 

6.1 Introduction 94 

6.2 Results and discussion 95 

6.2.1 Light-fueled assembly of hybrid superstructures 95 

6.2.2 Structural changes of proteins upon assembly 101 

6.2.3 Emergence of light-dependent order by inclusion of 

photoacid in the superstructures 

104 

6.3 

6.4 

Conclusions  

Acknowledgements 

107 

107 

6.5 Materials and methods 108 

6.5.1 General 108 

6.5.2 Reversible formation of hybrid superstructures 108 

6.5.3 

6.5.4 

6.5.5 

Characterization of hybrid superstructures 

Characterization of structural changes of proteins 

Analysis of photoacid inclusion in the superstructures 

109 

109 

109 

6.6 References  110 

Summary 

Samenvatting 

 113 

115 



iv 

 

Acknowledgements 

About the author 

117 

121 

 

 

 



Chapter 1 

General introduction 

 Introduction  

From naturally occurring to semi-synthetic systems, proteins dictate a plethora of 

essential life processes, including catalysis,[1] structural support,[2] cell signaling[3] as well as 

molecular transport and delivery.[4] Modulating the functioning of these proteins using an 

external trigger would thus offer an effective means to remote control a range of complex 

biological processes and networks of regulations. In this regard, light appears as an attractive 

trigger, as it is precise, compatible with a wide range of condensed phases, clean, relatively 

non-destructive towards proteins, and therefore it is envisioned that it can be adapted for in 

vivo and in vitro applications. Moreover, light enables reversible and selective spatiotemporal 

control, which in turn allows an on/off and dose-dependent regulation over complex 

molecular processes. 

Recent years have witnessed an increasing attempt to modulate biological processes by 

photo-engineering some key proteins involved in cellular regulations. The photo-modulation 

of biological processes has been reported,[5-9] including enzyme catalysis,[10] protein 

folding,[11] the opening of channel proteins[12] as well as protein dimerization.[13] Among 

biological regulations involving proteins, allostery and self-assembly of proteins are highly 

dynamic, tunable processes[14, 15] that are essential to the functioning of cellular networks, yet 

remain not entirely understood and therefore they are challenging to modulate in a controlled 

manner. In this thesis, we address the challenge to understand the mechanisms of allostery 

and hierarchical self-assembly of proteins and gain control over such cooperative and 

dynamic actions to obtain a measurable output from individual switching events. We use pre-

existing biological systems as cooperative molecular media to amplify the motion of 

molecular switches to generate collective behaviors of hybrid systems. 
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 Aim and outline 

We engineer an allosteric transport protein[16] and a bacterial nanocompartment 

encapsulin[17] into dynamic building blocks for light-responsive hybrid (semi-synthetic) 

systems. Naturally, neither of these protein systems is responsive to light. Upon chemical 

modification with artificial molecular photo-switches into their structures, their properties 

and dynamics become reversibly controllable using irradiation with light.  

The strategy involves modifying the proteins with photo-responsive spiropyran-based 

switches,[18] which can be grafted covalently on the proteins (Chapter 3 and 5) or dispersed 

in the medium that contains them (Chapter 6). In a reversible manner, the photo-switches 

change in conformation and polarity as a response to light irradiation, therefore affecting the 

proteins to which they are associated with. This strategy enables control over the dynamics 

of allostery in transport protein (Chapter 3) and the chemical and self-assembly properties of 

encapsulins (Chapter 5 and 6, respectively).  

Chapter 2 describes recent strategies towards the modulation of protein functions using 

light, with a special focus on allostery and self-assembly.  

Chapter 3 describes a light-programmed allostery in the transport protein Human Serum 

Albumin (HSA), that is engineered with a spiropyran photo-switch. The photo-switch is 

incorporated into a specific binding site of HSA, and once it switches from closed, non-

charged spiropyran form to open, zwitter-ionic merocyanine form, we can demonstrate that 

it is a neighboring binding site that responds to the environmental changes, mediated by 

allostery.    

In Chapter 4, the structural and functional basis of multimeric encapsulin from the 

bacteria B. linens is presented. This chapter describes structural characterization of the cage-

like particles using cryo-electron microscopy (cryo-EM) reconstruction and analyses of 

particle stability in front of environmental changes (i.e., pH, ionic strength and addition of 

organic solvent). Furthermore, the functionality of encapsulin as nanoplatforms is 

demonstrated both in vitro and in vivo. 

Chapter 5 presents the labeling of B. linens encapsulin with photo-switchable 

spiropyran-based fluorophores. Following structure- and function-based analyses in Chapter 
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4, the covalent attachment of multiple spiropyran molecules at encapsulin exterior is 

described in this chapter as well as the on/off photo-induced fluorescence in cycles. 

Chapter 6 describes a light-fueled dynamic assembly of T. maritima encapsulin and E. 

coli chaperone protein into transient giant superstructures. The assembly is mediated by a 

spiropyran-based photoacid that plays two roles in the assembly event: 1) as a photo-active 

building block for the assembly and 2) to reversibly and gradually control the pH of the 

system to form ordered superstructures. We demonstrate that the resulting superstructures 

depend on continuous irradiation to sustain their assembled state. 
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Chapter 2 

Strategies to modulate allosteric regulation 

and self-assembly of proteins using light   

 

Living cells and life processes rely on networks of interactions and 

cellular dynamics that are orchestrated by protein assemblies. The early quest  

was to understand how the assemblies are spontaneously put together and 

controlled by Nature, leading to extensive research on protein assembly and 

regulation. Among the mechanisms for r egulation exemplified by Nature, 

allostery and self-assembly of proteins are particularly prominent as they not 

only enable a dynamic and tunable control of naturally occurring systems, but 

also inspire the design and generation of artificial protein -based hybrids. 

Using light to stimulate and externally interfere with such mechanisms would 

open up the possibility to control complex biological processes as well as 

developing smart materials based on protein hybrids. Here , we provide a 

concise review of recent advances on the strategies developed and used to 

interfere with the allostery and self -assembly mechanisms in naturally 

occurring systems and artificially designed systems.  
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2.1 Introduction  

Supramolecular structures in Nature that are formed by protein assemblies play crucial 

roles in cells, for instance as structural components and cellular machinery.[1] The skeleton 

of the cell (cytoskeleton) is composed by self-assembled protein filaments that maintain the 

structure and the shape of the cell. These filaments also provide platforms for vesicles and 

organelles mobility inside the cell. Besides the structural support, major metabolic pathways 

in cells are carried out by dozens of protein assemblies, for instance, ribosome (the translation 

machinery) and spliceosome (the RNA-splicing machinery) are made up by multiple protein 

subunits interacting with each other building complex catalytic protein clusters.[2-4] 

Consequently, the cell itself can be viewed as a crowded and confined factory built up by 

interlinking, highly-organized protein assemblies.[5,6] 

Nature regulates the activity of protein assemblies using various mechanisms, including 

allosteric and cooperative regulation,[7] tunable interactions and assembly of protein 

subunits[8] as well as signal amplification and feedback loops in cascade systems.[9] Allostery 

and self-assembly of proteins are highly dynamic, tunable processes and modulating such 

mechanisms using external triggers would enable interfering with complex systems in 

cellular networks. Light, in particular, is an attractive means to control protein assemblies as 

it enables a precise spatiotemporal control and applicable in physiological conditions. The 

use of light to modulate protein functionality in general has attracted attention in recent years, 

leading to the success of photo-modulating various biological processes,[10-15] such as enzyme 

catalysis,[16] protein folding/unfolding,[17] fluctuations in the activity of channel proteins[18] 

as well as the dynamic process of protein dimerization.[19] 

Naturally occurring, non-photoresponsive proteins can be engineered into photo-

switchable systems using chemical and/or genetic approaches (Figure 2.1). Chemical 

approaches are based on covalent incorporation of synthetic photo-switchable molecules in 

the structure of the proteins or in the ligands/substrates that bind the proteins. 

Azobenzene[20,21] and spiropyran[22] switches are the most common examples of photo-

switches incorporated into protein or ligand structures. Upon UV light irradiation, 

azobenzene switches from its trans form to cis form, while spiropyran photo-isomerization 

involves a ring opening into merocyanine (Figure 2.1).[21,22] The changes in the conformation 
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and dipole moment of the switches upon irradiation affect the biochemical properties of the 

proteins or ligands to which they are attached, enabling photo-control of the overall system. 

Moreover, the light-induced switching is a reversible process (either thermally or upon 

irradiation with visible light), thus allowing a reversible control over protein 

functionality.[21,22] Another chemical approach commonly used is covalent incorporation of 

bulky photo-caging molecules (for instance, anchored to the ligands) that are cleaved once 

irradiated and hence result in photo-activation.[23] 

 

 

Figure 2.1 Chemical and genetic strategies to develop photo-switchable proteins. Chemical approach 

relies on incorporation of synthetic photo-responsive switches such as a) azobenzene and b) spiropyran, 

whereas genetic approach involves the insertion of c) naturally occurring photo-active domain or d) 

photo-responsive unnatural amino acid (UAA) via genetic engineering. 

 

On the other hand, genetic approaches (Figure 2.1) involve genetic engineering that 

includes construction of chimeric proteins with an insertion of photo-active domains (such 
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as the light-oxygen-voltage-sensing protein domain, LOV)[24] or point mutation to 

incorporate photo-responsive unnatural amino acids[25] (photo-caged amino acids or 

azobenzene-modified amino acids). Here, we address both chemical/synthetic and genetic 

strategies to modulate the phenomena of allosteric regulation and the assembly of proteins in 

naturally occurring systems and artificial (designed) systems. 

2.2 Photo-activated allosteric regulation 

Nature assembles proteins into dimeric and multimeric forms to enhance cellular 

efficiency, for instance mutations that are introduced in the genetic level will be amplified in 

the assembled structure symmetrically.[8] Multimeric proteins often allow regulation via 

cooperativity between protein subunits. The cooperative effect between subunits in a 

multimeric protein is commonly known as a form of allostery. In general, allosteric 

regulation enables communication between distinct sites in a protein and hence allows 

indirect control over one site by influencing another.[7] As the phenomenon is central to life 

yet not well understood and largely unresolved, allostery is referred to as the ‘second secret 

of life’ (the first one is the genetic code).[26] Using allostery, Nature gains effective control 

over various biological processes, ranging from molecular transport to enzyme catalysis.    

To modulate allosteric regulation using light, photo-responsive switches can be 

introduced either in the vicinity of allosteric binding sites or included in the chemical 

structure of allosteric effectors (i.e., small molecules that bind to allosteric sites). In addition 

to modifying naturally occurring allosteric proteins, photo-responsive allosteric proteins can 

be generated from non-allosteric proteins by inserting photo-active protein domains (i.e., the 

LOV) in a pre-determined position in the structure.    

2.2.1 Inclusion of photo-active protein domains 

Naturally, light is capable of stimulating certain processes in living cells due to the 

presence of photo-active moieties embedded in the photo-active protein domains. A 

superfamily of protein domains across the kingdoms of life that plays a fundamental role as 

sensors for environmental stimuli in general is called the Per-ARNT-Sim (PAS) domains.[24] 

PAS domains are responsible for signaling and adapting the cells to environmental changes 

caused by external stimulations such as light irradiation, redox potential, oxygen and energy 
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level. The mechanism of action of PAS domains usually involves cofactor binding and 

mediating interactions between proteins.[24] 

 
 

Figure 2.2 Modulation of allosteric regulation via photo-active protein domain. a) Structure of LOV 

domain displaying the blue light-responsive FMN chromophore (red spheres) and the flanking Jα helix 

cap. Reprinted with permission from ref [28]. Copyright © 2003, American Association for the 

Advancement of Science. In plant phototropin, the unfolding of Jα helix (blue cylinder) allows 

activation of the neighboring kinase domain (pink box) upon irradiation. The LOV is suggested to act 

either as a kinase inhibitor in the dark state or kinase activator in the lit state. Reprinted with permission 

from ref [31]. Copyright © 2004, American Chemical Society. b) Schematic representation of LOV in 

algal aureochrome showing the A’α helix that blocks the dimerization site of LOV (in grey). Upon 

irradiation, the A’α helix unfolds to allow the dimerization and promote the binding of double-stranded 

(ds) DNA to DNA-binding domain (highlighted in red). Reprinted with permission from ref [33]. 

Copyright © 2016, Oxford University Press. 

An example of PAS domains is the blue light-responsive domain found in photoreceptor 

proteins in plants (i.e., the phototropins), which is referred to as the light-oxygen-voltage-

sensing (LOV) domain.[27] LOV domain is highly conserved and its response to light 

originates from the presence of a chromophore, flavin mononucleotide cofactor (FMN), in 
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the interior of LOV/PAS core (Figure 2.2a).[28] The non-covalently bound FMN cofactor acts 

as a blue light absorbing moiety (λ < 500 nm) that reacts reversibly with a cysteine residue 

in vicinity (4.2 Å away), resulting in a formation of a covalent protein-flavin adduct.[29,30] In 

plant phototropins, formation of the adduct is coupled allosterically with a neighboring 

catalytic domain with a kinase activity, altogether enabling the photo-activation of the 

kinase.[28,31] Furthermore, the formation of the adduct is unfavorable energetically and hence 

is spontaneously reversible in the absence of blue light (from seconds to hours, varies from 

one system to another).[29,32] 

Structural analysis of a phototropin from oat (Avena sativa) reveals that the formation of 

protein-flavin adduct results in a destabilizing conformational change that selectively unfolds 

a helical segment outside of the PAS/LOV core called the Jα helix cap[28,31] (Figure 2.2a), 

which is suggested to play a role in the kinase activation. To confirm that the unfolding of Jα 

helix segment is the cause of kinase activation, several point mutations are made along the 

structure of Jα helix that induce the unfolding event to occur independently of photo-

responsive LOV core domain.[31] The investigation proves that mutation-induced unfolding 

of Jα helix results in kinase activation without requiring any illumination, highlighting the 

role of Jα helix in bridging the allostery between the LOV core and the neighboring kinase 

as illustrated in Figure 2.2a.[31] 

An allosteric regulation is also observed in the dynamic of blue light receptors of algae, 

called the aureochrome.[33,34] In the aureochrome, LOV domain is coupled to a DNA-binding 

domain (called the basic region leucine zipper or bZIP domain) instead of a catalytic kinase 

domain. The structural arrangement of the LOV domain (the sensory module) and the bZIP 

domain (the effector) is inversed compared to plant phototropins. A linker region that 

contains a helical segment (called the A’α helix) connects the LOV core and the DNA-

binding bZIP domain (Figure 2.2b). Structural analysis of aureochrome1a from alga 

Phaeodactylum tricornutum reveals the occurrence of photo-activated homodimerization of 

LOV domain that is regulated by the unfolding of the linking A’α helix.[33] A’α helix is found 

to cover the dimerization site of LOV in the dark state and its unfolding upon light irradiation 

allows the dimerization to occur (Figure 2.2b). On the other end, the LOV core of 

aureochrome is connected to a flanking Jα helix that displays similar behavior with Jα helix 

from phototropins (i.e., unfolds upon blue light irradiation). Subsequent unfolding events of 
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Jα helix and A’α helix are found to be allosterically coupled as the latter only occurs as the 

consequence of the former.[34] Both helical segments have to unfold to allow the dimerization 

of the aureochrome to occur. The formation of the dimer state consequently increases the 

affinity of aureochrome for DNA binding via its bZIP domain, altogether enabling a photo-

activated DNA binding event. The increase in DNA binding is due to conformational changes 

in the bZIP region as a result of the dimerization (Figure 2.2b).[33]           

The role of flavin-binding photo-active domains in modulating allosterically coupled 

effector domains is also observed in prokaryotes. The blue light using flavin (BLUF) domains 

in bacteria is responsible for the allosteric photo-activation, for instance in the modulation of 

adenylate cyclase from cyanobacterium Oscillatoria acuminate[35] and phosphodiesterase 

from Klebsiella pneumoniae.[36] Although prokaryotic BLUF domains typically bind FAD 

instead of FMN (as in LOV domains), thus resulting in different photochemistry, they are 

highly comparable in terms of photo-activated signal propagation through structural changes 

at the interface of connected domains.[37] Furthermore, owing to the small size of both BLUF 

and LOV domains (around 100 – 140 amino acids), they can be genetically fused to non-

photo-responsive proteins to design artificial systems that allow allosterically regulated 

photo-activation.    

In a rationally designed chimeric protein, LOV domain from A. sativa is fused to 

dihydrofolate reductase (DHFR) from E. coli resulting in a photo-dependent reductase 

activity.[38] The photo-activation of DHFR is highly dependent on to which site of DHFR the 

LOV is genetically inserted. To select a site with higher probability to result in the coupling 

of fused LOV and DHFR, a statistical coupling analysis (SCA) is performed. SCA 

quantitatively pinpoints the long-range interaction and conserved communication between 

distinct sites in a protein, revealing the possible influence of different surface sites to the 

catalytic site of DHFR. Two surface sites of DHFR are selected, which are the coupled site 

A (i.e., showing communication with the catalytic site) and the non-coupled site B. The LOV 

domain is inserted to selected sites of DHFR via its N- and C-terminal helical extensions. 

The results show that all chimeric proteins connected via non-coupled site B do not result in 

any light activation, while one of the chimeric proteins connected via coupled site A shows 

an increase of activity upon blue light illumination up to 2-fold. Although the increase is 
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modest, this study presents the proof-of-concept that photo-responsive allosteric proteins can 

be rationally designed and built by fusing a photo-active domain to a non-allosteric protein. 

The success of fusion approach heavily relies on whether the photo-active domain is 

genetically inserted to the “right” region of the active protein that would result in maximum 

perturbation and hence a measurable impact. This is corroborated by a rational design of a 

chimeric protein of LOV and a viral K+ channel pore (Kcv).[39] In this study, LOV is fused 

to various regions of Kcv that are important for channel gating in order to generate a light-

gated K+ channel. One variant in which the LOV is fused to the N-terminal of Kcv displays 

a modest increase in conductance (ion flux) when irradiated with blue light (λ = 455 nm).  

A similar concept with a different strategy is used in a rational design of a light-activated 

DNA binding allosteric protein.[40] Instead of directly inserting the LOV domain to 

allosterically coupled sites, a rigid α-helical domain linker is employed as the “allosteric lever 

arm” to connect the LOV domain through its Jα helix extension to truncated N-terminal of 

trp repressor from E. coli. As the two connected domains structurally share a helical arm in 

between, it is assumed that the photo-activated unfolding of Jα helix of LOV will cause an 

energetically unfavorable bending of the connecting arm that will be relieved through a 

global shift in the conformation, affecting the functionality of the trp repressor. A series of 

constructs to insert LOV domain to successive truncations of N-terminal helix of trp 

repressor results in 12 protein fusions. Among the twelve, one fusion generated from 

connecting the C-terminal of Jα helix to the middle of N-terminal helix of trp repressor shows 

a significant difference in DNA binding affinities upon illumination at λ = 470 nm (dark state 

is 5.6-fold higher than lit state).     

2.2.2 Inclusion of synthetic photo-switches 

Previous section elaborates how genetically fusing photo-active domains has been proven 

successful to transform non-allosteric proteins into light-modulated allosteric proteins. 

However, the fusion approach is not suitable in the cases where an on/off control is desired 

and might be rather cumbersome to execute. A complementary approach is to incorporate 

smaller, synthetic photo-switches into the protein structure or in the structure of the allosteric 

effector. A reversible attachment of an agonist (i.e., an activating effector) to the allosteric 

site of a protein via an azobenzene linker is demonstrated in the case of allosteric ionotropic 
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glutamate receptor (iGluR), an ion-channel involved in the central nervous system (Figure 

2.3a).[41] Upon irradiation with UV light (λ = 380 nm), the azobenzene switches from trans 

to cis conformation, eventually allowing the agonist to reach the allosteric site, whereas the 

spatial arrangement of trans conformation does not allow such event to occur (Figure 2.3a). 

As the photo-isomerization of azobenzene is reversible (by irradiation at λ = 500 nm), the 

channel gating measured by whole cell patch clamping can be turned on and off upon 

illumination at different wavelengths. In addition to chemical attachment of azobenzene 

moiety, genetic-code expansion can also be used to incorporate photo-active unnatural amino 

acid (UAA) in the protein structure, for example the photo-cross-linker azido-phenylalanine 

(Figure 2.3b).[42]  

 

 
Figure 2.3 Modulation of allosteric regulation using synthetic photo-switches. a) Allosterically 

regulated opening and closing of an ion-channel with an agonist (orange) attached to the protein via an 

azobenzene linker (red and black). Reprinted with permission from ref [41]. Copyright © 2006, 

Macmillan Publishers Limited, part of Springer Nature. b) Incorporation of photo-active unnatural 

amino acid (azido-phenylalanine) into a protein structure. Reprinted with permission from ref [42]. 

Copyright © 2014, National Academy of Sciences. c) Incorporation of azobenzene moiety in an 

allosteric effector, resulting in either trans and cis-alloswitch upon irradiation at different wavelengths. 

Reprinted with permission from ref [43]. Copyright © 2014, Macmillan Publishers Limited, part of 

Springer Nature. 
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Furthermore, azobenzene switches can be incorporated into the chemical structure of the 

allosteric effectors (drugs), resulting in an on/off photo-modulation of natural allosteric 

proteins. In photopharmacology, this strategy is favored to avoid side effects as allosteric 

drugs usually display higher selectivity in binding to receptors. The allosteric effectors are 

modified with azobenzene in such a way so that one photo-isomer significantly favors 

binding (on/active state) compared to the other (off/inactive state), owing to steric difference 

between the isomers. The approach has been demonstrated to modulate G-protein-coupled 

receptors (GPCRs) using light,[43] a class of transmembrane proteins responsible for signal 

transduction and cellular response to stimuli in eukaryotic cells. Effectors that display 

structural homology to Ar–N=N–Ar moiety of azobenzene are ideal target for modification 

(Figure 2.3c). The N=N group specifically can be introduced, for instance, to replace the 

amide bonds in the effectors. Remarkably, this strategy has been demonstrated to control the 

motility of living cells of X. tropicalis tadpoles as a response to light stimulation.[43]   

 

2.3 Photo-responsive protein assemblies of naturally 

occurring structures 

Self-assembly of protein subunits into dimers and multimers is crucial for their 

functioning. A plethora of proteins that are responsible for essential, yet complex life 

processes such as protein-synthesizing ribosomes and microtubules are active and functional 

in their assembled forms.[2] Consequently, manipulating the self-assembly phenomenon 

using external triggers would enable interfering with vital biological processes embedded in 

the interlinking cellular networks. Comparable to modulating allosteric regulation with light, 

self-assembly of proteins can be activated/deactivated upon illumination by introducing 

photo-responsive moieties either in the structure of the protein subunits or the regulatory 

molecules that chemically affect the process (e.g., inhibitors and activators of the assembly 

event). Likewise, the rational design and the position to which the switches are chemically 

or genetically introduced play a vital role in determining whether a strategy could result in 

the desired effects. Modification with photo-switches has to introduce a significant change 

in the structural dynamics of proteins to overcome the native behavior of assembly, whereas 
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if the structural modification leads to excessive structural perturbations, the protein subunits 

might lose their ability to assemble altogether. 

2.3.1 Photo-activated dimerization 

The simplest example of protein-based assemblies is the homodimers. Inside the cells, 

homodimers (and further, homooligomers) are formed to reach structures with higher 

stability as well as to minimize the genome size needed to synthesize functional proteins. 

The formation of a dimer is more preferred instead of a multi-subunit single-chain protein 

due to the ability to dissociate under certain conditions, which could be crucial in regard to 

biological functions.[44] Although individually the intermolecular forces that support the 

dimeric structure can be classified as relatively weak interactions, the collaborative networks 

of interactions forming the dimers are among the strongest interactions found in Nature. 

These collaborative networks mainly consist of non-covalent interactions, while stronger 

individual interactions (i.e., covalent bonds as in disulfide bridges) are only present in a small 

number at the dimeric interfaces.[45]  

Despite the collectively strong forces that support protein dimers, interfering with 

dimerization events using light can be achieved with the help of a class of activating 

molecules called the dimerizers. Naturally, some of dimerization events require the presence 

of natural products such as rapamycin and abscisic acid; such processes are referred to as the 

chemically induced dimerization (CID).[46] Induced dimerization is employed by Nature to 

control and direct the localization of proteins to specific cellular compartments and the 

activation of signaling pathways. Optical control over CID can be achieved by modifying the 

dimerizers with photo-caged molecules that are removed upon illumination. In the caged 

state, the dimerizers cannot access the active site of the protein due to steric hindrance caused 

by the caging moieties. Upon illumination, the steric hindrance is eliminated as the caging 

moieties are irreversibly released (typically with UV light), hence resulting in photo-

activation. The time scales of such processes range from seconds to minutes. Photo-caging 

dimerizers are relevant for photopharmacology as they enable dose-dependent photo-

activation of signaling pathways and cellular events.   

Photo-caging molecules commonly used are the photo-cleavable nitrobenzyl derivatives 

(Figure 2.4a).[23] As an example, the immunosuppressive drug rapamycin can be modified 
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into a photo-caged rapamycin dimer using nitrobenzyl derivatives to control the dimerization 

of modular proteins FKBP12 and FRB, which regulate various processes including 

transcription, protein localization and enzyme catalysis, using UV light (λ = 365 nm).[47] 

Similar photo-caging approach using photo-removable 4,5-dimethoxy-2-nitrobenzyl is 

demonstrated for a plant hormone, abscisic acid, to control the dimerization of the so-called 

ABI and PYL proteins using UV light.[48] Such photo-caged systems enable photo-

modulation of regulatory processes in living cells such as signal transduction, translocation 

of proteins and cytoskeletal remodeling. The concept of photo-caging has been expanded to 

other dimerizers, including the phytohormone gibberellic acid[49] and antibiotic 

trimethoprim.[50, 51] Moreover, the caging group can be used as a photo-cleavable linker that 

acts as a bridge that connects two different proteins together. This concept is demonstrated 

by covalently linking a HaloTag ligand chloroalkane and a SNAP-tag ligand O6-

benzylguanine together with a photo-labile methyl-6-nitroveratryl group in between (Figure 

2.4a).[52] Upon irradiation with UV light, the linker is cleaved, liberating the ligands and 

hence the dimer into two separate moieties, further allowing photo-modulation over protein 

relocation. Although it is efficient to control cellular events, photo-caging approach typically 

does not allow an inherent reversible control and therefore is not suitable if an on/off system 

is desired. Such processes can be reversed for instance by adding a competitor binding.[46,53] 

An option for reversible optical dimerizers is already exemplified by Nature in the form 

of blue light-responsive LOV system. As elaborated in the previous section on allosteric 

regulation, in some examples such as in algal aureochrome, the photo-switching of LOV 

activates homodimerization that further enables binding event.[33,54] Similar mechanism is 

observed in the marine bacterium E. litoralis in the activation of a transcription factor called 

EL222.[55,56] Naturally occurring LOV further inspires the design of optical dimerizer tags 

called the tunable light-inducible dimerization tags or TULIPs.[57] TULIPs harness the 

interaction of LOV from plant phototropin (A. sativa) and an engineered PDZ domain as 

binding partners (i.e., a protein domain in the signaling proteins across the kingdoms of life). 
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Figure 2.4 Strategies to photo-modulate dimerization events. a) A photo-cleavable synthetic dimerizer 

consisting of a photo-labile nitroveratryl group (blue) bridging two ligands: one ligand is a substrate 

for a protein tag called SNAP-tag (red) and the other is a substrate for a protein tag called HaloTag 

(green). Upon irradiation with UV light, the dimer disassociates as the linker (blue) is photo-cleaved. 

Reprinted with permission from ref [52]. Copyright © 2014, Wiley-VCH Verlag GmbH & Co. b) Light-

inducible dimerization tag based on LOV-PDZ binding partners that are responsive to blue light. 

Reprinted with permission from ref [57]. Copyright © 2012, Macmillan Publishers Limited, part of 

Springer Nature. c) Plant phytochrome B (PhyB)-PIF binding partners that are responsive to red/far red 

light. Reprinted with permission from ref [61]. Copyright © 2009, Macmillan Publishers Limited, part 

of Springer Nature. 
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To generate light-inducible tags, the LOV domain (~125 residues) is fused through the 

Jα helix to a specific peptide sequence that binds to PDZ (~194 residues). In the dark state, 

the Jα helix physically blocks the peptide from binding to PDZ domain (Figure 2.4b).[57] 

Upon irradiation with blue light, the Jα helix unfolds and exposes the peptide to allow the 

interaction with PDZ domain, hence resulting in photo-activated dimerization of PDZ and 

LOV. The tags have been employed to control protein localization using laser in living yeast. 

However, the presence of PDZ domain and PDZ-binding peptide in the system raises concern 

that the cross-talk with endogenous signaling pathways might occur. Therefore, to improve 

orthogonality, PDZ as the binding partner can be replaced with a small adaptor protein called 

SspB from E. coli.[58] In this case, a peptide tag that binds SspB called the SsrA peptide from 

E. coli is fused to LOV domain. Coupled with point mutations that stabilize the Jα helix in 

the dark (optimized from computational library screening), the tag leads to changes in 

binding affinity for SspB over 50-fold upon blue light illumination. The photo-induced 

binding occurs within seconds, while the reversion process occurs in the dark within minutes. 

In addition to LOV-based systems, other light-inducible dimerizers are developed from plant 

Arabidopsis thaliana, consisting of blue light-responsive flavoprotein cryptochrome 2 and 

its interacting transcription factor CIB1[59] as well as UV light-responsive photoreceptor 

UVR8 with its binding partner COP1.[60] 

As an alternative to the blue light/UV light-responsive systems, dimerization tags that are 

activated by red light irradiation (λ ≥ 650 nm) are derived from Arabidopsis thaliana 

phytochrome B (PhyB) and its interacting factors (PIF3 and PIF6).[61-63] Structurally, PhyB 

binds a chromophore namely phycocyanobilin (PCB) and is not capable of PIF binding in 

the dark (Figure 2.4c). Upon red light illumination (λ = 650 nm), the chromophore undergoes 

a conformational change that results in the structural change of PhyB, further allowing 

binding to PIF (Figure 2.4c).[61] PhyB-PIF binding is reversible upon illumination with far-

red light (λ = 750 nm), which has been used to control protein localization in eukaryotic cells 

such as yeast and mammalian cells. A set of comparative studies using yeast transcriptional 

assay further reveals that PhyB/PIF3 dimerization tag allows a higher level of activation and 

a lower background than TULIPs and PhyB/PIF6 systems.[64] This system therefore holds 

promise for photopharmacology, also because the reversible activation using red light 

wavelength enables better tissue penetration than blue or UV light.[65] Moreover, TULIPs 
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system raises concern of toxicity when used for regulation of yeast transcription (observed 

from cellular growth defects).[64] 

2.3.2 Photo-responsive cage-like and filament proteins 

Expanding the concept of red/far-red responsive PhyB/PIF interaction beyond 

dimerization of monomeric proteins enables a photo-control of higher-ordered protein 

assemblies, for instance the viral protein cages. An adeno-associated virus is engineered with 

PIF6 motifs at its exterior to enable light-dependent interaction with nuclear localization 

sequence that is tagged with PhyB (Figure 2.5a).[66] Illumination with either red or far-red 

light results in the changes of translocation of viruses into the host nucleus, allowing control 

of gene delivery upon irradiation with different wavelengths (Figure 2.5a). Another approach 

to modulate protein cages functionality using light is demonstrated by engineering metal-

storing ferritin cages to incorporate light-responsive manganese (Mn)-carbonyl moieties in 

the interior of the cage.[67] Such metal complexes inherently dissociate and release carbon 

monoxide upon irradiation with visible light,[68] allowing the generation of CO-releasing 

ferritin that is modulated with light. Furthermore, naturally occurring photo-active moieties 

can be used to trigger oligomerization and clustering of protein molecules. Such control is 

achieved by incorporation of plant A. thaliana cryptochrome 2 that naturally assembles into 

the so-called photobodies in plant cells when irradiated with blue light.[69,70] Genetically 

incorporating cryptochrome 2 into signaling proteins such as RhoA (i.e., a GTPase that 

mediates cellular tension and cytoskeletal contraction) enables photo-activation of signaling 

pathways in mammalian cells.[70]  

Nevertheless, incorporation of bulky photo-active domains is rather difficult to result in 

a precise control over the assembly process of large and highly defined structures, such as 

cage-like proteins and filaments. Attachment of synthetic photo-switches due to their smaller 

size offers a safer approach in order to avoid excessive perturbations that might disfavor 

assembly altogether. Owing to the complexity of higher-ordered structures and their natural 

tendency to favor assembly, to be able to use light to interfere with such assemblies is a 

challenging task. Photo-switches need to be carefully introduced into the structure of the 

target protein to result in sufficient structural perturbations that allow photo-modulation, 

without compromising the ability to assemble. Furthermore, highly-defined assemblies are 



Strategies to modulate allosteric regulation and self-assembly of proteins using light   

20 

 

usually robust and modifications of the exterior of such structures, for instance bacterial 

encapsulin nanocages[71] and filamentous M13 bacteriophage,[72] with photo-switchable 

molecules (i.e., spiropyran and azobenzene, respectively) have been shown to not 

compromise the stability of the assembled structures upon photo-switching. 

A remarkable photo-control over the assembly behavior of a cage-like protein is 

demonstrated in the case of homo-oligomeric cage-like group II chaperonin from M. 

maripaludis.[73] This chaperonin naturally exists in two states: open and closed, depending 

on the binding and hydrolysis of nucleotide (ATP) molecules. To control the opening/closing 

of the chaperonin with light, azobenzene molecules are covalently placed at the interface of 

the protein subunits, acting as a spacer crosslinking cysteine residues between the subunits 

(Figure 2.5b).[73] Light-responsive isomerization of the trans and cis forms of azobenzene 

crosslinkers results in a distance change between the subunits (i.e., 18 Å in the trans state 

and 5 – 12 Å in cis state). Using computational screening, the cysteine residues to which the 

azobenzene are attached are genetically introduced to match the distance of the cis and trans 

forms of azobenzene. Upon irradiation with UV light (λ = 365 nm), the spacers are in their 

cis form, resulting in the chaperonin cage favoring the closed state. Upon subsequent blue 

light irradiation (λ = 450 nm), the spacers convert to their extended trans form, allowing the 

opening of the chaperonin cage (Figure 2.5b).  

Revealed by in silico investigation, the success of this approach relies on two important 

aspects: first, the energy landscape, which cooperatively favors either of the two dominant 

states (i.e., either open or closed)[74] and second, the strong allosteric coupling between the 

orientation of the subunits (affected by the distance change from the photo-active azobenzene 

spacers) with the structural rearrangements of the nucleotide-binding pocket.[75] The 

allosteric coupling between the two events is mediated by a rigid-body rocking and rotation 

of the subunits due to light-triggered distance change (Figure 2.5b).[74,75] The movement 

subsequently results in the destabilization of protein-nucleotide interaction in the nucleotide-

binding pocket, leading to the opening of the cage.   

A complementary approach to modification of protein structures is to incorporate photo-

switchable moieties into regulatory molecules that chemically affect the assembly process 

(e.g., activators and inhibitors). This approach has been successfully used to activate or 

inhibit the assembly of cellular filaments, the microtubules.  
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Figure 2.5 Strategies to generate photo-responsive cage-like and filament proteins. a) PhyB-PIF 

binding partner that is responsive to red/far red light is used to control cellular localization of adeno-

associated virus using light. Reprinted with permission from ref [66]. Copyright © 2015, American 

Chemical Society. b) Opening and closing of a protein cage is modulated with light enabled by 

azobenzene spacers between protein subunits. Reprinted with permission from ref [73] and ref [74]. 

Copyright © 2013, Macmillan Publishers Limited, part of Springer Nature. c) Photo-responsive 

analogue, photostatin (PST-1), of a potent inhibitor of assembly of microtubule filaments 
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(combretastatin A-4). PST-1 is only active in its cis form, hence allowing photo-regulated inhibition of 

microtubule assembly. Reprinted with permission from ref [78]. Copyright © 2015, Elsevier Inc. 

 

In the case of photo-activation of microtubule assembly, the nucleotide substrate GTP 

that is required for self-assembly is caged with a photo-cleavable nitrobenzyl derivative.[76] 

Due to the steric hindrance of the caged form of GTP, the rate of microtubule assembly is 

significantly reduced in the absence of illumination. Upon UV flash photolysis, the photo-

labile moiety is cleaved off and the GTP is released within milliseconds, resulting in the 

activation of the microtubule assembly.  

On the other hand, a class of active molecules called the combretastatin A-4 (CA4) 

(Figure 2.5c) is identified as a potent inhibitor of microtubule assembly in its cis form, but 

not in its trans form.[77] Replacing the C=C bond in the CA4 structure with N=N bond to 

mimic azobenzene (Figure 2.5c) results in a photo-active derivative of CA4 called the 

photostatins (PST).[78] PST switches from its inactive trans to active cis form upon irradiation 

at λ = 390 – 430 nm, which is reversible upon irradiation at λ = 500 – 530 nm or by thermal 

relaxation (in the dark, half-life = 6 min), allowing a fully reversible control over the drug 

cytotoxicity. The activity of the trans form in the dark is about 250-fold less compared to the 

cis form upon irradiation with blue light. This remarkable difference has been demonstrated 

to photo-modulate the mictrotubule dynamic assembly in live cells of C. elegans embryo.[78]   

 

2.4 Photo-responsive artificial protein-based systems and 

higher-order structures 

Synthetic photo-switches can be used to bridge proteins together to form artificial 

extended nanostructures in which the assembly event is modulated with light. Here, we focus 

on three examples of artificial higher-order structures mediated by three different photo-

switches: azobenzene, spiropyran and a photo-labile group. In the first design, azobenzene is 

incorporated in the bridging fragment of a nanowire-like assembly of stable protein one 

(SP1), a ring-shaped protein from plant Populus tremula (Figure 2.6a).[79,80] The stacking of 

SP1 to form nanowires is structurally mediated by a globular poly(amido-amine) or PAMAM 

dendrimer via electrostatic interaction.[80] Incorporation of azobenzene in the PAMAM 

structure results in the bending of the overall structure upon UV light irradiation when the 
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azobenzene switches from trans to cis conformation (Figure 2.6a). The curved nanowires can 

be converted back to the straight conformation upon visible light irradiation. In such design, 

the rigidity of the bridging moiety is important to introduce a significant change in the 

interspace angle between the stacking proteins, hence cooperatively resulting in the bending 

of the entire assembly.      

 

 

Figure 2.6 Strategies to generate photo-responsive higher-order structures. a) Reversible formation of 

curved nanowire of SP1 protein stacks (blue) upon irradiation enabled by incorporation of azobenzene 

in the PAMAM-based bridging fragment (red). Reprinted with permission from ref [80]. Copyright © 

2016, The Royal Society of Chemistry. b) Reversible assembly of tubular structure of GroEL protein 

stacks (blue) upon irradiation enabled by incorporation of spiropyran/merocyanine as the bridging 

fragment. Reprinted with permission from ref [83]. Copyright © 2013, American Chemical Society. c) 

Photo-triggered dissociation of an array of CCMV protein cages upon irradiation enabled by 

incorporation of a photo-labile group in the dendrimer linkers. Reprinted with permission from ref [85]. 

Copyright © 2010, Macmillan Publishers Limited, part of Springer Nature. 

 

In the second design, spiropyran/merocyanine switch is used to bridge a tubular 

chaperone protein GroEL to stack into a filamentous structure (up to 2.5 μm long). The 
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opening of the cylindrical cavity of GroEL is genetically modified with 14 cysteine residues 

to enable attachment of photo-switches bearing a maleimide moiety.[81, 82] Upon UV light 

irradiation (λ = 280 nm) at room temperature, the spiropyran opens into its merocyanine 

form, which enables electrostatic interaction with magnesium ions (Figure 2.6b).[83] Mg2+ 

ions mediate the interaction between the stacking GroEL proteins via merocyanine-Mg2+-

merocyanine bridges. As the closed spiropyran cannot interact with Mg2+, the assembled 

structure collapses into shorter fragments upon irradiation with visible light (λ > 400 nm) 

when the merocyanine form is converted back to spiropyran form.[83] Notably, the light-

induced reversibility is achieved only when a radical scavenger dithiothreitol (DTT) is 

present in the system.[82,83] The authors postulated that radical species might have been 

generated upon photoexcitation that could covalently cross-link the stacking GroEL 

together.[83] Therefore, addition of a radical scavenger like DTT is necessary to prevent any 

covalent cross-linking and ensure the reversibility of the system. Moreover, the cylindrical 

cavity of the stacking GroEL is able to confine cargo molecules such as drugs, enabling the 

design of photo-responsive nanocarriers.[84]  

In the third design, a photo-responsive array of a viral capsid protein namely Cowpea 

Chlorotic Mottle Virus (CCMV) is generated via electrostatic interaction between 

negatively-charged exterior of the capsid and positively-charged dendrimers.[85] A photo-

labile nitrobenzyl linker is embedded in the structure of the bridging dendrimers (Figure 

2.6c). Upon UV light irradiation (λ = 365 nm), the photo-labile moiety is cleaved, leading to 

the collapse of the bridging structures. Consequently, the CCMV array dissociates into 

individual particles upon UV light irradiation. A similar design can also be applied to other 

protein cages, such as the magnetoferritin.[85] 

 

2.5 Perspectives 

Strategies on modulating naturally occurring proteins with photo-switchable moieties, 

either chemically or genetically introduced, would enable interfering with complex 

regulations that orchestrate cellular events, particularly in relation to photopharmacology.[86] 

Even when a strategy does not result in a complete on/off photo-control but rather a modest 

difference between the dark and lit-state, still a significant effect can be expected as the target 
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proteins are usually involved in interlinking networks of cellular regulations. A fluctuation 

triggered with light at one point in a cascade system would result in changes in the overall 

dynamics of the process. Among the presented strategies, generating a library of photo-

responsive analogue drugs is a promising means to gain effective and reversible control over 

a specific system. In terms of reversibility, the drugs ideally should undergo thermal 

deactivation spontaneously, hence is only active upon irradiation at the desired site. 

Nevertheless, the challenge remains in the stability of the designed drugs (especially against 

spontaneous hydrolysis), orthogonality and specificity of action, as well as the means of 

delivery of the designed drugs.  

Moreover, most of the presented systems are active upon UV light illumination, which is 

not the ideal option to apply in physiological processes due to the weak tissue penetration. 

Red and far-red light with longer wavelengths are more suited to carry such task.[65] Nature 

has presented an example of red light-responsive system in plant phytochrome B and its 

interacting factors.[69] As a complementary approach, synthetic chemists have made attempts 

to design and develop photo-switches that are responsive to red light illumination, such as 

the azo-derivatives.[87-90] In the future, the application of such strategies based on red light-

responsive systems shall be expanded, particularly for in vivo studies. In a complementary 

manner, artificially designed extended nanostructures are envisioned to stimulate the 

development of photo-tunable arrays and carriers[91] and/or molecular labels for functional 

assemblies and supramolecular platforms.[92-94]   
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Chapter 3 

Programming allostery in the human serum 

albumin with light 

 

The human serum albumin (HSA) is a promiscuous protein that is able to 

bind more than 120 types of ligand , and thus plays a pivotal role for 

transporting molecules in blood plasma. Allosteric regulation is prominent to 

the functionality of HSA to control the binding of multiple ligands  through 

mechanisms that have not been entirely elucidated yet . We argue that 

developing strategies to interfere  with allosteric mechanisms reversibly, and 

in a controlled manner, would thus constitute a relevant approach towards an 

improved understanding of  vital cellular processes , and eventually this might 

allow controlling their regulation. Here, we perform the site-specific covalent 

incorporation of a synthetic molecular photo-switch into one of the binding 

pockets of HSA specifically (subdomain  IA). In this engineered protein, light -

induced molecular switching occurs at one binding pocket (subdomain IA) and 

interferes with ligand binding in the neighboring pocket (subdomain IB) and 

we show that this allosteric mechanism  allows the photo-induced switching at 

IA to influence the overall flexibility of IB pocket.  Our approach provides a 

tool to unravel additional insights into allostery in proteins , and introduces a 

means to amplify  the effects of molecular switching in bio -synthetic systems. 
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3.1 Introduction  

In proteins with multiple binding pockets, binding of a ligand in one binding site often 

influences the binding of other ligands to one or more binding sites, a process known as 

allostery.[1-5] Allosteric regulation of protein activity is central to life and sometimes even 

referred to as ‘the second secret of life’ - the first one being the genetic code.[2] However, the 

mechanisms by which proteins undergo allosteric regulation remain largely unknown, and 

these complex systems have already revealed a number of paradoxes. For example, tightly 

packed, fully folded proteins can display a remarkable structural plasticity dictated by their 

binding pockets. Also, it has been shown that a structural change in the protein backbone is 

not always necessary for the binding sites to communicate with each other.[4] 

Overall, it appears that allostery is facilitated in dynamic proteins, and in the state of our 

understanding, allostery is not simply a shape change-induced phenomenon as understood in 

early years,[6] but rather a thermodynamic process in an ensemble.[1-4] Pioneering work has 

also highlighted the limitations of deducing mechanism from the static structure alone,[1,3] 

which calls for tools to manipulate, investigate and eventually engineer the dynamics of 

allosteric systems. A recent study reports on using temperature and pH control to increase 

the local conformational entropy of fused proteins that communicate through allostery.[7] A 

complementary approach towards allosteric engineering consists in implementing allosteric 

behavior in wholly synthetic biomimetic systems to control ligand binding and catalysis.[8,9] 

However, previous approaches lack of selectivity in space and time and for protein systems 

operating at physiological conditions, environmental changes such as in pH and temperature 

could lead to unfolding and loss of activity.  

In contrast, light offers high spatiotemporal control while being relatively non-destructive 

toward proteins and applicable in physiological conditions.[10-14] In order to make proteins 

light-switchable, the challenge is to make sure that even in aqueous systems and in the protein 

environment, the stability and photo-switching properties of molecular switches are 

preserved. Light-modulated proteins have been developed to control biological activities, 

such as directing the secondary structures of peptides/proteins,[15,16] enzymatic catalysis,[17,18] 

protein-ligand binding,[19,20] modulation of protein channels[21,22] and receptors in neural 

networks.[23] Recently, the emergence of photo-switchable allosteric modulators[24-26] as well 
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as light-activated allosteric channel and DNA-binding protein[27,28] marks the era of 

combining allosteric regulation with tailored optical control.   

The human serum albumin (HSA) is characterized by its extraordinary capability to bind 

over 120 types of ligands, despite its relatively simple monomeric structure.[29,30] Owing to 

its promiscuity in ligand binding, HSA is the main carrier of a variety of compounds in blood 

plasma. Structurally, HSA is a small protein (66 kDa) that is dominated by α-helices and 

loops.[29-31] HSA has multiple binding sites (three primary ligand binding sites and seven sites 

for fatty acid binding) that contribute to its capability of binding a broad range of ligands.[32] 

Allostery in such a promiscuous protein remains a challenging phenomenon to decipher, not 

only due to the inherent structural plasticity of the protein, but also due to the lack of 

consensus in the type of cooperativity between binding pockets: it can be either a positive 

cooperation, a negative cooperation, or no effect at all depending on the choice of ligands.[29] 

Recent investigations by ultrafast time-resolved spectroscopy have suggested that the 

allostery of HSA is likely to originate in a ballistic and anisotropic energy flow through 

connecting helical structures.[32]  

Here, we design and investigate a photo-responsive hybrid system that contributes to 

unveiling the mechanistic aspects of cooperative actions between distinct pockets/sites of 

HSA. We achieve an optical control over a specific binding site of HSA (i.e., a site known 

as subdomain IB), by coupling a single spiropyran photo-switch to a neighboring site (i.e., a 

cysteine residue at subdomain IA). In this way, we are able to design a photo-switchable 

HSA where the photo-induced molecular switching occurs at IA site, while the effect is 

propagated to IB site. This strategy allows to externally interfere with allostery using light as 

a trigger. 

3.2 Results and discussion 

3.2.1 Design and synthesis of a photo-switchable hybrid 

We connect a spiropyran photo-switch to the subdomain IA site covalently, by modifying 

the single surface-accessible free cysteine (Cys34) that is available in the native structure 

(Figure 3.1a). Modification of this single cysteine located in subdomain IA is anticipated to 

allow a selective photo-switching instead of disrupting the entire protein structure upon 
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irradiation. Moreover, previous experimental studies have suggested that Cys34 plays a key 

role in the allosteric regulation of HSA, although the associated mechanism remains largely 

unknown.[30] The binding site of HSA examined in this study is located in subdomain IB 

(residue number 108 – 197), a separate entity that is adjacent to the engineered IA site 

(residue number 4 – 107).[30] The modification site of Cys34 is 1.3 – 2.2 nm away from the 

examined IB binding site (distance relative to binding residues of IB: Lys137, Arg186, 

Arg117). 

 

Figure 3.1 Design and synthesis of a photo-switchable hybrid protein. a) The hybrid protein is 

composed by the human serum albumin (HSA) that is covalently connected to a spiropyran photo-

switch (SP) via Cys34 (red). IA and IB subdomains of HSA are represented in purple and green, 

respectively. b) Under irradiation with UV light, the spiropyran photo-switch (SP) converts into its 

open zwitterionic isomer, the merocyanine (MC). c) Size-exclusion elution profile confirms the 

formation of a hybrid HSA-SP eluting at V = 16 mL. The absorption at λ = 350 nm (blue line) indicates 

the presence of spiropyran. Prior to size-exclusion chromatography, the sample is dialyzed overnight 

against Tris-HCl buffer (pH 7.5). d) UV-visible spectra of HSA-SP hybrid purified by size-exclusion 

chromatography (blue line) or spin-filtration (red line), revealing a 1:1 ratio of protein over spiropyran 

switch.  

The spiropyran is chosen as the photo-switch, because it undergoes significant changes 

in its conformation but also because it forms a zwitterion under irradiation with light, which 

modifies electrostatic interactions locally (Figure 3.1b).[12] Upon irradiation with ultraviolet 

(UV) light, the closed spiropyran (SP) is converted to its open, zwitterionic form, the 
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merocyanine (MC). The conversion of SP to MC is reversible upon irradiation with visible 

light (Figure 3.1b). The hybrid protein HSA-SP is prepared at room temperature, by coupling 

the free cysteine of HSA to a nitro-spiropyran bearing a maleimide function, via Michael 

addition in a Tris-HCl buffer pH 7.5 that also contains 20% DMSO as an organic solvent (to 

solubilize the photo-switch). The nitro group ensures the stability of the photo-switch in a 

water-based system by stabilizing the MC (i.e., stabilizing the –O-). It is important to work 

at pH 7.5 as SP can spontaneously be converted into protonated MC in an acidic 

environment.[12] Basic conditions also need to be avoided due to risk of alkaline hydrolysis 

of the maleimide.[33] 

The presence of SP is indicated by its characteristic absorption with λmax = 350 nm at pH 

7.5. Furthermore, co-elution of both SP (indicated by the absorption at λ = 350 nm) and HSA 

(indicated by the absorption at λ = 280 nm) around V = 16 mL by size-exclusion 

chromatography indicates that the photo-switch and the protein are coupled covalently 

(Figure 3.1c and d). We demonstrate that the coupling is quantitatively 1:1 based on 

absorption values at λ = 280 nm and λ = 350 nm (Figure 3.1d). Prolonging the reaction time, 

from one hour to up to 24 h does not have any effect on the coupling ratio.  

Irradiating this albumin hybrid with UV light (λ = 365 nm, 5 min) triggers the appearance 

of an absorption band at λmax = 550 nm, which indicates the transformation of colorless SP 

form into the colored MC isomer, and demonstrates that the photochromic properties of the 

switch are preserved after its covalent attachment to the protein (Figure 3.2a). NMR 

spectroscopy allows determining the degree of photo-conversion from SP to MC at photo-

stationary state, which is around 40% under our experimental conditions (Figure 3.2b), 

suggesting that a mixture of HSA-SP and HSA-MC is present at photostationary state. 

Prolonged irradiation, however, is not recommended as the heat caused by irradiation can 

disrupt the protein structure and even lead to partial aggregation.[34] Further, upon irradiation 

with visible light (λ ≥ 420 nm, 5 min), the band at λmax = 550 nm gradually decreases, 

indicating that some of the MC form switches back to the colorless SP form. UV-visible 

spectra indicate that this transformation is not fully reversible (Figure 3.2a), which might be 

related to the fact that the spiropyran also displays a weak absorption at λ ≥ 420 nm, and thus 

a photostationary state is reached instead of full conversion. It is also known that the MC 

form is favored and stabilized in a polar environment compared to non-polar environment.[12]  
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Figure 3.2 Photo-switchable HSA-SP. a) UV-visible spectra of the hybrid system before any irradiation 

(black line), after irradiation with UV light (blue line) and after irradiation with Vis light (red line). b) 

NMR spectra of SP before (red line) and after UV light irradiation (cyan line). c) CD spectra of the 

hybrid system before (black line), after irradiation with UV light (red line) and after irradiation with 

Vis light (blue line). d) DLS-based size distribution of the hybrid system before (blue) and after UV 

light irradiation (red).     

We also analyze the effect of irradiation on the global structure of HSA-SP, in terms of 

conformation and hydrodynamic size. Circular dichroism (CD) spectra in phosphate buffer 

(pH 7.5) confirm that the HSA primarily consists of alpha helical and coiled segments (Figure 

3.2c). Importantly, the CD spectra (Figure 3.2c) and the hydrodynamic size analysis (Figure 

3.2d) do not reveal any significant structural perturbations after irradiation in the conditions 

of the experiment, confirming that the overall structure of the HSA hybrid remains intact. 

Nevertheless, the CD spectra indicate a slight decrease (around 2.9%) in the alpha helical 

content upon irradiation (Figure 3.2c, a decrease in the negative CD signal at around 217–

228 nm). This decrease is likely associated to conformational changes occurring in the 

vicinity of the Cys34 as a result of SP to MC conversion. 
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3.2.2 Optical control over ligand binding to subdomain IB 

We examine the behavior of the albumin hybrid, before and after irradiation with UV 

light, in terms of binding to methyl orange (MO). Methyl orange is a commonly used dye, 

that is known to bind primarily to subdomain IB,[35] with an association constant of 2.3 x 105 

M-1.[36] It is also known that the binding of dyes to native HSA is associated with 

characteristic changes in their UV-visible spectra,[36,37] which, for example, have been used 

to determine the concentration of albumin in blood serum.[38] Here, we monitor spectral 

changes by UV-visible spectroscopy, in order to follow the binding/release of the ligand 

(Figure 3.3). For all experiments, an excess of MO ligand (~4-equivalent) is added to HSA-

SP (3.7 μM) and, before each spectrum is measured, the unbound MO is removed by spin-

filtration. We exclude the possibility that this procedure modifies the equilibrium 

significantly in view of the large values of association constants that characterize the binding 

of ligands to HSA (typically larger than 104 M-1). Also, the optical signature of the material 

is not modified significantly by spin-filtration (Figure 3.1d). Finally, from differences in UV-

vis spectra before and after ligand binding we estimate that concentration of bound MO is 

4.7 μM (protein:ligand ratio is 1:1.3).  

At a fixed concentration of ligand, the absorption of free MO in the visible region (λmax 

= 460 nm) is lower than that of bound MO to HSA-SP (Figure 3.3a). Significantly, in the 

absence of spiropyran, we observe that irradiation of the ligand-HSA complex does not yield 

any significant spectral changes (Figure 3.3b). This blank experiment indicates that MO is 

stable and not responsive to UV light in our experimental conditions, thus any spectral 

modification induced by irradiation is associated to the photo-induced release/binding events 

primarily.  

The binding of the MO ligand to the HSA-SP hybrid does not interfere with the 

photochromic properties of the photo-switch, as verified by UV-visible spectroscopy (Figure 

3.3c). Further examination of the spectral contributions of MO shows a decrease of 

absorption at λ = 460 nm after 5 min irradiation with UV light (Figure 3.3d, orange line). The 

difference can be attributed to the release of MO from subdomain IB. The decrease in the 

absorption band indicates that about (16 ± 2)% of the bound MO ligand is released upon 

irradiation. Subsequently, about (8 ± 1)% of the released MO binds back after subsequent 
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irradiation with visible light for 5 min; which means that the reversibility is moderate. Each 

of the ligand release and re-binding experiments were repeated three times in-situ.  

 

Figure 3.3 Photo-responsive binding of the methyl orange dye, to subdomain IB. a) MO spectra display 

a positive shift in the absorption in the visible range when bound to HSA-SP (black line) compared to 

the free dye (orange line) in Tris-HCl buffer pH 7.5. b) Spectra of HSA-bound MO (in the absence of 

SP) before (black line) and after UV light irradiation (red line). c) Photo-switching of HSA-SP in the 

presence of MO characterized with UV-visible spectroscopy, before any irradiation (red line), after UV 

light irradiation (pink line) and after Vis light irradiation (blue line). The ligand binding does not hinder 

the reversible conversion of SP to MC upon irradiation. d) Optical response of HSA-SP bound MO 

(orange line) monitored at λ = 460 nm.  

The photo-induced release of the dye from subdomain IB – whereas the spiropyran switch 

is connected to subdomain IA, is also corroborated by investigating the diffusion behavior 

before and after irradiation using Pulsed-Field Gradient Spin-Echo (PFGSE) NMR 

experiments. The diffusion constant of methyl orange corresponding to the HSA-MO 

complex raises from Dbefore = (4.11 ± 0.02) x 10-10 m2/s before irradiation, to Dafter = (4.28 ± 

0.02) x 10-10 m2/s after irradiation. This light-induced increase in the diffusion constant 

confirms qualitatively that the release of the ligand occurs, because free dyes are expected to 
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diffuse faster, compared to the average of protein-bound dyes, thus resulting in a higher 

diffusion constant. For comparison, the diffusion constant of the dye, in the absence of 

albumin and measured in the same conditions is D = (4.67 ± 0.02) x 10-10 m2/s.  

 

 

Figure 3.4 Photo-responsive bromocresol green binding to subdomain IB. a) BG spectra display a 

negative shift in the absorption in the visible range when bound to HSA-SP (black line) compared to 

free dye (blue line) in Tris-HCl buffer (pH 7.5). b) Spectra of HSA-bound BG (in the absence of SP) 

before (black line) and after UV light irradiation (red line). c) Photo-switching of HSA-SP in the 

presence of BG characterized with UV-visible spectroscopy, before any irradiation (red line), after UV 

light irradiation (pink line) and after irradiation with visible light (blue line). The ligand binding does 

not hinder the reversible conversion of SP to MC upon irradiation. d) Optical response of HSA-SP 

bound BG (blue line) monitored at λ = 615 nm.  

Next, and aiming to demonstrate the generality of our approach, we performed photo-

induced allosteric experiments with bromocresol green (BG), another dye that binds to 

subdomain IB primarily (Figure 3.4).[38] The binding of bromocresol green to HSA results in 

changes in the absorption spectrum that are comparable to those observed for methyl orange 

(Figure 3.4a). In the native HSA protein and thus in the absence of any spiropyran, no photo-

induced spectral changes are ever observed for the HSA-BG complex (Figure 3.4b), which 
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indicates that BG is stable against irradiation. In the hybrid system, the binding of BG does 

not interfere with the photochromic properties of the spiropyran (Figure 3.4c). Upon 

irradiation, an increase in absorption is observed at λ = 615 nm (Figure 3.4d, blue line), which 

indicates release of HSA-SP bound BG that occurs upon conversion of the SP-form to the 

MC-form. Based on similar examination, about (4.5 ± 0.5)% of the bound BG is released 

upon photo conversion of the spiropyran. The lower percentage of BG that is released is 

likely related to its binding affinity to HSA, which is 7-fold higher than the binding affinity 

of MO to HSA.[36,39] Upon subsequent irradiation with visible light (λ ≥ 420 nm), about (89 

± 11)% of the released ligand re-binds the protein during MC to SP conversion, which means 

that BG displays a higher degree of reversibility than MO. The difference in the degree of 

reversibility possibly originates in BG displaying a naturally higher binding constant.  

To further investigate the release of MO from IB pocket, we proceed to determine the 

binding affinity of MO to the engineered HSA by following the fluorescence of tryptophan 

that is quenched upon binding of MO to IB pocket (Figure 3.5a, excitation at λ = 279 nm and 

emission at λ = 340 nm). Notably, the only tryptophan residue in the entire HSA structure 

(Trp214) is located at the connecting helix between subdomain IB and subdomain IIA 

(Figure 3.5a, inset).[30] The observed quenching is attributed to energy transfer phenomenon 

(FRET) between Trp (λemission = 300 – 400 nm) and methyl orange (λexcitation = 350 – 550 nm) 

as the distance between Trp214 and IB binding site (3 – 4 nm) allows such mechanism to 

occur.[40] Based on fitting with Stern-Volmer equation (Figure 3.5b), the protein-ligand 

associations in the different systems reflected by their quenching constants are summarized 

in Figure 3.5c. The effective quenching constants reveal a 2.7-fold decrease in MO binding 

upon UV light irradiation.  

Although the decrease in the ligand binding affinity is up to 3-fold at best, a significant 

impact could still be expected as albumin is involved in complex cellular networks. Also, 

this result compares positively to the magnitude in photo-controlling binding affinity 

reported in literature, which was a 4-fold decrease of binding affinity in the catabolite 

activator protein.[10,19]  
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Figure 3.5 MO binding to HSA-SP examined based on Trp fluorescence quenching. a) Fluorescence 

emission of HSA-SP titrated with MO, without any irradiation (left) and upon irradiation with UV light 

(right) (excitation at λ = 279 nm and emission at λ = 297 – 450 nm). Inset: the fluorescent Trp-214 

(orange) in HSA. b) Experimental data-points and Stern-Volmer fitting for Trp fluorescence quenching 

by MO, without and with UV light irradiation (black and red lines, respectively). HSA-SP concentration 

is  6 μM. c) Effective quenching constants of MO and the hybrid system, without and with UV light 

irradiation revealing a 2.7-fold decrease upon irradiation. 

 

3.2.3 Molecular dynamic simulations 

In order to shed light on ligand release mechanism, we perform molecular dynamics 

(MD) simulations of protein binding two MO molecules in the IB pocket using GROMACS 

4.5 package[41] and Amber99SB*-ILDN force field.[42,43] We adapt the protonation state of 

amino acid residues, the salt concentration, the minimum distance between protein replicas, 

pressure and the temperature to correspond to the experimental setup. According to 

molecular docking simulation performed on an X-ray structure of HSA (PDB entry 4K2C) 

using Autodock 4.2,[44] both forms of the photo-switch attached to Cys34 residue in 

subdomain IA can form a hydrogen bond with Arg144 and Lys137 of the IB pocket (Figure 

3.6). Our MD simulations show that the nitro group of both SP and MC prefers the nearest 
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Arg144 than Lys137 for hydrogen bonds and therefore, we focus on investigating the effect 

of this non-covalent interaction to the behavior of the IB pocket in terms of affinity for the 

ligands. 

 

Figure 3.6 Noncovalent interaction between the photo-switch (depicted only for MC) and a) Arg144 

and b) Lys137 sidechains of the IB pocket. 

 

From molecular docking simulations, we found that two MO ligands can be inserted in 

several different ways in the IB pocket. We take an example of two MO ligands which are 

stacked anti-parallelly (Figure 3.7a), to study the dynamics of protein-ligand system. This 

configuration of two MO molecules is likely the most favored as it minimizes the strong 

repulsion between two sulfonate groups by placing them apart from each other. Moreover, 

the two ligands form a π-stacking interaction with each other. There are in total three 

hydrogen bonds to the IB pocket established upon binding of two MO, where one interacts 

with Arg117 and Arg186 and the other interacts with Lys137. From our extensive 

simulations, we observe that the latter interaction is very important as the ligand release 

corresponds to a permanent loss of MO–Lys137 hydrogen bond. Compared to the 

simulations of unmodified/native HSA with two MO stacked similarly, we observe that the 

stability of MO–Lys137 hydrogen bond is significantly reduced upon attachment of photo-

switch, which could be an indication of MO release. 
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Figure 3.7 Distance fluctuation analysis of domain I upon photo-switching. a) Configuration of two 

MO stacked anti-parallelly in IB pocket. b) Color coded representation of six and four-helices in the IA 

and IB subdomains. c) Fluctuation in the flexibility area of domain I helices upon photo-switching, blue 

and orange-colored area represent regions with higher flexibility in the presence of SP and MC, 

respectively. 

 

To gain insight on the distinctive effect of SP and MC introduced to the IB pocket, we 

compute the difference in Cα–Cα distance fluctuation of amino acid residues of domain I 

based on the two MD trajectories where a hydrogen bond between the photo-switch and 

Arg144 is formed. This calculation is intended to pinpoint the change in the flexibility area 

of domain I upon photo-switching (Figure 3.7b and c). In this analysis, residues that lie on 

the coil structure are omitted in the calculation as they naturally fluctuate in an uncorrelated 

way. The orange-colored area in Figure 3.7c indicates the region of HSA that becomes more 



Programming allostery in the human serum albumin with light 

44 

 

flexible in the presence of MC, while blue color indicates a higher flexibility in the HSA-SP 

state. We observe that the IB pocket fluctuates more in the HSA-MC state as reflected by the 

predominance of orange-colored region in both the diagonal B1–B4 vs B1–B4 and the off-

diagonal A1–A6 vs B1–B4 regions. The former region is related to an increased breathing of 

IB pocket, while the latter indicates a higher cross-fluctuation between IA and IB subdomains 

in the HSA-MC state. These findings altogether suggest that the IB pocket is more flexible 

in the HSA-MC system compared to HSA-SP system. 

3.3 Conclusions  

We have demonstrated a photo-responsive hybrid system of the allosteric HSA that is 

covalently modified with a single SP/MC switch at a specific site. Irradiation of the hybrid 

system results in ligand release, while the overall structure of the protein is preserved.  

Although the decrease in the ligand binding affinity is up to 3-fold at best, a significant impact 

could still be expected as albumin is involved in complex cellular networks. The photo-

control of ligand binding is achieved in an allosteric manner as the switch is attached to a 

neighboring site (subdomain IA) of the examined ligand binding site (subdomain IB). 

Molecular dynamics simulations indicate that the covalent attachment of the switch in IA 

reduces the stability of ligand binding to key residues of IB pocket. Moreover, IB pocket 

evidently breathes and fluctuates more in the HSA-MC system compared to HSA-SP system. 

The remote control of a binding pocket by switching a neighboring site opens new 

opportunities for externally interfering with allosteric regulation of HSA. We envision that 

similar engineering strategies could be extended to systems with higher-order structures and 

further on to supramolecular protein-based hybrids and artificial biomimetic systems. 
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3.5 Materials and methods  

3.5.1 General 

The human serum albumin (HSA) was purchased from Sigma-Aldrich. All experiments 

are performed in a Tris-HCl buffer pH 7.5 (containing 150 mM NH4Cl). Chemicals were 

purchased from Sigma-Aldrich and used without further purification, unless stated otherwise. 

3.5.2 Synthesis of the photo-switch  

The light-responsive maleimide-spiropyran switch was synthesized according to 

described procedure (Figure 3.8).[45] 

 

Figure 3.8 Synthesis of maleimide-bearing nitrospiropyran 

 

1-(2-hydroxyethyl)-2,3,3-trimethyl-3H-indol-1-ium iodide (3) was synthesized 

according to the literature method.  2,3,3-trimethyl-3H-indole 1 (4.96 g, 31.2 mmol, 1 eq)  

was dissolved in dry acetonitrile (10 mL) and 2-iodoethanol (2.55 mL, 32.7 mmol, 1.1 eq) 

was added and heated to  reflux for 24 h under N2. The reaction mixture was cooled at room 

temperature, the solid precipitate was filtered, washed with CH2Cl2 (30mL*3) to afford 

purple solid 3 (8.44 g, 82%). MS(ESI): 204.1 [M-H]+;  
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1H NMR (400 MHz, CD3CN) δ 7.79 – 7.75 (m, 1H), 7.74 – 7.70 (m, 1H), 7.66 – 7.58 (m, 

2H), 4.59 – 4.48 (t, J = 5.0, 5.2 Hz, 2H), 4.00 (dd, J = 10.5, 5.5 Hz, 2H), 3.69 (t, J = 5.8 Hz, 

1H), 2.79 (s, 3H), 1.57 (s, 6H);   

13C NMR (101 MHz, CD3CN) δ 198.95, 142.89, 142.23, 130.81, 130.08, 124.38, 118.30, 

116.48, 58.84, 55.66, 51.53, 22.83, 15.55. 

 

9,9,9a-trimethyl-2,3,9,9a-tetrahydrooxazolo[3,2-a]indole (4) was synthesized 

according to the literature method. A solution of 3 (8.35 g, 25.2 mmol, 1 eq), KOH (3.21 g, 

57.2 mmol, 2.3 eq) in deionized water (40 mL) was stirred for 30 min at room temperature. 

After extraction with diethylether (30mL*3), the organic layer was collected, dried with 

MgSO4 and evaporated to afford 4 as a yellow oil.  

1H NMR (400 MHz, CD3CN) δ 7.13 – 7.06 (m, 2H), 6.87 (m, 1H), 6.77 (d, J = 7.8 Hz, 

1H), 3.75 (m, 2H), 3.52 (m, 1H), 3.40 – 3.32 (m, 1H), 1.35 (s, 3H), 1.32 (s, 3H), 1.12 (s, 3H);  

 13C NMR (101 MHz, CD3CN) δ 152.14, 141.00, 128.38, 123.26, 122.24, 112.79, 109.64, 

63.53, 50.40, 47.54, 28.19, 20.94, 17.49. 

 

2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethanol (5) was 

synthesized according to the literature method. A solution of 5-nitrososalicylaldehyde (2.60 

g, 15.6 mmol, 1.5 eq) in ethanol (20 mL) and the obtained crude 4 (2.11 g, 10.4 mmol, 1 eq 

mmol) was refluxed for 3 h under N2. After cooling to room temperature, the mixture was 

filtered, washed with EtOH and dried to afford 5 as a solid purple (1.07 g, 29%).  

1H NMR (400 MHz, CD3CN) δ 8.07 (d, J = 2.8 Hz, 1H), 8.00 (dd, J = 9.0, 2.8 Hz, 1H), 

7.18 – 7.08 (m, 2H), 7.03 (d, J = 10.4 Hz, 1H), 6.86 – 6.81 (m, J = 7.5, 0.9 Hz, 1H), 6.72 (d, 

J = 9.0 Hz, 1H), 6.66 (d, J = 7.8 Hz, 1H), 5.99 (d, J = 10.4 Hz, 1H), 3.71 – 3.48 (m, 2H), 

3.37 – 3.17 (m, 2H), 2.82 (s, 1H), 1.25 (s, 3H), 1.15 (s, 3H);  

13C NMR (101 MHz, CD3CN) δ 160.44, 148.35, 142.10, 136.97, 128.81, 128.67, 126.57, 

123.71, 123.26, 122.71, 120.37, 120.04, 116.25, 108.03, 107.77, 60.88, 53.49, 46.90, 26.15, 

20.08. 

 

2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 2-bromoacetate  

(6) was synthesized according to the literature method. A solution of 4 (0.25 g, 0.7 mmol, 1 
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eq) was dissolved in dry toluene (6 mL). Pyridine (90 μL, 1.10 mmol, 1.5 eq) and 

bromoacetylbromide (100 μL, 1.10 mmol, 1.5 eq) were added. The reaction was stirred at 

room temperature, under N2. After stirring for 3 h, water (10 mL) was added and then was 

extracted with dry diethylether (30mL*3). The organic layer was collected, dried over 

MgSO4 and evaporated to afford 6 as a yellow brown (0.31 g, 91%).  

1H NMR (400 MHz, CD3CN) δ 8.08 (d, J = 2.8 Hz, 1H), 8.00 (dd, J = 9.0, 2.8 Hz, 1H), 

7.20 – 7.10 (m, 2H), 7.06 (d, J = 10.4 Hz, 1H), 6.87 (m, 1H), 6.71 (t, J = 8.3 Hz, 2H), 6.01 

(d, J = 10.4 Hz, 1H), 4.33 (m, 1H), 4.28 – 4.19 (m, 1H), 3.94 – 3.81 (m, 2H), 3.52 (m, 1H), 

3.40 (dt, J = 15.5, 5.1 Hz, 1H), 1.25 (s, 3H), 1.13 (s, 3H);  

13C NMR (101 MHz, CD3CN) δ 168.21, 160.29, 147.74, 142.21, 136.97, 129.19, 128.76, 

126.65, 123.77, 122.90, 122.87, 120.78, 119.97, 116.32, 107.81, 107.72, 64.89, 53.55, 43.07, 

27.33, 26.13, 19.94. 

 

2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 2-iodoacetate (1) 

was synthesized according to the literature method. A solution of 6 (0.31 g, 0.66 mmol, 1 eq) 

was dissolved in acetone (6 mL) and added NaI (0.12 g, 0.79 mmol, 1.2 eq). After stirring at 

room temperature for 2 h under Ar, the reaction mixture was filtered. Ethylacetate was added 

to the mother liquor and the organic phase was washed with H2O and dried over MgSO4, 

then evaporated and dried to afford 1 (0.23 g, 68%). MS(ESI): 521.1 [M-H]+;  

1H NMR (400 MHz, CD3CN) δ 8.09 (d, J = 2.8 Hz, 1H), 8.00 (dd, J = 9.0, 2.8 Hz, 1H), 

7.21 – 7.11 (m, 2H), 7.06 (d, J = 10.4 Hz, 1H), 6.87 (td, J = 7.5, 0.8 Hz, 1H), 6.72 (t, J = 8.6 

Hz, 2H), 6.03 (d, J = 10.4 Hz, 1H), 4.33 – 4.24 (m, 1H), 4.23 – 4.16 (m, 1H), 3.70 – 3.67 (m, 

2H), 3.55 – 3.46 (m, 1H), 3.43 – 3.34 (m, 1H), 1.25 (s, 3H), 1.14 (s, 3H);  

13C NMR (101 MHz, CD3CN) δ 169.87, 160.30, 147.76, 142.20, 136.97, 129.19, 128.77, 

126.65, 123.77, 122.97, 122.87, 120.76, 119.98, 116.33, 107.83, 107.74, 64.75, 53.57, 43.01, 

26.19, 19.95, -4.18.       

 

2-(3',3'-dimethyl-6-nitrospiro[chromene-2,2'-indolin]-1'-yl)ethyl 2-(2,5-dioxo-2,5-

dihydro-1H-pyrrol-1-yl)acetate (2) was synthesized according to the literature method. A 

solution of 1 (22 mg, 0.047 mmol, 1 eq) in dry acetone (2 mL) was added maleimide (182 

mg, 0.188 mmol, 4 eq) and K2CO3 (0.010 g, 0.071 mmol, 1.5 eq). After stirring for 4 h at 
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room temperature under N2, ethylacetate was added to the reaction mixture and it was washed 

with 0.1 M HCl and water. The organic phase was then evaporated and dried to afford 8 (0.02 

g, 87%). MS(ESI): 489.9  [M-H]+; 

1H NMR (400 MHz, CD3CN) δ 8.08 (d, J = 2.7 Hz, 1H), 8.00 (dd, J = 9.0, 2.8 Hz, 1H), 

7.19 – 7.11 (m, 2H), 7.06 (d, J = 10.3 Hz, 1H), 6.89 – 6.84 (m, 1H), 6.81 (s, 1H), 6.73 (d, J 

= 9.0 Hz, 1H), 6.69 (s, 1H), 6.65 (d, J = 7.8 Hz, 1H), 5.97 (d, J = 10.4 Hz, 1H), 4.34 (m, 1H), 

4.20 (dd, J = 11.0, 5.6 Hz, 1H), 4.16 (s, 2H), 3.53 – 3.44 (m, 1H), 3.41 – 3.32 (m, 1H), 1.25 

(s, 3H), 1.13 (s, 3H);  

13C NMR (101 MHz, CD3CN) δ 171.04, 168.64, 160.20, 147.74, 142.13, 136.91, 136.01, 

135.52, 129.14, 128.72, 126.58, 123.70, 122.77, 122.69, 120.70, 119.87, 116.25, 107.68, 

107.62, 64.54, 53.41, 43.06, 39.32, 26.09, 19.86. 

 

 3.5.3 Synthesis and characterization of the hybrid system  

 A 10-fold excess of nitro-spiropyran bearing a maleimide functional group was added to 

HSA (in 20 mM Tris-HCl buffer pH 7.5, with 20% DMSO) at room temperature and 

incubated for an hour. The unbound spiropyran was removed by repeated spin-filtration 

(Corning Spin-X UF 10k MWCO membrane filters), each for 20 min at 6,000 rpm 

(Eppendorf centrifuge 5415R) or with the size-exclusion chromatography (preparative 

column Superose 6 10/100 GL, GE Healthcare FPLC Äkta purifier 900 with a 24 mL bed 

volume). Prior to injecting the samples into the column, all samples were dialyzed against 

Tris-HCl buffer pH 7.5 to remove the DMSO using 12 – 14 kDa dialysis membranes 

(Spectra/Por). The purified hybrid system was further characterized with UV-visible 

spectrometer (Perkin Elmer Lambda 850). 

Calculations for protein:photo-switch ratio based on UV-Vis spectra (Figure 3.1d): 

𝐴350 = [𝐻𝑆𝐴] 𝑥 1,167 𝑀−1𝑐𝑚−1 𝑥 1 𝑐𝑚 + [𝑠𝑝𝑖𝑟𝑜𝑝𝑦𝑟𝑎𝑛] 𝑥 7,994 𝑀−1𝑐𝑚−1 𝑥 1 𝑐𝑚  

𝐴280 = [𝐻𝑆𝐴] 𝑥 30,456 𝑀−1𝑐𝑚−1 𝑥 1 𝑐𝑚 + [𝑠𝑝𝑖𝑟𝑜𝑝𝑦𝑟𝑎𝑛] 𝑥 13,042 𝑀−1𝑐𝑚−1 𝑥 1 𝑐𝑚  

 

 3.5.4 Photo-responsive ligand binding analyses 

 A 4-fold excess of ligand (either methyl orange or bromocresol green) was added to the 

hybrid system (3.7 μM in 20 mM Tris-HCl buffer) at room temperature and incubated for at 

least 3 h. The unbound ligand was removed with repeated spin-filtration. The samples were 
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irradiated with UV light (λ = 365 nm, bluepoint LED Honle Technology, 40 mW/cm2) for 5 

min and subsequently with visible-light (λ ≥ 420 nm, Edmund MI-150 High-intensity 

Illuminator) for 5 min. The absorption spectra were recorded with a Perkin Elmer Lambda 

850 UV-visible spectrometer. For the fluorescence quenching studies, a 3 mL solution of the 

hybrid system in 20 mM Tris-HCl buffer was placed inside a cuvette with a magnetic stirring 

system and titrated with the ligand in a microscale addition. After each addition, the solution 

was incubated and stirred for 3 min. Afterwards, the emission spectra at λ = 297 – 450  nm 

(excitation at λ = 279 nm) were recorded using a Perkin Elmer fluorescence spectrometer. 

All experiments were reproduced three times. 

Calculations for ligand binding/release (calibration curves shown in Figure 3.9): 

 [𝑑𝑦𝑒]𝑡𝑜𝑡𝑎𝑙 =  
𝐴𝑏𝑒𝑓𝑜𝑟𝑒 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛

𝜀𝑏𝑜𝑢𝑛𝑑 𝑥 1 𝑐𝑚
  

 [𝑑𝑦𝑒]𝑏𝑜𝑢𝑛𝑑 𝑥 𝜀𝑏𝑜𝑢𝑛𝑑 𝑥 1 𝑐𝑚 + [𝑑𝑦𝑒]𝑓𝑟𝑒𝑒 𝑥 𝜀𝑓𝑟𝑒𝑒 𝑥 1 𝑐𝑚 =   𝐴𝑎𝑓𝑡𝑒𝑟 𝑖𝑟𝑟𝑎𝑑𝑖𝑎𝑡𝑖𝑜𝑛  

 [𝑑𝑦𝑒]𝑡𝑜𝑡𝑎𝑙 = [𝑑𝑦𝑒]𝑏𝑜𝑢𝑛𝑑+ [𝑑𝑦𝑒]𝑓𝑟𝑒𝑒   

 %𝑟𝑒𝑙𝑒𝑎𝑠𝑒 =  
[𝑑𝑦𝑒]𝑓𝑟𝑒𝑒

[𝑑𝑦𝑒]𝑡𝑜𝑡𝑎𝑙
 𝑥 100%  

 

Figure 3.9 Calibration curves of a) free MO, b) HSA-SP-bound MO, c) free BG and d) HSA-SP-bound 

BG. All experiments are performed in Tris-HCl buffer pH 7.5. 
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 3.5.5 PFGSE-NMR experiments 

 All NMR experiments were measured using a Bruker Avance II NMR 600 MHz 

spectrometer, equipped with a triple-nucleus TXI probe head with a z-gradient coil, and a 

Great 3/10 gradient amplifier. All experiments were performed at 300 K using standard pulse 

sequences from the Bruker library. Pulsed-Field Gradient Spin-Echo (PFGSE) NMR 

experiments were carried out by using the pulse sequence of longitudinal-eddy-current delay 

(LED) with bipolar-gradient pulses, with a diffusion delay () of 0.2 s and gradient length 

() of 1200 μs and 5 ms of eddy-current delay. The gradient strength was varied from 5 to 

95%. A total of 128 transients were collected for each of the 20 increment steps with a recycle 

delay of 2 s. Pseudo-2D DOSY plots were processed with the standard Bruker software; the 

diffusion coefficients were determined by the T1/T2 “vargrad” SimFit fitting routine. 

Calibration of the field gradient strength was achieved by measuring the value of translational 

diffusion coefficient (D) for the residual 1H signal in D2O (99.99%, 2H atom), D = 1.91×10−9 

m2/s. 

 

 3.5.6 Determination of effective quenching constants 

 The formation of a protein-ligand complex is associated with static quenching of protein 

fluorescence by the bound ligand. The quenching constant is obtained from the Stern-Volmer 

equation: 

𝐹𝑜

∆𝐹
=  

1

𝑓𝑎. 𝐾𝑎. [𝑄]
+ 

1

𝑓𝑎
 

where ∆F is the difference in fluorescence emission with and without the quencher Q in the 

system; Q represents the free quencher; fa represents the fraction of accessible fluorescence 

and Ka is the effective quenching constant.[46,47]  

 Isothermal microcalorimetry is typically used to determine binding constants 

experimentally. However, since the MC-form can be converted back to SP-form during the 

automated measurement, this technique is not applicable here. 

 

 3.5.7 Analyses of protein global structure 

 The conformation of the protein (0.1 μM) before and after irradiation in 10 mM phosphate 

buffer pH 7.5 was analyzed with a Jasco J-1500 circular dichroism spectrometer. The 
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hydrodynamic size of the protein before and after irradiation in 20 mM Tris-HCl buffer pH 

7.5 was determined with dynamic light scattering (Nanotrac Wave, Microtrac).   

 

 3.5.8 Data and schematic representation 

 All data plotting and mathematical fitting were performed with OriginPro 9.0 software. 

For CD spectra, the raw data were smoothed using the Savitzky-Golay filter in OriginPro 9.0 

software. Protein structures are rendered using PyMOL 1.3 software and chemical structures 

are drawn using ChemBioDraw Ultra 12.0 software. 
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Chapter 4 

Bacterial encapsulins as in vitro and in vivo 

protein-based nanoplatforms 

 Bacterial encapsulins are highly organized structures that are composed 

of protein building blocks , making up icosahedral cage-like structures with 

the size of 20 –  25 nm. The outer and inner surface of encapsulins can be 

modified, either chemically or genetically, and the internal cavity can be used 

to template, store and arrange molecular cargo within a defined space. Recent 

years have witnessed the increasing interest on the application of bacterial 

semi-organelle encapsulins for bio -nanotechnology.  Here, we characterize the 

native structure of B. linens  encapsulins with both native and foreign cargo 

using cryo-electron microscopy (cryo-EM). Furthermore, by harnessing the 

confined enzyme (i.e., a peroxidase), we demonstrate the functionality of the 

encapsulin for an in vitro  surface-immobilized catalysis in a cascade pathway 

with an additional enzyme, g lucose oxidase. We also demonstrate the in vivo  

functionality of the encapsulin for cellular uptake using mammalian 

macrophages. Unraveling both the structure and functionality of the 

encapsulins paves the way towards transforming biological nanocompartmen ts 

into functional systems.  

 

 

Part of this chapter is published in R.M. Putri, J.J.L.M. Cornelissen, M.S.T. Koay, 

ChemPhysChem 2015, 16, 911-918. Part of this chapter is included in a submission to ACS 

Nano 2017. 
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4.1 Introduction  

Protein-based nanocages have gained great interest in nanotechnology and have been 

developed into effective delivery agents (nanocarriers) and nanoreactors.[1-3] In recent years, 

a new class of nanocages from bacteria called the encapsulins (Figure 4.1) has emerged as 

promising nanoplatforms, characterized by their robust nature.[4-9] Nevertheless, compared to 

other protein-based nanocages, such as viral capsids,[1,10] ferritins[11,12] and heat-shock 

proteins,[13] the development of encapsulins for nanoplatforms is only in its infancy.[6] 

Previous studies highlighted that the encapsulins confine a functional protein-based cargo, 

such as an enzyme or a ferritin-like protein, thus being recognized as a bacterial semi-

organelle. The encapsulin from Brevibacterium linens, for instance, naturally houses a dye-

decolorizing peroxidase (DyP) within its cavity, which is involved in oxidative stress. DyP 

is assembled as a trimer of dimers, i.e., a 240 kDa hexamer. The specific encapsulation 

mechanism of DyP is mediated by its C-terminal end, which interacts specifically with a 

defined region of the encapsulin inner surface. We recently demonstrated that fusion of the 

DyP C-terminal end to a heterologous protein, such as the teal fluorescent protein (TFP), 

allows its packaging in these nanocontainers.[14]  

Despite the recent sharp increase in the number of studies on encapsulins,[4,5,7-9,14-20] 

structural characterization of encapsulins at the molecular level is yet to be explored. 

Encapsulins from Myxococcus xanthus (PDB entry 4PT2)[17] and Pyrococcus furiosus (PDB 

entry 2E0Z)[21] assemble into T = 3 (180-subunit, ~32 nm) nanocompartments, whereas 

encapsulin from Thermotoga maritima (PDB entry 3DKT)[6] assembles into a T = 1 (60-

subunit, 24 nm) particle (Figure 4.1). Both icosahedral particles pack ferritin-like proteins 

that protect cells from oxidative stress.[6,17] Notably, encapsulin fold is similar to the capsid 

protein fold of Hong Kong 97 (HK97)-like virions[22] (including dsDNA bacteriophages and 

herpesviruses), which constitute the most successful self-replicating system on Earth. Thus, 

encapsulins and the capsid proteins of HK97-like viruses might share a common evolutionary 

origin. The structural characteristics at the molecular level of encapsulins that confine 

enzymes is still poorly understood. Deciphering the structure would be the first step towards 

understanding the enzyme confinement in bacteria and the functioning of encapsulins as 

semi-organelles for biochemical reactions. To characterize the protein structure, as an 
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alternative to the well-known protein crystallization, cryo-electron microscopy (cryo-EM) 

recently emerges as a powerful technique.  

 

 

Figure 4.1 Structure of encapsulin from the bacterium T. maritima (PDB entry 3DKT).[6] The protein 

cage is composed of 12 pentamers, whereby the monomer (blue) and one pentamer (red) are shown. 

The protein cargo (yellow) occupies the internal cavity as a result of interactions with a conserved 

peptide sequence (purple). 

In this chapter, the structural characterization of B. linens encapsulin with native DyP 

cargo (DyP-E) and foreign TFP cargo (TFP-E) is presented using cryo-EM reconstruction. 

Furthermore, the functionality of B. linens encapsulins as nanoplatforms for in vitro and in 

vivo purposes is demonstrated. We harness the confined DyP in the native encapsulin to 

perform a tandem catalysis in vitro on a surface in a cascade manner. For the in vivo study, 

we use the modified encapsulin with a TFP cargo to investigate the particle uptake by murine 

macrophages. 

4.2 Results and discussion 

 Characterization of encapsulin stability and structure 

The encapsulin from B. linens is recombinantly expressed in E. coli and mechanical lysis 

(i.e., ultrasonication) is performed to disrupt the cell and retrieve the encapsulin particles. 

The particles are purified with 38% sucrose cushion and 10 – 50% sucrose gradient to remove 

other cellular proteins. The final step of purification involves a size-exclusion 

chromatography (SEC) that indicates the presence of the encapsulin peak at V = 11 – 12 mL 
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(Figure 4.2A, red line) monitored at λ = 280 nm in the native environment (Tris-HCl buffer 

pH 7.5). 

 

Figure 4.2 Characterization of encapsulin at different pH values. (A) Size-exclusion profiles of 

encapsulin at acidic, native and basic pH monitored at λ = 280 nm, revealing a single peak of encapsulin 

(V = 11 – 12 mL or V = 9 mL) for each profile. (B) Size-exclusion profiles of encapsulin at native and 

highly basic pH, showing an extra peak (number 3) at V = 15 mL apart from the typical encapsulin 

peak (number 1 and 2). (C) DLS-based size distributions of encapsulin at acidic, native and basic pH. 

(D) TEM images of encapsulin at acidic, native and basic pH, revealing intact spherical particles under 

all conditions. (E) Denaturing gel electrophoresis revealing the encapsulin band (~28 kDa) present for 

all samples. Lanes 1, 2, 3 correspond to peaks 1, 2, 3 in Figure 4.2B, respectively, lane 4 corresponds 

to the protein marker.          

To investigate the robust nature of B. linens encapsulin,[20] we characterize the stability 

of native DyP-E against pH changes and higher ionic strength. The stability of encapsulin 

particles in 7 different pH values is examined (i.e., acidic condition at pH 3 – 5, native 

condition at pH 7.5, basic condition at pH 9 – 11). Acetate buffer is used to prepare pH 3, pH 

4 and pH 5 buffers, Tris-HCl buffer is used for pH 7.5 and pH 9 buffers, and phosphate buffer 

is used for pH 10 and pH 11 buffers. For each pH value, the encapsulin samples are incubated 

overnight and subsequently characterized using SEC, dynamic light scattering (DLS) and 

transmission electron microscopy (TEM), respectively. Upon mixing and overnight 

incubation of encapsulin at pH 3 and pH 4 buffers, particle aggregation is suspected to occur 
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as the solutions become cloudy. Centrifugation of the solutions results in white pellets and 

therefore these samples are not further analyzed.    

Apart from pH 3 and pH 4, the encapsulin particles seem to be stable at all tested pH 

values, which is in agreement with a previous report.[23] Characterization with SEC (Figure 

4.2A and B), DLS (Figure 4.2C) and TEM (Figure 4.2D) respectively shows that uniform 

and spherical structures could be observed in all samples. Notably, the elution profiles from 

SEC are different at basic pH (pH 9 and 10): instead of eluting at V = 11 – 12 mL 

(characteristic for native encapsulin particles), the encapsulins incubated at higher pH elute 

at a lower volume (V = 9 mL), suggesting an increase in particle size, possibly due to 

aggregation. TEM analysis (Figure 4.2D) shows that typical spherical particles are still 

present at basic pH although a tendency to aggregate is indeed observed. Aggregation of 

particles is clearly seen when the incubation at elevated pH is prolonged to 2 days (Figure 

4.2C), which could be partially reversed by adjusting the pH back to around neutral. 

Furthermore, we also note that a second peak at V = 15 mL appears in the case of encapsulin 

at pH 11 (Figure 4.2B), indicating the formation of smaller particles as it elutes at a higher 

volume than intact particles (V = 11 – 12 mL). This phenomenon is not observed at lower 

pH values. The species eluting at V = 15 mL is confirmed to be encapsulin-based by SDS-

PAGE (Figure 4.2E, red arrow) since the protein band appears at the same position as the 

band of native encapsulin at pH 7.5. Hence, it is concluded that native B. linens encapsulin 

partially disassembles at pH 11. Similar particle disintegration at elevated pH has been 

reported for T. maritima encapsulin.[15]  

To investigate the effect of increasing ionic strength, DyP-E at native conditions (pH 7.5) 

and elevated pH (pH 9) are incubated with either 1 M NaCl, 1 M MgCl2 or 1 M CaCl2 in the 

solution. At both pH 7.5 and pH 9, the encapsulin particles elute at a similar elution volume 

compared to the samples with no salt added (Figure 4.3). This finding indicates that the 

increase in ionic strength (up to the tested range) does not significantly compromise the 

stability of encapsulin particles. This is in stark contrast, for instance, with the Cowpea 

Chlorotic Mottle plant virus (CCMV) that already disassembles when the ionic strength is 

increased to ~1 M at an elevated pH.[24]  
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Figure 4.3 Characterization of encapsulin at different ionic strength. (a) Size-exclusion profiles of 

native encapsulin at native pH (pH 7.5) in the presence of different salts monitored at λ = 280 nm, 

revealing a single peak of encapsulin (V = 10 – 12 mL) for each profile. (b) Size-exclusion profiles of 

native encapsulin at elevated pH (pH 9) in the presence of different salts monitored at λ = 280 nm, 

revealing a single peak of encapsulin (V = 9 mL) for each profile. 

 

 

Figure 4.4 Characterization of encapsulin in the presence of organic solvent. TEM images of native 

encapsulin (size around 20 nm) in the presence of (a) DMSO (left: 20% right: 40%) and (b) ethanol 

(left: 20% right: 40%). All samples are in Tris-HCl buffer pH 7.5. 
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As for several (nano)technological applications non-aqueous conditions are required, the 

effect of addition of organic solvents is examined. Here, we choose two most common 

organic solvents added to protein solutions (usually for chemical modifications),[25,26] which 

are ethanol and DMSO. Based on characterization with TEM, we could still observe the 

presence of intact, spherical particles upon the addition of up to 40% DMSO to the encapsulin 

solution at pH 7.5 (Figure 4.4). However, the number of intact particles is noticeably low and 

most of them are already disassembled/degraded into smaller fragments, even already in the 

presence of 20% DMSO. Similarly, addition of 40% ethanol also results in predominantly 

degraded fragments and only a very small amount of intact particles could be observed 

(Figure 4.4). On the contrary, addition of up to 20% ethanol does not seem to affect the 

structures as they are highly comparable to the native encapsulin structures (Figure 4.4).    

We use 3D cryo-EM to analyze the native structures of encapsulin from B. linens loaded 

with its natural cargo, DyP (DyP-E), or with TFP (TFP-E). Non-loaded encapsulin (nl-E) is 

included as a control (Figure 4.5A-C). Whereas DyP- and TFP-loaded encapsulin particles 

are homogeneous, with an internal density corresponding to the cargo, nl-E shows two types 

of particles, either empty or containing some material in the internal cavity at a 1:5 ratio 

(Figure 4.5A, white and black arrows, respectively). The presence of material inside nl-E is 

attributed to random/statistical packaging of cellular components that might occur during in 

vivo assembly; such phenomenon is also indicated by previously reported broad distribution 

of masses of nl-E particles analyzed by native mass spectrometry.[14,20] A 3D reconstruction 

(3DR) is obtained for each of the three sets of particles (Figure 4.5D-F). Based on a 0.5 

Fourier shell correlation (FSC) threshold, the resolution is 11.4 Å for nl-E, and 13.5 and 15 

Å for TFP-E and DyP-E, respectively. These values suggest that structural integrity is better 

preserved in nl-E than in cargo-loaded encapsulins, in accordance with previous biophysical 

analyses.[20] Our biochemical analysis further indicates that nl-E particles do not undergo 

partial disassembly even at elevated pH (i.e., a tendency to aggregate is observed at pH 11 

instead of forming smaller particles, Figure 4.6). The outer diameter, determined from 

spherically averaged radial density plots of the 3DR, is 228 Å for nl-E and TFP-E, but DyP-

E measured 232 Å. Despite this ∼2% size increase, the inner diameter is identical for the 

three maps. Encapsulin maps are icosahedral shells with an average thickness of 28 – 30 Å, 

and the particle is based on a T=1 lattice. 
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Figure 4.5 Cryo-EM images and 3DR of non-loaded, DyP- and TFP-loaded encapsulin from B. linens. 

(A–C) Cryo-electron micrographs of purified non-loaded encapsulin (nl-E) (A), DyP-loaded encapsulin 

(DyP-E) (B), and TFP-loaded encapsulin (TFP-E) (C). In A, white and black arrows indicate empty nl-

E and nl-E with packed material, respectively. Bar, 500 Å. (D-F) 3DR with icosahedral symmetry of 

nl-E (D), DyP-E (E) and TFP-E (F) viewed along a twofold axis of symmetry contoured at 2 σ above 

the mean density. Arrows indicate pores on the outer surface. (G-I) 3DR with no symmetry of nl-E (G), 

DyP-E (H) and TFP-E (I). Top row, the radially color-coded outer surfaces viewed along a twofold axis 

of symmetry contoured at 2 σ above the mean density; bottom row, 3DR with the front half of the 

protein shell removed. Cargo is yellow (nl-E), red (DyP-E) or green (TFP-E).      
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Figure 4.6 Characterization of empty/non-loaded encapsulin. (a) Denaturing gel electrophoresis 

revealing the encapsulin band (~28 kDa, green arrow) and the cargo DyP band (~50 kDa, red arrow). 

Lane 1 corresponds to protein marker and lane 2 and 3 correspond to empty/non-loaded (nl-E) and 

native (DyP) particles, respectively. (b) TEM image of nl-E at pH 7.5. (c) Size-exclusion profiles of nl-

E at pH 7.5 and pH 11, revealing only a single peak of encapsulin (V = 10 – 11 mL). 

 

At the moderate resolutions achieved, some features are distinguished; the capsid is 

formed by 12 slightly outward-protruding pentamers, each consisting of five curved, 

elongated subunits. Particles have ~5 – 8 Å diameter holes that extend through the capsid. 

These pores are located around the threefold axes (Figure 4.5D-F, arrows), and might serve 

as channels through which solutes can be interchanged with the cytoplasm. To infer cargo 

organization, 3DR of DyP-E, TFP-E and nl-E particles are calculated without imposing 

icosahedral symmetry to avoid smearing cargo features (Figure 4.5G-I). Although the three 

maps show smooth topography (average resolution ~24 Å), the cargo density exhibits distinct 

features. Whereas DyP-related density is connected to the inner surface of DyP-E at one 

three-fold axis, TFP-related density, which occupies a large part of the inner cavity, is clearly 

connected at six locations, in addition to other possible connections at six other locations. 

The internal density of nl-E capsids is much smaller, ~30 and 15% less compared to those of 

DyP-E and TFP-E. 

Encapsulin maps for B. linens are similar to the map for the T. maritima T=1 encapsulin 

particle (230 – 240 Å in diameter). To evaluate this structural resemblance, and considering 

a similar encapsulin fold, we perform docking analysis of the T. maritima encapsulin 

crystallographic model (PDB entry 3DKT) into the cryo-EM density maps of non-loaded and 

loaded T = 1 encapsulins. A total of 60 monomers of T. maritima encapsulin accounts well 

for the protein shell of B. linens nl-E (Figure 4.7A). This model includes the C-terminal 
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extension of the packaged protein, a ferritin-like protein (Flp) from T. maritima (Figure 4.7A, 

yellow). In addition, most pores in the T. maritima encapsulin shell co-localize with the pores 

in B. linens nl-E (Figure 4.7B, dashed circles). 

 

 

 

Figure 4.7 Pseudo-atomic models of nl-E, DyP-E and TFP-E. (A) nl-E inner surface viewed along a 

threefold axis, with docked T. maritima encapsulin atomic coordinates. Encapsulin monomers at the 

threefold axis are depicted in red, green and blue, and their corresponding Flp C-terminal ends in 

yellow. (B) nl-E outer surface viewed along a threefold axis. There are numerous pores at and around 

the threefold axis (dashed circles). The cargo density has been removed computationally. Black 

symbols indicate icosahedral symmetry axes. (C) DyP-E map with C3 symmetry from inside, with 

docked T. maritima encapsulin (blue) and DyP density (red). (D) DyP cryo-EM density extracted from 

the map shown in C; arrows indicate connections to the inner encapsulin surface (left). DyP density 

calculated from negative staining electron microscopy[6] (right). (E) TFP-E map from inside, with 

docked T. maritima encapsulin (blue) and TFP density (green). The TFP atomic structure (PDB entry 

2HQK) is shown at the same scale (top right). 

 

The role of the DyP C-terminal extension is, as it is for Flp, to target the cargo protein to 

the binding sites on the encapsulin interior. Considering that DyP is organized as a trimer of 

dimers, we calculate a 3DR of DyP-E with C3 symmetry (Figure 4.7C). The map resolution 

is slightly improved compared to the map calculated with no symmetry (25 Å vs 28 Å). 

Furthermore, DyP is solved as a density with three connections that match with the location 

of the Flp C-terminal extensions (Figure 4.7D, left). The B. linens DyP, expressed in the 
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absence of encapsulin, is used to calculate a map from negatively stained particles (Figure 

4.7D, right, EMD entry 1530).[6] This recombinantly expressed DyP is similar to our native 

encapsulated DyP model. The cryo-EM hexameric DyP map highlights the structural 

differences between the two trimers; the trimer connected to the encapsulin capsid interior 

probably has ordered C-terminal extensions, whereas the other three C-terminal extensions 

are probably disordered. The cryo-EM packed hexameric DyP is observed as an elongated 

density (~114 Å long x ~92 Å wide; ~3.3 x 105 Å3 volume), compatible with the dimensions 

and volume of a recombinant hexameric DyP (~104 x 104 Å; 2.85 x 105 Å3). The cryo-EM 

TFP-related density is ~5.1 x 105 Å3 (Figure 4.7E); a TFP monomer (PDB entry 2HQK; a 

TFP derived from Clavularia sp.)[27] is 4.7 x 104 Å3, which suggests that 10 – 12 TFP 

copies/particle are encapsulated, compatible with previous mass spectrometry analysis.[14] 

Despite their similar molecular weights, the packing efficiency of TFP is greater than that of 

DyP, suggesting that the quaternary structure of the cargo is a determining factor for 

packaging. 

 

 In vitro study of encapsulin as nanoreactors on surface 

To demonstrate the functionality of encapsulins for in vitro applications, we investigate 

the performance of native DyP-E as a bio-nanoreactor. The confined Dyp inside the 

encapsulin cavity allows the particles to catalytically oxidize dye molecules, for example 

2,2'-azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) or ABTS dye, while reducing 

hydrogen peroxide into water.[19,28] We immobilize the encapsulin particles on a glass surface 

in order to ease the particle recovery as well as to demonstrate the catalysis on a surface, 

which is commonly preferred for in vitro application such as protein-based sensors.[29,30] The 

glass surface is first modified with pentafluorophenyl silicate (Figure 4.8A) that introduces 

surface reactivity and allows chemical reaction with lysine residues present on the encapsulin 

surface.[31] We have reported that the lysine residues of B. linens encapsulin are indeed 

available for chemical modification.[18]  

To confirm that the particles are covalently immobilized onto the surface using this 

approach, we perform a contact angle measurement on the encapsulin-modified glass surface, 

which results in the contact angle of 55 – 60º as opposed to 75 – 85º for PFPS-modified glass 

surface (before adding the encapsulin). The decrease in the contact angle after encapsulin 
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addition indicates a successful immobilization as the presence of encapsulin changes the 

surface properties into a more polar state (in comparison to the surface with PFPS only). 

Furthermore, as shown in Figure 4.8B, we are able to visualize the encapsulin particles on 

the surface using scanning electron microscopy (SEM). Based on multiple images recorded 

with SEM, we estimate the percentage of coverage area to be 35 ± 5% with up to 1.16 x 1011 

encapsulin particles immobilized on the surface (area: 1 x 1.5 cm2). 

 

Figure 4.8 Surface-immobilized encapsulin as a bio-nanoreactor. (A) Immobilization strategy of 

encapsulin particles on a glass surface using PFPS molecules as linkers. (B) SEM image of surface-

immobilized encapsulin showing the presence of nanometer-sized particles (~24 nm) on the surface. 

(C) Schematic representation of a tandem system consisting of GOx and DyP-E. The initial substrate 

glucose is oxidized by GOx while producing H2O2, which in turn is converted by Dyp into water while 

producing green-colored ABTS radical. (D) Catalytic assay of the tandem system monitored at λ = 410 

nm based on the absorption of the ABTS radical cation. 
 

After surface attachment, we investigate the catalytic activity by carrying out a cascade 

reaction on the surface. The encapsulin enzymatic activity is tested based on the oxidization 

of ABTS dye while reducing H2O2 produced by an additional enzyme called glucose oxidase 

(GOx) that is added into the solution (Figure 4.8C). We choose the well-studied tandem GOx-

peroxidase system as it has been proven useful as a biosensor for glucose detection,[28,32,33] 

thus providing our system with a possible functionality. The oxidation of ABTS into its 

green-colored radical form is monitored at λ = 410 nm for up to 6 min (Figure 4.8D) at 
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different glucose concentrations. In our experiments, GOx (1 μM) is added as the final 

compound into the reaction mixture as it kick-starts the entire cascade reaction. Noticeably, 

the Dyp-catalyzed formation of ABTS-based radical does not start immediately after GOx 

addition (t = 0, Figure 4.8D), which is attributed to GOx catalyzed H2O2 production and 

diffusion to the surface-immobilized, encapsulated DyP. As expected, this lag phase is 

shortened by increasing the concentration of glucose as more H2O2 is produced with 

increasing glucose concentration. In a similar way, the lag phase decreases when the surface-

immobilized encapsulin is added into a pre-mixed glucose-GOx solution to allow GOx-

catalyzed reactions with H2O2 already present (Figure 4.9), which does not change the 

reaction rate.   

 

Figure 4.9 Different order of addition resulting in different lag phases. At a fixed concentration of all 

substrates and enzymes, the lag phase is longer if the substrate glucose is added as the final component 

to the system (black line, reaction starts at t = 5 min). On the contrary, if the surface-immobilized 

encapsulin is added to the mixture of GOx-glucose, the lag phase is significantly shortened (red line). 
 

Based on the maximum slope (max dA410/dt), we calculate the reaction rates (i.e., the rate 

of the ABTS radical cation being formed) to be 2.67 μM/min for 0.5 mM glucose, 1.57 

μM/min for 3.2 mM glucose and 1.83 μM/min for 5 mM glucose. Based on these results, we 

assume that 0.5 mM glucose is already sufficient to achieve the maximum reaction rate on 

the surface (i.e., Vmax = 2.67 μM/min) since increasing glucose concentrations does not lead 

to a higher reaction rate and likely results in substrate inhibition instead.[34] Considering the 

number of the encapsulins immobilized (1.16 x 1011 particles), we calculate the apparent 
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turnover number of (Vmax/total protein concentration) to be kcat = 115.4 s-1 (within the reaction 

volume of 500 μL, total protein concentration = 3.86 x 10-10 M). The obtained turnover 

number is comparable in magnitude to reported turnover number for (non-encapsulated) DyP 

in literature (i.e., kcat = 224 s-1),[35] indicating that the surface immobilization does not lead to 

a significant activity loss. We have demonstrated here the catalytic activity of surface-

immobilized encapsulin in vitro, paving the way towards the use of B. linens encapsulins as 

bio-nanoreactors and/or biosensors. 

 In vivo study of encapsulin as an agent for cellular infection 

To evaluate the use of B. linens encapsulins for in vivo applications, we investigate the 

uptake of the encapsulin with a fluorescent protein cargo (TFP-E) by mammalian J774 

macrophages. A more detailed biochemical analysis of TFP-E particles has been reported in 

a previous work by our group.[14] Notably, the modified particles remain intact and stable 

over two years of storage at 4ºC (Figure 4.10), further confirming their robust nature even 

with a non-native cargo. 

 

 

Figure 4.10 Characterization of modified encapsulin with a fluorescent protein TFP cargo (TFP-E). 

Size distribution of TFP-E particles over two years of storage at 4ºC, revealing the presence of intact 

particles with the expected size of around 20 nm. 
  

 After the addition of TFP-E to the macrophage cells and subsequent incubation for 4 h, 

images are taken with a fluorescent microscope to visualize the TFP cargo (excitation at λ = 

460 – 490 nm, emission at λ = 525 nm). As the negative control, cells that are not treated 
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with any encapsulin particles remain present after the removal of culture medium but do not 

show any fluorescence signal (Figure 4.11A and B). For both lower and higher concentration 

of TFP-E (i.e., 0.013 µM and 0.06 µM), the treated macrophages show a high fluorescent 

signal as shown in Figure 4.11C-H. The green-colored signal that resembles the circular 

shape of the cells indicates that the TFP cargo is taken up by the macrophages, confirming 

an uptake of TFP-E particles. There is no visible difference between the higher and lower 

concentration of TFP-E and the resulting uptake at the examined concentrations. Based on 

the fluorescence signal from the cells, TFP-E appears to enter the macrophages effectively 

yet stays clear of the nucleus.  

  

 

Figure 4.11 Fluorescence microscopy images of J774 macrophages treated with TFP-E. (A-B) The 

negative control consisting of macrophages that are not treated with TFP-E does not show any 

fluorescence signal. (C-E) Macrophages treated with a lower concentration of TFP-E (0.013 µM) 

showing fluorescence from TFP cargo protein taken up by the cells. (F-H) Macrophages treated with a 

higher concentration of TFP-E (0.06 µM) showing fluorescence from TFP cargo protein taken up by 

the cells.    
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This study shows that the encapsulins can be used to confine a foreign protein cargo and 

preserve their structural integrity for a prolonged time in vitro, and the cargo can be taken up 

by mammalian cells. Further studies are needed to identify whether the spherical particles 

stay intact inside the cells as well as the uptake mechanism. 

 

4.3 Conclusion 

We have provided structural insight into the encapsulins from B. linens using cryo-EM, 

confirming that the native icosahedral, cage-like assemblies confine a single peroxidase DyP 

within its cavity. Using the same analysis, we also characterize the structure of modified 

encapsulin particles with non-native cargo (i.e., a fluorescent protein). Compared to the 

empty encapsulin (nl-E) the protein cages that contain a cargo are slightly larger, which is in 

line with our previous analysis.[20] The data further confirms the directive role the C-terminal 

fragments on the cargo proteins play in their inclusion,[6,14] allowing the design and 

preparation of encapsulin containers with a variety of guest systems. To investigate the 

functionality of encapsulins as a promising agent for nanoplatforms, we demonstrate a 

tandem in vitro catalysis proving that the encapsulin is able to play a role as bio-nanoreactors 

on surface as well as the in vivo cellular uptake of modified encapsulins by mammalian 

macrophages. Our results provide both functional and structural basis of B. linens 

encapsulins, paving the way towards the development of the encapsulins as functional 

assemblies for nanotechnology, for instance as therapeutic agents and biosensors. 
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4.5 Materials and methods  

4.5.1. General 

B. linens encapsulin was recombinantly expressed in E. coli and purified based on 

reported procedures.[14,18] Encapsulin samples were stored in “encapsulin storage buffer” 

containing 20 mM Tris-HCl, 150 mM NH4Cl, 1 mM β-mercaptoethanol at pH 7.5. For pH 

variation studies, 100 mM acetate buffer (CH3COONa-CH3COOH) was used to prepare pH 

3, pH 4 and pH 5 buffers, 20 mM Tris-HCl buffer was used for pH 7.5 and pH 9 buffers, and 

10 mM phosphate buffer (Na2HPO4-NaOH) was used for pH 10 and pH 11 buffers. All 

chemicals were purchased from Sigma-Aldrich unless stated otherwise. All incubations and 

reactions were conducted at room temperature unless stated otherwise. 

For data processing and representation, all plotting and mathematical calculations were 

performed with OriginPro 9.0 software. Protein structures were rendered using PyMOL 1.3 

software and chemical structures were drawn using ChemBioDraw Ultra 12.0 software. 

4.5.2. Cryo-EM and image processing 

Non-loaded, DyP- and TFP-loaded B. linens encapsulin (5 μL) were applied to one side 

of Quantifoil R 2/2 holey grids, blotted and plunged into liquid ethane in a Leica EM CPC 

cryofixation unit. Samples were analyzed in a Tecnai G2 electron microscope equipped with 

a field emission gun operating at 200kV, and images were recorded under low-dose 

conditions with a FEI Eagle CCD at a detector magnification of 69,444X (2.16 Å/pixel 

sampling rate). Image processing operations were performed using Xmipp[36] and Relion[37] 

packages integrated in the Scipion platform.[38] Graphic representations were produced by 

UCSF Chimera.[39] The Xmipp automatic picking routine was used to select 6,785, 19,591 

and 29,680 individual particle images of non-loaded, DyP- and TFP-loaded encapsulin, 

respectively. A 1.2 – 4.1 μm defocus range was determined for each image with CTFfind4.[40] 

Particle images were extracted, normalized and downsampled to a factor of 2, with a final 

sampling ratio of 4.32 Å/pixel. Using the Relion routine, a two-dimensional (2D) 

classification was performed to discard low-quality particles, and 5,357, 15,941 and 19,779 

isometric particles were selected for non-loaded, DyP- and TFP-loaded encapsulin, 

respectively. A 3D classification was run using the structure of Thermotoga maritima 
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encapsulin (PDB entry 3DKT), low-pass filtered to 40 Å, as an initial model. When 

icosahedral symmetry was imposed, a single class with 4,246, 12,833 and 15,976 particles 

was obtained for non-loaded, DyP- and TFP-loaded encapsulin, respectively. When 

assuming no symmetry for non-loaded, DyP- and TFP-loaded encapsulin, three classes were 

obtained, but no significant differences were observed between them at the resolutions 

achieved and particles were refined together. DyP-loaded encapsulin particles were analyzed 

considering C3 symmetry and a single class with 9,930 particles was selected.  These data 

sets were used to obtain the final 3DR using the Relion autorefinement routine. Resolutions 

of 3D with icosahedral symmetry were estimated from two independent half-datasets using 

the 0.5 (or 0.3) criterion of the Fourier shell correlation (FSC), and the values for non-loaded, 

DyP- and TFP-loaded encapsulin were 11.4 (10.7), 15.1 (13.5) and 13.5 (12) Å, respectively. 

Similarly, resolution values for asymmetric 3DR were 27.3 (23.8), 28.3 (25) and 24.2 (22.7) 

Å. For the DyP-loaded encapsulin with C3 symmetry, resolution was 24.7 (22.8) Å. The 

Chimera fitting tool was used to dock the atomic crystallographic model T. maritima 

encapsulin into our cryo-EM encapsulin maps. 

4.5.3. Characterization of encapsulin stability 

Size-exclusion profiles of encapsulin upon pH and ionic strength variation were obtained 

by injecting and running 500 μL of each samples (~15 μM) into a Superose 6 preparative 

column 10/100 GL (GE Healthcare FPLC Äkta purifier 900 with a 24 mL bed volume). The 

hydrodynamic size distribution of the particles was determined using a particle analyzer 

Nanotrac Wave (Microtrac). For particle imaging with TEM, 5 μL of a sample was applied 

onto Formvar-carbon coated grids and the liquid was drained after 30 s. Afterwards, 5 μL of 

a staining solution consisting of uranyl acetate (1% w/v) was added onto the grids and the 

liquid was drained after 1 min. For protein characterization with denaturing gel 

electrophoresis (SDS-PAGE), experiments using 12% polyacrylamide gel were conducted 

based on procedures in literature[41] and Bio-Safe Coomassie (Bio-Rad) was used for 

visualization of protein bands. 
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4.5.4. Immobilization of encapsulin and catalytic assay 

Substrates (glass or silicon) were rinsed with water and activated by immersion/cycling 

piranha solution (H2SO4:H2O2 = 3:1) and rinsed with water and ethanol, then dried with a 

steam of nitrogen. !Caution: Piranha solution reacts violently with organic material and has 

to be treated with utmost care! Perfluorophenyl-11-(triethoxysilyl)undecanoate (PFPS) was 

deposited by substrate immersion into a PFPS solution (DCM, 10 mM) for 24 h at room 

temperature under argon atmosphere. The glass wafer was rinsed with DCM to remove 

unreacted reagent and dried in a steam of N2. Encapsulin particles were deposited from 

buffered solution (0.2 M phosphate buffer, pH 7.2). The particles were drop-coated on the 

flat glass substrate overnight in a closed vessel to avoid solvent evaporation. Afterwards, the 

glass was rinsed with buffer solution to remove non-immobilized particles. 

For catalytic assay, 200 μL of glucose (3 different final concentrations: 0.5 mM, 3.2 mM, 

5 mM) and 200 μL of ABTS (2.5 mM) in Tris-HCl buffer pH 7.5 was placed inside a cuvette 

together with the glass surface with the immobilized encapsulin particles. Afterwards, 100 

μL of GOx (1 μM) in PBS buffer pH 7.4 was added into the cuvette to start the reaction and 

the absorption value at λ = 410 nm was immediately recorded for 6 min using a Perkin Elmer 

Lambda 850 UV-visible spectrometer. As control experiments, a PFPS-modified glass 

surface without encapsulin particles was used for similar kinetic studies.   

The reaction rate based on radical ABTS production was calculated as follows: 

𝑟𝑒𝑎𝑐𝑡𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 =  
𝑑 [𝑟𝑎𝑑𝑖𝑐𝑎𝑙 𝐴𝐵𝑇𝑆]

𝑑𝑡
=  

𝑑𝐴

𝑑𝑡
 𝑥 

1

ɛ 𝑥 𝑏
       

where A is the absorbance of radical ABTS at λ = 410 nm, ɛ is the extinction coefficient 

of radical ABTS at λ = 410 nm (36000 M-1 cm-1) and b is the cuvette path length (1 cm). 

dA/dt corresponds to the maximum slope of the kinetic plots in Figure 4.8D and Figure 4.9. 

The apparent turnover number kcat was calculated based on Vmax/total protein concentration. 

Although the particles were immobilized on the glass surface, the catalytic assay was 

performed in solution (i.e., the modified surface was fully immersed inside a cuvette). The 

total protein concentration was calculated based on the number of particles on the surface 

and the volume of reaction. 
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4.5.5. Cell experiments 

B. linens encapsulin containing mTFP (monomeric teal fluorescent protein) were 

recombinantly produced in E. coli and purified using the same protocol established for native 

B. linens encapsulin. The concentration of TFP-E was 0.70 µM. Murine macrophage cells 

(J774) were cultivated in a DMEM. Following the cultivation, 100 µL of ~2000 cells were 

plated per well on a 96-well plate and either 0, 5 or 10 µL of TFP-E was added into the well 

(0, 0.013, 0.06 µM TFP-E). The treated cells were incubated at 37°C, 5% CO2 for 4 h to 

allow the cells to take up the particles. Following the incubation, the medium was removed 

and the cells were rinsed with phosphate buffer saline (10 mM PBS, pH 7.4) to further 

remove non-absorbed species. For the visualization based on fluorescence, the cells were 

imaged using a fluorescence microscope (Olympus TH4-200 with a X-Cite series 120pc Q 

Laser from Lumen Dynamics, excitation at λ = 460 – 490 nm, emission at λ = 525 nm). 
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Chapter 5 

Labeling encapsulin with  

light-switchable fluorophores 

  

The emergence of bacterial nanocages as  nano-carriers to penetrate cells 

calls for the development of tracking strategies that would enable in vivo 

studies. Here, a strategy to label bacterial nanocages with photo -switchable 

fluorophores is presented, to facilitate their imaging by super -resolution 

microscopy. We demonstrate the functionalizatio n of the encapsulin from 

Brevibacterium linens  with a spiropyran photo-switch, which is not 

fluorescent, by covalent attachment to the amine residues at the outer 

encapsulin shell. Upon alternating irradiation with ultraviolet and visible 

light, the spiropyran switches forth and back to its fluorescent merocyanine 

photo-isomer and thus the fluorescence can be switched on and off,  reversibly. 

The bacterial compartments preserve their structural integrity upon covalent 

modification and over at least five irra diation cycles.  

 

 

 

 

 

 

This chapter is published in R.M. Putri, J.W. Fredy, J.J.L.M. Cornelissen, M.S.T. Koay and 

N. Katsonis, ChemPhysChem 2016, 17, 1815-1818 (special issue on molecular machines), 

and inside cover page.  



Labeling encapsulin with light-switchable fluorophores 

78 

 

5.1 Introduction  

The work presented in Chapter 4 has highlighted how encapsulins emerge as promising 

building blocks for nanobiotechnology.[1-8] For in vivo applications, the ability of encapsulins 

as nanoplatforms to penetrate cells while carrying functional molecules has been 

demonstrated,[3,8] but further understanding of their in vivo behavior calls for the development 

of non-invasive imaging and tracking strategies, while not compromising the self-assembly. 

Overcoming the diffraction barrier for microscopy can be achieved in live cells by using 

super-resolution fluorescence imaging,[9-15] by photo-switching fluorescence on and off to 

statistically turn on a small fraction of fluorophores only.[9, 14-18] Such technique known as 

Stochastic Optical Reconstruction Microscopy (STORM) involves the mapping of 

fluorescent points by activating only a subset of fluorophores stochastically at any given time 

while the rest are switched off (Figure 5.1).[9] Super-resolution images are then reconstructed 

from multiple time-resolved fluorescence images at different areas. Moreover, the possibility 

to switch fluorescence on or off might reveal useful to avoid overlapping signals in the 

presence of various labeled structures. With this in mind, we set out to label bacterial 

nanocages with photo-switchable fluorophores. 

 

 

Figure 5.1 Principle of STORM imaging. An object is labeled with fluorophores (orange circles) that 

can be switched between an off (dark) state and on (fluorescent) state by light irradiation at different 

wavelengths, for instance, red laser to switch off and green laser to switch on (depicted by red and 

green arrows). Initially, the fluorophores are all present in their dark state (black circles) and in each 

cycle, a green laser is used to switch on only a fraction of the fluorophores. From multiple imaging 

cycles, optically resolvable sets of active fluorophores are then obtained and used to reconstruct the 

overall image. Reprinted with permission from [9]. Copyright © 2006, Macmillan Publishers Limited, 

part of Springer Nature.  
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Natural fluorophores such as the green fluorescent protein shows an on/off blinking 

behavior under examination at the single molecule level, and thus they have been used as 

fluorescence probes in live-cell imaging.[19, 20] However, despite their biocompatibility, they 

suffer drawbacks compared to synthetic fluorophores, which are often brighter than their 

biological counterparts,[10] allow chemical modifications on surfaces[21, 22] and are less likely 

to interfere with protein folding because they are smaller than fluorescent proteins.[17] 

Consequently, synthetic and photo-switchable fluorescence probes have emerged as 

powerful tools for in vivo imaging,[20] including diarylethenes[23] and spiropyran 

derivatives.[24] However, their moderate brightness remains an issue, which is why multiple 

fluorophores are often grafted at the surface of the same object.[21, 25] Here, we graft multiple 

spiropyran switches on the surface of the encapsulin. The spiropyran switches can be 

converted reversibly into their fluorescent photo-isomer upon irradiation with light, thus 

allowing a controlled on/off fluorescence.[26-31] In addition, the fluorescent isomer of 

spiropyran provides sufficient brightness for biological applications in live-cell imaging.[10, 

24, 32] 

5.2 Results and discussion 

5.2.1 Covalent attachment of spiropyran to encapsulin  

B. linens encapsulin counts 240 lysine residues that are accessible on its surface, which 

accounts for four lysines per monomer, the amine group of which are used as active sites for 

chemical modification. The sequence of encapsulin monomer is given below based on the 

DNA database: UniProtKB - Q45296 (LIN18_BRELN). Lysine residues are highlighted in 

yellow. 

MNNLYRELAPIPGPAWAEIEEEARRTFKRNIAGRRIVDVAGPTGFETSAVTTGHI

RDVQSETSGLQVKQRIVQEYIELRTPFTVTRQAIDDVARGSGDSDWQPVKDAA

TTIAMAEDRAILHGLDAAGIGGIVPGSSNAAVAIPDAVEDFADAVAQALSVLRT

VGVDGPYSLLLSSAEYTKVSESTDHGYPIREHLSRQLGAGEIIWAPALEGALLVS

TRGGDYELHLGQDLSIGYYSHDSETVELYLQETFGFLALTDESSVPLSL 

Our approach involves the functionalization of spiropyran with a succinimide moiety (Figure 

5.2a, black), which reacts with the amine group of lysines in order to form an amide bond. 
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The spiropyran (closed, off-state) is then converted to the colored merocyanine form (open, 

on-state) upon irradiation with UV light. Without UV irradiation, a spontaneous conversion 

of spiropyran form to merocyanine form can also occur in the dark in aqueous environment 

and is particularly favored in acidic environment, hence, all samples are kept under ambient 

light (to stabilize the spiropyran form) and in a neutral solution (in PBS buffer pH 7.4).[27] 

This conversion is reversible upon subsequent irradiation with visible light (Figure 5.2b). 

The merocyanine also undergoes a slow thermal relaxation into spiropyran in the dark, 

although the open (charged) form is more stabilized in a polar environment.[27]   

 

Figure 5.2 Covalent attachment of spiropyran-succinimide onto encapsulin. a) Coupling of encapsulin 

and spiropyran via amine-succinimide reaction. b) Photo-isomerization of non-fluorescent spiropyran 

(blue) to fluorescent merocyanine (red). 

Coupling the encapsulin nanocages to the spiropyran is achieved by adding 1000-times 

excess of spiropyran to the purified encapsulin solution at pH 7.4, containing 10% DMSO. 

After overnight incubation, the non-reacted spiropyran and DMSO are removed by dialysis 

and size-exclusion chromatography (SEC). In this process, non-covalently bound spiropyran 

molecules are removed by the combination of overnight dialysis and 48-times dilution 

throughout the SEC column (a buffered saline is used as the eluent to avoid electrostatic 

interactions).[33] The chromatogram reveals a protein peak at around V = 11 – 12 mL which 

is characteristic for encapsulin particles (Figure 5.3a). 
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Figure 5.3 Labeling encapsulin with a spiropyran photo-switch. a) Size-exclusion chromatogram 

showing the characteristic encapsulin elution at V = 11 – 12 mL as well as the characteristic spiropyran 

absorption at λ = 350 nm at the corresponding elution volume. b) UV-visible spectrum of encapsulin 

labeled with spiropyran switches.    

Encapsulin particles, owing to their sizes of 20 – 25 nm, always elute at around V = 11 – 

12 mL, monitored at protein primary absorption at λ = 280 nm. When the encapsulins are 

modified with spiropyran switches, another wavelength is monitored during the 

chromatography (i.e., the characteristic absorption for spiropyran) that is at λ = 350 nm. The 

modification with the switches does not change the size of encapsulin particles significantly 

since the hybrid system still elutes at V = 11 – 12 mL during the chromatography (Figure 

5.3a). The absorption at λ = 350 nm at the corresponding elution volume indicates covalent 

coupling of the spiropyran to the encapsulin as non-covalently bound spiropyran has been 

removed. The presence of spiropyran is further confirmed by UV-visible spectroscopy 

(Figure 5.3b). The small absorption band observed at around λ = 520 nm prior to any 

irradiation (Figure 5.3b) is likely due to a conversion of the spiropyran form into the 

merocyanine form, which occurs spontaneously in water.  

To quantify the labeling, the concentration of encapsulin is determined based on gel 

densitometry, while the concentration of spiropyran could be determined based on the 

absorption at λ = 350 nm in Figure 5.3b. Since the encapsulin does not absorb at this 

wavelength, we are able to use the absorbance at λ = 350 nm of the hybrid system to 

determine the spiropyran concentration in the hybrid system (ɛ = 7,994 M-1 cm-1), which 

results in the value of 1.16 mM of spiropyran. On the other hand, the encapsulin monomer is 

shown in SDS-PAGE gel (Figure 5.4), corresponding to the band at around 28 kDa (lanes 2, 
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3, 4). Importantly, lane number 3 confirms the present of the encapsulin component in the 

hybrid of encapsulin-spiropyran. By comparing the intensity of the encapsulin band in lane 

3 and the intensity of the encapsulin standard in lane 4 (known concentration = 0.14 mM), 

we could roughly estimate the concentration of the encapsulin in the hybrid system that is 

0.01 mM. Furthermore, we could estimate the number of spiropyran molecules per one 

encapsulin particle that is ~ (1.16 mM/0.01 mM) = 116 (~49% coverage). 

 

 

Figure 5.4 Gel densitometry to determine encapsulin concentration. Denaturing gel electrophoresis 

confirms the presence of encapsulin in the hybrid sample (lane 3) based on the characteristic encapsulin 

band at around 28 kDa (the monomer of the encapsulin cage), which is comparable to the native 

encapsulin (lane 2 and lane 4). The intensity of the encapsulin band in lane 4 is used as a standard 

(known concentration = 0.14 mM) to estimate the concentration of the encapsulin in the hybrid system 

(lane 3). The systematic comparison of band intensity (gel densitometry) is performed with Bio-Rad 

Image Lab software. 

5.2.2 Photo-switchable fluorescence of modified encapsulin  

The photo-isomerization of labeled encapsulin in PBS (pH 7.4) is examined by irradiating 

the sample with UV light for 2 min (λ = 365 nm) in solution. The photo-isomerization of 

spiropyran into merocyanine is indicated by the appearance of an absorption band around λ 

= 540 nm (Figure 5.5a and b). This conversion is complete after 2 min of irradiation and 

prolonged irradiation does not significantly increase the merocyanine concentration. We also 

observe the appearance of merocyanine fluorescence (Figure 5.5c and d) at λ = 615 nm upon 

excitation at λ = 535 nm. The excitation with 535 nm light for fluorescence measurement is 

unlikely to significantly revert the merocyanine form to spiropyran form because it occurs 
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only for a short time (around 1 – 2 min of spectrum scanning), while the conversion back to 

spiropyran form requires 7 min of continuous irradiation of visible light with considerable 

intensity (flux density: 46 mW/cm2).  

 

Figure 5.5 Photo-triggered on/off fluorescence of spiropyran-labeled encapsulin. a) UV-visible spectra 

showing the characteristic absorption band of merocyanine at λ = 540 nm. b) Reversible photo-

switching of spiropyran to merocyanine monitored at λ = 540 nm. c) Emission spectra showing the 

fluorescence of merocyanine at λ = 615 nm upon excitation at λ = 535 nm. d) Reversible conversion of 

on-state merocyanine to off-state spiropyran monitored at λ = 615 nm. 

We irradiate the encapsulin-merocyanine with visible light (λ ≥ 420 nm) to investigate 

the reversibility. The disappearance of the absorption band at λ = 540 nm, after 7 min of 

continuous irradiation, indicates that the merocyanine form is completely reverted to the 

spiropyran form (Figure 5.5a). Similarly, we observe a decrease of the fluorescence of 

merocyanine at λ = 615 nm after irradiation with visible light (Figure 5.5c). We further repeat 

the ultraviolet light and visible light irradiation cycle up to five times. After the fifth cycle, 

the merocyanine displays absorbance and fluorescence that amount to half their initial values 

(Figure 5.5b and 5.5d). The alternating decrease and increase of the fluorescence during the 

cycles confirms the photo-switching of the fluorophore (Figure 5.5d). The merocyanine form 

attached to the protein also undergoes thermal relaxation into the spiropyran form in the dark, 
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which can also be observed by the disappearance of its absorption band at λ = 540 – 550 nm 

(Figure 5.6). However, this process is much slower in comparison to the conversion back 

with continuous visible light irradiation.   

 

Figure 5.6 Thermal relaxation of merocyanine into spiropyran in aqueous system (the switch is 

attached to a model protein, human serum albumin). The relaxation is indicated by the disappearance 

of absorption band at λ = 550 nm, which is much slower (within hours) in comparison to the light-

triggered conversion (within 7 min).  

5.2.3 Structural integrity of encapsulin particles 

To confirm that the encapsulin particles are stable upon covalent modification and photo-

switching, we characterize the hydrodynamic size of the particles before and after irradiation 

by dynamic light scattering (DLS). DLS analysis reveals a diameter of about 20 – 25 nm, 

which indicates that the functionalized encapsulins remain intact after irradiation with both 

UV and visible light (Figure 5.7). The intact particles after irradiation are also visualized with 

TEM (Figure 5.8a). Nevertheless, structures with sizes exceeding 100 nm are also observed 

after the fifth cycle, which are likely aggregates forming upon the protein degradation caused 

by prolonged irradiation (Figure 5.8b).[34] 
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Figure 5.7 Structural integrity of labeled encapsulin measured by DLS. a) Size distribution of 

encapsulin particles throughout the alternating irradiation with UV and visible light peaking at diameter 

= 20 – 25 nm. b) Comparison of size distribution before any irradiation (black), after UV irradiation of 

the first cycle (red) and after visible irradiation of the fifth cycle (blue) showing that the structural 

integrity of the particles is preserved throughout the cycles. 

 

 

Figure 5.8 Effect of irradiation on modified encapsulin. a) TEM image of encapsulin particles 

(diameter = 20 – 25 nm) after irradiation with UV light (for 2 min), confirming that the majority of the 

particles are still intact upon irradiation. b) Size distribution of encapsulin particles (diameter ~ 20 nm) 

after 5 cycles of irradiation showing that the intact encapsulin particles are present but larger structures 

also form (diameter >100 nm). 
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5.3 Conclusions  

We have demonstrated a strategy to label encapsulin nanocages isolated from 

Brevibacterium linens with a spiropyran photo-switch. The fluorescence of the hybrid 

nanocompartment resulting from this operation can be photo-switched on-command for 

multiple cycles. The encapsulin particles retain their structural integrity, both upon covalent 

modification with the dye and upon light irradiation. These results provide opportunities 

towards tracking protein-based nanocages in live cells. 
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5.5 Materials and methods  

5.5.1 General 

B. linens encapsulin is recombinantly expressed and purified according to the protocol in 

literature.[1,2] All experiments are performed at pH 7.4 in a phosphate buffered saline (0.01 

M PBS, Sigma-Aldrich). Chemicals are purchased from Sigma-Aldrich unless stated 

otherwise.   

5.5.2 Synthesis of spiropyran-succinimide 

The synthesis of product 1 to 4 (Figure 5.9) is carried out according to literature 

procedures.[35,36] 

 

1-(3-Carbomethoxypropyl)-3,3-dimethyl-2-methyleneindoline (1). To a solution of 2,3,3-

trimethyl-3H-indole (500 mg, 3.14 mmol, 1 eq) in 5 mL of chloroform, methyl 4-

bromobutyrate (600 mg, 3.30 mmol, 1.05 eq) is added. The reaction mixture is stirred under 

N2 for 24 h at 70°C. The chloroform is evaporated and diethylether is added to obtain a 
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precipitate. The solid is extensively ished with diethylether. 490 mg is obtained as a purple 

solid. 

1H NMR (400 MHz, CD3CN) δ7.92 – 7.86 (m, 1H), 7.74 – 7.69 (m, 1H), 7.66 – 7.61 (m, 

2H), 4.49 – 4.41 (m, 2H), 3.63 (s, 3H), 2.78 (s, 3H), 2.61 (dd, J = 8.6, 5.0 Hz, 2H), 2.23 – 

2.13 (m, 3H), 1.55 (s, 6H). 

13C NMR (101 MHz, CD3CN) δ 197.8, 173.9, 143.0, 130.9, 130.2, 124.4, 116.3, 55.6, 52.4, 

48.3, 30.9, 23.4, 22.6, 14.9. 

ESI MS (m/z) 260.02, calculated for [C16H22NO2]+ = 260.16. 

 

1’-(3-Carbomethoxypropyl)-3’,3’-dimethyl-6-nitrospiro[2H-1]-benzopyran-2,2’-

indoline (2). To a solution of 5-nitrosalicylaldehyde (68 mg, 0.41 mmol, 1 eq) in 3 mL of 

ethanol, the compound 1 (140 mg, 0.41 mmol, 1 eq) dissolved in 2 mL of ethanol is added 

slowly. The reaction mixture is stirred at 80°C for 5 h. The solvent is evaporated and the 

residue is purified by chromatography on silica gel to afford the product as a purple solid (58 

mg, 56%) 

1H NMR (400 MHz, CD3CN) δ 8.07 (d, J = 2.8 Hz, 1H), 8.00 (d, J = 2.8 Hz, 1H), 7.98 (d, J 

= 2.8 Hz, 1H), 7.15 (td, J = 7.7, 1.3 Hz, 1H), 7.11 (dd, J = 7.3, 0.8 Hz, 1H), 7.02 (m, 1H), 

6.87 – 6.81 (m, 1H), 6.71 (m, 1H), 6.66 (d, J = 7.8 Hz, 1H), 5.95 (d, J = 10.4 Hz, 1H), 3.57 

(s, 3H), 3.26 – 3.10 (m, 2H), 2.32 (tt, J = 8.1, 4.1 Hz, 2H), 1.92 – 1.75 (m, 2H), 1.26 (s, 3H), 

1.15 (s, 3H). 

13C NMR (101 MHz, CD3CN) δ 174.44, 160.39, 148.13, 142.08, 137.11, 129.11, 128.72, 

126.60, 123.73, 122.81, 122.74, 120.41, 119.97, 116.27, 107.93, 107.81, 53.36, 52.00, 43.58, 

31.81, 26.27, 24.77, 20.00. 

ESI MS (m/z) 409.28, calculated for [C23H24N2O5H]+ = 409.17.  

 

1’-(3-Carboxypropyl)-3’,3’-dimethyl-6-nitrospiro[2H-1]benzopyran-2,2’-indoline (3). 

To a solution of 2 (150 mg) in THF (3 mL), 1 mL of NaOH 10% is added. The reaction 

mixture is stirred at room temperature for 18 h. Afterwards, it is acidified with a solution of 

HCl (1 M). The aqueous phase is extracted with ethylacetate and concentrated to afford the 

product as a yellow solid. (124 mg, 86%). 
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1H NMR (400 MHz, CD3CN) δ 10.06 (d, J = 0.4 Hz, 1H), 8.70 (dd, J = 11.1, 2.9 Hz, 1H), 

8.42 (dd, J = 9.2, 2.8 Hz, 1H), 8.10 (d, J = 2.8 Hz, 2H), 8.02 (dd, J = 9.0, 2.8 Hz, 2H), 7.21 

– 7.12 (m, 5H), 7.05 (dd, J = 10.2, 4.3 Hz, 2H), 6.86 (td, J = 7.5, 0.9 Hz, 2H), 6.74 (d, J = 

9.0 Hz, 2H), 6.70 (d, J = 7.8 Hz, 2H), 3.31 – 3.13 (m, 4H), 2.38 – 2.28 (m, 5H), 1.85 (dddd, 

J = 15.4, 13.8, 10.7, 6.2 Hz, 6H), 1.27 (s, 8H), 1.18 (d, J = 6.1 Hz, 3H). 

13C NMR (101 MHz, CD3CN) δ 197.6, 174.7, 166.8, 160.4, 148.2, 142.1, 137.1, 132.5, 130.9, 

129.1, 128.7, 126.6, 123.7, 122.8, 122.7, 120.4, 120, 119.5, 116.3, 107.9, 107.8, 53.4, 43.64, 

31.5, 26.3, 24.7, 20.0. 

ESI MS (m/z) 395.09, calculated for [C22H22N2O5H]+ = 395.16. 

 

Spiropyran-succinimide (4). Compound 3 (50 mg, 0.13 mmol, 1 eq) and N-

hydroxysuccinimide (15 mg, 0.13 mmol, 1 eq) are dissolved in 5 mL in dried acetonitrile. 

DCC (26 mg, 0.13 mmol, 1 eq) is added and the reaction mixture is stirred at room 

temperature for 18 h under nitrogen. The solvent is evaporated and the residue is purified by 

chromatography over silica gel with hexane/ethylacetate to afford the product as a purple 

solid (20 mg, 32%). 

1H NMR (400 MHz, CD3CN) δ 8.07 (d, J = 2.7 Hz, 1H), 7.99 (dd, J = 9.0, 2.7 Hz, 1H), 7.17 

– 7.07 (m, 2H), 7.03 (dd, J = 10.4, 6.2 Hz, 1H), 6.88 – 6.81 (m, 1H), 6.74 – 6.63 (m, 2H), 

5.98 (dd, J = 10.4, 7.0 Hz, 1H), 3.32 – 3.11 (m, 2H), 2.76 (s, 2H), 2.66 (m, 2H), 2.59 – 2.56 

(m, 2H), 2.36 – 2.26 (m, 2H), 1.25 (s, 3H), 1.15 (s, 3H). 

13C NMR (101 MHz, CD3CN) δ 169.7, 168.2, 159.1, 146.8, 140.8, 136.0, 128.08, 127.8, 

125.3, 122.4, 121.5, 121.4, 119.3, 118.7, 114.7, 106.5, 52.0, 42.3, 41.8, 27.9, 25.0, 23.4, 18.7 

ESI MS (m/z) 491.94, calculated for [C26H25N3O7H]+ = 492.17. 
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Figure 5.9 Synthesis of succinimide-bearing nitrospiropyran 

5.5.3 Covalent attachment of spiropyran and encapsulin 

A 1000-fold excess of nitro-spiropyran bearing a succinimide is added to an encapsulin 

solution to a total volume of 500 µL (in 0.01 M PBS pH 7.4 containing 10% DMSO) at room 

temperature and incubated overnight. The non-reacted spiropyran is removed by size-

exclusion chromatography (SEC, preparative column Superose 6 10/100 GL, GE Healthcare 

FPLC Äkta purifier 900 with a 24 mL bed volume). Prior to injecting the samples into the 

column, all samples are dialyzed against PBS to remove the DMSO using 12 – 14 kDa 

dialysis membranes (Spectra/Por).  

5.5.4 Photo-switchable fluorescence analysis 

500 µL of the solution containing the encapsulin-spiropyran hybrid is irradiated with UV 

light (λ = 365 nm, bluepoint LED Hönle Technology, 40 mW/cm2) for 2 min and 

subsequently with visible-light (λ ≥ 420 nm, Edmund MI-150 High-intensity Illuminator) for 

7 min to complete a cycle of irradiation. After each irradiation, the absorption spectrum is 
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recorded with a Perkin Elmer Lambda 850 UV-visible spectrometer and the emission 

spectrum at λ = 555 – 670 nm (excitation at λ = 535 nm) is recorded using a Perkin Elmer 

fluorescence spectrometer.   

5.5.5 Characterization of encapsulin structure 

The hydrodynamic size of the encapsulin solution (~500 µL) before and after irradiation 

in 0.01 mM PBS (pH 7.4) is determined with dynamic light scattering (Nanotrac Wave, 

Microtrac). In addition to DLS analysis, confirmation of the structural integrity is also 

provided by TEM (300 kV acceleration voltage, Phillips CM 30) and SEC analysis.  
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Chapter 6 

Light-fueled assembly of encapsulin and 

chaperone into hybrid superstructures 

Life gains its sustainability from a continuous input of energy. Re -

engineering the principles underlying biological functionality into artificial 

systems would allow developing new design paradigms for adaptive matt er. 

Previously reported assemblies  of semi-synthetic protein systems primarily 

focus on integrative self-assembly under equilibrium conditions, while 

extending the design to non-equilibrium dynamic order has proven challenging 

due to the complexity.  Here, we demonstrate that higher degrees of 

organization emerge in self -assembled protein systems where proton is  

released gradually under ir radiation with light, provided that proteins 

undergo partial unfolding events. The giant superstructures are formed with 

defined edges confining protein -based substructures. Their fueled formation 

is mediated by the presence of a spiropyran -based photoacid, which releases 

its proton upon irradiation, leading to partial unfolding and exposure of 

hydrophobic segments of proteins and thus favoring self -association. 

Simultaneously, the photoacid switches from a hydrophil ic state to a 

hydrophobic state and thus becomes an active building block in the formation 

of the giant assemblies.  As the photo -induced switching and pH drop are 

rapidly reversible in the absence of light, the superstructures spontaneously 

disperse when the irradiation is stopped.  
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6.1 Introduction  

In some cases, extended nanostructures and ordered states of protein assemblies in Nature 

are sustained by a constant flow of energy or fuel. This is exemplified by the assembly of 

cytoskeletal protein microtubules, where the consumption of a chemical fuel generates a 

dynamic order that allows carrying complex tasks.[1,2] Drawing inspiration from the dynamic 

interplay between fuel and matter in biological processes thus calls for strategies to move 

beyond architectures under equilibrium conditions to a dynamic order of interacting 

components.[3] The distinctive feature of a dynamic order is that it allows a highly 

reconfigurable system. However, previous attempts on directing higher-order assembly of 

proteins in vitro have relied primarily on the incorporation of bridging interactions (e.g., 

disulfide bonds,[4] dendrons,[5] or metal coordination[6]) that are encoded in the structure of 

the proteins by design. Consequently, assembly of such systems occurs spontaneously as the 

cue for the assembly is embedded in the structure, resulting in architectures under equilibrium 

conditions. The disassembly would require addition of chemicals that can disrupt the 

bridging moieties such as a reducing agent or a chelating agent. 

Moving beyond spontaneously-assembled architectures, synthetic systems have 

demonstrated a dynamic assembly that is sustained by a continuous input of a fuel, using 

metal nanoparticles,[7] macrocycle[8] and chemical gelators as the building blocks.[9] To our 

knowledge, such system that is based on protein building blocks has not been reported, while 

protein architectures offer higher complexity, monodispersity and biocompatibility. In 

multimeric self-assembled proteins, such as cage-like proteins of virus and bacteria, 

environmental conditions such as pH, ionic strength and polarity of medium govern their 

assembly behavior.[10] Dynamic self-association of such proteins can be achieved by 

reversibly adjusting the pH to change the charges, conformations and properties of proteins 

to induce self-association in a reversible manner. 

In order to generate an energy-dependent dynamic order of proteins, the pH condition 

that favors self-association should be achieved in a reversible manner and sustained upon an 

input of energy. To enable this, we use a spiropyran-based photoacid (i.e., the open, 

protonated merocyanine form, MCH+) that reversibly releases its proton upon irradiation 

with visible light.[11] Using this molecule, previous reports demonstrated the decrease of pH 
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up to 2 units within only 20 s of irradiation with visible light upon the conversion of MCH+ 

form to spiropyran (SP) form.[11,12] The release of the proton from the photoacid is rapidly 

reversible as the MCH+ form is more stable than the SP form (half-life t1/2 ~70 s),[11] therefore 

altogether allowing a rapidly reversible control over the assembly. The spontaneous and 

immediate reversibility of pH control has enabled reversible photo-control of gold 

nanoparticles assembly,[13] ring-opening polymerization,[14] formation and swelling of 

supramolecular hydrogels,[15,16] photo-activation of antibiotic[17] and photo-activation of a 

biological ion channel.[18]    

6.2 Results and discussion 

6.2.1 Light-fueled assembly of hybrid superstructures 

Here, we use as building blocks the bacterial nanocompartment encapsulin from T. 

maritima (abbreviated as TM-Enc) that is co-purified with GroEL chaperone upon 

recombinant expression in E. coli (Figure 6.1a).[19] Both TM-Enc and GroEL are self-

assembled multimeric proteins with highly defined structures that favor self-association 

under extreme pH values.[20] The native encapsulin particles adapt an icosahedral cage-like 

structure, composed of 60 copies of identical protein subunits that self-assemble into a cage 

with the size of around 20 – 25 nm (Figure 6.1b).[21] We recently reported that encapsulin 

particles remain intact under irradiation with light.[22]  

GroEL chaperone from E. coli, a tetradecameric cylindrical protein (~15 nm in diameter, 

Figure 6.1b), is responsible for assisting the folding process of polypeptides into their native 

protein conformation.[23-25] The so-called apical domain located at the opening of cylindrical 

GroEL consists of hydrophobic surfaces that are responsible for polypeptide binding in the 

GroEL functioning.[23,24] Furthermore, GroEL molecules have a tendency to stack into 

fibrillar assembly upon agitation or in the presence of surfactant such as sodium dodecyl 

sulfate (SDS).[20,26] Recently, a design of photo-responsive stacking of GroEL into fibrillar 

structures is reported based on chemical incorporation of a spiropyran photoswitch that is 

anchored in the apical domain of GroEL.[27-29] The closed SP form is converted to the open 

MC form upon irradiation with UV light.[28,29] In the designed system, the stacking of GroEL 

relies on the formation of MC–Mg2+–MC bridges while the SP form does not accommodate 
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such interaction with Mg2+.[28,29] This structure can be switched back upon irradiation with 

visible light and in the presence of a radical scavenger.[28] 

 
 

Figure 6.1 TM-Encapsulin and GroEL proteins. a) Mass spectrum of co-purified proteins indicating 

the presence of two species, which are the GroEL (m/z ~ 12500 kDa) and TM-Enc (m/z ~17500 kDa). 

b) Structure of TM-Enc (red, PDB: 3DKT) and GroEL (yellow, PDB: 1SS8) and the visualization of 

the particles in their native state (in buffer Tris-HCl pH 7.5) using TEM. 
 

We anticipate that the decrease of pH upon irradiation of photoacid MCH+ in water would 

induce association of protein molecules into larger species (Figure 6.2a). The pH of the 

water-based system containing the proteins (4.3 μM, TM-Enc:GroEL ~5%:95%) and the 

photoacid MCH+ (0.17 mM, 2% ethanol) decreases from 5.90 to 4.05 upon irradiation with 

visible light (λ ≥ 420 nm, 30 s). Based on the absorbance at λmax = 421 nm (Figure 6.2b), we 

achieve ~45–50% conversion of MCH+ to SP upon irradiation under our experimental 

conditions, which does not increase further upon prolonged irradiation up to 5 min. 

Nevertheless, the pH drop is considered sufficient for our design as it already decreases 

around 2 units in 30 s, significantly changing the system from a mildly acidic/neutral to an 

acidic condition.  
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Figure 6.2 Formation of protein-based superstructures in the presence of photoacid. a) Schematic of 

reversible assembly of TM-Enc (red arrow) and GroEL (yellow arrow) into the giant superstructures in 

the presence of photoacid MCH+. The particles are visualized in TEM images. Upon irradiation with 

visible light for 30 s, the MCH+ form releases its proton and switches to the SP form. The process is 

reversible in the absence of light source (i.e., incubation for 30 min in the dark). b) Chemical structures 

of MCH+ and SP and the corresponding UV-visible spectra demonstrating the reversible photo-

conversion of photoacid monitored at λmax = 421 nm.  

 

 

Figure 6.3 Photo-switching of photoacid in the presence of proteins. a) UV-visible spectra of proteins 

only (Prot only) and proteins-photoacid (ProtMCH) before and after irradiation with visible light, 

showing a decrease of absorbance at λmax = 421 nm upon irradiation. b) Reversion of the absorbance of 

photoacid to its initial state upon incubation in the dark monitored at λmax = 421 nm for 300 s. 
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Importantly, the presence of the proteins in solution does not significantly affect the 

photo-switching of MCH+ to SP (Figure 6.3a). Furthermore, the back process from SP to 

MCH+ occurs rapidly in the dark (Figure 6.3b), leading to a complete reversibility in 30 min 

(Figure 6.2b). 

 

Figure 6.4 Emergence of higher organization in a hybrid system, under irradiation with light. 

Formation of larger assemblies upon irradiation, based on size distribution profiles from a) dynamic 

light scattering and b) TEM analyses. The superstructures with defined edges (black arrow) confining 

smaller substructures (blue arrow), shown by c) SEM and d) TEM images. e) TEM images of dispersed 

superstructures upon subsequent incubation in the dark for 1 h, showing the TM-Enc (red arrow) and 

GroEL fragments (yellow arrow). 

 

In the presence of photoacid, irradiation with visible light (λ ≥ 420 nm) leads to the 

formation of larger and finite structures in solution, revealed by dynamic light scattering 
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(Figure 6.4a). Examination with negative-stained electron microscopy confirms the presence 

of large, organized, spherical superstructures with a broad distribution of sizes, ranging from 

100 nm – 1.2 μm (Figures 6.2a, 6.4b-d). Based on TEM analysis, most of the circular 

structures are of 100 – 300 nm in diameter (Figure 6.4b). Examination with SEM reveals the 

presence of defined edges of the superstructures (Figure 6.4c). Such defined edges are found 

in unilamellar vesicles consisting of lipid bilayers.[30] In our case, based on TEM analysis, 

the edges seem to consist of densely associated protein materials (Figure 6.4d). Furthermore, 

TEM also reveals the presence of confined smaller protein-based substructures inside the 

assemblies (in average ≤ 12 nm, see Figure 6.4d), which are less dense than the edges. The 

superstructures spontaneously disperse when the irradiation is stopped (Figure 6.4e). These 

results confirm the light-dependent, reversible formation of the giant superstructures as 

illustrated in Figure 6.5. 

 

 

Figure 6.5 Schematic of light-fueled assembly of hybrid superstructures. 

 

Notably, in the absence of photoacid, the protein system remains intact and does not show 

any response to light irradiation (λ ≥ 420 nm, 30 s), confirmed by analyses with dynamic 

light scattering and fluorescence spectroscopy (Figure 6.6). In the absence of photoacid, 

when the pH is decreased from 7 to 4 using an acid salt (i.e., potassium hydrogen phthalate), 

the protein system in water visibly forms large aggregate (Figure 6.7). pH 4 is relatively close 

to the isoelectric points of both TM-Enc and GroEL (i.e., 4.89 and 4.76, respectively)[31], at 

which the proteins would carry zero net charge overall. Measurement of zeta potential reveals 
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that the surface charge of the proteins changes from -30.4 mV to -1.99 mV upon decreasing 

the pH from 7 to 4. The decrease of zeta potential indicates a significant loss of surface charge 

at pH 4 that results in the loss of electrostatic repulsion between particles, leading to the 

formation of the observed aggregates (Figure 6.7). 

 

Figure 6.6 Stability of proteins against irradiation. a) DLS-based size distributions of proteins before 

and after irradiation with visible light. b) Emission profiles of proteins before and after irradiation with 

visible light (excitation at λ = 290 nm). 

 

 

Figure 6.7 Aggregation of particles in acidic environment in the absence of photoacid. a) DLS-based 

size distribution profile and b) TEM images of proteins at pH 4 (0.245 M KHP solution pH 4.01) in 

water environment, revealing the absence of any defined superstructure in the absence of photoacid. 

 

As a control experiment, we also examine the behavior of the photoacid in the same 

fashion while decreasing the concentration of the proteins to be 10-fold less. In this 

experiment, the formation of any defined superstructure is not observed, indicating that such 

assemblies cannot be obtained in the lack of proteins (Figure 6.8a). Furthermore, the 

formation of the superstructures does not occur when the building blocks GroEL and TM-

Enc are both replaced with an encapsulin from B. linens (BL-Enc) that is treated in the same 
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fashion (Figure 6.8b). BL-Enc is structurally comparable with TM-Enc in terms of symmetry 

and number of subunits (i.e., 60 subunits), however they are constituted of entirely different 

amino acid sequences and appear to differ in terms of stability in the presence of photoacid 

(Figure 6.8b). 

 

Figure 6.8 Aggregation of particles in the lack or absence of GroEL/TM-Enc system. TEM images of 

a) highly diluted GroEL/TM-Enc system and b) BL-Enc system after irradiation with visible light in 

the presence of photoacid, revealing the absence of any defined superstructure. 

 

6.2.2 Structural changes of proteins upon assembly 

TEM images indicate that the proteins already undergo structural changes upon the 

addition of photoacid, even before any irradiation starts: the spherical, cage-like structure of 

TM-Enc is largely retained but seems to be more irregular in shape (Figure 6.2a) in 

comparison to the native state in buffer Tris-HCl pH 7.5 (Figure 6.1b). On the other hand, 

the circular structure of GroEL in the native state (Figure 6.1b) is disrupted into smaller 

fragments (Figure 6.2a). Using circular dichroism (CD) spectroscopy, we attempt to 

investigate whether the proteins undergo further conformational changes upon the drop in 
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pH that follows irradiation. The CD spectrum of the proteins-photoacid system at λ = 240–

290 nm is modified significantly upon irradiation (Figure 6.9). This modification is reversible 

upon incubation in the dark (Figure 6.9). However, as the photoacid on its own also raises 

CD signal in the same range of wavelength, it is difficult to infer the conformation of the 

proteins based on CD spectra.  

 

Figure 6.9 CD spectra of protein (Prot), photoacid (MCH) and photoacid-proteins (ProtMCH) before 

irradiation, after irradiation (for 30 s) and after subsequent incubation in the dark (for 30 min). 

 

 

Figure 6.10 TEM images of GroEL/TM-Enc system after heating treatment at 80ºC for 1.5 h to 

denature the GroEL fragments. Images are recorded after irradiation with visible light in the presence 

of photoacid, revealing the absence of any defined superstructure. 

 

Nevertheless, as the protein component is predominantly composed of GroEL (~95%), 

we could anticipate that the behavior of the protein component is governed by the response 

of GroEL to the changes in the system. With this in mind, we proceed to denature the GroEL 

by heating at 80ºC for 1.5 h (GroEL denatures at 65 – 70ºC),[32,33] whereas TM-Enc is 

previously reported to tolerate such treatment.[19] In this case, addition of photoacid and 
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subsequent irradiation with visible light does not result in the formation of the superstructures 

(Figure 6.10). As the thermally treated GroEL fails to result in any superstructure even in the 

presence of TM-Enc in the system, we postulate that the GroEL fragments might be the key 

component for the assembly.  

 

 

Figure 6.11 Emission profiles of photoacid-proteins after subtraction by emission profiles of photoacid 

only monitored at λmax = 340 nm (excitation at λ = 290 nm) before irradiation, after irradiation (30 s) 

and after subsequent incubation in the dark (30 min). 

 

The confined protein substructures in Figure 6.4d are smaller than the structure of cage-

like TM-Enc, hinting at possible conformational changes of TM-Enc upon assembly of the 

superstructures. Since GroEL does not have any tryptophan residue (Trp) while TM-Enc 

consists of 5 Trp per monomer, we use fluorescence spectroscopy to examine whether the 

conformation of TM-Enc remains unchanged upon the assembly. Trp fluorescence intensity 

directly represents whether Trp residues are buried in the core of the protein, which indicates 

a folded conformation, or exposed to water environment in the case of (partially) unfolded 

proteins. Upon excitation at λ = 290 nm, we observe a 23% decrease in the emission at λ = 

330 – 350 nm (Figure 6.11) as the response to irradiation with visible light (λ ≥ 420 nm), 

which indicates a partial unfolding of TM-Enc that accompanies the assembly into the 

superstructures. Subsequent incubation in the dark for 30 min increases the emission at λ = 

330 – 350 nm back to its initial state (Figure 6.11), demonstrating the reversibility of TM-

Enc partial unfolding when the superstructures disperse in the dark. The result suggests that 

TM-Enc does undergo structural or conformational changes accompanying the assembly of 

the superstructures. This could be attributed to the fact that our experimental condition upon 
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irradiation with visible light (i.e., pH 4) is relatively close to the isoelectric pH of TM-Enc 

(i.e., pH 4.89), which could result in the reduced stability of the structure. 

 

6.2.3 Emergence of light-dependent order by inclusion of photoacid 

in the superstructures 

Although both partial unfolding and loss of charge of protein molecules are likely to 

induce self-association upon light irradiation, those phenomena fail to explain why the 

assembled superstructures adopt a curvature that leads to large circular bodies. It is evident 

from the control experiment in the absence of the photoacid (Figure 6.7) that the photoacid 

is the origin of the difference in the obtained structures. The chemical characteristics of the 

photoacid MCH+ and its photoisomer SP (Figure 6.2b) prompt us to postulate that the 

irradiation with visible light triggers two events to occur simultaneously: first, the expected 

release of the proton from MCH+ that results in the pH decrease from 5.9 to 4.0; and second, 

the significant increase in the hydrophobicity of the system as the closed SP form is much 

more hydrophobic compared to the open, protonated MCH+ form. The SP form could be the 

part of the hydrophobic tail while the sulfonate group at the end of the alkyl chain could be 

the hydrophilic head (Figure 6.2b). Moreover, the photoacid is likely to have interacted with 

the protein molecules to form ordered superstructures because on its own it cannot form any 

defined superstructure, as evident from control experiments summarized in Figure 6.8. 

In the previously described results, the proteins are first added with the photoacid MCH+ 

(initial pH = 5.9) and then the mixture is irradiated with visible light that results in the 

formation of organized superstructures (Figure 6.4). To corroborate the possible interaction 

between the photoacid and the protein molecules, we switch the order of light irradiation vs 

addition of the components: the photoacid MCH+ is first irradiated with visible light leading 

to the formation of SP and decreasing the pH to 4; then, the mixture of proteins is added into 

the formed SP. In this control experiment, we observe the formation of aggregates (Figure 

6.12) that are comparable to the aggregates shown in Figure 6.7 (i.e., control experiment 

using an acid salt instead of the photoacid). Based on this experiment, while the proteins do 

aggregate as their natural response to acidic condition (i.e., pH 4), the pre-mixing of proteins 

and photoacid seems to be necessary to obtain the ordered structures. This result suggests 
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that the pre-mixing step might have allowed sufficient interaction between protein molecules 

and MCH+/SP molecules to form such superstructures.  

 

Figure 6.12 TEM images of GroEL/TM-Enc system added to a pre-irradiated photoacid solution, 

revealing the absence of any superstructure. 

 

To further confirm the interaction between proteins and photoacid experimentally, we 

investigate the diffusion behavior of photoacid only vs photoacid-proteins using microscale 

thermophoresis (MST). MST measurement detects the mobility of dissolved particles as a 

response to microscopic temperature gradients inside a capillary (raised around 5 K in the 

beam center). Upon temperature gradients, the mobility of the particles inside the capillary 

depends on the size and hydration shell of the particles.  

The photoacid is excited at λ = 470 nm and the thermophoresis is monitored based on 

emission at λ = 520 nm (Figure 6.13). It is important to note that the proteins do not give any 

fluorescence signal upon excitation at λ = 470 nm (Figure 6.13a), ensuring that the MST 

measurement detects the photoacid only. Furthermore, the fluorescence of the photoacid is 

not affected by the presence of proteins, confirmed by similar emission profiles in the absence 

and in the presence of proteins (Figure 6.13a). The emission at λ = 485 – 600 nm decreases 

upon irradiation as the MCH+ is partially converted to SP (Figure 6.13a), which suggests that 

the MCH+ is the only species that fluoresces. As shown in Figure 6.13b, MCH+ exhibits 

negative thermophoresis (i.e., particles move from lower to higher temperatures), which is 

commonly observed for small species.[34] Importantly, the fluorescence signals of MCH+ in 

the presence of proteins are significantly lower than in the absence of proteins (Figure 6.13b), 

indicating an increase in size that slows down the mobility of the photoacid in the presence 
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of proteins. This finding suggests that the fluorescent MCH+ molecules readily interact with 

the proteins upon mixing.  

 

 

 

 

 

 

 

Figure 6.13 Emission and thermophoresis profiles. a) Emission profiles of proteins only (Prot), 

photoacid only (MCH) and proteins-photoacid (ProtMCH) before and after irradiation (30 s), excitation 

at λ = 470 nm. b) Thermophoresis profiles of photoacid only (MCH) and proteins-photoacid (ProtMCH) 

before irradiation (left) and after irradiation for 30 s (right), excitation at λ = 470 nm and emission at λ 

= 520 nm. 

 
  

 

Our results indicate that the superstructures obtained upon irradiation are formed as the 

result of interaction between proteins and photoacid. As the MCH+ partially switches into the 

more hydrophobic SP upon irradiation, the hybrid of proteins-photoacid presumably behaves 

like giant amphiphiles,[35] thus assembling into circular superstructures (Figure 6.5). The 

interaction of the photoacid and the proteins might have been enabled by partial unfolding of 

both TM-Enc and GroEL that exposes their hydrophobic residues (Figure 6.5). Moreover, 

our results suggest the importance of GroEL fragments to form the superstructures. These 

fragments might correspond to the apical domain of GroEL that has been reported to enable 

interaction with amphiphilic molecules such as SDS.[26] We propose that the exposure of 

GroEL apical domain upon addition of photoacid allows interaction with the photoacid in 

our system. The apical domain is also reported to be the key component in the formation of 

fibrillar stacks of GroEL both upon addition of SDS and upon agitation.[20,26] While no 

circular higher-order assemblies have been reported for GroEL-based system, the apical 

domain is also likely to play a role in the formation of the superstructures due to its ability to 

interact with hydrophobic molecules. Further structural characterizations will allow 

pinpointing the interaction hotspots. 
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The obtained assemblies that confine smaller substructures are arguably comparable to 

the naturally occurring casein micelles.[36] Structural similarities can be drawn for the 

building blocks as casein also possesses hydrophobic residues and flexible conformations 

like GroEL chaperone. Previous studies have even reported the ability of casein to function 

as a molecular chaperone.[36] Both proteins also have the tendency to form fibrillar structures, 

although naturally casein prefers to form amorphous circular bodies (around 300 nm in 

diameter) confining high density nanoclusters of calcium phosphate along with channels and 

water-filled cavities.[36-38]  

6.3 Conclusions  

We have demonstrated a dynamic order upon fueling hybrid bio-synthetic system with 

light. The system consists of T. maritima encapsulin and GroEL chaperone that are partially 

unfolded to accommodate the assembly process. The dynamic assembly into organized 

superstructures is enabled by a spiropyran-based photoacid that undergoes reversible 

deprotonation and structural change upon irradiation. Moreover, the photoacid molecules are 

likely to have interacted with the proteins to form such structures. Hence, the photo-switching 

of the photoacid plays a role beyond pH control by increasing the hydrophobicity of the 

system. In view of GroEL functioning as a chaperone and TM-Enc as a natural 

nanoconfinement system, the presented assemblies hold promise as a transient vessel to 

entrap, accumulate and store functional materials, which could be released and dispersed on-

command. The on-command release feature is enabled in our system owing to the 

spontaneous disassembly of superstructures in the absence of energy source. 
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6.5 Materials and methods  

6.5.1 General 

TM-Enc and GroEL were recombinantly co-expressed in E. coli and co-purified 

according to the procedure in literature.[21,22] As a control system, BL-Enc was separately 

expressed in E. coli and purified according to similar procedure. The proteins were stored in 

Tris-HCl buffer pH 7.5 (containing 150 mM NH4Cl) at 4 ºC and dialyzed against MilliQ 

water (12 – 14 kDa dialysis membrane, Spectra/Por) at room temperature prior to all 

experiments. The spiropyran-based photoacid MCH+ was purchased from Syncom 

(Groningen, The Netherlands) and then dissolved and stored in ethanol at room temperature. 

All experiments were performed in MilliQ (containing 150 mM NaCl and 2% ethanol). All 

chemicals were purchased from Sigma-Aldrich unless stated otherwise. All experiments 

were performed at room temperature unless stated otherwise. 
 

6.5.2 Reversible formation of hybrid superstructures 

500 μL of a sample solution containing proteins (4.3 μM) and photoacid (0.17 mM) in 

MilliQ (containing 150 mM NaCl and 2% ethanol) was prepared as the initial condition (prior 

to irradiation). Afterwards, the mixture was irradiated with visible light (λ ≥ 420 nm, Edmund 

MI-150 High-intensity Illuminator, 2 mW/cm2) for 30 s. The absorption spectra were 

recorded with a Perkin Elmer Lambda 850 UV-visible spectrometer and the photo-switching 

was monitored at λmax = 421 nm. For the reversion, the mixture after irradiation was incubated 

in the dark for 30 – 60 min and the UV-visible spectrum was recorded following the 

incubation. For control experiments, solutions containing photoacid only and proteins only 

were separately prepared and treated in the same fashion. Due to the absence of photoacid, 

the pH of the solution containing proteins only was decreased using a commercial acid salt, 

potassium hydrogen phthalate (0.245 M KHP solution pH 4.01, Certipur®). The pH of all 

system was measured using a Sartorius™ pH meter (Thermo Fisher Scientific). Zeta potential 

of proteins was measured using a Zetasizer Nano (Malvern). 
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6.5.3 Characterization of hybrid superstructures  

 The assembled superstructures were characterized using dynamic light scattering (DLS), 

negative-stained transmission electron microscopy (TEM) and scanning electron microscopy 

(SEM). For DLS analyses, 500 μL of a proteins-photoacid sample was prepared and 

measured using a Nanotrac Wave, Microtrac particle analyzer. For control experiments, a 

solution containing only the proteins was prepared and treated in the same fashion. For 

electron microscopy analyses, samples (5 μL) were applied onto Formvar‐carbon coated 

grids. After 30 s, the excess of liquid was drained. Uranyl acetate (5 μL, 1% w/v) was added 

for negative staining and the excess of liquid was drained after 1 min and air-dried for 1 h at 

room temperature. For TEM and SEM respectively, the samples were examined using FEG-

TEM (Phillips CM 30) and JSM-6610LV-SEM (JEOL). For SEM analysis, the grid was 

placed on top of a stainless steel substrate (µRIM) prior to measurement. 

6.5.4 Characterization of structural changes of proteins 

 The structure of proteins was analyzed based on examination of negative-stained TEM 

images, circular dichroism (CD) spectra and fluorescence spectra. The CD spectra were 

recorded for 500 μL of sample using a Jasco J-1500 circular dichroism spectrometer at λ = 

190 – 350 nm. The emission spectra of 500 μL of sample at λ = 300 – 440 nm (excitation at 

λ = 290 nm) were recorded using a Perkin Elmer fluorescence spectrometer. For control 

experiments, solutions containing photoacid only and proteins only were separately prepared 

and treated in the same fashion. 

6.5.5 Analysis of photoacid inclusion in the superstructures 

 The interaction between photoacid and proteins was inferred based on fluorescence 

spectroscopy and microscale thermophoresis (MST) analyses. The emission spectra of 500 

μL of sample at λ = 485 – 600 nm (excitation at λ = 470 nm) were recorded using a Perkin 

Elmer fluorescence spectrometer. For control experiments, solutions containing photoacid 

only and proteins only were separately prepared and treated in the same fashion. For MST 

analyses, around 3 – 5 μL of each sample was loaded into a hydrophilic glass capillary and 

the fluorescence-based thermophoresis profiles for all samples were recorded using a 
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Monolith NT.115 Blue/Green Nanotemper (excitation at λ = 470 nm, emission at λ = 520 

nm). The microscopic gradient of temperature inside the capillary was generated by a built-

in IR-laser module (λ = 1475 nm at 120 mW laser power). For all measurements, the IR laser 

was switched on at t = 5 and switched off at t = 30 s, corresponding to Figure 6.13b. All 

measurements were performed at room temperature of approximately 20°C. 
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Summary 

 

 

Living materials are based on proteins that adapt and change in structure and function 

continuously when in use; cellular microtubules, ATP synthases and ribosomes are but a few 

examples. Breathing life into semi-synthetic materials would allow improved understanding 

over protein regulation and dynamics, and how their integration into complex systems can 

lead to emergent functions across length scales. The focus of my research is to achieve optical 

control over functional proteins by connecting them to artificial molecular switches, with the 

aim to amplify molecular switching events across length scales and gain understanding over 

cooperative and systematic regulations of proteins. We choose light because it offers 

spatiotemporal selectivity, is compatible with a wide range of phases and relatively non-

destructive towards protein systems. Interfering with mechanisms such as allosteric 

communication or hierarchical self-assembly not only paves the way towards an improved 

understanding of cooperative or collective effects in living matter, but it is also associated 

with the generation of new classes of smart bio-hybrids. The works presented in this thesis 

involve diverse functional proteins, ranging from an allosteric transport protein, the human 

serum albumin (Chapter 3), to proteins forming cages (Chapter 4, 5, 6) all the way to 

chaperone proteins that are known to assist cellular protein folding (Chapter 6).  

The work focuses on the use of spiropyran derivatives as photo-switches, because their 

irradiation induces not only a change in conformation, but also it yields a zwitterionic form 

that is bound to influence a protein environment. Chapter 3 and 5 demonstrate covalent 

incorporation of spiropyran switches into a cysteine and lysines that are present in the studied 

proteins. The covalent coupling involves reacting maleimide or succinimide moieties 

(attached to the photo-switchable units) with the proteins via thiol-Michael addition or 

amine-NHS ester reaction, respectively. Chapter 3 describes how such structural 

modification allows photo-controlling the natural allosteric regulation of the human serum 

albumin (HSA), and thus to modulate ligand binding by irradiation with light. On the other 

hand, modification of a bacterial encapsulin, a self-assembled protein cage that confines 
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smaller proteins in its cavity (Chapter 4 and 5), yields local modifications only, and does not 

compromise the structural integrity and the behavior of the entire assembly.  

Chapter 4 and 5 further confirm and demonstrate that bacterial encapsulins are robust, 

catalytically active and biocompatible. They can also be labeled with light-switchable 

fluorophores on their lysines via reaction with succinimide-bearing spiropyran switches, and 

thus they are good candidates as smart nanoplatforms for in vitro and in vivo research 

purposes. 

Chapter 6 demonstrates the light-fueled assembly of proteins by adding photo-switches 

into a medium containing the encapsulin and GroEL chaperone. This strategy enables 

addition of a large amount of photo-switches, which, in this context, results in the changes 

of the medium upon irradiation, i.e., pH and hydrophobicity. Mediated by a spiroyran-based 

photoacid, the described approach leads to an assembly of transient superstructures that 

depend on light irradiation to prevent disassembly. This assembly thus presents a dynamic 

and reversible order of a protein system that is sustained by a continuous input of energy, 

and this mechanism is reminiscent of the GTP-fueled assembly of cellular microtubules.  

Overall, we have developed photo-responsive protein-based hybrids in which dynamic 

regulations such as allostery and self-assembly are prominent to protein functionality. Via 

incorporation of photo-switches, optical control has been demonstrated across length scales, 

from a monomeric structure to highly defined multimeric architectures made of proteins. The 

presented research provides a means to interfere with dynamic regulations of proteins and 

supports strategies towards the development of biocompatible and smart materials.  

 

 

 

 

  



Samenvatting 

 

 

 Levende materialen zijn gebaseerd op eiwitten die zich continu aanpassen en van 

structuur veranderen wanneer ze actief zijn; cellulaire microtubuli, ATP synthases en 

ribosomen zijn slechts enkele voorbeelden. Het door mensen gemaakte materialen levend 

maken kan zorgen voor een verbeterd begrip van eiwitregulatie en -dynamiek en meer kennis 

over hoe de integratie van complexe systemen kan leiden tot nieuwe functies over lengte 

schalen. De focus van mijn onderzoek is om optische controle te verkrijgen over functionele 

eiwitten door ze te verbinden met artificiële moleculaire schakelaars. Het doel is om 

moleculaire schakelingen te versterken over lengte schalen en meer kennis te vergaren over 

de coöperatieve en systemische regulering van eiwitten. We hebben gekozen voor licht 

omdat het spatio-temporele selectiviteit biedt, compatibel is met een groot scala aan fases en 

het relatief non-destructief is met betrekking tot eiwitten. Het interfereren met mechanismen 

zoals allosterische communicatie of hiërarchische zelfassemblage zet de deur open voor een 

verbeterd begrip van coöperatieve of collectieve effecten in levende materialen, maar het is 

ook geassocieerd met de vorming van nieuwe klassen van slimme bio-hybriden. Het werk 

dat in deze thesis wordt gepresenteerd betreft diverse functionele eiwitten, reikend van 

allosterische transport eiwitten, albumine van humaan serum (Hoofdstuk 3), via eiwitten die 

kooien vormen (Hoofdstuk 4, 5, 6), tot chaperonne-eiwitten die bekend staan te assisteren in  

cellulaire eiwit vouwing (Hoofdstuk 6). 

 Dit werk focust op het gebruik van spiropyran derivaten als foto-schakelaars, omdat de 

bestraling ervan niet alleen een verandering in conformatie induceert, maar ook omdat het 

een zwitterion oplevert dat de eiwit omgeving zal beïnvloeden. Hoofdstuk 3 en 5 

demonsteren covalente incorporatie van spiropyran schakelaars met een cysteïne en lysines 

die aanwezig zijn in de bestudeerde eiwitten. De covalente koppeling werkt door maleimide 

of succinimide groepen (die verbonden zijn met de foto-schakelaars) te laten reageren met 

eiwitten via thiol-Michael additie of een amine-NHS ester reactie, respectievelijk. 

 Hoofdstuk 3 beschrijft hoe dergelijke structurele modificaties foto-controle van de 

natuurlijke allosterische regulering van albumine uit humaan serum (HSA) toestaan en 



Samenvatting 

 

116 

 

 

zodoende ligand binding moduleren via bestraling met licht. Anderzijds, modificatie van 

bacteriële encapsulines, zelfassemblerende eiwit kooien die een kleiner eiwit inkapselen 

(Hoofdstuk 4 en 5), resulteert slechts in lokale modificaties en heeft geen invloed op de 

structurele integriteit en het gedrag van het gehele construct. 

 Hoofdstuk 4 en 5 bevestigen en demonstreren verder dat bacteriële encapsulines robuust, 

katalytisch actief en biocompatibel zijn. Ze kunnen ook gelabeld worden met licht-

geschakelde fluoroforen die zijn gebonden aan lysines door middel van een reactie met 

spiropyran schakelaars die een succinimide-groep hebben. Zodoende zijn het geschikte 

kandidaten om te dienen als slimme nanoplatformen voor in vitro en in vivo onderzoek. 

 Hoofdstuk 6 demonstreert de licht-gedreven assemblage van eiwitten via foto-

schakelaars in een medium dat encapsulines en de chaperonne GroEL bevat. Deze strategie 

laat de toevoeging van grote hoeveelheden foto-schakelaar toe, welke, in deze context, 

resulteert in veranderingen in het medium na bestraling, zoals veranderingen in pH en 

hydrofobiciteit. Terwijl het gemedieerd wordt door een spiropyran-gebaseerde fotozuur, leidt 

de beschreven methode tot een assemblage van vesikel-achtige superconstructen die 

afhankelijk zijn van bestraling met licht om te voorkomen dat ze uiteen vallen. Deze vorm 

van assemblage presenteert een dynamische en reversibele orde van een eiwit systeem dat 

wordt onderhouden door een continue invoer van energie, en dit mechanisme doet denken 

aan de GTP-gevoede assemblage van cellulaire microtubuli.  

 Concluderend hebben we licht-responsieve eiwit-gebaseerde hybriden gemaakt waarin 

dynamische regulatie zoals allosterie en autoassemblage prominent zijn over eiwit 

functionaliteit. Door middel van de incorporatie van foto-schakelaars, optische controle is 

aangetoond over lengte schalen, van een monomerische structuur tot zeer gedefinieerde 

multimerische structuren die bestaan uit eiwitten. Het hier gepresenteerde onderzoek geeft 

een manier om te interfereren met de dynamische regulatie van eiwitten en het ondersteunt 

strategieën voor de ontwikkeling van biocompatibele en slimme materialen. 
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