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1 | INTRODUCTION 

In the quest of understanding the 

mechanisms behind protein 

homeostasis, including 

polypeptides folding, misfolding, 

and refolding, the ubiquitous chaperones and their 

multiplicity of function have been the center of attention 

(Bukau & Horwich, 1998; Georgopoulos & Welch, 1993; 

Hartl et al., 2011; Mathew & Morimoto, 1998; Richter et al., 

2010; Rosenzweig et al., 2019; Welch & Brown, 1996; 

 

 

Abstract 

Chaperones are a large family of proteins crucial for maintaining cellular protein 

homeostasis. One such chaperone is the 70 kDa heat shock protein (Hsp70), which 

plays a crucial role in protein (re)folding, stability, functionality, and translocation. 

While the key events in the Hsp70 chaperone cycle are well established, a relatively 

small number of distinct substrates were repetitively investigated. This is despite 

Hsp70 engaging with a plethora of cellular proteins of various structural properties 

and folding pathways. Here we analyzed novel Hsp70 substrates, based on tandem 

repeats of NanoLuc (Nluc), a small and highly bioluminescent protein with unique 

structural characteristics. In previous mechanical unfolding and refolding studies, 

we have identified interesting misfolding propensities of these Nluc-based tandem 

repeats. In this study, we further investigate these properties through in vitro bulk 

experiments. Similar to monomeric Nluc, engineered Nluc dyads and triads proved 

to be highly bioluminescent. Using the bioluminescence signal as the proxy for their 

structural integrity, we determined that heat-denatured Nluc dyads and triads can be 

efficiently refolded by the E. coli Hsp70 chaperone system, which comprises DnaK, 

DnaJ, and GrpE. In contrast to previous studies with other substrates, we observed 

that Nluc repeats can be efficiently refolded by DnaK and DnaJ, even in the absence 

of GrpE co-chaperone. Taken together, our study offers a new powerful substrate 

for chaperone research and raises intriguing questions about the Hsp70 mechanisms, 

particularly in the context of structurally diverse proteins. 
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Wickner et al., 2021). Chaperones are promiscuous, 

interacting with a large number of substrate proteins, also 

referred to as client proteins, and employ various mechanisms 

to assist the folding of nascent chains, to refold misfolded and 

aggregated proteins, and to aid protein degradation of 

proteins damaged beyond repair (Arhar et al., 2021; Clerico 

et al., 2019; Mayer, 2018; Rosenzweig et al., 2019; 

Zolkiewski et al., 2012). The chaperone systems are however 

challenging to study given their highly dynamic nature and 

the complexity of their assemblies. Chaperone proteins 

usually display allosteric conformational changes, with many 

intermediate states when interacting with substrates, co-

chaperones, and nucleotides, which are challenging to 

capture. One of the fundamental and most studied chaperone 

systems is the E. coli heat shock protein Hsp70 (DnaK), along 

with its co-chaperone DnaJ and GrpE (Mayer & Gierasch, 

2019; Rosenzweig et al., 2019; Zylicz & Wawrzynow, 2001). 

Biochemical methods (Packschies et al., 1997; Rohland et al., 

2022; Schröder et al., 1993; Szabo et al., 2006), protein 

structure determination (X-ray crystallography, NMR, Cryo-

EM) (Bertelsen et al., 2009; Clerico et al., 2021; Harrison et 

al., 1997; Jiang et al., 2019; Kityk et al., 2018; Zhuravleva et 

al., 2012; Zhuravleva & Gierasch, 2015), single molecule 

studies (single molecule force spectroscopy (SMFS)) (Dahiya 

et al., 2022; Mashaghi et al., 2016; Moessmer et al., 2022; 

Singh et al., 2022), and single-pair fluorescence resonance 

energy transfer (spFRET) (Imamoglu et al., 2020) identified 

the significance of every protein in this system. The 

consensus is that DnaJ, a Hsp40, initially binds to the 

substrate proteins that are partially or fully unfolded (Perales-

Calvo et al., 2010). Then, the DnaJbound substrate is 

transferred to the ATP-bound DnaK (Imamoglu et al., 2020; 

Rohland et al., 2022; Russell et al., 1999). Both DnaJ and the 

substrate trigger ATP hydrolysis, which is followed by the 

disassociation of DnaJ from the complex (Kityk et al., 2018; 

Russell et al., 1999). Many studies have shown a variety of 

conformational changes occurring on DnaK, before and after 

ATP hydrolysis, signifying a highly complex system 

(Imamoglu et al., 2020; Rohland et al., 2022; Wang et al., 

2021). GrpE, a nucleotide exchanger for DnaK, then binds to 

the DnaK•ADP•substrate complex, releasing the ADP, 

causing a reverse conformational change to DnaK and release 

of the substrate. This allows new ATP to bind to DnaK, 

resulting in the initiation of a new cycle, and the overall 

process to continue for many rounds until the substrate 

proteins are fully folded (Banecki & Zylicz, 1996). 

Additionally, many studies have shown that DnaJ and DnaK 

have a preference for short sequences containing hydrophobic 

residues (Rüdiger et al., 1997, 2001) and prediction 

algorithms have been generated (Van Durme et al., 2009) that 

can identify potential DnaK-binding motifs in substrate 

proteins. 

While DnaK, DnaJ, and GrpE are believed to assist up to 

700 proteins in the E. coli cytosol (Calloni et al., 2012; Kerner 

et al., 2005), so far only a small number of substrates, such as 

firefly luciferase (Fluc) (Imamoglu et al., 2020; Schröder et 

al., 1993), proPhoA (Clerico et al., 2021; Jiang et al., 2019; 

Rohland et al., 2022), σ32 (Liberek et al., 1992), maltose 

binding protein (MBP) (Jiang et al., 2019), ubiquitin 

(PeralesCalvo et al., 2018), Protein L (Chaudhuri et al., 2022), 

titin I91 domain (Nunes et al., 2015; Perales-Calvo et al., 

2018), malate dehydrogenase (MDH) (Srinivasan et al., 

2012), and the glucocorticoid receptor (GR) (Moessmer et al., 

2022) have been directly used for studying the mechanism of 

this chaperone system. All structured proteins are 

characterized by their unique energy landscape, with larger 

proteins having multiple folding intermediates with varying 

kinetics of transition among the various states. Addition of 

chaperones affects the energy landscape of these proteins 

modulating the protein's energy landscape (Hartl et al., 2011). 

We believe that testing a larger and more diverse library of 

distinct substrates would further strengthen the current model 

of the DnaK mechanism. This is due to the fact that a diverse 

library of substrates will represent various protein structural 

characteristics, misfolding pathways, and possibly various 

degrees of assistance required during refolding. On the other 

hand, such studies may also allow capturing DnaK 

mechanistic nuances and potentially even deviations from the 

canonical model. Toward this end, we report here the 

development and testing of a new DnaK substrate, based on 

tandem repeats of the small highly bioluminescent protein 

NanoLuc (Nluc) (Hall et al., 2012). Nluc is a bioluminescent 

protein engineered by Promega, based on a small, 19 kDa, 

subunit of the deep sea shrimp Oplophorus gracilirostris 

(OLuc) luciferase that was subjected to several rounds of 

mutations (Hall et al., 2012). The final result of Nluc's 

sequence is unique among known proteins (Figure 1), and it 

displays only distant similarities with a family of intracellular 

lipid-binding proteins (iLBPs) (Hall et al., 2012). Nluc is 

known to produce a 150 times brighter BL signal than Fluc 

and is thermally and chemically robust as a monomer (Hall et 

al., 2012). Also, Nluc is known to oxidize furimazine by a 

catalytic reaction, which is ATP-independent, producing light 

at the blue wavelength (England et al., 2016; Hall et al., 

2012). Since Hsp70 mediated chaperone reactions are 

ATPdependent, this ATP independence of Nluc 

bioluminescence (BL) may be an advantage over other 
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bioluminescent proteins such as Fluc, one of the most 

common substrates that itself requires ATP to produce BL 

signal. 

We recently carried out extensive single-molecule force 

spectroscopy characterization of Nluc nanomechanics and 

observed that monomeric Nluc flanked by I91 domains of 

titin (I912-Nluc-I914) and multiple Nluc separated by I91 titin 

domains (I91-Nluc-I91-Nluc-I91-NlucI91) refold quite 

robustly after mechanical unfolding (Apostolidou et al., 

2022). However, triads of Nluc flanked by I91 titin domains 

(I91-I91-Nluc-Nluc-NlucI91-I91) surprisingly displayed a 

high propensity of misfolding in mechanical unfolding-

refolding cycles (Ding et al., 2020). This observation 

prompted us to consider whether heat-shocked Nluc dyads 

and triads could be good substrates for the Hsp70 system, 

where we could exploit their strong BL to directly follow their 

thermal denaturation and refolding. 

Indeed, we were able to determine from BL assays that 

poly-Nluc constructs, dyads and triads of Nluc, showed a 

decreased thermal stability, in contrast to monomeric Nluc, 

and would, in addition, not refold on their own. Most 

importantly, we were able to demonstrate that poly-Nluc 

constructs are strong chaperone substrates that are efficiently 

refolded by the DnaK/ DnaJ/GrpE system. Their refolding 

reaction showed strong ATP-hydrolysis dependence typical of 

other substrates, but interestingly displayed very weak GrpE 

dependence. This surprisingly weak GrpE dependence is 

different from the canonical pathway of other substrates 

studied so far (Mayer & Gierasch, 2019). We also performed 

both coarse-grained and all-atoms simulations of Nluc and 

poly-Nluc constructs, which provided structural information 

on the degree of misfolding and their putative mechanism, 

after thermal denaturation. Overall, our study shows that 

poly-Nluc constructs may be useful new substrates for 

studying chaperone reactions in vitro and open interesting 

questions on the relationship between protein misfolding 

pathways and chaperone reaction mechanisms. 

2 | RESULTS AND DISCUSSION 

2.1 | Dyad Nluc and triad Nluc have 

lower thermal stability as compared to monomeric 

Nluc 

For the thermal denaturation studies of Nluc, we used three 

constructs each consisting of various repeats of Nluc: one 

Nluc (monomeric Nluc), two NanoLucs connected by four 

residues linker (dyad Nluc), and three NanoLucs connected 

by four residues linker (triad Nluc). It has been reported by 

Promega Company that Nluc has a melting temperature of 

58C (Kopish et al., 2012). Therefore, we proceeded by 

denaturing all constructs at 58C for 1 h collecting various 

time points in between to follow the time evolution of 

denaturation. As seen in Figure 2, in our hands, monomeric 

Nluc demonstrated good thermal stability at 58C, with only 

20% of the initial BL signal lost after 1 h. However, for dyad 

Nluc and triad Nluc, the BL signal dropped drastically even 

after 10 min at 58C, with approximately 25% and 10% 

activity. The rate of BL signal decay was 0.153 ± 0.002 min1 

(mean lifetime approximately 5 min) for dyad Nluc and 0.250 

± 0.003 min1 (mean lifetime approximately 3 min) for triad 

Nluc. 

FIGURE 1 Nluc protein's 

topology (source: PDBsum for 

entry 5IBO). The structure of 

Nluc is deposited in the PDB 

website with code 5IBO. We used 

the USCF Chimera program to 

visualize the structure using the 

rainbow depiction. Parts of the 

protein structure were grouped 

and shown in the obtained X-ray 

structure using the same colors 

for clarity. Various β-sheets and 

α-helices are named as in the 

protein's topology. 
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FIGURE 2 Thermal denaturation of 100 nM monomeric, 

dyad and triad Nluc constructs at 58C (n = 3). All proteins were diluted 

down to 1 nM and the BL signal was measured at various time points. 

Collected values were normalized by the initial BL signal at time zero 

before the thermal denaturation of the proteins (n = 3). After 1 h, the 

BL signal for monomeric Nluc (blue circle) drops to 80% active 

protein, while for both dyad (orange down facing triangle) and triad 

(green up facing triangle) Nluc constructs less than 4% of active 

proteins. 

2.2 | Dyad Nluc and triad Nluc are 

substrates for chaperone-assisted refolding 

Our thermal denaturation experiments demonstrated limited 

thermal stability for both the dyad and triad Nluc constructs 

as compared to the monomeric Nluc, when using 

bioluminescence activity as a proxy for structural integrity. 

Therefore, we proceeded to examine if these two constructs 

can spontaneously refold. As shown in Figure 3, both 

constructs at 10 nM had no spontaneous refolding even after 

7 h. However, when we examined the refolding of the dyad 

and triad Nluc constructs after the addition of the E. coli 

chaperone refolding system comprising of DnaK, DnaJ, and 

GrpE chaperones, we saw a significant BL signal recovery 

(Figure 3). Following the chaperone concentrations 

previously used in literature 3 μΜ DnaK, 1 μΜ DnaJ, and 1.5 

μΜ GrpE 

(Imamoglu et al., 2020), we refolded the two constructs after 

denaturing them for 10 min at 58C. The 7 h experiment shows 

recovery for dyad Nluc up to more than 75% total BL signal 

(at time zero BL signal was about 20%). For triad Nluc the 

final BL signal after 7 h was about 85% (at time zero BL 

signal was about 10%). The striking difference between the 

spontaneous and chaperone-assisted refolding results clearly 

shows that chaperones enable Nluc's refolding. 

 

FIGURE 3 Chaperone assisted refolding of 10 nM dyad 

(orange down facing triangle) and triad (green up facing triangle) Nluc 

constructs (n = 3). Both constructs were denatured for 10 min at 58C at 

100 nM, followed by a short 30 s room temperature cool down, before 

their 10x dilution to 10 nM in Buffer C including 3 μM DnaK, 1 μM 

DnaJ, 1.5 μM GrpE. BL signal recovery was collected for various time 

points for up to 7 h (n = 3). Additionally, for triad Nluc we performed 

the same experiment switching ATP with ATPγS in Buffer C (green left 

facing triangle) and collected BL signal for various time points up to 7 

h (n = 3). Lastly, spontaneous refolding was examined, following the 

same denaturation and short cooling times as mentioned above, by 

diluting the proteins to 10 nM in Buffer C in the absence of all three 

chaperones. Various time points of the spontaneous BL signal recovery 

were collected (n = 3). For dyad Nluc the starting BL signal is about 

25% of active protein and after 7 h it rises to about 75%. Similarly, for 

the triad Nluc the initial BL signal is about 10% of active protein and 

after 

7 h it rises to about 85%. However, the refolding reaction with ATPγS 

showed no refolding with the BL signal remaining constant after 7 h at 

about 5%. Both proteins show no spontaneous recovery with their 

values after 7 h of experiments to about 25% for dyad (orange x) and 

10% for triad Nluc (green star). All BL values were normalized to the 

initial BL for 100% of active protein before thermally denaturing it. 

The kinetics of the reactions for both constructs were 

fitted using y ¼ ymax 1  ekt equation which resulted in half times 

of 19 min for dyad Nluc and 24 min for triad Nluc. 

To further support the fact that chaperones assist in the 

refolding of the two constructs and eliminate crowding effects 

as potential reasons for refolding, we performed additional 

experiments. Those included refolding of the triad Nluc in (a) 

7 μM BSA, (b) 3 μM DnaK with 4 μM BSA, and (c) 1 μM 

DnaJ (Figure S1). In all cases, there was no observed 

refolding even after 7 h and the results resembled those of 

spontaneous refolding. 
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2.3 | Triad Nluc refolds even in the 

absence of GrpE 

It has been shown numerous times that the presence of all 

three chaperones, DnaK, DnaJ, and GrpE, is crucial for 

protein refolding (Schröder et al., 1993; Szabo et al., 2006). 

We already tested and confirmed that the triad Nluc cannot 

refold in the presence of only DnaJ or only DnaK. Therefore, 

we examined if and how GrpE is contributing to triad Nluc's 

refolding. Interestingly, we were able to refold triad Nluc up 

to approximately 70% after 7 h in the absence of GrpE (initial 

BL signal was about 10%). We had similar observations for 

dyad Nluc, which was also able to refold in the absence of 

GrpE (results not shown). We further proceeded to test the 

possible effect of GrpE at various concentrations, 0–6 μM, 

and we found that GrpE has some positive impact on triad 

Nluc refolding, in a narrow concentration range, with an 

optimal range of GrpE around 0.75–1.5 μM. Beyond this 

optimal concentration range, the refolding recovery would 

decrease at higher GrpE concentrations. Time points for the 7 

h experiments for 3 μM DnaK, 1 μM DnaJ, and various GrpE 

concentrations are shown in Figure 4a. In Figure 4b we have 

compiled together the 7 h time points of triad Nluc refolding 

for various GrpE concentrations to further demonstrate the 

refolding trend at 7 h. 

To make sure that GrpE, as well as DnaK and DnaJ, are 

fully functional in our assays, we assessed all three 

chaperones by performing standard refolding reactions of 

Fluc in the presence and absence of GrpE (Figure S2). 

Contrary to our results of triad Nluc, Fluc was unable to 

successfully refold in the absence of GrpE, with minor 

spontaneous refolding present after 2 h. Despite Fluc's BL 

signal starting at about 10% after heat shock, with the addition 

of GrpE, it reached about 85% of refolding after only 2 h 

(Figure S2a). On the other hand, the spontaneous BL signal 

changed from about 5% to about 10% for the same period. 

Later addition of GrpE (1 h 30 min) to the spontaneous 

refolding of Fluc resulted in a similarly high recovery of 

Fluc's BL signal up to about 85%, while spontaneous 

refolding remained at about 10% even after 3 h (Figure S2b). 

Our refolding results with Fluc follow those previously done 

by other groups (Imamoglu et al., 2020; Schröder et al., 

1993). 

The observation that GrpE is not as crucial in refolding 

the dyad and triad Nluc constructs, contrary to Fluc, is 

significant as it marks a deviation from the canonical DnaK, 

DnaJ, and GrpE mechanism suggested up till now. Previous 

studies have shown that GrpE is crucial in aiding the refolding 

kinetics of the substrate proteins (Schröder et al., 1993). 

Interactions of DnaK and GrpE in the presence and absence 

of substrates have previously been shown (Brehmer et al., 

2004; Schönfeld et al., 1995). 

Furthermore, acceleration of the kinetics of the reactions by 

GrpE has been observed in the absence of a substrate 

(maximal 5000-fold) (Packschies et al., 1997), and the 

presence of peptides (200-fold) (Mally & Witt, 2001). While 

in our studies GrpE is not essential for Nluc refolding, we do 

find refolding efficiency to be slightly increased at an optimal 

ratio of GrpE:DnaJ of 1.5 which is similar to other studies 

(Imamoglu et al., 2020; Packschies et al., 1997). Our results 

 

FIGURE 4 Bioluminescence (BL) refolding of triad Nluc. (a) BL signal from refolding of 10 nM triad Nluc in Buffer C in the presence of 

3 μM DnaK, 1 μM DnaJ, and various GrpE concentrations for 7 h (n = 3). The protein was initially heat shocked at 58C for 10 min at 

100 nM and diluted 10x in refolding Buffer C containing the chaperones. Refolding kinetics were observed for 7 h in total in every case. 

Spontaneous refolding of triad Nluc in the absence of all three chaperones is also presented in which triad Nluc was diluted 10x in Buffer C in the 

absence of chaperones showing no recovery of the protein. Data with 1.5 μM GrpE and spontaneous refolding are also presented in Figure 3. (b) 

Compilation of the BL signal results at 7 h timepoints for triad Nluc in the presence of 3 μM DnaK, 1 μM DnaJ for various GrpE concentrations (n 

= 3). We observe an optimal concentration for these conditions to be 0.75–1.5 μM of GrpE. 
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of refolding Fluc in the presence and absence of GrpE for the 

same concentrations of chaperones agree with past results 

(Imamoglu et al., 2020; Schröder et al., 1993). Thus, our 

results for Fluc exclude the possibility of a GrpE deficiency 

as the reason for the deviation in the GrpE dependency of the 

refolding mechanism between the Nluc constructs and Fluc. 

To understand why GrpE was not essential in our triad 

Nluc refolding experiments, we determined the ATPase 

activity of DnaK during Nluc refolding reactions (Figure S9). 

Our results showed that the ATP hydrolysis rate associated 

with the refolding of triad Nluc in the presence of 3 μM 

DnaK, 1 μM DnaJ, and 1.5 μM GrpE is 2.30 μM min1. In 

contrast, the ATPase rate in the absence of GrpE is 1.68 μM 

min1 reduced only by 27%. This indicates that GrpE is non-

essential for the ATPase activity of DnaK under our 

experimental conditions. One interesting observation is that, 

although GrpE is not essential, it does contribute to increasing 

the refolding rate of Nluc in the initial hours, consistent with 

some contribution to the increased rate of ATP hydrolysis. 

The BL signal of triad Nluc, when 1.5 μM GrpE is present, 

reaches 70% recovery in 1 h. In contrast, it takes about 4 h to 

reach the same levels of triad Nluc recovery in the absence of 

GrpE (Figure 4a). Therefore, the increased ATP hydrolysis in 

the presence of GrpE contributes to the rate of refolding of 

the triad Nluc, although it is of a non-essential nature. 

2.4 | ATP hydrolysis catalyzed by DnaK 

is important for triad Nluc refolding 

Allosteric conformation changes of DnaK have been shown 

to contribute to substrate protein refolding (Hendrickson, 

2020; Wang et al., 2021). A previous study showed that the 

substitution of ATP with ATPγS, an ATP analog known as an 

inhibitor of the ATPase activity of Hsp70s, results in an 

inability of DnaK to have a conformational change impeding 

its ability to refold proteins (Theyssen et al., 1996). However, 

because of our unexpected result of GrpE on triad Nluc's 

refolding by DnaK, we decided to also examine if ATP 

hydrolysis is necessary for triad Nluc's refolding. We present 

here that ATP hydrolysis is fundamental for triad Nluc 

refolding (Figure 3). Refolding reaction with 3 μM DnaK, 1 

μM DnaJ, and 1.5 μM GrpE in the presence of 10 mM 

Mg(OAC)2, and 5 mM ATPγS showed no recovery for triad 

Nluc with its bioluminescence remaining at 5% of total 

activity even after 7 h. 

Therefore, despite showing that GrpE is not essential for 

the refolding of triad Nluc, the substitution of ATP with its 

non-hydrolyzable analog ATPγS resulted in no recovery of 

the triad Nluc activity. This result suggests that the allosteric 

communication within DnaK, which is in conjunction with 

the ATP binding and hydrolysis, is important for triad Nluc 

refolding and without it, the protein most likely remains 

trapped in a non-native intermediate state (Rohland et al., 

2022). NMR studies have previously shown how ATPγS 

inhibits key conformational changes in DnaK, which can 

eventually affect its interaction with the substrate (Zhuravleva 

et al., 2012). Therefore, without DnaK tightly binding to triad 

Nluc, the latter is not assisted in its recovery back to its native 

state, exposing it to potential inter- and intra-domain 

misfolding, and possibly exposing it to interactions with other 

proteins in solution (intermolecular misfolding). Additional 

studies with mutated DnaK, which is unable to hydrolyze 

ATP, are warranted, since these experiments would further 

illustrate how the DnaK allosteric changes are contributing to 

the poly-Nluc's refolding. 

2.5 | Chaperone assisted refolding of 

Nluc tandem repeats when separated by I91 titin 

domains 

As previously mentioned, the three Nluc proteins in the triad 

Nluc construct are connected by four residues as linkers. The 

proximity of the Nluc repeats can potentially contribute to 

inter-repeat misfolding of the Nluc polyproteins within the 

same construct. To do this, we exploited our earlier construct 

involving tandem repeats of Nluc and I91 domain of titin 

(Apostolidou et al., 2022), the I91-NlucI91-Nluc-I91-Nluc-

I91, in which the three Nluc repeats are separated by the titin 

I91 domain (Tm ¼ 72:6C) (Botello et al., 2009; Politou et al., 

1995; Tskhovrebova & Trinick, 2004). We began by 

examining the thermal stability of the I91-Nluc-I91-Nluc-

I91-Nluc-I91 construct. Our thermal denaturation 

experiments showed a slightly higher thermal stability for the 

I91-Nluc-I91-NlucI91-Nluc-I91 construct as compared to 

triad Nluc at short denaturation times (less than 20 min). 

However, at 20 min of initial thermal denaturation, the BL 

signal drops for both triad Nluc and I91-Nluc-I91-NlucI91-

Nluc-I91 constructs to a similar level and at longer times the 

BL signal is slightly higher for the triad Nluc as 
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FIGURE 5 Thermal decay of 100 nM triad Nluc (green up 

facing triangle) and I91-Nluc-I91-Nluc-I91-Nluc-I91 (purple 

pentagon) constructs at 58C after 1 h (n = 3). Both constructs show the 

decay of the BL signal with the I91-Nluc-I91-NlucI91-Nluc-I91 

initially showing less denaturation due to the increased temperature. 

After 20 min of denaturation, both constructs appear to have the same 

BL values below 5% of active protein. The results for the triad Nluc 

are also shown in Figure 2. 

compared to the I91-Nluc-I91-Nluc-I91-Nluc-I91 construct 

(Figure 5). These results show overall similar thermal 

behavior between the two constructs. The small difference in 

denaturation level between the two constructs (10% for triad 

Nluc and 23% for I91-NlucI91-Nluc-I91-Nluc-I91) for same 

concentrations and conditions suggests that the I91 titin 

domains assist in a small degree in reducing the thermal 

denaturation of Nluc proteins in the construct, by providing 

additional separation. The rate of BL signal decay for the I91-

NlucI91-Nluc-I91-Nluc-I91 construct was 0.138 ± 0.006 

min1 (mean lifetime approximately 5 min), while triad Nluc 

had a mean lifetime of about 3 min. 

Additionally, we tested how chaperones assist in the 

refolding of the I91-Nluc-I91-Nluc-I91-Nluc-I91 construct in 

comparison to the triad Nluc (Figure 6). We found that the 

I91-Nluc-I91-Nluc-I91-Nluc-I91 construct was also able to 

recover in the presence of DnaK, DnaJ, and GrpE with up to 

92% active protein after 7 h of experiments (initial value was 

23% active protein) while triad Nluc reaches 85%. 

Additionally, we observed a negligible recovery from 24% to 

31% for the spontaneous refolding. The kinetics of these 

reactions were fitted using y ¼ ymax 1  ekt equation, which 

resulted in half times of 12 min for Nluc of the I91-Nluc-I91-

Nluc-I91-Nluc-I91 construct. Thus, both protein constructs 

show strong refolding behavior, which in the I91-Nluc-I91-

Nluc-I91-Nluc-I91 construct appears to be enhanced by the 

I91 titin domains. 

 

FIGURE 6 Chaperone-assisted refolding of 10 nM triad Nluc 

(green) and 10 nM I91-Nluc-I91-Nluc-I91-Nluc-I91 (purple) 

constructs (n = 3). Both constructs were denatured for 10 min at 58C at 

100 nM, followed by a short 30 s room temperature cool down, before 

their 10x dilution in the Buffer C including 3 μM DnaK, 1 μM DnaJ, 

1.5 μM GrpE. BL signal recovery was collected for various time points 

for up to 7 h (n = 3). Additionally, we examined the spontaneous 

refolding after the same denaturation and short cooling times as 

mentioned above, by diluting the proteins in Buffer C in the absence of 

all three chaperones, and time points of the BL signal recovery were 

collected (n = 3). For the I91-Nluc-I91-Nluc-I91-Nluc-I91 construct 

(purple pentagon) the BL signal is initially at 23% active protein and 

after 7 h reaches about 95%. For triad Nluc (green up facing triangle) 

the initial BL signal is about 10% active protein and after 7 h it rises to 

about 85%. I91-Nluc-I91-Nluc-I91-Nluc-I91 (purple cross) had very 

minimal spontaneous recovery with 35% active protein from the initial 

23%. All BL values were normalized to the initial BL for 100% of 

active protein before thermally denaturing it. Data of the triad Nluc 

(green) are also presented in Figure 3. 

Our thermal and mechanical unfolding and refolding 

studies of I91-Nluc-I91-Nluc-I91-Nluc-I91 and triad Nluc (or 

I91-I91-Nluc-Nluc-Nluc-I91-I91) are very intriguing. Our 

previous mechanical unfolding/refolding studies of I91-Nluc-

I91-Nluc-I91-Nluc-I91 and triad Nluc flanked by I91s: I91-

I91-Nluc-Nluc-Nluc-I91-I91 polyprotein construct 

(Apostolidou et al., 2022; Ding et al., 2020) showed that the 

latter misfolded with higher probability. These results are not 

in complete agreement with our thermal denaturation results 

of I91-Nluc-I91-Nluc-I91-Nluc-I91 and triad Nluc. This can 

be the consequence of the denaturation method used further 

emphasizing the differences between thermal and mechanical 

denaturation pathways with regards to the structural changes 

the protein undergoes. Because titin I91 domains have a 

higher denaturation temperature than Nluc (Tm ¼ 72:6C), we 

consider the titin I91 domains to be mostly folded during our 

thermal denaturation experiments. However, given the two-

times smaller size of titin I91 domains (10 kDa) when 

compared to Nluc (19 kDa), it is possible that the Nluc 
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domains interact with each other in the construct at elevated 

temperatures leading to their permanent misfolding and 

therefore require chaperones for refolding. Of note is the 

observation that the rate of spontaneous refolding of this 

construct is somewhat higher as compared to triad Nluc 

(Figure 6), suggesting some small but positive effect of Nluc 

domains separation on structure recovery after thermal 

denaturation. 

2.6 | Coarse-grained MD simulations 

In order to elucidate potential intra-repeat (within one Nluc 

repeat) and inter-repeat (among many Nluc repeats) 

misfolding in one poly-Nluc construct as a result of thermal 

denaturation, we performed coarse-grained (CG) MD 

simulations for a total of 500 ns per simulation using 150 

temperature unit. These are essential research tools for 

capturing possible misfolding structures in 

thermallydenatured Nluc constructs and explain the different 

behavior of monomeric, dyad, and triad Nluc, in parallel to 

our experimental data. As expected from the CG 

methodology that favors native contacts, the coarse-grained 

simulations of refolding for monomeric Nluc (n = 100) 

resulted in completely refolded structures (Figure S3). For 

dyad Nluc however, the fraction of native contacts is near 0.5 

for 78 MD simulations, which means there is around 78% 

possibility for one domain to misfold. In addition, 21 

simulations generated a well-refolded structure, and 1 

simulation generated a fully misfolded structure (Figure 7a). 

In more detail, almost all simulations have well-refolded 

domain #1 (residue 23–193), except for 1 simulation, which 

corresponds to the fully misfolded structure (Figure 7b), and 

the domain #2 (residue 198–368) is usually misfolded (Figure 

7c). 

We also performed coarse-grained simulations for the 

triad Nluc to examine its refolding (n = 100). The refolding 

results of the triad Nluc are displayed in Figure 8. As shown 

in Figure 8a, at least two domains are refolded correctly in 

most simulations. The fraction of native contacts is near 0.6 

for 63 MD simulations, which means there is around 63% 

possibility for one domain to misfold. Another 37 MD 

simulations lead to the fully refolded structure. Figure 8b–d 

corresponds to refolding results for domain #1 (residue 23–

193), domain #2 (residue 198– 368), and domain #3 (residue 

373–543), respectively. Domain 2 and domain 3 are always 

correctly refolded to native structures, while domain 1 is 

misfolded in 63 out of 100 simulations. 

We also examined the possibility of domain swapping for 

the dyad and triad Nluc computationally based on the fact that 

these constructs consist of tandem domains of the same 

protein. First, we applied the Tandem Domain Swap Stability 

Predictor (TADOSS) to calculate the domain-swapped 

propensity (Lafita et al., 2019a). The calculated free energy 

difference ΔΔG between the native structure and domain-

swapped structure for the dyad Nluc is 0.94 kJ/mol, which 

means the native structure is slightly more stable than the 

domainswapped structure, even though the difference is 

small. 

Next, we performed refolding simulations with domain-

swapping contacts. As shown in Figure S4a, the fractions of 

native contacts are closer to 0.5 with domain swapping 

contacts for dyad Nluc, which means almost all simulations 

have a result of one misfolded domain. Different from the 

results without domain swapping, the 

 

FIGURE 7 Coarse-grained simulations of dyad Nluc (n = 100). In all figures, we compare native contacts of the initial and final structure 

per simulation. In (a) we present the fraction of native contacts Q for both domains 1 and in (b) we present domain 1 (residue 23–193) and in (c) we 

present domain 2 (residue 198–368). As can be seen, the fraction of native contacts is 0.5 (n = 78) indicating a 78% possibility that one domain will 

misfold. The rest of the 21 simulations showed a well-refolded structure for the dyad Nluc, and 1 simulation showed a fully misfolded structure. 

The fraction of native contacts in (b) and (c) for domain 1 and domain 2, respectively, show how domain 1 is folded apart from one case, while 

domain 2 is usually misfolded. 
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FIGURE 8 Coarse-grained simulations of refolding of the triad Nluc (n = 100) show a 63% possibility of correct refolding (a). Domain 1 

(residue 23–193) is misfolded in 63 of 100 simulations, while (c) domain 2 (residue 198–368) and (d) domain 3 (residue 373–543) are always 

correctly refolded in all 100 simulations according to the fraction of native contacts (Q). In all figures, we compare native contacts of the 

initial and final structure per simulation. 

misfolded domain is random, that is, either domain 1 or 

domain 2, according to Figure S4b,c. Some fractions of native 

contacts are not closer to 0.8 or 0.2, which is because of some 

small extents of domain swapping, as shown in Figure S4b,c. 

The percentage of domain swapping is not high in dyad Nluc, 

meaning that most of one domain is refolded, and another 

misfolded domain has a few contacts with the refolded 

domain (Figure S4d). A structure of the domain swapping 

generated from these simulations for dyad Nluc can be seen 

in Figure 9. 

The refolding results of the triad Nluc with domain 

swapping contacts are displayed in Figure S5. As shown in 

Figure S5a, the fractions of native contacts are also closer to 

0.5, which means almost all simulations only have one 

correctly refolded domain, since the other two misfolded 

domains will also have a few native contacts. The result is 

different from the result without domain swapping contacts, 

which is likely to have two correctly refolded domains and 

one misfolded domain. 

Figure S5b–d corresponds to refolding results for domain 1 

(residue 23–193), domain 2 (residue 198–368), and domain 3 

(residue 373–543), respectively. The refolded domain can be 

arbitrary, but the other two domains are then misfolded. As 

displayed in Figure S5e, the percentage of domain swapping 

is around 0.4, which suggests the non-negligible domain 

swapping contacts between the two misfolded domains. A 

structure of the domain swapping generated from these 

simulations for dyad Nluc can be seen in Figure 10. At this 
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point, our CG simulations suggest two possible major 

misfolding scenarios for 

Nluc triads; intradomain misfolding and interdomain strands 

swapping. Further combined computational and experimental 

work is warranted to clarify which of these two pathways (if 

any) is dominant. 

2.7 | All-atom simulations 

In order to identify Nluc regions most susceptible to thermal 

denaturation, we also conducted all-atom melting simulations 

for monomeric and dyad Nluc, solvated in a water box, using 

explicit water model TIP3P. The thermal denaturation 

temperatures were for both proteins 350 K, 410 K, 440 K, 450 

K, 475 K, and 500 K, and the total run time was 400 ns. For 

the all-atom simulations, we performed root mean squared 

deviation (RMSD) analysis for all simulations (see Section 4, 

Figure S6), and using the MDAnalysis Python package, we 

attempted to identify the residues with the greatest 

fluctuation, by calculating the root mean squared fluctuation 

(RMSF) of each residue (Figure S7). Key findings from the 

 

FIGURE 9 TADOSS prediction results for dyad Nluc (n = 50). (a) Depiction of the dyad Nluc for one of the Tandem Domain Swap 

Stability Predictor (TADOSS) simulations (rainbow ribbons). (b) Overlapping of one of the acquired predicted structures after TADOSS 

simulations shown in (a) with monomeric Nluc (PDB code 5IBO, cyan ribbons). (c) Monomeric Nluc (PDB code 5IBO, cyan ribbons). All 

structures are visualized using the UCSF Chimera program. The orientation of structures is the same for all (a)–(c) images to show the overlap. We 

implemented the matchmaker command in UCSF Chimera to overlap the two structures. 

 

FIGURE 10 TADOSS prediction results for triad Nluc (n = 50). (a) Depiction of the triad Nluc for one of the Tandem Domain Swap 

Stability Predictor (TADOSS) simulations (rainbow ribbons). (b) Overlapping of one of the acquired predicted structures after TADOSS 

simulations shown in (a) with monomeric Nluc (PDB code 5IBO, cyan ribbons). (c) Monomeric Nluc (PDB code 5IBO, cyan ribbons). All 

structures are visualized using the UCSF Chimera program. The orientation of structures is the same for all (a)–(c) images to show the overlap. We 

implemented the matchmaker command in UCSF Chimera to overlap the two structures. 

 

FIGURE 11 DnaK-binding motifs in Nluc. (a) Results of the LIBMO prediction algorithm for Nluc protein showed three DnaK-binding 

motifs a) residues 89–95 “FKVILHY” (score 12.2), (b) residues 141–147 “ERLINPD” (score 12.2), (c) residues 157–163 “NGVTGWR” (score 

14.4). (b) The DnaK-binding motifs are marked with different colors on the crystal structure of the protein (PBD code 5IBO), with (a) 

residues 89–95 colored in red, residues 141–147 colored in blue, (c) residues 157–163 colored in green. 
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timeline of our all-atoms simulations indicate that the αΙΙ 

helix (residues 27–36) appears to be the first to lose its 

structure. As the temperature increases the αΙΙΙ and αΙV 

helices (residues 63–78) also lose their structure. This is 

especially important given that these helices are structurally 

close to the furimazine binding site, which involves residues 

in the βB, βC, βD’, and βD strands (Nemergut et al., 2023). 

All four α-helices (αΙ–αΙV helices) are close to one another 

and are also located in between the βA-βB strands, and βC-

βD strands. Therefore, any loss in the structure of the α-

helices can negatively affect the way the BL substrate can 

tightly bind to Nluc to produce light. The tightness of this 

binding site was also demonstrated in recent work, which 

showed that Nluc has two conformations, open and closed β-

barrel, with the closed β-barrel having the tighter fit for the 

substrate in the binding pocket (Nemergut et al., 2023). More 

details on the all-atom simulations can be found in Appendix 

S1. 

Previous screening of biologically relevant proteins 

showed that chaperones recognize hydrophobic surfaces and 

usually protein sequences that occur approximately every 30–

40 residues in the total protein sequence (Clerico et al., 2021; 

Mayer, 2018; Rüdiger et al., 1997), instead of the complete 

protein structure. We investigated the binding sites of DnaK 

to Nluc by inserting the Nluc sequence into the LIMBO 

prediction algorithm (Van Durme et al., 2009). In our case, 

we were able to identify three DnaK-binding motifs in Nluc 

as shown in Figure 11. The sequences are (a) residues 89–95 

“FKVILHY” (score 12.2), (b) residues 141–147 “ERLINPD” 

(score 12.2), and (c) residues 157–163 “NGVTGWR” (score 

14.4). We did not experimentally examine the validity of 

these sites, however, we expect them to be a good prediction 

for our system. 

Therefore, by combining our findings we can hypothesize 

that possible loss in the helical structures may cause a loss in 

bioluminescence from our constructs and simultaneously 

expose residues 89–95 “FKVILHY”. DnaK, according to 

LIMBO algorithm prediction, may bind onto these residues 

and therefore rescue the Nluc structure from misfolding by 

allowing the neighboring structures to be refolded back to 

their native state, bringing back the BL signal. Monitoring the 

simulations at their later stages they show the further loss in 

the protein's structure exposing the other two binding motifs 

to DnaK. However, significantly longer all-atom simulations 

will be needed to extrapolate and compare their results with 

the results produced by CG simulations to ultimately identify 

the misfolded ensemble at the residue level that the 

chaperones rescued in our experiments. 

2.8 | CD measurements of monomeric 

and triad Nluc 

In our attempts to gain some insight into Nluc structural 

dynamics after exposing it to elevated temperatures, we 

carried out circular dichroism measurements on our Nluc 

constructs at room temperature and after heating the samples 

to 58C and subsequent cooling back to room temperature 

(25C) (Appendix S1). For these measurements, we had to use 

significantly increased protein concentrations and different 

buffers without stabilizing agents such as DTT and Tween 20, 

which all seem to adversely affect our results as discussed in 

Appendix S1. Nevertheless, some interesting observations 

from these measurements may be derived. CD measurements 

captured a significant structural alteration in the monomeric 

Nluc at 58C. However, in contrast to refolding measurements, 

as evaluated by the BL signal, the monomeric Nluc did not 

refold after reducing the temperature from 58 to 25C under 

CD experimental conditions. We hypothesize that at 1 μM 

Nluc concentration, the aggregation of unfolded Nluc may 

inhibit its spontaneous refolding. Interestingly, the triad Nluc, 

as judged by the CD signal, seems to experience little 

structural alteration at 58C. This at first, seems to contradict 

our observations based on the BL measurements after thermal 

denaturation, which clearly indicate that triad Nluc misfolds 

permanently at 58C, and does not refold spontaneously at 

25C, even after 7 h. It is difficult to reconcile this permanent 

misfolding with the “slight structural changes” suggested by 

the CD data. A possible explanation for this conundrum is that 

the triad Nluc, similar to monomeric Nluc, experiences 

significant structural alterations at 58C, however, these 

alterations convert into permanent misfolding that preserves 

most of the beta structure of the triad and thus are not captured 

by CD at our sensitivity and resolution. Domain swapping 

within the Nluc triad suggested by MD simulations would be 

consistent with these complex results. 

3 | CONCLUSIONS 

In the work presented here, we aimed to examine if 

bioluminescent Nluc, with its distinct biophysical and 

structural features, could be a substrate for the Hsp70 

chaperone system (Szabo et al., 2006). We started our studies 

by using three constructs based on Nluc: monomeric Nluc, 

dyad Nluc, and triad Nluc, with the latter two comprised of 

two and three tandem repeats of Nluc within a single 

polypeptide chain. The dyad and triad Nluc constructs 

discussed in this work are the first bioluminescent 

polyprotein constructs that were thermally denatured and 

refolded using the E. coli Hsp70 system. With about 70% of 
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eukaryotic proteins and 60% of prokaryotic proteins 

composed of multiple domains or repeats (Han et al., 2007; 

Rebeaud et al., 2021), our assay could be useful in examining 

nuances of the chaperone mechanism involved in refolding of 

complex multidomain proteins. Also, because Nluc's thermal 

stability is significantly greater as compared to other 

substrates, our assay could be implemented to examine the 

chaperone mechanism in thermophiles. One of the more 

interesting aspects of our study is the observation that GrpE 

is not essential in the refolding of poly-Nluc. This warrants 

further investigations and possibly opens new mechanistic 

questions on how Hsp70 interacts with polyproteins. 

4 | MATERIALS AND METHODS 

4.1 | Protein engineering 

Nluc's sequence was obtained from Protein Data Bank (PDB 

code 5IBO) and its coding sequence was acquired from 

Integrated DNA Technologies Inc. (Research Triangle Park, 

NC). We provided this sequence to GenScript Biotech 

(Piscataway, NJ) for the synthesis of the various constructs 

used in this study. The template plasmid for all constructs was 

pEMI91 (Scholl et al., 2016). For the monomeric, dyad, and 

triad Nluc constructs the poly I91 domains in pEMI91 were 

replaced by Nluc proteins keeping the His6-Tag and Strep-

Tag at the N and C termini, respectively. Codon shuffling was 

performed for the individual Nluc repeats for the dyad Nluc 

and triad Nluc constructs by GenScript allowing sequencing 

of the entire protein gene. For the I91-Nluc-I91-Nluc-I91-

Nluc-I91 construct (Apostolidou et al., 2022) the I91 domains 

in the construct were used. The resulting constructs are shown 

in Figure 12. 

4.2 | Protein purification 

For protein expression, we used BL21-Gold (DE3) competent 

cells (Agilent). After transformation, single colonies were 

picked to grow into starter cultures that were later transferred 

into 500 mL (37C). LB media was used in every step with 

ampicillin for antibiotic resistance. When each 500 mL 

bacterial culture reached an OD of 0.8, it was brought down 

to room temperature and induced with 1 mM IPTG for 3 h. 

Cells were collected by centrifugation at 4000 rpm for 30 

min. The cell pellet was resuspended in 5 mL resuspension 

buffer (50 mM NaH2PO4/ Na2HPO4 pH 8, 300 mM NaCl, and 

20 mM imidazole), followed by immediate flash freezing in 

liquid nitrogen and stored at 80C until purification. 

All cells were lysed on ice by the addition of 20 mL of 

lysis buffer (50 mM NaH2PO4/Na2HPO4, 300 mM NaCl, 20 

mM imidazole at pH 8.0, protease inhibitor cocktail EDTA-

Free, 1 mg/mL lysozyme, 3 units/mL benzonase, 1 mM DTT, 

and 0.5% Triton X-100). Gravity flow columns were used for 

all four protein constructs for binding the His-Tag of the 

proteins to the Ni-NTA Agarose 

(Qiagen). All buffers used were according to the guidelines of 

the manufacturer. The purified Nluc was dialyzed using 

SnakeSkin Dialysis Tubing (ThermoFisher Scientific) in 

Buffer A (25 mM HEPES, 100 mM KCl, 1 mM DTT) and 

flash frozen at 1 mg/mL ready for experiments. 

DnaK, DnaJ, and GrpE were purified in Dr. Qinglian Liu's 

laboratory following the procedures described before 

(Sarbeng et al., 2015) and shipped on dry ice from VCU to 

Duke University, where they were stored at 80C until use. 

4.3 | Protein denaturation, renaturation, and 

bioluminescence assay experiments 

The various Nluc constructs at 100 nM were thermally 

denatured at 58C or 65C in Buffer B (25 mM HEPES pH 7.5, 

100 mM KCl, 2 mM DTT, 0.05% T20). Spontaneous 

refolding was initiated by 10-fold dilution of the denatured 

proteins in refolding Buffer C (25 mM HEPES pH 7.5, 100 

mM KCl, 2 mM DTT, 0.05% Tween 20, 5 mM ATP, 10 mM 

Mg(OAC)2). Chaperone assisted refolding was initiated by 

10-fold dilution of the proteins in Buffer C already including 

DnaK, DnaJ, and GrpE at the reported concentrations per 

experiment. Additionally, various concentrations of BSA 

(Bio-Rad Laboratories) were added in Buffer C with or 

without chaperones to study the effects of crowding on 

protein renaturation. All refolding reactions were performed 

at room temperature. BL measurements at different time 

points were collected by doing a 10-fold dilution (1 nM of 

protein) of the refolding reactions (spontaneous or chaperone 

assisted) in Buffer B due to the high BL signal at 10 nM of 

the proteins. The diluted 1 nM protein solution (50 μL) was 

 

FIGURE 12 Sequence of protein constructs for monomeric, dyad, and triad Nluc and I91-Nluc-I91-Nluc-I91-Nluc-I91 proteins. All 

constructs have starting from the N-terminus a His-Tag (blue letters), a thrombin site (yellow letters), the Nluc sequence (red letters), and a 

StrepTag II (green letters). For the I91-Nluc-I91-Nluc-I91-Nluc-I91 construct, there are also the I91 titin domains (magenta letters). 
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combined with 50 μL of Nano-Glo Luciferase Assay 

(Promega Company) and the reaction was allowed to 

equilibrate for 3 min, as per manufacturer instructions, before 

collecting the BL value. All BL measurements were 

conducted using a GlowMax 20/20 Luminometer with 10 s of 

averaging (Promega Company, model E5311). 

Apart from Nluc constructs, we also performed 

chaperone-assisted refolding of Fluc (QuantiLum 

Recombinant Luciferase, Promega Company) that served as 

controls and benchmark measurements for Nluc experiments. 

For these experiments, 80 nM of Fluc together with 3 μΜ 

DnaK, and 1 μΜ DnaJ were heat shocked at 42C in Buffer C 

(no T20 added) with later addition of 3 μM GrpE whenever 

mentioned. For BL signal at various time points, 5 μL of Fluc 

and chaperones sample was mixed with 50 μL of luciferase 

(Luciferase Assay System E1500, Promega Company). BL 

signal was immediately collected using the same 

luminometer as for Nluc constructs with the same 10 s 

averaging time. 

Collected curves for chaperone-assisted refolding were 

fitted using the y ¼ ymax 1  ekt equation. Similarly, we fitted the 

thermal denaturation curves using the y ¼ y0 þaekt, since the 

two-parameter equation did not accurately fit the data. In both 

cases, the SigmaPlot program was used for data analysis. 

4.4 | ATPase activity of DnaK via 

colorimetric determination 

ATP hydrolysis experiments were performed in the same 

conditions as our refolding assays described in Section 4.3 

from Materials and Methods. We used the Malachite Green 

Phosphate Assay Kit from SigmaAldrich (MAK307) for the 

ATPase assay and prepared the Malachite reagent as per 

manufacturer's instructions. A 96-well plate with flat bottom 

and the Biotek Synergy-2 plate reader were used. Due to the 

saturation of the signal, before every measurement, the 

protein refolding solution was diluted four-times by adding 

15 μL of the reaction solution to 45 μL of Buffer B. To the 60 

μL of diluted reaction, we added 15 μL of Malachite Green 

reagent. The reaction was well mixed and incubated at room 

temperature for 30 min before collection of the OD at 630 nm 

as per manufacturer's instructions. These conditions were 

examined: (a) triad Nluc in the presence of 3 μM DnaK, 1 μM 

DnaJ, and 1.5 μM GrpE, (b) triad Nluc in the presence of 3 

μM DnaK, and 1 μM DnaJ, and (c) 3 μM DnaK, 1 μM DnaJ, 

and 1.5 μM GrpE in the absence of triad Nluc. 

Additionally, a phosphate standard curve was obtained 

using the phosphate standard in the Malachite Green 

Phosphate Assay Kit. The phosphate standard was diluted in 

Buffer B, and 60 μL of phosphate solution at different 

concentrations was added along with 15 μL of Malachite 

Green reagent. We used the same incubation times, plate, and 

plate reader as mentioned above. 

4.5 | Circular dichroism experiments 

Circular dichroism (CD) spectra were collected on an AVIV 

435 Spectrometer along with a Hellma QS 1.000 cuvette and 

an optical path length of 10 mm, with stopper. A magnetic 

stirrer was used to mix the protein solution during the thermal 

denaturation (speed 50), and the temperature was closely 

controlled by a sensor allowing a 0.10C error in the 

temperature. Monomeric Nluc was at 1 μM concentration 

during the experiments. For the dyad and triad Nluc proteins, 

we adjusted the protein concentration to result in same total 

mass of Nluc protein for all three proteins per experiment. All 

proteins were in 2.5 mL during CD. For every protein 

construct, we started our experiments at 25C and collected the 

spectrum of all three native proteins. Then we increased the 

temperature with a 5C step increase up to 58C. Proteins were 

kept at 58C for 10 min, following our thermal denaturation 

protocol, and three consecutive spectra were collected from 

204 to 300 nm with 2 nm as the step size (averaging time for 

every point was 6 s). For all proteins, we used 25 mM 

potassium phosphate (pH 7.5) and 100 mM KCl. Buffer B 

was not chosen due to strong absorbance at lower 

wavelengths impeding the experiment. Addition of DTT and 

TCEP also resulted in absorbance at lower wavelengths, 

therefore, we decided to not use them in our CD experiments. 

4.6 | Coarse-grained MD simulations 

All simulations were performed in GROMACS 2018.2 

(Abraham et al., 2015). The initial all-atom structures of 

monomeric, dyad, and triad Nluc were prepared based on the 

following sequences: (1) monomeric Nluc: 

MGSSHHHHHH-SSG-LVPRGS-HELM-NLuc-TSRT-

WSHPQFEKCCMH; (2) dyad Nluc: MGSS-HHHHHH-

SSG-LVPRGS- 

HELM-NLuc(1)-LEGSM-NLuc(2)-ASRT-

WSHPQFEKCCMH; (3) triad Nluc: MGSS-HHHHHH-

SSG-LVPRGSHELM-NLuc(1)-LEGSM-NLuc(2)-ASGSM-

NLuc(3)-TSRTWSHPQFEK-CCMH. All-atom simulations 

were then performed for each system to generate the native 

structures. CHARMM36 protein force field (Best et al., 2012) 
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and the TIP3P water model (Jorgensen et al., 1983) were used 

in all-atom simulations. First, the steepest descent algorithm 

was applied for energy minimization, which converges when 

the maximum force is smaller than 1000 kJ/mol/nm. Next, a 

1 ns NVT simulation using a v-rescale thermostat (Bussi et 

al., 2007) and a 2 ns NPT simulation using a Parrinello-

Rahman barostat (Parrinello & Rahman, 1981) were 

performed successively to equilibrate the system. For every 

all-atom simulation, the integration time step was set to 2 fs. 

We set 1.2 nm for the cutoff of short-range electrostatic 

interaction and Van der Waals interaction, and specified 

particle mesh Ewald (Darden et al., 1993) method for long-

range electrostatic calculation. Bonds involving hydrogens 

were constrained using the LINCS algorithm (Hess et al., 

1997). 

After the all-atom simulations were finished, the coarse-

grained models were constructed from the final equilibrated 

all-atom models using Cα native structurebased force fields 

(Clementi et al., 2000) on the SMOG server (Noel et al., 

2016). The temperature for coarsegrained MD simulations 

was determined using the same method in previous work 

(Scholl et al., 2014; Zhang et al., 2020). The protein was first 

denatured at 300 temperature units with a 100 ns simulation 

and subsequently refolded at 5 different temperature units, 

which are 130, 140, 150, 160, and 170. Based on the similar 

probabilities for folded and unfolded states, the 150 

temperature unit was finally selected as the temperature for 

coarsegrained simulations. The integration time step, the 

cutoff of Van der Waals interaction, and the simulation time 

were set to 0.5 fs, 3.0 nm, and 500 ns, respectively, for all 

coarse-grained refolding simulations. We performed 100 

simulations for monomeric Nluc, dyad Nluc, and triad Nluc, 

starting from random unfolded structures in the trajectories of 

denaturing simulations. 

The fraction of native contacts, denoted as Q, is a number 

between 0 and 1, and calculated as the total number of native 

contacts in the final refolded structures divided by the total 

number of native contacts in the reference native structures, 

which provides some insights on the extent of refolding and 

misfolding. 

Besides the normal refolding simulations, we also 

investigated tandem domain swaps (Lafita et al., 2019b) with 

coarse-grained simulations. All the simulation parameters are 

the same as the normal refolding simulations, except that we 

complemented native contacts in topology to include domain-

swapping effects. For each contact between residue i and 

residue j in one Nluc domain, and the corresponding contact 

between residue i0 and residue j0 in another Nluc domain, the 

interdomain contact between residue i and residue j0, as well 

as the contact between residue i0 and residue j, were included 

in the domain-swapping simulations (Terse & Gosavi, 2021). 

We performed 50 simulations for dyad Nluc and triad Nluc 

with the domain-swapping contacts. 

4.7 | All-atom simulations 

All-atom simulations were performed on the monomeric and 

dyad Nluc constructs to examine their thermal stability at 

various temperatures. The protein structure was obtained 

using PDB code 5IBO. Formation of the dyad Nluc structure 

was obtained using UCSF Chimera by connecting the two 

monomeric Nlucs. For the linkers, we used the Chimera 

addaa method (Pettersen et al., 2004). This resulted in 171 

and 346 residues for the monomeric and dyad Nluc proteins, 

respectively. The linkers used for the dyad Nluc were the 

same as in the protein construct for thermal denaturation 

(residues LEGS, Figure 12). The water boxes for the two 

proteins were for monomeric Nluc 8.0 x 8.6 x 9.3 nm3 (system 

size 61,400 atoms) and for dyad Nluc 12.6 x 10.8 x 9.8 nm3 

(system size 127,800 atoms) to allow full expansion of the 

proteins during thermal denaturation, during which process 

proteins lose their core packing and, therefore, their 

secondary structure. In all simulations, the Ca of methionine 

(#1) was fixed allowing the utilization of an optimal water 

box without limiting the quality of the simulations. NAMD 

2.12 or 2.14 with CUDA GPU acceleration were used along 

with Charm 36 (par_all36m_prot.prm) (Best et al., 2012), 

TIP3P water model (Jorgensen et al., 1983), and the addition 

of ions at a concentration of 150 mM NaCl. The NPT 

ensemble was applied for all thermal denaturation 

simulations with a Nose Hoover Langevin piston pressure 

control and Langevin dynamics for temperature control. 

Periodic boundaries were applied. For the monomeric Nluc 

we ran simulations at 350 K, 410 K, 440 K, 450 K, 475 K, 

and 500 K. Similarly, for dyad Nluc we ran simulations at 410 

K, 440 K, 450 K, 475 K, and 500 K. During each run of the 

simulation, we also did equilibration for the first 100 ns and 

then the simulation was allowed to continue. The total run 

time was 400 ns. RMSD for all simulations was collected 

using VMD. Additionally, in our analysis, we implemented 

the MDAnalysis Python (Gowers et al., 2016; Liu et al., 2010; 

Michaud-Agrawal et al., 2011; Theobald, 2005; van der Walt 

et al., 2011) package following the instructions on website 

(https:// www.mdanalysis.org/) for RMSF calculations. 
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