Dr Annalisa Pierro 
  
Dr Alessio Bonucci 
  
Dr Davide Normanno 
  
Dr Mireille Ansaldi 
  
Dr Eric Pilet 
  
Pr Olivier Ouari 
  
Pr Bruno Guigliarelli 
  
Dr Emilien Etienne 
  
Dr Guillaume Gerbaud 
  
Dr Axel Magalon 
  
Pr Valérie Belle 
  
Dr Elisabetta Mileo 
  
Probing Structural Dynamics of a Bacterial Chaperone in Its Native Environment by Nitroxide-Based EPR Spectroscopy

Keywords: EPR spectroscopy, in-cell studies, nitroxide labels, protein structural dynamics, site-directed spin labeling

One of the current greatest challenges in structural biology is to study protein dynamics over a wide range of time scales in complex environments, such as the cell. Among magnetic resonances suitable for this approach, Electron Paramagnetic Resonance spectroscopy coupled to Site-Directed Spin Labeling (SDSL-EPR) has emerged as a promising tool to study protein local dynamics and conformational ensembles. In this work, we exploit the sensitivity of nitroxide labels in reporting protein local dynamics at room temperature. We demonstrate that such studies can be performed by preserving both the integrity of the cells and the activity of the protein under investigation. Using this approach, we studied the structural dynamics of the chaperone NarJ in its natural host cell, Escherichia coli. We established that spin-labeled NarJ is active inside the cells. We showed that the cellular medium affects NarJ structural dynamics in a sitespecific way, while the structural flexibility of the protein is maintained. Finally, we present and discuss data on the time-resolved dynamics of NarJ in cellular context.

Introduction

"Cellular structural biology" approaches are emerging with the common aim of exploring biomolecule structures and interactions directly under physiological conditions. [1] As the cellular environment cannot be reproduced in vitro, the investigation of biomolecules directly inside cells has attracted a growing interest in the past decades. This exciting trend currently embraces different techniques, including cryoelectron tomography [2] , cross-linking mass spectrometry [3] , Förster resonance energy transfer (FRET) spectroscopy, [4] computational modeling [5] and magnetic resonances techniques [1,6] . Among these last, Electron Paramagnetic Resonance (EPR) spectroscopy coupled with the use of paramagnetic labels (Site-Directed Spin Labeling approach, SDSL) has shown to be very appealing in following protein structural dynamics and conformational changes within the context of the cell [7] . Since 2010 and the first in-cell article by Tochio and Shirakawa [8] , significant progress has been made in this field. Based on the introduction of paramagnetic labels into a biomolecule of interest, at user-defined sites, the SDSL-EPR approach is a valuable and manifold tool offering competitive advantages for in-cell structural studies, thanks to the negligible background interference from other cellular components, the accessible time scale window (from ns to µs), its high sensitivity (few µL at few µM concentration), and no molecular size limit of the biomolecule under study [9] . To date, with the exception of a study focused on the stability of a dimeric protein in HeLa cells, [10] the research in the field of in-cell EPR has been mainly focused on the development of spin labels characterized by enhanced features for cellular studies [11] , on the development and establishment of suitable methodologies [12] and on the proof of the feasibility of this kind of approach. In particular, the majority of the published in-cell EPR studies is based on DEER experiments, [10, 11c, 11e, 12c, 13] which involve the grafting of two paramagnetic labels into specific positions of a protein and on measurements of distance distributions between them. DEER experiments enable to probe the global structure and possible conformations of the protein under investigation [14] . As a consequence of the relaxation properties of the spin labels currently available, DEER measurements are carried out on frozen samples (typically between 10-60 K). The possibility of running EPR investigations of protein structural dynamics at room temperature is of high interest in the context of cellular studies. Preserving the health and the metabolic activity of the cells under investigation is indeed a key point for more relevant data on local structural dynamics. Among the spin labels currently available, nitroxides are the only ones allowing SDSL-EPR studies of proteins at room temperature and in solution by continuous wave EPR measurements (CW-EPR). This is mainly related to the fact that the EPR spectrum of nitroxides contains information not only about magnetic interactions but about molecular dynamics, as well. [15] Indeed, the CW-EPR spectrum of a nitroxide grafted to a protein reports on the structural properties of the protein under investigation and, for example, can be used to follow structural and folding changes and to detect interaction sites in complexes. [16] Despite the appealing perspective offered by nitroxide labels, the possibility of running in-cell EPR studies under physiological conditions is still very poorly investigated and under-exploited. At present, only three works, applying room temperature EPR spectroscopy on proteins delivered incell have been reported. [17] Two of them investigate the structural dynamics of the human alpha-synuclein [17a] and of immunoglobulin binding domain of protein G (GB1), [17c] respectively, microinjected in Xenopous laevis oocytes, while the other focuses on the intracellular delivery of proteins by heat-shock. [17b] Additional examples were given by in situ EPR studies. [18] Indeed, this approach to study membrane proteins in their cellular environment at physiological temperature, currently developed Figure 1. A) Model structure of NarJ (P0AF26) from AlphaFold [19] . The blue spheres indicate the amino acids targeted for Cys mutations and labeling. The structural segment in magenta correspond to the C-ter region. B) Chemical structure of the spin label used in this work, Proxyl 1.

in the groups of Cafiso [20] and Joseph [21] , is achieved by labeling extracellular regions of membrane proteins directly on cell suspension. However, such kind of experiments, specific for membrane proteins, evidently differs from those used for in-cell EPR studies. Our work aims at demonstrating the ability of nitroxide labels in reporting on structural dynamics of cytosolic proteins in their native environment, in experiments carried out at room temperature. This approach offering the appealing possibility of observing cellular events in real time at room temperature.

In particular, we focused on the investigation of a bacterial protein, NarJ, within its cellular environment. NarJ is a cytosolic chaperone from Escherichia coli that ensures folding and assembly of the membrane-bound-respiratory nitrate reductase complex, NarGHI, member of a large group of molybdenum-containing enzymes. [22] In-cell experiments were performed on in vitro-labeled proteins delivered in cells by electroporation. The efficiency of delivery and the correct localization of NarJ was firstly confirmed by fluorescence microscopy, flow cytometry and EPR investigation of the functional integrity of the delivered protein, designing a NarJ-specific activity assay carried out on whole cells. Finally, via the EPR investigation of five different labeled variants of NarJ in dilute buffer solution, in cell lysate and in whole cells, we were able to show i) that structural dynamics of NarJ in the cytosol drastically differs from what observed in vitro and in cell lysates, ii) that the intracellular medium clearly affects NarJ structural dynamics in a site-specific way and iii) that these measurements were carried out in a time window which guarantees the viability of the cells under investigation. Finally, data on the time-resolved monitoring of NarJ protein in the cellular context will be presented and discussed.

Results

NarJ, a cytosol chaperone from E. coli: variants design and in vitro studies. In order to investigate the impact of the intracellular environment on NarJ structural dynamics, the spin label maleimido-proxyl (1, Figure 1B) was grafted to Cys residues introduced by site-directed mutagenesis at several positions of NarJ, as depicted in Figure 1A. For the choice of labeling positions, we exploited structural data currently available for NarJ (P0AF26), allowing the identification of a globular domain (in gray in Figure 1), mostly composed of helices and flexible regions. This domain includes a highly conserved hydrophobic cavity, involved in partner recognition which NarJ assists in concerted folding upon insertion of metal centers. [23] The region encompassing the last 50 aa (in magenta in Figure 1), which we will refer to as the C-ter region, is a less conserved region among NarJ homologues and it exhibits a flexible structural behavior. [24] The unique natural Cys residue (C207) located in the "C-ter region" is one of the labeled sites. Then, other single Cys variants, were generated on a truncated form of NarJ (NarJT), lacking the C-ter region. The description of the functionality of the truncated protein was made by Magalon's team; [23a] the corresponding NarJT protein proved to be a valuable construct for studying the molecular mechanism of metalloprotein partner recognition and binding because its binding parameters remained constant. Thus, various regions were targeted on NarJT: E119C, located in a hydrophobic groove, H21C and Q104C, located on either side of this groove, and Q149C is in a region opposite to the cavity. An additional variant, containing two Cys residues (H21C/Q104C) for double labeling and distance measurements, was also prepared. As for previous studies, [11a, 23b] all the variants were labeled with Proxyl (1) with labeling yields equal or higher than 90%. The EPR spectra of all NarJ variants in dilute solution, are shown in Figure 2 (upper panels, spectra A, B, C, D, E). All the experimental data were simulated with SimLabel [25] (a GUI of EasySpin [26] ) using a minimum of two components characterized by different rotational correlation times, τc, with the unique exception of position Q149C, for which only one component was employed. The τc is the parameter related to the local mobility of the nitroxide, the lower this value, the higher the mobility. In the plots resuming simulation results (Figure 2 K, L, M, N, O), we refer to the component with the lower τc as sharp and to the one with higher τc as broad. Simulation parameters are reported in the SI. In dilute buffer solution, the labeling sites G,H,I,J). Experimental data are in black, while simulated ones are in magenta. Panels K, L, M, N, O: τc extracted from the simulations using SimLabel are plotted on the X-axis: the percentage of each population described by a τc is represented as a surface of a disc green or navy for in vitro data, yellow and sky-blue for in-cell.

of NarJ show increasing label dynamics as follow E119C<H21C<Q149C<Q104C<C207 in consistency with data we already reported. [11a, 23b] NarJ protein is efficiently delivered inside E. coli cells via electroporation. Inspired by the work of Kapanidis and collaborators, [27] we optimized a method based on electroporation to deliver exogenously labeled NarJ inside its natural host, E. coli cells. The experimental protocol, detailed in M&M and in supporting material (Figure S1 and S2), consists in applying an electric shock on a cell suspension, previously incubated for 10 minutes with a solution containing the labeled protein. After electroporation, the non-internalized proteins are washed away and the cell sample is resuspended in the most appropriate medium before EPR measurements. To investigate the proper NarJ internalization, we combined EPR spectroscopy, laser scanning confocal microscopy (LSCM) and flow cytometry (FC). In the case of LSCM and CF studies, NarJ was labeled with a fluorophore. Figure 3A shows the EPR spectrum obtained for cells incubated with the spin-labeled protein (NarJ variant Q149C Proxyl ) but not subjected to electroporation: no significant EPR signal is visible (blue trace, Figure 3A) whereas a EPR signal is obtained for cells that had been electroporated (black trace, Figure 3A). To further investigate the effective delivery of NarJ into cells we performed 3D LSCM imaging in Airyscan modality to achieve improved resolution and volumetric information. NarJ labeled with the organic dye Cy5 was incubated with the cells and either washed out or delivered to cells employing the same electroporation protocol and conditions than those used for EPR measurements. Fluorescence images of non-electroporated cells ("in contact" sample) showed a faint signal almost indistinguishable from the background (Figure 3B) whereas, after electroporation, a strong specific signal was associated with the cells, indicating that NarJ has been internalized in the cytosol of bacteria (Figure 3C). Importantly, the absence of fluorescence signal in not electroporated cells suggests that the protein does not stick to the bacterial outer membrane in a nonspecific manner and that the washing cycles are effective at removing non-internalized protein. Further imaging experiments confirmed that results are robust with respect to the organic dye used to label NarJ; that electroporation per se does not induce fluorescence; that washout cycles completely remove free protein from solution (Figure S3). Orthogonal views analysis of the 3D images of electroporated cells (Figure 3D) shows a uniform internal distribution of NarJ-Cy5 in the bacteria, irrespectively of the quantity of protein internalized (i.e., the fluorescence intensity of the cell). Furthermore, as visible in Figure 3B, 3C right panels, electroporated cells are indistinguishable from nonelectroporated ones, which suggests that the delivery protocol doesn't affect cell physiology. In order to accurately quantify the proportion of cells that incorporate NarJ upon electroporation, we performed flow cytometry experiments using fluorescently labeled protein. Such an analysis presents the advantage to rely on a large number of cells (over 300,000 cells in the experiments reported here). Figure 3E indicates that a large proportion of cells ranging from 82% to 93% depending on the specific experimental replica, showed fluorescence after electroporation with fluorescently-labeled NarJ when compared to cells that were not electroporated ("in contact") or were electroporated with unlabeled NarJ. Furthermore, to investigate the possibility of leaking out of the protein, after in-cell delivery, samples were left for ~1 hour at room temperature. After centrifugation, the supernatant was checked by EPR. The absence of a signal confirmed that no protein was released outside the cell during 1 hour (Figure S4), ~4 times longer than the time used to average the spectra presented in this work (10 scans, 15 minutes). To determine if during this 15 minutes' time window, cell viability is modified, serial dilution of electroporated (Figure S5A) and non-electroporated (Figure S5B) E. coli cells onto LB agar plates were carried out after incubation in PBS buffer for different time intervals. Our experiment showed that both cell samples are viable in PBS buffer over an interval of 25 minutes. After this time, we highlighted a slow decrease of the duplication ability, symptom of cell sufferance and starvation. It is worth noticing that the time needed to prepare an in-cell sample is between 10-15min (see experimental section), so that the end of the 15 min EPR recording fits the duration of cell viability. Taken together, all these results show that our electroporationbased method can be used to successfully deliver cytosoldiffusing labeled-NarJ proteins into E. coli cells.

Electroporated NarJ reaches the bacterial cytosol in an active

and functional state. After validation of the delivery of NarJ inside bacteria, we addressed the point if electroporated NarJ is still functional and able to interact with its biological partners. The functionality of NarJ was evaluated by performing an activity test on an intact cell suspension, monitoring the nitrate reductase activity of the NarGH subunit. [28] Indeed, NarJ is an essential chaperone in the activation of the NarGH catalytic dimer through the acquisition of metal centers. [22b, 22c] Thus, if NarJ is not present, the NarGH subunit is inactive and unable to reduce nitrate. The activity test consists in delivering NarJ (labeled or not) by electroporation in cells overexpressing apo-NarGH, the inactive form of the enzyme, soluble in the cytosol. The enzyme activation was monitored by measuring the nitrate reductase activity. As demonstrated previously, in absence of the membrane-anchor NarI subunit, the soluble and cytoplasmic NarGH complex displays nitrate reductase activity using reduced benzyl viologen (BV) as an artificial electron donor [22c] . The reduced form of BV (BV red ) has a bright blue-violet color, absorbing at 604 nm, and it can diffuse freely through the membranes (Figure 4A). [29] Nitrate transport across biological membranes is facilitated by two ATP-independent nitrate/nitrite transport proteins NarK and NarU in E. coli. [30] Exogenous addition of BV red and nitrate to NarJ-electroporated cells expressing immature NarGH complex is expected to exhibit activity as measured by loss of absorbance at 604 nm i.e. nitrate-dependent BV oxidation. To avoid non-specific reduction of nitrate, we used a cell strain deficient of all the native nitrate reductases and their respective chaperones (ΔnarA, Δnap, ΔnarZ, ΔnarJ, ΔnarW). All the samples were prepared as indicated in the M&M and the activity essays were performed in a glove box, under anaerobic conditions (95% N2, 5% H2). Cells expressing narGHJ genes produce a fully mature and active NarGH complex (holo-NarGH) and were used as positive control. A high and specific nitrate reductase activity was measured in those cells as compared to cells expressing only allowed the detection of a significant activity. A similar result was obtained also by delivering a labeled variant of NarJ (NarJ-C207). In conclusion, these results indicate that electroporated NarJ reaches the cytosol in an intact, functional state and is, thus, able to restore the NarGH activity even when labeled with a nitroxide spin label.

NarJ structural dynamics behavior under cell conditions at room temperature. Electroporation of spin labeled NarJ and EPR measurements are compatible with cell viability. To address the question of how the intracellular medium modulates NarJ local structural dynamics, NarJ variants were individually delivered in E. coli cells and the EPR signal was acquired over 15 minutes at room temperature. This time window, corresponding to the real time the sample spent in the EPR cavity, was chosen because it resulted a good compromise between the intracellular spin concentration, cell viability and an adequate signal-to-noise ratio of the EPR spectra. Indeed, regarding the spin concentration (bulk) of the in-cell experiments reported in this work, the delivery allowed to achieve a range between 7 and 11 µM. Interestingly, our results clearly show that the cells have a maximum of viability of 25 minutes in PBS/Agarose and at room temperature (Figure S5), thus the time window used for in-cell EPR acquisition (15 minutes) is compatible with E. coli cells viability. The intracellular medium affects NarJ local dynamics. Figure 2 (F,G,H,I,J) shows the EPR spectra obtained by delivering all the labelled NarJ variants in E. coli cells. A first visual inspection reveals that spectra of in-cell samples are broader respect those obtained in vitro, reporting a decrease in the mobility of the nitroxide in this environment. This finding could be compatible with a gain in protein folding and in its structural compactness. As shown in figure S6, these spectral shapes were reproducible in biological replicates. For a deeper investigation, all the EPR spectra showed in Figure 2 were simulated with SimLabel. [25] In the simulation plots (Figure 2, panels K, L, M, N, O and Figure S7), we refer to the component with the lower τc as sharp and to the one with the higher τc as broad. Complete simulations parameters are reported in the SI. The EPR spectrum of Proxyl grafted in the hydrophobic cavity of NarJ (position 119), is poorly affected by the cellular environment, with the ratio of components being unaltered. The increase of the value of τc of the broad component is particularly drastic for position 21, 104 and 149, for which also the weight of this population increases. Notably, position H21C exhibits an increase by over 90%, of τc going from ~5 ns in vitro to ~9 ns in cell, this last being the higher τc obtained in this study. For positions Q104C and Q149C, the broad component characterized by a τc of ~8 ns, becomes predominant in intracellular condition. It is important to highlight that position Q149C is the most affected one, characterized by the higher increase in the value of the τc compared to the other positions (Figure S7). Intermediate behavior between the cases mentioned above has been detected for the label grafted to position C207. With a moderate increase of the broad component both in weight and in τc, this region maintains the higher degree of flexibility inside the cell. Besides showing that the structural dynamics of NarJ observed in-cell is different from that protein shows in the dilute buffer solution, these findings demonstrate that the intracellular environment affects NarJ structural dynamics in a site-specific fashion.

Mimiking the cytosol with crowders and cell lysates. Crowding agents are currently used by scientists to recreate simpler environments than those of in-cell experiments but more complex than in vitro ones, with the aim of deciphering in-cell data. [13d, 31] In particular, in this study we chose to use: sucrose, an osmolyte sequestrating water molecules in the surrounding of the protein; [32] potassium glutamate (KGlu), the most abundant potassium salt in E. coli; [33] BSA, representing charged globular proteins [34] and Ficoll a polymer used to simulate excluded volume effects of the cytoplasm. [35] Figure 5 shows the EPR spectra obtained in the presence of crowders, while Figure S8 resumes the results of the simulations. As a general trend, BSA, Ficoll and sucrose were the additives affecting the most NarJ structural dynamics with variants H21C and Q104C being the most sensitive sites and showing spectral changes similar to those observed in-cell. In the case of the wild type protein, the position C207 was sensitive uniquely to the presence of Ficoll, which induces spectral changes very similar to those obtained in-cell. In the case of position E119C, spectral variations were detected in the presence of BSA, Ficoll and sucrose but are smaller than those observed in cell. Unexpectedly, position Q149C, which mobility was strongly affected by the cytosol, showed very small sensitiveness to all the crowders employed in this study. Cell lysates are also currently used to try to decipher results obtained by in-cell studies, being considered a step towards more biologically relevant crowders. [36] The EPR spectra obtained by solubilizing NarJ variants in E. coli lysates are showed in Figure S9 and are very similar to those obtained in vitro. The only difference we observed between the experiments carried out in cell lysates and in whole cells concerned the reduction of the nitroxide, which was much faster in lysates than in whole cells (Figure S10 and Figure S13, respectively). Indeed, as showed in figure S10, after 10 minutes in cell lysates, the signal of C207 proxyl is completely reduced, while in whole cells a decay of 50% of the EPR signal is observed after ~300 minutes (Figure S13, green curve).

In-cell DEER. In previous works, we demonstrated that NarJ shows a high structural flexibility in dilute buffer solution [23b] and that such flexibility is maintained in model cells (X. laevis oocytes). [11a] At this point we aimed at investigating the impact of the native cellular environment, E. coli, on NarJ. The doublylabeled NarJ variant, H21C/Q104C, was used to measure distance distributions between the two spin centers in-cell by DEER experiments performed at Q-band. The positions H21 and Q104 (Figure 6A) were selected because they revealed a conformational change when NarJ interacts with its biological partner, the NarGH complex. [7, 23b] The in-cell sample was prepared by delivering the doubly labeled variant inside E. coli cells as described in section 2. ~15 minutes after delivery, the sample was shock-frozen in liquid nitrogen to perform DEER experiments at 60 K. Figure S11 show the echo-detected field sweep (EDFS) of the E. coli cell sample versus a sample in which the protein and the cells were put in contact and no electric pulse was applied. For non electroporated samples, no EPR signal is detectable at the temperature of EDFS acquisition (60K), unlike the electroporated one. Echo decay curves are shown in Figure S12 and phase memory times (TM) are ~4 µs and ~1 µs, for the in vitro and the in-cell sample, respectively. As the TM is mainly driven by the coupling of the spin centers with the nuclei nearby and by spin diffusion, the shortening of the TM in cells can be attributed to the high concentration of 1 H in this environment. As a consequence, in-cell DEER data were collected for a too short evolution time (1 µs) to unambiguously determine the background and derive reliable distance profiles. [14b] EPR time-resolved monitoring of NarJ variants in E. coli. As a perspective of this work, we were interested in investigating the EPR signatures of NarJ in-cell at room temperature over time.

To this aim we extended the time window for data acquisition beyond 15 minutes and monitored the integral of the EPR spectra of all NarJ variants over 16 hours under cellular conditions. The results are shown in Figure 7 and all the NarJ variants show a time-dependent decrease in the signal intensity. This expected trend is related to the reduction of the nitroxide to a diamagnetic species (hydroxylamine) under the action of antioxidants and enzymes present inside the cytoplasm, which results in the decrease of the EPR signal intensity over time. [11a, 37] Note that the differences observed in the reduction profiles are related to different degrees of accessibility of reductant with respect to the position in which the label is grafted. Then, we investigated the EPR peak-to-peak amplitude of the central line of the EPR spectra of all NarJ variants at room temperature over time. All the data are shown in Figure 8 and S15. In particular, while for position H21C a progress decrease in the peak-to-peak value is observed over time, for the other positions peak-to-peak values increase before starting to decrease more steeply. This behavior is surprising, because, in the light of the known reduction of nitroxides to EPR silent hydroxylamines in the cellular environment, a decrease in the peak-to-peak amplitude was expected for all the monitored positions. Indeed, we addressed the point of possible variations of cell and protein concentration. Particular attention was made in the preparation of cell samples, which were performed using the same cell batch and the same cell dilution. This gave a bulk spin concentration between 7 and 11 µM for all the variants studied. Moreover, to avoid variation in the recorded signals related to cell sedimentation in the EPR capillary over time (figure S14), cells were suspended in a buffer containing agarose [38] . Indeed, the differences observed in the curves are not related to a difference in the number of cells or spin concentrations used for experiments. In order to better investigate possible changes in the spectral shapes, and thus in the nitroxide mobility, in Figure 8 we focus on the profiles obtained for one variant showing an increase of the peak-to-peak intensity (C207) and position H21, for which this phenomenon was not observed (Figure 8A). The superimposition of the EPR spectra corresponding to different times, respect to the first acquired spectrum, obtained for position H21 (green spots in Figure 8A) and for C207 (magenta spots in Figure 8A) are shown in figure 8B-C-D and8E-F-G, respectively: while the EPR lineshape for position H21C does not change over time, for position C207 the spectral lineshape becomes sharper. In order to avoid variations in the spin concentration, due to reduction in the cytosol, each selected spectrum from the kinetic curves (in Figure 8 for positions 207 and 21 and Figure S15 for the other positions) was normalized for its integrated intensity. Comparisons between the spectra at different times of the curves clearly show that a sharpening of the EPR spectra occurs with time for position 207, 104 and to a lesser extent for 119, while positions 21 and 149 are not affected. We can conclude that the sharpening observed for positions 207, 104 and 119 is related to an increase in the label mobility in the cytosol, which could be explained by the possible action of proteases or the unfolding of the protein structure. 

Discussion

Here we report the results obtained by mapping the structural dynamics of NarJ, a cytosolic chaperone, in intact cells at room temperature combining nitroxide spin labels and EPR spectroscopy. To this aim, five NarJ variants, labeled with the spin label Proxyl at different regions of the protein, were delivered by electroporation in the natural host of the chaperone, E. coli. Even if electroporation has been extensively used to deliver proteins in different eukaryotic cell lines [13a, 13b, 39] , in the case of bacteria, the delivery is not straightforward and fewer examples can be found in the literature. For this reason, we deeply investigated NarJ delivery by fluorescence microscopy and flow cytometry. Thanks to these last two approaches, we were able to demonstrate that NarJ delivery in E. coli cells is efficient and reproducible. Furthermore, fluorescence microscopy demonstrates that delivered NarJ proteins were homogeneously distributed in the bacterial cytosol. We also aimed at investigating the functional integrity of delivered NarJ. This chaperone has an essential role in the maturation of the NarGH enzyme, which, if active, shows nitrate reductase activity. A UV-Vis cellular activity test was implemented to monitor the nitrate reduction as a way to follow NarJ activity. While no nitrate reductase activity was detected on a cell strain overproducing apo-NarGH complex, the electroporationmediated delivery of exogenous NarJ in the same cell strain was able to restore the nitrate reductase activity. These results provide clear evidence that NarJ proteins remain active after delivery, as witnessed by their ability to complement the cell strain depleted in NarJ. Afterward, we investigated the structural dynamics of NarJ in E. coli cells, by CW-EPR experiments at room temperature. Different degrees of broadening of the EPR spectra were observed compared to those monitored in diluted solution, with Q149C being the position characterized by the higher variation in the τc value, followed by H21C and Q104C. On the contrary, position E119, located in the conserved hydrophobic groove of NarJ, was only slightly affected. Position C207, which in vitro is characterized by a high flexible behavior, close to what was observed for IDPs, showed a τc variation higher than position E119 but drastically lower than what observed for the other positions. Even so, this region of the C-ter tail keeps a high flexibility, probably important for its biological role. The observed decrease in nitroxide mobility, particularly evident for the protein core, could be explained with a gain in protein folding and/or in structural compactness compared to that in diluted solution. Indeed, similar local-dynamics changes have already been reported for soluble proteins subjected to conformational changes after the binding with a partner molecule but under in vitro conditions [159][160][161][162] . Under our experimental conditions, the contribution of the main NarJ partner, the apo-NarGH complex, is negligible considering its very low expression level. Consequently the spectral changes we highlighted can be attributed to the cellular environment itself: aspecific attractive and/or repulsive interactions, volume exclusion effect in addition to the viscosity of the intracellular environment, which, for E. coli, is estimated to be three-to eightfold higher than that of water/buffer [40] . Besides revealing that NarJ structural dynamics in cells differs from that observed in vitro, our results highlight a site-specific response of protein dynamics to the cytosolic environment. This finding suggests that the cytosol impact on NarJ structural dynamics is not a bulk, averaged effect. A position-dependent response of NarJ was also observed in presence of crowding agents, except for Q149C proxyl which was insensitive to the presence of all the crowding agents. It is worth to stress that the time window for all the in-cell CW data shown (Figure 2) is 15 minutes thus it ensures the viability of the cells under investigation. Moreover, it is important to highlight that this time window is incredibly short with respect to the acquisition time currently needed for NMR spectra acquisition, that needs at least a couple of hours. To go further in this work and exploit all the advantages of room temperature studies, we reported a study focused on NarJ structural changes in cellular condition in a time-resolved fashion. Firstly, a sitespecific reduction of nitroxide to hydroxylamine was observed and it was in agreement with the structural organization NarJ acquires in intracellular conditions. Then, by following the peak-to-peak amplitude of the central line of all the NarJ variants, we highlighted that only certain positions (Q104C, E119C and C207) are subjected to an increase in the peak-topeak amplitude which revealed a sharpening of the EPR lineshape overtime. The latter is related to an increase in the mobility of the nitroxide label and, consequently, of the corresponding protein region. Protein degradation and unfolding are two possible explanations for this behavior. Indeed, the degradation of the protein by proteases would give a fragmentation of the protein and if the label is located on one of the generated peptides, its mobility will increase. The faster of highly accessible regions, as demonstrated by limited-proteolysis coupled to mass spectrometry, could also explain the site-specific trend observed in the data here reported. [41] Protein unfolding during time inside cells was observed by NMR for several cytosolic proteins [38b] . In our case, the unfolding of a region in which the nitroxide is attached increases the spin label mobility and, as already mentioned, the sharpening of the signal. These hypotheses open the way for further investigations currently running.

Conclusion

Taken together, our work represents a leap forward in the development of EPR-based cellular structural biology that goes beyond the experimental feasibility. In particular, by exploiting nitroxide labels as reporters of protein local dynamics, we showed that SDSL coupled to EPR spectroscopy enables the investigation of protein structural dynamics in-cell at room temperature, under conditions ensuring the preservation of cell integrity. Moreover, based on the EPR study of NarJ protein in its host native cells, E. coli, we were able to show that structural dynamics of NarJ in the cytosol drastically differ from what was observed in vitro and that the intracellular context clearly affect NarJ structural dynamics in a site-specific way. The value of these experimental findings is strengthened by assessing NarJ activity directly inside cells. Finally, we have demonstrated that nitroxides are suitable spin labels to study dynamic changes occurring inside cells in a time-resolved fashion.

Experimental

NarJ protein purification -Overexpression and purification of NarJ were carried out as described previously using a pET22b derivative vector carrying NarJT-6His or NarJwt-6His [22a] . The overexpression of all the variants was carried out in E. coli BL21-DE3 strain, growth in LB medium at 37°C, induced by 0.2 mM of IPTG and incubated at the same temperature for 4 hours. Cells from 1 L of colture are resuspended in 40mL of Tris-HCl 50mM pH 7.4 buffer, containing NaCl 150mM and protease inhibitors EDTA free cocktail (Roche) and lysed by three passages into EmulsiFlex (Avestin) at 1500 psi. The resulting crude extract was centrifuged at 45000 rpm for 60 minutes. The resulting supernatant is, then, loaded in a Ni-NTA superflow columns 5 mL (Quiagen) previously equilibrated against Tris-HCl 50 mM pH 7.4, NaCl 300 mM, Imidazole 10 mM. The column is eluted against Tris-HCl 50 mM pH 7.4, NaCl 300 mM at three concentrations of Imidazole: 20 mM, 50 mM and 200mM, at which NarJ elutes. Fractions containing the protein are then dialyzed in a 3 kDa MWCO membrane against 500 mL Tris-HCl 50 mM pH 7.4, NaCl 150 mM for 2 hours, renovating the buffer every 30 minutes. Protein concentration was estimated using absorbance at 280 nm and an extinction coefficient of NarJ full length variants ε280=21,430 M-1cm-1 or NarJT variants ε280=14,400 M-1cm-1 (http://us.expasy.org/cgi-bin/protparam).

Cells strains and competence -

The bacterial strains used in this study are listed in the table S17 in the supporting material.

Preparation of electrocompetent cells -An overnight preculture of E. coli NEB® 5-alpha Competent E. coli (High Efficiency) or E. coli LCB3063 is diluted to a final OD600= 0.05 into 100 mL of LB medium and cultured at 37°C until reaching OD600=0.9. The growth is, then, stopped by chilling the cells at 4°C on ice for 40 minutes. Bacterial cells are harvested by centrifugation at 4000 x g for 10 minutes and re-suspended in 100mL of sterile MilliQ water + 10% glycerol. This washing step is repeated two times, reducing the volume of the washes to 50 mL and 30 mL, respectively. Finally, bacterial cells are resuspended in sterile MilliQ water + 10% glycerol to obtain a final concentration between 4 and 6 * 10 10 cells/mL. Cells are aliquoted and stored at -80 °C.

Protein spin labeling -Prior to spin labeling, 100 nmol of protein are treated with an excess of DTT (20X) at 4°C for 30 minutes to reduce the cysteine moieties, then removed by PD10 desalting column (GE Healthcare), against Tris-HCl 10 mM pH7.4 buffer. The factions containing the protein are pooled and incubated with MA-proxyl nitroxide a 10-fold or 20-fold molar excess proteins containing one or two cysteine residues, respectively. A second PD10 desalting column against the same buffer described above is performed to remove the excess of unbound spin label. The collected fractions are, then, checked by EPR spectroscopy and polished by centrifugation in 2 mL Vivaspin concentrators 10 kDa MWCO (Sartorius) 7500 x g 5 minutes each. The concentration of the labeled protein is evaluated by measuring the OD at 280 nm. The labeling yield was 80-100% mono-labeled NarJ variants; 185-200% bi-labeled NarJ variants.

Protein labeling with fluorescent tags -For protein labeling with fluorescent labels we used Cyanine5 NHS ester or sCyanine5 NHS ester, both purchased from Lumiprobe. The labeling protocol employed for the 2 fluorophores was the same. A solution of NarJwt (100nmol) in PBS 0.1 M pH 8.1 was incubated with Cyanine or sCyanine5 NHS ester fluorophore in 4-fold excess for 16 hours at 4°C. Then, the reaction mixture underwent several rounds of centrifugation (10 minutes at 13000*g at 4°C) in order to pellet and remove the precipitated fluorophore while keeping the supernatant (containing the protein). Once no more pellet was detectable after centrifugation, gel filtration (using PD10 desalting column, GE Healthcare) against Tris-HCl 10 mM pH 7.4 buffer was performed in order to remove the excess of unreacted fluorophore. The fractions are concentrated and diluted 4 times using Sartorius 2 mL centrifugal units (MWCO 10 kDa). The concentrated pool is loaded in a PD10 desalting column against and the bright blue fractions are, again, polished by concentration as mentioned before. To fully washout the leftover of unreacted dye we checked the flow through absorption (at 646) nm and thus to know when stopping washing the sample. The labeling ratio was calculated from the ratio of the measured absorbance of the label at 646 nm (using the extinction coefficient ε= 250000 M -1 *cm -1 ) and the absorbance of protein at 280 (using the extinction coefficient ε= 21430 M -1 *cm -1 ), corrected by the absorption of the dye at 280 nm. The labeling ratio was evaluated to be between 5 and 5.5 dyes per NarJ protein.

In-cell protein delivery -Electrocompetent E. coli cells (20 µL), prepared as indicated before are incubated with an equal amount of labeled protein solution, during 10 minutes on ice. In our study, protein stock concentration was between 800 µM and 1 mM. The protein-cells mixture is, then, transferred into a pre-chilled 1 mm-gap cuvette (VRW) and electroporated. All the experiments were performed with a BioRad Gene Pulser Xcell Electroporation Systems using the following parameters: voltage= 1800 V, resistance= 200 ohm, impulse= single. After the electric pulse, the cells membrane integrity is recovered by addiction of 500 μL of Super Optimal broth with Catabolite repression (SOC, NEB). Cells are then washed by centrifugation at 3200 x g, 2 minutes at 4°C 3 times. In the first wash, the pellet is resuspended in 500μL of PBS 10 mM pH 7.5, +0.005% Triton solution; in the other washing steps, PBS 10 mM pH 7.5 is in general used. In order to check that the washing cycles are enough to remove any not delivered protein in the sample, the cells were pelleted and the supernatant is checked by EPR analysis (Figure S3). This step is in general repeated for an appropriate number of times, at least till the absence of an EPR signal in the supernatant. After the last washing cycle, cells are resuspended in 50μL of PBS 10 mM pH 7.5, and 1% low temperature melting agarose (Euromedex) and transferred in an EPR capillary. The time between the preparation of the "in-cell" sample and the beginning of EPR spectra acquisition was about 10-15 min.

Laser Scanning Confocal Microscopy -Confocal images have been acquired using a laser scanning microscope (Zeiss LSM 880 with Airyscan, RRID:SCR_020925) using a Plan-Apochromat 63x/1.4 Oil DIC M27 objective. Acquisitions have been performed in Airyscan mode, with a pinhole size of 1.18 to 1.87 Airy units, using a 633 nm laser and a long pass filter (LP 645) to excite and detect NarJ-Cy5 or NarJ-sCy5 fluorescence. Typically, images were 800 pixel x 800 pixel, with a pixel physical size of 44 to 70 nm and with a separation between Z planes of 200 to 300 nm. Transmission images were acquired using Differential Interference Contrast (DIC) microscopy. For imaging, 1 µl of bacteria was spot on a #1.5 microscope coverslip (CG15XH1, Thorlabs) and hold on place using an agar pad (1% w/v agarose in LB medium). Images have been analyzed using FIJI [42] (RRID:SCR_002285). Rough Airyscan images have been processed with the FIJI plugin AiryscanJ [START_REF] Prigent | ICASSP 2020 -2020 IEEE International Conference on Acoustics, Speech and Signal Processing (ICASSP)[END_REF] using the ISM reconstruction method.

Fluorescence monitoring by flow cytometry -In flow cytometry experiments we used NarJ labeled with the fluorophore ATTO-488 (Lumiprobe). E. coli cells samples (10 -2 ) were analyzed using flow cytometry (A50-micro instrument Apogee Flow Systems, UK) equipped with an argon ion laser (Asbly, wavelength excitation 488 nm, 50 mV) and specific fluorescence filter set (Green (Gn): 535/35nm, Orange (Or): 585/20 nm and Red (Rd): >610 nm). Calibration beads (Apogee Flow Systems, 1 µm, excitation 488 nm and a broad fluorescence emission in the Gn, Or and Rd channels, 5.000 events x µl -1 ) were used as a standard to ensure the quality of the analysis. Each sample was run using the following setting: constant sample flow rate; sheath pressure 200 mbar; photodetector voltages for small and large angle light scatter, Gn, Or, Red fluorescence channels were respectively fixed at 200, 275, 700, 518 and 550 V. Data were acquired in Log scale using PC control v3.40 and histogram v110.0 softwares (Apogee Flow Systems) and analyzed with the FlowJoV10 software (TreeStarInc.). The small versus large angle light scatter color plot was used to discriminate bacterial populations from the background noise. Then, fluorescence intensities gated on the bacterial populations were compared. As far as fluorescence intensity was concerned, bi-exponential representation was used. This display consists in a data transformation in order to use a linear scale to display low signals (intensities close to the origin) and a logarithmic scale for the larger ones (intensities from 10 to 10.000). This is a "Logicle" display method widely accepted by cytometrics that avoids deceptive effects of logarithmic scaling for low signals and compensated data in flow cytometry 52 . Gating discriminating fluorescents from non-fluorescents subpopulations was made and data were exported to Excel software to make further statistical analyses. [START_REF] Parks | [END_REF] In-cell nitrate reductase activity assay -In-cell delivery of the NarJ protein was performed using the protocol described above using electrocompetent JC4023 cells transformed with either of the plasmids. As a negative control for in-cell protein delivery, electrocompetent cells were subjected to electroporation with deionized water. After electroporation, cells were subjected to several washing steps in PBS buffer, transferred in an anaerobic glovebox (95% N2, 5% H2) and resuspended in 25 µL of PBS buffer previously degassed. Benzyl viologen-nitrate reductase activity was measured spectrophotometrically at 604 nm as previously described by following the oxidation of reduced benzyl viologen (i.e. BV) concomitant with the reduction of nitrate to nitrite. [29] The sample is transferred in a plastic cuvette filled with 1 mL of PBS buffer supplemented with 0.05 mM dithionite and 1.5 mM BV. When the absorbance is stable, 25 µL of cells suspension is added. After waiting the stabilization of the absorbance, 1 mM of substrate (KNO3) is added to the solution. The slope after the addition of the substrate is then normalized for the extinction coefficient of the BV (7400 M -1 cm - 1 ) and for the number of cells incubated with the protein before dilution in cells/mL.

Cell lysates preparation -Cell pellets from an E. coli DH5a culture (3L final OD 0.9) were frozen overnight, thawed and resuspended in 1 mL of buffer (20 mM KH2PO4, 50 mM NaCl, pH 6.0) containing a few crystals of DNase. Cell lysis was completed by sonication and the lysate was centrifuged at 20000 * g for 30 min and flash frozen in liquid nitrogen. Cell lysates were prepared by using the same cell strain at the same growth stage of the cells used for in-whole-cells EPR experiments. The concentration of cell lysates was in the range 0.5-0.7 g/mL. To avoid dilution of the lysates, the samples for EPR analysis were prepared by adding 2 µL of labelled protein to a volume of 50 µL of cell lysate, with a final spin concentration of 40 µM.

CW EPR -All the room temperature CW-EPR experiments are recorded on a spectrometer Elexsys 500 Bruker equipped with a Super High Q sensitivity resonator operating at X band (9.9GHz) at room temperature. Samples are injected in a quartz capillary whose sensible volume was 40μl. The parameters used are the following: microwaves power = 10mW; magnetic field modulation amplitude=1G; field sweep=150G; receiver gain=60dB. the case of kinetics recording the field sweep is reduced at 100G and the delay between each acquisition is 8.1 s. The spin concentration is calculated from the double integration of the CW EPR spectrum at room temperature and under non-saturating conditions and compared with that given for a MTSL nitroxide sample of a known concentration. In the case of EPR recording over time, the number of cells as starting point was 4-7*10 10 cells/mL as calculated from OD600 measurements. EPR spectra were simulated with the 'Slow Motion' mode of SimLabel, [25] a GUI of EasySpin. [26] The EasySpin function used for spectra simulation was 'chili', while the used routine is described here. [25] DEER experiments -DEER distance measurements were performed at 60K, on a Bruker ELEXSYS E580 spectrometer equipped with an Oxford helium temperature regulation unit, at Q-band using the standard EN 5107D2 resonator. All the measurements were performed at 60K on 20 µL of sample loaded into quartz capillaries and flash frozen in liquid nitrogen. The DEER traces were, then, analyzed using DeerAnalysis2019 software (http://www.epr.ethz.ch/software/index Jeschke G. 2011. DeerAnalysis. ETH, Zürich, Switzerland).

Figure 2 .

 2 Figure 2. Room temperature, X-band CW-EPR spectra recorded for the studied NarJT variants and NarJ labeled with Proxyl in vitro (1 scan in Tris Buffer 10mM, pH 7.4, panels A, B, C, D, E) and in E. coli cells (10 scans, 15 minutes' acquisition time, panel F,G, H, I, J). Experimental data are in black, while simulated ones are in magenta. Panels K, L, M, N, O: τc extracted from the simulations using SimLabel are plotted on the X-axis: the percentage of each population described by a τc is represented as a surface of a disc green or navy for in vitro data, yellow and sky-blue for in-cell.
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 3 Figure 3. A) Blue trace: room temperature CW-EPR spectrum of a cell sample "in contact" with the labeled protein NarJT-Q149C but not electroporated. Black trace: room temperature CW-EPR spectrum of the same protein delivered inside E. coli cells by electroporation. B) Fluorescence (left) and transmission (right) images of NarJ-Cy5 "in contact" with bacteria but not electroporated. The fluorescence image shows a Maximum Intensity Projection (MIP) of a z-stack while the transmission image corresponds to a single plane acquired in DIC mode. C) Fluorescence (MIP, left) and transmission (DIC, right) images of NarJ-Cy5 electroporated bacteria. D) Examples of xy, xz, and yz sections of the regions indicated in red in (C) for cells having internalized varying quantities of NarJ-Cy5. Scale bars represent 10 µm. E) Fluorescence intensities of electroporated bacterial populations measured by flow cytometry. Cytometry histograms represent the number of fluorescent or non-fluorescent cells gated to the bacterial population as a function of the fluorescence intensity, percentage of the populations are also indicated. Limit between negative fluorescence (488-Grn(Peak)-) and positive fluorescence (488-Grn(Peak)+) determined by the fluorescent negative control non electroporated. Color code: non-electroporated cells (orange), H2O electroporated cells (blue), fluorescently-labeled-NarJ incubated but nonelectroporated cells (green), fluorescently-labeled-NarJ incubated and electroporated cells (pink).
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 4 Figure 4. A) Schematic illustration of the in-cell enzymatic assay optimized to follow NarJ activity in E. coli cells. B) NarGH activity measured through the oxidation of BV: cells overexpressing apo-NarGH, the negative control; holo-NarGH, the positive control (green); apo-NarGH in which unlabeled NarJ was delivered (pink); apo-NarGH in which labeled NarJ-C207 was delivered (purple). The error bars have been calculated as the standard error on the 6 replicates of each experiment. Created with BioRender.com
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 5 Figure 5. Room temperature, X-band CW-EPR spectra recorded for the studied NarJT variants and NarJ labeled with Proxyl in vitro (Tris Buffer 10mM, pH 7.4) and in the presence of crowding agents (BSA 300 mg/mL, Ficoll-70 300 mg/mL, Sucrose 30% w/v and potassium glutamate (KGlu) 200 mM). If changes are detected upon crowder addition, spectra are indicated in blue.

Figure 6 .

 6 Figure 6. A) Structural model of NarJ indicating the labeled positions. B) Qband 60 K raw DEER data obtained in vitro (black trace) and in E. coli cells (blue trace).

Figure 7 .

 7 Figure 7. Normalized integrated intensity of the EPR spectra of all NarJ variants in E. coli: H21C in black, E119C in red, C207 in green, Q149C in magenta and Q104C in blue. Each point represents the sum of the integrated intensity of 10 consecutive EPR spectra.

Figure 8 .

 8 Figure 8. A) Peak-to-peak (h0) profiles of C207 proxyl and H21C proxyl NarJ variants in E. coli cells are indicated as black curves. The point from which the EPR spectra are extracted are highlighted in colour (magenta for C207 and green for H21). Profiles of the other variants are represented in grey. Superposition of CW EPR spectra corresponding to the points indicated on the curves in panel A: B) point 1 and point 2 of variant H21C; C) point 1 and point 3 of variant H21C; D) point 1 and point 4 of variant H21C; E) point 1 and point 2 of variant C207; F) point 1 and point 3 of variant C207; G) point 1 and point 4 of variant C207. Each point represents the sum of the peak-to-peak intensity of 10 consecutive EPR spectra. Each spectrum showed in panel B to G has been normalized to its integrated intensity.
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