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HelD, an RNA polymerase binding protein from Bacillus subtilis, stimulates transcription and helps in timely adaptation of cells under diverse environmental conditions. At present, no structural information is available for HelD. In the current study, we performed size exclusion chromatography coupled to small angle X-ray scattering (SEC-SAXS) which suggests that HelD is predominantly monomeric and globular in solution. Using combination of size exclusion chromatography and analytical ultracentrifugation, we also show that HelD has a tendency to form higher order oligomers in solution. CD experiments suggest that HelD has both α-helical (∼35%) and β sheet (∼26%) secondary structural elements. Thermal melting experiments suggest that even at 90∘C, there is only about 30% loss in secondary structural contents with Tm of 44∘C. However, with the increase in temperature, there was a gain in the β-sheet content and significant irreversible loss of α-helical content. Using a combination of X-ray fiber diffraction analysis, and dye based assays including Thioflavin-T based fluorescence and Congo red binding assays, we discovered that HelD forms amyloid-like fibrils at physiologically relevant conditions in vitro. Using confocal imaging, we further show that HelD forms amyloid inclusions in Escherichia coli. Bioinformatics-based sequence analysis performed using three independent web-based servers suggests that HelD has more than 20 hot-spots spread across the sequence that may aid the formation of amyloid-like fibrils. This discovery adds one more member to the growing list of amyloid or amyloid-like fibril forming cytosolic proteins in bacteria. Future studies aimed at resolving the function of amyloid-like fibrils or amyloid inclusions may help better understand their role, if any, in the bacterial physiology.
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INTRODUCTION

Transcription is an essential and highly regulated complex multi-step process. In bacteria, this process is performed by a single multi-subunit RNA polymerase (RNAP) (Werner, 2008) which interacts with several components of the transcription machinery at various stages of transcription (Murakami, 2015; Browning and Busby, 2016). HelD (also known as YvgS), is one such RNAP binding protein in Bacillus subtilis which belongs to the superfamily I of DNA and RNA helicases (Delumeau et al., 2011; Wiedermannova et al., 2014). Helicases are known to interact with the replication and DNA repair machinery (Tuteja and Tuteja, 2004), but recent reports unravel their interactions with the transcription machinery as well, especially with RNAP (Gwynn et al., 2013; Epshtein et al., 2014; Wiedermannova et al., 2014; Sanders et al., 2017). These studies suggest that helicases are diverse enzymes which play important roles in maintaining the genome stability and help in resolving the conflicts between replication and transcription (Yang, 2010). Escherichia coli UvrD (Epshtein et al., 2014) and Geobacillus stearothermophilus PcrA (Gwynn et al., 2013; Sanders et al., 2017), homologs of B. subtilis HelD has been reported to interact with RNAP, thereby, coupling replication and DNA repair with transcription. Both UvrD and PcrA bind and facilitate the back-tracking of RNAP, thus, recruiting nucleotide excision repair machinery, hence, playing an important role in transcription-coupled DNA repair (Gwynn et al., 2013; Epshtein et al., 2014; Sanders et al., 2017).

HelD has a putative three-domain architecture consisting of an N-terminal domain (1–204), a middle domain having ATPase activity (205–606, ATP binding box 220–258) and a C-terminal domain (607–774) (Wiedermannova et al., 2014). The functions of the NTD and CTD of HelD are not yet known. Wiedermannova et al. (2014), reported that HelD binds RNAP near the secondary channel and α-subunit, and increases the rate of transcript formation in an ATP-dependent manner. Though HelD is non-essential, it is required by the cells to adapt to the changing environments (Wiedermannova et al., 2014). HelD is mainly expressed during the stationary phase of growth (Nicolas et al., 2012) and its deletion increases the lag phase and affects the growth of the cells (Wiedermannova et al., 2014). HelD acts synergistically with δ-subunit of RNAP to stimulate transcription and release RNAP from DNA, thus, playing a crucial role in the elongation phase of transcription (Wiedermannova et al., 2014).

HelD has not been extensively studied and at present, no structural information is available. Here, we show that HelD exists predominantly as a monomer in solution and has a tendency to self-associate to form higher order oligomers in solution. While we were characterizing HelD, we serendipitously observed that it possesses an interesting amyloidogenic property. We demonstrate that HelD forms amyloid-like fibrils at physiologically relevant conditions in vitro and forms amyloid inclusion in vivo. Based on our results, we report that HelD is the first helicase as well as the first soluble intracellular transcription elongation factor and RNAP binding protein in B. subtilis to exhibit the amyloidogenic property.

MATERIALS AND METHODS

Cloning, Overexpression, and Purification of HelD

The gene encoding HelD was PCR amplified using gDNA of B. subtilis and digested with NdeI and XhoI restriction enzymes. The digested product was then cloned into an expression vector pET28a (Novagen) encoding a Tobacco Etch Virus (TEV) protease cleavable His6 tag at the N-terminus, followed by transformation in DH5α competent cells. Initial screening was performed using colony PCR and the positive clones were further confirmed by DNA sequencing. The positive clones were transformed into E. coli BL21 (DE3) cells and incubated at 37°C for 12 h. A single colony was used for inoculation in 20 mL LB medium with 50 μg/mL kanamycin at 37°C at a constant speed of 200 rpm. The secondary culture containing kanamycin was set up using primary culture which was further incubated at 37°C with a constant speed of 200 rpm. When the OD600 of the cells reached ∼0.5–0.6, protein expression was induced by adding 0.3 mM isopropyl β-D-1- thiogalactopyranoside (IPTG) to the cultures and incubating further at 16°C for 16 h with constant shaking at 200 rpm. The cultures were harvested and cells were resuspended in Buffer A (20 mM HEPES pH 7.5, 150 mM NaCl) along with a cocktail of EDTA-free protease inhibitor tablet (Roche) and then subjected to sonication (10 s “on,” 10 s “off,” 30% amplitude for 30 min). The cell lysate was centrifuged at 18,400 × g for 40 min at 4°C. Thereafter, the supernatant was mixed with 2 mL Co-NTA agarose beads (Gold Biotechnology, St. Louis, MO, United States), pre-equilibrated with Buffer A and kept on a rotator mixer for 30 min at 4°C. The His6-tagged HelD was eluted in the Buffer A containing 200 mM imidazole pH 8.0. The fractions were loaded on the 15% SDS-PAGE to check the purity of the samples. The fractions containing purified HelD were pooled and concentrated using 30 kDa cutoff Amicon ultracentrifugation device (Millipore). For the purification of the tagless HelD, the concentrated purified protein was dialyzed in the Buffer A (to remove the imidazole) and subjected to TEV protease cleavage. Purified HelD with His6-tag was incubated with TEV protease at 4°C for 8 h. The His6-tagged HelD was separated from the tagless HelD by passing the His6-HelD-TEV protease mixture through the Co-NTA affinity chromatographic column. The tagless HelD was further purified using size exclusion chromatography (SEC).

Size Exclusion Chromatography

The oligomeric state of the HelD was determined by SEC using a Superdex 200 Increase 10/300 GL column (GE Healthcare). The column was pre-equilibrated with Buffer A and analytical runs were performed by injecting 500 μL of the purified protein at a flow rate of 0.5 mL/min at 4°C. The fractions corresponding to each peak were pooled and concentrated and later used for structural and biophysical studies.

Size Exclusion Chromatography Coupled to Small-Angle X-ray Scattering (SEC-SAXS)

SEC-SAXS data for the HelD sample were collected at the Diamond Light Source, Harwell, United Kingdom at B21 beamline. In line SEC-SAXS were performed using an Agilent HPLC equipped with the Shodex column. Data were collected on a Pilatus 2 M detector and HelD (100 μM) was individually loaded onto the column previously equilibrated in Buffer A at a flow rate of 0.05 mL/min. The primary reduction of the SAXS data and data processing were performed using ScÅtter v3.01 to obtain the radius of gyration (Rg), the maximum particle dimension (Dmax), the excluded particle volume (Vp) and the pair distribution function [P(r)]. The molecular mass of the scattering particles was calculated using a method described by Rambo (Rambo and Tainer, 2013). Low-resolution 3-D ab initio models were generated using DAMMIF software (Franke and Svergun, 2009) using slow mode. DAMAVER (Volkov and Svergun, 2003) was used to generate the ab initio models. The SAXS envelope was rendered using PyMoL (Schrödinger, LLC, New York, NY, United States). SUPCOMB (Kozin and Svergun, 2001) was used to superpose the homology model into the SAXS based molecular envelope. FoXS server (Schneidman-Duhovny et al., 2010) was used to compute the scattering profile from the ab initio generated model and fit with the experimentally observed scattering profile of HelD.

Homology Modeling

The amino acid sequence of HelD from B. subtilis was retrieved from UniProt database and the closest structural homologs were identified using BLAST search against the Protein Data Bank database. The ATPase domain of HelD (residue range 539–641) shares 29% sequence identity with the E. coli UvrD. The C-terminal domain (residue range 606–774) shares 39% sequence identity with Lactobacillus planetarium (PDB ID 3DMN). No sequence similarity was observed for the N-terminal domain. The homology model was built only for the ATPase and the C-terminal domain using Prime 3.1 module (Jacobson et al., 2004) in Schrödinger software suite (Schrödinger, LLC, New York, NY, United States). SSpro program in Prime was used to predict the secondary structure of HelD. Initially, four models were generated and the model with the least energy was selected for the loop refinement. For refinement of loops comprising of <5 and >5 amino acids, the number of output structures was set to 10 and 5, respectively. After loop refinement, the OPLS3 force field (Harder et al., 2016) was used to minimize the model which was further validated by PROCHECK (Laskowski et al., 1993) for the evaluation of Ramachandran plot (Ramachandran et al., 1963).

Sedimentation Velocity Analytical Ultracentrifugation (SV-AUC)

SV-AUC experiments were carried out using HelD (5 μM) in the Buffer A at 4°C. Beckman-Coulter XL-A equipped with a TiAn50 eight-hole rotor with two-channel epon centerpiece (12 mm) and quartz window were used to carry out SV experiments. Absorbance scans were recorded at 280 nm at every 4 min interval at 40,000 rpm at 4°C. AUC data was analyzed using the program SEDFIT (Schuck, 2000) by selecting continuous distribution c(s) model. SEDNTERP (Hayes et al., 1995) was used to calculate the solvent density (ρ) and viscosity (η) of the chemical composition of different components present in the Buffer A.

Circular Dichroism (CD) Spectroscopy

HelD was dialyzed in 10 mM sodium phosphate buffer (pH 7.5) and spectra were collected using a 2 mm path-length cuvette in the wavelength range 190–250 nm. The CD experiments were recorded at 5 μM protein concentration using a JASCO J-810 spectrometer and analyzed using OriginPro 2016 software. Thermal melt experiments were performed by increasing the temperature from 20 to 90°C with a ramp rate of 1°C/min. The spectra were collected at every 5°C with a scanning speed of 100 nm/min. The melting curves were plotted and Tm of the sample was calculated using OriginPro 2016 software.

Monitoring Kinetics and Formation of HelD Amyloid-Like Fibrils in vitro

Thioflavin T (ThT) fluorescence assay was performed by incubating HelD (100 μM) with ThT (1 mM) at 37°C for 5 min. The ThT fluorescence intensity was measured using excitation wavelength of 440 nm and an emission wavelength of 485 nm. The fluorescence measurements were recorded using Synergy H1 Hybrid Multi-mode Micro-plate reader. The kinetics of amyloid-like fibril formation by HelD (100 μM) was monitored at a constant temperature of 37°C and readings were acquired every 2 min over a period of 8 h. The top of each well was sealed using adhesive tape to minimize the rate of evaporation in all the experiments. Three independent experiments were performed in triplicates and the bars represent the standard deviation.

Congo Red (CR) Binding Assay

The method described by Klunk et al. (1989) was followed for CR binding assay. A solution of 7 mg/mL of CR was prepared in Buffer A and passed through 0.22 micron filter prior to use. The spectrum of CR (5 μL in 1 mL Buffer A) was recorded between 400 and 700 nm at room temperature (control). Varying concentrations of HelD (0.6, 0.8, or 1 μM) were incubated with CR for 30 min at room temperature and the spectrum were recorded between 400 and 700 nm using Cecil 7500 Double Beam UV/Visible spectrophotometer.

X-ray Diffraction Analysis

The solution containing the preformed fibrils, prepared as described above from 100 μM HelD solution, were centrifuged at 5,000 × g for 2 min. The supernatant was aspirated and the pellet was resuspended in the remaining solution and vortexed. This sample was transferred to the 0.6 mm borosilicate glass capillary (Hampton Research) and sealed from the narrow end allowing evaporation from the other end. The sample was dried by incubating at 37°C overnight. The X-ray fiber diffraction data were collected at the home source (Rigaku micromax 007 equipped with Mar345 detector) at the wavelength of 1.5418 Å. The air dried sample in the capillary was exposed to the beam at room temperature for 20 min. The diffraction pattern was analyzed using HKL2000 (Otwinowski and Minor, 1997).

Optical and Confocal Microscopic Visualization of Amyloid-Like Fibrils

Ten microliter of 100 μM HelD was dispensed on the glass slide, air-dried and stained with ThT (1 mM). The excess stain was blotted away and the slide was further air-dried. The slides were visualized using Olympus microscope model BX51, using a 100× oil-immersion objective under bright field and cross-polarized light. The images were captured using cellSens software. The slides were also visualized using confocal fluorescence microscope (Nikon A1R), using a 100× oil-immersion objective and 1 Airy unit aperture. The ThT stained samples were excited using an excitation wavelength of 440 nm and an emission wavelength of 480 nm.

Thioflavin S (ThS) Staining of the Live Bacterial Cells

ThS staining of the live bacterial cells was performed as per the protocol mentioned by Kaur et al. (2018). Briefly, cells harboring HelD and empty expression vector were grown in LB media at 37°C until OD600 reached 0.5. The protein expression was then induced using 0.3 mM IPTG and incubated for 5 h. The 0.5 mL of culture was then centrifuged at 6,000 × g at 25°C for 2 min. followed by 3 times washing with 1× PBS. The cells were fixed by adding 4% paraformaldehyde and incubating at 37°C for 30 min. Cells were again washed three times with 1× PBS. Fixed cells were then incubated with 250 μL of 0.05% (w/v) ThS (Catalog number T1892, Sigma) prepared in 12.5% ethanol at 37°C for 30 min in the dark (Aguilera et al., 2016). Stained cells were again washed three times with 1× PBS. Ten microliter of sample was then placed on the top of the glass slide, air-dried and covered with cover slip. The images were acquired using confocal fluorescence microscope (Nikon A1R), using a 100× oil-immersion objective and 1.2 Airy unit aperture. The ThS stained samples were excited using an excitation wavelength of 405 nm and an emission wavelength of 482 nm.

RESULTS

HelD Has a Propensity to Form Higher Order Oligomers in vitro

We successfully purified HelD from the soluble fraction suitable for structural and biophysical studies. The purity and molecular weight of HelD were assessed by 15% SDS-PAGE (Supplementary Figure 1). As the oligomeric state of HelD was not known so we performed analytical SEC experiments. The analytical SEC profile of HelD revealed that HelD has a tendency to exist in multiple distinct oligomeric states in solution. The theoretical molecular weight of HelD is 90 kDa and we could observe a predominant peak corresponding to monomer [Peak I, observed molecular weight (MWobs) ∼89 kDa] and minor peaks corresponding to dimer, trimer and higher order oligomeric species of HelD in solution (Figure 1A). Further, SV-AUC results correlate well with the SEC studies. The SV-AUC profile suggests that HelD exists predominantly as a monomer (MWobs = 89 kDa, ∼80%) and has the tendency to self-associate to form higher order oligomers (∼20% population; Figure 1B) in solution. The Stokes radius obtained from the AUC experiments is 3.55 nm and the value of the best-fit frictional ratio is 1.2, which suggests globular state of HelD.
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FIGURE 1. HelD has a tendency to form higher order oligomers in solution. (A) The SEC profile of HelD showing the predominant monomer (peak I) population as well as minor peaks II-IV corresponding to the higher order oligomers in solution. (B) The SV-AUC analysis of HelD shows that HelD exists predominantly as a monomer (∼80% population) and has a tendency to oligomerize (∼20% population) in solution.



SEC-SAXS Based Low-Resolution Solution Structure of HelD

Since there was no structural information available for HelD, so we initiated crystallization trials. Our crystallization experiments did not yield reproducible diffraction quality crystals. In order to gain structural insights of HelD in solution, we performed SEC-SAXS experiments to obtain a low-resolution structural model of HelD. The primary data reduction and data processing of the sample (Figure 2A) were performed using ScÅtter v3.02. The scattering intensity profile, Guinier plot, Kratky plot and Pairwise distribution function [P(r)], are all plotted in Figures 2A–D, respectively. The data was analyzed over the q range 0.02–0.19 Å−1 (Figure 2A). The analysis of the signal plot suggests that values of the radius of gyration (Rg) are consistent across the peak (Figure 2A, inset). The analysis of the Guinier plot suggests a linear fit with no apparent signs of aggregation (Figure 2B). Kratky plot analysis suggests that HelD is globular in solution as the peak is located at the ideal position in the Kratky plot (Figure 2C). P(r) analysis suggests a maximum dimension, Dmax of 97 Å (Figure 2D). The Rg calculated from the reciprocal space (34.12 ± 0.051 Å) matches well with the Rg obtained from the real space (33.56 ± 0.068 Å). The real space Rg obtained from SAXS (3.35 nm) is in close agreement with the Stokes radius obtained from the AUC experiments (3.55 nm). The molecular weight (MW) was calculated by dividing the Porod volume (164,764 Å3) by 1.7. The calculated MW of 96.9 kDa is in close agreement with the theoretically expected molecular weight, MWexp of 90 kDa. Hence, the predominant peak in the SEC profile corresponds to the monomeric state of HelD. The ab initio models generated by DAMMIF, further averaged using DAMAVER, suggest that HelD adopts a C-shaped globular architecture in solution (Figures 2E,F).


[image: image]

FIGURE 2. The low-resolution solution structure of HelD. (A) The SAXS intensity profile of the monomeric HelD. The Rg values are consistent across the predominant peak observed in the SEC profile (Inset). Superposition of the experimental scattering profile (blue) with the theoretically computed scattering profile (magenta) of the ab initio model using FoXS web server (χ = 1.04) suggests good fit. (B) The low-q region (0.02–0.19) used for the Guinier analysis. (C) The Kratky analysis suggests HelD as perfectly globular and well-folded in solution. (D) Normalized pair-wise distribution function [P(r)] suggest Dmax of 97 Å. (E,F) The in silico generated homology model of HelD lacking the NTD was superposed into the SAXS-derived dummy atom model generated by DAMMIF using the program SUPCOMB (NSD = 2.6). The unaccounted region in the SAXS derived envelope, possibly corresponding to NTD, is encircled in black. Two different views of the superposed models rotated counter-clock wise, around the vertical y-axis are shown.



As no experimental structural information was available, so we also performed in silico homology modeling using Prime module of Schrödinger suite. The final generated homology model was superposed to the averaged molecular envelope of dummy atom model using SUPCOMB (Kozin and Svergun, 2001; Figures 2E,F). The homology model fits well in the SAXS envelope (NSD = 2.6). FoXS server (Schneidman-Duhovny et al., 2010) was used to align and match the experimentally observed scattering profile with the theoretically obtained scattering profile from the dummy atom model, which suggests a good fit (χ = 1; Figure 2A). An unaccounted region in the SAXS derived molecular envelop was observed which may correspond to the N-terminal domain of HelD which is absent in the homology model (Figures 2E,F).

Secondary Structural Analysis and Thermal Melting Studies of HelD

To estimate the secondary structural contents in HelD, we performed CD spectroscopy experiments. BeStSel webserver (Micsonai et al., 2015) was used to deconvolute and estimate the secondary structural content from the acquired CD spectra. Our experiments performed at 20°C suggests that HelD is composed of a mix of α-helical (35%) and β-sheet (26%) secondary structural elements (Figure 3A). We also assessed the thermal stability of HelD using CD-based thermal denaturation experiments. Thermal denaturation profile suggests that HelD undergoes partial thermal unfolding with a Tm of 44°C (Supplementary Figure 2). With the increase in the temperature (20–90°C), we could clearly observe the structural transitions accompanied by significant loss of signatures corresponding to α-helix (negative dip at 222 and 208 nm) while there was a gain in the characteristic signatures corresponding to the β-sheet (negative dip at 218 nm) (Figure 3A). The deconvolution of the CD spectra with respect to change in temperature using the BeStSel webserver (Micsonai et al., 2015) suggests about 80% decrease in the α-helical content and approximately 20% increase in the β-sheet content (Figure 3B). Interestingly, even at 90°C, there is only a loss of about 30% secondary structural contents. However, when the temperature was reduced from 90° to 20°C, HelD did not attain its native structure in solution. We did not observe any visible precipitation of the sample upon heating and cooling, so we were interested in knowing whether HelD sample was still predominantly monomeric in solution. We performed SEC experiments by injecting this heat treated sample in the Superdex 200 Increase 10/300 GL column. We observed major peak eluting at the void volume suggesting presence of higher order oligomeric species or soluble aggregates (Supplementary Figure 3). This data suggests that protein partially unfolds upon heating and probably either forms soluble aggregates or self-associate to form higher order oligomeric species with substantial increase in β structure.
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FIGURE 3. HelD retains β-sheet structures upon thermal denaturation in solution. (A) CD spectra of HelD collected as a function of temperature. HelD was heated from 20 to 90°C and then cooled from 90 to 20°C. For clarity, the representative CD spectra acquired at 20°, 50°, and 90°C during both heating and cooling (represented with “_R”) are plotted. (B) BeStSel webserver based analysis of secondary structural changes in the HelD upon heating and cooling experiments. The analysis reveals the structural transitions accompanied by loss of α-helical content with increase in the β-sheet contents upon heating. The protein did not attain its native secondary structural contents upon cooling.



HelD Forms Amyloid-Like Fibrils in Solution

There are several reports in the literature which suggest a strong correlation between the protein oligomerization, the presence of intrinsically disordered segments and amyloid formation (Tompa, 2009; Kumar and Udgaonkar, 2010; Fandrich, 2012). The ability of HelD to exist in multiple oligomeric states in solution, the presence of intrinsically disordered regions (as predicted using CamSol; Sormanni et al., 2015a) and the increase in the β-sheet content on thermal denaturation, prompted us to investigate its amyloidogenic property.

To begin with, we performed a bioinformatics-based sequence analysis to predict the presence of amyloid-forming regions using PASTA 2.0 web server (Walsh et al., 2014), Aggrescan (Conchillo-Sole et al., 2007) and FoldAmyloid (Garbuzynskiy et al., 2010). PASTA predicted 20 amyloid structural aggregation regions in HelD and the best aggregation pairing energy was −7.95. Aggrescan predicted 25 hot spots of aggregation and FoldAmyloid predicted 28 amyloidogenic regions in HelD. The predicted regions are not restricted to a specific region and are spanned over the whole sequence. Most of the predicted amyloidogenic regions are having a significant overlap suggesting consistency in the bioinformatics based predictions. The bioinformatics results and analysis are summarized in the Supplementary Figure 4.

We then performed a combination of amyloid specific assays [Thioflavin T (ThT) fluorescence- and microscopy-based assays, Congo Red (CR) binding assay and X-ray fiber diffraction analysis] to investigate whether HelD forms amyloid-like fibrils in vitro as suggested by the preliminary bioinformatics based predictions. ThT is a fluorescent dye which binds specifically to the amyloid fibrils in vitro (Saeed and Fine, 1967) and gives a strong fluorescence signal at about 482 nm when excited at 440 nm. We incubated HelD with ThT at 37°C for 5 min and observed a significant increase in the fluorescence intensity as compared with the control sample, thus, suggesting the presence of amyloid-like fibrils in HelD (Figure 4A). Further, we monitored the kinetics of the formation of amyloid-like fibrils at 37°C for a period of 8 h. We observed a characteristic sigmoidal curve consisting of a lag phase, the elongation phase as well as stationary phase (Figure 4B). We also performed Congo red (CR) binding assay (Figure 4C) in the absence and presence of varying concentrations of HelD (0.6, 0.8, and 1 μM). HelD fibrils displayed a red-shift in the CR binding assay, a characteristic feature of amyloid fibrils (Klunk et al., 1989). The X-ray diffraction pattern of HelD amyloid fibrils exhibited two different reflections, at ∼4.7 and ∼10 Å (Figure 4D). Both the reflections correspond to the cross-β pattern, characteristic of amyloid diffraction hence indicating amyloid-like fibril nature of HelD fibrils (Morris and Serpell, 2012). We also performed optical microscopy to visualize and analyze the morphology of the HelD amyloid-like fibrils, stained positive with ThT (Figures 4E,F). We could observe yellow colored several micron long fibrils when viewed in the bright field microscope (Figure 4E). The fibrils showed yellowish-green birefringence, a characteristic feature of amyloid fibrils, when viewed under the cross-polarized light (Figure 4F). In order to re-confirm and visualize the presence of amyloid-like fibrils in solution, we performed confocal microscopy imaging experiments where we could observe the green fluorescent amyloid-like fibrils of HelD stained with ThT (Figures 4G–I). All these in vitro results suggest that HelD has a tendency to form amyloid-like fibrils in solution at physiologically relevant conditions.
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FIGURE 4. HelD forms amyloid-like fibrils in vitro. (A) Incubating HelD with ThT at 37°C for 5 min shows enhanced fluorescence intensity. The average fluorescence intensity and standard error bars have been calculated from the three independent experiments. (B) The kinetics of HelD (100 μM) amyloid fibril formation monitored by ThT fluorescence emission. (C) Congo red absorbance spectra in the absence and presence of varying concentrations of HelD (0.6, 0.8, and 1 μM) suggests a red shift in the absorbance maxima of CR in the presence of HelD. (D) X-ray diffraction pattern of HelD amyloid-like fibrils showing reflections at ∼4.7 and ∼10 Å. (E,F) Optical microscopy image of HelD amyloid-like fibrils stained positive with ThT; under bright light (E) and yellow-green birefringence observed under the cross-polarized light (F). (G–I) Confocal microscopy images of HelD amyloid-like fibrils stained positive with ThT. Left, middle and right panels represent the bright field, ThT-stained and merged images, respectively.



HelD Forms Amyloid Inclusions in vivo

After establishing that HelD forms amyloid-like fibrils in vitro we were interested to investigate whether it has a tendency to form amyloid-inclusions in vivo as well. Thioflavin S (ThS), a cell-permeable dye, is commonly used to stain the intracellular amyloid-like aggregates in bacteria (Espargaro et al., 2012; Pouplana et al., 2014; Macedo et al., 2015; Aguilera et al., 2016; Batlle et al., 2017). We also followed a similar strategy, where we stained E. coli cells, either overexpressing HelD or harboring the empty expression vector (control), using ThS and later visualized using confocal microscopy. Both the control and the HelD overexpressing cells were processed using the same protocol. Strong green fluorescence was observed near the poles of the E. coli cells over-expressing HelD, thus, suggesting the presence of amyloid inclusions in the bacteria (Figure 5). The E. coli cells carrying empty expression vector exhibited only residual fluorescence. Several proteins have been reported to form amyloid inclusions in bacteria (de Groot et al., 2009; Rinas et al., 2017; Kaur et al., 2018). Both in vitro and in vivo data suggest that HelD has a tendency to form amyloid-like fibrils.
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FIGURE 5. HelD forms amyloid inclusions in E. coli. ThS staining in intact bacterial cells (A) overexpressing HelD reveal the presence of green colored amyloid inclusions (indicated by white arrows) at the poles in the cells, and (B) background fluorescence in the induced control cells carrying empty expression vector, when viewed using confocal microscope at 100× magnification.



DISCUSSION

In the present study, while characterizing a helicase and a bacterial RNAP binding protein, HelD, we serendipitously observed its amyloidogenic property. SEC-SAXS data analysis suggests that HelD is a soluble globular protein which exists predominantly as a monomer in solution but has a tendency to oligomerize and form higher order oligomers in solution. Interestingly, we also observed that with the increase in temperature, HelD undergoes significant irreversible structural transitions, accompanied by loss of α-helical content and gain of β-sheet content. Further analysis suggests that upon heating HelD either forms higher order oligomers or soluble aggregates which may partly explain the inability to regain native like conformation, though there is only about 10% loss in secondary structural content at 90°C. Mycobacterium tuberculosis CarD, on the other hand, has been recently discovered to form amyloid-like fibrils which undergo reversible structural changes upon heating (Kaur et al., 2018). The presence of polyproline-II elements in the proteins has been implicated in amyloidogenesis (Adzhubei et al., 2017). Interestingly, the s2D method (Sormanni et al., 2015b) predicts the presence of polyproline-II elements in HelD (Supplementary Figure 5). Surprisingly, we discovered that HelD also displays an unusual ability to form amyloid-like fibrils at physiologically relevant temperatures in vitro and forms amyloid inclusions in vivo in E. coli. Generally, amyloid fibrils are unbranched. However, microscopy data suggests that HelD probably forms branched amyloid-like fibrils. There are several examples in the literature where proteins reportedly form branched amyloid fibrils (Morozova-Roche et al., 2000; Del Mercato et al., 2007; Andersen et al., 2009; Pedersen et al., 2010; Agopian and Guo, 2012; Liu et al., 2016; Sulatskaya et al., 2017). Based on the data presented here, we report that HelD is the first helicase as well as the first soluble intracellular transcription elongation factor and RNAP binding protein in B. subtilis to exhibit the amyloidogenic property. In past several proteins have been shown to form amyloid-like fibrils under non-physiological conditions like heating, extreme pH etc. TasA, an extracellular protein, is required for the structural integrity of biofilm in B. subtilis (Branda et al., 2001; Romero et al., 2010b). It has been shown to exist in multiple oligomeric states in vitro and has an ability to form amyloid fibrils (Diehl et al., 2018). Recently, based on the X-ray diffraction analysis it has been shown that TasA forms functional fibrils which are non-amyloidogenic in nature (Erskine et al., 2018).

Amyloid-forming proteins have been discovered in all domains of life ranging from bacteria to eukaryotes. Usually, amyloids are associated with eukaryotic proteins and are involved in neurodegenerative disorders (Wolfe and Cyr, 2011). However, amyloidogenesis has not been extensively studied in microbes. The research in this area has accelerated in recent times with discovery of several cytosolic bacterial proteins such as E. coli RavA (Chan et al., 2016), E. coli GroES (Higurashi et al., 2005), E. coli RepA (Giraldo, 2007; Fernández et al., 2016), Microcin E492 (Aguilera et al., 2016), Clostridium botulinum Rho (Pallares et al., 2015; Yuan and Hochschild, 2017) and M. tuberculosis CarD (Kaur et al., 2018) added to the list of family of proteins with amyloidogenic properties. Our study provides the first report of the formation of amyloid-like fibrils by a soluble cytoplasmic transcription factor, HelD, in B. subtilis which also functions as a helicase. There are some recent reports that suggest a role of functional bacterial amyloids which play a crucial role in promoting host-pathogen interactions (Cherny et al., 2005; Alteri et al., 2007; Romero et al., 2010a; Quay et al., 2015; Diehl et al., 2018).

HelD is also present in the pathogenic Bacillus species including Bacillus anthracis, Bacillus thuringiensis and Bacillus cereus. Sequence-based bioinformatics analysis using MetAmyl (Emily et al., 2013) suggests that HelD homologs in pathogenic species have a higher number of amyloid fragments/hot spots for amyloidogenic regions as compared to B. subtilis HelD (Supplementary Figure 6). Future studies aimed at determining the structure of HelD in monomeric and amyloid-like fibril states may help resolve the structural transitions that promote amyloidogenesis. It will be interesting to investigate whether HelD forms amyloid inclusions in vivo in B. subtilis and elucidate the physiological role(s) played by HelD amyloids, if any, in the bacterial pathogenesis, gene regulation, and/or viability.
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