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α-helical coiled-coils are ubiquitous protein structures in all living organisms. For decades, modified coiled-coils sequences have been used in biotechnology, vaccine development, and biochemical research to induce protein oligomerization, and form self-assembled protein scaffolds. A prominent model for the versatility of coiled-coil sequences is a peptide derived from the yeast transcription factor, GCN4. In this work, we show that its trimeric variant, GCN4-pII, binds bacterial lipopolysaccharides (LPS) from different bacterial species with picomolar affinity. LPS molecules are highly immunogenic, toxic glycolipids that comprise the outer leaflet of the outer membrane of Gram-negative bacteria. Using scattering techniques and electron microscopy, we show how GCN4-pII breaks down LPS micelles in solution. Our findings suggest that the GCN4-pII peptide and derivatives thereof could be used for novel LPS detection and removal solutions with high relevance to the production and quality control of biopharmaceuticals and other biomedical products, where even minuscule amounts of residual LPS can be lethal.
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1  Introduction


Coiled-coils are ubiquitous protein elements consisting of two or more amphipathic α-helices wound into supercoiled bundles (Lupas and Gruber, 2005) (
Figure 1
). A characteristic of canonical, amphipathic α-helical coiled-coils is the residual heptad repeat (a-b-c-d-e-f-g) where position a and d are occupied by hydrophobic residues, while the others are generally hydrophilic. Straight α-helices have 3.6 residues/turn, and this repeat places the hydrophobic residues on the same face of the helical structure, facilitating the formation of highly stable supercoiled oligomers with the hydrophobic residues facing each other in a hydrophobic core. A prominent and well-studied example of coiled-coil mediated dimerization is the yeast transcription factor GCN4, where the C-terminal domain forms a highly stable dimeric coiled-coil, termed the leucine zipper (GCN4-pLL, where p’ad’ refers to the amino acids at position a and d). Harbury et al. demonstrated that mutating the hydrophobic core residues from leucins to variations of leucins and isoleucins altered the preferred oligomeric state from dimers to trimers (GCN4-pII) and tetramers (GCN4-pLI) (Harbury et al., 1993; Delano and Brünger, 1994). The stability and predictability to which these elements can oligomerize has prompted researchers to use GCN4 zipper variants as chimeric extensions to induce and stabilize protein oligomers. Examples from the past three decades include the dimerization of Tir-kinase (Wang et al., 2002), the stabilization of trimeric autotransporter adhesin wdomains (Alvarez et al., 2008; Hartmann et al., 2012; Muñoz González et al., 2019), and the tetramerization of antibodies (Pack et al., 1995).





Figure 1 | 
Model of the GCN4-pII coiled-coil trimer structure, adapted from PDB 2YO0 (Hartmann et al., 2012). (A) Side view. (B) Top view with core isoleucins in a and d positions represented as stick models, colored green.






Lipopolysaccharides (LPS) constitute the main component in the extracellular leaflet of the Gram-negative outer membrane (Di Lorenzo et al., 2021). They are considered the first line of defense against antimicrobial peptides and hydrophobic toxins such as certain antibiotics (Raetz and Whitfield, 2002). LPS is a glycolipid, composed of a membrane-embedded lipid A moiety, linked to the core oligosaccharide (COS), that in turn is linked to the distal O-antigen polysaccharide (
Figure 2
). The structure of Lipid A and the COS are usually well conserved within Gram-negative species, while the O-antigen is highly variable even between strains and serotypes (Hitchcock et al., 1986). Bacterial strains expressing LPS with the high molecular weight O-antigen form “smooth” type colonies, while knock-out strains lacking the O-antigen form “rough” type colonies, resulting in a smooth/rough terminology to discern LPS with and without O-antigen (Hitchcock et al., 1986). Recognition of lipid A by the human Toll-like receptor 4 results in a strong immune reaction that can result in sepsis and toxic shock syndrome, and doses as low as 5 ng/kg (i.v.) are reported to induce a physiological response in humans, with amounts a low as 1-2 µg being lethal to humans (Sauter and Wolfensberger, 1980; Vaure and Liu, 2014). It is therefore imperative that especially pharmaceutical products are completely LPS-free. Due to the omnipresence of bacteria, and hence, LPS, in the environment, this is difficult to achieve, and requires both highly sensitive tests and challenging LPS removal efforts (Magalhães and Pessoa, 2010). Current methods for LPS removal include for example affinity chromatography with Polymyxin B-based resins that specifically bind LPS; the gold standard for LPS detection today still is the Limulus amoebocyte lysate (LAL) assay that relies on the blood of an endangered species, the horseshoe crab (Schneier et al., 2020).





Figure 2 | 
Representative structure of LPS, based on LPS from Salmonella enterica sv. Typhimurium. The membrane-embedded lipid A moiety (insert) consists of two phosphoglucosamines with four O-linked and two N-linked acyl chains. The core oligo saccharide (COS) is linked to lipid A via a glycosidic bond, and the O-antigen linked to the penultimate COS sugar. The O-antigen consists of a four-sugar repeat varying between 4 and 40 repeat units, with an average of 30 repeats(Peterson and McGroarty, 1985). Lipid A and the two proximal 3-Deoxy-D-manno-oct-2-ulosonic acid (KDO) sugars are highly conserved among Gram-negative species, while the rest of COS and O-antigen are conserved among bacterial species and serotypes, respectively. Glycans are shown using the Consortium for Functional Glycomics (CFG) nomenclature.






In this work, we show that the trimeric GCN4-pII peptide binds to the conserved lipid A moiety of LPS with an unprecedented affinity, and that GCN4-pII dissolves LPS aggregates in solution. We propose that the extreme affinity between the peptide and the highly conserved lipid A moiety of LPS make the peptide a useful biotechnological tool to bind, remove or detect LPS. Furthermore, we present a proof-of-concept that GCN4-pII can be used to detect LPS with similar sensitivity as the leading commercial alternative, as well as qualitative evidence that GCN4-pII binds LPS isolated from a broad range of Gram-negative species.





2  Materials and methods




2.1  Expression and purification of proteins



Salmonella adhesin A (SadA) His-tagged constructs K3-His, K9-His ad K14-His flanked by GCN4 adaptors were produced as described earlier (Alvarez et al., 2008; Hartmann et al., 2012) (see 
Figure S1
 for overview of the constructs used in this study). Transformed BL21-Gold (DE3) were grown in 2 L ZYP-5052 medium (Studier, 2005), and overexpression induced at OD600 = 0.6 by adding anhydrotetracycline (AHTC) to final concentration of 200 ng/mL, followed by expression overnight at 30 ˚C. The cells were pelleted by centrifugation at 6000 × g (Beckman JLA 8.1000 rotor) for 30 minutes and resuspended in 20 mL Tris/HCl pH 7.4, 40 mM NaCl, 5 mM MgCl2 containing 200 µL EDTA-free Protease Inhibitor Cocktail (Merck) and DNase I (New England Biolabs). The resuspended cells were lysed using a French press, and the resulting lysate was diluted in 50 mL equilibration buffer (20 mM Tris/HCl pH 7.9, 5 M guanidine hydrochloride, 0.5 M NaCl, 10% glycerol) and incubated at room temperature for 1 hour while stirring, followed by centrifugation at 75 000 × g (Beckman Ti 70 rotor) for 1 hour to remove any undissolved particulates. The resulting solution containing the denatured protein was loaded onto a 20 mL Ni Sepharose Excel column (GE life sciences) pre-equilibrated with equilibration buffer. Following application of the sample, the column was washed with 4 column volumes equilibration buffer and eluted using a 0-100% gradient elution buffer (20 mM Tris/HCl, pH 7.5, 5 M guanidine hydrochloride, 0.5 M NaCl, 10% glycerol, 500 mM imidazole). The eluted fractions were analyzed by SDS-PAGE, and fractions containing the protein of interest was pooled and refolded by dialyzing twice against 2 L refolding buffer (20 mM MOPS pH 7.4, 350 mM NaCl, 10% glycerol) over night.





2.2  LPS production and purification

LPS from all species except Bartonella henselae was produced by inoculating 6 × 1 L cultures in 2 L baffled flasks in lysogeny broth (LB) from a 20 mL preculture (originating from a single bacterial colony, see 
Table S1
 for strains used). The cultures were grown over night at 37 ˚C in a shaker at 200 rpm. The bacteria were harvested by centrifugation at 6000 × g (Beckman JLA 8.1000 rotor) for 30 minutes. Further purification followed two different methods depending on the type of LPS. B. henselae was grown in Bartonella liquid media as previously described (Riess et al., 2008). LPS from Porphyromonas gingivalis was acquired from a commercial source (In vivoGen).


Rough LPS from Salmonella enterica ssp. enterica serovar Typhimurium (referred to as S. typhimurium from here on) WaaL and WaaC knock-out strains, Bartonella henselae, and Neisseria lactamica was purified as described by Galanos et al. (Galanos et al., 1969), using phenol-chloroform-petroleum ether extraction. Following harvest, the bacterial pellet was washed 3 times with 40 mL ethanol and once with acetone, and left overnight under an airflow. The dried pellet was homogenized using a mortar and pestle and dissolved in a 40 ml mixture of 90% (W/V) phenol in milliQ-water (18.2 MΩ·cm at 25°C, MQ), chloroform, and petroleum ether in a ratio of 2:5:8. After one hour incubation on a shaker, the undissolved material was pelleted at 4200 × g for 15 minutes and the supernatant collected. Chloroform and petroleum ether was removed under an airflow for 4 hours or until the phenol started crystallizing. The solution was resuspended by heating to 40 ˚C, and MQ added dropwise (3 × 5 drops) under stirring until the LPS precipitated. The LPS was pelleted at 4200 × g for 15 minutes, and more water added to the supernatant to collect any residual LPS. The pellets were washed two times with 10 mL 80% (W/V) phenol, and taken up in 20 mL MQ before centrifugation at 100 000 × g (Beckman, MLA-50 rotor) for one hour. The final pellet was taken up in 50 mL MQ and lyophilized to yield pure LPS.


Smooth LPS from S. typhimurium wt and Vibrio cholerae was purified as described by Darveau et al. (Darveau and Hancock, 1983). The bacteria were washed twice and resuspended in 40 mL 10 mM Tris-HCl pH 8.0, 2 mM MgCl2, and lysed with a French press, followed by additional disruption by sonication. The resulting suspension was incubated with 200 µg/mL DNase I, 50 µg/mL RNase A (New England Biolabs) overnight while stirring at 37 ˚C. 14 mL 0.5 M EDTA in 10 mM Tris-HCL pH 8.0, 7 mL 20% SDS in 10 mM Tris-HCl pH 8.0, and 7 mL 10 mM Tris-HCl pH 8.0 were added to the suspension, and the LPS micelles were further disrupted by sonication. The solution was centrifuged at 39 000 × g (Sorvall SS-34 rotor) for 30 minutes at 20 ˚C to pellet undissolved cell components, the supernatant was frozen and lyophilized. The lyophilized crude extract was dissolved in 40 mL MQ, and the LPS was precipitated with 2 volumes of ice-cold ethanol and 0.375 M MgCl2 at -40 ˚C overnight. The precipitated LPS was centrifuged at 11 000 × g (Sorvall SLA-3000 rotor) for 15 minutes at 4 ˚C, and the resulting pellet was resuspended in the same volume of 90% (W/V) phenol at 65 ˚C for 30 min while stirring. The mixture was centrifuged at 4000 × g for 10 min to accelerate phase separation. The water phase was collected, and the phenol phase extracted once more with MQ. The water phases were pooled, and phenol was extracted using ¼ the volume of chloroform. The water phase was placed under an airflow overnight to evaporate any residual organic solvent, and dialyzed against 5 L MQ for 3 days using a 500 MWCO dialysis membrane (SpectraPor®). The dialyzed LPS was frozen and lyophilized. The lyophilized LPS was dissolved in 10 mM Tris-HCl, 2 mM MgCl2 pH 8 and incubated for 1 h at 37°C with 10 µg/mL DNase I and 10 µg/mL RNase A. Afterwards the remaining protein was digested by 15 µg/mL proteinase K at 56°C for 3 h. In a last step the LPS was ultracentrifuged at 250 000 × g for 2 hours at 15 ˚C (Sorvall T-865 rotor). The pellet was resuspended in MQ, ultracentrifuged a second time, before final resuspension in MQ, and lyophilized to yield pure LPS. The purity of the isolated LPS was controlled by tricine-SDS-polyacrylamide gel electrophoresis and UV-vis spectroscopy (Marolda et al., 2006).





2.3  Preparation of O-antigen polysaccharides


O-antigen polysaccharides were isolated from wild type S. typhimurium LPS by mild acid hydrolyzation of the glycosidic bond connecting lipid A to the proximal KDO sugar (Raetz and Whitfield, 2002). 4-5 mg/mL S. typhimurium LPS was dissolved in 10% acetic acid and incubated at 100 ˚C for 1 hour. The resulting lipid A was removed from the solution by centrifugation at 10 000 × g for 30 minutes at 4 ˚C. The supernatant containing the polysaccharide was frozen and lyophilized overnight. This protocol results in a polysaccharide with one KDO sugar at the reducing end of the polysaccharide.





2.4  ELISA-like tailspike adsorption assay


The ELITA assay was first described by Schmidt et al. (Schmidt et al., 2016) using whole bacteria. Here, we modified the assay for use with purified proteins in a Nunc 96-flat-well MaxiSorp plate (see 
Figure S2
 for details on the experimental setup). The wells were saturated by incubating with 100 µl 10µg/mL of either K9-His or K14-His in PBS buffer overnight at 4°C. Following a 2 hour blocking step with 2% bovine serum albumin (BSA) in PBS, 100 µL dilutions of S. typhimurium LPS ranging from 200 µg/mL to 0.0023 µg/mL were added as a binding partner and incubated for 1 hour. To detect the fraction of GCN4-bound LPS after removal of the solution,100 µL 10 µg/mL P22 tailspike protein (P22TSP) (Schmidt et al., 2016) with an N-terminal Strep-tag®II (IBA) was added, and incubated for one hour, before the wells were finally incubated with 100 µL 1:10 000 StrepTactin-conjugated horseradish peroxidase (IBA, Göttingen) for one hour. The assay was developed with 2,2’-azino-bis 3-ethylbenzothiazoline-6-sulphonic acid (ABTS, Sigma-Aldrich) for 30-60 min and read at 407 nm using a plate reader. The wells were washed 3 times with 150 µL PBS buffer containing 0.1% BSA between each of the above steps (Tween-20 was omitted for these experiments since it interfered with the assay). The average background signal (0 µg/mL LPS) was subtracted from each average signal, and propagation of error calculated by adding the individual standard deviations for the triplicates to the baseline in quadrature. The dose-response curve and dissociation constant KD was calculated by fitting the data to the Hill equation as follows:


	

where Y denotes the fraction of occupied receptor binding sites, Ymax the maximal binding, [L] the concentration of free ligand, and n the number of binding sites. The average molecular weight of smooth S. typhimurium LPS was calculated to 22 kDa assuming an average of 30 O-antigen repeats per polysaccharide (Peterson and McGroarty, 1985; Raetz and Whitfield, 2002; Schmidt et al., 2016). Kinetic and statistical parameters can be found in 
Table S4
.





2.5  ELISA-like biotinylated LPS assay


Black 96-well Greiner or Nunc Maxisorp microplates were coated by incubating 100 µl 10 µg/mL SadA K9 in PBS-buffer overnight at 4 ˚C. Wells were blocked the next day by incubating 150 µL 2% BSA in PBS for 2 hours at room temperature. 4 replicates of 100 µL dilutions of biotinylated E. coli 0111:B4 LPS (In vivogen) ranging from 0.06 ng/mL to 1 ng/mL were added as a binding partner and incubated for 1 hour. The plate was washed 3 times with 150 µL PBS + 0.1% BSA, incubated with 100 µL 1:10 000 StrepTactin-conjugated horse radish peroxidase (IBA) for one hour, and developed with QuantaRed fluorescent substrate (Thermo) for 15 min. Fluorescence was measured at excitation: 550 nm, emission: 610 nm. Each dilution was subsequently tested with the LAL-assay (Pierce™) to compare the sensitivities.





2.6  Surface plasmon resonance experiments


Initial SPR-experiments (
Figure 3
) were conducted on a Reichert 2SPR system at ambient temperature using PBS-E (PBS pH 7.4 + 5 mM EDTA) running buffer. The proteins were diluted to 50 µg/mL in 20 mM sodium acetate buffer pH 4.5 and immobilized to a CMD200 sensor chip (Xantec Bioanalytics, Düsseldorf, Germany) using NHS-EDC amine coupling (Fischer, 2010) to a response of 2000 – 9000 µRIU. Following a comparison of different reference compounds (ethanolamine, BSA, casein, and skimmed milk) (Péterfi et al., 2000), ethanolamine was chosen as the standard coating for the reference channel for all experiments. Later SPR experiments were recorded on an OpenSPR (Nicoya) instrument using a carboxyl sensor chip following the same coupling protocol and conditions.





Figure 3 | 
SPR binding isotherms following injection of different S typhimurium LPS components to immobilized K9-GCN4. Vertical lines indicate the start and end of injection. (A) injection of whole LPS (B) Injection of rough LPS, lacking O-antigen. (C) Injection of deep rough LPS, lacking all sugars except the two proximal KDOs. (D) Injection of LPS polysaccharide lacking lipid A.






All LPS ligands were solubilized to 1 mg/mL in running buffer by extrusion (21 passes through a 100 µm filter at 70 ˚C). The experiments were performed at 50 µL/min flowrate in triplicates. Each sample was injected over both measurement and reference channel for 90 s (Reichert) and 150 s (Nicoya) followed by 300 s dissociation. The chip was regenerated by 2 × 30 s injection of regeneration buffer (0.05% (w/w) CHAPS, 0.05% (w/w) Zwittergent 3-12, 0.05% (v/v) Tween 80, 0.05% (v/v) Tween 20, and 0.05% (v/v) Triton X-100) (Andersson et al., 1999). The measurement data was exported to TraceDrawer (RidgeView instruments lab) for processing, and final curves generated using Origin (OriginLab corporation). The signal for each construct was normalized to K9 using the following formula   where S is the normalized signal, S0 is the original signal, R is the response following immobilization, and MW is the molecular weight of the construct. All isotherms can be found in 
Figures S4–S6
.





2.7  Electron microscopy



S. typhimurium rough LPS in PBS buffer was extruded (21 passes through 100 nm at 70° C). 45 nM (0.15 mg/mL) LPS was imaged alone and together with 140 nM (0.136 mg/mL) synthetic GCN4-pII peptide (1:3 LPS : GCN4-pII molar ratio). The samples were prepared in 10 µl drops on parafilm. Carbon coated (300 mesh) copper grids were floated on these drops for ten minutes to ensure adhesion, followed by 5 × 1 minute washing with filtered H2O. Next, the samples were passed through a drop of filtered 1% uranyl acetate (UA), followed by 60 seconds incubation on a 1% UA drop and 5 × 1 min washing steps, as before. Samples were then passed through a drop of filtered 0.4% UA/1.8% methylcellulose, immediately followed by a 2-min incubation on a drop of 0.4% UA/1.8% methylcellulose, followed by pick up in 3.2-mm loops and air-drying. Imaging was performed using a JEOL JEM 1400 120 kV TEM; digital images of the sample were obtained using a TWIPS camera and JEOL software.





2.8  Small angle X-ray scattering


SAXS experiments on mixtures of LPS and GCN4-PII peptides were conducted at beamline P12 at the Deutsches Elektronen-Synchrotron (DESY) in Hamburg, Germany. The data were collected using an energy of 10.0 keV and a detector distance of 2.953 m covering a Q-range ( , where Θ is the scattering angle, and λ is the X-ray wavelength) of 0.0029 Å-1< Q< 0.73 Å-1. The data was calibrated to an absolute intensity scale using water as a primary standard. The pair correlation function were calculated using the GNOM/ATSAS software package (Franke et al., 2017) and the model fits were performed using the QtiKWS software (Pipich, V., QtiKWS. 2019).





2.9  Theoretical scattering models of SAXS data


The scattering curves from mixtures of LPS and GCN4-pII peptides were fitted on an absolute scale using models that allow for short cylindrical micelles, flexible worm-like micelles, free trimeric cylinder bundles, and large aggregates respectively. As the typical radius of an α-helix is too small to be resolved by SAXS(Cochran et al., 1952), the trimeric peptide bundle was modeled as three parallel, solid cylinders using the form factor given by Oster and Riley (Oster and Riley, 1952). The micellar LPS structure was modelled using a combination of well-established form factors for cylindrical and worm-like core-shell micelles (Pedersen et al., 1995; Pedersen, 2008; Jensen et al., 2014). The peptide was allowed to enter the micelles in the hydrophobic core and/or shell region, allowing us to quantify both the amount and the rough location of the peptide in the micelles. The peptide location was determined by the fit parameters fps
 and fpc
 =1- fps
, being the fraction of peptide bound to the shell (polysaccharide part) and the core (lipid part), respectively. The fraction of peptide bound to the micelles were determined by the fit parameter fpb
, while the unbound peptide, given by 1– fpb
, was assumed to exist as free, trimeric peptide bundles in the solution. Furthermore, larger aggregates were modeled using classical aggregate scattering (Debye and Bueche, 1949), and a term describing so-called blob scattering were added to account for significant local short-range correlations of the molecules in the presence of water which influences scattering at high Q (Debye, 1947). The combination of these models, results in the following expression for scattering intensity of the system:


	

where Isc
 (Q), Iworms
 (Q), Ipep,free
 (Q), Iblob
 (Q) and Icluster
 (Q) describe the scattering intensities of the cylindrical micelles, worm-like micelles, free peptide bundles, clusters and blob scattering, respectively. As the model is complex and involves many fit parameters which can lead to overfitting, the parameters describing the scattering from the peptide bundles were first determined from a sample of pure peptide and kept fixed in the fits of the mixed samples.





2.10  Scattering models


The model fitting was performed using combinations of well-established core-shell models (Pedersen et al., 1995; Pedersen, 2008; Jensen et al., 2014) on an absolute scale using molecular constraints and known concentrations of the system. The contrasts for the LPS and peptide molecules were obtained from the scattering lengths densities ρi
 of the tail group (lipid A) and head group (polysaccharides) of LPS, the GCN4-pII peptide and the solvent. The scattering length densities were calculated as   with bi
 being the scattering length and Vi
 the volume of the moiety. For X-rays, the scattering lengths are calculated as bi =Zire
 where Zi
 is the number of electrons and re
 is the Thomson radius. Molecular volumes for the tail and head groups of LPS were calculated based on mass densities found to fit for SAXS curves of pure LPS (dtail
 and dhead
), which corresponds well with values similar to known densities of other lipids and oligosaccharides (Clifton et al., 2015). Small changes in the density of the tail group of LPS, however, were needed to describe the scattering curves from the mixtures. The relative uncertainties in the fit parameters caused by these variations were thus estimated by finding the range of densities that could be used to successfully describe the scattering curve of pure LPS.


To account for the introduction of peptide molecules in the LPS micelles, pseudo particles with scattering length densities ρ pseudo,tail
 and ρ pseudo,head
, and volumes V pseudo,tail
 and Vpseudo, head
 were introduced. These were calculated and normalized using known volume fractions of LPS, the fraction of peptide bound to LPS micelles and the fraction of bound peptide located in the micelle core and shell, respectively. The peptide location was determined by the fit parameter fps
 for the fraction of peptide in the shell, and correspondingly fpc =1– fps
 for the core. Lastly, the fraction of bound peptide was determined by the fit parameter fpb
. The remaining peptide, given by 1– fpb
, was assumed to exist as free trimeric peptide bundles in the solution with dimensions determined by fits of pure peptide in solution.





2.11  Form factors for short cylindrical micelles and worm-like micelles with elliptical cross-sections


Short, cylindrical core-shell micelles with elliptical cross-sections can be described with the aspect ratio ϵ, core radius Rcore
, shell thickness tshell
 and core length Lcore
, yielding the minor axis Rtot =Rcore +tshell
 and major axis Rtot =ϵRcore +tshell
. Such cylinders are known to have the orientationally averaged form factor (Rice, 1956):


	

where  , J1 (x) is the first order Bessel function of first kind, and where Δρshell
, Vshell
, Δρcore
 and Vcore
 are the scattering contrasts and volumes for the shell and core, respectively


Very long and flexible cylindrical core-shell micelles require a different form factor which includes the so-called Kuhn length, b, describing the flexibility of the cylinder. It is only for a contour length of the worm Lworm >b that these cylinders are flexible and considered to be worm-like. The form factor for such worm-like micelles is given by:


	

Where Aell
 is the scattering amplitude for an elliptical cross-section and is given as


	

In the longitudinal direction, the scattering is given by the form factor Pchain (Q, Lworm, b). It has been shown by analyzing scattering curves from worm-like chains (Pedersen and Schurtenberger, 1996; Pedersen et al., 1996; Arleth et al., 2002) that the expression can be written as a combination of the contributions from an infinitely thin rod with length L (Neugebauer, 1943), and from a random-walk self-avoiding chain contour with length Lworm
 and Kuhn length b (Debye, 1947; Pedersen and Schurtenberger, 1996). This means that the function follows the scattering from the rod at high Q, and that of a flexible chain at low Q.





2.12  Scattering model for trimeric α-helical peptide bundles


Since α-helices are too small to be resolved in high detail by small-angle scattering, they are modeled as short, solid cylinders (Cochran et al., 1952; Oster and Riley, 1952). The orientationally averaged form factor for such a cylinder is given as


	

Where Vcyl
, L and R are the volume, length and radius of the cylinder, respectively. To account for the interaction between the helices, a structure factor S(q) is included. For a trimeric bundle, the structure factor can be modeled using the expression (Oster and Riley, 1952)


	

where f is a swelling parameter controlling the distance between the cylinders. One can also account for thermal fluctuations and intrinsic displacements and structural defects by assuming a Gaussian distribution with the width σd
 which yields the following modified structure factor (Förster et al., 2005):


	

The final differential scattering cross section for can then be given as:


	

where npep
 is the number density of the peptide molecules.





2.13  Fitting of pure GCN4-pII


The scattering curve from a sample containing 1.22 mg/mL GCN4-pII was fitted using the trimeric, peptide bundle model derived from PDB-ID: 2YO0 (Hartmann et al., 2012). From the fits we obtained a cylinder radius of 2.4 Å, and a length of 63 +/10- Å. The dimension of a single helical peptide (~5 Å) is similar to what is seen in known crystallographic structures of the peptide. For the length which can be determined with less precision due to the concomitant scattering of larger aggregates at low Q, is slightly longer than expected from the unit cell of the crystal.





2.14  Full scattering model


By combining the three presented models, we get a final expression for the total scattering intensity:


	

Here, the scattering intensity Icluster
 accounts for scattering of large clusters and can be described by the Debye-Bueche like expression(Debye and Bueche, 1949):


	

where C is a scaling factor, ξ is the cluster size and α is an exponent, and Iblob (Q) describes the so-called blob scattering which is based on the form factor of random-walk Gaussian chains given by Debye (Debye, 1947), and accounts for the significant local short-range correlations of the molecules in the presence of water.


A full list of the fit parameters obtained from the fits can be found in 
Table S2
, in addition to a plot of the cross-section dimensions of the micelles as a function of molar ratio in 
Figure S3
 and 
Table S3
.





2.15  Limulus amebocyte lysate assay


LAL-assays (Pierce, Thermo Fisher) were conducted following the manufacturers protocol, using the provided E. coli (011:B4) Endotoxin Standard for the standard curve. The LPS masking effect of GCN4-pII was measured by spiking 0.25 EU/mL Endotoxin standard to 0.1 and 1 µg/mL GCN4-pII compared to 0.25 EU/mL LPS alone. The signal of 0.1 and 1 µg/mL GCN4-pII was measured alone as control.





2.16  Circular dichroism


Spectra were recorded using a Jasco J-810 spectropolarimeter (Jasco International Co) with 0.1 cm path length quartz cuvette. Each sample was scanned five times in the range of 190 to 250 nm with a scanning rate of 50 nm/min at a bandwith of 0.5 nm. Spectra were recorded with an LPS to GCN4-pII ratio of 1:1, in 10 mM Tris pH 7.4 at 37°C using 0.15 mg/mL (41 nM) GCN4-pII and 0.045 mg/mL (13.7 nM) rough S. typhimurium LPS. 0.045 mg/mL LPS was measured as background.





2.17  Nuclear magnetic resonance spectroscopy


NMR experiments were carried out in Bel-Art™ SP Scienceware™ 5mm O.D. Thin Walled Precision NMR Tubes containing 450 µL 1.5 mM synthetic FMet-GCN4-PII peptide (Genscript) in 50 mM NaCl, 7% D2O, and 0.2 mM 4,4-dimethyl-4-silapentane-sulfonic acid (DSS). Spectra were acquired at 308 K on a Bruker Avance II 600 MHz NMR spectrometer equipped with a 5 mm 1H/13C/15N-cryoprobe. DSS was used as internal chemical shift standard, and 13C and 15N was referenced using frequency ratios as described (Wishart et al., 1995). The following spectra were recorded: 1H-1H TOCSY using a mixing time of 60 and 80 ms (Cavanagh et al., 2007). Spectra were processed using Topspin 4.0 and peaks assigned using CARA 1.9.1 (Keller, 2004).






3  Results




3.1  GCN4-pII binds to the lipid A moiety of LPS


Based on unpublished observations from an earlier project, we originally intended to investigate a putative interaction between LPS and two domains belonging to the Salmonella adhesin A (SadA) (Raghunathan et al., 2011). SadA belongs to a family of fibrous surface proteins, the trimeric autotransporter adhesins, that are composed of trimeric coiled coils, interspaced by small globular domains (Linke et al., 2006). For surface plasmon resonance (SPR) binding analyses, we used two previously described SadA constructs (Alvarez et al., 2008; Hartmann et al., 2012), K9 and K14, containing the putative LPS binding domains, that are stabilized in trimeric form by flanking GCN4-pII segments. As a control, we used SadA K3, a construct that contains only a coiled-coil segment of SadA flanked by GCN4-pII (
Figure S1
). The SadA constructs (K9, K14, and K3) were covalently linked to an SPR-chip to probe binding of different types of LPS fragments (see 
Table S1
 for an overview of the LPS types used).


Unexpectedly, all three constructs bound LPS, indicating that their only common features, the flanking GCN4-pII segments, were responsible for the previously observed LPS interaction. Injection of smooth LPS immediately gives a response, which approaches a steady state towards the end of injection (
Figure 3A
). During the following buffer injection phase, the signal remains at the plateau, indicating that there is no dissociation of the LPS from the surface. Injection of rough and deep-rough LPS variants (
Figures 3B, C
), shows similar binding curves, except for a slight increase in signal during the dissociation phase. A polysaccharide lacking the lipid A part shows no observable binding (
Figure 3D
).


All injected LPS variants containing the lipid A moiety bind strongly, as opposed to the pure polysaccharide, thus suggesting that the lipid A moiety promotes the observed interaction. However, the low dissociation rate, sample heterogeneity, and the propensity of LPS to form micelles in solution (Sasaki and White, 2008; Richter et al., 2011) impedes a quantitative description of the LPS-GCN4 complex formation. We believe that the increase in signal following injection of the rough and deep-rough variants is inversely proportional to the number of sugar residues in each variant. Particularly, deep-rough LPS has a significantly higher hydrophobic to hydrophilic ratio, adopting a larger, less fluid morphology compared to LPS with longer sugar moieties (Richter et al., 2011). We therefore interpret the signal increase following injection to result from a slower reorganization (and eventually a breakdown) of the deep-rough micelles compared to the smooth variant. Additionally, the sugars have a more similar density to the buffer compared to lipid A, meaning that they contribute less to the total signal. These factors together may explain why the total signal at the end of injection was not proportional to the molar concentrations calculated for each LPS variant.


Our constructs were purified using a 6 × His-tag, which has been implicated to have an endotoxin-depleting effect during purification due to unspecific binding (Mack et al., 2014). To exclude that the His-tag is responsible for the observed binding of LPS, we compared two GCN4-pII flanked SadA constructs identical except for the His-tag (K3, and K3-His). This yielded almost identical curves to each other and to the previous constructs, showing that the His-tag has no measurable effect on the observed affinity (
Figure S6
). Anspach et al. reported that the endotoxin depleting effect of the His-tag only occurs below the isoelectric point of the imidazole side group (pH< 6.0), which is in line with our observations (Anspach, 2001).


Given that GCN4 binds lipid A, we asked ourselves whether the nature of the observed interaction was hydrophobic, electrostatic, or a combination of both. The choice of regeneration solution helps us answer this. Multiple regeneration conditions were screened prior to the experiments (Andersson et al., 1999), and only a mixture of non-denaturing detergents tallying to 0.3% proved effective, indicating a significant hydrophobic contribution to the binding mechanism.


Lipid A is the most conserved part of LPS. We therefore investigated whether GCN4-pII could bind to LPS isolated from a broad range of Gram-negative bacteria with larger variations in both saccharide and lipid A structures. Injection of the different LPS isolates from B. henselae, N. lactamica, P. gingivalis, and V. cholera results in similar binding curves to what was observed for S. typhimurium (
Figure 4
), with an absent dissociation rate. The different LPS isolates cover a large range of sizes and saccharide compositions, which explains the large differences in signal at plateau.





Figure 4 | 
SPR binding isotherm following injection of LPS isolated from different Gram-negative species. The binding curves show the same binding characteristics as the ones observed for the S. typhimurium variants in 
Figure 3
.









3.2  GCN4-pII binds LPS with an extremely high affinity


The high affinity observed with SPR did not allow us to quantify the binding affinities of the GCN4-pII/LPS interaction from kinetic rates, mainly because there was no observable dissociation rate. We therefore chose to use a microtiter plate-based assay format for quantification. We immobilized the GCN4-pII constructs in the wells and incubated them with different concentrations of LPS. Bound LPS was then detected using a variant of the ELISA-like tailspike adsorption (ELITA) assay (Schmidt et al., 2016). The assay is similar to a traditional ELISA, except that the primary antibody is replaced with a phage tailspike protein that specifically recognizes the O-antigen of Salmonella LPS (
Figure S2
). This setup proved advantageous for our system since it allowed us to use LPS concentrations below the reported critical micelle concentration (CMC) of smooth LPS (Yu et al., 2006; Sasaki and White, 2008). We therefore assume that the LPS molecules exist predominantly as monomers in solution, and not as aggregates, which would have complicated our model. In order to quantify the binding affinity, we attempted to use the Langmuir isotherm for formation of an ideal ligand monolayer on an adsorbing surface as a model to describe the system, as well as the extended Freundlich model, which takes multilayer adsorption into account (Lombardo and Thielemans, 2019). However, these resulted in unsatisfactory curve fits, indicating that the models were not able to explain our data fully. We ultimately used the Hill equation to describe the system. The Hill coefficients of 0.66 and 0.69 (
Table S4
) indicate that there is negative cooperativity between multiple binding sites, which could be explained by steric hindrance caused by the large size of the LPS ligand and the trimeric nature of the protein. The steep slope of the binding isotherm illustrates strong adsorption to GCN4-pII constructs at low LPS concentrations, with estimated apparent dissociation constants (KD,app) in the picomolar range (
Figure 5
). This is in concordance with the high affinity observed in the SPR experiments. Interestingly, the affinity of GCN4-pII, with a KD,app in the picomolar range, is 3-5 orders of magnitude higher than the human LPS immune receptors TLR4 (141 µM), CD14 (74 nM), MD-2 (2.33 µM), and LPS binding protein (3.5 nM) (Viriyakosol et al., 2000; Shin et al., 2007; Basauri et al., 2020). The dissociation constants obtained with GCN4-pII are also 1-6 orders of magnitude higher than for the antibiotic polymyxin B (48 µM) (Thomas and Surolia, 1999), and even higher than that of peptide affibodies specifically designed with the aim of highest achievable affinity (Matsumoto et al., 2010).





Figure 5 | 
ELITA binding curves of LPS to the two GCN4-containing constructs K9-His and K14-His, shown with KD,app values.









3.3  Comparing GCN4-pII to the LAL assay as an LPS detection assay


Our results demonstrated that GCN4-pII binds to the conserved lipid A moiety of LPS with a high affinity, binding to LPS from a broad range of Gram-negative species. We therefore wanted to investigate whether GCN4-pII could be a suitable candidate as the basis of a LPS detection assay. We modified our ELITA-assay setup by using biotinylated E. coli LPS in lieu of S. typhimurium LPS, which could be detected directly using HRP-conjugated streptactin. This configuration removed several steps from the original protocol and increased the sensitivity dramatically. The sensitivity of the GCN4-pII based LPS detection was compared to the current leading LPS-detection solution, the LAL-assay, by measuring each sample dilution in parallel using LAL. The GCN4-pII based assay could detect LPS at concentrations as low as 0.062 ng/mL, while the LAL-assay could detect with a sensitivity as low as 0.125 ng/mL, demonstrating that the GCN4-pII in principle can detect LPS with a similar or higher sensitivity than the LAL assay (
Figure 6
).





Figure 6 | 
Comparison of the GCN4-pII based (▀) and LAL based (▲) LPS detection sensitivity. The horizontal axis denotes the LPS concentration. The left vertical axis denotes the fluorescence signal for GCN4-pII based detection, and the right axis denotes the LPS concentration determined by LAL.









3.4.  GCN4-pII dissolves LPS micelles


We noticed during our work that adding GCN4-pII-containing constructs to LPS caused a visible reduction of turbidity, indicating that the LPS micelles are disrupted and broken down. To investigate the effect of GCN4-pII on LPS in solution, we used a synthetic peptide comprising only the GCN4-pII sequence. Prior to further experiments, we confirmed that the peptide exists in a homogenous state in solution, using NMR spectroscopy (
Figure S7A
). A LAL masking assay shows at least 89% neutralizing effect on LPS at a GCN4-pII concentration of 1 nM, confirming that the peptide alone binds LPS and prevents it from activating Factor C (Schwarz et al., 2017) (
Figure S7B
). Comparison of CD spectra between GCN4-pII alone and in complex with LPS confirms that the peptide retains its secondary structure comprised of α-helices upon binding (
Figure S7C
). Together, these data confirm that the synthetic GCN4-pII peptide binds LPS, and that the binding observed with the SadA constructs is not caused by a motif that is specific to Salmonella SadA.


The effects of GCN4-pII on the structure of LPS micelles were studied using two independent methods, TEM and SAXS (
Figures 7
, 
8
). Rough LPS observed with TEM forms cylindrical micelles with a total diameter of around 10 nm and lengths ranging up to hundreds of nm (
Figure 7
), in line with earlier reports using cryo-EM (Richter et al., 2011; Broeker et al., 2018). Following incubation with equimolar amounts of GCN4-pII, the micellar structures completely disappear, leaving occasional small fragmented micelles that we interpret as a result of peptide-LPS co-assemblies. The determination of structural transitions was analyzed using SAXS, which combined with modelling, provided detailed structural information of the binding partners (see Materials and methods section and SI for more details). The experimental scattering curves from samples containing either LPS alone or GCN4-pII/LPS mixtures of varying molar ratios can be seen in 
Figure 8A
 together with the corresponding model fits. For pure LPS, the scattering at low Q follows a decay of ~Q
-1.7, being indicative of worm-like structures (Arleth et al., 2002). However, when the molar ratio is increased, the scattering at low to medium Q rather exhibit a plateau followed by a decay closer to Q
-1, which is typical of short cylindrical micelles (Pedersen, 2008; Jensen et al., 2014). It should also be noted that the steep decay at the lowest Q-values (~Q-4) visible at high molar ratios can likely be attributed to large aggregates of presumably LPS and GCN4-pII, and this was consequently accounted for in the modelling. The fits of the scattering data confirm the EM observations and the qualitative analysis of the scattering curves, as the sample containing pure LPS was well described by the worm-like micelle model using a diameter of around 11 nm. While we could quantify the flexibility of the worms, the contour length of the worms could not be determined by SAXS due to the limited Q-range and resulting maximal resolvable length around 100 nm. Moreover, the scattering from the samples containing LPS and GCN4-pII in various molar ratios were fitted using the described scattering model with varying fractions of worm-like LPS micelles to short cylinders (broken-down worms). This fraction was plotted as a function of the GCN4-pII/LPS ratio (
Figure 8B
). The addition of GCN4-pII at low ratios disturb the worm-like micelles, and when approaching a 1:1 ratio, the short cylinders become the predominant species, which is in concordance with the EM data. To summarize, EM and SAXS clearly show that GCN4-pII readily disturbs, and breaks down LPS micelles in solution, however, the exact mechanism of this effect has yet to be elucidated in full detail and requires further investigations.





Figure 7 | 
TEM of rough LPS from S. typhimurium with and without GCN4-pII present in a 1:4 stoichiometric ratio. LPS alone forms worm-like micelles with lengths up to several hundred nanometers. Addition of GCN4-pII breaks down the worm-like structure, leaving occasional fragmented micelles.









Figure 8 | 

(A) SAXS data from samples containing mixes of rough LPS and GCN4-pII in varying molar ratios (GCN4-pII/LPS). For clarity, the data has been shifted vertically with factors 6n
 where n goes from 0 to 12 from bottom to top. The solid lines display fits of the quantitative scattering models. (B) Fraction of short cylinders as a function of molar ratio (GCN4-pII/LPS) obtained from the fits shown to the left.










4  Discussion


We originally set out to study a putative interaction between trimeric SadA domains and LPS. Our results however, show that the GCN4-pII adapters used to stabilize our constructs display an extremely high affinity for the lipid A moiety of LPS. The only effective buffer for regenerating the SPR chip was composed of a mixture of detergents, and GCN4-pII readily dissolves LPS micelles in solution. This strongly suggests that that the interaction between GCN4-pII and LPS is predominantly of a hydrophobic character, meaning that the GCN4-pII interacts to large degree with the acyl tails of lipid A. We were unable to find any other examples of an LPS-binding trimeric coiled-coil motif in literature, meaning that the binding mechanism is currently unknown. However, crystal structures of fusion proteins containing GCN4-pII reported earlier (Hartmann et al., 2012) show that the γ2 and δ-carbons belonging to the core isoleucins protrude from the core to some extent (
Figure 1B
), forming hydrophobic surfaces along the coiled-coil grooves. It is conceivable that one or more of the lipid A acyl tails can align along these grooves to form the hydrophobic interactions, a model that also explains how GCN4-pII can break down LPS micelles (Lee, 2003). However, GCN4-pII also has a C-terminal patch of cationic residues, and our experiments cannot rule out that these also contribute to the interaction by coordinating one or both of the phosphate groups belonging to lipid A. We noticed that the GCN4-pII sequence shares sequence features with cationic α-helical antimicrobial peptides (α-AMPs), a class of AMPs known to bind and neutralize LPS, albeit with a 2-3 orders of magnitude lower affinity (Scott et al., 2011; Sun and Shang, 2015). α-AMPs are characterized by an α-helical structure with branched hydrophobic residues often appearing in the heptad a and d positions accompanied by a patch of cationic residues at either terminus (Doi et al., 2000; Liang et al., 2006; Wang et al., 2016; Sinha et al., 2017; Simpson and Trent, 2019). Indeed, their mode of binding to LPS is composed of a combination of hydrophobic and electrostatic forces, and several α-AMPs disrupt LPS micelles (Wang, 2008; Sun and Shang, 2015). However, α-AMPs do form trimeric coiled-coil complexes in solution, but usually assemble into pore-forming elements in the outer membrane of Gram-negative bacteria (Doi et al., 2000). We conducted a viability assay on E. coli and Salmonella bacteria that shows that GCN4-pII does not have any observable antimicrobial properties (not shown). This indicates that, although of GCN4-pII-LPS interactions share some structural characteristics with those of AMPs, there must still be some fundamental differences in function. Interestingly, it was recently shown that leucine substitutions in the heptad repeats of the AMP piscidin-1 induce dimeric coiled-coil formation, and reduce cytotoxicity while retaining LPS-neutralizing activity (Kumar et al., 2016). More work is needed to elucidate the GCN4-pII/LPS interaction on the molecular level, also to answer whether this is an interaction specific to GCN4-pII only, or can be generalized for other trimeric coiled-coil motifs.


The GCN4-pII adaptor has widely been used in fusion proteins to stabilize trimeric complexes for more than two decades and, to our knowledge, the strong interaction with LPS has remained unknown until now. A majority of the protocols we have checked use purification strategies where constructs are expressed as inclusion bodies and/or are purified under denaturing conditions, which probably prevents unintended co-purification of LPS from the expression host, or used non-bacterial expression hosts (Yang et al., 2002; Alvarez et al., 2008; Cornelissen et al., 2010; Hartmann et al., 2012; Deiss et al., 2014). LPS is not stained by Coomassie (Marolda et al., 2006), and is normally not visible in SDS-PAGE gels, which could explain why this interaction has gone unnoticed for so long. This work should serve as a warning to researchers using GCN4-pII to stabilize their trimeric complexes, particularly for those who use it for immunological or cell biology work, where an LPS contamination can seriously compromise the experiments.


We demonstrated that GCN4-pII binds to LPS isolated from a broad range of Gram-negative species. We postulated that the high binding affinity combined with the broadness of binding and the fact that GCN4-pII binds to the conserved lipid A moiety of LPS, could make it a suitable candidate for a novel, synthetic LPS detection assay. We demonstrated as a proof-of-principle that a GCN4-pII based assay detects LPS with similar or higher sensitivity than the industry gold standard for LPS detection, the LAL-assay. The LAL-assay relies on blood clotting factors extracted from the blood of horseshoe crabs (Tamura et al., 2021), making it not sustainable as these crabs are an endangered species. Increasing demand from the pharmaceutical industry still drives a global overharvest of horseshoe crabs, necessitating novel detection solutions, and we hope that our findings can provide future solutions. However, our proof-of-concept assay relied on biotinylated LPS, and further research and development are necessary to translate our findings into a generally applicable detection method.





Data availability statement


The original contributions presented in the study are included in the article/
Supplementary Material
. Further inquiries can be directed to the corresponding author.





Author contributions


DH and DL conceived the project. DH expressed and purified the proteins used, purified LPS, performed ELITA assays with data analysis, SPR experiments with data analysis, and SAXS data collection, and prepared the paper with input from all authors. NB purified LPS and provided reagents for the study. SB analyzed SPR and ELITA data. MC and RL analyzed and modelled SAXS data. PK performed data collection of NMR and CD data. SB and DL supervised the project. All authors contributed to the article and approved the submitted version.







Funding


This work was funded by the Research Council of Norway (RCN, grant 240483 to DL) and a travel and exchange grant (RCN 267434/DAAD PPP 57345139 to SB and DL).





Acknowledgments


We would like to thank EMBL/DESY in Hamburg, Germany for allocated beam time at the P12 beam line, and the local staff for support during the SAXS experiment. We would like to thank Jens Wohlmann and the EM lab at the Dept. for Biosciences, UiO, for valuable assistance with the electron microscopy and Arno Thibau at the Institute for Medical Microbiology and Infection Control, Goethe-University, Frankfurt, for valuable assistance in preparing the B. henselae LPS samples.





Conflict of interest


DH, DL, and SB are listed as inventors on a patent application WO2021260144 related to this work, submitted by the University of Oslo.


The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


This study received funding from Canterbury Scientific Ltd. New Zealand. The funder had the following involvement with the study: consulting in the design of experiments presented in 
Figures 4
, 
6.







Supplementary material


The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcimb.2023.1125482/full#supplementary-material









References




 Alvarez, B. H., Hartmann, M. D., Albrecht, R., Lupas, A. N., Zeth, K., and Linke, D. (2008). A new expression system for protein crystallization using trimeric coiled-coil adaptors. Protein Eng. Des. Sel. 21, 11–18. doi: 10.1093/protein/gzm071






 Andersson, K., Hämäläinen, M., and Malmqvist, M. (1999). Identification and optimization of regeneration conditions for affinity- based biosensor assays. a multivariate cocktail approach. Anal. Chem. 71, 2475–2481. doi: 10.1021/ac981271j






 Anspach, F. B. (2001). Endotoxin removal by affinity sorbents. J. Biochem. Biophys. Methods 49, 665–681. doi: 10.1016/S0165-022X(01)00228-7






 Arleth, L., Bergström, M., and Pedersen, J. S. (2002). Small-angle neutron scattering study of the growth behavior, flexibility, and intermicellar interactions of wormlike SDS micelles in NaBr aqueous solutions. Langmuir 18, 5343–5353. doi: 10.1021/la015693r






 Basauri, A., González-Fernández, C., Fallanza, M., Bringas, E., Fernandez-Lopez, R., Giner, L., et al. (2020). Biochemical interactions between LPS and LPS-binding molecules. Crit. Rev. Biotechnol. 40, 292–305. doi: 10.1080/07388551.2019.1709797






 Broeker, N. K., Kiele, F., Casjens, S. R., Gilcrease, E. B., Thalhammer, A., Koetz, J., et al. (2018). 
In vitro studies of lipopolysaccharide-mediated DNA release of podovirus HK620. Viruses 10, 289. doi: 10.3390/v10060289






 Cavanagh, J., Fairbrother, W. J., Palmer, A. G., Skelton, N. J., and Rance, M. (2007). Protein NMR spectroscopy (Elsevier Inc). doi: 10.1016/B978-0-12-164491-8.X5000-3






 Clifton, L. A., Holt, S. A., Hughes, A. V., Daulton, E. L., Arunmanee, W., Heinrich, F., et al. (2015). An accurate In vitro model of the e. coli envelope. Angew. Chemie 127, 12120–12123. doi: 10.1002/ange.201504287






 Cochran, W., Crick, F. H., and Vand, V. (1952). The structure of synthetic polypeptides. i. the transform of atoms on a helix. Acta Crystallogr. 5, 581–586. doi: 10.1107/s0365110x52001635






 Cornelissen, L. A. H. M., de Vries, R. P., de Boer-Luijtze, E. A., Rigter, A., Rottier, P. J. M., and de Haan, C. A. M. (2010). A single immunization with soluble recombinant trimeric hemagglutinin protects chickens against highly pathogenic avian influenza virus H5N1. PloS One 5. doi: 10.1371/journal.pone.0010645






 Darveau, R. P., and Hancock, R. E. W. (1983). Procedure for isolation of bacterial lipopolysaccharides from both smooth and rough pseudomonas aeruginosa and salmonella typhimurium strains. J. Bacteriol. 155, 831–838. doi: 10.1128/jb.155.2.831-838.1983






 Debye, P. (1947). Molecular-weight determination by light scattering. J. Phys. Colloid Chem. 51, 18–32. doi: 10.1021/j150451a002






 Debye, P., and Bueche, A. M. (1949). Scattering by an inhomogeneous solid. J. Appl. Phys. 20, 518–525. doi: 10.1063/1.1698419






 Deiss, S., Hernandez Alvarez, B., Bär, K., Ewers, C. P., Coles, M., Albrecht, R., et al. (2014). Your personalized protein structure: Andrei n. lupas fused to GCN4 adaptors. J. Struct. Biol. 186, 380–385. doi: 10.1016/j.jsb.2014.01.013






 Delano, W. L., and Brünger, A. T. (1994). Helix packing in proteins: Prediction and energetic analysis of dimeric, trimeric, and tetrameric GCN4 coiled coil structures. Proteins Struct. Funct. Bioinforma. 20, 105–123. doi: 10.1002/prot.340200202






 Di Lorenzo, F., Duda, K. A., Lanzetta, R., Silipo, A., De Castro, C., and Molinaro, A. (2021). A journey from structure to function of bacterial lipopolysaccharides. Chem. Rev. 122, 15767–15821. doi: 10.1021/acs.chemrev.0c01321






 Doi, M., Ishida, T., Kobayashi, M., Katsuya, Y., Mezaki, Y., Sasaki, M., et al. (2000). Amphipathic, α-helical antimicrobial peptides. Biopolym. - Pept. Sci. Sect. 55, 4–30. doi: 10.1002/1097-0282(2000)55:1<4::AID-BIP30>3.0.CO;2-M






 Fischer, M. J. E. (2010). Amine Coupling Through EDC/NHS: A Practical Approach. In:  N. Mol, and M. Fischer eds. Surface Plasmon Resonance. Methods in Molecular Biology 627, Humana Press. doi: 10.1007/978-1-60761-670-2_3






 Förster, S., Timmann, A., Konrad, M., Schellbach, C., Meyer, A., Funari, S. S., et al. (2005). Scattering curves of ordered mesoscopic materials. J. Phys. Chem. B 109, 1347–1360. doi: 10.1021/jp0467494






 Franke, D., Petoukhov, M. V., Konarev, P. V., Panjkovich, A., Tuukkanen, A., Mertens, H. D. T., et al. (2017). ATSAS 2.8: A comprehensive data analysis suite for small-angle scattering from macromolecular solutions. J. Appl. Crystallogr. 50, 1212–1225. doi: 10.1107/S1600576717007786






 Galanos, C., Luderitz, O., and Westphal, O. (1969). A new method for the extraction of r lipopolysaccharides. Eur. J. Biochem. 9, 245–249. doi: 10.1111/j.1432-1033.1969.tb00601.x






 Harbury, P. B., Zhang, T., Kim, P. S., and Alber, T. (1993). A switch between two-, three-, and four-stranded coiled coils in GCN4 leucine zipper mutants. Sci. (80-. ). 262, 1401–1407. doi: 10.1126/science.8248779






 Hartmann, M. D., Grin, I., Dunin-Horkawicz, S., Deiss, S., Linke, D., Lupas, A. N., et al. (2012). Complete fiber structures of complex trimeric autotransporter adhesins conserved in enterobacteria. Proc. Natl. Acad. Sci. U.S.A. 109, 20907–20912. doi: 10.1073/pnas.1211872110






 Hitchcock, P. J., Leive, L., Makela, P. H., Rietschel, E. T., Strittmatter, W., and Morrison, D. C. (1986). Lipopolysaccharide nomenclature - past, present, and future. J. Bacteriol. doi: 10.1128/jb.166.3.699-705.1986






 Jensen, G. V., Lund, R., Gummel, J., Narayanan, T., and Pedersen, J. S. (2014). Monitoring the transition from spherical to polymer-like surfactant micelles using small-angle X-ray scattering. Angew. Chemie Int. Ed. 53, 11524–11528. doi: 10.1002/anie.201406489






 Keller, R. (2004).





 Kumar, A., Tripathi, A. K., Kathuria, M., Shree, S., Tripathi, J. K., Purshottam, R. K., et al. (2016). Single amino acid substitutions at specific positions of the heptad repeat sequence of piscidin-1 yielded novel analogs that show low cytotoxicity and In vitro and In vivo antiendotoxin activity. Antimicrob. Agents Chemother. 60, 3687–3699. doi: 10.1128/AAC.02341-15






 Lee, A. G. (2003). Lipid-protein interactions in biological membranes: A structural perspective. Biochim. Biophys. Acta - Biomembr. 1612, 1–40. doi: 10.1016/S0005-2736(03)00056-7






 Liang, Y., Wang, J. X., Zhao, X. F., Du, X. J., and Xue, J. F. (2006). Molecular cloning and characterization of cecropin from the housefly (Musca domestica), and its expression in escherichia coli. Dev. Comp. Immunol. 30, 249–257. doi: 10.1016/j.dci.2005.04.005






 Linke, D., Riess, T., Autenrieth, I. B., Lupas, A., and Kempf, V. A. J. (2006). Trimeric autotransporter adhesins: Variable structure, common function. Trends Microbiol. 14, 264–270. doi: 10.1016/j.tim.2006.04.005






 Lombardo, S., and Thielemans, W. (2019). Thermodynamics of adsorption on nanocellulose surfaces. Cellulose 26, 249–279. doi: 10.1007/s10570-018-02239-2






 Lupas, A. N., and Gruber, M. (2005). The structure of α-helical coiled coils. Adv. Protein Chem. 70, 37–38. doi: 10.1016/S0065-3233(05)70003-6






 Mack, L., Brill, B., Delis, N., and Groner, B. (2014). Endotoxin depletion of recombinant protein preparations through their preferential binding to histidine tags. Anal. Biochem. 466, 83–88. doi: 10.1016/J.AB.2014.08.020






 Magalhães, P. O., and Pessoa, A. (2010). “Lipopolysaccharide, LPS removal, depyrogenation,” in Encyclopedia of industrial biotechnology (Hoboken, NJ, USA: John Wiley & Sons, Inc), 1–6. doi: 10.1002/9780470054581.eib388






 Marolda, C. L., Lahiry, P., Vinés, E., Saldías, S., and Valvano, M. A. (2006). “Micromethods for the characterization of lipid a-core and O-antigen lipopolysaccharide,” in Glycobiology protocols (New Jersey: Humana Press), 237–252. doi: 10.1385/1-59745-167-3:237






 Matsumoto, M., Horiuchi, Y., Yamamoto, A., Ochiai, M., Niwa, M., Takagi, T., et al. (2010). Lipopolysaccaride-binding peptides obtained by phage display method. J. Microbiol. Methods 82, 54–58. doi: 10.1016/j.mimet.2010.04.002






 Muñoz González, F., Sycz, G., Alonso Paiva, I. M., Linke, D., Zorreguieta, A., Baldi, P. C., et al. (2019). The BtaF adhesin is necessary for full virulence during respiratory infection by brucella suis and is a novel immunogen for nasal vaccination against brucella infection. Front. Immunol. 10. doi: 10.3389/fimmu.2019.01775






 Neugebauer, T. (1943). Berechnung der lichtzerstreuung von fadenkettenlösungen. Ann. Phys. 434, 509–533. doi: 10.1002/andp.19434340702






 Oster, G., and Riley, D. P. (1952). Scattering from cylindrically symmetric systems. Acta Crystallogr. 5, 272–276. doi: 10.1107/s0365110x5200071x






 Pack, P., Müller, K., Zahn, R., and Plückthun, A. (1995). Tetravalent miniantibodies with high avidity assembling in escherichia coli. J. Mol. Biol. 246, 28–34. doi: 10.1006/jmbi.1994.0062






 Pedersen, J. S. (2008). “Small-angle scattering from surfactants and block copolymer micelles,” in Soft matter characterization (Springer Netherlands), 191–233. doi: 10.1007/978-1-4020-4465-6_4






 Pedersen, J. S., Egelhaaf, S. U., and Schurtenberger, P. (1995). Formation of polymerlike mixed micelles and vesicles in lecithin-bile salt solutions: A small-angle neutron-scattering study. J. Phys. Chem. 99, 1299–1305. doi: 10.1021/j100004a033






 Pedersen, J. S., Laso, M., and Schurtenberger, P. (1996). Monte Carlo Study of excluded volume effects in wormlike micelles and semiflexible polymers. Phys. Rev. E - Stat. Physics Plasmas Fluids Relat. Interdiscip. Top. 54, R5917. doi: 10.1103/PhysRevE.54.R5917






 Pedersen, J. S., and Schurtenberger, P. (1996). Scattering functions of semiflexible polymers with and without excluded volume effects. Macromolecules 29, 7602–7612. doi: 10.1021/ma9607630






 Péterfi, Z., Kocsis, B. B., PCterfi, Z., and Kocsis, B. B. (2000). Comparison of blocking agents for an Elisa for lps. J. Immunoassay 21, 341–354. doi: 10.1080/01971520009349541






 Peterson, A. A., and McGroarty, E. J. (1985). High-molecular-weight components in lipopolysaccharides of salmonella typhimurium, salmonella minnesota, and escherichia coli. J. Bacteriol. 162, 738–745. doi: 10.1128/jb.162.2.738-745.1985






 Raetz, C. R. H., and Whitfield, C. (2002). Lipopolysaccharide endotoxins. Annu. Rev. Biochem. 71, 635–700. doi: 10.1146/annurev.biochem.71.110601.135414






 Raghunathan, D., Wells, T. J., Morris, F. C., Shaw, R. K., Bobat, S., Peters, S. E., et al. (2011). SadA, a trimeric autotransporter from salmonella enterica serovar typhimurium, can promote biofilm formation and provides limited protection against infection. Infect. Immun. 79, 4342–4352. doi: 10.1128/IAI.05592-11






 Rice, S. A. (1956). Small angle scattering of X-rays. J. Polym. Sci. 19, 594–594. doi: 10.1002/pol.1956.120199326






 Richter, W., Vogel, V., Howe, J., Steiniger, F., Brauser, A., Koch, M. H., et al. (2011). Morphology, size distribution, and aggregate structure of lipopolysaccharide and lipid a dispersions from enterobacterial origin. Innate Immun. 17, 427–438. doi: 10.1177/1753425910372434






 Riess, T., Dietrich, F., Schmidt, K. V., Kaiser, P. O., Schwarz, H., Schafer, A., et al. (2008). Analysis of a novel insect cell culture medium-based growth medium for bartonella species. Appl. Environ. Microbiol. 74, 5224–5227. doi: 10.1128/Aem.00621-08






 Sasaki, H., and White, S. H. (2008). Aggregation behavior of an ultra-pure lipopolysaccharide that stimulates TLR-4 receptors. Biophys. J. 95, 986–993. doi: 10.1529/biophysj.108.129197






 Sauter, C., and Wolfensberger, C. (1980). Interferon in human serum after injection of endotoxin. Lancet 316, 852–853. doi: 10.1016/S0140-6736(80)90189-0






 Schmidt, A., Rabsch, W., Broeker, N. K., and Barbirz, S. (2016). Bacteriophage tailspike protein based assay to monitor phase variable glucosylations in salmonella O-antigens. BMC Microbiol. 16. doi: 10.1186/s12866-016-0826-0






 Schneier, M., Razdan, S., Miller, A. M., Briceno, M. E., and Barua, S. (2020). Current technologies to endotoxin detection and removal for biopharmaceutical purification. Biotechnol. Bioeng. 117, 2588–2609. doi: 10.1002/bit.27362






 Schwarz, H., Gornicec, J., Neuper, T., Parigiani, M. A., Wallner, M., Duschl, A., et al. (2017). Biological activity of masked endotoxin. Sci. Rep. 7, 1–11. doi: 10.1038/srep44750






 Scott, A., Weldon, S., Buchanan, P. J., Schock, B., Ernst, R. K., McAuley, D. F., et al. (2011). Evaluation of the ability of LL-37 to neutralise LPS In vitro and ex vivo. PloS One 6, e26525. doi: 10.1371/journal.pone.0026525






 Shin, H. J., Lee, H., Park, J. D., Hyun, H. C., Sohn, H. O., Lee, D. W., et al. (2007). Kinetics of binding of LPS to recombinant CD14, TLR4, and MD-2 proteins. Mol. Cells 24, 119–124.





 Simpson, B. W., and Trent, M. S. (2019). Pushing the envelope: LPS modifications and their consequences. Nat. Rev. Microbiol. 17, 403–416. doi: 10.1038/s41579-019-0201-x






 Sinha, S., Zheng, L., Mu, Y., Ng, W. J., and Bhattacharjya, S. (2017). Structure and interactions of a host defense antimicrobial peptide thanatin in lipopolysaccharide micelles reveal mechanism of bacterial cell agglutination. Sci. Rep. 7, 17795. doi: 10.1038/s41598-017-18102-6






 Studier, F. W. (2005). Protein production by auto-induction in high-density shaking cultures. Protein Expr Purif 41, 207–234. doi: 10.1016/j.pep.2005.01.016






 Sun, Y., and Shang, D. (2015). Inhibitory effects of antimicrobial peptides on lipopolysaccharide-induced inflammation. Mediators Inflamm. 2015, 167572. doi: 10.1155/2015/167572






 Tamura, H., Reich, J., and Nagaoka, I. (2021). Outstanding contributions of LAL technology to pharmaceutical and medical science: Review of methods, progress, challenges, and future perspectives in early detection and management of bacterial infections and invasive fungal diseases. Biomedicines 9, 536. doi: 10.3390/biomedicines9050536






 Thomas, C. J., and Surolia, A. (1999). Kinetics of the interaction of endotoxin with polymyxin b and its analogs: A surface plasmon resonance analysis. FEBS Lett. 445, 420–424. doi: 10.1016/S0014-5793(99)00150-7






 Vaure, C., and Liu, Y. (2014). A comparative review of toll-like receptor 4 expression and functionality in different animal species. Front. Immunol. 5. doi: 10.3389/fimmu.2014.00316






 Viriyakosol, S., Mathison, J. C., Tobias, P. S., and Kirkland, T. N. (2000). Structure-function analysis of CD14 as a soluble receptor for lipopolysaccharide. J. Biol. Chem. 275, 3144–3149. doi: 10.1074/jbc.275.5.3144






 Wang, G. (2008). Structures of human host defense cathelicidin LL-37 and its smallest antimicrobial peptide KR-12 in lipid micelles. J. Biol. Chem. 283, 32637–32643. doi: 10.1074/jbc.M805533200






 Wang, Y., Gao, R., and Lynn, D. G. (2002). Ratcheting upvir gene expression in agrobacterium tumefaciens: Coiled coils in histidine kinase signal transduction. ChemBioChem 3, 311–317. doi: 10.1002/1439-7633(20020402






 Wang, G., Li, X., and Wang, Z. (2016). APD3: The antimicrobial peptide database as a tool for research and education. Nucleic Acids Res 44, D1087–D1093. doi: 10.1093/nar/gkv1278






 Wishart, D. S., Bigam, C. G., Yao, J., Abildgaard, F., Dyson, H. J., Oldfield, E., et al. (1995). 1H, 13C and 15N chemical shift referencing in biomolecular NMR. J. Biomol. NMR 6, 135–140. doi: 10.1007/BF00211777






 Yang, X., Lee, J., Mahony, E. M., Kwong, P. D., Wyatt, R., and Sodroski, J. (2002). Highly stable trimers formed by human immunodeficiency virus type 1 envelope glycoproteins fused with the trimeric motif of T4 bacteriophage fibritin. J. Virol. 76, 4634–4642. doi: 10.1128/jvi.76.9.4634-4642.2002






 Yu, L., Tan, M., Ho, B., Ding, J. L., and Wohland, T. (2006). Determination of critical micelle concentrations and aggregation numbers by fluorescence correlation spectroscopy: Aggregation of a lipopolysaccharide. Anal. Chim. Acta 556, 216–225. doi: 10.1016/j.aca.2005.09.008






Publisher’s note:
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Hatlem, Christensen, Broeker, Kristiansen, Lund, Barbirz and Linke. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OEBPS/Images/fcimb-13-1125482-g004.jpg
5 H
& |
: ™ &

K =T
- T T T
W H

H
)
. T . T
% i
§ g
‘. L =]
T

Y





OEBPS/Images/im2.jpg
Snint/a
nmd






OEBPS/Images/M2.jpg
Q) = I(Q)f e + (1 = fo s (Q) + (1 = fin My free (Q) + Litrer(Q) + Ty (Q)





OEBPS/Images/M11.jpg
i@ = ﬁ





OEBPS/Images/M10.jpg
Q) = I(Q)f e + (1 = fo s (Q) + (1 = fin My free (Q) + Litrer(Q) + Ty (Q)





OEBPS/Images/M6.jpg
4 2(QRsin@) sin(QLcosg)
o Jo T QRsiner

sin ada

Py(Q) = 9






OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        A trimeric coiled-coil motif binds bacterial lipopolysaccharides with picomolar affinity

      

        		

          1. Introduction.

        



        		

          2. Materials and methods.

        

          		

            2.1. Expression and purification of proteins.

          



          		

            2.2. LPS production and purification.

          



          		

            2.3. Preparation of O-antigen polysaccharides.

          



          		

            2.4. ELISA-like tailspike adsorption assay.

          



          		

            2.5. ELISA-like biotinylated LPS assay.

          



          		

            2.6. Surface plasmon resonance experiments.

          



          		

            2.7. Electron microscopy.

          



          		

            2.8. Small angle X-ray scattering.

          



          		

            2.9. Theoretical scattering models of SAXS data.

          



          		

            2.10. Scattering models.

          



          		

            2.11. Form factors for short cylindrical micelles and worm-like micelles with elliptical cross-sections.

          



          		

            2.12. Scattering model for trimeric α-helical peptide bundles.

          



          		

            2.13. Fitting of pure GCN4-pII.

          



          		

            2.14. Full scattering model.

          



          		

            2.15. Limulus amebocyte lysate assay.

          



          		

            2.16. Circular dichroism.

          



          		

            2.17. Nuclear magnetic resonance spectroscopy.

          



        



        



        		

          3. Results.

        

          		

            3.1. GCN4-pII binds to the lipid A moiety of LPS.

          



          		

            3.2. GCN4-pII binds LPS with an extremely high affinity.

          



          		

            3.3. Comparing GCN4-pII to the LAL assay as an LPS detection assay.

          



          		

            3.4. GCN4-pII dissolves LPS micelles.

          



        



        



        		

          4. Discussion.

        



        		

          Data availability statement

        



        		

          Author contributions

        



        		

          Funding

        



        		

          Acknowledgments

        



        		

          Conflict of interest

        



        		

          Supplementary material

        



        		

          References

        



      



      



    



  



OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/im3.jpg





OEBPS/Images/fcimb-13-1125482-g005.jpg
‘Absorbance

K9 E“ K14
=7346pM 202 Ko =6410 pM
o0.

Tl n T %

1S typhimurium LPS] (M)

1S.typhimurium LPS] (n"M)





OEBPS/Images/logo.jpg
’ frontiers ’ Frontiers in Cellular and Infection Microbiology





OEBPS/Images/fcimb-13-1125482-g002.jpg
§ Glucosamine
© KO

@ Hepuulose ©
@ Glucose

O Galactose
-acetyl glucosamine.
A Rhamnose

I Abequose

C€Os

LipidA






OEBPS/Images/M1.jpg
o Ymasll]"
RTATaY





OEBPS/Images/fcimb-13-1125482-g006.jpg
5

TN} T AQ POUMUSEP U0 Sd1
$ 8888 8¢S

Egggegs"¢e

NG g o B R

4100 01 02 03 04 05 08 07 08 08 To 11

s S A iy





OEBPS/Images/M5.jpg
.





OEBPS/Images/M9.jpg
Toep(Q) = 15 Py (9)S,00(9)





OEBPS/Images/im4.jpg
R(9) = /Risin’(9) + (R.e) cos*(9)





OEBPS/Images/M4.jpg
\Pusclt Vier Acit{ QR1or (9)) + (AProre = APstett) VioreA et QReore (O] Prain (Q: Lyvorms b)






OEBPS/Images/fcimb.2023.1125482_cover.jpg
& frontiers | Frontiers in Cellular and Infection Microbiology

A trimeric coiled-coil motif binds bacterial
lipopolysaccharides with picomolar affinity





OEBPS/Images/fcimb-13-1125482-g001.jpg





OEBPS/Images/fcimb-13-1125482-g007.jpg
11d-yNDD + Sd1





OEBPS/Images/M8.jpg
+(38:(q) - Dexp(-q'o7)





OEBPS/Images/M3.jpg
¥
Puc@= [ ['1puati LD S Pt o 8)
o Jo W @sine Ul +ayer®

O B9V DG 0o
(APcee = A1) Ve Liritline) s D v v dex d





OEBPS/Images/fcimb-13-1125482-g003.jpg
Smooth LPS

B
Rough LPS
500
2000
5 400 _
= Siseo
% . g
2 “1000-
& 200 g
5 4
& g
2 100 g0
. &
o 3
LI LI c—-
Time (5) Time (s)
e —_
Tipdn o5 Tindn 05
c o
200
4000
s 5 150
Z 000 z
8 200 g 1
5 4
& 1000. g s
8
4 &
o o
LI c— LI
Time (s) Time (5)
:‘.:.:O:nngen
[

Deep rough LPS

s
Polysaccharide





OEBPS/Images/im1.jpg





OEBPS/Images/fcimb-13-1125482-g008.jpg
-

. -
- e

T

Qi






OEBPS/Images/M7.jpg
53+ 6 (2aRN)
S@=5





