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Abstract: Under specific conditions, some proteins can self-assemble into fibrillar structures called
amyloids. Initially, these proteins were associated with neurodegenerative diseases in eucaryotes.
Nevertheless, they have now been identified in the three domains of life. In bacteria, they are involved
in diverse biological processes and are usually useful for the cell. For this reason, they are classified
as “functional amyloids”. In this work, we focus our analysis on a bacterial functional amyloid called
Hfq. Hfq is a pleiotropic regulator that mediates several aspects of genetic expression, mainly via
the use of small noncoding RNAs. Our previous work showed that Hfq amyloid-fibrils interact
with membranes. This interaction influences Hfq amyloid structure formation and stability, but the
specifics of the lipid on the dynamics of this process is unknown. Here, we show, using spectroscopic
methods, how lipids specifically drive and modulate Hfq amyloid assembly or, conversely, its
disassembly. The reported effects are discussed in light of the consequences for bacterial cell life.

Keywords: small noncoding regulatory RNA; Hfq; bacterial functional amyloid; protein self-assembly;
lipid—protein interaction; cardiolipin; Synchrotron Radiation (Orientated) Circular Dichroism
SR-(O)CD

1. Introduction

When proteins polymerize, they often form structures called amyloids. These struc-
tures result from repetitively stacked 3-strands (hundreds to thousands), a pattern referred
to as a cross-f3 structure [1]. This results in the formation of unbranched fibrils of ~10 nm in
width and up to micrometers in length [2]. In vivo, amyloid fibrils are found in all domains
of life, from archaea and bacteria to mammals [3]. The first amyloids were identified in
eukaryotes and associated with neurodegenerative diseases, such as Alzheimer’s [4]. Nev-
ertheless, the self-assembled structures may additionally have useful features for the cell; in
this case, they are referred to as a “functional amyloid” [5]. These functional roles include
biofilm and curli formation in bacteria [6], hormone storage in mammals [7], immune
system function in fungi [8] or cell signaling in humans [9]. One main difference distin-
guishing pathological and functional amyloids is the fact that the latter require the tight
regulation of their assembly to avoid the accumulation of species that could be toxic for
cells if too abundant. To date, the factors that regulate the assembly and/or disaggregation
of the functional amyloids are not well-characterized. In this work, we focus our analysis
on the regulation by lipids of the self-assembly of a bacterial functional amyloid, Hfq.
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Hfq, standing for Host-Factor Qf, is a small protein, 102 amino acid residues (aa) in E.
coli, that forms homohexamers [10]. Present in almost two thirds of bacteria, its function
is still unclear in Gram positive bacteria [11]. Conversely, many studies have shown that,
in Gram negative bacteria, Hfq is involved in the post-transcriptional control of genetic
expression [12]. Hfq precisely controls mRNA translation and degradation using small
noncoding RNA (sRNA) [13]. In its soluble form, E. coli Hfq presents an intrinsically
disordered C-terminal region (CTR) comprising about 38 aa, whereas its N-terminal region
(NTR, ~65 aa) adopts an Sm topology [10,14]. The Sm-fold (PROSITE entry PS51536)
consists of an a-helix capping a five-stranded bent 3-sheet (antiparallel); the 3-sheets
4 and 5 from interacting monomers assemble to form the hexameric torus [15,16]. In
full-length E. coli Hfq, the six CTRs are located at the periphery of the Sm-torus [17,18].
Both faces of the torus, its rim and the CTR are involved in nucleic acid binding, but
with different specificities [19-22]. While the structure of the Sm-NTR is well known,
the CTR atomic-structure of E. coli Hfq remains unsolved [21,23]. Nevertheless, in some
specific conditions, Hfq-CTR folds into an amyloid structure through the formation of
a nucleation site of 11 aa [14]. One condition promoting Hfq self-assembly includes
the binding to nucleic acids [22]. Note that the presence of this amyloid region seems
to be restricted to Gram-negative bacteria harboring a long C-terminus region. Even if
analyses of other bacterial Hfq for this property are scarce, 3-rich regions possibly form
-amyloid structures, such as that of Yersinia pseudotuberculosis CTR, for instance (see
https:/ /www.uniprot.org/uniprotkb /B2K204 /entry, accessed on 16 January 2024).

Hfg-CTR is essential for Hfq association with lipids and for the promotion of Hfq
cluster formation close to the inner membrane (IM) [24-26]. Indeed, the membrane-bound
form of Hfq has a putative physiological role in RNA metabolism. The partitioning of
Hfq in its amyloid form near the IM may allow for the spatial compartmentalization of
the protein in the bacteria [26]. This membrane-less segregation, often referred to as a
liquid-liquid phase separation (LLPS), is now recognized as one mechanism allowing the
formation of membrane-less denser regions, and can involve amyloids [27]. In the case of
Hfq, this cellular compartmentalization has been described previously [25,26], and it could
play an important role in the control of RNA degradation, for instance by avoiding the
premature degradation of mRNAs immediately after transcription [28]. Note that Hfq-CTR
has additional cellular roles, including one in DNA compaction [22]. LLPS phase separation
using amyloids actually also emerges as a new way of DNA-structuring, as in the case of
histone locus bodies [29].

We focus here on how the Hfq amyloid state is markedly influenced by the different
lipids found in the E. coli inner membrane. There are many examples to suggest that
membrane binding is a common property of amyloids and that lipids may influence
their aggregation [30]. Still, the lipid composition of the bacteria IM changes throughout
bacterial life, and understanding how IM content influences Hfq self-assembly and the
reversibility of the process is of fundamental importance to understanding how membranes
may dynamically influence Hfq function. Membrane lipid heads may, indeed, influence
Hfg-lipid interaction, while the composition of lipid tails influences membrane fluidity,
thickness and possible Hfq insertion in the membrane [31,32]. Therefore, E. coli may use
alterations in IM composition, dependent on growth conditions and the surrounding
environment, to change Hfq protein function and location to adapt to stresses [33].

With this work, we intend to analyze the influence of the different lipids found in
E. coli membranes on Hfq self-assembly, in order to decipher the possible role for Hfq
membrane-associated clusters in vivo [28]. The presence of lipidic interfaces, in particular
those containing anionic lipids, such as phosphatidylglycerol (PG), phosphatidylserine
(PS), phosphatidic acid (PA) or cardiolipin (CL), influences the assembly of pathologic
amyloids [34]. In previous works, we have shown that this applies to Hfq-CTR and that
E. coli membranes (inner IM and outer OM membranes) affect this functional amyloid
assembly [32,35]. Here, using Synchrotron Radiation Circular Dichroism (SRCD) and At-
tenuated Total Reflection Fourier Transform Infrared Spectroscopy, we intend to determine
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if these effects are lipid-specific. To specify, we used Orientated Circular Dichroism (OCD)
spectroscopy to overcome the effects of the alignment of amyloid fibers on CD spectra [36].

2. Results
2.1. Effects on Hfq-CTR Fibers Are Lipid-Specific

To observe the effect of the lipidic anionic interfaces on the amyloid self-assembly
strengthening or disassembly, we used a solution with an intermediate polymerization
state (Supplementary Figure S1). Indeed, we already observed that Hfq self-assembly is
dynamic and the starting point from partially or fully polymerized states could greatly
influence the evolution of the assembly. Fully assembled CTR, for instance, only allows
disassembly [14].

Using OCD, we show that cardiolipin (CL) is the lipid that interacts the most with CTR
fibers (Figures 1 and 2A). To be more specific, we observed, after 7 h of interaction with CL,
that 50 to 70% of pre-polymerized CTR remained associated with the CL-bilayer (Figure 2A).
Furthermore, we observed that, quickly after interaction with the CL bilayer, the peptide
self-assembly was strengthened, increasing the characteristic signal of the amyloid structure
around 220 nm (Figure 1). With phosphatidylglycerol (PG), only a slight increase in the
amyloid structure was observed and two populations, amyloid and unstructured, coexist
(Figure 2B). This could be explained by the low amount of peptide retained on the PG
bilayer compared with CL. With phosphatidylethanolamine (PE, Figure 2C), the most
abundant lipid in the E. coli IM, an interaction similar to that with PG occurs. Finally, we
observed a moderate interaction with phosphatidic acid (PA) and possibly a slight tendency
to disassemble the amyloid fibers towards unstructured peptides (Figure 2D). Note that PA
lipids are scarce in the E. coli membrane (<1%) and this effect should not be notable in vivo.

CD (Ag)
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Figure 1. Orientated Synchrotron Radiation Circular Dichroism (OCD) kinetics recorded for ~10 h,
demonstrating the evolution of both (i) the interaction between pre-polymerized Hfq-CTR and
supported CL bilayers and (ii) the evolution of the CTR structure. Spectra go from blue to green,
yellow red and purple, with an interval of ~45 min between each spectrum. The peak corresponding
to the amyloid structure is observed around 220 nm.

We then intended to confirm these results using FTIR spectroscopy. To demonstrate
the self-assembly of 3-sheets in contact with the membrane, lipids were first deposited on
an Attenuated Total Reflection (ATR) diamond crystal and dried to evaporate chloroform.
On top of the lipid, the protein solution was added in deuterated buffer, and the kinetics
were followed by taking IR spectra every 10 min (Figure 3).
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Figure 2. Synchrotron Radiation Circular Dichroism (OCD) analysis of the interaction between the
partially polymerized Hfq-CTR (prepared as described in the Section 4) and supported lipidic bilayers.
We used Orientated Circular Dichroism (OCD) spectroscopy to overcome the effects of the alignment
of amyloid fibers in the CD spectra, which distort the measurement due to a linear dichroism
signal [36]. Blue: CTR alone; green: CTR in contact with bilayer for 300 min; red: CTR in contact of
bilayer for 400 min after washing to remove CTR unbound from lipid bilayers. (A) CL bilayer; (B) PG
bilayer; (C) PE bilayer; (D) PA bilayer. The peak corresponding to unstructured peptide is observed
around 200 nm, while the peak corresponding to the amyloid structure is observed around 220 nm.
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Figure 3. FTIR spectrum of Hfq-CTR monomer in interaction with the different lipids. The spectra
presented are: (A) with CL, (C) DOPG, (E) DOPE and (G) with DOPA. The second derivative are
shown in (B) with CL, (D) DOPG, (F) DOPE and (H) DOPA. The spectra are represented from
dark-green for the first spectrum to yellow for the last one. We can observe a shift of the maximum of
amide I band from 1643 to 1640 cm ™1 (indicating the formation of intramolecular 3-sheets), but we
cannot conclude for a clear amyloidogenesis of CTR in contact with specific lipids (indicated by a
peak at 1615 cm™1).

With ATR-FTIR (Attenuated Total Reflection Fourier Transform Infrared spectroscopy)
the penetration depth is around 1 pm; therefore, only molecules close to the crystal are
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detected in an ATR setup and only protein species that sediment on the lipids can be
detected and analyzed. For this reason, we always observe an increase in the amyloid peak
at ~1610 cm~! at the beginning of the kinetics measurements, even in the absence of lipids.
This increase is explained by the sedimentation of the fibrils reaching the ATR crystal and
not by amyloid self-assembly. ATR-FTIR was thus less suited to quantify CTR assembly in
contact with the bilayer, particularly for short times less than 100 min.

2.2. Lipids Specifically Induce Amyloid Assembly from Its Soluble Form

Next, we analyzed the effect of these various lipids on the efficiency of Hfq-CTR
self-assembly from its soluble form (Figure 4). For this, OCD was also used as described in
the Section 4. In this case, we observed that PG induced a slight CTR amyloidogenicity,
with an increase and a shift of the peak corresponding to unstructured peptide to the
red (bathochromic, from 195 nm to 200 nm). After 7 h of incubation and washing to
remove unbound species, the emergence of a second population, corresponding to the
amyloid structure (~220 nm), was observed (Figure 4A). Note that both the amyloid and
unstructured forms co-exist and remain attached to the membrane after washing. For
CL, opposite to what we observed with fibers, a low amount of soluble CTR remained
attached to the membrane after washing and no clear amyloid structure formation occurred
in this case (Figure 4B). Finally, almost no soluble CTR remained attached to the PE and PA
membrane after washing (Figure 4C).
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Figure 4. Synchrotron Radiation Circular Dichroism (OCD) analysis of the interaction between
soluble Hfq-CTR (prepared extemporaneously just before analysis) and supported lipidic bilayers.
Blue: CTR alone; green: CTR in contact with bilayer for 400 min; red: CTR in contact with bilayer for
400 min after washing to remove CTR unbound to the bilayer. (A) PG bilayer; (B) CL bilayer; (C) PE
bilayer. The same result was observed for PE and PA; no peptide is retained after washing (in red),
indicating very low, if any, interaction.

We also intended to confirm these results with soluble CTR using FTIR spectroscopy.
Nevertheless, the amount of peptide in contact with lipids detected using the ATR was
low and the results were difficult to interpret in the monomeric form. In particular, it
was not possible to wash unbound CTR in ATR-FTIR to observe the presence of fibers as
with SR-OCD.
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2.3. Phosphatidic Glycerol (PG) Significantly Interacts with Full-Length Hfq

Finally, we analyzed the influence of lipids that have the most significant effect on
the structure of full-length Hfq and its self-assembly in order to confirm previous results
(Figure 5). In this case, we observed that PG induced a slight amyloidogenicity of the
full-length protein, with a partial red-shift of the peak from 200 nm to 220 nm (both peaks
co-exist and partially overlap). No clear effect was observed with CL. It should be noted,
however, that, in the full-length protein, the amyloid structure represents only a minor part
of the 3-sheets found in the whole protein, as the N-terminus region NTR exists as the
-rich Sm-fold [14,37]; the apparent lack of CL-effect could thus be masked by Hfq-NTR
[3-sheets.
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Figure 5. Synchrotron Radiation Circular Dichroism (OCD) analysis of the interaction between
full-length Hfq and supported lipidic bilayers. Blue: Hfq; green: Hfq in contact of bilayer for 400 min;
red: Hfq in contact of bilayer for 400 min after washing to remove Hfq unbound to bilayer. (A) PG
bilayer; (B) CL bilayer.

3. Discussion

A growing number of studies indicate that an interaction between lipid bilayers and
amyloid-forming proteins occurs and that lipids play an important role in the kinetics
of amyloid assembly or stability [38—43]. The lipid membrane may, indeed, provide an
interface to increase the protein local concentration, facilitating fibrillization. On the
other hand, lipids may also destabilize and resolubilize amyloid fibers into a soluble
form [44]. Taken together, these results suggest the balance between the soluble and
aggregated forms of amyloid-prone proteins is actively determined by compounds found
in the cell. The role of lipids could explain why a functional amyloid forms or dissociates
rapidly in vivo (when amyloid aggregation is usually a slow process). Nevertheless, such
a regulation also implies tight aggregation control (including controlling protein charge,
hydrophobicity or concentration) or the use of other molecules, such as other proteins,
to control amyloidogenesis [26]. Such control induces a rapid, focused and dynamic
aggregation. Our study offers a lipid-mediated explanation for this rapid spatiotemporal
regulation in response to environmental changes. Note that pathological amyloid assembly
is probably a less controlled process.

With this work, we show that the nature of lipids greatly influences Hfq self-assembly,
shedding new light on how lipids may influence Hfq clustering in the vicinity of the
inner bacterial membrane [28]. Indeed, in E. coli, an important part of Hfq, is found in
close proximity to the inner membrane [45]. Nevertheless, the influence of the lipids’
nature on this spatial segregation has never been analyzed before. An E. coli membrane
is mainly composed of four lipids: PE (~75%), PG (~20%), CL (~5%) and traces of PA.
PE is neutral and usually found at around 75% in the IM. CL is negatively charged and
represents ~5% of IM lipids during the exponential phase of growth, but increases to 15—
20% during the stationary phase [46,47]. PG is negatively charged and comprises 15-20%



Int. J. Mol. Sci. 2024, 25, 1434

70f13

of E. coli lipids during the exponential phase of growth, but only ~5% during the stationary
phase [46,47]. Finally, only traces of PA (<1%) are found in the IM. The lipid composition
of IM thus significantly changes with the bacterial phase of growth, basically with an
increase in CL and decrease in PG. Here, we show that CL boosts the stability of preformed
Hfq-CTR fibers, while PG induces CTR amyloid formation from the soluble (monomeric)
form of the protein. Furthermore, Hfq concentration also increases during the stationary
phase of growth [45], an effect that would also favor its aggregation. Interestingly, the
lipids that interact the most with Hfq-CTR (soluble or amyloid forms) are both negatively
charged. This interaction could thus be due to residues found in amyloids that are usually
hydrophilic and charged (mainly lysines or arginines and glycines, that are present in Hfq
and its CTR, see Section 4.1) [48]. These residues may constitute a tag that can sequester the
amyloid sequence to maintain the soluble form of the protein, and this tag may be hidden
by the lipid charges, thus favoring amyloid self-assembly when the protein is in contact
with the membrane.

Previous analyses of amyloids associated with human diseases show that they are
often associated with lipid rafts [30]. If lipid rafts do not exist in bacteria, prokaryotes
have Functional Membrane Microdomains (FMM), which are equivalent to rafts [49].
These bacterial microdomains influence bacterial signal transduction, protein secretion or
transport across membrane [50,51]. CL, with its larger structure, is the major component
of these FMMs and CL-rich microdomains; in particular, it can occur at the cell poles in E.
coli, but also at the division septum [51,52]. The dense nature of FMM probably reduces
the diffusion of associated proteins, which facilitates protein assembly. The ability of CL to
strengthen the amyloid-like fibers around FMMSs may thus provide a mechanism for the
partitioning of Hfq into clusters near the IM and could influence the RNA-related process
of regulation [25,28]. The sequestration of Hfq to the pole may additionally depend on
other proteins, such as the pole-localizer TmaR [26,53]. Furthermore, CL has an important
role in modulating the membrane composition to adapt to stress conditions and to change
membrane fluidity [54,55]. This function could be linked to the role of Hfq in answering
numerous stresses [56,57]. Such a CL-specific effect could eventually be tested in vivo using
a strain devoid of CL-synthase (the activity of which, in turn, increases significantly during
the stationary phase in the Wild-Type strain) [58].

Another particularity of CL is its effect on membrane thickness. E. coli IM thickness is
around 3.7 nm [59], while the thickness of pure PG membranes is ~3.6 nm. When CL is
inserted in a PG membrane, its thickness increases to ~3.8-3.85 nm [60]. CL additionally
modifies lipid ordering in the bilayer [60]. These effects are mainly due to the higher
volume of CL compared with PG and PE; the CL small head (glycerol bridge) with its
hydrophobic body composed of four fatty acids gives it a conical shape compared with
the cylindrical shape of PG [61]. Due to this shape, CL induces curved regions within
the IM [62]. The formation of curved CL-rich domains may help to locate the cell divi-
sion septum and, in turn, play an important role in attracting the DNA-bound amyloid
form of Hfq [22] for chromosome partitioning after replication [63,64]. Note that CL also
accumulates in E. coli minicell membranes [65] and that Hfq influences the formation of
these minicells [66,67]. Finally, it has also been shown that the lifetimes of pores formed
in CL-containing membranes decreased compare to CL-free bilayers [60]. This could also
influence the lifetime of pores formed by Hfq in IM [32].

As for the effect of PG on amyloid assembly, here we show that PG induces CTR
amyloidogenicity, particularly from its soluble form, while CL has the main effect on
preformed fibers. Both lipids are negatively charged but, in contrast to CL, PG has not
been reported to form membrane microdomains. One important difference between CL
and PG is that PG is randomly distributed in the IM, while CL concentrates at the cell
poles. Taken together, these results suggest that PG could help the random nucleation of
CTR amyloid form from the soluble form in the proximity of the IM, without a specific
location. This allows the formation of Hfq foci that may migrate to the cell poles when
stresses occur as well as IM composition and structure changes (Figure 6). As the Hfq
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C-terminal amyloid region lacked a clear function for years, its specific interaction with
bacterial membranes [24,32,45] opens up new and unexpected ways to regulate the function
of this master regulator by spatially trapping it into membrane-associated clusters [25,28].
The lipid specificity governing Hfq amyloidogenesis—or dissociation—that we evidence
here suggests that lipids may guide Hfq cellular relocation during the cell cycle. This
could, in particular, explain Hfq migration from forming extended fibers coiling along the
axis of the cell under normal conditions of growth to the cell pole patches under stresses
conditions [26]. This cellular compartmentalization could ultimately play an important
role in controlling sSRNA-dependent pathways to adapt to stress conditions [33].

N fla

=

PG

Figure 6. Model of Hfq-CTR interaction with E. coli membrane. For simplification, only the CTR
of Hfq is represented, not the Sm torus. First, the soluble form of Hfq interacts with the IM. PG is
randomly distributed in the IM and induces amyloidogenicity of the CTR. Then, Hfq fibers interact
with CL-rich FMM microdomains. This strengthens self-assembly. Note the conical shape of CL due
to its four fatty acyl side chains, compared to the cylindric shape of PG, PE and CL. The interaction
with CTR and polar lipids could possibly induce a phase separation of PE and favor the formation
of FMM [32]. As CL microdomains are found at the pole of the cell, and due to the increased
concentration of CL during stresses and the stationary phase [54,55], the migration of Hfq to the poles
during stresses could be due to its interaction with CL [26]. As shown previously, PG may destabilize
the fiber and promote Hfq insertion into the membrane at a later stage; this insertion may induce the
formation of pores in the IM and Hfq translocation into the periplasm [14,32,35]. Taking into account
CL properties [60], this should, rather, occur in PE/PG-rich regions.

4. Materials and Methods
4.1. Preparation of Hfq and Hfg-CTR

The sequence of the Hfq-CTR peptide was SRPVSHHSNNAGGGTSSNYHHGSSAQNT
SAQQDSEETE. This sequence corresponds to residues 64 to 102 in full-length Hfq protein.
E. coli Hfq-CTR peptide was chemically synthetized (Proteogenix, Strasbourg, France) and
prepared at 20 mg/mL. In order to observe the effect of lipids on both polymer strength-
ening and disassembly, we used a solution with an intermediate polymerization state. To
specify, Hfq CTR was incubated for one week at 20 °C or put in solution extemporaneously
just before use. The partial formation of the amyloid structure for intermediate polymeriza-
tion was confirmed using FTIR spectroscopy as shown on Supplementary Figure S1.

The wild-type E. coli Hfq protein was purified following the previously described pro-
tocol [24] at a concentration of 8 mg/mL. Note that, at this concentration, the soluble form
of the protein corresponds to Hfq hexamers (possibly dimers of hexamers can occur [68]);
no monomer can be detected [69].
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4.2. Preparation of Small Unilamellar Vesicles (SUVs)

The lipids used in this study were from Avanti Polar Lipids (Alabaster, AL, USA)
and were dissolved and conserved at 10 mg/mL in a solution of chloroform:methanol 1:1
(v/v) on ice. The lipids used were 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE),
1,2-dioleoyl-sn-glycero-3-phosphate (DOPA), cardiolipin (CL) and 1,2-dioleoyl-sn-glycero-
3-phospho-(1'-rac-glycerol) (DOPG), the components of E. coli IM [31]. For brevity, we
refer to DOPE as PE, DOPA as PA and DOPG as PG throughout this paper. The solvent
was evaporated under a Nj(g) flow; after 30 min of nitrogen flow, a lipid film formed.
Then, SUV buffer (10 mM sodium phosphate buffer pH 7.5 containing 100 mM NaCl) was
added followed by slow stirring for 30 min at room temperature to rehydrate the lipids
and to form the vesicles. To obtain homogeneous Small Unilamellar Vesicles (SUVs), the
mixture was passed about 30 times through a 0.1um polycarbonate filter using an extruder
(Avanti Polar Lipids, Alabaster, AL, USA). The SUV samples were conserved at 4 °C for a
maximum of 1 week.

4.3. Preparation of Lipid Supported Membranes for OCD Analysis

For the formation of supported membranes, CaCl, at a final concentration of 2 mM
was added to the SUVs solution. A total of 20 pL of the mix was put on a CaF; cell surface
and incubated for 1 h at RT. Then, the surface was washed with dd water five times to
remove the excess lipids. The lipid membrane was always kept in a moisturized chamber
with a saturated K;SOy solution providing a humidity of 97%. Pure cylindric lipid (PG,
PE) or conic lipid (CL) bilayers should adopt a structure close to that reported in Sennato
etal. [70].

4.4. Synchrotron Radiation Circular Dichroism (SRCD) and Orientated Circular
Dichroism (OCD)

The OCD measurement and data analysis were carried out on the DISCO beamline at
Synchrotron SOLEIL (proposal 20220056 and 20230530). SUVs were deposited on the CaF,
cell surface (4 puL). Lipid films must be thin to minimize scattering and assure homogeneity.
A volume of 1 uL of Hfq (8 mg/mL) or CTR (20 mg/mL) solutions were then dispensed
on top. A CaF; lid was put on top (14 pm pathlength), preserving the humidity within
the closed cell and keeping the membrane/protein sample airtight. Spectral acquisitions
of 1 nm steps between 180 and 270 nm were recorded at a temperature of 20 °C. The
OCD spectra were averaged by recording CD spectra of the beam-centered cell, with the
cell turning clockwise 45° using an automated rotating chamber. This method allows the
elimination of a linear dichroism signal due to the alignment of the peptide, resulting in
a deformed CD spectrum. Relevant experiments, where an effect can be observed, were
repeated twice to ensure their reproducibility. Data analysis, including averaging, baseline
subtraction, smoothing, scaling and standardization, was carried out with CDtoolX [71].

4.5. FTIR Analysis

Attenuated total reflection Fourier transform infrared spectroscopy (ATR-FTIR) mea-
surements were obtained with a Bruker Equinox55 spectrometer (Billerica, MA, USA)
purged with dry air and a diamond ATR device with a single reflection at an angle of 45°
and closed with a golden gate chamber from Specac (Orpington, UK). A total of 5 pL of
Hfq-CTR solution at 20 mg/mL in D,O was deposited. The data were treated with kinetics,
a custom-made program (SFMB, Université libre de Bruxelles, Bruxelles, Belgium) running
under Matlab 7.5.0 (Mathworks, Natick, MA, USA). The water vapor signal was removed
by subtracting a reference spectrum of pure water vapor with a coefficient optimized on
the amide IT area band (1555-1550 cm~!). To analyze the interaction with lipids, a drop of
lipid at 10 mg/mL was deposited on the ATR surface and dried with a nitrogen flux. Then,
5 uL of Hfg-CTR solution at 20 mg/mL was deposited on the lipids. A series of spectra
with a resolution of 4 cm ™! were acquired every 10 min overnight.



Int. J. Mol. Sci. 2024, 25, 1434 10 of 13

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/ijms25031434/s1.

Author Contributions: Conceptualization, FT., JW. and V.A ; formal analysis, ET., JJW. and EW.;
funding acquisition, EW. and V.A.; investigation, ET., Q.M., ] W. and V.A.; methodology, ET., Q.M.,
FW. and V.A ; project administration, V.A.; resources, ] W. and V.A.; software, FT., JW. and EW.;
supervision, ] W., EW. and V.A ; validation, ET., ] W. and EW.,; visualization, ET.; writing—original
draft, ET., J.W. and V.A,; writing—review and editing, ].W., EW. and V.A. All authors have read and
agreed to the published version of the manuscript.

Funding: This work was supported by CNRS, CEA (VA) and Synchrotron SOLEIL (FW). The FTIR
measurements were supported by the Trans-National Access (TNA) of Molecular-Scale Biophysics Re-
search Infrastructure (MOSBRI), a European Union’s Horizon 2020 research and innovation program,
under grant agreement N° 101004806. We acknowledge funding from International Emerging action
IEA /PICS 08254 (VA, FW). This study contributes to the IdEx Université de Paris ANR-18-IDEX-0001
(VA). This work is supported by a public grant overseen by the French National Research Agency
(ANR) as part of the « Investissements d’Avenir » program, through the “ADI 2021” project funded
by the IDEX Paris-Saclay, ANR-11-IDEX-0003-02 (FT).

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available on request
from the corresponding authors.

Acknowledgments: SRCD measurements on DISCO at the SOLEIL Synchrotron were performed
under proposal 20220056 and 20230530. We would like to thank the technological platform of ULB.
Finally, we are grateful to Richard R. Sinden (SDMT, Rapid City, SD, USA), G. Wegrzyn (Gdansk
University, Gdansk, Poland) and Marisela Velez (CSIC, Madrid, Spain) for their critical reading of
the manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1.  Eisenberg, D.S.; Sawaya, M.R. Structural Studies of Amyloid Proteins at the Molecular Level. Annu. Rev. Biochem. 2017, 86, 69-95.
[CrossRef]

2. Sunde, M,; Blake, C. The structure of amyloid fibrils by electron microscopy and X-ray diffraction. Adv. Protein Chem. 1997, 50,
123-159. [CrossRef]

3. Fitzpatrick, AW,; Debelouchina, G.T; Bayro, M.].; Clare, D.K.; Caporini, M.A.; Bajaj, V.S.; Jaroniec, C.P.; Wang, L.; Ladizhansky, V.;
Muller, S.A ; et al. Atomic structure and hierarchical assembly of a cross-beta amyloid fibril. Proc. Natl. Acad. Sci. USA 2013, 110,
5468-5473. [CrossRef]

4. Alzheimer, A,; Stelzmann, R.A.; Schnitzlein, H.N.; Murtagh, ER. An English translation of Alzheimer’s 1907 paper, “Uber eine
eigenartige Erkankung der Hirnrinde”. Clin. Anat. 1995, 8, 429—431. [CrossRef]

5. Otzen, D.; Riek, R. Functional Amyloids. Cold Spring Harb. Perspect. Biol. 2019, 11, a033860. [CrossRef]

6.  Perov, S,; Lidor, O,; Salinas, N.; Golan, N.; Tayeb-Fligelman, E.; Deshmukh, M.; Willbold, D.; Landau, M. Structural Insights into
Curli CsgA Cross-beta Fibril Architecture Inspire Repurposing of Anti-amyloid Compounds as Anti-biofilm Agents. PLoS Pathog.
2019, 15, €1007978. [CrossRef]

7. Jacob, R.S; Das, S.; Ghosh, S.; Anoop, A.; Jha, N.N,; Khan, T.; Singru, P.; Kumar, A.; Maji, S.K. Amyloid formation of growth
hormone in presence of zinc: Relevance to its storage in secretory granules. Sci. Rep. 2016, 6, 23370. [CrossRef]

8.  Daskalov, A. Emergence of the fungal immune system. iScience 2023, 26, 106793. [CrossRef]

9. Wu, X;; Ma, Y.; Zhao, K.; Zhang, J.; Sun, Y.; Li, Y.; Dong, X.; Hu, H,; Liu, J.; Wang, J.; et al. The structure of a minimum amyloid
fibril core formed by necroptosis-mediating RHIM of human RIPK3. Proc. Natl. Acad. Sci. USA 2021, 118, €2022933118. [CrossRef]

10.  Vogel, J.; Luisi, B.F. Hfq and its constellation of RNA. Nat. Rev. Microbiol. 2011, 9, 578-589. [CrossRef]

11.  Bouloc, P; Repoila, F. Fresh layers of RNA-mediated regulation in Gram-positive bacteria. Curr. Opin. Microbiol. 2016, 30, 30-35.
[CrossRef]

12.  Papenfort, K.; Melamed, S. Small RNAs, Large Networks: Posttranscriptional Regulons in Gram-Negative Bacteria. Annu. Rev.
Microbiol. 2023, 77, 23-43. [CrossRef]

13. Kavita, K.; de Mets, F; Gottesman, S. New aspects of RNA-based regulation by Hfq and its partner sSRNAs. Curr. Opin. Microbiol.

2018, 42, 53-61. [CrossRef]


https://www.mdpi.com/article/10.3390/ijms25031434/s1
https://www.mdpi.com/article/10.3390/ijms25031434/s1
https://doi.org/10.1146/annurev-biochem-061516-045104
https://doi.org/10.1016/s0065-3233(08)60320-4
https://doi.org/10.1073/pnas.1219476110
https://doi.org/10.1002/ca.980080612
https://doi.org/10.1101/cshperspect.a033860
https://doi.org/10.1371/journal.ppat.1007978
https://doi.org/10.1038/srep23370
https://doi.org/10.1016/j.isci.2023.106793
https://doi.org/10.1073/pnas.2022933118
https://doi.org/10.1038/nrmicro2615
https://doi.org/10.1016/j.mib.2015.12.008
https://doi.org/10.1146/annurev-micro-041320-025836
https://doi.org/10.1016/j.mib.2017.10.014

Int. J. Mol. Sci. 2024, 25, 1434 11 0f 13

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

Berbon, M.; Martinez, D.; Morvan, E.; Grelard, A.; Kauffmann, B.; Waeytens, J.; Wien, F; Arluison, V.; Habenstein, B. Hfq
C-terminal region forms a beta-rich amyloid-like motif without perturbing the N-terminal Sm-like structure. Commun. Biol. 2023,
6,1075. [CrossRef]

Wilusz, C.J.; Wilusz, J. Lsm proteins and Hfq: Life at the 3’ end. RNA Biol. 2013, 10, 592-601. [CrossRef]

Mura, C.; Randolph, P.S.; Patterson, J.; Cozen, A.E. Archaeal and eukaryotic homologs of Hfq: A structural and evolutionary
perspective on Sm function. RNA Biol. 2013, 10, 636—651. [CrossRef]

Arluison, V.; Folichon, M.; Marco, S.; Derreumaux, P,; Pellegrini, O.; Seguin, J.; Hajnsdorf, E.; Regnier, P. The C-terminal domain
of Escherichia coli Hfq increases the stability of the hexamer. Eur. |. Biochem. 2004, 271, 1258-1265. [CrossRef]

Wen, B.; Wang, W.; Zhang, J.; Gong, Q.; Shi, Y.; Wu, J.; Zhang, Z. Structural and dynamic properties of the C-terminal region of
the Escherichia coli RNA chaperone Hfq: Integrative experimental and computational studies. Phys. Chem. Chem. Phys. 2017, 19,
21152-21164. [CrossRef]

Schumacher, M.A.; Pearson, R.E; Moller, T.; Valentin-Hansen, P.; Brennan, R.G. Structures of the pleiotropic translational regulator
Hfq and an Hfg- RNA complex: A bacterial Sm-like protein. EMBO J. 2002, 21, 3546-3556. [CrossRef]

Link, T.M.; Valentin-Hansen, P.; Brennan, R.G. Structure of Escherichia coli Hfq bound to polyriboadenylate RNA. Proc. Natl. Acad.
Sci. USA 2009, 106, 19292-19297. [CrossRef]

Orans, J.; Kovach, A.R.; Hoff, K.E.; Horstmann, N.M.; Brennan, R.G. Crystal structure of an Escherichia coli Hfq Core (residues
2-69)-DNA complex reveals multifunctional nucleic acid binding sites. Nucleic Acids Res. 2020, 48, 3987-3997. [CrossRef]
[PubMed]

Malabirade, A.; Partouche, D.; El Hamoui, O.; Turbant, E; Geinguenaud, F.; Recouvreux, P.; Bizien, T.; Busi, F.; Wien, F.; Arluison,
V. Revised role for Hfq bacterial regulator on DNA topology. Sci. Rep. 2018, 8, 16792. [CrossRef] [PubMed]

Dimastrogiovanni, D.; Frohlich, K.S.; Bandyra, K.J.; Bruce, H.A.; Hohensee, S.; Vogel, J.; Luisi, B.F. Recognition of the small
regulatory RNA RydC by the bacterial Hfq protein. eLife 2014, 3, e05375. [CrossRef] [PubMed]

Malabirade, A.; Morgado-Brajones, J.; Trepout, S.; Wien, E; Marquez, I.; Seguin, J.; Marco, S.; Velez, M.; Arluison, V. Membrane
association of the bacterial riboregulator Hfq and functional perspectives. Sci. Rep. 2017, 7, 10724. [CrossRef] [PubMed]
McQuail, J.; Switzer, A.; Burchell, L.; Wigneshweraraj, S. The RNA-binding protein Hfq assembles into foci-like structures in
nitrogen starved Escherichia coli. |. Biol. Chem. 2020, 295, 12355-12367. [CrossRef] [PubMed]

Goldberger, O.; Szoke, T.; Nussbaum-Shochat, A.; Amster-Choder, O. Heterotypic phase separation of Hfq is linked to its roles as
an RNA chaperone. Cell Rep. 2022, 41, 111881. [CrossRef]

Song, J. Molecular mechanisms of phase separation and amyloidosis of ALS/FTD-linked FUS and TDP-43. Aging Dis. 2023, 15,
1-29. [CrossRef]

Taghbalout, A.; Yang, Q.; Arluison, V. The Escherichia coli RNA processing and degradation machinery is compartmentalized
within an organized cellular network. Biochem. J. 2014, 458, 11-22. [CrossRef]

Sawyer, .A.; Bartek, J.; Dundr, M. Phase separated microenvironments inside the cell nucleus are linked to disease and regulate
epigenetic state, transcription and RNA processing. Semin. Cell Dev. Biol. 2019, 90, 94-103. [CrossRef]

Gellermann, G.P; Appel, TR; Tannert, A.; Radestock, A.; Hortschansky, P.; Schroeckh, V.; Leisner, C.; Lutkepohl, T.; Shtrasburg,
S.; Rocken, C.; et al. Raft lipids as common components of human extracellular amyloid fibrils. Proc. Natl. Acad. Sci. USA 2005,
102, 6297-6302. [CrossRef]

Pluhackova, K.; Horner, A. Native-like membrane models of E. coli polar lipid extract shed light on the importance of lipid
composition complexity. BMIC Biol. 2021, 19, 4. [CrossRef] [PubMed]

Turbant, F.; Waeytens, J.; Campidelli, C.; Bombled, M.; Martinez, D.; Grelard, A.; Habenstein, B.; Raussens, V.; Velez, M.; Wien, E,;
et al. Unraveling Membrane Perturbations Caused by the Bacterial Riboregulator Hfq. Int. . Mol. Sci. 2022, 23, 8739. [CrossRef]
[PubMed]

Park, S.; Prevost, K.; Heideman, E.M.; Carrier, M.C.; Azam, M.S.; Reyer, M. A ; Liu, W.; Masse, E.; Fei, ]. Dynamic interactions
between the RNA chaperone Hfq, small regulatory RNAs, and mRNAs in live bacterial cells. eLife 2021, 10, e64207. [CrossRef]
Ugalde, C.L.; Lawson, V.A ; Finkelstein, D.I; Hill, A.F. The role of lipids in alpha-synuclein misfolding and neurotoxicity. J. Biol.
Chem. 2019, 294, 9016-9028. [CrossRef]

Turbant, F.; Waeytens, J.; Blache, A.; Esnouf, E.; Raussens, V.; Wegrzyn, G.; Achouak, W.; Wien, F,; Arluison, V. Interactions
and Insertion of Escherichia coli Hfq into Outer Membrane Vesicles as Revealed by Infrared and Orientated Circular Dichroism
Spectroscopies. Int. J. Mol. Sci. 2023, 24, 11424. [CrossRef] [PubMed]

Biirck, ].; Wadhwani, P; Fanghanel, S.; Ulrich, A.S. Oriented Circular Dichroism: A Method to Characterize Membrane-Active
Peptides in Oriented Lipid Bilayers. Acc. Chem. Res. 2016, 49, 184-192. [CrossRef]

Brennan, R.G.; Link, T.M. Hfq structure, function and ligand binding. Curr. Opin. Microbiol. 2007, 10, 125-133. [CrossRef]
Khondker, A.; Alsop, R.J.; Rheinstadter, M.C. Membrane-Accelerated Amyloid-beta Aggregation and Formation of Cross-beta
Sheets. Membranes 2017, 7, 49. [CrossRef]

Hebda, J.A.; Miranker, A.D. The interplay of catalysis and toxicity by amyloid intermediates on lipid bilayers: Insights from type
II diabetes. Annu. Rev. Biophys. 2009, 38, 125-152. [CrossRef]

Bandyopadhyay, A.; Sannigrahi, A.; Chattopadhyay, K. Membrane composition and lipid to protein ratio modulate amyloid
kinetics of yeast prion protein. RSC Chem. Biol. 2021, 2, 592-605. [CrossRef]


https://doi.org/10.1038/s42003-023-05462-1
https://doi.org/10.4161/rna.23695
https://doi.org/10.4161/rna.24538
https://doi.org/10.1111/j.1432-1033.2004.04026.x
https://doi.org/10.1039/C7CP01044C
https://doi.org/10.1093/emboj/cdf322
https://doi.org/10.1073/pnas.0908744106
https://doi.org/10.1093/nar/gkaa149
https://www.ncbi.nlm.nih.gov/pubmed/32133526
https://doi.org/10.1038/s41598-018-35060-9
https://www.ncbi.nlm.nih.gov/pubmed/30429520
https://doi.org/10.7554/eLife.05375
https://www.ncbi.nlm.nih.gov/pubmed/25551292
https://doi.org/10.1038/s41598-017-11157-5
https://www.ncbi.nlm.nih.gov/pubmed/28878270
https://doi.org/10.1074/jbc.RA120.014107
https://www.ncbi.nlm.nih.gov/pubmed/32532816
https://doi.org/10.1016/j.celrep.2022.111881
https://doi.org/10.14336/AD.2023.1118
https://doi.org/10.1042/BJ20131287
https://doi.org/10.1016/j.semcdb.2018.07.001
https://doi.org/10.1073/pnas.0407035102
https://doi.org/10.1186/s12915-020-00936-8
https://www.ncbi.nlm.nih.gov/pubmed/33441107
https://doi.org/10.3390/ijms23158739
https://www.ncbi.nlm.nih.gov/pubmed/35955871
https://doi.org/10.7554/eLife.64207
https://doi.org/10.1074/jbc.REV119.007500
https://doi.org/10.3390/ijms241411424
https://www.ncbi.nlm.nih.gov/pubmed/37511182
https://doi.org/10.1021/acs.accounts.5b00346
https://doi.org/10.1016/j.mib.2007.03.015
https://doi.org/10.3390/membranes7030049
https://doi.org/10.1146/annurev.biophys.050708.133622
https://doi.org/10.1039/D0CB00203H

Int. J. Mol. Sci. 2024, 25, 1434 12 of 13

41.

42.

43.

44.

45.

46.

47.
48.

49.

50.
51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Vahdat Shariat Panahi, A.; Hultman, P; Ollinger, K.; Westermark, G.T.; Lundmark, K. Lipid membranes accelerate amyloid
formation in the mouse model of AA amyloidosis. Amyloid 2019, 26, 34—44. [CrossRef] [PubMed]

Lindberg, D.J.; Wesen, E.; Bjorkeroth, J.; Rocha, S.; Esbjorner, E.K. Lipid membranes catalyse the fibril formation of the amyloid-
beta (1-42) peptide through lipid-fibril interactions that reinforce secondary pathways. Biochim. Biophys. Acta 2017, 1859,
1921-1929. [CrossRef] [PubMed]

Borro, B.; Parolini, L.; Cicuta, P.; Fodera, V.; Di Michele, L. Interaction with prefibrillar species and amyloid-like fibrils changes
the stiffness of lipid bilayers. Phys. Chem. Chem. Phys. 2016, 19, 27930-27934. [CrossRef] [PubMed]

Martins, I.C.; Kuperstein, I.; Wilkinson, H.; Maes, E.; Vanbrabant, M.; Jonckheere, W.; Van Gelder, P.; Hartmann, D.; D'Hooge, R.;
De Strooper, B.; et al. Lipids revert inert Abeta amyloid fibrils to neurotoxic protofibrils that affect learning in mice. EMBO J. 2008,
27,224-233. [CrossRef] [PubMed]

Diestra, E.; Cayrol, B.; Arluison, V.; Risco, C. Cellular electron microscopy imaging reveals the localization of the Hfq protein
close to the bacterial membrane. PLoS ONE 2009, 4, e8301. [CrossRef]

Oliver, PM.; Crooks, J.A.; Leidl, M.; Yoon, E.J.; Saghatelian, A.; Weibel, D.B. Localization of anionic phospholipids in Escherichia
coli cells. |. Bacteriol. 2014, 196, 3386-3398. [CrossRef] [PubMed]

Cronan, J.E., Jr. Phospholipid alterations during growth of Escherichia coli. ]. Bacteriol. 1968, 95, 2054-2061. [CrossRef]

Wang, X.; Zhou, Y.; Ren, ].J.; Hammer, N.D.; Chapman, M.R. Gatekeeper residues in the major curlin subunit modulate bacterial
amyloid fiber biogenesis. Proc. Natl. Acad. Sci. USA 2010, 107, 163-168. [CrossRef]

Lopez, D.; Koch, G. Exploring functional membrane microdomains in bacteria: An overview. Curr. Opin. Microbiol. 2017, 36,
76-84. [CrossRef]

Bramkamp, M.; Lopez, D. Exploring the existence of lipid rafts in bacteria. Microbiol. Mol. Biol. Rev. 2015, 79, 81-100. [CrossRef]
Lopez, D. Molecular composition of functional microdomains in bacterial membranes. Chem. Phys. Lipids 2015, 192, 3-11.
[CrossRef]

Mileykovskaya, E.; Dowhan, W. Cardiolipin membrane domains in prokaryotes and eukaryotes. Biochim. Biophys. Acta 2009,
1788,2084-2091. [CrossRef]

Szoke, T.; Albocher, N.; Govindarajan, S.; Nussbaum-Shochat, A.; Amster-Choder, O. Tyrosine phosphorylation-dependent
localization of TmaR that controls activity of a major bacterial sugar regulator by polar sequestration. Proc. Natl. Acad. Sci. USA
2021, 118, €2016017118. [CrossRef]

Romantsov, T.; Stalker, L.; Culham, D.E.; Wood, ].M. Cardiolipin controls the osmotic stress response and the subcellular location
of transporter ProP in Escherichia coli. ]. Biol. Chem. 2008, 283, 12314-12323. [CrossRef]

Mileykovskaya, E. Subcellular localization of Escherichia coli osmosensory transporter ProP: Focus on cardiolipin membrane
domains. Mol. Microbiol. 2007, 64, 1419-1422. [CrossRef]

Guisbert, E.; Rhodius, V.A.; Ahuja, N.; Witkin, E.; Gross, C.A. Hfq modulates the sigmaE-mediated envelope stress response and
the sigma32-mediated cytoplasmic stress response in Escherichia coli. . Bacteriol. 2007, 189, 1963-1973. [CrossRef]

Gottesman, S. Trouble is coming: Signaling pathways that regulate general stress responses in bacteria. J. Biol. Chem. 2019, 294,
11685-11700. [CrossRef]

Hiraoka, S.; Matsuzaki, H.; Shibuya, I. Active increase in cardiolipin synthesis in the stationary growth phase and its physiological
significance in Escherichia coli. FEBS Lett. 1993, 336, 221-224. [CrossRef]

Mitra, K.; Ubarretxena-Belandia, I.; Taguchi, T.; Warren, G.; Engelman, D.M. Modulation of the bilayer thickness of exocytic
pathway membranes by membrane proteins rather than cholesterol. Proc. Natl. Acad. Sci. USA 2004, 101, 4083-4088. [CrossRef]
Rocha-Roa, C.; Orjuela, J.D.; Leidy, C.; Cossio, P.; Aponte-Santamaria, C. Cardiolipin prevents pore formation in phosphatidyl-
glycerol bacterial membrane models. FEBS Lett. 2021, 595, 2701-2714. [CrossRef]

Kucerka, N.; Heberle, EA ; Pan, ].; Katsaras, J. Structural Significance of Lipid Diversity as Studied by Small Angle Neutron and
X-ray Scattering. Membranes 2015, 5, 454-472. [CrossRef]

Beltran-Heredia, E.; Tsai, F.C.; Salinas-Almaguer, S.; Cao, E]J.; Bassereau, P.; Monroy, F. Membrane curvature induces cardiolipin
sorting. Commun. Biol. 2019, 2, 225. [CrossRef]

Crooke, E. Escherichia coli DnaA protein—phospholipid interactions: In vitro and in vivo. Biochimie 2001, 83, 19-23. [CrossRef]
Hou, Y.; Kumar, P.; Aggarwal, M.; Sarkari, F.; Wolcott, KM.; Chattoraj, D.K.; Crooke, E.; Saxena, R. The linker domain of the
initiator DnaA contributes to its ATP binding and membrane association in E. coli chromosomal replication. Sci. Adv. 2022, §,
eabq6657. [CrossRef]

Koppelman, C.M.; Den Blaauwen, T.; Duursma, M.C.; Heeren, R M.; Nanninga, N. Escherichia coli minicell membranes are
enriched in cardiolipin. J. Bacteriol. 2001, 183, 6144-6147. [CrossRef]

Zambrano, N.; Guichard, PP; Bi, Y.; Cayrol, B.; Marco, S.; Arluison, V. Involvement of HFq protein in the post-transcriptional
regulation of E. coli bacterial cytoskeleton and cell division proteins. Cell Cycle 2009, 8, 2470-2472. [CrossRef]

Takada, A.; Wachi, M.; Nagai, K. Negative regulatory role of the Escherichia coli hfq gene in cell division. Biochem. Biophys. Res.
Commun. 1999, 266, 579-583. [CrossRef]

Arluison, V,; Derreumaux, P.; Allemand, F.; Folichon, M.; Hajnsdorf, E.; Regnier, P. Structural Modelling of the Sm-like Protein
Hfq from Escherichia coli. ]. Mol. Biol. 2002, 320, 705-712. [CrossRef]

Panja, S.; Woodson, S.A. Hexamer to monomer equilibrium of E. coli Hfq in solution and its impact on RNA annealing. J. Mol.
Biol. 2012, 417, 406-412. [CrossRef]


https://doi.org/10.1080/13506129.2019.1576606
https://www.ncbi.nlm.nih.gov/pubmed/30929476
https://doi.org/10.1016/j.bbamem.2017.05.012
https://www.ncbi.nlm.nih.gov/pubmed/28564579
https://doi.org/10.1039/C7CP05339H
https://www.ncbi.nlm.nih.gov/pubmed/29028061
https://doi.org/10.1038/sj.emboj.7601953
https://www.ncbi.nlm.nih.gov/pubmed/18059472
https://doi.org/10.1371/journal.pone.0008301
https://doi.org/10.1128/JB.01877-14
https://www.ncbi.nlm.nih.gov/pubmed/25002539
https://doi.org/10.1128/jb.95.6.2054-2061.1968
https://doi.org/10.1073/pnas.0908714107
https://doi.org/10.1016/j.mib.2017.02.001
https://doi.org/10.1128/MMBR.00036-14
https://doi.org/10.1016/j.chemphyslip.2015.08.015
https://doi.org/10.1016/j.bbamem.2009.04.003
https://doi.org/10.1073/pnas.2016017118
https://doi.org/10.1074/jbc.M709871200
https://doi.org/10.1111/j.1365-2958.2007.05766.x
https://doi.org/10.1128/JB.01243-06
https://doi.org/10.1074/jbc.REV119.005593
https://doi.org/10.1016/0014-5793(93)80807-7
https://doi.org/10.1073/pnas.0307332101
https://doi.org/10.1002/1873-3468.14206
https://doi.org/10.3390/membranes5030454
https://doi.org/10.1038/s42003-019-0471-x
https://doi.org/10.1016/S0300-9084(00)01224-4
https://doi.org/10.1126/sciadv.abq6657
https://doi.org/10.1128/JB.183.20.6144-6147.2001
https://doi.org/10.4161/cc.8.15.9090
https://doi.org/10.1006/bbrc.1999.1863
https://doi.org/10.1016/S0022-2836(02)00548-X
https://doi.org/10.1016/j.jmb.2012.02.009

Int. J. Mol. Sci. 2024, 25, 1434 13 of 13

70. Sennato, S.; Bordi, F; Cametti, C.; Coluzza, C.; Desideri, A.; Rufini, S. Evidence of domain formation in cardiolipin-
glycerophospholipid mixed monolayers. A thermodynamic and AFM study. ]. Phys. Chem. B 2005, 109, 15950-15957.
[CrossRef]

71. Miles, A.].; Wallace, B.A. CDtoolX, a downloadable software package for processing and analyses of circular dichroism spectro-
scopic data. Protein Sci. 2018, 27, 1717-1722. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1021/jp051893q
https://doi.org/10.1002/pro.3474

	Introduction 
	Results 
	Effects on Hfq-CTR Fibers Are Lipid-Specific 
	Lipids Specifically Induce Amyloid Assembly from Its Soluble Form 
	Phosphatidic Glycerol (PG) Significantly Interacts with Full-Length Hfq 

	Discussion 
	Materials and Methods 
	Preparation of Hfq and Hfq-CTR 
	Preparation of Small Unilamellar Vesicles (SUVs) 
	Preparation of Lipid Supported Membranes for OCD Analysis 
	Synchrotron Radiation Circular Dichroism (SRCD) and Orientated Circular Dichroism (OCD) 
	FTIR Analysis 

	References

