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Nucleic acid amyloid proteins interactions have been observed in the past few years. These interactions often
promote protein aggregation. Nevertheless, molecular basis and physiological consequences of these interactions
are still poorly understood. Additionally, it is unknown whether the nucleic acid promotes the formation of self-
assembly due to direct interactions or indirectly via sequences surrounding the amyloid region. Here we focus our
attention on a bacterial amyloid, Hfq. This protein is a pleiotropic bacterial regulator that mediates many aspects
of nucleic acids metabolism. The protein notably mediates mRNA stability and translation efficiency by using
stress-related small non coding regulatory RNA. In addition, Hfq, thanks to its amyloid C-terminal region, binds
and compacts DNA. A combination of experimental methodologies, including synchrotron radiation circular
dichroism (SRCD), gel shift assay and infrared (FTIR) spectroscopy have been used to probe the interaction of Hfq
C-terminal region with DNA. We clearly identify important amino acids in this region involved in DNA binding
and polymerization properties. This allows to understand better how this bacterial amyloid interacts with DNA.

Possible functional consequence to answer to stresses are discussed.

1. Introduction

Nucleic acids, DNA and RNA, have been described as cofactors that
bind to amyloidogenic proteins and facilitate their self-assembly [1, 2].
Even if the implications of this interaction are still unclear, they may
have physiological (and possibly pathological) consequences [3]. As an
example, the amyloid § peptide (AB) involved in Alzheimer’s disease
interacts with DNA [2], regulates gene transcription [4, 5] and may
affect DNA repair process [6]. Thus, a close link between bacterial
amyloid self-assembly and gene expression regulation may exist.

Here, we focus our attention on a protein involved in stress response
in bacteria, Hfq [7]. We particularly focus our attention on Hfq’s amy-
loid region, involved in DNA binding and condensing properties. In
bacteria, the chromosomic DNA is about 2 nm in diameter and more
than 1 mm in length. It thus needs to be packed to fit in a length of ~ 1
pm and an intracellular volume of ~ 1 um®. This can be achieved with
the help of some proteins, the Nucleoid-Associated Proteins (NAP). The
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assembly of NAPs and chromosomic DNA forms a condensed structure
called nucleoid [8], that occupies about ~ 0.2 pm3 [9]. More than 10
proteins are essential to achieve this function in E. coli, which play
crucial roles in the regulation of several biological processes [10, 11].
For instance, condensed and uncondensed DNA states drastically influ-
ence the efficiency of replication and transcription processes [12].
Additionally, when DNA damages such as strand breaks occur, there is a
need in the apposition of homologous sequences to repair DNA by
recombination and DNA compaction helps this process. This is particu-
larly critical in stress conditions and proteins involved in stress response
could have an important role in such a process [13].

Hfq is particularly important for stress response in bacteria [7]. Hfq
is an abundant protein that binds to nucleic acids in general, DNA and
RNA [14, 15]. Functionally, Hfq controls a large number of bacterial
functions [16]. Among these functions, most are related to its
RNA-binding properties. Indeed, Hfq facilitates the pairing of small
regulatory non-coding RNA (sRNA) with different mRNA target(s) [17].
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As sRNA annealing to mRNA often takes place around the
Shine-Dalgarno sequence, this usually induces a negative regulation at
the post-transcriptional level [18-20]. Hfq also regulates genetic
expression by changing RNA stability [21, 22].

In addition, Hfq can also bind DNA [11, 15], even if its affinity for
DNA is lower than for RNA (depending on the sequences Kp ranging
from nM to uM vs pM to nM, respectively [23, 24]). Hfq binds both linear
and circular DNA [25] and in vivo a significant amount of the protein is
found in the nucleoid fractions (up to 20%) [26]. Hfq binding to the
major groove of DNA B-form leads to a slight reduction in the double
stranded DNA helical pitch (~ 10%) [27]. But Hfq binding also results in
the condensation of DNA through protein-protein interactions [24, 28].
This is referred to as “bridging” and observed for other NAPs such as
H—NS [29-31]. Some of the phenotypic effects due to the lack of Hfq,
initially associated to sRNA-based regulations, may also be linked to
defects in DNA-related processes [28, 32].

Structurally, the N-terminal region of Hfq (NTR, ~ 65 amino acid
residues) shares homologies with the Sm family of protein [33, 34].
Precisely, Hfq-NTR comprises five p-strands that form a strongly bent
antiparallel B-sheet, capped by a a-helix. Like Sm proteins, Hfq assem-
bles into a cyclic oligomer (an hexamer in the case of Hfq vs an heptamer
for Sm proteins) to form the biologically active unit, a torus. This olig-
omeric torus binds RNA on both faces [35-37]. Although the mechanism
by which Hfq binds to DNA is not completely clear, it is now established
that this NTR domain of the protein binds DNA in a
sequence-independent manner [27, 38]. The DNA molecule binds to the
proximal face of the Hfq hexamer, i.e. the surface exposing the N-ter-
minal o-helix [27].

In addition to the well-characterized Sm domain, the protein also
presents a C-terminal region (CTR), that comprised ~ 40 amino acid (aa)
residues. Hfq-CTR is located at the periphery of the torus [39]. Although
no atomic 3D structure is known for this CTR, it has been shown that it
self-assembles into an amyloid-like structure in vitro and in vivo [40, 41].
Recently, this CTR region has been shown to play a major role in DNA
bridging and compaction [28, 38, 42, 43], but also that it interacts with
the membrane [44].

The work reported here further explores the DNA binding properties
of the amyloid region of Hfq and its ability to bind and change the
structure of DNA. A minimal region of eleven aa has been identified as
the nucleation site for the amyloid formation (underlined in the CTR
sequence: SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE)
[44]. This minimal sequence is unable to bind DNA, while the CTR does.
We suspect that other aa residues are involved in the global assembly of
that amyloid structure outside the minimal region of 11 aa, and that
some residues may also be involved in DNA binding properties. To
answer this question, a combination of experimental methodologies,
including synchrotron radiation circular dichroism (SRCD) and infrared
(FTIR) spectroscopies, have been used to probe the interaction of Hfq
with DNA and to analyze the formation of the amyloid self-assembly.

2. Materials and methods
2.1. Chemicals

All chemicals were purchased from Sigma-Aldrich and Thermofisher
scientific.

2.2. Hfq CTR peptides

Hfg-related peptides were chemically synthetized (Proteogenix,
France) and prepared as described previously in Fortas et al. [40]. These
peptides correspond to the amyloid CTR domain of Hfq (residues 64 to
102) and are referred to as Hfq-CTR throughout the manuscript. The

BBA Advances 1 (2021) 100029

sequences of the various CTR mutants are:

WT: SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE
R66A: SAPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE
S65A,S69A,S72A: ARPVAHHANNAGGGTSSNYHHGSSAQNTSAQQDSEETE
S80A,S81A: SRPVSHHSNNAGGGTAANYHHGSSAQNTSAQQDSEETE
S87A,S88A: SRPVSHHSNNAGGGTSSNYHHGAAAQNTSAQQDSEETE
S93A,S98A: SRPVSHHSNNAGGGTSSNYHHGSSAQNTAAQQDAEETE
H70A,H71A,H84A, SRPVSAASNNAGGGTSSNYAAGSSAQNTSAQQDSEETE
H85A:
H70A,H71A: SRPVSAASNNAGGGTSSNYHHGSSAQNTSAQQDSEETE
H84A,H85A: SRPVSHHSNNAGGGTSSNYAAGSSAQNTSAQQDSEETE

Y83A SRPVSHHSNNAGGGTSSNAHHGSSAQNTSAQQDSEETE

E99A,E100A,E102A: SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSAATA

D97A,E99A,E100A, SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQASAATA
E102A:

G76A,G77A,G78A: SRPVSHHSNNAAAATSSNYHHGSSAQNTSAQQDSEETE

Hfq-CTR peptides were reconstituted in water at 20 mg/mL. We
determined that the pH used in our condition (~ 5) was the most
appropriate to form the complex with DNA. Indeed, the net charge of the
WT peptide was calculated as +1 at pH 5,0 at pH 6, —2 at pH 7 and —3 at
pH 8. The positive charge of the peptide at pH 5 allows its interaction
with DNA, while increasing pH abolishes this interaction. At this con-
centration, the peptide shows self-buffering properties [45]. The posi-
tive charge of the peptide could be more pronounced at pH 4, but we
estimated that this condition was too far of the E. coli physiological pH
[46]. Note that in vivo the CTR of the protein is not found isolated but
bound to the Hfq-NTR part that may change the microenvironment of
CTR aminoacids and could drastically change their pKa and thus peptide
net charge at physiological pH [47, 48].

2.3. Preparation of the complexes for SRCD and FTIR analysis

Complexes between (dA:dT)sg DNA (Eurogentec) and Hfq-CTR
peptides were prepared as described previously [28, 43]. Briefly, com-
plexes between Hfq-CTR DNA were prepared at pH 5 and used at a final
concentration of 1.8 mM and 7.3 mM, respectively. The stoichiometry
was 1 Hfq-CTR per 4 base pair. The choice for this 59 base-pair homo-
polymeric DNA sequence was made because (i) Hfq CTR has the higher
affinity for AT-rich sequences; (ii) Hfq-CTR has a low affinity for short
DNAs, that in turn cannot be analysed using SRCD as they don’t have
significant signal; (iii) using a random sequence will not give any rele-
vant Kp as a random sequence is heterogeneous and therefore the Kp
changes all along the sequence according to the nucleotide sequence to
which Hfq-CTR is bound; (iv) more important the structure of DNA may
drastically change the SRCD and even more the FTIR spectra and cannot
be subtracted accurately for our spectral analysis. As salts don’t change
drastically the affinity of the CTR for DNA (Sup Fig. S1), we preferred to
omit additional salts in our preparations in order to get a broader
spectral band (170-320 nm) [42, 49]. Furthermore, this procedure
corresponds to the one used previously for the accumulation of reference
dataset (https://pcddb.cryst.bbk.ac.uk/). Samples were analyzed after
at least 2 weeks minimum to allow peptide self-assembly on DNA that is
not instantaneous [28] (while DNA:Hfq-CTR simple interaction is, see
2.4 and 2.5).

2.4. Electrophoretic mobility shift assay (EMSA)

Binding of Hfq—CTRs to dsDNA was investigated with an EMSA. The
DNA fragment was incubated with Hfg—CTR WT or mutants for 20 min
at room temperature in water at pH5. We observed that this short time is
sufficient to allow the interaction of the CTR with DNA (while amyloi-
dogenesis takes more time, see 2.3.). EMSA was carried out using a non-
denaturing gradient 4-12% polyacrylamide gel (Bio-rad). The gel was
run for 2 h at room temperature with TAE buffer (40 mM Tris-Acetate, 1
mM ethylenediaminetetraacetic acid, pH 8.0), then stained with GelRed
nucleic acid stain (Biotium) and imaged with a G-BOX system (Syngene,
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Fig. 1. EMSA analysis of Hfq-CTR wild type
(WT) and mutants in the presence of DNA. Lane
1: Control, Hfq-CTR WT (this control was
reprinted with permission from Bio-
macromolecules 2020, 21, 3668-3677. Copy-
right 2020 American Chemical Society); lane 2:
Hfq-CTR S87A,S88A; lane 3: Hfq-CTR E99A,
E100A,E102A; lane 4: Hfq-CTR Y83A. In these
case a complex is formed with the peptide. Note
that the complex, when it forms, migrates on
the top of the gel (but not in the well that is not
visible here), indicating that numerous peptides
are bound to DNA. Sometimes 2 complexes of
different size are present, probably corre-
sponding to different numbers of CTRs bound to
DNA [43]. Taking into account the bridging
properties of the CTR [38], we suspect these
two bands could be (CTR,:ATs¢) and (CTR;:
ATsg),, where 2 (CTR,:ATsg) are bridged. Lane
5: Hfq-CTR S80A,S81A; Lane 6: Hfq-CTR R66A;

& complex

& free DNA

Lane 7: Hfq-CTR S65A,569A,572A; Lane 8: Hfq-CTR S93A,S98A; Lane 9: Hfq-CTR H70A,H71A,H84A,H85A; Lane 10: Hfg-CTR G76A, G77A, G78A. In these cases no

complex is formed.

Cambridge, UK). The concentration of Hfq-CTR peptides and DNA
fragment were 1 uM and 100 nM, respectively.

2.5. Fluorescence anisotropy

Equilibrium constant dissociation (Kp) were determined using fluo-
rescence anisotropy [24]. Measurements were collected with an Eclipse
fluorimeter (Agilent) equipped with polarizers. The extrinsic fluo-
rophore was attached to one DNA strand. Here we used 5'-fluorescei-
nated dAyy and non labelled dTy; oligonucleotides (Eurogentec); the
duplex of oligonucleotides were formed after stoichiometric addition of
the two oligonucleotides in the same tube, heating at 90 °C for 3 min and
then slowly cooled down at 20 °C. Note that for anisotropy measure-
ments we used low molecular weight (shorter) oligonucleotides than for
EMSA, as fluorescence anisotropy can be used only if the molecular size
of the protein-DNA complex is sufficiently different from the free fluo-
rescing DNA. 1 nM of fluoresceinated dsDNA was added to the cuvette
(1 ml) and titrated by Hfq-CTR (concentration ranging from 0 to few uM,
see Fig. 2). Samples were incubated 60 s prior to each measurement,
ensuring equilibrium binding (DNA binding is almost instantaneous).
The measurement was performed at 298 K and pH 5, samples were
excited at 490 nm and emission was measured at 520 nm. The
normalization of fluorescence anisotropy was carried out after deter-
mination of the A, value, which was obtained at saturating Hfq-CTR
concentrations. A/Apqx ratios were plotted versus Hfq-CTR concentra-
tions. The curves were fitted by the nonlinear least-squares regression
method, assuming a bimolecular model, with Hfqg-CTR (monomeric)
concentration in excess compare to dAy:dTgo. Binding affinities were
confirmed with at least two different experiments.

2.6. Synchrotron radiation circular dichroism (SRCD)

SRCD measurements were carried out on DISCO beamline at SOLEIL
Synchrotron as described in Malabirade et al. [28] (proposals 20,171,
061 and 20,200,007). Samples (~ 4 ul) were loaded into a CaFj circular
cell of 33 um pathlength [50]. Spectral acquisitions of 1 nm steps at 1.2 s
integration time were recorded in triplicate between 320 and 180 nm.
(+)-camphor-10-sulfonic acid (CSA) was used to calibrate amplitudes
and wavelength positions of the experiment. Data analyses (averaging,
baseline subtraction, smoothing, scaling and spectral summations) were
carried out with CDtoolX [51]. Spectra are presented in units of mdeg
versus nm maintaining the same molar ratios for all presented samples.
Due to the origin of absorption, spectra of mixed samples (poly-
nucleotides + peptides) could not be standardized to Ae.

Fluoresence anisotropy

0# 1 1 1 1 1 1

0 200 400 600 800 1000 1200
Hfq-CTR concentration (nM)

Fig. 2. Kp measurements of WT and mutated Hfq-CTR:dsDNA complexes using
fluorescence anisotropy. In this case a dA:dTyo dsDNA was used. WT Hfq-CTR
(black) has an equilibrium dissociation constant Kp = 260 + 10 nM; mutant
Hfq-CTR S87A,S88A (blue) has a Kp = 460 + 30 nM. The mutants Hfq-CTR
Y83A (red) and Hfq-CTR E99A,E100A,E102A (green) have lower affinities
with Kp = 1000 + 75 nM and 890 + 80 nM, respectively. For other mutants,
namely Hfq-CTR S80A,S81A; Hfq-CTR R66A; Hfq-CTR S65A,S69A,S72A; Hfq-
CTR S93A,S98A; Hfq-CTR H70A,H71A,H84A,H85A and Hfq-CTR G76A,
G77A, G78A no complex is formed, titration curve was flat and not shown, in
agreement with EMSA result.

2.6. Infrared spectroscopy (FTIR)

Infrared (FTIR) spectroscopy analysis was performed as described in
Partouche et al. [41]. Briefly, we acquired IR transmission spectra by
depositing peptides on a CaF; surface. The deposits were then dried at
room temperature. For each deposit, spectra were acquired at different
positions using a Thermo Scientific IN10 infrared microscope (Villebon
sur Yvette, France). Infrared absorption measurements were recorded
between 4000 and 400 cm™! with 128 scans, but only the region
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Fig. 3. SRCD spectra of the CTR/DNA complex (blue), DNA (red) and CTR (green). Spectra of the individual components are measured with equivalent DNA and CTR
concentrations. The dotted spectrum represents the relevant combination of the spectra pertaining to the individual components. (++), (+), (+) and (-) indicate the
four main behaviors observed. An example of each behavior is presented. For instance for Hfq-CTR E99A,E100A,E102A/DNA spectra (top left corner, (++), a clear
different spectrum is measured (blue) compared to the theoretical addition of the peptide and DNA spectra (dotted line). The same analysis for all other Hfq-CTR
mutants with (-) behaviors are presented in Sup. Fig. S5. The qualitative comparison considering amplitude and peak position shifts between theoretical and

measured spectra always correlates with EMSA and FTIR results.

between 1750 and 1550 cm™' was analyzed and compared for the
different peptides.

3. Results
3.1. Binding of Hfq-CTR mutants to DNA

We first analyzed the interaction of the Hfq-CTR mutant peptides
with DNA using EMSA. Note we didn’t evaluate the effect of individual
amino acids properties, but focused on the effect of short regions of the
protein that include specific aa of interest.

The EMSA results are shown on Fig. 1. A clear band shift is observed
in the case of the Wild Type (WT) Hfgq-CTR, confirming a significant
binding. Nevertheless, EMSA is not adapted to measure Kp in solution
and migration in the gel matrix often influences the stability of peptide-
DNA complex [52]. Furthermore, we also noticed that increasing CTR
concentration to titrate DNA results in very high molecular weight
complexes (possibly (CTR,:ATsg),) that stay in the well of the gel and
cannot be quantified accurately (Sup Fig S2). We thus used anisotropy
fluorescence measurements to determine accurately equilibrium disso-
ciation constants Kp of the various complexes (Fig. 2). Anisotropy
fluorescence measurements gave a Kp value of 260 + 10 nM for CTR, a
value in agreement with previous reports [24, 43]). We tested the effect
of salt addition on the stability of this complex (100 mM and 300 mM
NaCl) and observed only a slightly better affinity at 100 mM (Kp = 240
+ 11 nM vs 260 + 10 nM), while increasing NaCl concentration to 300
mM reduces the stability of the complex, in agreement with previous
reports [53, 54] (Sup. Fig. S1, Kp = 455 + 22 nM). Addition of 1 mM
MgCl; does not change Kp (259 + 9 nM, Sup. Fig. S1). This is however

not surprising as DNA and peptide solution used to form the complex
contain traces of MgZJr (no EDTA has been added to our samples). The
mutant Hfq-CTR S87A,S88A binds dsDNA with an affinity slightly lower
than WT Hfq-CTR (Kp = 460 + 30 nM, Fig. 2). The mutants Hfq-CTR
Y83A and Hfq-CTR E99A,E100A,E102A bind DNA but to with a signif-
icantly lower affinity than WT Hfq-CTR (Kp = 1000 + 75 nM and 890 +
80 nM, respectively, Fig. 2). Note that mutating D97A in addition to
E99A,E100A,E102A has the same effect (sup. Fig. S3). Finally, no band
shift was observed upon addition of Hfq-CTR S80A,S81A, Hfg-CTR
S65A,569A,572A, Hfq-CTR S93A,S98A, Hfq-CTR H70A,H71A,H84A,
H85A, Hfq-CTR R66A mutants and Hfq-CTR G76A,G77A,G78A, indi-
cating that these mutants do not bind DNA, at least to a degree which
can be detected with the EMSA and anisotropy assays. The same result
was obtained for the double mutants Hfq-CTR H70A,H71A and Hfq-CTR
H84A,H85A than with Hfq-CTR H70A,H71A,H84A,H85A (Sup. Fig. S3).
This indicates that both histidine repetitions are important for DNA
binding.

We used EMSA to confirm that the monomeric form of the peptide
interacts with DNA and then polymerize on it (Fig. 1), but we also
confirm that this interaction occurs with pre-polymerized peptide (Sup.
Fig. S4). Due to the aggregation of the peptide, it was not possible in this
case to measure Kp using fluorescence anisotropy. The EMSA result
suggests that the amyloid form interacts with DNA with an affinity
probably similar to that of the monomeric peptide binding (Sup. Fig.
S4). As explained previously, the Kp cannot de measured accurately
using EMSA. Nevertheless, we conclude that although the amyloid-DNA
interaction promotes amyloid formation, the cross-p structure does not
seem to significantly enhance DNA binding in the case of Hfq-CTR.

Then the SRCD spectra pertaining to WT-CTR and mutants have been
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Fig. 4. FTIR spectra of Hfq-CTR in the presence or absence of DNA. (a) peptides alone. (b) difference spectrum obtained by subtracting the (dA:dT)s9 contribution

from the complex spectrum. We clearly observe in the Amide I band a contribution at ~ 1620 cm™

presence of DNA.

investigated. Fig. 3 shows how the different CTR influence DNA struc-
ture (see also Sup Fig. S5). Spectra of the individual components are
measured with equivalent DNA and CTR concentrations. Significant
spectral changes in the 220 nm region and 260-280 nm spectral band
correlate with amyloid formation or base-tilting and base-pairing of AT
sequences, respectively [28, 42]. In contrast, when the addition of CTR
mutant to DNA induces no significant difference in the SRCD spectrum,
this means the interaction between Hfq-CTR and DNA may be inexistent
or that the interaction occurs but does not result in a structural change.
In these cases, the experimentally observed spectrum is close to the
recomposed spectrum obtained from the combination of the individual
components. Four main behaviors are observed: (i) such as for Hfqg-CTR
E99A,E100A,E102A that binds DNA and significantly influences DNA
structure (similarly to Hfq-CTR WT as shown in Malabirade et al. [28]);

Table 1
Summary of mutant properties in the CTR amyloid region of Hfq.

!, indicative of the formation of the amyloid structure in the

(ii) such as for Hfqg-CTR Y83A that influences DNA structure but to a
lesser extent. (iii) such as Hfq-CTR S87A,S88A which bind DNA but does
not drastically influence its structure; and finally (iv) such as Hfq-CTR
R66A, Hfq-CTR S65A,S69A,S72A, Hfq-CTR S80A,S81A, Hfq-CTR
S93A,S98A, Hfq-CTR G76A, G77A, G78A and H70A,H71A,H84A,
HB85A that do not bind dsDNA and thus do not influence its structure. An
example of each behavior is shown below.

3.2. Self-assembly of Hfq-CTR mutants

We finally analyzed the amyloid assembly of the CTRs using Fourier
Transform InfraRed (FTIR) spectroscopy (Fig. 4). A peak around
1630-1640 cm ™! is indicative of intramolecular B-sheets, while inter-
molecular hydrogen-bonding in a cross- structure in amyloids induces a

Peptide Interaction with DNA

Polymerization

Conformationnal change
SRCD

WT ++

S80A,S81A

S65A,569A,572A

S87A,S88A

S93A,598A

H70A,H71A,H84A,H85A

R66A

Y83A

E99A,E100A,E102A ++

G76A, G77A, G78A

Peptide alone In the presence of DNA

FTIR FTIR

++

unclear

++
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MUTATIONS SRPVSH-HSNNA---GGGTSSNYHH-GSSA---QNTSAQQ---DSEETE
GRAVY TNDEX SRPVSHEHSWNA.~ GGGTSSNYAR Gssa — onTsnoo BT
CONSERVATION Kk kk ok *k kkk kK #ok sk sk ok ok %

shift to lower wavenumbers and an absorption band around 1620 cm™

E. coli SRPVSH-HSNNA- - -GGGTSSNYHH-GSSA---QNTSAQQ---DSEETE
S. flexneri SRPVSH-HSNNA- - -GGGTSSNYHH-GSSA---QNTSAQQ---DSEETE
S. enterica SRPVSH-HSNNA- - -GGGTSSNYHH-GSSA---QNTSAQQ- - -DSEETE
S. typhimurium SRPVSH-HSNNA- - -GGGASNNYHH-GSNA- --QGSTAQQ- - -DSEETE
P. brasilience SRPVSH-HSNNP- - - -GGS-NNYH- -GSNTTA-QQQS-Q- - - -EADDAE
Y. pestis SRPVSH-HSNTPS- - - -GSTNNYH- -GSNPSAPQQP--QQ- - -DSDDAE
Y. enterocolitica SRPVSH-HSNNPS - - - -GSTNNYH- -GSNPSAPQQP- -QQ- - -DSDDAE
S. proteamaculans SRPVSH-HSNTPS- - -GG-TSNYHH-GSNPSAPQQP--QQ- - -ESDDAE
S. marcescens SRPVSH-HSNNPS - - -GG~ SSNYHH-GNNPSAQQQP- -QQ- - -ESDDAE
K. Pneumoniae SRPVSH-HSNNAG- - -GG-SSNYHH- G- - GSAQGSSAPQQ- - -DSDDAE
A. baumannii SRPVSH-HSNNAG- - -GG-SSNYHH- G- - GSAQGSSAPQQ- - -DSDDAE
P. septica SRPVSH-HSNNNT - - -GGGSNNYHHGGSNASAPSQP- -QQ- - -DSDNAE
E. americana SRPVSH-HSNNPSS - GGG-S-NYH-QGSTSSAPQQP--QQ- - -DSDDAE
Y. pseudotuberculosis  SRPVSH-HSNNPS---GS-TNNYH--GSNPSAPQQP--QQ- - -DSDDAE
C. multitudinisentens  SEPVSH-HSNNPS---GT-SN-YHH-GSNPSAPQQP--QQ- - -ESDDAE
P. multocida ARSVSH-H-NNSNNSN- - -QQNY -~ - -~~~ - QQE--QQTDSNVEKAE
X. campestris AINVRV—GP —————— GGG----YVQ------- QN-EGGSAG--D-DEAE
X. axonopodis ARNVRV-GP------ GGG----YVQ------- QN-EGGSAG--D-DEAE
X. fastidiosa ARNVRV-GP------ GGG----YVH------ SGSDTL-QIN--D-DEVE
N. meningitidis ARSVNLQHEN--------- RPQAAPTSTL--VQV-ETVQQ------ PAE
V. cholerae ARPVSH-HS-------- GDRP---------- A--SDRPAEK---SE--E
X. perforans ARNVRV-GP------ GGG----YVQ—SNEGNQAE -- - - - -~ - DD-DVEQ

1 4. Discussion

BBA Advances 1 (2021) 100029

Fig. 5. Multiple sequence alignment of various bacte-
rial Hfq CTRs. E. coli Hfq CTR aa presumably involved
in DNA binding are indicated in red, in amyloid as-
sembly in yellow and in DNA structural change in cyan
(see 4.3). For GRAVY index hydrophobic uncharged
residues are in blue, hydrophilic basic in red, hydro-
philic acidic in purple and hydrophilic uncharged in
dark green. The CTR regions are variable in length
among bacteria and only those with a CTR comparable
to that of E. coli Hfq are shown. In the alignment,
strictly conserved R66 is indicated in hot pink; aa
conserved in most Hfgs CTR are indicated in light pink.
Other aa are indicated in yellow and green.

[55, 56]. In Fig. 4, we clearly observe this band at ~ 1620 cm ™! for some
mutants. The analysis was performed in the presence or absence of DNA.
We can conclude that in the absence of DNA, the peptides that
self-assemble spontaneously are Hfq-CTR R66A, Hfq-CTR S65A,S69A,
S72A and Hfq-CTR H70A,H71A,H84A,H85A, and Hfq-CTR G76A,G77A,
G78A (Fig 4a). The spontaneous self-assembly of Hfq-CTR H70A,H71A,
H84A,H85A at a higher concentration than that used in Sup. Fig. S5 was
confirmed by SRCD analysis, with a strong signal at 220 nm (not shown).
Note also for the mutant Hfq-CTR G76A,G77A,G78A the shift of the peak
at ~1620 cm™! to a slightly lower wavenumber, indicating a strength-
ening of the amyloid structure [55]. No clear spontaneous self-assembly
was observed for CTR-WT, as expected [28]. This indicates that the
mutations of the hydrophilic aa R66, S65, S69, S72, H70, H71, H84, H85
and even more for G76, G77, G78 into more hydrophobic alanine sta-
bilize the amyloid assembly [57].

In the presence of DNA, the peptides that self-assemble are Hfq-CTR
WT, Hfq-CTR S87A,S88A, Hfq-CTR R66A, Hfq-CTR Y83A, Hfq-CTR
G76A,G77A,G78A and Hfq-CTR E99A,E100A,E102A (Fig 4b). Curi-
ously, Hfq-CTR S65A,S69A,S72A and Hfq-CTR H70A,H71A,H84A,H85A
do not seem to self-assemble on DNA while they self-assemble sponta-
neously. The concentration used to test self-assembly in the absence of
DNA was however higher (~ 3x).

The properties of the various Hfq-CTR peptides analyzed are sum-
marized in table 1. We confirm that the self-assembly and DNA binding
properties of Hfq involves the same region of the protein, outside of the
Sm ring, and show that some aa residues are involved in both DNA
binding and amyloid assembly properties. Thus, a crosstalk between
amyloid aggregation and DNA binding probably exists in Hfq, which
explains that DNA promotes amyloid assembly [28]. Although the
amyloid-DNA interaction promotes amyloid formation, the cross-p
structure does not significantly enhance DNA binding in the case of
Hfq-CTR. This differs from other amyloids [58].

Note that if amyloidogenesis requires time in vitro, in contrast the
complex formation is almost instantaneous. The difference in time scales
for division and amyloidogenesis could appear surprising, but it must be
stressed that in vitro conditions are different to the conditions found in
vivo. Precisely (i) the CTR here is not bound to the NTR and this in-
fluences the process of self-assembly; (ii) possible cofactors that may
accelerate amyloidogenesis such as other proteins are absent, and (iii)
more important the conditions for crowding and confinement in vitro
have not been taken into account yet. Thus, we strongly believe the
amyloidogenesis goes faster in vivo and that it is compatible with cell
division time.
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4.1. Aminoacids involved in peptide:nucleic acid interactions

Protein interactions with nucleic acids are based on hydrogen
bonding, electrostatic contacts, and hydrophobic interactions. In our
previous work, we suspected that hydrogen-bonding with the relatively
abundant histidine and serine residues of Hfq-CTR could play a role in
the binding of the CTR to DNA [38]. With this work we confirm that the
histidines repetitions in the CTR of Hfq are critical for both DNA binding,
amyloid self-assembly, and consequently for the conformational change
in the DNA structure.

We also identify that the positively charged arginine 66 plays a role
in DNA binding. Nucleic acids usually promote amyloid formation from
short basic sequences [58]. This could also apply to Hfq-CTR, but only
one arginine is present and charged positively at pH ~ 5 (Hfq-CTR pI =
5.6, thus at pH 5 the CTR exhibits 4 negatively charged residues vs one
positively charged residue; charges on histidines should be only partial).
Note that positively charged residues are more prevalent in pathological
amyloids than in functional amyloids and this seems to apply to Hfqg-CTR
[59].

This CTR region is particularly rich in serines, and we identify that
the serine repetition $80,81 is involved in DNA binding, but not the
repetition S87,88. Serines-rich regions including serine 65,69 72, 93 and
98 also play a role in DNA binding.

Finally, we conclude that mutations of Y83 and S87,88 may not be
involved directly in DNA binding, but that they abolish partially the
structural change of DNA induced by the CTR. We suspect that the
tyrosine could play a role in base stacking, as already observed for other
nucleic-acid binding proteins [60], while the S87,88 repetion may
change DNA conformation due to the formation of H-bonds with the
nucleic acid. The possibility that interactions between peptides and DNA
could lead to the formation of amyloid:DNA fibres whose properties are
distinct from peptidic-only fibers are currently investigated.

BBA Advances 1 (2021) 100029

serines (~ 10%) and asparagine (~ 7%) is observed for functional am-
yloids [59]. This prevalence is also observed for Hfq-CTR with ~ 8% of
glutamine, ~ 10% of glycines and ~ 24% of serines. This prevalence of
glycines and serines was proposed to be involved in the formation of
hydrophilic and flexible interfaces necessary to have reversible fibrils.
This contrasts with irreversible aggregation of pathological amyloids
mediated by hydrophobic residues [59]. Note also that functional am-
yloids in bacteria contain a particularly high prevalence of alanine,
asparagine and threonine. This also applies to Hfq-CTR with ~ 10% of
asparagines, ~ 8% of alanines and ~ 8% of threonines. As shown with its
GRAVY index (Fig. 4), this applies to Hfq-CTR that contains ~ 13% of
hydrophobic uncharged residues (blue, F, I, L, M, V, W, A, P), ~ 13% of
hydrophilic basic residues (red, R, K, H), ~ 11% of hydrophilic acidic
residues (purple, D, E) and ~ 63% of hydrophilic uncharged residues
(green G, S, T, C, N, Q, Y).

In the presence of DNA, we identified that the mutation of tyrosine
83, serines 87,88 and glutamate 99,110 and 102 into alanine does not
abolish the self-assembly property of the CTR on DNA, while the mu-
tations of serines 80,81, and 93,98 abolish it, regardless of the presence
or absence of DNA.

The two mutated Hfq-CTR that give the strongest amyloid signals in
IR for the protein alone (Hfq-CTR S65A,569A,S72A and Hfq-CTR H70A,
H71A,H84A,H85A) no longer form amyloid in contact with DNA.
Nevertheless, these mutants do not interact with DNA and the concen-
tration used to test their self-assembly alone was higher than that used in
the presence of DNA.

4.3. Crosstalk between amyloid aggregation and dna binding

In the sequence below, we indicate which amino acid residues are
presumably involved in DNA binding (in red), in amyloid assembly
(highligthed in yellow) and in DNA structural change (highligthed in
blue).

S.R.PVS.H.H.S.NNAG.G.G.TS.S.NY.H.H.G5;ScAONTSAQQDSE.E..TE..

4.2. Aminoacids involved in self-assembly

We already identified that a 11 aa sequence is the minimal region
necessary to form the amyloid structure (underlined):

SRPVSHHSNNAGGGTSSNYHHGSSAQNTSAQQDSEETE [28].

We hypothetize this region of 11 aa forms a “steric zipper”, i.e. pairs
of self-complementary B-sheets formed by short sequences found in
amyloids [61]:

Nter-SAQNTSAQQDS-Cyer

Crer-SDQQASTNQAS-Nier

In these “zippers”, pairs of asparagines and glutamines can form
hydrogen bonds along the fibrils. Interestingly, these steric zippers are
thermostable and this applies to Hfq-CTR (T, = 62.0 °C for the 11 aa
region and ~80 °C for 38 aa Hfq-CTR [62, 63]).

Here we observe that the replacement of the hydrophilic R66, S65,
S69, S72 and even more for the H70, H71, H84 and H85 into the hy-
drophobic alanine [57] results in a stronger self-assembly. Indeed, a
high prevalence of aliphatic residues (valine, alanine, leucine and
isoleucine) was reported for pathological and bacterial amyloids [59].
Note that these aa (indicated in bold above) are not very close to the 11
aa “zipper”. But it is likely these R66, S65, S69, S72, H70, H71, H84 and
H85 are close to “zipper” in the tri-dimensional structure of the CTR
when it folds and that changing them into an hydrophobic aa results in a
more stable structure.

Interestingly, Hfq-CTR presents a sequence that is characteristic of
functional amyloids [59]. Indeed, a prevalence of glycines (~ 18%),

As shown, some aa are involved in both DNA binding and in the
formation of the amyloid structure (red highlighted in yellow). Our re-
sults thus indicate that Hfq-CTR binds to DNA mainly with serine and
histidine tracks which may form H-bonds with DNA, as expected [28].
The interaction with DNA also occurs thanks to the positive arginine 66,
well conserved among Hfq orthologs [64] (Fig. 5). This arginine prob-
ably interacts with the negative charge of DNA phosphate. On the other
hand, the hydrophobic tyrosine 83, even if it induces a conformational
change of DNA when bound to the protein, is not involved directly in
DNA binding and only partially conserved among various Hfgs. Note
that residues 83-86 have been shown to be motionally restricted, and
proposed to serve as binding sites for incoming RNAs [65].

Finally, it has been shown that the Alzheimer’s Af also binds to DNA
and that a consensus sequence KGGRKTGGGG is important for this
property. This peptide-DNA interaction is sequence specific and muta-
tions in the G-repetition abolishes peptide-DNA interaction [66]. Here
we show that Hfq has also a repetition of G that is partially conserved
and that play a role in DNA binding. Indeed, mutating this repetition of
G abolishes DNA interaction and has also been shown to have a function
in bacterial physiology [67]. Nevertheless, according to the type of
interaction involved in the formation of the complex (hydrogen-bonding
[38]), we suspect a more important role for the histidine and serine
residues in DNA interaction. The Glycine repetition may rather give a
conformational freedom to this region, allowing interaction with DNA of
other amino acid residues that makes H-bonds with DNA.
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As for the conserved acidic tail of the CTR (Dg7SEg9E199TE102), that
has been described to compete against non-specific RNA and could
mimic nucleic acid binding to the NTR ring [64], our experiments here
tend to show that it is probably not involved in DNA binding. This was
however expected due to the negative charges of these aa.

5. Conclusions

The evidence for a role of amyloids in DNA-related processes is more
and more obvious [2]. This is for instance the case of bacterial amyloids
such as in curli that may induce immune response when bound to DNA
[68] or of the RepA protein that may influence DNA replication [69]. But
this also applies to human amyloids responsible of neurological disor-
ders, such as Alzheimer’s AP. Indeed, these amyloids bind apparently
non-specifically to DNA and have been reported inside the nucleus [4].
Amyloid toxicity may thus be also the consequence of aberrant DNA:
amyloid interaction, affecting normal genetic expression [70]. Here we
analyze in details the interaction of a bacterial amyloid, the Hfq C-ter-
minal region with DNA. We identify important amino acids involved
both in DNA binding and polymerization properties, and show that there
is a crosstalk between these two processes. In particular we show that
histidines, serines and glycines-tracts are particularly important for the
amyloid:DNA interaction and self-assembly. This thus shed a new light
on residues that may have a functional role in other amyloids, and that
my influence their function and/or toxicity.

Furthermore, Hfq is also well known to interact with RNA. Even if the
interaction of Hfq-CTR with RNA is still controversial [39, 71, 72], it
may occur as in the case of a reported interaction between PrP (the prion
protein) and RNA indicating that RNA may trigger PrP assembly [73].
Taking into account the important role of Hfq in RNA metabolism, this
property should be analyzed further in the future. Finally, similarly to
Alzheimer’s AP, cross P sheet-induced DNA condensation could be
inhibited by divalent ions, such as Cu®" and Zn%" [74]. Indeed, due to
these histidines repetition, Hfq naturally binds to divalent ion, and for
instance Ni2* used to purify His-tagged proteins [75]. This property may
also drastically influence self-assembly, DNA/RNA binding properties
and answer to stresses, such as oxidative stress. This however needs to be
investigated.
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