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Invasion of brain endothelium protein A (IbeA) is a virulence factor specific to

pathogenic Escherichia coli. Originally identified in the K1 strain causing

neonatal meningitis, it was more recently found in avian pathogenic

Escherichia coli (APEC) and adherent invasive Escherichia coli (AIEC). In these

bacteria, IbeA facilitates host cell invasion and intracellular survival, in particu-

lar, under harsh conditions like oxidative stress. Furthermore, IbeA from AIEC

contributes to intramacrophage survival and replication, thus enhancing the

inflammatory response within the intestine. Therefore, this factor is a promising

drug target for anti-AIEC strategies in the context of Crohn’s disease. Despite

such an important role, the biological function of IbeA remains largely

unknown. In particular, its exact nature and cellular localization, i.e.,

membrane-bound invasin versus cytosolic factor, are still of debate. Here, we

developed an efficient protocol for recombinant expression of IbeA under

native conditions and demonstrated that IbeA from AIEC is a soluble, homodi-

meric flavoprotein. Using mass spectrometry and tryptophan fluorescence mea-

surements, we further showed that IbeA preferentially binds flavin adenine

dinucleotide (FAD), with an affinity in the one-hundred nanomolar range and

optimal binding under reducing conditions. 3D-modeling with AlphaFold

revealed that IbeA shares strong structural homology with FAD-dependent oxi-

doreductases. Finally, we used ligand docking, mutational analyses, and molec-

ular dynamics simulations to identify the FAD binding pocket within IbeA and

characterize possible conformational changes occurring upon ligand binding.

Overall, we suggest that the role of IbeA in the survival of AIEC within host

cells, notably macrophages, is linked to modulation of redox processes.
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Introduction

Adherent-Invasive Escherichia coli (AIEC) constitute a

subclass of E. coli pathovars that reside in the human

gastrointestinal tract [1]. They are often encountered in

healthy individuals but their low prevalence, combined

with efficient containment by the immune system, pre-

vents any dysregulation of intestinal homeostasis [2].

In contrast, AIEC are abundantly found in the gut

microbiota of persons suffering from Crohn’s disease

(CD) [1,3,4]. In a genetic and environmental back-

ground favorable to the development of inflammatory

bowel diseases, AIEC become predominant over com-

mensal bacteria and can freely exert their pathogenic

traits, thereby generating an inflammatory burden that

strongly contributes to the symptoms of CD [5–9].
AIEC are defined by their phenotypic features [10,11]

and a hallmark of these E. coli strains is their capacity

to invade and persist within intestinal epithelial cells

and macrophages [12,13]. Intramacrophage AIEC have

been shown to induce massive release of tumor necro-

sis factor α, thus sustaining the inflammatory burst

[14]. AIEC are able to form biofilms along the intesti-

nal cell wall, a property that allows them to escape

immune detection and better resist to antibiotic treat-

ments [15,16]. In addition, they can efficiently cross

the mucus layer and get internalized in Peyer’s patches,

through translocation across M cells [17–19]. This pro-
vides a first entry point for AIEC into lymphoid tis-

sues, in a region of the intestinal epithelium where the

first inflammatory lesions linked to CD are generally

observed. An involvement of AIEC in provoking these

early lesions has even been suggested but still awaits

confirmation [20].

The role of AIEC in the pathogenesis of CD has

garnered huge attention to this pathobiont. Many

research efforts are currently dedicated to the identifi-

cation of AIEC virulence factors that may be thera-

peutically targeted for anti-CD applications [21,22].

Interestingly, an orthologue of the IbeA protein (Inva-

sion of brain endothelium protein A) was recently identi-

fied in AIEC [23]. IbeA has so far only been found in

pathogenic E. coli and the literature available on its

putative role suggests that it may serve as a virulence

factor in various pathogenic E. coli including Neonatal

Meningitis-causing E. coli (NMEC) and Avian Patho-

genic E. coli (APEC). IbeA was originally identified in

the NMEC K1 strain [24]. In this bacterium, IbeA was

shown to be important for the crossing of the blood–
brain barrier, using both an in vitro invasion assay on

brain microvascular endothelial cells and a rat model

of neonatal meningitis [25]. The name of the protein

directly arose from these observations. Further

biochemical characterization of the protein using in

vitro approaches was attempted but trials to produce a

recombinant IbeA in bacteria yielded an insoluble pro-

tein expressed in inclusion bodies [26]. These results

prompted the authors to categorize IbeA as an invasin

embedded in the E. coli membrane, possibly serving as

an anchoring point to the host cell surface. Putative

host receptors for IbeA were proposed in follow-up

publications, including vimentin, polypyrimidine tract-

binding protein-associated splicing factor (PSF), and

contactin-associated protein 1 (Caspr1) [27–30]. Other

studies on the IbeA protein from APEC confirmed the

importance of IbeA for the virulence of pathogenic

E. coli [31–33]. They also demonstrated a role of the

protein in the resistance to H2O2 [34], suggesting that

IbeA may also act as a regulatory factor to promote

survival in the hostile oxidative environment encoun-

tered inside host phagocytic cells. Whether this func-

tion would be exerted by a membrane-bound IbeA or

by a soluble form released in the phagosomal compart-

ment of macrophages remains unclear.

More recently, the IbeA protein from AIEC was

shown to be important for the invasion of intestinal epi-

thelial cells and M cells, as well as for the survival of

AIEC within macrophages [23]. Furthermore, infection

of mice with an AIEC strain deleted of the ibeA gene led

to a decreased inflammatory response and a less severe

pathological outcome as compared to infection with the

wild-type (WT) strain, highlighting the potential role of

IbeA in the virulence of AIEC [23]. Based on these char-

acteristics, IbeA appears as a genuine virulence factor

and a promising drug target in several E. coli strains,

including AIEC. Its exact nature, topology, and biologi-

cal function are however still of debate and the discrep-

ancy between the different architectural models

proposed for IbeA, i.e. membrane-bound invasin versus

soluble anti-oxidative factor, remains to be elucidated.

To gain insights into the biological function of IbeA,

we undertook biochemical investigations on the full-

length protein from the reference strain AIEC LF82.

We first developed an efficient protocol for the produc-

tion of a soluble form of recombinant IbeA. We then

used a combination of size exclusion chromatography

(SEC), mass spectrometry (MS), Tryptophan fluores-

cence experiments, 3D-modeling, in silico ligand dock-

ing, and molecular dynamics (MD) simulations, to

unravel novel aspects of the biology of this protein. This

led us to confirm its resemblance with FAD-dependent

oxidoreductases and characterize it, for the very first

time, at the molecular level. These results shed new light

on the putative biological function of IbeA in modulat-

ing redox conditions within host phagocytic cells.

2 The FEBS Journal (2023) ª 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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Results

Expression of recombinant IbeA as a soluble

protein

To date, the sole attempt described in the literature to

produce a recombinant IbeA was made on the protein

from E. coli K1 and yielded an insoluble molecule

expressed in inclusion bodies [26,30]. Although an

apparently functional IbeA could be recovered follow-

ing in vitro refolding or solubilization with harsh deter-

gent conditions, we aimed at developing a more

straightforward protocol for the expression and purifi-

cation of recombinant IbeA from AIEC. After screen-

ing various constructs encompassing different affinity

tags and providing distinct addressing strategies (peri-

plasmic or native addressing), we managed to express

a soluble form of full-length AIEC IbeA, simply bear-

ing a cleavable N-terminal poly-histidine tag and no

particular signal peptide sequence. Due to massive

overexpression, a large amount of protein was detected

in the insoluble fraction obtained after low-speed cen-

trifugation of disrupted E. coli BL21 cells (Fig. 1A,

sample P1). Nevertheless, a considerable amount of

recombinant IbeA was also recovered in the soluble

fraction (Fig. 1A, sample S1).

In unpublished thesis work, Cieza et al. [35] previ-

ously reported that IbeA is associated with the outer

membrane of AIEC. To address whether this was also

the case in our heterologous expression system, we fur-

ther separated the disrupted external membranes of

E. coli BL21 from the soluble cytosolic/periplasmic pro-

teins by ultracentrifugation. As shown in Fig. 1A, IbeA

is found in the pool of soluble proteins (sample S2). No

protein can be convincedly detected in the membrane

fraction (sample P2) or in a periplasmic extract of the

E. coli BL21 cells (sample S3), as assessed by SDS/

PAGE and Coomassie blue staining. Thus, in our heter-

ologous system, IbeA appears to behave as a fully solu-

ble protein expressed in the cytosol of E. coli, without

any strong anchor to the external cell membrane. As

these investigations were made on IbeA expressed with

an N-terminal His6 tag, we can however not rule out

that the presence of the tag affects the subcellular locali-

zation of the recombinant protein.

IbeA is a homodimeric protein both under

reducing and non-reducing conditions

To purify recombinant IbeA, we used a classical 3-step

procedure consisting in a first Ni-based affinity chro-

matography, followed by proteolytic cleavage of the

polyhistidine tag, counter-purification through affinity

chromatography to recover the cleaved recombinant

IbeA, and final size-exclusion chromatography (SEC)

(Fig. 1B–D). IbeA contains 10 cysteine residues, of

which some could be important in stabilizing its ter-

tiary or quaternary organization. We therefore pursued

two parallel purification protocols, under either non-

reducing or reducing conditions. Using these strategies,

we routinely obtained 20 mg of pure protein per liter

of E. coli BL21 culture.

Initial SEC data on a Superdex 75 Increase column

showed that IbeA elutes almost in the void volume,

indicating the presence of larger oligomer(s) than a

simple monomer (Fig. 1B; expected size for monomeric

IbeA: 49.6 kDa). Elution on a Superdex 200 Increase

column confirmed the formation of larger species

(Fig. 1C). The main elution peak for IbeA, centered at

an elution volume of 13–14 mL depending on the

redox conditions, revealed the presence of at least two

IbeA forms: a predominant form eluting as the main,

latest peak (F1 form), and a less abundant form elut-

ing slightly earlier as a shoulder peak (F2 form). These

two forms are detected both under reducing and non-

reducing conditions (Fig. 2A,E), although the F2 form

is much less prominent under reducing conditions.

Both forms were attributed to IbeA since no other

contaminant could be detected in the corresponding

fractions following SDS/PAGE analysis (Fig. 1D).

The two forms of IbeA (F1 and F2) obtained under

both non-reducing and reducing conditions were col-

lected as separate fractions from the SEC run

(Fig. 2A,E), and then analyzed by MS. Using native

MS, we determined the oligomeric state of these differ-

ent IbeA species. All these forms are dimeric, regard-

less of the redox conditions (Fig. 2B,C,F,G). We also

used LC/ESI-TOF MS, a denaturing technique that

only preserves covalent interactions such as disulfide

bridges. Under non-reducing conditions, both the F1

and F2 forms of IbeA associate through disulfide

crosslinking, as illustrated by the detection of dimers

(D), and possibly trimers (T) and tetramers (Q)

(Fig. 2D). This is not surprising since IbeA contains a

high number of cysteines. Some of these residues may

be exposed on the protein surface and react

non-specifically with cysteines from neighboring IbeA

molecules. Remarkably, the F2 form contains a pre-

dominant proportion of disulfide-crosslinked IbeA

dimers, suggesting that these covalent dimers adopt a

significantly distinct conformation as compared to the

non-covalent dimers and therefore elute as a separate,

earlier peak on the SEC column. Under reducing con-

ditions, the LC/ESI-TOF MS spectra of both IbeA

forms (Fig. 2H) show only monomers (M), confirming

that the covalent forms are only arising from disulfide

3The FEBS Journal (2023) ª 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of
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crosslinking. Taken together, these MS data demon-

strate that IbeA is a homodimeric protein, regardless

of its redox state.

IbeA is a flavoprotein that can bind two FAD

molecules per homodimer

Interestingly, after the first Ni-affinity chromatography,

a bright yellow coloration was detected in the IbeA

sample (Fig. 3A). This coloration was accompanied by

a marked absorbance of UV–visible light at 450 nm, as

displayed on the SEC chromatograms of IbeA (Fig. 2A,E,

red curves). These observations led us to hypothesize

that a flavin cofactor had been captured by IbeA during

heterologous expression in bacteria. To identify this

compound, we performed direct-infusion MS (DIMS),

a technique that allows the detection of small molecules.

A peak at 786.16 m/z was observed for the F1 form of

IbeA, both under reducing and non-reducing conditions

(Fig. 3B,C, middle spectra), and for the fully reduced

(A) (B)

IbeA

Memb
P2 2S 3P S3P1 S1

Ins Sol Sol lleC ireP

1 2 3 4 5 6 7 8 9 10 11 12 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

SDS-PAGE analysis of the SEC run
on Superdex 200 Increase

13 18 20 21 22 23 24 25 26
Fractions

MW

50 kDa

0

100

200

300

SEC elution profile of IbeA
on Superdex 200 Increase

Elution volume in mL
0.0 5.0 10.0 15.0 20.0

280A
400

1 2 3 4 5 6 7 8 9 10 11 12 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

Elution volume in mL

0

50

100

150

280A
SEC elution profile of IbeA
on Superdex 75 Increase

0.0 5.0 10.0 15.0 20.0

(C) (D)

Fig. 1. Production of recombinant IbeA as a soluble and highly pure protein. SDS/PAGE gels and chromatograms are from a single,

representative experiment but results were reproduced in at least three independent experiments (n = 3). (A) SDS/PAGE analysis of the

subcellular localization of recombinant IbeA expressed in BL21(DE3) cells. P1: insoluble fraction (cell debris and inclusion bodies); S1:

soluble fraction; P2: membrane extract; S2: soluble proteins (cytosolic and periplasmic); P3: intact cell containing cytosolic and inner-

membrane proteins, and insoluble fraction; S3: periplasmic extract. (B) Initial elution profile of IbeA on a Superdex 75 Increase column. IbeA

elutes very early on that column, almost in the void volume. (C) Elution profile of IbeA on Superdex 200 Increase. Several peaks can be

detected, corresponding to larger oligomeric assemblies than simple monomers. (D) SDS/PAGE analysis of the SEC purification step for

IbeA on a Superdex 200 Increase column. Fraction numbers corresponding to the chromatogram displayed in panel C are indicated above

the lanes. MW: molecular weight marker. Each fraction contains only highly pure IbeA.
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F2 form (Fig. 3C, lower spectrum). Importantly, this

peak was not detected in the control sample containing

only buffer (upper spectra). The flavin cofactors most

commonly bound to proteins are flavin mononucleotide

(FMN) and flavin adenine dinucleotide (FAD). Given

that FAD has a theoretical molecular weight of

785.55 Da and that the accuracy of the mass measure-

ment by DIMS is 0.5 m/z unit, we postulated that

the observed peak at 786.16 m/z corresponds to

[FAD+H]+. Under non-reducing conditions, an addi-

tional peak at 808.15 m/z is also detected in the F1 form

that could correspond to a [FAD+Na]+ adduct.

Looking more closely at the native MS spectra of F1,

we observed that all peaks are tripled (Figs 2B,F and

3D,F, Table 1). Mass determination suggests the pres-

ence of distinct forms of IbeA, with a mass difference

ranging from 774 to 798 Da between two consecutive

peaks. We therefore concluded that the IbeA F1 sam-

ples contain three distinct species: (i) apo-dimers of

IbeA (experimental mass: 99 202–99 207 Da; theoreti-

cal mass: 99 202 Da); (ii) IbeA dimers bound to

one molecule of FAD (experimental mass: 99 989–
100 000 Da; theoretical mass: 99 988 Da); and

(iii) IbeA dimers carrying two molecules of FAD

(experimental mass: 100 770–100 780 Da; theoretical

mass:100 774 Da) (Table 1). Interestingly, the F2 form

of IbeA obtained under non-reducing conditions con-

tains no peak at 786.16 or 808.15 m/z in the DIMS

spectra (Fig. 3B, lower spectrum). Consistently, native

MS peaks are all single (experimental mass of

99 201 Da; Figs 2C and 3E; Table 1). This indicates

that under non-reducing conditions, the F2 form is an

apo-homodimer of IbeA. This is in agreement with the

SEC elution profile of IbeA under non-reducing condi-

tions. Indeed, the F2 form does not seem to absorb

light at 450 nm (Fig. 2A). On the contrary, a peak of

absorbance at 450 nm aligns with the peak of absor-

bance at 280 nm for the F1 form, highlighting that this

form corresponds to FAD-bound IbeA. Finally, under

reducing conditions, the native MS spectrum of F2 also

shows tripled peaks (Fig. 2G, Table 1). The reduced F2

form thus seems to contain all three forms of IbeA

(apo-dimer, dimer with 1 FAD, and dimer with 2

FAD). However, as seen in Fig. 2E, the SEC elution

peaks of the F1 and F2 forms are very close under

reducing conditions. Therefore, the reduced F2 form

may not be fully separated from the F1 form. No firm

conclusion can thus be drawn on the FAD content of
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Fig. 2. IbeA is a homodimeric protein. Chromatograms and MS spectra are from a single, representative experiment but results were

reproduced in at least two independent experiments (n = 2). (A) SEC chromatogram of IbeA on a Superdex 200 Increase column under non-

reducing conditions. Absorbance at 280 nm (blue curve) and at 450 nm (red curve) is reported. The fractions pooled to obtain the F1 and F2

forms are highlighted in purple and light blue, respectively. (B, C) Native MS spectra of the F1 (B) and F2 (C) forms of IbeA under non-

reducing conditions. Charge states are indicated above each peak. Peaks corresponding to the different charged states are tripled for F1 but

single for F2. (D) Liquid/chromatography coupled to electrospray ionization with time-of-flight (LC/ESI-TOF) MS deconvoluted spectra of the

F1 (upper) and F2 (lower) forms of IbeA under non-reducing conditions. The oligomeric state is indicated above each peak (M: monomer; D:

covalent dimer; T: covalent trimer; Q: covalent tetramer). (E) Same as panel A but under reducing conditions. (F, G) Native MS spectra of

the F1 (F) and F2 (G) forms of IbeA under reducing conditions. Peaks corresponding to the different charged states are tripled for both F1

and F2. (H) LC/ESI-TOF MS deconvoluted spectra of the F1 (upper) and F2 (lower) forms of IbeA under reducing and denaturing conditions.

Only monomers are present.
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the F2 form under reducing conditions. Overall, these

data demonstrate that IbeA is a FAD-binding flavopro-

tein that binds up to two FAD molecules per

homodimer.

Reducing conditions are required for optimal

stability and FAD binding

We next investigated the effect of redox conditions on

the stability and FAD-binding capacity of IbeA. First,

the stability of our recombinant IbeA over time was

tested by pooling the whole peak encompassing both

F1 and F2 forms and running it again on the SEC col-

umn after incubation on ice for 4 days. As shown in

Fig. 4A, the protein in non-reducing buffer tends to

form larger oligomers and aggregates over time, possi-

bly through surface disulfide crosslinking between

adjacent IbeA molecules. Furthermore, absorbance at

450 nm is almost completely lost, suggesting that the

bound FAD is released over the incubation period. In
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Fig. 3. IbeA from AIEC is a flavoprotein that binds up to two FAD molecules per homodimer. MS spectra are from a single, representative

experiment but results were reproduced in at least two independent experiments (n = 2). (A) Bright yellow coloration of the IbeA sample

after purification on nickel column (Ni-NTA). (B) DIMS spectra of the buffer (upper), F1 form (middle) and F2 form (lower) of IbeA under non-

reducing conditions. A peak at 786.16 m/z, corresponding to a FAD cofactor, is exclusively found in the F1 form. The peak at 808.15 m/z is

attributed to a FAD-Na adduct. The F2 form does not contain FAD cofactor. Signal at 787.33 m/z is considered meaningless due to its large

shift from expected FAD m/z. (C) Same as panel B but under reducing conditions. FAD is detected in the spectra of both the F1 and F2

forms. (D) Zoom on the peaks of charge state 18+, 19+, and 20+ in the native MS spectrum of the F1 form of IbeA under non-reducing

conditions. All peaks are in fact tripled peaks, suggesting the presence of three distinct forms of IbeA. (E) Zoom on the peaks of charge

state 18+, 19+, and 20+ in the native MS spectrum of the F2 form of IbeA under non-reducing conditions. All peaks are single, only one

IbeA form is present (apo form). (F) Superimposition of the peak of charge state 19+ from the native MS spectra of the F1 (purple curve)

and F2 (blue curve) forms of IbeA under non-reducing conditions, highlighting the different forms (apo/holo) of IbeA present in these sam-

ples. The F2 form only contains the apo-dimer (experimental mass 99 201 Da; theoretical mass: 99 202 Da) while the F1 form contains both

the apo-dimer (experimental mass: 99 207 Da; theoretical mass: 99 202 Da), a dimer bound to one molecule of FAD (experimental mass:

99 989 Da; theoretical mass: 99 988 Da), and a dimer of IbeA carrying two FAD molecules (experimental mass: 100 770 Da; theoretical

mass:100 774 Da).
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contrast, the chromatogram obtained after 4-day incu-

bation of the protein in reducing buffer does not show

formation of large aggregates, one can only note a

shift of the elution peak toward the F2 form, associ-

ated with a partial loss of absorbance at 450 nm

(Fig. 4B). Reducing conditions thus appear to increase

the stability of the protein by preventing its aggrega-

tion into large oligomers.

Estimation of the respective IbeA and FAD concen-

trations in the F1-F2 pool revealed an average stoichi-

ometry of 0.35 to 0.45 molecule of FAD per molecule

of IbeA (see Materials and Methods for calculation

details). As native MS indicates that an IbeA : FAD

stoichiometry of up to 2 : 2 can be reached, we next

investigated whether more FAD could be bound by

our sample, following incubation with exogenous

FAD. As shown in Fig. 4C, no additional FAD can

be captured by the IbeA homodimer in non-reducing

conditions. In contrast, under reducing conditions, a

dose-dependent increase in absorbance at both 280

and 450 nm is observed for the IbeA elution peak fol-

lowing 2 h incubation at 25 °C with different molar

ratios of FAD, indicating binding of exogenous FAD

to IbeA (Fig. 4D).

Reducing conditions are thus required for optimal

stability and improved FAD-binding capacity of IbeA.

The latter property could be linked to the redox state

of FAD and/or to that of IbeA. When zooming on

the FAD peak in the DIMS spectrum of the F1 form,

we detected a predominant, singly-charged peak at

786.16 m/z, and two secondary peaks of lower abun-

dance at 787.16 and 788.16 m/z, respectively (Fig. 4E).

This suggests that the main form bound to IbeA is

fully oxidized FAD (expected monoisotopic MS signal

after protonation: 786.16 m/z), the two secondary

peaks reflecting the natural abundance of isotopes (e.g.
2H, 13C) within FAD.

IbeA shares structural homology with

FAD-dependent oxidoreductases

As no structural data are so far available on IbeA and

since the current literature remains controversial on its

biological role (membrane-embedded invasin versus sol-

uble anti-oxidative factor), we used prediction software

to model the tertiary fold of IbeA (Fig. 5). As shown in

Fig. 5A, the AlphaFold (AF) structural model obtained

for IbeA reveals a globular architecture with two

domains separated by a hinge region that may provide

flexibility between them. Domain A (blue cartoons) cor-

responds to amino acids Leu14 to Arg177 and Arg332

to Phe456. It contains ten α-helices, among which four

are only one-turn long, and five β-sheets, of which three

contains two antiparallel β-strands while the two others

contain four and five β-strands, respectively. Domain A

forms a classical FAD-binding domain. It bears a typi-

cal Rossmann fold (Fig. 5B) that is generally involved

in the binding of the nucleotide moiety of biological

cofactors such as FAD or NADH. The topology of the

Rossmann fold predicted for IbeA (Fig. 5B, lower part)

closely resembles that of glutathione reductases (GRs)

[36]. Helix α2 is however much shorter in IbeA than in

canonical GRs, which makes it an integral part of the

Rossmann fold, while in GRs it extends further away

from the core motif [37]. A GxGxxG(x)17E consensus

sequence found in all members of the GR family is also

present in the IbeA region encompassing strands β1, β2
and helix α1, and ranges from Gly23 to Glu46. Domain

B of IbeA (red cartoons, amino acids Glu178 to

Ser331) is composed of an αβ sandwich with a

Table 1. Masses of the different IbeA species detected by native MS. Masses for the different forms (apo/holo) of dimeric IbeA, as

extrapolated from the peaks corresponding to charged state 19+ are reported for the F1 and F2 forms, both under reducing and non-

reducing conditions.

IbeA pool from SEC

Detected

masses (Da) Relative intensity Putative composition

Expected

mass (Da)

F1 form – non-red 99 207 � 7 Important signal Apo-IbeA dimer 99 202

99 989 � 6 Important signal IbeA dimer + 1 FAD 99 988

100 770 � 4 Important signal IbeA dimer + 2 FAD 100 774

F2 form – non-red 99 201 � 6 Main signal Apo-IbeA dimer 99 202

F1 form – red 99 202 � 6 Low abundance Apo-IbeA dimer 99 202

100 000 � 12 Low abundance IbeA dimer + 1 FAD 99 988

100 780 � 8 Main signal IbeA dimer + 2 FAD 100 774

F2 form – red 99 208 � 7 Important signal Apo-IbeA dimer 99 202

99 999 � 10 Low abundance IbeA dimer + 1 FAD 99 988

100 773 � 5 Important signal IbeA dimer + 2 FAD 100 774
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four-strand antiparallel β-sheet and a long α-helix (α1β4
sandwich). The rest of the domain is predicted to be less

structured and contains only three short α-helices as

secondary structure elements. The IbeA model pre-

dicted by RoseTTaFold (RF model) is highly similar to

the AF model, with an overall root-mean-square devia-

tion (RMSD) on Cα atoms of 1.4 Å, except for the first

15 N-terminal residues, which are relatively unstruc-

tured and adopt distinct conformations depending

on the software used for prediction. Modeling with

RoseTTaFold proposes these residues to fold into a

two-strand β-sheet while AF predicts an unstructured

motif (Fig. 5C). We ruled out that this N-terminal

region could be a signal peptide by analyzing the IbeA

sequence through the online prediction server SIGNALP

6.0 [38]. Finally, IbeA contains ten cysteine residues, of

which six are located on the surface of the proposed

structural model. This may explain the propensity of

IbeA to cluster through non-specific disulfide crosslink-

ing under non-reducing conditions. Interestingly, the

four other cysteines are buried within the IbeA struc-

ture and are all located in a nearby region (Fig. 5D).

A280 t = 0

A450 t = 0

A450 t = 4d

A280 t = 4d

A280 no FAD

A450 no FAD

A450 10x FAD

A280 10x FAFF D

A280 t = 0

A450 t = 0

A450 t = 4d

A280 t = 4d

0

25

50

A
bs

or
ba

nc
e 

(m
A

U
)

0

25

50

A
bs

or
ba

nc
e 

(m
A

U
)

0.0 5.0 10.0 15.0 0.0 5.0 10.0 15.0 20.0

Non-reducing conditions Reducing conditions

0

25

50

A
bs

or
ba

nc
e 

(m
A

U
)

0.0 5.0 10.0 15.0 20.0
Elution volume (mL)

Non-reducing conditions

1 : 1
1 : 0.25

1 : 0.06
1 : 0

10.0 15.0 17.5 0.02 5.22
Elution volume (mL)

0

30

60

120

90

A
bs

or
ba

nc
e 

(m
A

U
)

12.5

Elution volume (mL)
20.0

1 : 10
1 : 4

1 : 1
1 : 0.25
1 : 0.06
1 : 0

1 : 10
1 : 4

A450

A280
IbeA : FAD

Elution volume (mL)

N

N

N

NH

CH3

CH3

R

O

O

x103

787.1653

788.1701

788.1665

786

2

1.5

1

0.5

0

x102

2

4

6

0

786.1645

786.1625

787.1667
786.4366

786.5 787 788787.5 788.5

F1 form - non-red

F1 form - red

Mass-to-Charge (m/z)

C
ou

nt
s 

(%
)

IbeA : FAD

(A)

(D) (E)

(C)(B)

Oxidized FAD

Average mass: 785.55 Da
Monoisotopic mass: 785.16 Da

Fully oxidized flavin moiety

Fig. 4. Stability and FAD-properties of recombinant IbeA depending on the redox conditions. Chromatograms are from a single, representa-

tive experiment but results were reproduced in at least three independent experiments (n = 3). (A) SEC analysis of the stability of recombi-

nant IbeA over time under non-reducing conditions. The IbeA sample corresponding to the F1-F2 pool is rerun onto the SEC column either

immediately after purification (t = 0) or after 4-day incubation on ice (t = 4d). Absorbance at both 280 and 450 nm is displayed. (B) Same as

in panel A but under reducing conditions. (C) Capacity of recombinant IbeA to bind exogenous FAD under non-reducing conditions. The IbeA

sample corresponding to the F1-F2 pool is rerun onto the SEC column following 2 h incubation at 25 °C with either buffer or a 10-fold molar

excess of FAD. (D) Capacity of recombinant IbeA to bind exogenous FAD under reducing conditions. The IbeA sample corresponding to the

F1-F2 pool is rerun onto the SEC column following 2 h incubation at 25 °C with either buffer or increasing concentrations of FAD (from 0.06

to 10-fold molar excess). A dose-dependent binding of exogenous FAD is observed. (E) Zoom on the DIMS spectra of the F1 form of IbeA

under non-reducing (upper) or reducing (lower) conditions to identify the FAD form preferentially bound to IbeA. A main singly-charged signal

is detected at 786.16 m/z, corresponding to the fully oxidized form of FAD. The secondary peaks at 787.16 and 788.16 m/z reflect the natu-

ral abundance of isotopes within FAD.
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Small structural rearrangements would be sufficient to

bring them into close proximity and enable the forma-

tion of stabilizing intramolecular disulfide bridges.

Alternatively, they could participate in the binding of

the FAD molecule or in the joint chelation of an inter-

nal cation not yet identified.

Nter
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Domain A

IbeA from AIEC
AF model

GGR from
T. acidophilum
(PDB ID 3OZ2)

GGR from
S. acidocaldarius

(PDB ID 3ATR)
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Fig. 5. 3D-modeling of the IbeA protomer from AIEC reveals structural homology with FAD-dependent oxidoreductases. (A) IbeA 3D-model

predicted by AlphaFold [74] (AF-model). IbeA is composed of two globular domains, domain A that corresponds to a classical FAD-binding

domain, and domain B of unknown function. The two domains are connected by a hinge region that may provide relative flexibility. N-ter: N

terminus; C-ter: C terminus. (B) Domain A of IbeA contains a classical Rossmann fold found in all FAD-dependent oxidoreductases from the

GR family. It encompasses the GxGxxG(x)17E consensus motif involved in the stabilization of the adenine base of FAD. (C) Different models

for the N terminus of IbeA suggest a highly flexible region (first 15 amino acids). RF model: RoseTTaFold model. (D) Buried deep within the

IbeA structure, four cysteine residues are in close proximity and may form disulfide bridges or a putative ion binding site upon local confor-

mational rearrangement. (E) Structural alignment of the AF-model of IbeA (blue cartoons) with the structure of the closest homologs identi-

fied with the Dali server [39]: the GGRs from T. acidophilum (orange cartoons; PDB: 3OZ2 [41]) and S. acidocaldarius (green cartoons; PDB:

3ATR [42]). AIEC: adherent invasive E. coli. (F) Zoom on domain A from the structural alignment displayed in panel E to highlight the high

similarity between the Rossmann fold of IbeA and that of the two GGRs. (G) Zoom on domain B from the structural alignment displayed in

panel E to highlight similarities and differences between the αβ sandwich of IbeA and that of the two GGRs.
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Comparison of the predicted structural model of

IbeA with known structures from the Protein Data-

Bank (PDB) using the Dali server [39] or PDBeFold

[40] reveals strong structural homology with FAD-

dependent oxidoreductases, as already hinted from

sequence comparisons by Flechard et al. [34]. The

strongest structural similarity is obtained with members

of the geranylgeranyl reductase (GGR) family, in par-

ticular the geranylgeranyl glycerophospholipid reduc-

tase from Thermoplasma acidophilum (PDB: 3OZ2) [41]

and the GGR from Sulfolobus acidocaldarius (PDB:

3ATR) [42]. The AF model of IbeA aligns well with the

structures of both GGRs (Fig. 5E), with an overall

RMSD on Cα atoms of 2.42 and 2.90 Å between the

IbeA model and the structures of T. acidophilum and

S. acidocaldarius GGRs, respectively. In particular, the

central core of the putative FAD-binding domain of

IbeA encompassing the Rossmann fold superimposes

well with the corresponding domains in both GGRs

(Fig. 5F). Domain B of IbeA, which in FAD-

oxidoreductases would correspond to the substrate-

binding domain, does not present any obvious homol-

ogy with known structures in the PDB. Nevertheless, it

shares partial structural homology with the second

domain of GGRs, in particular for the αβ sandwich

region (Fig. 5G). The α-helix is however longer in IbeA,

and in the GGRs, two additional β-strands are pro-

vided by the FAD-binding domain to close up the

substrate binding pocket around the catalytic center for

electron transfer. Our modeling analyses thus demon-

strate that IbeA shares structural homology with FAD-

dependent oxidoreductases, but the function of the sec-

ond domain of IbeA and the nature of the putative sub-

strate for oxidoreduction remain uncertain.

As our data show that IbeA is a dimeric protein, we

also used AlphaFold-Multimer [43] to predict the qua-

ternary architecture of the IbeA homodimer. The pro-

posed model reveals a tightly packed dimeric assembly

involving both domain A – domain A and domain B –
domain B contacts, along the longitudinal side of the

protein (Fig. 6A,B). As a result, the homodimer dis-

plays a 2-fold symmetry. Interestingly, the N termini

of both IbeA protomers are proposed to strengthen

the dimer packing by forming two antiparallel two-

strand β-sheets that close up the interface at the top of

the dimer (Fig. 6B). The surface of the IbeA dimer

bears large patches of negatively charged residues as

seen from electrostatic potential surface representation

(Fig. 6C). In contrast, the protomer-protomer interface

is much more apolar except for the regions of close

contact, i.e. the β4-β6 β-sheet and the α2 helix from

the Rossmann fold in domain A, and the long α helix

from the αβ sandwich in domain B (Fig. 6D). The

interface area calculated by PISA [44] covers 3160 Å2,

corresponding to 80 interfacing residues from each

protomer, and with an overall solvation free energy

90°

180°

(A)

(B)

(C)

(D)

-8 kT/e +8 kT/e

Fig. 6. 3D-modeling of the IbeA

homodimer. (A) IbeA 3D-model predicted by

AlphaFold-Multimer [43] (AF-model). The

homodimer adopts a 2-fold symmetry along

its longitudinal axis. (B) The flexible N

termini are proposed to form an antiparallel

β-sheet that would close up the top of the

dimer interface. (C) Electrostatic potential

surface representation for the IbeA dimer.

These calculations reveal that the IbeA

surface is highly negatively charged. (D)

Same as panel C but with view on the

dimer interface. The dimer interface is

much more apolar except for the regions of

close contact between the two IbeA

protomers.
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gain of �31.5 kcal�mol�1, which gives good confidence

in this dimer model.

Identification of the FAD binding pocket

within IbeA

To gain insights into the mode of binding of FAD by

IbeA, we next generated a docking model of oxidized

FAD within the AF-predicted 3D-structure of IbeA.

Two docking software were used that gave slightly dis-

tinct models (Fig. 7A, green and pink sticks). In addi-

tion, we also employed manual docking by

simple superimposition of the FAD molecule present

in the FAD-bound structure of the GGR from

S. acidocaldarius (Fig. 7A, yellow sticks). The overall

FAD-binding pocket is globally the same in all

models, despite subtle differences in the positioning of

the FAD molecule. As expected from sequence and

structural homology, FAD is located within domain

A, with the adenine base being held in place by the

Rossmann fold, while the flavin moiety is embedded in

a central pocket at the interface between domains A

and B, consistent with what is observed in FAD-

dependent oxidoreductases [36]. The docking model

proposed by Gold places the FAD molecule at the

same height within the IbeA central cavity as in

the model obtained by simple superimposition with

FAD-bound GGRs (Fig. 7B–D). The flavin moiety is

however shifted by 180°, which leads the adenine base

to be pushed further up toward the inner core of the

Rossmann fold than in the superimposition model

based on PDB entry 3ATR. In contrast, the docking

model proposed by AUTODOCK VINA places the flavin

moiety further down in the central cavity, closer to

domain B, and with a stabilizing π-π stacking with

Trp65 (Fig. 7E). This alternative positioning however

partly disrupts the proper anchoring of the adenine

moiety within the Rossmann fold. Docking of FAD

into our dimer model is consistent with a 2 : 2 FAD:

IbeA complex, i.e. one molecule of FAD per each pro-

tomer (Fig. 8A). Whether cooperativity between the

two protomers is required for optimal FAD binding
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Fig. 7. Identification of the FAD binding pocket within IbeA. (A) Positioning of the FAD molecule within the IbeA protomer either through

simple superimposition with the FAD-bound structure of the GGR from S. acidocaldarius (yellow sticks) in COOT [79] or by use of the docking

software GOLD (green sticks; [75]) or AUTODOCK VINA (pink sticks; [77]). (B) Key residues of IbeA proposed to interact with FAD using the sim-

ple superimposition model in COOT [79]. Hydrogen bonds are shown with black dotted lines. π-stacking interactions are marked by red dotted

lines with an aromatic ring. (C) Same as panel B but using a 2D ligand-protein interaction diagram generated with PLIP and the Lidia ligand

builder from COOT [79,80]. Residue color code: beige for apolar, green for hydrophobic, light blue for polar, dark blue for basic, dark red for

acidic. Gray and blue circles surrounding the residues and FAD atoms, respectively, indicate the degree of exposure to the solvent (the

larger the circle, the more exposed the residue/atom is). Blue and green arrows indicated hydrogen bonds via main and side chain atoms,

respectively. Red arrows indicate π-stacking. (D, E) Key residues of IbeA proposed to interact with FAD using the GOLD [75] (D) or AUTODOCK

VINA [77] (E) docking models. Hydrogen bonds are indicated with black dotted lines, hydrophobic interactions are highlighted by yellow dot-

ted lines, pi-stacking interactions are marked by red dotted lines with an aromatic ring, and salt bridges are depicted with magenta dotted

lines.
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remains unknown, but the binding pockets from the

two protomers do not appear to be connected in our

dimer model, suggesting that each FAD molecule can

bind independently of the other to each IbeA proto-

mer (Fig. 8B).

Despite subtle differences, all docking models point

out at a similar binding pocket lined up by the same

residues potentially involved in the coordination of dif-

ferent parts of the FAD molecule (Fig. 7B–E). Key

residues found to interact with FAD in all docking

models include Glu46, the final glutamate from the

conserved GxGxxG(x)17E motif within the Rossmann

fold, and Arg47, which stabilize the adenosine moiety

of FAD (adenine and/or ribose groups), possibly

through a π-stacking interaction between with the ade-

nine rings. Gly24 and Gly25, the second and third

residues from the consensus GxGxxG(x)17E sequence,

also connect to the adenosine part through main chain

hydrogen bonds. Ser27 contacts the hydroxyl groups

of the ribose and the pyrophosphate moieties. Ser62

and Trp65 stabilize the isoalloxazine ring, one docking

model even proposing a strong π-stacking between

Trp65 and the flavin ring. Tyr272, Asn274, and

Arg329 also interact with the polar groups of the isoal-

loxazine ring, while Arg397 and Arg410 may rather

stabilize the hydroxyl groups from the pyrophosphate

and D-ribitol moieties. Depending on the docking

model, other residues are predicted to interact directly

with FAD, including Phe48, Gly53, Met54, Glu61,

Gln96, Ala128, Thr186, Trp213, Trp222, Ser260,

Ser262, Thr328, and Met412, through hydrogen bonds,

hydrophobic contacts or salt bridges. Finally, the four

internal cysteines of IbeA described in Fig. 5D are also

in close proximity to the FAD molecule. In particular,

Cys160 and Cys415 could come within hydrogen

bonding distance from the pyrophosphate groups, pro-

viding small conformational rearrangements.

Interestingly, quite a few tryptophan residues are

located nearby the FAD molecule in both docking

models. We took advantage of this feature to measure

the affinity of the interaction between IbeA and FAD,

with help of Trp fluorescence quenching experiments.

As shown in Fig. 9A, the Trp fluorescence of IbeA is

quenched in the presence of FAD, in a dose-dependent

manner. Taking into account the primary and second-

ary inner filter effects (IFE) generated by FAD itself

(due to primary absorbance of the excitation light at

280 nm and secondary absorbance of the Trp-emitted

light between 300 and 400 nm by FAD; see Materials

and Methods and Fig. 9B–E for calculation details),

we could derive an apparent dissociation constant

(Kd-app) of 127 � 46 nM for the interaction of FAD

with WT IbeA (Fig. 9F; Table 2), using a quadratic

regression to account for FAD depletion (see Mate-

rials and Methods).

To validate the docking models, we next generated

single- and double-point mutants (Ala substitution) for

the residues lining up the putative FAD binding

pocket. As shown in Table 2 and Fig. 10A, all

mutated residues except R329 show significantly

decreased affinity for FAD, the most destabilizing

mutations being R397A and S62A-W65A. We also

tried to mutate Glu46 and Arg47 into alanine but

these yielded an instable protein that could not be

purified to homogeneity. The moderate loss of affinity

most probably reflects the large size of the binding

pocket that a single mutation cannot compromise

severely. Nevertheless, the effect of these mutations on

the Kd-app values clearly demonstrates that these

(A)

(B)

Protomer A

Protomer B

FAD(A)

FAD(B)X

Fig. 8. Docking model of FAD into the IbeA homodimer. (A)

Docking model with two FAD molecules docked per IbeA

homodimer, one in each IbeA protomer (protomer A or B) using

GOLD [75]. (B) Zoom on the closest region between the two FAD

molecules, at the dimer interface. The adenine ring of each

molecule is inserted in a pocket closed by β-sheets from the Ross-

mann fold, thus preventing direct connection between the two

binding cavities within each protomer.
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residues are in close proximity to the FAD molecule

within FAD-bound IbeA, thus validating the proposed

binding pocket.

Flavin-dependent oxidoreductases generally display

specificity toward a single flavin derivative. In our

case, the structural homology with FAD-

oxidoreductases points out at FAD as being the pre-

ferred flavin compound for IbeA. In agreement, no

significant interaction between IbeA and FMN could

be detected using Trp fluorescence quenching measure-

ment (Fig. 10B; Table 2). We also tested whether IbeA

could bind to NAD+/NADH or NADP+/NADPH,

but no significant changes in Trp fluorescence could be

detected in the presence of these nicotinamide cofac-

tors (Fig. 10B; Table 2). This tends to suggest that

they can probably not replace FAD in the binding

pocket we identified. However, they could still bind to

IbeA at a distinct site and/or be used by IbeA as sub-

strates for the reduction of FAD. To test this hypothe-

sis, we incubated our IbeA sample (F1 form) in the

presence of exogenously added FAD and NADH or

NADPH, under anaerobic conditions, and monitored

the absorbance at 450 nm over time. As shown in

Fig. 10C,D, no change in the absorbance at 450 nm is

detected following 2 h or 6 h incubation in the pres-

ence of either nicotinamide cofactor, which demon-

strates that in these in vitro conditions, neither NADH

nor NADPH can be used by IbeA to reduce FAD.

Conformational changes upon FAD binding

Our SEC experiments combined to MS analyses show

that the apo-form of the IbeA homodimer (F2 form)

has a distinct behavior on the SEC column. Indeed, it

elutes at least one fraction earlier on the SEC column

than FAD-bound IbeA (F1 form) (Fig. 11A–C). This
differential behavior is also illustrated by the fact that

addition of exogenous FAD triggers the disappearance

of the shoulder peak corresponding to the F2 form on

the SEC elution profile, yielding a single and homoge-

nous peak of absorbance at 280 nm corresponding to

the sole F1 form and coinciding perfectly with the

peak of absorbance at 450 nm (Fig. 11B). Native MS

confirmed that there is no change in the oligomeric

state of IbeA upon FAD binding since both the F1

and F2 forms are almost exclusively dimeric. Taken

together, these observations suggest that substantial

structural differences exist between the apo- and FAD-

bound IbeA dimers and that FAD binding induces

non-negligible conformational rearrangements within

IbeA, either at the protomer or at the dimer level.

To gain insights into the possible conformational

changes occurring upon FAD binding, we performed

MD simulations on the AF model of apo-IbeA and

the FAD docking models generated previously. We

first ran these simulations on the monomer models. As

shown in Fig. 11D,E, no major differences are

observed between the apo- and FAD-bound models,

both for the overall radius of gyration and for the

solvent-accessible surface area. We also performed

these simulations on the homodimer models of apo-

and FAD-bound IbeA. Docking of two FAD mole-

cules within the IbeA homodimer using Gold yielded a

positioning very similar to that obtained by simple

superimposition with the FAD molecule present in the

structure of GGR from S. acidocaldarius. We therefore

only display the results of the MD simulations

obtained with the Gold docking model. Although no

major differences could be observed by direct visuali-

zation of the MD trajectories between the apo or

FAD-bound dimer, a clear decrease of both radius of

gyration and surface area values was observed

throughout the duration of the 600 ns long simulations

(Fig. 11F,G). These metrics suggest that presence of

FAD promotes some compaction of the dimer or at

least induces more constraints on the domains or loops

motions. These movements remain however relatively

small and do not seem to be sufficient to explain the

large shift in elution volume observed in our SEC

experiments between apo- and FAD-bound IbeA.

While MD simulations revealed no major conforma-

tional rearrangements of IbeA upon binding to FAD,

smaller movements are nevertheless observed (Figs 12

and 13). First, while apo and FAD-bound IbeA dimers

adopt a similar behavior during MD simulations, the

convergence toward a stable conformational state is

reached faster for the FAD-bound protein, indicating

a higher conformational stability in presence of FAD

(Fig. 12A,B). Furthermore, a certain degree of flexibil-

ity for the conformation and orientation of the isoal-

loxazine ring of FAD is observed during the

simulations while the adenosine moiety stays more rig-

idly anchored within the Rossmann fold (Fig. 13A).

These adjustments for the FAD molecule are accom-

panied by significant loop motions, in particular for

loop Gly89-Ala104 in domain A and loop Thr206-

Val226 in domain B (Fig. 12D). These movements are

also observed in the apo-dimer and are even more

important in the absence of FAD (Fig. 12C). Of inter-

est, the following regions undergo significant rearran-

gements in both apo and FAD-bound IbeA during

MD simulations: (a) the small α-helix turn following

helix α1 (α10 turn) and helix α2 from the Rossmann

fold in domain A move into (apo protein, green car-

toon) or away from (FAD-bound protein, blue car-

toon) the FAD binding pocket, depending on whether
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FAD is absent or present, respectively (Fig. 13B), sug-

gesting that these motifs may act as a switch to stabi-

lize the central cavity in the absence of ligand; (b) the

loop encompassing residues Gly89 to Ala104, just

below the region described in (a), moves toward

(FAD-bound protein, blue cartoon) or away from

(apo protein, green cartoon) a putative entry channel,

concomitantly with helix Lys196-Thr206 from domain

B, possibly serving as a gate for ligand entry

(Fig. 13C); (c) the loop encompassing residues Thr206

to Val226 within domain B also moves toward (apo

protein, green cartoon) or away from (FAD-bound
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protein, blue cartoon) a second, putative entry channel

(Fig. 13D), in an opposite manner to the movement

described for loop Gly89-Ala104. Whether the move-

ments observed in MD simulations may represent gen-

uine conformational states adopted by the IbeA

protein throughout the oxidoreduction process remains

to be determined.

Discussion

In this study, we provided the first biochemical charac-

terization of the full-length IbeA protein from AIEC,

demonstrating that it behaves as a fully soluble factor

expressed in the cytosol of E. coli. Using a combina-

tion of SEC, MS, and Trp fluorescence quenching

assays, we showed that IbeA is a homodimeric flavo-

protein that preferentially binds to FAD, with optimal

stability and binding capacity under reducing condi-

tions. We also reported a first, predictive 3D-structural

model for the protein, revealing strong structural

homology with FAD-dependent oxidoreductases.

Thanks to in silico docking and mutation-based valida-

tion, we identified the FAD binding pocket, and using

MD simulations, we proposed conformational rearran-

gements of the IbeA protomers upon FAD binding.

Finally, our SEC experiments highlighted substantial

conformational differences between the apo- and

FAD-bound forms of dimeric IbeA that remain yet to

be characterized at the atomic level.

While the role of IbeA as a genuine virulence factor

in various pathogenic bacteria has been firmly estab-

lished since its discovery in 1995 [24,32,35], its exact

biological function remains controversial. Initial

reports on the protein from the NMEC strain K1

described an insoluble protein, present in inclusion

bodies during heterologous expression in bacteria [24–26].
This observation, together with the identified role of

IbeA in promoting NMEC crossing through the

blood–brain barrier, prompted the authors to catego-

rize the protein as a membrane-embedded invasin pos-

sibly resembling outer membrane porins [26]. On the

other hand, more recent work by Flechard et al. [34]

proposed that the IbeA protein from APEC strain

BEN2908 is a cytosolic protein involved in the resis-

tance to H2O2-mediated oxidative stress and hinted for

Fig. 9. Binding of FAD to recombinant IbeA using Trp fluorescence quenching assay. Data were generated from three independent

experiments, with technical triplicates for each experiment (n = 3). (A) Trp fluorescence emission for the IbeA protein incubated with

increasing concentrations of FAD recorded between 300 and 400 nm following excitation at 280 nm (bandwidth of the excitation: 5 nm;

bandwidth of the emission: 10 nm; measurements every 1 nm). FAD concentrations varied between 6 nM and 320 μM. Presence of FAD

induces a dose-dependent quenching of the fluorescence, as monitored by the decreased fluorescence of the peak maximum at 341 nm.

(B) Variation of the maximum Trp fluorescence intensity (at 341 � 2 nm) of IbeA upon incubation with increasing concentrations of FAD

(reported with a log10 scale). Error bars represent the standard deviation (SD). The observed quenching seems to follow a biphasic sigmoi-

dal curve, suggesting two non-equivalent binding sites (one high and one low affinity binding sites). (C) Variation of the maximum Trp fluo-

rescence intensity (at 341 � 2 nm) of NATA (N-Acetyl-L-tryptophanamide, analog of Tryptophan) upon incubation with increasing

concentrations of FAD (reported with a log10 scale). High concentrations of FAD induce a decrease of the NATA fluorescence although

NATA does not bind to FAD. This decrease is due to primary and secondary IFE, i.e. FAD absorbs both the excitation light at 280 nm and

the fluorescence emitted by the Trp analog. (D) The NATA fluorescence decrease induced by FAD allows to calculate a correction factor for

each FAD concentration employed in the assay. The raw fluorescence measured in panel B must be multiplied by this correction factor to

correct the IFE. (E). Variation of the maximum Trp fluorescence intensity (at 341 � 2 nm) of IbeA upon incubation with increasing concentra-

tions of FAD (reported with a log10 scale), after correction of the IFE. Error bars represent the SD. This time, the quenching curve is mono-

phasic, suggesting a single binding site as expected from the docking models. (F) Relative Trp fluorescence variation (at 341 � 2 nm) of

IbeA upon incubation with increasing concentrations of FAD (reported with a linear scale). Error bars represent the SD. Using a quadratic

regression to account for ligand depletion, an apparent dissociation constant (Kd-app) of 127 � 46 nM can be extrapolated for the interaction

of WT IbeA with FAD.

Table 2. Apparent dissociation constants (Kd-app) for the interaction

of IbeA (WT or mutant proteins) with various nucleotide cofactors.

Kd-app values were calculated from 3 independent experiments

using nonlinear regression with a quadratic eq. (SD: standard devia-

tion). The statistical significance of the differences observed in

Kd-app values was analyzed in GRAPHPAD PRISM using unpaired t-tests

with Welch’s correction. P-values are reported as follow:

* 0.05 > P > 0.01; ** 0.01 > P > 0.001; *** 0.001 > P > 0.0001;

**** P < 0.0001; ns: not significant; nr: not relevant.

IbeA protein Ligand Kd-app � SD (nM) P-value

WT FAD 127 � 46 nr

S27A FAD 744 � 167 *
S62A-W65A FAD 987 � 206 *
Y272A-N274A FAD 536 � 73 ****
R329A FAD 210 � 60 ns

R397A FAD 2107 � 339 **
R410A-N411A FAD 422 � 76 ***
WT FMN No binding nr

WT NAD No binding nr

WT NADP No binding nr
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the first time a possible resemblance with FAD-

oxidoreductases. Our data clearly corroborate this

second hypothesis and confirm that IbeA is not an

integral membrane protein. We cannot rule out that

the proteins from the different E. coli strains adopt

distinct 3D-architectures linked to distinct physiologi-

cal functions. This hypothesis seems however unlikely

as the proteins only differ by one or two amino acids

over 456, and modeling of IbeA from NMEC and

APEC with AlphaFold gave similar 3D-prediction

models as for IbeA from AIEC (data not shown).

Although our data and those on the protein from

APEC give strong evidence for a fully soluble protein,

Cieza et al. [35] reported a potential association of

IbeA with the AIEC cell membrane. One possible

explanation may be that while not directly embedded

inside the membrane, IbeA could interact either consti-

tutively or transiently with a membrane-bound binding

partner. Interestingly, the ibeA gene is present on a

genomic locus unique to extraintestinal pathogenic

E. coli (GimA locus) and highly involved in the patho-

genicity of these strains [45]. This locus encodes several

virulence factors, of which some may be transmembra-

nar. In particular, ibeA is part of a 3-gene operon

(ibeRAT) that encodes a putative transmembrane

transporter, IbeT, whose function seems to be tightly
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Fig. 10. Validation of the FAD binding pocket through mutational analysis and evaluation of nicotinamide cofactors as possible substrates of

IbeA. (A) Trp fluorescence quenching assay to measure the interaction between WT or mutant IbeA proteins and FAD. The relative

fluorescence variation (ΔF/Fo) is reported as a function of the FAD concentration. The data points arise from 3 independent measurements

(n = 3), with technical triplicates for each measurement. Error bars represent the standard deviation (SD). The apparent dissociation

constants were calculated using a quadratic regression in GRAPHPAD PRISM. The fitting curves are also displayed. (B) Trp fluorescence

quenching assay to measure the interaction between WT IbeA and FMN, nicotinamide adenine dinucleotide (NADH) or nicotinamide

adenine dinucleotide phosphate (NADP). The fluorescence intensity at 341 nm � 2 nm, corrected for IFE, is reported as a function of the

FAD concentration (log10 scale). The data points arise from 3 independent measurements (n = 3), with technical triplicates for each

measurement. Error bars represent the SD. No significant variation of the fluorescence is observed upon addition of increasing ligand. (C)

IbeA activity assay in the presence of NADH. Variation of the absorbance at 450 nm upon 2 h or 6 h incubation of IbeA (5 μM; red

histograms) or control buffer without IbeA (blue histograms) in the presence of exogenous FAD and NADH. The data points arise from 3

independent measurements (n = 3) and error bars represent the SD. No decrease in absorbance at 450 nm is observed over time,

demonstrating that FAD is not reduced in the presence of NADH. (D) Same as in panel C but in the presence of NADPH. No decrease in

absorbance at 450 nm is observed over time, demonstrating that FAD is not reduced either in the presence of NADPH.
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connected to that of IbeA [46]. Whether IbeA interacts

with this transporter, or other membrane proteins

absent in non-pathogenic E. coli, remains to be eluci-

dated to specify the in vivo subcellular localization of

the protein. Another possibility would be that IbeA

has various functions throughout the life cycle of the

bacteria. Hence, it could first be exposed on the bacte-

rial surface, in order to interact with host cell surface

receptors such as the ones identified on brain endothe-

lial cells by the Huang group [27,28,30], thereby facili-

tating bacterial invasion. IbeA could then be released

from the membrane and/or secreted within invaded

host cells to achieve other functions possibly related to

resistance to oxidative stress [34]. Interestingly, all the

strains expressing IbeA are categorized as translocating

E. coli (TEC) and recent studies have shown that the

GimA locus is a hallmark of TEC strains [47].

Although the mechanisms of translocation are not all

fully characterized, genomic studies showed that AIEC

possess both Type IV and Type VI secretion systems

(T4SS and T6SS) that are important for their pathoge-

nicity [48–50]. Furthermore, in APEC strain K1,

mutations in T6SS2 result in a decreased expression of

IbeA, thus establishing a clear link between IbeA and

the secretion machinery of pathogenic E. coli [51].

Our modeling studies show without ambiguity that

IbeA shares strong structural homology with FAD-

dependent oxidoreductases. The accuracy of our

models is ascertained by the high confidence indexes

we obtained for all our structure predictions. The pre-

dicted 3D-models propose IbeA to contain 32%

α-helices and 24% β-sheets. Using circular dichroism,

Mendu et al. [26] previously reported that the IbeA

protein from NMEC would bear 30% α-helices and

34% β-sheets. Although the content of β-sheet ele-

ments is slightly lower in our model, it is still well in

line with these values, taking into account the two dif-

ferent purification protocols (native purification versus

in vitro refolding and subsequent solubilization with

detergent). The two-domain organization we describe

for IbeA is typical of FAD-oxidoreductases, with an

N-terminal flavin-binding domain specific for FAD

and a C-terminal domain resembling the substrate

domain of known reductases. Consistently with the
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Fig. 11. Compaction of IbeA upon FAD binding. Chromatograms and SDS/PAGE gels are from a single, representative experiment but

results were reproduced in at least three independent experiments (n = 3). (A) Comparison of the SEC elution profile of IbeA (F1-F2 pool)

alone or incubated with a 10-fold molar excess of FAD under reducing conditions. Upon FAD binding, the absorbances at both 280 and

450 nm increase for the IbeA elution peak. Furthermore, the peak of absorbance at 280 nm corresponding to IbeA sharpens and aligns with

the peak of absorbance at 450 nm, while the shoulder containing the F2 form disappears. (B) Zoom on the peak of absorbance at 280 nm

corresponding to the IbeA homodimer from the experiment described in Fig. 3D, with all chromatograms scaled to the same height to visu-

alize the dose-dependent sharpening and shift toward later elution volume of the peak. (C) SDS/PAGE analysis of the SEC experiments

depicted in panel A. Fractions corresponding to elution volume 12 to 15 mL were loaded on the gel, for the chromatogram of IbeA alone

(upper gel) or for the chromatogram of IbeA incubated with a 10-fold molar excess of FAD (lower gel). In the presence of saturating

amounts of FAD, the elution of IbeA shift by at least one fraction, suggesting a more compact form for the FAD-bound IbeA homodimer.

(D) Radius of gyration calculated using the VMD package [85] for apo- or FAD-bound IbeA (monomeric) from MD simulations. (E) Solvent-

accessible surface area calculated using the VMD package [85] for apo- or FAD-bound IbeA (monomeric) following MD simulations. (F) Radius

of gyration calculated using the VMD package [85] for apo- or FAD-bound IbeA (dimeric) from MD simulations. (G) Solvent-accessible surface

area calculated using the VMD package [85] for apo- or FAD-bound IbeA (dimeric) from MD simulations.
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literature [52], IbeA does not bind to FMN. It shows

specificity toward FAD, bearing consensus sequence

motifs involved in the chelation of this flavin deriva-

tive in GRs [36]. We also demonstrate that IbeA does

not use NADH or NADPH as substrates to reduce

FAD, at least not in our in vitro activity assay. While

many FAD-oxidoreductases can use nicotinamide

cofactors as substrates for the reduction of FAD,
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including several members of the GGR family, other

do not function with NADH or NADPH. This is for

example the case for the menaquinone-specific prenyl

reductase, a GGR from Archaeglobus fulgidus [53].

Thus, it is possible that IbeA also displays an atypical

mechanism of oxidoreduction that would not rely on

nicotinamide cofactors.

The dimeric organization of IbeA is not uncommon

for FAD-dependent oxidoreductases, including the

well-studied GR family [54]. Dimerization of these

enzymes has been proposed to increase their stability,

their cooperativity for substrate binding, and/or their

catalytic efficiency [55–57]. Many different types of qua-

ternary architectures exist for dimeric oxidoreductases.

Fig. 12. Conformational stability and loop motions for IbeA dimer (apo or FAD-bound) during MD simulations. (A) 2D-RMSD plot for apo IbeA

dimer during MD simulations, generated with the MDAnalysis PYTHON package [86]. The globally high RMSD values on backbone atoms

(close to 3 Å) show that the protein dynamics were unstable before reaching a stable conformation (after 225 ns). (B) 2D-RMSD plot for

FAD-bound IbeA dimer (Gold docking model) during MD simulations, generated with the MDAnalysis PYTHON package [86]. Due to lower

RMSD values, the protein dynamics are more stable and conformational stability is reached faster than for the apo dimer (squares indicate

areas for which IbeA has the same conformation). (C) Loop motions observed for the apo dimer during MD simulations computed from

covariance analysis (principal component analysis/essential dynamics calculated using the PRODY package [87]) to identify correlated motions

(three first components or coordinate 1 to 3). Red arrows indicate the regions where large movements occur, the width of the arrow is pro-

portional to the amplitude of the movement. (D) Same as panel C but for the FAD-bound dimer. In both simulations, the loop with largest

movements are loop Gly89-Ala104 in domain A and loop Thr206-Val226 in domain B. Overall, loop motions in the apo dimer are more impor-

tant than in the FAD-bound dimer.
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Fig. 13. Detailed conformational changes occurring within IbeA upon FAD binding. (A) Comparison of the position of the FAD molecule

within the FAD binding pocket at the beginning and at the end of the MD simulations, for both monomeric and dimeric models of IbeA. The

monomeric model used for comparison is the one based on simple superimposition of the FAD molecule from PDB entry 3ATR while the

dimeric model is derived from docking with Gold. In both cases, the position of the adenine moiety varies only slightly between the start

and the end of the simulation, while the position of the isoalloxazine ring is more flexible. (B) Comparison of the movements of the small

α10 helix turn and helix α2 during MD simulations between the apo dimer model (gray versus green cartoon) and the dimer model docked

with two FAD molecules (gray versus blue cartoon). In the absence of FAD, these two helices move toward the empty FAD binding pocket,

while they move away when FAD is present. (C) Comparison of the movements of the Gly89-Ala104 loop in domain A and helix Lys196-

Thr206 in domain B during MD simulations between the apo dimer model (gray versus green cartoon) and the dimer model docked with

two FAD molecules (gray versus blue cartoon). In the absence of FAD, the helix and loop move away from each other, opening a possible

entry channel for ligand within each IbeA protomer. (D) Comparison of the movements of the Thr206-Val226 loop in domain B during MD

simulations between the apo dimer model (gray versus green cartoon) and the dimer model docked with two FAD molecules (gray versus

blue cartoon). In the presence of FAD, the loop moves away from the protein, opening a possible second entry channel for ligand within

each IbeA protomer (substrate entry channel?).
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Despite extensive efforts, we could not find enzymes dis-

playing a similar inter-subunit interface as the one

depicted in the IbeA dimer model. However, the high

strength of interaction between the two protomers cal-

culated for our model give us strong confidence that this

quaternary organization may correspond to the physio-

logical one. The impact of this dimerization on IbeA

function remains yet to be investigated.

The close resemblance of IbeA with GGRs, including

domain B, is intriguing. These enzymes are known to

hydrogenate polyprenyl substrates that are used for lipid

biosynthesis in archaea [58] or chlorophyll biosynthesis in

plants [59]. Although geranylgeranyl phospholipids are

not commonly found in bacteria, this could hint for an

IbeA substrate related to lipid metabolism. On the other

hand, Xu et al. [60] identified a weak sequence homology

between the region of IbeA encompassing residues 229–
343 (roughly corresponding to the core of domain B in

our model) and the Phox homology domain of cargo pro-

teins, a phosphoinositide-binding motif involved in the

targeting of proteins to cell membranes [61] and originally

identified in the p40 and p47 subunits of the NADPH oxi-

dase [62]. The resemblance between IbeA domain B and

these different motifs remains low and cannot be used to

predict a clear biological function or a possible substrate

for the redox reaction. Overall, these observations suggest

that although it has no direct membrane anchor, IbeA

may be linked to membrane-related processes.

Taken together, our findings bring novel clues on

the biological function of IbeA and help progressing

toward understanding its role as a virulence factor in

pathogenic E. coli by demonstrating that it most prob-

ably behaves as a FAD-dependent oxidoreductase.

IbeA-expressing bacteria are known to invade and sur-

vive within host cells. AIEC, in particular, can reside

within the phagolysosomal compartment of human

macrophages, where they would encounter harsh acidic

and oxidative conditions [14,15]. The putative redox

function of IbeA may be employed to counteract host

stresses in these intracellular compartments, in line

with the role attributed to IbeA in enhanced survival

and replication within host cells. More investigations

will be required to fully address the biological function

of this virulence factor and identify its physiological

substrate and the redox process it may orchestrate.

Materials and methods

Bacterial strains and chemical reagents

E. coli BL21(DE3) cells were purchased from Invitrogen

(Thermo Fisher Scientific, Waltham, MA, USA). AIEC LF82

reference strain was a generous gift from Nicolas Barnich

(M2iSH, Clermont Auvergne University, France). FAD, beta-

nicotinamide adenine dinucleotide (NAD/NADH), and beta-

nicotinamide adenine dinucleotide phosphate (NADP/

NADPH) were purchased as disodium salts from Merck

(Darmstadt, Germany). N-Acetyl-L-tryptophanamide (NATA)

was purchased from Merck. Riboflavin 50-monophosphate

(FMN) was purchased as sodium salt from Cayman Chemical

(Ann Arbor, MI, USA).

Expression and purification of recombinant IbeA

from AIEC

The IbeA full-length ORF was amplified from AIEC LF82

genomic DNA with the following forward and reverse

primers, respectively:

50 CCCACTACTGAGAATCTTTATTTTCAGGGCAT

GGAATTTTATCTGGAACCCGC 30 and 50 GAGCTCG

AATTCGGATCCGGTACCTTAAAAGACTTTTACG

CCATTTTGC 30. The resulting PCR fragment was then

cloned in frame after the sequence coding for the Tobacco

Etch Virus (TEV) protease cleavage site in pETM11 vector

(EMBL vector collection), using restriction-free cloning

[63]. Point mutants of the putative FAD-binding pocket

were obtained by PCR-based site-directed mutagenesis

using High Fidelity Phusion DNA Polymerase (New

England Biolabs, Ipswich, MA, USA) and anti-

complementary oligonucleotides bearing the mutation to

introduce. The resulting constructs were used to transform

heat-competent E. coli BL21 (DE3). After selection on LB

agar plates supplemented with 50 μg�mL�1 of kanamycin,

transformed cells were grown at 37 °C for 5 h, until they

reached exponential phase of growth. Protein expression

was then induced overnight at 18 °C by adding 1 mM

IPTG in the culture medium. The next day, cells were har-

vested by centrifugation at 6000 g and disrupted by sonica-

tion. After clarification by centrifugation, the lysate

containing soluble proteins was loaded onto a 5 mL

HisTrap Ni-column (Cytiva, Marlborough, MA, USA)

equilibrated with 40 mM Tris–HCl pH 7.5, 300 mM NaCl,

30 mM imidazole, 1 mM phenylmethylsulfonyl fluoride for

purification in non-reducing conditions or with the same

buffer supplemented with 10 mM β-mercaptoethanol for

purification in reducing conditions. Non-specifically bound

contaminants were removed by performing a high salt wash

with a buffer containing 1 M NaCl. The protein of interest

was finally eluted with a buffer containing 500 mM imidaz-

ole. The N-terminal polyhistidine tag was then removed

overnight by incubating the sample at 4 °C with home-

made recombinant TEV (rTEV) protease [64], using a pro-

tein to rTEV protease massic ratio of 50 : 1. A counter-

purification was then performed on the His-Trap Ni-

column to separate the cleaved IbeA protein, eluting in the

flow-through, from the His6-tag and His-tagged rTEV pro-

tease that remained bound to the column. In a final step,

the protein was purified by size-exclusion chromatography
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(SEC) on a 24 mL Superdex 200 Increase 10/300 GL col-

umn (Cytiva) equilibrated with Buffer 1 (20 mM Tris–HCl

pH 7.5, 150 mM NaCl) or Buffer 2 (same as Buffer 1 but

with 10 mM β-mercaptoethanol). Fractions of interest were

analyzed by SDS/PAGE, pooled and flash-frozen in liquid

nitrogen for storage at �80 °C.

Subcellular localization of recombinantly

expressed IbeA from AIEC

Following expression of His6-tagged IbeA in BL21(DE3) cells

as described above, the bacterial pellet from a 1.5 L culture

was resuspended in 40 mL of 50 mM Tris–HCl pH 7.5,

300 mM NaCl and the cells were disrupted by sonication. The

lysate was first subjected to low speed centrifugation (30 min

at 30 000 g and 4 °C). The resulting supernatant (S1) was then
separated from the pellet corresponding to the insoluble frac-

tion (cell debris + inclusion bodies; P1) and subjected to high

speed centrifugation (2 h at 200 000 g and 4 °C), in order to

isolate the membrane fraction (recovered in the second pellet,

P2) and the soluble fraction containing both cytosolic and peri-

plasmic proteins (second supernatant, S2). To prepare a peri-

plasmic extract, the bacterial pellet from a 1.5 L culture of

IbeA-expressing BL21(DE3) cells was gently resuspended in

ice-cold buffer containing 20 mM Tris–HCl pH 7.5, 5 mM

EDTA, 25% (w/v) sucrose (4 mL of buffer/g of bacterial pel-

let), without vortexing, to avoid mechanical disruption of the

cell membrane. The bacterial suspension was incubated on ice

for 15 min and then centrifuged for 20 min at 4000 g and

4 °C. The pellet was separated from the supernatant

and quickly resuspended in ice cold buffer containing 5 mM

magnesium chloride (4 mL of buffer/g of bacterial pellet). The

new suspension was incubated on ice for 1 h, to allow for outer

membrane disruption through osmotic shock, and then centri-

fuged for 30 min at 30 000 g and 4 °C. The resulting superna-

tant (S3) corresponds to the periplasmic extract while the pellet

(P3) contains the intact inner cell, including cytosolic and inner

membrane-bound proteins. Fractions of interest were analyzed

by SDS/PAGE using PageRuler™ Unstained Protein Ladder

(Thermo Fisher Scientific) as molecular weight marker.

Native mass spectrometry (native MS)

Prior to native MS analysis, buffer of the IbeA samples

was exchanged to 250 mM ammonium acetate pH 7.0 (plus

10 mM dithiothreitol for reducing conditions) through SEC

on a Superdex 200 Increase column. The samples were then

analyzed by native MS as previously described [65–68].
Protein ions were generated using a nanoflow electrospray

(nano-ESI) source. Nanoflow platinum-coated borosilicate

electrospray capillaries were bought from Thermo Electron

SAS (Courtaboeuf, France). MS analyses were carried out

on a quadrupole time-of-flight mass spectrometer (Q-TOF

Ultima, Waters Corporation, Manchester, UK). The instru-

ment was modified for the detection of high masses [69,70].

The following instrumental parameters were used: capillary

voltage = 1.2–1.3 kV, cone potential = 40 V, RF lens-1

potential = 40 V, RF lens-2 potential = 1 V, aperture-1

potential = 0 V, collision energy = 30–140 V, and micro-

channel plate (MCP) = 1900 V. All mass spectra were cali-

brated externally using a solution of Cesium Iodide

(6 mg�mL�1 in 50% isopropanol) and were processed with

the MASSLYNX 4.0 software (Waters Corporation, Manches-

ter, UK) and with MASSIGN software package [71].

Liquid chromatography/Electrospray-ionization

mass spectrometry (LC/ESI-TOF MS) under

denaturing conditions

Presence of covalent oligomers in our IbeA samples was inves-

tigated by LC/ESI-TOF MS on a 6210 TOF mass spectrome-

ter coupled to a high-performance liquid chromatography

(HPLC) system (1100 series; Agilent Technologies, Santa

Clara, CA, USA) using previously described procedure [72].

The mass spectrometer was calibrated with tuning mix (ESI-

L, Agilent Technologies). The following instrumental settings

were used: gas temperature (nitrogen) 300 °C, drying gas

(nitrogen) 7 L�min�1, nebulizer gas (nitrogen) 10 psig, Vcap

4 kV, fragmentor 250 V, skimmer 60 V, Vpp (octopole RF)

250 V. The HPLC mobile phases were prepared with HPLC

grade solvents. Mobile phase A composition was: H2O 95%,

ACN 5%, trifluoroacetic acid (TFA) 0.03%. Mobile phase B

composition was: ACN 95%, H2O 5%, TFA 0.03%.

4 μL of each protein sample at 5 μM were first desalted on-

line for 3 min with 100% of mobile phase A (flow rate of

50 μL�min�1), using a C8 reverse phase micro-column (Zor-

bax 300SB-C8, 5 μm, 5 × 0.3 mm, Agilent Technologies). The

sample was then eluted with 70% of mobile phase B (flow rate

of 50 μL�min�1) and MS spectra were acquired in the positive

ion mode in the 300–3000 m/z range. Data were processed

with MASSHUNTER (v. B.02.00, Agilent Technologies) and

GPMAW (v. 7.00b2, Lighthouse Data, Denmark) software.

Direct infusion mass spectrometry (DIMS)

Direct infusion mass spectrometry requires the use of a

syringe for delivering samples, directly into the electrospray

source of the ESI-TOF MS on a 6210 TOF mass spectrom-

eter. The flow rate was of 20 μL�min�1. The following

instrumental settings were used: gas temperature (nitrogen)

325 °C, drying gas (nitrogen) 5 L�min�1, nebulizer gas

(nitrogen) 30 psig, Vcap 3.5 kV, fragmentor 200 V, skim-

mer 65 V, Vpp (octopole RF) 250 V.

Monitoring of the stability of IbeA over time

by SEC

For stability assessment, fractions of purified IbeA encom-

passing both the F1 and F2 forms were pooled together

following initial purification by SEC and were rerun either
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immediately or after 4-day incubation at 4 °C (on ice) on a

Superdex 200 Increase column (Cytiva) equilibrated with

Buffer 1 (non-reducing conditions) or Buffer 2 (reducing

conditions). The same experiments were also conducted

with an F1-F2 pool directly stored at �80 °C after initial

purification and then thawed for rerun onto the SEC col-

umn, either immediately or after 4-day incubation on ice.

Both protocols yielded the same results.

Binding of FAD to recombinant IbeA as

monitored by SEC

500 μg of a freshly thawed aliquot of F1-F2 IbeA pool

were incubated for 2 h at 25 °C with a 0.06 to 10-fold

molar excess of FAD (or equivalent volume of ultrapure

water as control) in a total volume of 450 μL (protein con-

centration: 1.1 mg�mL�1 or 22.5 μM) in Buffer 1 (non-

reducing conditions) or Buffer 2 (reducing conditions). The

mix was then loaded through a 1 mL injection loop onto

the Superdex 200 Increase 10/300 GL column (24 mL)

equilibrated in either Buffer 1 or Buffer 2. The absorbance

at both 280 and 450 nm was recorded through the entire

elution. Fractions of 0.5 mL were collected during the

entire run, except for the analytical run displayed in

Fig. 11B,C for which 0.25 mL fractions were collected all

throughout the elution.

The fraction of FAD bound per IbeA protomer within

the F1-F2 pool was estimated as follows. Protein concen-

tration was first measured using standard Bradford assay

with the Coomassie (Bradford) Protein assay kit (Thermo

Fisher Scientific), according to the manufacturer’s instruc-

tions. Next the IbeA:FAD mix was denatured by incuba-

tion at 95 °C for 10 min in a heating block. Denatured

IbeA was then removed by centrifugation at 20 000 g for

15 min in a table-top centrifuge cooled down at 4 °C. The
supernatant containing the released FAD was then recov-

ered and kept on ice. The concentration of FAD was deter-

mined by measuring the absorbance at 450 nm on a

Nanodrop One/OneC spectrophotometer (ThermoFisher

Scientific), using the molar extinction coefficient of FAD in

solution (11 300 M
�1�cm�1 at 450 nm).

Tryptophan fluorescence quenching assay to

measure IbeA-ligand interactions

All tryptophan fluorescence experiments were performed

on a Spark® multimode microplate reader (TECAN,

Männedorf, Switzerland). Recombinant WT or mutant

IbeA (F1-F2 pool) was incubated for 2 h in a water bath

at 25 °C, at a concentration of 1 μM, with the ligand of

interest (FAD, FMN, NADH or NADP) at concentrations

ranging from 0.6 nM to 320 μM (2 : 2 dilution series from

320 μM; 20 concentrations plus the control without ligand).

The mixes were then aliquoted in a Greiner Bio-One 96-

well black plate with flat bottom (150 μL per well; 3 techni-

cal replicates) and fluorescence measurements were per-

formed using the TECAN microplate reader, with

temperature controlled at 25 °C by an external thermostatic

water circulator. The excitation wavelength was fixed to

280 nm (bandwidth of 5 nm to avoid interfering with the

emitted light) and Trp fluorescence emission spectra were

collected every 1 nm between 300 and 400 nm (bandwidth

of 10 nm). In each experiment, fluorescence of Buffer 2 was

measured in parallel for background determination. As the

wavelength corresponding to the fluorescence maximum

may vary slightly from one data point to the other, an

average value was taken over 5 different wavelengths cen-

tered at 341 nm (341 � 2 nm). Data from three indepen-

dent experiments were collected.

To correct for primary and secondary IFE of each nucleo-

tide ligand, experiments were repeated in triplicates as

described above but with 1 μM of N-Acetyl-L-tryptophanamide

(NATA) instead of IbeA, as described by Yammine et al. [73].

Calculations of the IFE-corrected fluorescence intensity are

detailed in Fig. 9. Briefly, a dose-dependent correlation

between the Trp fluorescence decrease due to IFE and the

ligand concentration could be derived from the experiments

with NATA, yielding a correction factor for each ligand con-

centration that could then be applied to the Trp fluorescence

measured in the presence of IbeA. This IFE-correction how-

ever yielded aberrant values at concentrations of ligand above

80 μM. Therefore, all data above 80 μM for the ligand concen-

tration were truncated for the determination of the affinity

constant.

To obtain the apparent dissociation constant (Kd-app) for

the various IbeA-ligand complexes, the relative fluorescence

variation ΔF/Fo was reported as a function of the ligand

concentration, where ΔF is the absolute value of the differ-

ence between Trp fluorescence of IbeA at a given ligand

concentration and the Trp fluorescence of IbeA without

ligand (Fo). As Kd values are within the same range as the

protein concentration (low micromolar), the data were

fitted with a quadratic regression in GRAPHPAD PRISM (v

6.07; Boston, MA, USA), to account for FAD depletion

upon complex formation. The following quadratic equation

was employed for data fitting:

ΔF
Fo

¼ ΔFm

Fo
�

Ptot½ � þ Ltot½ � þ Kdð Þ �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Ptot½ � þ Ltot½ � þ Kdð Þ2 � 4� Ptot½ � � Ltot½ �
�r

Þ
2� Ptot½ �
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where ΔF is the recorded fluorescence change at a given

ligand concentration; Fo is the initial fluorescence in the

absence of ligand; ΔFm is the maximal fluorescence change

upon ligand binding; [Ptot] and [Ltot] are the total concen-

trations of protein and ligand, respectively; and Kd is the

dissociation constant.

In vitro IbeA activity assay in the presence of

nicotinamide cofactors

All experiments were carried out under anaerobic condi-

tions, in an inflatable polyethylene glove bag (Thermo Fisher

Scientific) inflated with N2 gas and tightly closed with sealing

clamps. Reaction mixtures were prepared in a final volume

of 60 μL and contained 150 μM FAD, 150 μM NADH or

NADPH, and 5 μM purified IbeA (F1 form prepared under

reducing conditions) in 20 mM Tris–HCl pH 7.5, 150 mM

NaCl. Prior to mixing, the stock solutions of FAD, NADH,

NADPH and the buffers were bubbled with N2 gas to

remove oxygen. All compounds were mixed together and the

reaction was started by adding purified IbeA (or equivalent

volume of IbeA buffer for control). The mixtures were then

incubated at 25 °C for 2 or 6 h. Finally, absorbance at

450 nm was recorded to evaluate whether FAD reduction

occurs (decrease in absorbance at 450 nm) or not (constant

absorbance at 450 nm over time). The measured absor-

bances at 450 nm were normalized against the value at time

t = 0 (taken as the 100% absorbance reference), both for the

control samples without IbeA and for the samples incubated

in the presence of 5 μM IbeA. Data from three independent

experiments were collected.

3D-modeling and ligand docking

The 3D structural models for the IbeA protomer were pre-

dicted using AlphaFold (v2.3.2) [74] from the online Colab

notebook or RoseTTAFold [75] from the GitHub reposi-

tory. The 3D-model for IbeA homodimer was generated

using AlphaFold-Multimer [43]. Prior to ligand docking,

the best-ranked AlphaFold model was subjected to energy

minimization by applying 10 000 steps of conjugate gradi-

ent algorithm and using protein topology/parameters from

the Charmm36m force field [76]. Docking of FAD onto the

IbeA 3D-structure was performed using either AUTODOCK

VINA (v1.1.2) [77] or GOLD v5.8 (Genetic Optimization for

Ligand Docking) from the Cambridge Crystallographic

Data Centre [78]. For docking with AUTODOCK VINA, the

search was performed with a docking box centered as fol-

lowed: x = 0.2378, y = 0.537, and z = �0.1796 with

dimension (Å) X = 99.11, Y = 53.76 and Z = 75.8, and

exhaustiveness defined to 8. For docking with Gold, a tar-

get binding area was defined as a sphere of radius of 20 Å

around the backbone nitrogen atom of Met54 residue (for

each protomer) with the search option of cavity activated.

The search of best docking poses was obtained by execut-

ing 50 runs of genetic algorithms (search-based optimiza-

tion technique based on genetics and natural selection) and

the ranking of docking solutions was computed by the

GoldScore fitness function by using the complete linkage

clustering method from the RMSD matrix of generated

solutions. A third docking model was generated by simple

superimposition of the IbeA 3D-model with the X-ray

structure of FAD-bound GGR from Sulfolobus acidocal-

darius (PDB: 3ATR) in COOT [79] was also employed. All

figures with structural models were made with the PYMOL

Molecular Graphics System (version 0.99rc6; DeLano

Scientific LLC, San Francisco, CA, USA). The 2D ligand-

protein interaction diagrams were generated with PLIP and

the Lidia ligand builder from COOT [79,80]. Electrostatic

and solvation properties of the IbeA dimer surface were

calculated using APBS [81] and represented as surface poten-

tials ranging from �8 to +8 kT/e in PYMOL.

Molecular dynamics (MD) simulations

Molecular dynamics simulations were performed using the

NAMD package v3.0α12 [82] in conjunction with

the Charmm36m force field [76]. The two 3D-models of

IbeA homodimer (apo or FAD-bound) were immersed in a

cubic explicit solvent box of 100 Å3 using the TIP3P water

model [83] with periodic boundary conditions to simulate

the biological environment realistically. Next, Na+ and Cl�

ions were added at a final concentration of 0.154 M to

ensure neutrality of the periodic box. Each system was first

energy minimized by performing 10 000 steps of conjugate

gradients and then equilibrated for 250 ps. All simulations

were carried out in the isobaric-isothermal ensemble, at

constant temperature (310 K) and pressure (1 atm) using

Langevin dynamics and Langevin piston. Long-range elec-

trostatic interactions were treated using the particle-mesh

Ewald approach [84]. Integration time step of the equation

of motions was 2 fs and MD trajectories were recorded

during 200 ns (every 100 ps one frame was saved leading

to a total of 2000 frames) for IbeA monomeric forms and

during 600 ns (6000 frames) for homodimers. Gyration

radius (Rgyr) and Solvent Accessible Surface Area (SASA)

of protein models were computed using the VMD package

[85] on the full-length trajectories while 2D-Root Mean

Square Deviations (2D-RMSD) were computed on protein

backbone atoms using the MDAnalysis PYTHON package

[86]. Covariance analysis was processed by using the

PRODY package [87] allowing principal component analysis

or protein essential dynamics analysis.

Statistical analyses

Statistical analyses to compare the Kd-app values obtained

for the binding of FAD to IbeA WT and mutants were
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performed in GRAPHPAD PRISM (version 6.07) using

unpaired t-test with Welch’s correction.
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resolution. J Mol Biol 210, 163–180.
55 Loveridge EJ, Rodriguez RJ, Swanwick RS &

Allemann RK (2009) Effect of dimerization on the

stability and catalytic activity of dihydrofolate

reductase from the hyperthermophile Thermotoga

maritima. Biochemistry 48, 5922–5933.
56 Sanchez JE, Gross PG, Goetze RW, Walsh RM,

Peeples WB & Wood ZA (2015) Evidence of kinetic

cooperativity in dimeric Ketopantoate reductase from

Staphylococcus aureus. Biochemistry 54, 3360–3369.
57 Martin LL, Holien JK, Mizrachi D, Corbin CJ, Conley AJ,

Parker MW&Rodgers RJ (2015) Evolutionary

comparisons predict that dimerization of human

cytochrome P450 aromatase increases its enzymatic activity

and efficiency. J Steroid BiochemMol Biol 154, 294–301.
58 Nishimura Y & Eguchi T (2006) Biosynthesis of

archaeal membrane lipids:

digeranylgeranylglycerophospholipid reductase of the

thermoacidophilic archaeon Thermoplasma acidophilum.

J Biochem 139, 1073–1081.
59 Proctor MS, Sutherland GA, Canniffe DP & Hitchcock

A (2022) The terminal enzymes of (bacterio)chlorophyll

biosynthesis. R Soc Open Sci 9, 211903.

60 Xu X, Zhang L, Cai Y, Liu D, Shang Z, Ren Q, Li Q,

Zhao W & Chen Y (2020) Inhibitor discovery for the

E. coli meningitis virulence factor IbeA from homology

26 The FEBS Journal (2023) ª 2023 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.

IbeA is a FAD-binding protein with oxidoreductase fold T. Paris et al.

 17424658, 0, D
ow

nloaded from
 https://febs.onlinelibrary.w

iley.com
/doi/10.1111/febs.16969 by B

iu M
ontpellier, W

iley O
nline L

ibrary on [19/10/2023]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



modeling and virtual screening. J Comput Aided Mol

Des 34, 11–25.
61 Wishart MJ, Taylor GS & Dixon JE (2001) Phoxy

lipids: revealing PX domains as phosphoinositide

binding modules. Cell 105, 817–820.
62 Ponting CP (1996) Novel domains in NADPH oxidase

subunits, sorting nexins, and PtdIns 3-kinases: binding

partners of SH3 domains? Protein Sci 5, 2353–2357.
63 Bond SR & Naus CC (2012) RF-Cloning.org: an online

tool for the design of restriction-free cloning projects.

Nucleic Acids Res 40, W209–W213.

64 Alsarraf HMAB, Laroche F, Spaink H, Thirup S & Blaise

M (2011) Purification, crystallization and preliminary

crystallographic studies of the TLDc domain of oxidation

resistance protein 2 from zebrafish. Acta Crystallogr Sect F

Struct Biol Cryst Commun 67, 1253–1256.
65 Boeri Erba E & Petosa C (2015) The emerging role of

native mass spectrometry in characterizing the structure

and dynamics of macromolecular complexes: the

emerging role of native mass spectrometry. Protein Sci

24, 1176–1192.
66 Boeri Erba E, Signor L, Oliva MF, Hans F & Petosa C

(2018) Characterizing intact macromolecular complexes

using native mass spectrometry. In Protein Complex

Assembly (Marsh JA, ed.), pp. 133–151. Springer, New

York, NY.

67 Boeri Erba E, Signor L & Petosa C (2020) Exploring

the structure and dynamics of macromolecular

complexes by native mass spectrometry. J Proteomics

222, 103799.

68 Pellegrini E, Signor L, Singh S, Boeri Erba E & Cusack

S (2017) Structures of the inactive and active states of

RIP2 kinase inform on the mechanism of activation.

PLoS One 12, e0177161.

69 Sobott F, Hernández H, McCammon MG, Tito MA &

Robinson CV (2002) A tandem mass spectrometer for

improved transmission and analysis of large

macromolecular assemblies. Anal Chem 74, 1402–1407.
70 Van Den Heuvel RHH, Van Duijn E, Mazon H,

Synowsky SA, Lorenzen K, Versluis C, Brouns SJJ,

Langridge D, Van Der Oost J, Hoyes J et al. (2006)

Improving the performance of a quadrupole time-of-

flight instrument for macromolecular mass

spectrometry. Anal Chem 78, 7473–7483.
71 Morgner N & Robinson CV (2012) Mass ign: an

assignment strategy for maximizing information from

the mass spectra of heterogeneous protein assemblies.

Anal Chem 84, 2939–2948.
72 Signor L, Paris T, Mas C, Picard A, Lutfalla G, Boeri

Erba E & Yatime L (2021) Divalent cations influence

the dimerization mode of murine S100A9 protein by

modulating its disulfide bond pattern. J Struct Biol 213,

107689.

73 Yammine A, Gao J & Kwan A (2019) Tryptophan

fluorescence quenching assays for measuring protein-

ligand binding affinities: principles and a practical

guide. Bio-Protoc 9, e3253.

74 Jumper J, Evans R, Pritzel A, Green T, Figurnov M,

Ronneberger O, Tunyasuvunakool K, Bates R, Žı́dek A,
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