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ABSTRACT

The acquisition of ferrous iron (Fe?*") is crucial for the survival of many pathogenic bacteria living within acidic
and/or anoxic conditions such as Vibrio cholerae, the causative agent of the disease cholera. Bacterial pathogens
utilize iron as a cofactor to drive essential metabolic processes, and the primary prokaryotic Fe?™ acquisition
mechanism is the ferrous iron transport (Feo) system. In V. cholerae, the Feo system comprises two cytosolic
proteins (FeoA, FeoC) and a complex, polytopic transmembrane protein (FeoB) that is regulated by an N-terminal
soluble domain (NFeoB) with promiscuous NTPase activity. While the soluble components of the Feo system have
been frequently studied, very few reports exist on the intact membrane protein FeoB. Moreover, FeoB has been
characterize almost exclusively in detergent micelles that can cause protein misfolding, disrupt protein oligo-
merization, and even dramatically alter protein function. As many of these characteristics of FeoB remain un-
clear, there is a critical need to characterize FeoB in a more native-like lipid environment. To address this unmet
need, we employ styrene-maleic acid (SMA) copolymers to isolate and to characterize V. cholerae FeoB (VcFeoB)
encapsulated by a styrene-maleic acid lipid particle (SMALP). In this work, we describe the development of a
workflow for the expression and the purification of VcFeoB in a SMALP. Leveraging mass photometry, we explore
the oligomerization of FeoB in a lipid bilayer and show that the VcFeoB-SMALP is mostly monomeric, consistent
with our previous oligomerization observations in surfo. Finally, we characterize the NTPase activity of VcFeoB in
the SMALP and in a detergent (DDM), revealing higher NTPase activity in the presence of the lipid bilayer. When
taken together, this report represents the first characterization of any FeoB in a native-like lipid bilayer and
provides a viable approach for the future structural characterization of FeoB.

1. Introduction

the extremely insoluble ferric iron (Fe3*), bacteria commonly deploy
siderophores that can scavenge the environment for Fe®' ions from

The acquisition of iron is an essential process for the growth and
virulence of virtually all pathogenic bacteria [1-3]. During infection, the
iron obtained directly from the host is incorporated into a diverse set of
proteins that utilize this element as an important cofactor for catalysis,
such as with de novo DNA biosynthesis, electron transport, and even Ny
fixation [4-6]. Given the critical nature of iron to bacterial fitness, these
pathogens have evolved to utilize numerous strategies to acquire this
important nutrient, and these strategies are generally dependent on both
the chelation status and the oxidation state of the iron ion. To solubilize

small molecule complexes or even directly from ferritin or transferrin
[7-10]. Additionally, bacteria can also produce hemophores and outer
membrane receptors that directly sequester iron protoporphyrin IX
(heme b) from host hemoproteins [11-14]. Both Fe®**-bound side-
rophores and heme may be brought into the cytoplasm through the use
of ATP binding cassette (ABC) transporters, or the iron may be released
by reductive dissociation catalyzed via ferric reductases or heme oxy-
genases [15,16]. While the acquisition of Fe®** and heme are both
prevalent at the host-pathogen interface under oxic conditions, the
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acquisition of ferrous iron (Fe?™) is important at the host-pathogen
interface in acidic and/or anoxic environments, such as those encoun-
tered within the stomach or the gastrointestinal tracts of humans
[17,18].

To accomplish Fe?* acquisition, pathogenic bacteria rely chiefly on
the ferrous iron transport (Feo) system, the most widely distributed and
dedicated Fe?" transporter found across the prokaryotic domain
[18-21]. The Feo system is generally considered an important virulence
factor present in virtually all clinically-relevant Gram-negative y-pro-
teobacteria, such as Vibrio cholerae, the causative agent of the disease
cholera. In these pathogens, Feo comprises three proteins, two of which
are cytosolic (FeoA and FeoC), and one of which is a complex, polytopic
membrane protein (FeoB) consisting of a soluble N-terminal domain
tethered to a large a-helical transmembrane domain responsible for the
transport of Fe>™ (Fig. 1). FeoA is a small SH3-like protein that has been
shown to interact with FeoB in a number of bacterial species (including
V. cholerae) both in vitro and in vivo [22,23], and FeoA is currently hy-
pothesized to stabilized the NTP-bound form of FeoB to keep the Fe?'-
permeable protein channel open [23]. Similarly, FeoC has been shown
to interact with FeoB both in vitro and in vivo (including in V. cholerae)
[24-26], but the function of FeoC remains more elusive than FeoA due
to its large sequence diversity and poor conservation. While all struc-
turally characterized FeoCs have a winged-helix motif [26], and many
FeoC proteins bind [4Fe-4S] clusters via a Cys-rich motif in their un-
structured wing regions [27], FeoC proteins in the Vibrio genus of bac-
teria do not contain any identifiable metal-binding motifs [26], and their
function remains unclear. It has been hypothesized that all three pro-
teins interact together to form a competent transport complex

Fig. 1. Cartoon overview of the Feo system present in a Gram-negative
y-proteobacterium such as Vibrio cholerae. In most Gram-negative y-proteo-
bacteria, the Feo system consists of three proteins: two cytosolic proteins known
as FeoA (red) and FeoC (green), and a large polytopic transmembrane protein
known as FeoB (purple). In V. cholerae, FeoB contains a large soluble N-terminal
domain (NFeoB, teal) that is postulated to use NTPase activity to open and to
close a channel that facilitates the transport of ferrous iron (Fe?*, gray sphere)
into the cytoplasmic space. (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)
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[25,28,29], but the majority of feo operons lack the FeoC protein, and an
FeoA-FeoB-FeoC multiprotein complex has not been structurally or
biophysically characterized.

A major impasse in the Feo field remains to be the lack of a structure
of intact FeoB, the most important and wholly conserved protein of the
Feo system. In contrast to intact FeoB, several structures exist of the N-
terminal soluble G-protein-like domain of FeoB (NFeoB) in its
nucleotide-free and nucleotide-bound forms [30-38], including very
recent reports of apo and nucleotide-bound V. cholerae NFeoB [39].
These structures have revealed that NFeoB has structural homology to
eukaryotic G-proteins, but how the binding of nucleotide in this domain
is related to the translocation of Fe?* remains unclear. In fact, only
recently have reports have demonstrated that intact and active FeoB can
be expressed, purified, and isolated in detergent micelles to homoge-
neity [40,41]. However, as this momentum shifts and FeoB becomes
more readily available from recombinant systems, the possibility of an
intact FeoB structure may be a future reality, if suitable samples can be
prepared for structural approaches such as cryo-EM.

As cryo-EM advances as a structural technique and becomes more
and more accessible, several approaches to solving structures of mem-
brane proteins exist that could be leveraged for FeoB structural deter-
mination now that FeoB can be expressed and purified. Since 2014, the
number of membrane protein structures determined per year has risen
due to improvements and advances in cryo-EM technology and, in 2018,
cryo-EM determined structures exceeded the number of structures per
year determined by X-ray crystallography [42,43]. However, a major
bottleneck in cryo-EM structural determination remains membrane
protein sample preparation [44]. One logical first approach is the use of
non-denaturing detergents to solubilize the hydrophobic portion of
membrane proteins due to their instability outside of a lipid bilayer
(Fig. 2); however, empty detergent micelles have been known to inter-
fere with the particle picking data processing, as micelles can be difficult
to differentiate especially from small membrane protein (molecular
weight < 100 kDa) [45]. The development of detergents such as glycol-
diosgenin (GDN) and lauryl maltose neopentyl glycol (LMNG) has hel-
ped, as these detergents have very low critical micellular concentrations
(CMCs), but issues still occur, such as the disruption of oligomerization,
the loss of lipids, and even inactivation of enzymes [46].

Alternatively, to circumvent the negative effects of detergents on
membrane protein structure and function, membrane mimetic systems
have been used to mimic the lipid bilayer more closely. The initial model
for a membrane mimetic system was developed by utilizing a membrane
scaffold protein (MSP) derived from human apolipoprotein that encap-
sulates membrane proteins into a lipid bilayer wrapped with the MSP
(Fig. 2) [47]. However, this method is dependent upon first solubilizing
the membrane protein with detergents, then introducing detergent/lipid
micelles, followed by detergent removal (either by polystyrene beads or
prolonged dialysis) to promote the formation of a lipid bilayer, and
finally encapsulation of the complex by the MSP [48]. Although the
MSP-nanodisc technique has been very successful, detergent solubili-
zation is still required, which could destabilize or inactivate the mem-
brane protein during sample preparation. Alternatively, detergent-free
alternatives to MSP nanodiscs have emerged as viable methods to purify
membrane proteins directly from the lipid bilayer for protein structural
determination [49]. One newer approach is the use of styrene-maleic
acid (SMA) copolymers, an organic copolymer that is able to sequester
membrane proteins directly from cell membranes by formation of a
styrene-maleic acid lipid particle (SMALP) (Fig. 2) [50]. SMA-
copolymers have recently been used to solve cryo-EM structures of
membrane proteins surrounded by native-like lipids without exposure to
detergents [51,52]. While there are some disadvantages of SMALPs, like
their propensity to chelate various metal ions [53-56], the lack of a
detergent solubilization step and the ability to incorporate native lipids
are major assets of this recently-developed approach.

In this work, we explore the use of styrene-maleic acid copolymers to
purify intact V. cholerae FeoB (VcFeoB) in a detergent-free manner. To
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Fig. 2. Membrane proteins can be extracted from lipid bilayers in multiple ways. The first and most traditional way is via solubilization with a non-denaturing
detergent such as DDM. The detergent-solubilized membrane protein can then be reintroduced into a lipid bilayer by utilizing membrane scaffolding proteins
(MSP) and exogenous lipid-detergent micelles. Removal of detergent promotes the formation of a lipid bilayer and encapsulation by the MSP. Alternatively,
membrane proteins can be extracted directly from the native lipid bilayer by the addition of styrene-maleic acid (SMA) copolymers that sequester membrane proteins
and lipids directly from the lipid bilayer, leading to a more native-like environment known as the styrene-maleic acid lipid particle (SMALP).

do so, we tested multiple different VcFeoB expression constructs and
found the optimal method of SMALP-based extraction occurred using
the SMA200 system coupled to a C-terminally (Strep),-tagged VcFeoB
protein. Once purified, we used mass photometry to characterize the size
distribution of the VcFeoB-SMALP complex, which is most consistent
with a single FeoB polypeptide embedded within a lipid bilayer. Finally,
we compared the rates of ATP and GTP hydrolysis between detergent-
solubilized VcFeoB and SMALP-encapsulated VcFeoB and found in-
creases in the hydrolytic rates of both nucleotide triphosphates when
VcFeoB was present within the SMALP. To our knowledge, this report
represents the first example of FeoB prepared in a detergent-free
manner, and this approach may facilitate future structural studies of
intact FeoB.

2. Results
2.1. Initial attempts to purify (His)e-tagged VcFeoB using SMALPs

We initially attempted to purify in a detergent-free manner C-
terminally (His)e-tagged VcFeoB (VcFeoB-(His)s; ca. 85 kDa), a
construct that was previously designed, expressed, and purified
following n-dodecyl-p-D-maltoside (DDM) solubilization [26]. To test
this construct for SMALP extraction, we first overproduced this protein
heterologously in Escherichia coli (as described previously [26]), pre-
pared VcFeoB-containing membranes, and then tested the most

commonly used SMA, SMA200, by altering its percentage in solution (w/
v) with varied extraction temperatures (4 °C, room temperature (25 °C),
and 37 °C) for formation of the styrene-maleic acid lipid particle
(SMALP) particle under normalized conditions (i.e., when comparing
membranes produced from the same E. coli growth and at the same total
membrane protein concentrations). As presented in Fig. 3, when
SMA200 was used, there was a noticeable difference in the VcFeoB-
SMALP formation at different temperatures, with extraction worst at
4 °C, highly effective at 25 °C (room temperature), and best at 37 °C, as
emphasized by the qualitative differences in intensities for the soluble
and insoluble fractions as observed by SDS-PAGE (Fig. 3b). This result
could be due to the phase transition of the lipid bilayer that behaves
more like a solid-ordered gel at lower temperatures (i.e., 4 °C) and is
poorly SMA permeable, whereas the lipid bilayer behaves more like a
liquid disordered at higher temperatures (i.e., room temperature and
37 °C) and is significantly more SMA permeable. While extraction of
VcFeoB in SMA200 appeared to be qualitatively most effective at 37 °C,
the protein was not stable for prolonged periods of time for downstream
applications at this temperature (vide infra); thus, we chose to use room
temperature (25 °C) for further extractions. Once encapsulated by the
SMA200 SMALP, we then attempted to purify the membrane-embedded
VcFeoB-(His)e using immobilized metal affinity chromatography
(IMAC). Despite exhaustive efforts in which multiple types of resins
(NTA agarose, HisTrap FF, HisTrap HP) loaded with different metals
(Ni2+ and C02+) in different forms (loose or pre-packed) were tested, we
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Fig. 3. SMA concentration- and temperature-dependent extraction tests of VcFeoB(His)e. a. Increasing SMA concentrations (1.0 % (w/v), 1.5 % (w/v), 2.0 % (w/v)
and 2.5 % (w/v)) alongside temperatures (4 °C and 25 °C) were tested to achieve efficient solubilization. b. SDS-PAGE analysis of the insoluble fraction of a., indicates
that 25 °C is more efficient than 4 °C for SMALP extraction of VcFeoB across a range of SMA copolymer concentrations (1.0 % (w/v) to 2.5 % (w/v)). c. Temperature-
and SMA-dependence trials of VcFeoB-SMALP generation at 37 °C with both soluble and insoluble fractions labeled. Coomassie staining indicates that all concen-
trations of SMA200 are equally effective at extracting VcFeoB at 37 °C. However, VcFeoB was not stable for prolonged periods of time in SMA200 at 37 °C.

were never able to purify VcFeoB-(His)g even though we observed robust
extraction in SMA200. The most probable cause of this result is due to
the intrinsic chelating nature of SMA-copolymers, as they have been
shown to bind to a variety of metals [53]. Thus, the free-copolymer in
solution may disrupt the (His)¢-tag binding to the resin by chelating the
immobilized metal ion, leading to low yield. This drawback has been
shown to be a recurring issue in other reports [54-56], which necessi-
tated a different approach.

2.2. Redesign and expression testing of a SMALP-compatible VcFeoB
construct

In an effort to circumvent our issues of poor IMAC-based purifica-
tions, we then sought to redesign the VcFeoB expression plasmid to
utilize a metal-free streptactin-based purification system. Multiple
constructs were then synthesized based on the initial intact VcFeoB gene
(Fig. 4), and our derivatized forms were all subcloned into the pET-21a

Fig. 4. Schematic cartoons of the VcFeoB constructs tested in this work. The
core VcFeoB-encoding gene is labeled in purple, the TEV protease sites are
labeled in yellow, the (His)s tag site is labeled in blue, the Strep tag sites are
labeled in orange, and the SUMO expression fusion site is labeled in green. In
each schematic, ‘N' and ‘C' represent the N- and C-termini of each construct,
respectively. (For interpretation of the references to colour in this figure legend,
the reader is referred to the web version of this article.)

(+) vector in order to utilize the T7 promoter and isopropyl $-D-1-thi-
ogalactopyranoside (IPTG)-based expression. The initial design was that
of a (Strep)s-tag that was placed at the N-terminus of the protein fol-
lowed by a tobacco etch virus (TEV)-protease cleavage site, leaving the
C-terminus unmodified (i.e., (Strep)>-TEV-VcFeoB). Unfortunately,
despite rigorous screening of expression cell lines, growth conditions,
and expression temperatures Western blotting failed to detect any pro-
tein expression (data not shown). To assist in protein expression, we
then added a small ubiquitin-like modifier (SUMO) tag in between the
(Strep)o-tag and VcFeoB (i.e., (Strep)2-SUMO-VcFeoB) However, again
despite rigorous screening of expression cell lines, growth conditions,
and expression temperatures, Western blotting failed to detect any
protein expression (data not shown). We then reasoned that the presence
of a tag on the N-terminus of VcFeoB might destabilize the protein, so we
designed a final construct in which the C-terminus of VcFeoB was
modified to include a TEV protease site followed by a (Strep),-tag (i.e.,
VcFeoB-TEV-(Strep)2). Expression testing demonstrated that this strat-
egy proved ultimately successful, and robust protein overproduction
was found in the E. coli C43 (DE3) expression cell line (vide infra).

2.3. Overexpression and purification of VcFeoB in SMA200-copolymer
lipid particles results in a detergent-free form of FeoB

Once expression testing demonstrated small-scale overproduction of
VcFeoB-TEV-(Strep), in E. coli C43 (DE3) cells, large-scale expression,
extraction of the protein in SMA200 SMALPs, and subsequent
streptactin-based purification was accomplished (see general workflow
in Fig. 5). Regarding large-scale cell growth and membrane preparation,
this process followed a similar workflow as the small-scale trials (vide
supra) with only slight modifications. Briefly, while the protein quantity
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Fig. 5. General workflow for the purification of the VcFeoB-TEV-(Strep),-SMALP complex. First, the protein is overproduced in E. coli C43 (DE3) expression cells
grown in Terrific Broth (TB). Cells are then harvested and lysed using a sonicator. Membranes containing VcFeoB-TEV-(Strep), are then isolated through multiple
rounds of centrifugation. VcFeoB-TEV-(Strep), encased in E. coli lipids is then extracted from membranes by addition of the SMA200 copolymer, after which the
solution is then ultracentrifuged. The clarified solution containing the VcFeoB-TEV-(Strep),-SMALP complex is then purified using a gravity column containing the
Strep-tactin XT 4Flow high-capacity resin. The purified VcFeoB-SMALP complex is then used for subsequent downstream applications.

per gram of cell pellet was comparable in both Luria broth (LB) and
Terrific broth (TB) medias, we typically produced much larger cell
pellets in TB due to its ability to sustain higher cell densities; therefore,
all subsequent cell growths were done in TB media. The culture har-
vesting, cell lysing, and membrane preparations were the same as pre-
viously described [26]. Once the final membrane preparation was
concluded, E. coli membranes containing VcFeoB-TEV-(Strep), were
homogenized in buffer and diluted to 40-50 mg/mL concentration from
crude membrane extracts prior to SMA200 additions. We then formed
the SMA200-encapsulated SMALP complex by mixing 10 mL of the
VcFeoB-TEV-(Strep)2-containing membrane solution with 2.5 % (w/v)
SMA200 followed by centrifugation. Afterwards, we purified the
VcFeoB-TEV-(Strep)2-SMALP complex by gravity using loose Strep-
tactin XT 4Flow high-capacity resin, which we found to be more effec-
tive than fast protein liquid chromatography (FPLC)-based methods due
to the ability to incubate the loose resin with the VcFeoB-SMALP com-
plex for more prolonged periods of time. The eluted protein was

characterized by SDS-PAGE and subsequently verified by Western
blotting (Fig. 6). In general, this procedure produced an average of 7.5
mg VcFeoB-TEV-(Strep), protein encapsulated by SMALP per L culture
based on DC Lowry analyses.

2.4. SMALP encapsulation results in higher NTPase activity of VcFeoB

After successful purification of the detergent-free VcFeoB-TEV-
(Strep)2-SMALP complex, we then sought to test whether FeoB would be
active in an E. coli lipid bilayer. While many FeoB proteins are capable of
hydrolyzing only GTP in a specific manner, VcFeoB is more nucleotide
promiscuous and hydrolyzes ATP as well as GTP based on previous
studies of the VcNFeoB domain [39], so we decided to test for both ac-
tivities of the intact protein using a modified version of the malachite
green assay [57]. To benchmark our results, we also compared this
NTPase activity to DDM-solubilized protein to discern whether the
presence of the lipid bilayer or that of the detergent micelle had any

Fig. 6. SDS-PAGE (top) and Western blot analysis of the VcFeoB-TEV-(Strep),-SMALP complex purification. The top panel displays a polyacrylamide gel of the
Coomassie-stained purification of VcFeoB-TEV-(Strep),-SMALP complex. The concentrated protein-SMALP complex is shown in the far-right lane, which represents
the combined elution fractions shown in the top panel. The bottom panel shows the Western blot corresponding to the purification steps in the top SDS-PAGE
analysis. The molecular weight of VcFeoB-TEV-(Strep), is ca. 90 kDa without the SMALP.
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dramatic effect on nucleotide hydrolysis. In DDM, VcFeoB-TEV-(His)g
was active towards both GTP and ATP (Fig. 7a,c), and time-course assays
revealed a kSIP value of 0.088 s™! £ 0.003 s~* and a k4" value of 0.108
s14+0.013s571, comparable to other detergent-solubilized, intact forms
of FeoB (Table 1). Importantly, the detergent-free, SMALP-encapsulated
VcFeoB-TEV-(Strep), purified protein was active and had generally
higher activity towards GTP and ATP (Fig. 7b,d). Time-course assays of
the SMALP protein complex revealed a kG/” value of 0.160 s™* =+ 0.023
s 'and a k4T value of 0.130 s ! = 0.015 s~ (Table 1). Interestingly, the
SMALP-solubilized VcFeoB protein reached saturation in the presence of
ATP by ca. 4 min, much sooner than in the presence of the DDM
detergent micelle and unlike its behavior in the presence of GTP.
Nonetheless, the k4P is approximately three-fold higher when
compared to the ATPase activity of the DDM-solubilized protein within
the same timeframe. These results reveal that FeoB is generally more
active towards nucleotide hydrolysis when intact and in a lipid bilayer,
as we previously hypothesized [41], although there is not a dramatic
difference in the observed nucleotide hydrolysis rates of the VcFeoB-
SMALP complex when compared to detergent-solubilized, purified

BBA - Biomembranes 1867 (2025) 184404

intact FeoB (Table 1).

2.5. SMALP-encapsulated VcFeoB is more homogeneous and more
monodisperse than DDM-purified VcFeoB

Finally, we sought to determine the homogeneity of the VcFeoB-TEV-
(Strep)2-SMALP complex and to compare it to the DDM-solubilized
VcFeoB-(His)s form. We initially attempted to use analytical size-
exclusion chromatography (SEC) to analyze both, but it was quickly
apparent that the gel-filtration media stripped the VcFeoB from the SMA
copolymer, despite several attempts to prevent this outcome. Instead,
we turned to the use of mass photometry to characterize the mass dis-
tributions of the VcFeoB-TEV-(Strep)s-SMALP complex and the DDM-
solubilized VcFeoB-(His)e. As Fig. 8a demonstrates, the VcFeoB-TEV-
(Strep)2-SMALP complex demonstrates one major peak centered at ca.
117 kDa (representing ca. 70 % of the total signal) with a second minor
peak centered at ca. 170 kDa, based on calibrations using a p-amylase
standard. The major peak observed is distinctly upshifted in mass
compared to empty SMALP of ca. 65 kDa (i.e., SMA200 filled with
random E. coli lipids; Fig. 8a) and is most consistent with a single,

Fig. 7. Time-course assays of the NTPase activity of intact VcFeoB. Initial rates were fitted to the linear region of the assay to compare observed catalytic rate
constants between detergent-solubilized and SMALP-encapsulated VcFeoB. Panels a and ¢ show hydrolysis rates of DDM-solubilized VcFeoB-TEV-(His)g in the
presence of GTP (black circles; kS™P= 0.088 s ! 4+ 0.003 s7!) and in the presence of ATP (blue diamonds; kAP = 0.108 s~ ! 4 0.013 s 1), respectively. Panels b and
d show hydrolysis rates of SMALP-encapsulated VcFeoB-TEV-(Strep),, in the presence of GTP (black circles; k3P = 0.160 s ! & 0.023 s~!) and in the presence of ATP

> “obs

(blue diamonds; k4% = 0.130 571 +0.015 s 1), respectively. The inset panel in d shows the linear regression of ATP hydrolysis from 0 to 4 min. Error bars represent

+ one standard deviation of the mean of data taken in triplicate. (For interpretation of the references to colour in this figure legend, the reader is referred to the web
version of this article.)
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Table 1
Comparative table of FeoB/NFeoB ks values determined from various studies.
Organism Protein Solubilizing agent k&IP kAP Reference
Vibrio cholerae FeoB DDM 0.088 57! + 0.003 57! 0.108 57! +£0.013 571 This study
Vibrio cholerae FeoB SMA200 0.160 57! +0.023 57! 0.130s7 1 +0.01551 This study
Vibrio cholerae FeoABC fusion DDM 0.050 s™' +0.0476 57! 0.031s7' +£0.0455s7" Gémez-Garzén et al [58]
Pseudomonas aeruginosa FeoB DDM %0.0035s " _b Seyedmohammad et al [40]
Escherichia coli NFeoB = 0.011s ' +0.001 5! b Shin et al [59]
Streptococcus thermophilus NFeoB _ 0.059s ' +0.110s ! b Guilfoyle et al [60]
Klebsiella pneumoniae FeoB DDM 2 0.09s! _b Smith et al [41]
Klebsiella pneumoniae NFeoB € 91751 x107° P Hsueh et al [61]
Thermotoga maritima NFeoB = 0.017 57! +0.001 57! b Hattori et al [62]

# No errors are reported for these values.
b The value was not determined.
¢ A solubilizing agent was not used.

Fig. 8. Comparative oligomeric distributions of VcFeoB in a SMALP and in a non-denaturing detergent. a. Mass profile of VcFeoB in the SMALP complex determined
by mass photometry. The first gaussian curve (dashed; 65 kDa) represents empty SMA lipid particles, while 117 kDa and 155 kDa indicate VcFeoB-SMALP complex
based on a known calibration curve. b. Mass profile of VcFeoB solubilized by DDM determined by mass photometry. One gaussian curve is calculated with two peaks
correlating to 484 kDa and 812 kDa based on the same calibration curve used in panel a.

monomeric encapsulated VcFeoB-TEV-(Strep),, presuming that a sig-
nificant fraction of lipid is likely displaced to afford room for FeoB
during encapsulation. We are currently uncertain as to the identity of the
broadly distributed peak centered at ca. 155 kDa, but this species is only
a minority of the signal (< 20 %) and could represent a minor amount of
oligomerized FeoB, or an unknown impurity. To utilize mass photom-
etry in order to assess the oligomerization of DDM-solubilized VcFeoB-
(His)e, we used a rapid drop-dilution method that revealed a much
larger, heterogeneous mixture of VcFeoB in a detergent micelle
compared to a SMALP-encapsulated condition (Fig. 8b). Based on the
same calibration standard used in Fig. 8a, there are two major species in
solution at ca. 480 kDa and ca. 810 kDa, both of comparable populations
(ca. 40 % and 50 %, respectively), with an even larger species (>1 MDa)
comprising the remaining fraction of the DDM-solubilized protein in
solution (Fig. 8b). A similar behavior is observed for the DDM-
solubilized VcFeoB-(His)g based on its SEC chromatogram (Figs. S1,
S2). These results suggest that VcFeoB may be unstable in DDM and
aggregate under these conditions, and that a SMALP-based approach
may be more favorable for biophysical characterization of VcFeoB.

3. Discussion

The structure of intact FeoB, the main component of the Feo system,
remains elusive. Only very recent reports have shown the FeoB can be
produced recombinantly in large enough quantities necessary for
traditional in surfo approaches applied commonly to X-ray crystallog-
raphy of membrane proteins and, sometimes, to cryo-EM of membrane

proteins [44,56]. However, determining the appropriate non-denaturing
detergent to produce a homogeneous, monodisperse FeoB sample re-
mains a tedious process requiring extensive trial-and-error [63]. More-
over, we have shown that nature of the solubilizing and purifying
detergent can influence the nucleotide hydrolysis rates of intact FeoB
[41], suggesting that the interaction between FeoB and the detergent
micelle is not innocuous. These results are consistent with numerous
other studies that have made it clear that the detergent micelle does not
properly mimic the physiological environment of a membrane protein
within a lipid bilayer, and that this mismatch may lead to protein
instability and even attenuated activity [41,64,65]. Thus, approaches
limiting the use of detergents should be considered when attempting to
characterize membrane proteins biophysically.

In this work, we sought to purify the FeoB transporter from
V. cholerae in a detergent-free manner by the direct extraction of this
protein from an E. coli lipid bilayer using SMA copolymers. While we had
initial success transferring a (His)e-tagged version of VcFeoB into a
SMALP complex, the downstream affinity-based purification protocol
proved incompatible with traditional IMAC approaches, which may be
protein-dependent. Consistent with this notion, there are reports de-
tailing both the successful [66-68] and unsuccessful [54-56] attempts at
purifying His-tagged membrane proteins solubilized by SMA-
copolymers. To circumvent this issue, we designed and synthesized
multiple plasmid constructs and undertook extensive testing to optimize
the expression of a C-terminally tagged version of VcFeoB (VcFeoB-TEV-
(Strep)) that could be purified in a metal-free manner. It is possible that
the C-terminal (His)e-tag may be too short for FeoB in the SMALP to
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access the Ni-NTA resin, and future studies could test with a longer His
tag (i.e., (His)g or (His);¢) might improve this protocol. Nevertheless, our
dual C-terminal Strep-tagged approach proved successful.

Having achieved the first detergent-free purification of FeoB to our
knowledge, we then sought to examine the NTPase activity of VcFeoB in
a lipid bilayer. Comparative activity analyses between the DDM-
solubilized and SMA-encapsulated VcFeoB were conducted, and we
showed that the kS and k4 values were modestly but consistently
higher in a lipid bilayer than in DDM, a commonly-used detergent for
membrane protein solubilization and structural determination. Finally,
we tested whether SMA-encapsulated or DDM-solubilized VcFeoB dis-
played greater solution monodispersity, an important physical charac-
teristic when preparing biological molecules for structural studies. We
found that SMA-encapsulated VcFeoB displayed a mostly monomeric
form based on mass photometry analysis whereas DDM-solubilized
VcFeoB displayed large amounts of aggregation and high amounts of
heterogeneity based on both mass photometry and size-exclusion chro-
matography, illustrating a stark contrast between the two sample
preparation approaches. Thus, this study represents the first to compare
and to contrast the behavior of FeoB in a lipid bilayer and in a detergent
micelle.

The results presented in this report give additional insight into
VcFeoB function and provide a promising experimental approach that
could be leveraged for future structural and biophysical studies of FeoB
more generally. First, while the N-terminal domain of VcFeoB (ie.,
VcNFeoB) has been shown to be NTP promiscuous and to hydrolyze GTP
and ATP [39], whether the intact, independent VcFeoB behaves simi-
larly in a lipid bilayer was not previously known, but this functional
continuity is now confirmed. Second, while we have long speculated
that the presence of the lipid bilayer could influence nucleotide hydro-
lysis activity (and even the ability of FeoB to translocate Fe?") [41], we
now know that the presence of an intact membrane indeed has at least a
modest effect on the ability of VcFeoB to hydrolyze GTP and ATP.
Finally, data presented here suggest that VcFeoB is mostly monomeric in
a lipid bilayer, at least when recombinantly overproduced on its own in
E. coli. The oligomeric state of FeoB remains controversial and has been
suggested to function as a trimer (based on homology modeling and
native-PAGE) [69,70] and as a monomer (based on in vitro work and
native-PAGE) [41,63]. However, it is possible that differences in the
lipid compositions between V. cholerae (the native organism) and E. coli
(the recombinant organism) may influence oligomerization. Alterna-
tively, other components of the Feo system (such as FeoA and/or FeoC)
may be necessary to initiate oligomerization, as previously suggested
[70]. While E. coli does encode for and natively produces these proteins,
FeoA and FeoC may not be present in vivo in sufficient quantities to be
able to facilitate VcFeoB oligomerization during overproduction in the
recombinant host. Regardless, the results presented in this work
demonstrate the ability to produce high-quality VcFeoB active towards
nucleotide hydrolysis when encapsulated in a lipid bilayer, and this
approach could be leveraged for future structural studies, such as X-ray
crystallography (less common) or cryo-EM (more common), which
would represent a major advancement in the Feo field once realized.

4. Materials and methods
4.1. Materials

All constructs of FeoB from Vibrio cholerae serotype O1 (strain M66-2)
(Uniprot ID C3LP27) were commercially synthesized by GenScript.
Ampicillin, isopropyl p-D-I-thiogalactopyranoside (IPTG), phenyl-
methylsulfonyl fluoride (PMSF), biotin and n-dodecyl-p-D-maltopyr-
anoside (DDM) were purchased from RPI. Styrene:maleic acid (SMA)
copolymers at a 2:1 ratio (SMA200) and 3:1 ratio (SMA300) were pur-
chased from CubeBiotech. The Strep-TactinXT 4Flow high-capacity
resin was purchased from IBA Lifesciences GmbH. Other materials for
cell growth and membrane isolation were purchased from Cytiva, Fisher
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Scientific, MilliporeSigma, and/or VWR. Unless otherwise specified,
materials were used as received without further modifications.

4.2. Cloning and expression of VcFeoB with various N- and C-terminal
affinity tags

The initial gene corresponding to WT VcFeoB (Uniprot ID C3LP27)
was synthesized by GenScript and further modified as warranted.
Initially, the gene was further engineered first to include a tobacco etch
virus (TEV)-protease cleavage site (ENLYFQS) at the C-terminal end of
the gene product and then subcloned into the pET-21a(+) vector such
that a C-terminal (His)g tag was produced when the entire gene product
was translated in-frame (i.e., VcFeoB-(His)g) to allow for tag removal, if
necessary. To avoid the chelating effects of the SMA copolymers to
metal-based resins, the initial synthetic gene was then modified to
include several permutations of the twin-Strep-tag system. First, the WT
VcFeoB gene was engineered to include an N-terminal twin Strep-tag (N-
WSHPQFEKGGGSGGGSGGSAWSHPQFEK-C) followed by a TEV-
protease cleavage site, which was then subcloned into the pET-21a(+)
vector such that all three regions of the polypeptide would be translated
when read in-frame (i.e., (Strep)o-TEV-VcFeoB). Next, the initial WT
VcFeoB gene was engineered to include an N-terminal twin Strep-tag
followed by a small ubiquitin-like modifier (SUMO)-tag (Uniprot ID
Q12306) that was inserted after the twin-Strep-tag to facilitate expres-
sion, which was then subcloned into the pET-21a(+) vector such that all
three regions of the polypeptide would be translated when read in-frame
(ie., (Strep)2-SUMO-VcFeoB). Finally, the initial WT VcFeoB gene was
engineered to include a C-terminal TEV-protease cleavage site followed
by a twin Strep-tag, which was then subcloned into the pET-21a(+)
vector such that all three regions of the polypeptide would be translated
when read in-frame (i.e., VcFeoB-TEV-(Strep),). In all cases, subcloning
of the engineered DNA inserts into the pET-21a(+) vector was achieved
by using the Ndel and Xhol restriction sites.

All plasmid constructs were transformed via electroporation into
multiple Escherichia coli expression cell-lines (BL21(DE3), C41(DE3),
and C43(DE3)) prior to expression testing. Electroporated cells were
then plated onto Luria-Bertani (LB) agar plates with supplemented 100
pg/mL ampicillin (final) and incubated overnight at 37 °C. The next day,
colonies from each plate were picked and used to inoculate precultures
of 5 mL LB and/or terrific broth (TB) media supplemented with 100 pg/
mL ampicillin (final) for expression testing. Precultures were grown
overnight at 37 °C with shaking of 200 RPM for ca. 16-20 h. The next
day, 250 mL flasks containing 100 mL LB supplemented with 100 pg/mL
ampicillin (final) were inoculated with ca. 2 mL of the overnight pre-
culture. Flasks were then grown at 37 °C with shaking of 200 RPM; once
the optical density at 600 nm (ODggg) reached ~ 0.4-0.8, protein pro-
duction was initiated by the addition of isopropyl p-D-1-thio-
galactopyranoside (IPTG) to a final concentration of 1 mM. Protein
production then occurred with cells growing at 37 °C with 200 RPM
shaking. After 3 h, cells were harvested into 50 mL falcon tubes by
centrifugation at 4800 xg for 10 min at 4 °C, flash frozen, and stored at
—20 °C. To test for protein overproduction, frozen cells were then
thawed and resuspended to a final volume of 10 mL with resuspension
buffer (50 mM Tris pH = 8.0, 100 mM sucrose). Prior to cell lysis,
phenylmethylsulfonyl fluoride (PMSF) was added to the resuspended
cells to a final concentration of 1 mM. Cells were lysed at 4 °C with a
Q700 ultrasonic cell disruptor (QSonica) equipped with the microtip
operating at 40 % maximal amplitude, 30 s pulse on, 30 s pulse off for 2
min with cells immersed in an ice water bath to prevent overheating.
Lysed cells were then transferred to a microcentrifuge tube and partially
clarified by spinning at 4000 x g for 40 min. The supernatant containing
both soluble and membrane fractions was then transferred to another
microcentrifuge tube and centrifuged at 15000 xg for 2 h. The super-
natant was then discarded and the membrane-containing fraction was
mixed with 100 pL of 10 % (w/v) sodium dodecyl sulfate (SDS) and
vortexed until homogenous. Membrane-bound proteins were then
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analyzed by 15 % sodium dodecyl sulfate polyacrylamide gel electro-
phoresis (SDS-PAGE) and verified via Western blot analysis, as previ-
ously described [63], using either the anti-poly-histidine-peroxidase
antibody (Millipore Sigma) or the anti-Streptactin-peroxidase antibody
(VWR).

Constructs that tested positive for VcFeoB overproduction (VcFeoB-
(His)s and VcFeoB-TEV-(Strep);) were then scaled up for large-scale
protein production. Briefly, 2 L of TB media supplemented with 100
pg/mL (final) ampicillin were inoculated with 25 mL of preculture as
described (vide supra). Cells were allowed to grow until reaching an
ODggo =~ 0.4-0.8, after which cells were then cold-shocked at 4 °C for 2
h. Next, IPTG was added to 1 mM (final) concentration to induce protein
production, and cells were allowed to shake at 18 °C at 200 RPM for ca.
20 h. The following day, cells were pelleted by centrifugation at 5000 xg
for 12 min and then resuspended with 50 mL of Tris-based resuspension
buffer (vide supra) for the VcFeoB-(His)g construct and HEPES-based
resuspension buffer (50 mM HEPES pH = 8.0, 100 mM sucrose) for
the VcFeoB-TEV-(Strep)s construct. Prior to lysis, cells were diluted to
100 mL in a stainless-steel beaker, PMSF was added to 1 mM (final), and
resuspended cells were sonicated at 4 °C using an Q700 ultrasonic cell
disruptor operating at a maximal amplitude of 80 %, 30 s pulse on and
30 s pulse off for 12 min while immersed in an ice water bath. Cellular
debris was then separated from cellular membranes by centrifugation at
10000 x g for 1 h at 4 °C. The supernatant was then transferred to a series
of ultracentrifuge tubes and cellular membranes were pelleted by ul-
tracentrifugation at 163000 xg for 1 h at 4 °C. The supernatant was then
discarded and the membrane pellet containing the protein of interest
was homogenized and diluted in resuspension buffer to a crude mem-
brane concentration of 40-50 mg/mL prior to being flash-frozen in Ny,
and stored at —80 °C. All protein concentrations were determined using
the detergent-compatible Lowry assay (DC Lowry assay, Bio-Rad).

4.3. Purification of detergent-solubilized VcFeoB-(His)¢

All steps in the purification of VcFeoB-(His)g were conducted at 4 °C
unless otherwise stated. Frozen bacterial membranes containing a
VcFeoB-(His)g were thawed and initially diluted to 100 mL (final) with
resuspension buffer containing an additional 300 mM NacCl (final). To
that solution, a stock of 10 % (w/v) n-dodecyl-p-D-maltoside (DDM) was
added dropwise until the final concentration of DDM was 1 % (w/v). The
membrane suspension was solubilized while stirring vigorously at room
temperature for 2 h. Solubilized VcFeoB-(His)e was then separated from
insoluble material by ultracentrifugation at 163000 xg for 1 h at 4 °C.
DDM-solubilized VcFeoB-(His)e was then applied to a preequilibrated 5
mL immobilized metal affinity chromatography (IMAC) HisTrap column
(Cytiva) pre-equilibrated with 5 column volumes (CV) of IMAC wash
buffer (50 mM Tris pH = 8.0, 300 mM NacCl, 100 mM sucrose, and 0.1 %
(w/v) DDM). After washing of the column extensively, VcFeoB-(His)e
was eluted from the column with IMAC elution buffer (50 mM Tris pH =
8.0, 300 mM NaCl, 100 mM sucrose, 150 mM imidazole, and 0.1 % (w/v)
DDM). Fractions containing VcFeoB-(His)s were then pooled and sub-
sequently buffer exchanged into IMAC wash buffer to remove excess
imidazole by using a 100 kDa molecular weight cutoff (MWCO) spin
concentrator via repeated concentration and dilution. The IMAC purified
VcFeoB-(His)g was concentrated to 5 mg/mL prior to being flash-frozen
in Ny() and stored at —80 °C. Frozen VcFeoB was thawed in ice and
applied to a Superose 6 analytical column pre-equilibrated with SEC
buffer (25 mM Tris pH = 7.5, 100 mM NacCl, 5 % glycerol, 0.01 % (w/v)
DDM and 1 mM TCEP). Chromatogram peak samples were collected and
analyzed via SDS-PAGE.

4.4. SMA extraction testing
Various concentrations of SMA200 and SMA300 were tested at var-

iable temperatures to optimize the extraction of VcFeoB into the SMALP.
Membranes containing VcFeoB were prepared as stated (vide supra).
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Membranes were then aliquoted prior to the addition of SMA200 or
SMA300 at various concentrations (1.0 % (w/v), 1.5 % (w/v), 2.0 % (w/
v), 2.5 % (w/v)) and at various temperatures (4 °C, 25 °C, and 37 °C).
SMA extraction was allowed to occur overnight with gentle rocking. The
next day, the solution was centrifuged in a microcentrifuge at 14000 xg
for 90 min, 4 °C. The solubilized fraction was separated from the
insoluble fraction via decanting, and both were analyzed with SDS-PAGE
after normalization.

4.5. Purification of SMALP-encapsulated VcFeoB-TEV-(Strep)z

10 mL of frozen bacterial membranes containing VcFeoB-TEV-
(Strep), were initially thawed, to which a stock solution of SMALP200
was added dropwise until reaching a final SMALP200 concentration of
2.5 % (w/v). The solution containing SMALP200 and VcFeoB-TEV-
(Strep)2 was incubated at room temperature with gentle stirring for 2 h,
after which the solution was then diluted to 25 mL with HEPES resus-
pension buffer and clarified via ultracentrifugation at 163000 xg for 1 h
at 4 °C. The supernatant containing the SMALP200-encapsulated
VcFeoB-TEV-(Strep), was then applied to 4 mL of Strep-TactinXT
4Flow high-capacity resin and incubated overnight at 4 °C with gentle
rocking. The resin and the solution were then applied to an Econo-
Column (Bio-Rad) and allowed to rest for 1 h before the supernatant
was collected. The column was then washed with 5 CV of Strep wash
buffer (25 mM HEPES pH = 8.0, 100 mM NaCl, and 100 mM sucrose). 3
CV of Strep elution buffer (25 mM HEPES pH = 8.0, 100 mM NacCl, 100
mM sucrose, and 50 mM biotin) was then added to the resin, the column
was stoppered, and the resin and solution were mixed gently. The resin
and the solution were then allowed to rest for 1 h prior to fractionation
of the eluted solution in 6 x 1 mL fractions. Fractions containing
VcFeoB-TEV-(Strep), were then pooled and concentrated with a 100 kDa
MWCO spin concentrator, typically to 1-3 mg/mL concentrations. The
resin was regenerated by washing extensively with 15 CV of 3 M MgCl,.
VcFeoB-TEV-(Strep), was then buffer exchanged into Strep wash buffer
by using a 100 kDa MWCO spin concentrator via repeated concentration
and dilution. The final purified VcFeoB-TEV-(Strep), was concentrated
to 5 mg/mL prior to flash-freezing in Ny and at —80 °C until further
use.

4.6. NTPase activity assays

GTPase and ATPase activities were detected using a modified form of
the malachite green assay [71] as described previously [41]. Briefly,
both VcFeoB-(His)g and VcFeoB-TEV-(Strep); were assayed in triplicate
using a fixed concentration of GTP or ATP over a time range of 0-10 min.
DDM-solubilized and purified VcFeoB-(His)s was assayed after pre-
incubation of added soybean azolectin to 0.1 mg/mL (final) and DDM to
0.01 % (w/v, final). SMALP-encapsulated and purified VcFeoB-TEV-
(Strep)2 was not assayed with preincubation of any lipid nor detergent
due to being encapsulated in the native E. coli lipid bilayer and due the
need to preserve the integrity of the SMALP complex that dissociates in
the presence of detergents. Once the assay solutions were developed, the
concentration of inorganic phosphate [P;] was determined by the ab-
sorption of the malachite-green-inorganic-phosphate-molybdate com-
plex at 660 nm by using a Cary 60 UV-Vis spectrophotometer (Agilent)
and interpolating from a standard curve.

4.7. Mass photometry of VcFeoB

The distribution of particle size in the purified samples of VcFeoB
was determined via mass photometry by use of a Refeyn TwoMP in-
strument. First, a linear calibration curve (R? = 0.999) was created using
B-amylase as a standard for three points: 58 kDa (monomer), 117 kDa
(dimer), and 175 (trimer). Purified SMALP-encapsulated VcFeoB-TEV-
(Strep), was then deposited onto a glass slide at a concentration of ca.
100 nM, and binding and unbinding events were recorded with the
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AcquireMP software for 60 s in triplicate. Purified VcFeoB(His)g in DDM
was diluted first to 100 nM, and then 1:10 and 1:100 dilutions were
made in SEC buffer lacking DDM. Recordings were analyzed using the
Discover MP software, and the molecular weights of the VcFeoB-TEV-
(Strep), SMALP-encapsulated protein and the VcFeoB(His)s protein
were interpolated using the linear f-amylase standard curve.
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