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IABSTRACT

Antimicrobial resistance is a major global threat, requiring new therapeutic targets. Prokaryotic
cytochrome bos; ubiquinol oxidase (cyt bo3) contains a unique transmembrane helix (TMO0)
involved in substrate/product exchange that represents a druggable site. Structural insights into
its conformational dynamics could guide the design of inhibitors that disrupt respiration and kill
the host bacterium. Monitoring TMO0 charge state dynamics during the redox cycle by native-mass
spectrometry (native-MS) may uncover conformational intermediates beyond reported ‘open’
and ‘closed’ states.

We overexpressed and purified cyt bo; from Escherichia coli, with SDS-PAGE and Blue-Native-
PAGE showing characteristic gel bands, while size exclusion chromatography confirmed sample
homogeneity. Next, cyt bos ubiquinol oxidation was measured spectrophotometrically, yielding a
turnover rate of 153.91 e’/sec/enzyme (£23.76). Additionally, we optimized native-MS methods to
detect cyt bos on a Q exactive UHMR quadrupole-Orbitrap mass spectrometer. Improved
desolvation and ion transmission enabled the detection of a 147,951 Da (+49.01 SD) mass matching
the cyt bos monomer mass from cryo-electron microscopy structures, and a 330,103 Da
(£54.38 SD) mass, a putative dimer, respectively. ‘Ion fragmentation using high energy collision
induced dissociation to confirm mass identity was unsuccessful, but future strategies will include
UV-photodissociation or electron-based fragmentation. Attempts to study ligand-binding effects
on TMO’s charging status failed due to native-MS signal loss after decylubiquinol addition. l
Together, these optimized methods enable reproducible cyt bos; detection and activity
measurements, providing a foundation for future structural studies of TMO0 and its potential as
an antimicrobial target.
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INTRODUCTION

Antimicrobial resistance (AMR) occurs when
microorganisms evolve to evade or withstand
treatment. Overuse of antimicrobials accelerates
resistance by killing susceptible strains and
allowing resistant ones to thrive (1). AMR is
currently the third leading cause of death
worldwide, with 1.27 million deaths attributable to
bacterial AMR, and Escherichia coli (E. coli)
infections ranked among the top contributors.
These infections can cause symptoms like bloody
diarrhea or urine, stomach aches, fever, and more
(2). Therefore, new antimicrobials targeting
essential components for E. coli’s survival are
needed to combat resistant strains. In particular,
ATP is critical for cellular growth, motility, nutrient
uptake, and overall cellular integrity (3,4). ATP
production relies on oxidative phosphorylation,
where the electron transport chain establishes a
proton gradient, or ‘proton motive force’, across the
membrane that drives many vital processes (5).
This project focusses on a key component of E.
coli’s electron transport chain, the primary terminal
oxidase called cytochrome bos ubiquinol oxidase
(cyt bo3). Optimization of methodologies of
principal  analysis  techniques  such  as
spectrophotometric activity assays and native-mass
spectrometry will pave the way for upcoming
functional and structural characterization of cyt
bos’s active site. Filling this knowledge gap will
support future antimicrobial development targeting
cyt bos.

Cyt bos has a unique TMO domain — Cyt bos is
the primary terminal oxidase expressed by E. coli
under high oxygen conditions. It is encoded by four
genes, cyoB, cyoA, cyoC, and cyoD, which produce
subunit I (mass: 75 kDa), subunit II (33.5 kDa),
subunit IIT (20.5 kDa), and subunit IV (12 kDa),
respectively, and all subunits were reported to be
needed for enzymatic activity (6-8). As a member
of the heme-copper oxidoreductase superfamily,
cyt bos shares strong structural homology with aas-
type cytochrome ¢ oxidases. In particular, subunits
I-IIT are highly conserved, which complicates
antimicrobial targeting since effective inhibitors
must selectively inhibit the bacterial enzyme
without affecting host respiration (8,9). However,
subunit I contains an additional transmembrane
helix (TMO), consisting of residues 1-41, that is
unique to quinol oxidases and absent from the

eukaryotic enzyme. Structural studies have shown
that TMO forms a cleft with helices TM1, TM2, and
TM3 that constitutes the binding pocket for the
substrate ubiquinol-8 (UQH,). Here, cyt bos
catalyzes the two-electron oxidation of UQH, to
release two protons into the periplasm (Eq. 1)
(10,11).
UQH: + O, ), + 4H;, 2 UQH) + H20 + 4H,,
(Eq. 1)
Additionally, mutagenesis and spectroscopy studies
confirmed the functional involvement of four
residues in subunit I TM1 (R71, D75) and TM2
(H98, and Q101) in the substrate binding and
oxidation (9,12—14). The precise mechanism by
which TMO regulates substrate turnover has
remained a long-standing question, motivating
ongoing structural and functional studies.

Open and closed TMO |conformations —
Recently, structures of cyt bos reconstituted in
different membrane mimetics, surfactant and
surfactant-like systems that stabilize membrane
proteins outside the native bilayer, have been
reported using cryo-electron microscopy (cryo-
EM). The first structure resolving a UQH; molecule
in the binding site using cyt bos assembled in SMA-
nanodisc (PDB ID: 7CUW, 7CUQ, 7CUB) or
MSP-nanodiscs (7N9Z) showed TMO in a “closed”
conformation. In this closed state, TMO clamps the
hydrophobic tail of UQH, against a groove between
TM1 and TM3, clearly blocking substrate exit.
Additionally, the interaction between UQH: and the
above-mentioned residues in TM1 and TM2 are
visualized. Residues R71 and D75 (TM1) hydrogen
bonded with the carbonyl O1 oxygen from UQHo.
Notably, residue H98 (TM2) is modeled in two
conformations: one positioned to hydrogen bond to
the carbonyl O4 oxygen from UQH, (reported
distance 2.4 A to the carbonyl, 4.4 A to E14) and
another oriented toward residue E14 (TMO) at the
periplasmic end of TMO (7.3 A to the carbonyl of
UQH,, 3.1 A to El4). This spatial arrangement
suggested a plausible proton transfer route from
UQH: to the bulk periplasm via an H98-E14 relay,
indicating TMO involvement not only in the
substrate/product exchange, but also in the UQH>
oxidation (14).

In contrast, a peptidisc-assembled cyt bos structure
recently reported by our group captured TMO in a
U-shaped “open” conformation rotated away from
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the binding site. In this model, no UQH. was
observed and residues H98 and R71 adopted
positions distinct from the closed state, consistent
with an open binding site state. In the closed
conformation, TMO projects inward, positioning
E14 near H98 at the periplasmic side, whereas in
the open U-shaped form, TMO folds outward,
placing E14 farther from H98 near the bulk
environment which supports the involvement of
TMO’s E14 in the proton shuttling. This outwards
folding created space for substrate entry and
product release. The extensive spatial movement
between closed and open conformations implies the
existence of intermediate states during the catalytic
cycle. Here, the repositioning of H98, D75, and
R71, supports the idea that the open U-shaped
conformation represents a substrate-accessible state
).

Other assemblies, including those prepared in
DDM detergent, MSP-nanodiscs, SMA-nanodiscs,
and ampbhipols, consistently yielded the closed
conformation (PDB ID’s 7XMD, 6WTI, 7CUW,
8F68, respectively) (14-17). Comparison of
electron density maps revealed that in these closed
structures, additional density from the assemblies
overlapped with the space occupied by TMO in the
open U-shaped state (9). This observation suggests
that the mimetic environment can affect TMO
conformational freedom, potentially giving bias to
the closed TMO conformation. Further structural
and functional comparisons across assemblies are
therefore needed to distinguish intrinsic TMO
dynamics from assembly-induced effects.

Approach  of the study: Kinetics —
To investigate the structure—function
characteristics of cyt bo; TMO, we applied a
combination of native mass spectrometry (Native-
MS) and Michaelis-Menten kinetic analysis.
Characterization of enzyme kinetics across
different cyt bos assemblies can provide insight into
how these assemblies affect TMO dynamics and
catalytic function. Maximum catalytic capacity
(Vmax) reflects the upper limit of substrate turnover,
and differences in Vimax between assemblies may
indicate whether assembly components physically
restrict the rotational freedom of TMO, limiting the
enzyme’s maximum activity. The Michaelis
constant (K.), defined as the substrate
concentration at which the reaction rate reaches half
of Vmax, serves as an inverse measure of substrate

affinity; changes in Ky, across assemblies could
indicate that certain mimetics alter accessibility of
the binding site, influencing substrate association.
The catalytic constant (kca) presents the intrinsic
turnover efficiency of cyt bo; independent of
enzyme concentration. If the membrane mimetic
restricts TMO mobility, limiting conformational
switching, proton transfer or substrate/product
exchange could be slowed, reducing ke The
kea/Km ratio integrates effects on both substrate
affinity and turnover, providing a measure of
overall catalytic efficiency under low, non-
saturating substrate concentrations. Differences in
these parameters across assemblies, in combination
with the observation that electron density maps of
closed TMO structures contain overlapping
densities from assemblies in the space occupied by
the open U-shaped TMO, can reveal whether
mimetic environments bias conformational states
and influence both substrate binding and catalytic
efficiency.

Approach of the study: Native-MS —
Native-MS can analyze intact protein complexes
while preserving their native quaternary structure,
enabling top-down characterization of composition,
stoichiometry, and non-covalent interactions.
Membrane proteins like cyt bos present challenges
for native-MS because their hydrophobicity and
tendency to form aggregates require solubilization
within membrane mimetics. The critical task is to
gently remove these assemblies without disrupting
the protein complex. This is accomplished through
in-source trapping, which occurs at the very front
of the mass spectrometer, right after ion generation
but before mass analysis (18).

Here, ions pass sequentially through the S-lens exit
lens, the Injection Flatapole, and the Inter-Flatapole
lens. Activating in-source trapping adjusts the
voltages across these components to create a
potential well that temporarily confines the ions,
allowing them to collide softly with a small amount
of background gas. These mild collisions gently
strip away detergent(-like) molecules and other
loosely bound particles, effectively desolvating the
complex while preserving its integrity (19,20).

Looking ahead, successful detection of cyt bos
through optimized native-MS methodology will
provide a foundation for investigating the role of
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TMO. Because changes in protein chargeability can
be tracked through shifts in charge state
distribution, native-MS offers a way to connect
structural transitions of TMO to measurable spectral
signatures. Insights from molecular dynamics
simulations of the SMA-nanodisc-assembled cyt
bos structure support this reasoning: the groove
formed between H98 and R71 provides a pathway
for water molecules, and comparison with a cyt bos
mutant lacking TMO shows that deletion enlarges
this groove, altering its hydrophobicity and water
occupancy (14). Additionally, the U-shaped open
TMO conformation was more unfolded than the
closed state, influencing the proton accessibility of
TMO residues (9). This potential increase in
chargeability of the open conformation might
reveal itself in native-MS spectra as increases in
charge state  distribution, meaning that
conformational switching of TMO could be detected
as intermediate states between open and closed
conformations.

Research gap and study rationale -
Antimicrobial resistance underscores the need for
new therapeutic targets. However, the functional
role of TMO in substrate binding, oxidation, and
release in cyt bos remains poorly understood, and
more structural and functional information is
needed to clarify its role. To address this gap, this
thesis  project focuses on  setting up
spectrophotometric activity assays to measure the
cyt bos substrate oxidation rate, a technique that is
new to our lab, and optimize native-MS for the
detection of cyt bos. In this context, the research
question states: how does the flexibility of the
TMO domain facilitate substrate and product
exchange in the reaction cycle of cyt bho3? We
hypothesize that uncovering TMO conformational
intermediates beyond ‘open’ and ‘closed’ states can
inform therapeutic targeting of cyt bos against
antimicrobial-resistant E. coli.

EXPERIMENTAL PROCEDURES
Material and instrument manufacturer information
are listed in supplementary table S1.

Cyt bos overexpression — E. coli C43 (DE3)
competent cells were purchased from Thermo
Fisher and transformed with a pET-17b
cyoAhisBCDE plasmid for cyt bo; overexpression
as described previously (1). This plasmid contains
the cyo operon with a hexa-histidine tag on the

C-terminus of subunit II (cyoA4) and was gifted by
the lab of R. Gennis (21). Transformed cells were
grown in LB-Broth Miller medium, supplemented
with 30% glycerol, and stored at -80°C.
Precultures were grown overnight (shaken,
225 rpm, 37°C) in 10 ml LB medium supplemented
with 100 pg/ml ampicillin that was filtered through
a 045um PVDF membrane filter (culture
medium).

Inoculation: 2 ml preculture was resuspended in
200 ml culture medium and shaken for Sh

(225 rpm, 37°C, 0OD600 = 3.760).
Upscaling: 108 ml inoculation culture was

resuspended in 9 x 1L culture medium and further
cultured for 2.25h while shaking (225 rpm, 37°C,
0OD600 = 0.630).

Protein overexpression was induced with 0.5 mM
IPTG followed by overnight incubation (shaking,
130 rpm, 30°C, OD600 = 1.495) and centrifugation
(8983g, 5°C, 20 min). The 9 x 1L cultures yielded
a total of 20.3 g bacterial pellet.

Protein purification — The bacterial pellets

were pooled together and resuspended into 100 ml
buffer A (50 mM Tris buffer, pH 8.0, 100 mM
NaCl, 10% filtered glycerol) supplemented with
0.01% benzonase and three/100 ml Roche
cOmplete™ EDTA-free protease inhibitor tablets.
Bacteria were broken by passing them five times
through an EmulsiFlex-C3 French Pressure cell
(15000-18000 psi, 50 ml/min flow rate), with
samples kept on ice between cycles. Cell debris and
unbroken bacteria were removed by centrifugation
(14,000g, 5°C, 60 min).
Membrane pelleting: Membranes were collected by
ultracentrifugation for 2h (208,400g, 4°C) and
resuspended into 60 ml buffer A with 1% lauryl
maltoside (DDM) and one EDTA-free protease
inhibitor. After 3 hours of solubilization (rolling,
4°C), insolubles were removed by
ultracentrifugation for 1h (164,700g, 4°C).

Cyt bos purification — The his-tagged cyt bos
proteins were purified by immobilized metal
affinity chromatography using the HisPur™ Ni-
NTA Resin according to the manufacturer’s
instructions. The column utilizes a resin that
consists of agarose beads conjugated to a nickel
nitrilotriacetic acid (Ni-NTA). These beads can
bind recombinant cyt bos proteins through the His-
tag on subunit II. The following steps were all
performed at 4°C.
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HisPur™ Ni-NTA resin preparation: First, the
storage solution (20% ethanol) was removed from
the resin through centrifugation at 50g (2 min, 4°C)
and washed twice with one column volume (20 ml)
miliQ. One column volume of buffer A was then
used to equilibrate the resin with 3 rounds of
centrifugation (50g, 10 min), removing the top
layer of storage solution in  between.
Chromatography column preparation: Second, The
Econo-Column Chromatography column was
washed with ~1L miliQ and equilibrated with one
column volume of buffer A with 0.02% DDM
(buffer B) using gravity-flow. Protein-resin
incubation: Third, 60 ml solubilized membrane
proteins were supplemented with 5 mM imidazole
to reduce non-specific Ni-NTA binding, before
incubation (33 rpm, rolling, 4°C, 45 min) with
20 ml equilibrated resin and loaded onto the
column. The column was then washed with 10
column volumes of buffer B containing 10 mM
imidazole, and 5 column volumes of buffer B with
15 mM imidazole. Proteins were eluted with six
column volumes of buffer B supplemented with
250 mM imidazole.

Protein concentrating: Finally, the elutions were
concentrated using 30K MWCO Macrosep®
Advance Centrifugal Devices. Filter membranes
were wet with one column volume (15 ml/tube)
miliQ and equilibrated by centrifugation (2150g,
10 min, 8°C) with one column volume of buffer B
filtered through a 0.2 um membrane. Elutions
(10 ml each) were loaded on the concentrator tubes
and centrifuged (2150g, 8°C) and flow through was
collected. This was repeated twice for six elutions
total. Imidazole concentration was reduced to
<1 mM with four washing steps using one column
volume buffer B and centrifugating (2150g at 8°C)
after each step. The concentrated sample was
collected by reverse spin and stored at -80°C in
60pl aliquots.

Sample composition assessment — Sample
homogeneity was analyzed by size exclusion
chromatography (SEC) on a Superose® 6 Increase
3.2/300 column equilibrated in filtered buffer B
running with the Shimadzu FPLC system. Purity of
the sample was further analyzed by SDS-PAGE and
Blue-Native-PAGE. Protein concentration was
measured by nanodrop A280 absorbance (BSA-
standards).

Decylubiquinone reduction -
Decylubiquinone (dUQHo) was reduced in-hous

and stored at -80°C to prevent partial oxidization
before activity measurements. Sodium dithionite
was used to reduce dUQHy on an Extrelut NT1
column as described previously (22). In short, the
column was reduced by incubation with Na,S;04
dissolved in nitrogen saturated water (150 mg/ml)
for 7min at room temperature. 10 mg dUQHo
dissolved in 1 ml HPLC-level purity cyclohexane
was applied to the reduced column and eluted with
5 ml cyclohexane. Elutes were dried under nitrogen
stream and dissolved in 1 ml ethanol (Sigma-
Aldrich, Darmstadt, Germany) with 20 mM HCI.
+1 ml reduced dUQH: was stored in 50 pl aliquots
at -80°C.

Spectrophotometry — The Varian Cary® 50
UV-Vis Spectrophotometer was used to measure
concentrations spectrophotometrically and perform
activity assays.

Concentration  determination — dUQH>
concentration dissolved in ethanol was determined
by measuring absorption at 290 nm with an
extinction coefficient (€) of 4 mMcm™ (23). The
cyt bos concentration in the stored aliquot samples
(buffer B) and native-MS samples (peak SEC
fractions in 200 mM ammonium acetate) were
quantified using the Aseo-ss0 absorbance from the
reduced minus oxidized difference spectrum (€aseo-
ss0 0f 24 mM'em™) (24). Surplus amount of sodium
dithionite was used to reduce cyt bos.

Activity assay — The cyt bos oxidase activity
was measured spectrophotometrically using the
Varian Cary® 50 UV-Vis Spectrophotometer. The
oxidation rate of substrate analog dUQH. was
measured with the absorption increase at 275 nm [€
=12.5 mMem™] (25). The activity was measured
in 30 mM potassium phosphate buffer (KP;; pH 7.5)
prepared from 5.892mM K,HPOs, 24 mM
KH>POq, and supplemented with 0.02% DDM (26).
A premix was prepared by adding 120 uM dUQH
to the KP; buffer and resuspending well to ensure
complete solubilization. 95 pul of the premix was
added to 5 pl enzyme (conditions: 2, 0.2, 0.04, or
0.02 pg), or 5 pl KP; buffer (baseline measurement)
to start the reaction. Data represents mean =+
standard deviation.

Native-MS preparation — Native-MS analysis
of cyt bos (£ 1-5uM) was performed on a Q
Exactive UHMR (hybrid) quadrupole-Orbitrap
mass spectrometer with a static nano-electrospray
ionization (nESI) source and in-house pulled, gold-
coated borosilicate capillaries (19,20). Samples

5
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were centrifuged (12000g, 2 min, 4°C) to remove
precipitation and buffer exchange to buffer C using
SEC. Buffer C contained 200 mM ammonium
acetate (pH 6.8, and 0.02% DDM. The SEC plate
was stored at 4°C and 3-5 pl/injection of the peak
SEC fraction (+1 fraction) was introduced into the
capillary for native-MS analysis. Cyt bos purity and
activity in ammonium acetate were assessed as
described above.
For native-MS with dUQH,, cyt bos was
concentrated 4:1 by centrifugation (6010g, 20 min,
4°C) using a 10K cutoff Amicon centrifugal filter
unit, which was calibrated by centrifugation
(6010g, 20 min, 4°C) with 1 column volume buffer
B. Cyt bos (25.7022 uM) was then rebuffered to
buffer C using SEC as described above. The peak
SEC fraction was diluted 5x with buffer C and
centrifuged (12000g, 2 min, 4°C) before preparing
the reaction mix and native-MS measurement. The
final reaction mix included 0.5816 pM cyt bos,
1.4653 mM dUQH,, and 2.987 mM oxidase
inhibitor sodium azide in 200mM ammonium
acetate (final concentration 3.076 mM) using a
sample:dUQH::inhibitor ratio of 100:5:2.
All native-MS measurements were performed in
positive ion mode using the following settings: scan
range = 350-30,000 mass to charge ratio (m/z) with
a mass spectral resolution of 2210-8839 (at
m/z=200), AGC target = le6 or 5e6 ions, maximum
injection time = 100-200 ms, capillary spray
voltage = 1.4-1.5 kV, inlet capillary temperature =
320°C, S-lens RF level = 200. Each spectrum shows
100-200 scans combined, each containing a single
microscan. The noise threshold was set to 3,
detector pulsing scheme optimization was set for
low m/z transmission, and the RF settings of the
transfer ion optics was set to target a high m/z
range. To increase protein ion transmission and
diminish DDM signal, parameters such as in-source
trapping, trapping gas pressure, and DC-offset
values of the flatapole, multipoles, and ion transfer
lenses were optimized as indicated per spectrum.
The mass spectra were analyzed with Thermo
Xcalibur Qual Browser version 4.2.28.14. Spectral
deconvolution was performed with UniDec
Software V4.1.1. (27). Standard deviation of
assigned masses was calculated using ESIprot
online (28).

RESULTS

Cyt bos purification and purity analysis —
Optimization of the spectrophotometric activity
assay and native-mass spectrometry methodology
required substantial quantities of protein.
Therefore, cyt bo; was overexpressed in a 9-liter E.
coli culture yielding 20.3 g bacterial pellet, from
which nanodrop Az measurements (BSA-
standard) revealed a 140.5 mg protein yield. Size
exclusion chromatography fractions containing cyt
bos eluted at 1.57ml (Fig. 1A). Peak fractions
analyzed by SDS-PAGE showed bands migrating
to the expected molecular weights for subunits I, 11,
and III, demonstrating a similar purity as earlier
reports (Fig. 1B) (21). Additionally, Blue-Native-
PAGE showed a single band around 200 kDa,
corresponding to full-length cyt bos, and a band
around 330 kDa containing traces of a cyt bos, as
determined by LC-MS by a previous student in our
group (Fig. 1c).

Spectrophotometry setup —Spectrophotometry
setup using the Cary 50 UV-Vis spectrophotometer
was initiated prior to this master’s thesis project.
However, initial attempts produced highly unstable
and noisy spectra due to misalignment between the
micro-cuvette and the instrument’s light beam,
which failed to pass through the sample. In
collaboration with the IDEE technical department
at Maastricht University, a custom adaptor was
designed to properly align the sample with the
incident aligned. Following this improvement, the
cyt bos concentration of the sample after
purification (stock sample) was determined to be
9.2071 uM (Fig. 2) (24).



Senior internship- 2" master BMW

Activity assay — We tested different cyt bos
amounts relative to 120pM dUQH; in a 100 pl
reaction mix to measure steady state dUQH»
oxidation, including 0.2 pg, 0.04 pg, and 0.02 pg
enzyme to 120 uM dUQH: in 100 pl reaction mix
(Fig. 3). The corresponding enzymatic turnover
rates were 11.02+1.59, 39.15 +7.79, 138.52
42342, and 15391 +23.71 e’/sec/cyt bos,
respectively (mean+ SD, n=3, each with paired
baseline control). The inverse relationship between
enzyme amount and normalized activity suggests
that the assay was performed under non-saturating
conditions. Additionally, the 0.04 pg and 0.02 pg
cyt bos conditions showed a linear absorbance
increase indicative of steady state oxidation (Fig.
3A,B). These results confirm the oxidative activity
of purified cyt bos, and future determination of
kinetic parameters (Vmax, Kum, keat) Will be essential
to fully characterize its catalytic properties.

Native-MS sample integrity — Structural
analysis of cyt bo; TMO throughout the
substrate/product exchange reaction cycle may
reveal conformational intermediates. Samples were
first rebuffered using SEC, where the peak elution
volume (1.6368 ml) exhibited a slight right shift
compared to the sample in purification buffer.

However, the peak width at half maximal value
(FWHM) remained the same for both samples
(0.2341ml FWHM in purification buffer;
0.2152ml FWHM in ammonium acetate)
indicating a comparable level of homogeneity (Fig.
1A). SDS-PAGE and BN-PAGE of peak SEC
fractions showed identical band patterns. Finally,
the cyt bos activity in ammonium acetate was
confirmed from one measurement that yielded a
turnover number of 186.85 e”/sec/cyt bos (using
0.02 pg enzyme, n=1) (table 1).

A B 12 c 12
600 170kD
so0 | [ 220 A280 nMS || 1 30KDoa ] 1.2MDa-
— A415 ----A415 nMS 95KD 1.0MDa"
§ 400 A | Peak elution Peak elution 72kDa-
a- W
E300 | L157ml 1.64 ml 720kDa-
2 S6kDa- w <«—Sub I
S i
< 200 43kDa 480kDa = |l ot poy
100 A / | +—Sub IT
N /] \_ 34kDad w, ub I 242kDaq L eyt pos
26kDa~ s | le—sup 111
-100 — 146kDa 188
0 05 1 15 2 25 3 66kDa-
Elution volume [ml] 17kDa-{%

Fig. 1 — Purification of cyt bos ubiquinol oxidase assembled in DDM. (A) Size exclusion
chromatography (SEC) profiles of overexpressed cyt bos from a Superose 6 Increase 3.2/300
column at Ao (black) and A5 (red). Full lines show the profile from stock sample (purification
buffer) and dotted lines show native-MS sample in ammonium acetate. The arrow points to a
second elution peak in the native-MS profile. Cyt bos subunits and full-length detected by SDS-
PAGE (B) and Blue-Native-PAGE (C), respectively. Lane 1 shows the ladder and Lane 2 shows
the peak SEC fraction.
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Fig. 2 — Spectroscopic concentration determination of cyt bos.

(A) UV-Vis absorbance spectra of oxidized (solid line) and sodium dithionite-reduced (dotted line)
cyt bos recorded at 23°C using a Cary 50 UV-Vis spectrophotometer (10 mm path length, 60 nm/min
scan speed, ~1.5 nm spectral bandwidth). The spectra exhibit spectral features typical of heme-
containing oxidases in the Soret (y) band and Q-bands, comprising the B- (530 nm) and a- (560 nm)
bands.

(B) Magnification of the spectrum near the Q-bands showing the reduced-minus-oxidized difference
spectrum (red). The relative o-band amplitude (Aseo minus Asg) was used to determine cyt bos
concentration, using an extinction coefficient of 24 mMcm™ (24).

peak distributions, e.g. 113 kDa, 199 kDa,

Native-MS optimization — Initial native-MS 330 kDa, 340 kDa (Fig. 4d). Next, we favored ion
‘spectra lrevealed a repeating pattern of peaks transmission towards the m/z range of the
separated by a 510 mass-to-charge difference 147,951 Da peak distribution using the DC voltage
(Am/z) or its integer fractions. This pattern is  offsets in the in-source trapping region and the C-
characteristic of multiple charge states of DDM  trap region. Combined with an increased spray
oligomers (510 Da monomer) (Fig. 4a). We  voltage, these settings isolated the cyt bos peak

therefore refined instrument settings step-by-step to  distribution (Fig. 4e).
detect DDM-assembled cyt bos (Fig. 4b-e). First,

desolvation of higher mass ions was improved by Tandem native-MS? — 1In literature, peak
increasing the desolvation voltage, which deepens  distributions are conventionally through tandem-
the trapping well in the in-source trapping region ~ MS. In tandem-MS?, the quadrupole isolates a
(injection flatapole) allowing easier protein release  single peak of interest, and those ions are
from the DDM micelle. Indeed, a low abundance  subsequently fractionated in a high-energy
23+ to 27+ charged peak distribution for a 147,951  collisional-dissociation cell (HCD) to analyze the
Da (+49.01 SD) ion was revealed, closely matching  resulting peptide fragments. We isolated the 25°
the reported masses from cyt bos cryo-EM  and 26" charge peaks (5919 m/z and 5696 m/z,
structures (Fig. 4b) (9,14,16,29). Next, we focused  respectively) from the 147,951 Da peak series to
on improving the ion transmission through the in-  verify it is indeed cyt bos. Figure 5A shows
source trapping region. The DC voltage offsets of ~ representative native-MS? spectra at increasing
the ion directing multipoles in this region were  HCD energies for the 25+ charged peak (£50 m/z).
modulated to favor an ion transmission window  Surprisingly, neither 25+ or 26+ charged peaks
between 4000-7000 m/z, increasing the abundance  fragmented at all, despite a complete loss of
of the presumed cyt bos peaks (Fig. 4c). Further  precursor ion abundance (Fig. SA. However, we did
increasing the desolvation voltage to -250V and the ~ observe a minor decrease in the peak m/z values at
trapping gas pressure removed the remaining DDM ~ HCD energies 20eV and 25eV (Fig. 5A).
signal entirely. It also revealed several other protein ~ Difficulties in HCD fragmentation are not
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Table 1 — Turnover rates of cyt bos

Cyt bos activity per 120uM dUQH,

2.00 pg

0.20 pg 0.04 pg 0.02 pg

Activity stock sample [e/sec/cyt bos] (n=3)} 11.02 +£1.59 26.58 £66.88 141.02 £17.51 153.91 +23.76

Activity native-MS sample [e7/sec/cyt bos] (n=1) / / 186.85
A | 2 pg cyt bos 0.2 pug cyt bos
— 1.50 — 1.00
DT s e > y = 0.0042x + 0.5494
ﬁ y:0.0079x+0.5436 .i‘ 0.80 4 R2=10.7135  oorooereemeereereseuessnnnannes
o 100 1 R2=0.9727 e 9 0.60 - e
B g 0607 -
3 0.50 o £ 040 {7 y = 7E-05x + 0.157
o y=0.0001x + 1.3389 So2€04  R=08I12
= R?=0.4348 <
0.00 T T 0.00 T T T T T
0 20 40 60 0 10 20 30 40 50 60
Time [sec] Time [sec]
C | 0.04 pg cyt bos D | 0.02 pg cyt bos

— 0.30
y=10.0023x+0.1152
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y=2E-05x +0.1032
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IFig. 3 — Spectrophotometric activity assays of cyt bo; from stock samples. Enzymatic oxidation rate|
of cyt bos measured by monitoring absorbance increase at 275 nm. The slope corresponds to the rate of]
dUQH, formation, reflecting cyt bos substrate oxidation. Representative traces are shown for enzyme-
containing samples (red) and baseline controls without enzyme (black). Four enzyme concentrations
were tested with 120 pM dUQH: in 100 pl of 30 mM potassium phosphate buffer (pH 7.5) with 0.02%
DDM. KP;, potassium phosphate buffer; dUQH y, decylubiquinone/decylubiquinol.

uncommon for membrane proteins, but alternative
approaches can help overcome these limitations
(30).

Alternative mass identification — Next, we
analyzed the sample using HCD cell fragmentation
without quadrupole isolation. All ions were
subjected to stepwise HCD fragmentation from 0 to
50 eV to capture subunit dissociation or
fragmentation. No new peak distributions could be
found at HCD energies where the presumed cyt bo3
peak distribution abundance decreased (Fig. 5B).
Contrary to the 25 eV HCD energy for isolated peak
fragmentation in native-MS? experiments, only 14
eV HCD energy was required before the
147,951 Da peak distribution signal fully
disappeared (Fig. 5). [We‘ suspect mass verification

of the presumed cyt bos peak distribution will
succeed using alternative fragmentation techniques,
though this requires hardware modification and
calibration. In the interest of time, we shifted our
focus back to the research question.

Towards TMO analysis — Investigating TMO
conformations throughout the substrate/product
exchange cycle first requires detecting the dUQHo-
bound cyt bos by native-MS. We applied dUQH: to
the sample and an allosteric activity inhibitor NaN3
to prevent substrate depletion. These reagents fully
abolished the protein signal (Fig. 6). The dUQH,
application was only attempted once due to time
constraints and is planned for further optimization.
Together with the alternative fragmentation
techniques for mass identification, these
experiments will further solidify the 147,951 Da
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Table 2 — Settings of native-MS optimization shown in figure 4.

Settings Fig. 4a Fig. 4b Fig. 4c Fig.4d  Fig. 4e/f
Spray voltage 1.2kV 1.2kV 1.2kV 1.2kV 1.5kV
Desolvation Voltage -50V =200V -200V =250V =250V
Standardized rapping gas pressure 3 3 3 5 5
Injection flatapole DC offset Y 5V v v A%
Inter flatapole lens DC offset 4V 4v 5V 5V 4V
Bent flatapole DC offset 2V 2V A Y 4V 1.5V
Transfer multipole DC offset ov ov ov ov 4.3V
C-trap entrance lens DC offset 1.8V 1.8V 1.8V 1.8V 3V
C-trap exit lens DC offset 2V 2V 2V 2V 6V
A Original spectrum B Improved desolvation C Ion transmission
100 100 1004
%0 257267 ' DDM 510 Da @ 257204 0] 26+569§45 5330,103 Da
jg 3083.34 :g: -
:Z :37 3082.77 s
40 M‘II 404 v
| ‘ 2] 2571.92 6438.95
o | W ket Jv 38+ t0 34+
4102.48
12 8185 667774 778347 935791 o el “;: »M»lm, B
2000 4000 ‘60‘00‘ ' ‘80‘00‘ ' ‘10(‘)00‘ ' 2000 4000 6000 8000 10000 2000 4000 6000 8000 10000
NL=3E6 ions mz NL=8ES ions mz NL=4ES5 ions mz
D ’ In-source trapping E ‘ Ion transmission F | annotation
“;Z w005 330,103 Da| — sow N 25+y  |V147,976 Da
27 26y 3
80 8 = o 26+VY
. A . . P 24+
60 60 04 M
. 5918.74 . p426.77 60.
20 v 40 503 ‘
6166.66 103
zg 39+ to 35+ zz s|res0 | |||egs i 39+ to 35+ 0] J 23+ 20+
10 645280 10 i " 203 27+ -
o L i P 2 AR
2000 4000 6000 3000 10000 " 2000 4500_@00_'5500 10000 hva l‘ s, ﬁ‘f“ i “m JV{H‘J“M}\W‘R s s ,
NL:9E5 ions miz NL:2E5 ions miz 4500 5000 5500 6000 6500 7000 7500

Fig. 4 — Native-Mass spectrometry optimization for

510 Da, the molecular weight of DDM.
(B-E) Spectra after setting changes as shown in table

NL, Wormalization Level (ion abundance at 1 00%)‘

quadrupole-orbitrap mass spectrometer. Optimized settings for each figure are shown in table 2.
(A) Original spectrum before optimization showing peaks separated by Amass-to-charge (m/z)

to 22+ charge states) is suspected to come from cyt bos. A 330,103 +£54.38 Da peak series was also
detected at lower intensity that might be a cyt bos dimer.
(F) Magnification of spectrum (E) showing the charge states of cyt bos.

the detection of cyt bos on a Q-exactive hybrid

2. The 147,951 +49.01 Da peak series (z =27+

peak series as cyt bos and bring analysis of the TMO
domain closer

DISCUSSION

Protein purification and Homogeneity — The SEC
profile of purified cyt bos revealed a single,
symmetric peak, indicative of a monodisperse

sample. Subsequent analysis by SDS-PAGE and
BN-PAGE confirmed that cyt bos is the
predominant protein in the preparation, consistent
with prior reports (9,21). These results demonstrate
that our purification workflow reliably isolates cyt
bos in a structurally homogeneous form.
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The behavior of cyt bos dissolved in ammonium
acetate was also analyzed. First, SEC was
conducted using ammonium acetate as the mobile
phase, which is widely employed in native-MS due
to its volatility and minimal adduction to protein
ions. The rightward shift in the peak elution volume
compared to the purification buffer sample (from
1.5696 mL in purification buffer to 1.6368 mL),
suggests a change in the protein—detergent complex
size. The origin of this shift is not certain, but it
could arise from changes in micelle behavior or
protein folding under low-ionic-strength conditions
(31). Detergent micelles, such as DDM, are known
to adjust their aggregation number in response to
ionic  strength, potentially affecting the
hydrodynamic radius of the protein—detergent
assembly (32). Despite this shift, the SEC peak
remained symmetric, indicating that sample
homogeneity was preserved.

Purity and homogeneity analysis of the peak SEC
fractions from native-MS sample revealed patterns
identical to those observed in the purification

buffer, \indicating that both the primary and
quaternary structures bf cyt bo; were preserved in
ammonium acetate, in addition to its activity (Fig.
1A, Table 2). This supports the interpretation that
despite the small differences in peak elution
volume, the structure and function of cyt bos in
activity assay samples and native-MS samples are
comparable.

This structural preservation was mirrored in
functional assays:ﬁlctivity measurements of cyt bos
in ammonium acetate solution (native-MS sample)
showed comparable turnover rates to standard
buffer conditions, confirming that the enzyme
retained its catalytic competence

Kinetic Characterization of Cyt bos — The optimal
condition (0.02 pg enzyme with 120 pM dUQH>)
yielded a turnover of 153.91 e7/sec/cyt bos.
Although our measured turnover rate (153.91 ¢
/sec/cyt bos) was below previously reported
maxima, the established workflow provides a
reliable foundation for kinetic comparisons across
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Fig. 6 — Preliminary native-MS spectrum of cyt boz with substrate dUQH,. (A) Reference
spectrum of cyt bos before substrate supplementation. The peaks belonging to the 147,951 Da
species (cyt o3 monomer) are annotated with red triangles, and the 330,103 Da species (cyt bos
dimer) with orange arrows. Each species shows the charge state of the most abundant peak. (B)
Spectrum of cyt hos (0.5816 uM) in 200 mM ammonium acetate supplemented with 1.4653 mM
dUQH: in ethanol, and 2.987 mM oxidase inhibitor sodium azide in water. The supplementation
reduced ion transmission to <2% of the reference spectrum.

different assemblies. Such comparisons can assess
whether TMO rotational freedom contributes to
catalysis. Structures from assemblies like DDM,
SMA, and amphipols have consistently shown TMO
in the closed conformation, possibly due to steric
restriction from the mimetic environment. Future
kinetic characterization (Vmax, Km, keat) of cyt bos
reconstituted in DDM, peptidiscs, and alternative
assemblies will clarify whether these structural
differences correlate with altered turnover or
substrate affinity.

Structural and conformational insights from
native-mass spectrometry — To detect cyt bos in its
intact form, we first optimized in-source trapping to
release the protein complex from its assembly
without causing extensive unfolding. The charge
state distributions (CSD) from the native MS
spectra provided an important structural readout.
Narrow distributions with low charge states
indicated that cyt ho; maintained a compact, folded
conformation, whereas broad, high-charge
distributions would suggest unfolding. The spectra
consistently showed narrow CSDs, confirming that
intact cyt hos was detected under these conditions.

HCD fragmentation — Mass identification of
proteins using native-MS typically relies on native-
MS?, where precursor ions are fragmented to
generate peptide ions whose m/z can inform amino

acid sequences. In our experiments, isolation of the
148 kDa cyt bos peak by the quadrupole was
successful, but subsequent HCD fragmentation
failed to produce detectable peptide fragments,
despite complete loss of the precursor ion at 23 eV.
Full-spectrum HCD fragmentation yielded similar
results. This limitation is likely due to a
combination of instrument-specific constraints and
protein properties.

One potential explanation lies in the nature of the
collision process and energy transfer during HCD
fragmentation. In the collision cell, inert gas atoms
(argon in our case) transfer energy to the precursor
ions through multiple collisions. Due to the
protein’s intrinsic rotational freedom, this energy
can disperse across many bonds, preventing
sufficient accumulation to break covalent bonds
and generate peptide fragments. Instead, the bonds
may bend or stretch rather than cleave. In contrast,
weaker non-covalent interactions—such as lipid
adducts, ligands, detergents, or solvent
molecules—can be disrupted at lower energies,
which could explain the decreasing m/z values
shown in figure 5A at 20 eV and 25 eV. Charge
stripping may also occur but given the relatively
high charge states of the 148 kDa peak (22-27+),
complete loss of the precursor ion without a
noticeable shift in the average charge state is highly
unlikely. Therefore, charge stripping cannot

12



Senior internship- 2" master BMW

account for the observed decrease in precursor ion
abundance in the absence of fragment ions.

A second potential explanation involves the
instrument settings limiting fragment detection.
Optimization of ion transmission in our
experiments reduced signals below £5000 m/z by
adjusting in-source trapping and C-trap voltages to
favor high-mass ions. During HCD, low m/z
fragments may lack sufficient kinetic energy to
overcome potential barriers in the C-trap entrance
and exit lenses, reducing their detection. Other
unknown transfer losses from the HCD cell to the
C-trap could also contribute. However, even
considering this effect, it is unlikely to fully account
for the failed nMS? experiments, because fragments
in the detectable m/z range should still appear if
they were produced in sufficient abundance. Other
unknown losses during transfer from the HCD cell
to the C-trap, or C-trap to orbitrap may contribute
but are expected to play a minor role.

Alternative fragmentation methods such as UVPD,
ETD, or ECD are also often used for native-MS of
protein complexes, as they preserve non-covalent
interactions and labile modifications while
providing complementary structural information.
Employing different fragmentation strategies could
successfully verify the cyt bos signal.

Supporting the 147,951 Da annotation —
Several lines of evidence support the assignment of
the 147,951 Da species observed in native-MS to
cyt bos. First, cyt bos was the most abundant protein
in the SEC fractions as confirmed by SDS-PAGE
and BN-PAGE, and in parallel, the 147,951 Da
species were among if not the most abundant
species in native-MS. However, ion transmission
efficiency is protein-specific and influenced by
hydrophobicity, pH  sensitivity, ionization
efficiency, and more, so this is not a direct
quantitative measure (33). Second, the enzyme was
catalytically active in both purification buffer and
ammonium acetate, showing functional integrity.
Third, BN-PAGE revealed a band around 300-
400 kDa containing traces of cyt bos. Together with
a reported cryo-EM dimer structure of cyt bos
assembled, this strongly suggest that the detected
330,103 Da species by native-MS is a dimer of cyt
bos. Finally, the measured mass closely matches
values calculated from annotated cryo-EM

structures (DDM: 148.57 kDa, Peptidisc: 150.09
kDa, SMA-nanodisc: 147.34 kDa, Amphipole:
137.62 kDa, MSP-nanodisc: 147.34 kDa).
Importantly, these values include not only the
polypeptide chain and cofactors (heme b, heme 03,
Cu?") but also varying numbers and types of co-
purified lipids. For instance, the amphipole
reconstruction contained only a small complement
of three 3PE lipids, whereas SMA- and MSP-
nanodiscs captured substantially more lipids, with
up to 5 and 9 3PE molecules, respectively. The
Peptidisc assembly revealed a mixed set of three
3PE and three POV lipids, while DDM micelles
retained only a minimal two PEE lipids. These lipid
contributions, each in the range of 500 to 800
Daltons per molecule, account for part of the
variation in reported structural masses and explain
why slightly different experimental preparations
converge around but do not identically reproduce
the same total molecular weight.

Towards TMO analysis — We initially
attempted to detect the cyt bos—dUQH: complex by
native-MS to gain direct insight into substrate
binding and potential structural effects, such as
changes in mass or charge distribution. No clear
protein-ligand signal was observed in this
preliminary trial. This outcome was likely caused
by a combination of reagent and experimental
constraints. Future strategies could include
dissolving dUQH, in an ammonium acetate—
ethanol mixture to reduce the final ethanol
concentration in the injected sample while
increasing substrate concentration to minimize
injection volume. These approaches may improve
protein signal and facilitate observation of the
substrate-bound complex, providing valuable
structural information for TMO analysis.

Future perspectives — Building on this work,
future studies will extend kinetic characterization of
cyt bos across different membrane mimetics to
determine whether structural constraints imposed
by assemblies such as DDM, peptidiscs, and SMA-
nanodiscs alter catalytic efficiency or substrate
affinity. Complementary native-MS experiments
will aim to detect substrate-bound states, providing
direct insight into quinone binding and TMO
conformational  effects.  Integrating  these
approaches with structural data will help clarify
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how TMO flexibility contributes to proton pumping
and electron transfer.

CONCLUSION

This study establishes a robust workflow for
the purification, structural characterization, and
activity assessment of cyt bos using native-MS. The
enzyme was shown to remain catalytically
competent and structurally intact in ammonium
acetate, with SEC, PAGE, and mass spectrometry
supporting the assignment of the 147,951 Da
species to cyt bos. Although HCD fragmentation

and comparison with cryo-EM structures confirmed
the protein’s identity and integrity. Differences in
co-purified lipids across assemblies highlight the
influence of the membrane mimetic environment on
mass and potentially on TMO conformational
flexibility. Together, these results provide a
foundation for future investigations into the
relationship between membrane mimetics, TMO
structure, and enzymatic function, and may
ultimately ~ support the  development of
antimicrobial strategies that exploit this unique
structural feature of cyt bos.

did not yield peptide ions, complementary evidence
from enzyme integrity assessment, activity assays,
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Supplemental information
Table S1 — Manufacturers information for materials and instruments

E. coliC43 (DE3) Thermo Fisher Scientific N/A
LB-Broth Miller FormediumTM LTD LMM0102
Glycerol Sigma-Aldrich G5516-1L
Ampicillin sodium salt Sigma-Aldrich A9518-25G
Millex®-HV Sterile Filter Unit with Durapore® PVDF membrane (0.45um) Merck Milipore Ltd. SLHVO33RB
IPTG, dioxane-free Thermo Fisher Scientific R0392
Trizma® base Tris buffer Sigma-Aldrich T1503-1kG
NaCl Sigma-Aldrich 71380-5KG
Benzonase® Nuclease EMD Milipore corp. 70746-3
cOmplete™ ULTRA Tablets, Mini, EDTA-free, EASYpack Protease Inhibitor Cocktail Merck KGaA 5892791001
n-dodecyl-beta-D-maltodside (lauryl maltoside, DDM) Glycon Biochemicals GmbH CAS-69227-93-6
HisPur™ Ni-NTA Resin Thermo Fisher Scientific 88222
Econo-Column® Chromatography Columns Bio-Rad #7372512
Imidazole Sigma-Aldrich 1202-500G
Macrosep® Advance Centrifugal Device (30K MWCO) Cytiva 89509A
Whatman™ membrane filter cellulose acetate (0.2pm) Cytiva 10404112
Superose™ 6 Increase 3.2/300 SEC column GE Healthcare Life Sciences (Cytiva) 29-0915-98
EXtrelut® NT1 Pre-packed columns EMD Milipore corp. 1.15094.0001
Cyclohexane Sigma-Aldrich 34855-1L-M
Ethanol Sigma-Aldrich 1.00986.1000
Amicon® Ultra Centrifugal Filter (10 kDa MWCO) Merck Milipore Ltd. UFC5010

|| | |
Multitron standard Shaker for 9 x 1 L culture Infors HT N/A
Avanti J-26 XP centrifuge with JLA-8.1000 rotor Beckman Coulter Life Sciences /
Centrifuge 5810 R with A-4-62 swing-bucket rotor Eppendorf Cat No° 5811000015
Centrifuge 5424R Eppendorf /
Optima XPN-90 Ultracentrifuge with 70Ti Rotor Beckman Coulter Life Sciences A94468
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Stuart Roller Mixer SRT6

RV5 Vacuum pump

French press: EmulsiFlex-C3

Nanodrop DS-11+ UV-Vis Spectrophotometer

Shimadzu FPLC: DGU-20As; degassing unit, LC-20AD liquid chromatograph, SIL-

20A auto sampler

Thermo Fisher Scientific Scientific Ltd.

Edwards
Avestininc.
DeNovix©

Shimadzu Corp.

Cat No° SRT/STACK
Serial No. 109448130
serial# C315971
DS-11+

DGU-20As,, LC-20AD, SIL-20A
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