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ARTICLE INFO ABSTRACT
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Cytochrome bd, a component of the prokaryotic respiratory chain, is important under physiological stress and
during pathogenicity. Electrons from quinol substrates are passed on via heme groups in the CydA subunit and
used to reduce molecular oxygen. Close to the quinol binding site, CydA displays a periplasmic hydrophilic loop

Q-loop called Q-loop that is essential for quinol oxidation. In the carboxy-terminal part of this loop, CydA from
gz;i:f:tfy Escherichia coli and other proteobacteria harbors an insert of ~60 residues with unknown function. In the current

work, we demonstrate that growth of the multiple-deletion strain E. coli MB43AcydA
(AcydAAcydBAappBAcyoBAnuoB) can be enhanced by transformation with E. coli cytochrome bd-I and we utilize
this system for assessment of Q-loop mutants. Deletion of the cytochrome bd-I Q-loop insert abolished
MB43AcydA growth recovery. Swapping the cytochrome bd-I Q-loop for the Q-loop from Geobacillus thermo-
denitrificans or Mycobacterium tuberculosis CydA, which lack the insert, did not enhance the growth of
MB43AcydA, whereas swapping for the Q-loop from E. coli cytochrome bd-II recovered growth. Alanine scanning
experiments identified the cytochrome bd-I Q-loop insert regions Ile®'8-Met®?2, GIn>38-Asp®*2, Tyr*>*-Leu®”’, and
Thr®%8.11e”2 as important for enzyme functionality. Those mutants that completely failed to recover growth of
MB43AcydA also lacked oxygen consumption activity and heme absorption peaks. Moreover, we were not able to
isolate cytochrome bd-I from these inactive mutants. The results indicate that the cytochrome bd Q-loop exhibits
low plasticity and that the Q-loop insert in E. coli is needed for complete, stable, assembly of cytochrome bd-1.

1. Introduction Azotobacter vinelandii [20], Geobacillus thermodenitrificans (strain

K1041, formerly called Bacillus stearothermophilus) [21,22], and Cor-

Cytochrome bd is a terminal oxidase found in the respiratory chain
of prokaryotes. The enzyme is located in the bacterial cytoplasmic
membrane and oxidizes quinol-type substrates such as ubiquinol or
menaquinol, coupled to reduction of molecular oxygen to water [1]. In
particular, cytochrome bd is important under conditions of stress, such
as Oo-limitation [2,3] and in the presence of nitric oxide [4-7]. In a
variety of pathogenic bacteria, cytochrome bd is required during in-
fection in the mammalian host, e.g. in Staphylococcus aureus [8] and in
uropathogenic Escherichia coli strains [7,9]. In Mycobacterium tubercu-
losis and related mycobacterial strains cytochrome bd has been shown
to participate in the defense against antibiotics [10-16].

Cytochrome bd has been purified from a variety of Gram-positive
and Gram-negative bacterial strains including E. coli [17,18],
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ynebacterium glutamicum [23]. From E. coli, two bd-type quinol oxidases
have been isolated, referred to as cytochrome bd-I and cytochrome bd-II
[24,25]. Across species, cytochrome bd consists of the two major sub-
units CydA and CydB that carry three non-covalently bound heme
groups, namely hemes bssg, bsgs and d. Next to these major subunits
cytochrome bd-I from E. coli comprises two additional, smaller subunits:
one termed CydX [26,27] and a second one termed either CydH [28] or
CydY [29]. A different small subunit, CydS, was found in the G. ther-
modenitrificans enzyme [22].

The crystal structure of cytochrome bd from G. thermodenitrificans
revealed that all three heme groups, along which electrons derived from
the quinol are transferred to molecular oxygen, are bound to the CydA
subunit [22]. In proximity of heme bssg, which accepts the electrons
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from the quinol substrate [30], a large hydrophilic loop is located be-
tween trans-membrane helices 6 and 7 of CydA, on the periplasmic side
of the membrane [22,31] (purple loop in Fig. 1A). This loop, referred to
as Q-loop, has been identified as instrumental for quinol binding
[32,33]. The Q-loop of cytochrome bd from G. thermodenitrificans con-
sists of ~80 amino acid residues [22], consistent with the length of this
loop in most bacterial species, as inferred from sequence data [1,34].
However in some bacterial species, e.g. E. coli, A. vinelandii and other
proteobacteria, cytochrome bd carries an insert of ~60 residues in the
carboxy-terminal part of the Q-loop (Fig. 1B, insert residues depicted in
blue). Regions and individual residues in the Q-loop that are important
for cytochrome bd activity have previously been reported based on
proteolysis by trypsin or chymotrypsin [32,33], binding of monoclonal
antibodies [35,36], site-directed mutagenesis [37], and quinol-labeling
studies [38]. Interestingly, the residues identified by these studies all
mapped to the N-terminal part of the Q-loop, none of them is located in
the C-terminal insert. Cytochrome bd from G. thermodenitrificans, whose
crystal structure was known when we initiated and conducted our
study, lacks the C-terminal Q-loop insert and the role of the C-terminal
Q-loop insert is obscure.

In the current report we employ domain swap approaches, alanine
scanning and site-directed mutagenesis to investigate the function of
the C-terminal Q-loop insert of E. coli cytochrome bd-1.

Q loop
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2. Material & methods
2.1. Construction of expression vectors

2.1.1. Replacement of MB43 cydA by the superfolder GFP gene

The cydA gene was replaced by the superfolder-GFP gene using a
CRISPR/Cas9 two-plasmid system [39]. Primers and templates are
listed in Supplementary Table 1. On a pTarget vector an sgRNA tar-
geting cydA was created by replacing the N20 region with a 20 bp
fragment of the cydA gene (using N20 primer pairs). After performing
this PCR, the product was purified and self-ligated using the Gibson
assembly kit (NEB). In a next step, a complementary region (“UpCy-
dA _sfGFP_CydX”) was introduced into this pTargetN20cydA vector. This
linear, overlapping-end PCR product was produced in consecutive PCR
steps: first, a linear PCR product was generated using genomic DNA
from E. coli MB43 as template using primer pairs (upcydAdowncydX).
This linear PCR product was purified and used as template to generate
the 300 bp fragment upstream of cydA (“UpCydA”) and a 300 bp
fragment downstream of and including cydX (“downCydX”), both with
overhang complementary to sfGFP, using primer pairs (“Up-cydAp-
target”, “Down-cydXptarget”), respectively. Second, on pet16B_sfGFP a
linear sfGFP fragment with overhang complementary to CydA and CydX
was generated (primer pairs sfGFP). Third, on pTargetN20CydA a linear

B Q-loop start
Geo 231 SVASALVGDLSGKFLAEYQPEKLAAAE /HFET-SSHAPLILFGTLEEDN-EVKYALEIPYALSILAHNHPAAVVTGLN 306
Mtb 237 TAGLLFTGDHQGKLMFQQQPMKMASAE LCDT-QTDPNFSVLTVGRQNNDSLTRVIEVPYVLPFLAEGRISGVLQGIR 315
Eco bd-II 231 IIGTLQLGDSSAYEVAQVQPVKLAAME EWQTEPAPAPFHVVAWPEQDQERNAFALKIPALLGILATHSLDKPVPGLK 308
Eco bd-I 231 VLSVIVLGDESGYKMGDVQKTKLAAIE"EWETQPAPAAFTLFGIPDQEEETNKFAIQIPYALGIIATRSVDTPVIGLK 308
g s Q-loop end
© ©
Geo 307 DIPEDER- === === m e e PPLYIHYLFD 323
Mtb 316 DLQQEYQ-—————— === oo QRFGPN---——————————— DYRPNLFVIYWSFR 342

Eco bd-II 309
Eco bd-I 309
w

=
=)}

NLMAETYPRLORGRMAWLLMQEISQGNREPHVLQAFRGLEGDLGYGMLLSRYAPDMNHVTAAQYQAAMRGAIPQVAPVFWSFR 391
ELMVQHEERIRNGMKAYSLLEQLRSGSTDQAVRDQFNSMKKDLGYGLLLKRYTPNVADATEAQIQQOATKDSIPRVAPLYFAFR 391

w w w w w:
w ~ (=]
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Fig. 1. The main cytochrome bd subunit CydA with the Q-loop. A: Structure of CydA from G. thermodenitrificans. The Q-loop is depicted in purple and the three heme
groups are shown in ball-and-stick mode. B: Sequence alignment of the Q-loop amino acid residues from various species. Geo: G. thermodenitrificans, Mtb: M.
tuberculosis, Eco: E. coli. The Q-loop insert found in E. coli and other proteobacteria is highlighted in blue. Positions used in this study for swapping the Q-loop

between species are indicated either in red (240-389) or brown (258-386).
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PCR fragment was generated with overhang on UpCydA and CydX
(Primer pairs “Ptarget”). All fragments where assembled using the
Gibson assembly kit (NEB). The plasmid was cloned and purified and
transformed into MB43. Transformation and plasmid curing were per-
formed as described [39]. The genomic insert sequence was confirmed
using a specific insert primer and a primer outside the complementary
region (Supplementary Fig. 1).

2.1.2. Q-loop mutants

For an overview of the constructed mutants please refer to
Supplementary Fig. 1. Preparation of Q-loop mutants was based on a
PET17b vector containing cydABX with the sequence encoding strep-tag
II and a linker fused downstream of cydX [27]. The primers used to
make new constructs are listed in Supplementary Table 1. Plasmids
encoding mutants with shortened or lacking Q-loop insert were con-
structed by amplifying pET17bcydABX using primer pairs “Ecoli insert
Mtb” and “Ecoli insert Geo” (Supplementary Table 1), respectively and
subsequently fusing the resulting fragment by Gibson assembly cloning
kit (NEB).

For constructing the plasmid encoding the mutant carrying a Ser/
Gly linker instead of the E. coli Q-loop insert we started out with the
existing linker [27] separating the cydX gene from the strep-tag. We
added two additional, shortened copies of this linker using the primers
and restriction sites listed in Supplementary Table 1 and finally trans-
ferred the complete 186 bp (coding for 62 residues) fragment into
PET17BcydABX using BamHI and EcoRI restriction sites. Gibson as-
sembly was used for constructs with Q-loop swap mutants. pET17bcy-
dABX and the sequence encoding the Q-loop from G. thermodenitrificans
or M. tuberculosis or from E. coli cytochrome bd-II were amplified and
fused. To re-insert the sequence for the E. coli Q-loop insert into the
mutants with swapped Q-loop (Geo %389 and Mtb ?40-389) the Geo
(240-389 and Mtb 249389 constructs and the sequence encoding E. coli
Q-loop insert (or the bd-II insert) were amplified and fused. Alanine
scanning mutants were made using primer pairs containing 5 alanine-
encoding codons at the 5’ end (Supplementary Table 1). After ampli-
fication of pET17bcydABX Gibson assembly was used to fuse fragment
ends.

For all constructed vectors, the correct sequence was confirmed by
DNA sequencing.

2.2. Bacterial growth assays

Pre-cultures of E. coli MB43, MB43AcydA or MB43AcydA trans-
formed with plasmids expressing WT cytochrome bd-I or Q-loop mu-
tants were incubated in 5 mL Luria Bertani (LB) medium with 100 pg/
mL ampicillin overnight at 37 °C while shaking at 200 rpm. From each
pre-culture, a small volume was diluted to ODggp = 0.01 with 1.5 mL
LB medium containing 100 pg/mL ampicillin. Each diluted sample was
distributed over 6 wells of a 96-well microtiter plate. The plates were
then incubated at 37 °C for 24 h (shaking at 200 rpm) in a SpectraMax
Plus 384 Microplate reader, the ODgoo Was measured every 5 min.

2.3. Membrane isolation and protein purification

Isolation of cytoplasmic membrane fractions and purification of
cytochrome bd-I was done based on Hoeser et al. [27]. MB43AcydA
transformed with plasmids expressing WT cytochrome bd-I or Q-loop
mutants were cultured in 800 mL LB medium (2-liter baffled flasks)
overnight from a starting ODgoo = 0.01 until late exponential phase.
Cells were harvested, washed with phosphate buffer saline and then
frozen and stored at —20 °C. Batches of frozen cells (5 g) were sus-
pended in a 5-fold volume of 50 mM 3-(N-morpholino)propanesulfonic
acid (MOPS), 100 mM NacCl, one tablet Complete (protease inhibitor),
pH 7.0 (“MOPS buffer”). Suspended cells were disrupted by passing
through a Stansted homogenizer at 1.2 kbar. Cell debris was removed
by 20 min centrifugation at 9500 X g and 4 °C. The membrane fractions
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were then pelleted by ultracentrifugation for 75 min at 250,000 x g and
4 °C. Batches of frozen membranes were resuspended in MOPS-buffer
containing 0.025% n-dodecyl-B-D-maltoside (DDM) using a homo-
genizer, and used for either protein purification or membrane oxygen
consumption activity assays.

For purification of cytochrome bd-I, the suspended membranes were
diluted to a final protein concentration of 10 mg/mL (determined by
BCA assay). To solubilize the membrane protein, 1% DDM (final conc.)
was added, and incubated at 4 °C for 1 h on a roller incubator.
Insolubilized material was sedimented by ultracentrifugation at
250,000 x g for 15 min at 4 °C. The supernatant was applied to a 1 mL
strep-tactin gravity flow column (IBA Lifesciences). Unspecifically
bound protein was removed by addition of 5 mL washing buffer (50 mM
sodium phosphate, 300 mM NacCl, 1 tablet Complete protease inhibitor,
0.01% DDM, pH 8.0). Finally, the cytochrome bd-I was eluted by adding
250 pL elution buffer (washing buffer containing 2.5 mM desthio-
biotin). All steps were executed at 4 °C.

2.4. Oxygen consumption activity

Oxygen consumption activity of isolated membrane fractions and of
purified cytochrome bd-I was measured using a Clark-type electrode
based on Lu et al. [40]. The membrane fractions (final conc. ~5 pg/mL)
or the purified cytochrome bd-I (final conc. 1-2.5 nM, depending on
type of mutant) were incubated in 600 pL MOPS buffer containing
0.025% DDM at 37 °C in the electrode chamber. The substrates ubi-
quinone-1 and dithiothreitol (DTT) were first pre-incubated separately
for 3 min at 37 °C and then injected into the electrode chamber to start
the reaction (final conc. 200 pM ubiquinone-1 and 10 mM DTT). The
reaction rate was determined for the period between 90 s and 150 s
after addition of the substrate mix. Rates were corrected for the signal
change observed in the same interval for the substrate mix alone
(without membranes or purified protein). Data were analyzed using
one-way ANOVA.

2.5. Heme spectra analysis

The heme group content of cytoplasmic membranes isolated from E.
coli MB43AcydA expressing WT cytochrome bd-I or Q-loop mutants was
measured by the reduced minus oxidized UV-VIS spectrum. The isolated
membrane fractions were diluted to a protein concentration of 2.6 mg/
mL in 10 mM tris-(hydroxymethyl)aminoethane (TRIS)/HCl, pH 7.4,
16 mM sodium cholate [3]. Samples were oxidized with 100 pM po-
tassium ferricyanide and the spectrum was recorded at room tem-
perature (Varian Cary 50 UV-Vis Spectrophotometer). Subsequently, a
few grains of solid sodium hydrosulfite were dissolved in the sample to
measure the spectrum in the reduced state. The difference spectrum
(reduced-oxidized) was calculated and normalized to protein con-
centration. The heme content for purified proteins was measured with
the same method, but using 50 pg/mL of purified proteins dissolved in
50 mM MOPS, 300 mM NaCl and 0.01% DDM, pH 8.

2.6. SDS-PAGE

Protein purity was monitored by sodium dodecyl sulfate poly-
acrylamide gel electrophoresis using a 4-20% gradient gel as described
[41]. Proteins were stained either with Coomassie Brilliant Blue or with
silver.

3. Results

3.1. E. coli strain MB43AcydA as a platform for monitoring cytochrome bd-
I function

To evaluate the functionality of cytochrome bd-I mutants we uti-
lized E. coli strain MB43 [42]. This strain carries multiple mutations in
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respiratory chain genes including cydB (cytochrome bd-I) appB (cyto-
chrome bd-II) cyoB (cytochrome boz) and nuoB (type-I NADH dehy-
drogenase). As a consequence, growth of MB43 is strongly decreased as
compared to wild-type E. coli [42]. We speculated that introduction of
genes coding for functional cytochrome bd-I may enhance growth of
MB43 and may allow for screening of mutants. However, MB43 still
carries an intact genomic copy of the cydA gene that could preclude
proper assessment of Q-loop mutations (located in CydA) expressed
from a plasmid. So we first deleted the cydA gene of MB43 strain and
replaced it by superfolder-GFP using a CRISPR/Cas9 two-plasmid
system [39] (Supplementary Fig. 2). Similar to the MB43 parent strain,
MB43AcydA showed strongly attenuated growth, with a maximal ODggq
~ 0.2 reached after 24 h of incubation in LB medium (Fig. 2A).

We then introduced the cydABX genes (pET17bcydABX, [27]), en-
coding wild-type cytochrome bd-I, into the newly generated
MB43AcydA strain and monitored bacterial growth using a microplate
reader. Expression of wild-type cytochrome bd-I considerably stimu-
lated growth (maximum ODggo of ~0.5 after 10 h), whereas introduc-
tion of the empty vector control did not recover growth (Fig. 2A). These
results show that the MB43AcydA strain can be used as a convenient
system for assessment of cytochrome bd-I functionality.

3.2. Importance of the C-terminal Q-loop insert for cytochrome bd-I
functionality

To assess the importance of the C-terminal Q-loop insert in E. coli
cytochrome bd-I, we constructed mutants with shortened or deleted
insert. In the first mutant we deleted the C-terminal Q-loop insert
(Glu®'®-Pro®"), based on sequence comparison to cytochrome bd from

- — MB43
A ’ — MB43AcydA
— cydABX (WT)

0.6+ — Empty
D§ 0.4+
(=]

0.2+

0.0=4 T T T T T

0 5 10 15 20 24
Time (Hours)
0.8+
C — Geo (240-389)
Mtb (240-389)

0.6+ — Geo (240-389) with Eco insert
g — Mtb (240-389) with Eco insert
n‘° 0.4+
(@]

0.2+

———
0.0 T T

L] L
0 5 10 15 20 24
Time (Hours)
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G. thermodenitrificans (see Fig. 1B). In a second mutant we shortened the
C-terminal insert of E. coli cytochrome bd-I to the length of the insert
present in the M. tuberculosis enzyme. To construct this second mutant
we removed the region Glu*'®-Lys*”” from E. coli CydA, with the ex-
ception of the sequence Lys®>®-Asn®3, which is homologous to the six-
residue “island” GIn®%3-Asn®?® in CydA from M. tuberculosis (Fig. 1B).
Transformation of both mutant plasmids did not enhance the growth of
the MB43AcydA strain (Fig. 2B). Upon deletion or pronounced short-
ening of the C-terminal insert, cytochrome bd-I apparently is not suf-
ficiently functional to support growth. This lack of functionality may be
caused by a need for an insert of a certain length, independent of the
specific amino acid composition. Therefore, we replaced the E. coli Q-
loop insert (Glu®'®-Lys*””) by a Gly-Ser linker of the same length.
However, transforming the mutant plasmid carrying this Gly-Ser insert
in CydA did not recover the growth of MB43AcydA (Fig. 2B). These
results suggest that the C-terminal Q-loop insert, although not con-
served across species, is required for cytochrome bd-I functionality.

3.3. Impact of Q-loop domain swap on functionality of cytochrome bd-I

The lack of functionality observed for the mutants described above
may be caused by specific interactions between N-terminal and C-
terminal parts of the Q-loop. To address this issue, we exchanged the
whole Q-loop of E. coli cytochrome bd-I by the Q-loop from the G.
thermodenitrificans and M. tuberculosis enzymes. We replaced E. coli
CydA residues Glu?*°-Ala®® by Leu®*°-Leu®?! from G. denitrificans or
His?*6-Ser®>*° from M. tuberculosis CydA (see Fig. 1B). These two mu-
tants did not show functional cytochrome bd-I in the MB43AcydA
growth assay (Fig. 2C).

B 0.87
0.6 — Ser-Gly Linker insert
- — Qloop Eco Insert Geo
=
8"’ 0.44 — Qloop Eco Insert Mtb
0.2 e
0.0 T T T T T
0 5 10 15 20 24
Time (Hours)
D = bd-Il {240-389)
0.8+ — insert bd-ll
— cydABX (WT)
0.6~
Q§ 0.4+
o
0.2+
0.0 T T T T T
0 5 10 15 20 24

Time (Hours)

Fig. 2. Growth of E. coli MB43AcydA transformed with cytochrome bd-I mutants. A: Growth curve of MB43 parent strain, MB43AcydA and MB43AcydA transformed
with the cytochrome bd-I expression vector pET17bcydABX. B-D: Growth curve of MB43AcydA transformed with cydA mutants. B: Q-loop Eco insert Geo and Q-loop
Eco insert Mtb represent mutants with the Q-loop insert shortened according to G. thermodenitrificans and M. tuberculosis, respectively. Ser-Gly linker: mutant with the
Q-loop insert replaced by a 62-residue Gly/Ser linker. C: CydA mutants with E. coli Q-loop (position 240-389) swapped for either the G. thermodenitrificans or M.
tuberculosis Q-loop, with or without the Q-loop insert from E. coli CydA. D: bd-II (240-389): CydA mutant with the Q-loop replaced by the Q-loop from E. coli
cytochrome bd-1II. “Insert bd-II": CydA mutant with Q-loop insert replaced by the Q-loop insert from E. coli cytochrome bd-II. Growth was followed with a microplate
reader and samples were in 200 pL LB medium containing 100 pg/ml ampicillin. For more details, please refer to Material & methods.
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In a second approach we replaced E. coli residues Ala>®-Leu®®® by
the corresponding residues Trp®>®-Leu®'® from G. thermodenitrificans or
Ser?**-Thr®* from M. tuberculosis CydA (Fig. 1B). This approach leaves
residues Lys252 and Glu®*’ (E. coli numbering), two residues that are
essential for enzymatic activity [37], unchanged. However, these mu-
tants did not recover the growth of MB43AcydA, either (data not
shown).

Similarly, “re-insertion” of the C-terminal E. coli CydA insert into
the mutants carrying the Geobacillus Q-loop (Glu®'®-11e*®° inserted be-
tween Arg®'® and Pro®'*) or the Mycobacterium Q-loop (Lys>?3-Asn®2®
replaced by Glu*'®-Lys®””) did not recover growth of MB43AcydA
(Fig. 2C). These results indicate a low plasticity of the Q-loop in general
and of the C-terminal insert in particular.

Subsequently, we replaced the Q-loop of E. coli cytochrome bd-I by
the Q-loop from E. coli cytochrome bd-II. The CydA subunit of cyto-
chrome bd-I and the homologous subunit from cytochrome bd-II, re-
ferred to as AppC, share 69% sequence identity and AppC features a C-
terminal Q-loop insert of the same length as and ~60% sequence si-
milarity to CydA (Fig. 1B). This mutation (CydA Glu®*°-Ala>®° replaced
by AppC Ser?*°-Ser®®°) partially recovered the growth of MB43AcydA,
indicating a functional cytochrome bd-I (Fig. 2D). When only the C-
terminal insert was swapped between bd-I and bd-II (CydA Glu®'®-
Lys®”” replaced by AppC Pro®'®-Arg®””), bacterial growth virtually fully
recovered (Fig. 2D). Apparently, the function of the C-terminal insert in
E. coli CydA can be taken over by the insert from a homologous enzyme
with sufficient sequence similarity.

BBA - Bioenergetics 1861 (2020) 148175

3.4. Alanine scanning of the C-terminal Q-loop insert

To pinpoint which regions in the Q-loop insert are crucial for cy-
tochrome bd-I functionality we employed an alanine-scanning ap-
proach. We constructed 13 mutants, in each of which five consecutive
residues were replaced by alanine (Fig. 3A). Among these 13 mutants, 9
recovered growth of MB43AcydA similar to wild-type cytochrome bd-1,
whereas the mutants with residues Ile!8-Met>?2, GIn3*8-Asp®*2, Tyr>°3-
Leu®®, and Thr**®.11e®’2 replaced by alanine showed growth as ob-
served for the empty vector control (Fig. 3B, C). This result suggests
that the low degree of plasticity observed for the C-terminal insert is
conferred by these four regions.

3.5. Activity of cytochrome bd-I Q-loop mutants in isolated membranes

We assessed cytoplasmic membranes isolated from the cytochrome
bd-I mutant strains for enzymatic activity. Membranes from the wild-
type strain showed a specific oxygen consumption activity of 2.5 umol
0O,/mg/min with ubiquinol-1/dithiothreitol as substrate (Fig. 4A). In
contrast, membranes isolated from the mutants with shortened C-
terminal insert or mutants with the whole Q-loop replaced by the My-
cobacterium or Geobacillus Q-loop did not show detectable oxygen
consumption activity (Fig. 4A). This result reveals that the lack of
growth recovery observed for these mutants is indeed caused by ab-
sence of enzymatic activity. The mutants carrying either the whole Q-
loop or the C-terminal insert derived from cytochrome bd-II both
showed substantial oxygen consumption activity (Fig. 4A). For the

231 VLSVIVLGDESGYKMGDVQKTKLAAIEAEWETQPAPAAFTLFGIPDQEEETNKFAIQIPYALGITATRSVDTPVIGLKEL 310
311 MVQHEERIRNGMKAYSLLEQLRSGSTDQAVRDQFNSMKKDLGYGLLLKRYTPNVADATEAQIQQATKDSIPRVAPLYFAFR 391
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— lle318-Meti22 GIn®'3-Arg*17 | 0.60 + 0.007 | 0.61+0.008
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Fig. 3. Alanine scanning mutagenesis of the Q-loop insert. A: Q-loop residues from E. coli CydA. The insert (GIn®'>-Lys®””) is depicted in blue/red. For each alanine
scanning mutant, five consecutive residues were replaced by alanine. B: Growth curves of MB43AcydA transformed with the alanine mutants incubated on a
microplate reader. C: Average ODgoo and standard error of the mean (SEM) after 5 h and 24 h of growth shown for two biological replicates (each including six wells
per mutant). Mutants that completely failed to recover growth are marked with reddish shading.
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mutant carrying the whole Q-loop from cytochrome bd-II the enzymatic
activity (~60% of wild-type activity) reflected the degree of growth
recovery observed in the MB43AcydA system (~50% compared to wild-
type), whereas for the mutant carrying only the C-terminal Q-loop in-
sert from cytochrome bd-II the oxygen consumption activity (~20% of
wild-type) was relatively low (Fig. 4A), although growth recovery of
MB43AcydA was virtually complete (Fig. 2C).

Among the alanine-scanning Q-loop mutants that recovered growth
of MB43AcydA, several mutants (Lys>?>-Leu®?’, Ser®3-Asp®¥, GIn>**-
Met>*, Lys®®5-Pro¢2, Asp¢3-Ala®”) displayed oxygen consumption
activity similar to the wild-type enzyme, whereas others (GIn®'3-Arg®'7,
Leu®?8.Arg®32, Lys®*8.Gly®®2, GIn®"3-Lys®””) were significantly less ac-
tive (Fig. 4B). This might be explained by a certain degree of elasticity
linking respiratory chain activity to bacterial growth, but also indicates
a limitation of the employed MB43 AcydA growth assay. Importantly,
we did not detect any oxygen consumption activity for Ile3'8-Met22
> Ala, GIn®*%-Asp®*% > Ala, Tyr®*3-Leu®’- > Ala and Thr®®-
Ile®’2. > Ala, those alanine-scanning mutants that did not recover
growth of MB43AcydA (Fig. 4B). Apparently, relatively minor changes
introduced into the C-terminal Q-loop insert can already be sufficient to
abolish the enzymatic activity of cytochrome bd-I.

3.6. Heme-content of cytochrome bd-I Q-loop mutants

Lack of cytochrome bd activity can be caused by insufficient enzyme
assembly/stability or alternatively by a properly assembled but inactive
enzyme. To shed light on cytochrome bd-I assembly we investigated the
effect of Q-loop mutations on the heme group content in the isolated
cytoplasmic membranes. Proper binding of heme bssg, heme bsgs, and
heme d is required for complete assembly of the enzyme. Reduced-
minus-oxidized difference absorption spectra recorded with isolated

A
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cytoplasmic membranes of MB43AcydA transformed with wild-type
cytochrome bd-I showed clear peaks for heme bssg and heme d
(630 nm), whereas the heme bsgs peak was less resolved (Fig. 5A).
These peaks were absent in the control sample transformed with the
empty vector (Fig. 5A). Mutants carrying the whole Q-loop or the Q-
loop insert derived from cytochrome bd-1I showed heme bssg and heme
d peaks, although less pronounced as compared to the wild-type en-
zyme (Fig. 5B). A similar pattern in the difference spectrum was ob-
served for those alanine scanning mutants that yielded functional cy-
tochrome bd-I (Fig. 5C). In contrast, Q-loop mutants that did not
recover growth of MB43AcydA and were inactive in oxygen consump-
tion, did not display heme bssg and heme d peaks (Fig. 5D,E). This result
suggests that for these Q-loop mutants the assembly of cytochrome bd-I
is incomplete.

3.7. Assembly/stability of the CydABX complex in cytochrome bd-I Q-loop
mutants

Undetectable heme content in the inactive Q-loop mutants can be
caused by local disturbance of the protein structure that prevents stable
heme binding, but leaves the CydABX apo-complex intact.
Alternatively, the assembly/stability of whole CydABX complex may be
impaired. To distinguish between these two alternatives, we attempted
to purify the CydABX complex from mutants that did not show any
detectable oxygen consumption activity or heme absorption. We ex-
tracted membrane fractions from these mutants, passed the extract
through a strep-tactin affinity column as reported earlier for purifica-
tion of cytochrome bd-I [27], and assessed the eluate by SDS-gel elec-
trophoresis. For purified wild-type cytochrome bd-I the major subunits
were clearly detectable (Fig. 6). In contrast, only background bands
resembling those observed in the empty vector control were found for
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Fig. 4. Oxygen consumption activity of isolated cytoplasmic membrane fractions. Oxygen consumption was measured by a Clark-type electrode using ubiqunone-1
and DTT as substrate. A: Activity of mutants with shortened or swapped Q-loop, B: Activity of alanine scanning mutants. Presented values are averages from two
biological replicates (comprising in total six technical replicates) and error bars represent SEM (k% %: P < .001, %%: P < .01). For more details, please refer to

Material & methods.
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Fig. 5. Heme-content of cytochrome bd-I1 Q-loop mutants. Reduced-minus-oxidized absorption spectra were recorded using membrane fractions freshly isolated from:
A, MB43AcydA transformed with the cytochrome bd-I expression vector pET17bcydABX or with empty vector control, B, domain swap mutants with bd-II Q-loop, C,
alanine mutants with detectable oxygen consumption activity, D, domain swap mutants that did not show detectable oxygen consumption activity, E, alanine mutants
that did not show detectable oxygen consumption activity. For each mutant, two biological replicates (in total at least six technical replicates) were investigated,
representative results are shown. For more details, please refer to Material & methods.

WT M-1 E 1 2 3 4 5 6 7 8 M-2 Fig. 6. SDS-gel electrophoresis of wild-type and mutant cy-
tochrome bd-1 purified by streptactin chromatography. Lane
WT: wild-type CydABX, Lane M-1: full range marker, Lane E:
empty vector, Lane 1: Insert-linker, Lane 2: Q-loop Ecoli-in-
sert Geo, Lane 3: Q-loop Ecoli-insert Mtb, Lane 4: Q-loop Mtb
(240-389), Lane 5: Q-loop Geo (240-389), Lane 6: Ile®®-
Met®?2, Lane 7: GIn®*®-Asp®*2, Lane 8: Thr3®® -11e%”2, Lane M-
2: low range marker. For each lane, 20 ng of purified protein
was used.
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the mutant strains (Fig. 6). As in the expression system we employ here
the strep-tag is fused to CydX [27], these results reveal that the as-
sembly of the CydABX complex is impaired.

3.8. Purification of Q-loop mutants with intermediate membrane activity

Mutants that displayed intermediate oxygen consumption activity at
membrane level, (insert bd-II, Q-loop bd-1I (240-389) and alanine mu-
tants GIn>'3-Arg3'”, Leu®?8-Arg®®?, Lys**8.Gly>*2, GIn®"3-Lys*””), may
either have less cytochrome bd present in the membrane or the cyto-
chrome bd may have lower specific activity and/or heme content. We
purified cytochrome bd-I from those mutant strains as described in the
previous chapter. For these mutants, the yield of protein purified with a
streptactin-affinity column was slightly lower as compared to the wild-
type enzyme (73-93%) (Fig. 7A). SDS-gel electrophoresis did not reveal
significant differences in purity between the purified Q-loop mutants
(Fig. 7B). However, the specific enzymatic activity for all tested mu-
tants was considerably lower as compared to the wild-type enzyme,
with maximum activity measured for the Leu®*?-Arg®*%- > Ala mutant
(50% relative to WT) and lowest activity found for the Lys>*®-Gly®>2-
> Ala mutant (15% relative to WT) (Fig. 7C). Consistent with the
lower enzymatic activity, the heme content in the mutants was de-
creased as compared to wild-type cytochrome bd-I (Fig. 7D).

4. Discussion

Previously, E. coli strains carrying multiple deletions in respiratory
chain genes have been constructed to study the terminal oxidases [42].
Here, we showed that the multi-deletion strain E. coli MB43AcydA can
be utilized for assessment of cytochrome bd-I functionality. This assay
allows for rapid and convenient screening of mutants devoid of oxygen
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consumption activity, although it does not show strict quantitative
correlation between growth rate and enzyme activity for mutants with
intermediate activity. Nevertheless, this approach may also be applic-
able for the investigation of other components of the oxidative phos-
phorylation pathway, taking advantage of the ability of E. coli to grow
in the absence of virtually the complete respiratory chain.

We found that deletion or shortening of the Q-loop insert did not
yield functional cytochrome bd, despite using various approaches to
shorten or exchange this domain. The low degree of plasticity of the Q-
loop insert is surprising, as it can be expected that domains that are not
ubiquitously found across species can be transferred without large im-
pact on protein function. As an example, a region of ~35 residues in-
volved in redox regulation is found in chloroplast ATP synthase, but not
in homologous enzymes from bacterial or mammalian species [43]. It
has been demonstrated that part of this region can be transferred to the
F1-ATPase from the cyanobacterium Synechocystis PCC 6803 [44] and
the whole region can be transferred to the F;-ATPase from the ther-
mophilic Bacillus PS3 [45]. In both cases the transferred region im-
parted the susceptibility for redox regulation, without a significant
impact on the target enzyme's stability and activity [44,45]. The re-
quirement of the C-terminal Q-loop insert for basic cytochrome bd-I
function and assembly/stability indicates a considerable degree of co-
evolution between the Q-loop insert and other regions/subunits of cy-
tochrome bd. In this regard, previous genetic analyses showed that the
presence of the Q-loop insert correlated with the presence of the single-
helix subunit CydX [34]. Genetic classification analyses indicated two
basic types of cytochrome bd, distinguished by Q-loop length
[1,46-48]. The evolutionary difference between the cytochrome bd
enzymes carrying the C-terminal insert and those that lack this insert
may be unexpectedly large.

Our results show that the C-terminal Q-loop insert is needed for
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Fig. 7. Characterization of purified cytochrome bd-I Q-loop mutants. A: Yield of protein purified from 5 g wet bacteria. B: SDS-PAGE of purified cytochrome bd-I
mutants. Lane M contains the Rainbow marker, 52 kDa and 31 kDa marker proteins are indicated. C: Oxygen consumption activity purified mutant protein as
determined by Clark-type electrode using ubiquinone-1/DTT as substrate. The specific activity of the wild-type enzyme was ~100 pmol O,,min/mg. Presented values
are averages from two biological replicates (comprising in total six technical replicates), error bars represent SEM (%% %: P < .001, k%: P < .01). D: Heme content
of purified mutants. Reduced-minus-oxidized absorption spectra were recorded using 50 ug of purified protein. For more details, please refer to Material & methods.



H.G. Goojani, et al.

A

BBA - Bioenergetics 1861 (2020) 148175

Fig. 8. Predicted structure of the Q-loop. A: Structure of CydABX cytochrome bd-I from E. coli as predicted (https://datadryad.org/resource/doi:10.5061/dryad.
987j0) based on the Rosetta algorithm [49]. CydA is depicted in brown, CydB in purple and CydX in dark grey. B: The structure zoomed in on the Q-loop.
Transmembrane helices 6 and 7 are shown in purple, the amino-terminal part of the Q-loop in light blue and the C-terminal insert in green. The four regions identified

by alanine scanning mutagenesis are indicated in red.

proper binding of the heme cofactors and prevents stable assembly of
the CydABX complex. Our data do not allow for pinpointing the mo-
lecular mechanism by which the Q-loop insert exerts this function.
Based on the predicted interaction between the Q-loop insert and the
CydX subunit [34] it can be speculated that deletion or mutation of the
insert may lead to dissociation of CydX, which in turn may cause in-
stability of the CydAB complex [26,27]. However, this predicted in-
teraction has not been experimentally confirmed yet.

A de novo structure model based on the Rosetta algorithm for E. coli
cytochrome bd-I predicted a largely helical conformation for the Q-loop
insert (Fig. 8). The predicted location of the Q-loop insert is on top of
CydA [49], where the insert may act as a rigid cover on the periplasmic
side. Cryo-EM structures for E. coli cytochrome bd-I, which were pub-
lished during the revision process of our manuscript, support this pre-
diction [28,29]. As such, the Q-loop insert may prevent dissociation of
bound heme groups and stabilize the whole CydABX complex. The four
regions identified by alanine scanning mutagenesis in our study as es-
sential for protein functionality according to this prediction are not
clustered together, but located in various helices of the Q-loop insert
(Fig. 7, red regions). It is unclear how these regions contribute to cy-
tochrome bd-1 assembly/stability. To answer this question, the newly
published Cryo-EM structures E. coli cytochrome bd-I may facilitate site-
directed mutagenesis experiments modifying individual residues within
the insert, combined with mutagenesis of potential interaction partners
elsewhere in CydABX.
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