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Abstract 

Studies of pr otein–pr otein interactions in membranes are very important to fully understand the biological function of a cell. The 
extraction of proteins from the native membrane environment is a critical step in the preparation of membrane proteins that might 
affect the stability of protein complexes. In this w ork, w e used the amphiphilic diisobutylene/maleic acid copolymer to extract the 
membrane proteome of the opportunistic pathogen Pseudomonas aeruginosa , thereby creating a soluble membrane-protein library 
within a nati v e-like lipid-bila yer en vir onment. Size fractionation of nanodisc-embedded pr oteins and subsequent mass spectrome- 
tr y ena b led the identification of 3358 pr oteins. The nati v e membrane-pr otein librar y showed a v er y good ov erall cov era ge compar ed 

to pr evious pr oteome data. The pattern of size fractionation indicated that protein complexes were preserved in the library. More 
than 20 pr eviousl y described comple xes, e.g. the SecYEG and Pili comple xes, wer e identified and anal yzed for coelution. Although the 
mass-spectrometric dataset alone did not re veal ne w protein complexes, combining pulldown assays with mass spectrometry was 
successful in identifying new protein interactions in the nati v e membrane-pr otein librar y. Thus, we identified sev eral candidate pr o- 
teins for interactions with the membrane phosphodiesterase NbdA, a member of the c-di-GMP network. We confirmed the candidate 
proteins CzcR, PA4200, SadC, and PilB as novel interaction partners of NbdA using the bacterial aden ylate cyclase two-h ybrid assa y. 
Taken together, this work demonstrates the usefulness of the nati v e membrane-pr otein librar y of P. aeruginosa for the investigation 

of protein interactions and membrane-protein complexes. Data are available via ProteomeXchange with identifiers PXD039702 and 

PXD039700. 

Ke yw ords: Pseudomonas aeruginosa , membrane proteome, c-di-GMP, native nanodiscs, complexes, soluble library 
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Introduction 

Bacterial cell membranes are dynamic, fluid lipid bilayers that 
consist of a heterogeneous matrix of lipids and lipid-soluble 
proteins . T hese membrane proteins integrated into the two- 
dimensional fluid are the bridge between the aqueous com- 
partments that are separated by the membrane . T hey adapt 
their native conformation in the bipolar environment of the 
membrane as they are in contact with both the non-polar and 

the polar phases in an intact cell. Thereby, the lipid environ- 
ment not only stabilizes the proteins but also affects their fold- 
ing, structure, and function (Thoma and Burmann 2020 ). Mem- 
br ane pr oteins serv e man y crucial functions for the cell suc h 

as transport of molecules, energy storage, sensing of environ- 
mental signals, motility, or cellular defense. Many of them inter- 
act with other proteins to fulfil their biological function (Carl- 
son et al. 2019 ). The membrane integrity is ther efor e crucial 
for these complexes (Sachs and Engelman 2006 , Guérin et al.
2020 ). 
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The membr ane pr oteome of bacteria has been the focus of re-
earch for decades (Filip et al. 1973 , Carlone et al. 1986 , Blonder et
l. 2004 , P a panastasiou et al. 2013 ). With the elucidation of large
embr ane-pr otein complexes, the understanding of cellular pro- 

esses has significantly advanced (Komar et al. 2016 ). Ho w e v er,
he dynamics and interaction of membrane proteins is still in-
riguing, since not all protein interactions are stable for in vitro
lucidation. For instance, lipid molecules were shown to modu- 
ate the oligomerization of membr ane-pr otein complexes (Sun et
l. 2018 , Sobti et al. 2020 ). T hus , the extr action of membr ane pr o-
eins from the lipid bilayer might affect the stability and native
onformation (Jodaitis et al. 2021 ). 

Fr equentl y, membr ane pr oteins ar e extr acted fr om the mem-
rane with the aid of detergents and protein complexes have been

nv estigated successfull y (Heide et al. 2012 , Walian et al. 2012 ,
an Strien et al. 2019 ). Ho w e v er, in the process of protein solu-
ilization, the lipid environment of the membrane protein is re-
laced by the detergent. This treatment often comes along with a
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ignificant loss of stability (Yang et al. 2014 ). Reconstitution of the
embr ane pr oteins into liposomes , peptidiscs , or membrane scaf-

old protein (MSP) nanodiscs can improve stability and pave the
ay for more detailed studies (Carlson et al. 2019 , Thoma and
urmann 2020 ). By reconstituting the membrane proteins into
eter gent-fr ee scaffolds, the exposure of the extracted proteins to
eter gent is str ongl y r educed. The r esult is impr ov ed stability of
embr ane pr oteins and pr otein complexes, whic h can also posi-

iv el y affect activity (Bayburt et al. 2006 , Alami et al. 2007 ). How-
 v er, an initial extraction of the membrane proteins by detergents
s still r equir ed. By contr ast, amphiphilic copol ymers can dir ectl y
xtr act pr oteins fr om membr anes together with their lipid envi-
onment by forming ‘native nanodiscs’ (Knowles et al. 2009 , Dörr
t al. 2014 , Oluwole et al. 2017 ). Se v er al membr ane pr oteins , e .g.
homboid proteases (Barniol-Xicota and Verhelst 2018 ) and bac-
eriorhodopsin (Ueta et al. 2020 ) as well as protein complexes , e .g.
he SecYEG/SecDF/YajC/YidC complex (Komar et al. 2016 ), have
een successfull y extr acted fr om nativ e membr anes and sho w ed
nhanced stability (Swainsbury et al. 2014 ). 

We ther efor e asked whether pol ymer-enca psulated nanodiscs
an be used to detect interactions of membrane proteins within a
ipid-bila yer en vir onment. Since pol ymer nanodiscs extr act mem-
r ane pr oteins along with their natur al lipid-bila yer en vironment,
e expected that nativ e pr otein–pr otein inter actions within a
anodisc would be pr eserv ed as well. To test this hypothesis,
e used the amphiphilic diisobutylene/maleic acid copolymer

DIBMA) (Oluwole et al. 2017 ) to generate a soluble library con-
aining the membrane proteins of the biofilm model organism
seudomonas aeruginosa PAO1 within a nati ve-lik e lipid-bilayer en-
ironment. 

Our model organism P. aeruginosa strives in many environ-
ents, but a major r esearc h inter est focuses on its ability to

orm biofilms . T he formation of biofilms goes along with an in-
r eased r esistance a gainst antibiotics (Rasamir av aka et al. 2015 ).
speciall y imm unocompr omised patients suffer fr om c hr onic in-
ections by P. aeruginosa that lead to an increased morbidity and

ortality (Stover et al. 2000 , Donlan and Costerton 2002 , Rasami-
 av aka et al. 2015 ). Bacterial biofilms r epr esent surface-attac hed
ommunities that are enclosed in a matrix of self-produced ex-
r acellular pol ymeric substances (Flemming et al. 2016 ). The for-

ation of biofilms is controlled by the intracellular concentration
f the nucleotide second messenger 3 ′ ,5 ′ -cyclic diguanylic acid, or
-di-GMP (Ha and O’Toole 2015 ). Synthesis and degradation of c-
i-GMP is mediated by two types of enzymes . T he diguanylate cy-
lases (DGC) containing a GGDEF motif synthesize the cyclic din-
cleotide from two molecules of GTP. For the degradation of c-di-
MP, two types of phosphodiesterases (PDE), containing either an
AL- or a HD-GYP motif, are described (Ha and O’Toole 2015 ). 

The genome of P. aeruginosa PAO1 codes for more than 40 pu-
ativ e c-di-GMP modulating pr oteins, containing either a single
GC or PDE domain or tandem proteins with both domains (Ku-

asakara et al. 2006 , Römling et al. 2013 , Ha and O’Toole 2015 ). Fur-
hermor e, c-di-GMP r eceptor pr oteins, so-called effectors, that can
ense and transmit the c-di-GMP concentration into a cellular re-
ponse were identified (Düvel et al. 2012 , Nesper et al. 2012 , Baner-
ee et al. 2021 ). The redundant enzyme activities are tightly regu-
ated on transcriptional and posttranslational levels . T he major-
ty of the c-di-GMP modulating proteins possess specialized sen-
ory or regulatory domains that regulate enzymatic activity de-
ending on environmental cues (Ha and O’Toole 2015 , Schirmer
016 ). Div erse mec hanisms hav e been r eported for the r egulation
f DGC activity, e.g. phosphorylation of WspR or binding of inter-
ction partners such as HsbD/HsbA, and SiaD/SiaC in P. aerugi-
osa (Hickman et al. 2005 , Valentini et al. 2016 , Chen and Liang
020 , Chen et al. 2021 ). The study of interactions between sol-
ble proteins has been successfully demonstrated many times.
y contrast, the interactions of membrane proteins with regu-

atory function have remained elusive. In P. aeruginosa , about 33
ut of 43 deduced c-di-GMP-modulating pr oteins ar e pr edicted to
eside in the membrane ( www.pseudomonas.com , (Winsor et al.
016 )). 

To inv estigate membr ane-associated pr oteins involv ed in c-di-
MP signaling and their interaction partners, we created a na-

iv e membr ane-pr otein libr ary r epr esenting the membr ane pr o-
eome of P. aeruginosa PAO1. The library was c har acterized by test-
ng for r epr oducible and stable extraction of membrane proteins,
ov er a ge of the membrane proteome, and the capability to detect
r otein–pr otein inter actions within a lipid-bila yer en vironment as
ell as membrane-bound protein complexes. 

aterial and methods 

rowth of P. aeruginosa cells 

seudomonas aeruginosa PAO1 was cultured in a baffled Erlenmeyer
ask. OD 600 was initially set to 0.01 from an overnight culture in
urina-Bertani (LB) medium and grown at 37 ◦C and 100 rpm for 7
 (to stationary phase). Cells were harvested by centrifugation at
7 500 × g for 15 min. Pellets were stored at −20 ◦C. For nbdA ex-
ression, P. aeruginosa PAO1 carrying a plasmid for production of
bdA-Strep or untagged NbdA as a control were grown in LB me-
ia supplemented with 150 μg/ml tetracycline (Tab. S1). OD 600 was

nitially set to 0.05 from an overnight culture in LB medium and
rown at 37 ◦C and 100 r pm. When cells r eac hed OD 600 of 0.5, gene
xpression was induced with 0.1% l -Arabinose and cells were fur-
her grown for 5 h. Cells wer e harv ested at 17 500 × g for 15 min,
nd pellets were stored at −20 ◦C. 

embr ane prepar a tion 

ell pellets were thawed at 4 ◦C and lysis buffer (50 mM Tris HCl,
00 mM NaCl, pH 8, with cOmplete Protease inhibitor mix (Roche,
r enzac h-Wyhlen, German y) was added in a ratio 1:2 gram per
ell wet weight. Subsequently, cells wer e tr eated with lysozyme
nd DNAse I for 20 min on ice. Cell disruption was performed by
onication (Bandelin, Berlin, Germany) for 3 min total, with 20 s
ulse intervals follo w ed b y 30 s cooling. The crude extract w as
entrifuged for 15 min at 7000 × g at 4 ◦C. Membranes were iso-
ated by ultracentrifugation at 100 000 × g for 1 h at 4 ◦C. Mem-
r ane pellets wer e r esuspended in solubilization buffer [50 mM
ris HCl, 300 mM NaCl, 10 mM MgCl 2 , pH 6.8, with cOmplete ®
rotease inhibitor mix (Roche, Grenzach-Wyhlen, Germany)] to
00 mg/ml membrane wet weight. 

olubilization 

ol ymer stoc ks wer e pr epar ed by dial yzing 10% ( w / v ) DIBMA (Gl y-
on Bioc hemicals, Luc kenwalde, German y) in solubilization buffer
n 300-fold volume twice for 36 h (membrane: MWCO 3.5 kDa).
ol ymer solutions wer e filter ed (0.45 μm por e size), and concen-
ration was measured using an Abbemat 500 refractometer (An-
on P aar, Gr az, Austria) as pr e viousl y described (Gr ethen et al.
017 ). Solubilization for complexome analysis was carried out us-
ng 40 mg/ml membrane wet weight and a DIBMA concentra-
ion at 3.5% ( w / v ). Samples were incubated at room temperature
vernight with gentle shaking. Non-solubilized material was re-
ov ed by ultr acentrifugation (200 000 × g for 10 min at 4 ◦C), and

he supernatant was filtered (0.45 μm PVDF). 

http://www.pseudomonas.com
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Determination of protein content 
Protein content was measured using a Pierce BCA protein assay kit 
(Thermo Fisher Scientific, Waltham, USA) according to the manu- 
facturer’s instructions. 

Size exclusion chroma togr aphy 

Polymer nanodiscs were separated by size exclusion chromatog- 
r a phy on an ÄKTA Purifier 10 system with a Superose 6 Increase 
GL 10/300 column (GE Healthcar e, Chica go, USA) in solubiliza- 
tion buffer (50 mM Tris HCl, 300 mM NaCl, 10 mM MgCl 2 , pH 

6.8). A total of 200 μl sample (300–400 mg protein) was run 

with a flow rate of 0.2 ml/min at 4 ◦C and 250 μl fractions were 
collected. Fr actions fr om 8.22 ml to 10.22 ml were pooled to 
a 1 ml fraction size, and between 17.22 ml and 23.22 ml frac- 
tions were pooled to a fraction size of 500 μl. Fractions be- 
tween 8.22 ml and 23.22 ml elution volume were subjected to 
mass spectrometry analysis . T he apparent molecular weight (app.
MW) was calculated based on a calibration curve with soluble 
marker proteins: Apoferritin (443 kDa), alcohol dehydrogenase 
(150 kDa), albumin (66 kDa), and carbonic anhydrase (29 kDa).
The molecular weight of the fr ee membr ane pr oteins was de- 
riv ed fr om the Pseudomonas Genome database (DB) (Winsor et al.
2016 ). The app. MW in the size exclusion c hr omatogr a phy (SEC) 
w as divided b y the calculated molecular w eight for eac h pr o- 
tein to estimate the x-fold increase of size by nanodisc formation 

(MW app /MW calc ). 

Protein precipitation 

Pr otein fr actions wer e pr ecipitated with six volumes of acetone 
at −80 ◦C ov ernight. Samples wer e centrifuged at 20 000 × g for 
20 min at 4 ◦C and protein pellets w ere w ashed in five volumes of 
80% acetone and centrifuged again for 20 000 × g for 25 min at 
4 ◦C. P ellets w er e dried and r esuspended in 25 μl ur ea buffer (8 M 

urea, 25 mM ammonium bicarbonate, MS grade). 

Sample prepar a tion and mass spectrometry 

In solution, digest of samples was carried out as pr e viousl y de- 
scribed (Glueck et al. 2022 ). Tryptic peptides were desalted on 

C18-StageTips according to a published pr otocol (Ra ppsilber et 
al. 2007 ) and analyzed on a Q Exactive HF™ Mass Spectrome- 
ter coupled in-line to EASY-nLC 1200 ultra-high pressure chro- 
matogr a phy system (both Thermo Fisher Scientific, Waltham,
USA). For mass spectr ometry (MS) anal ysis, desalted peptides 
wer e separ ated on a 50 cm r e v erse phase column with an in- 
ner diameter of 75 μm (New Objecti ve, Woburn, USA) pack ed 

in-house with 1.8 μm ReproSil-Pur 120 C18-AQ particles (Dr.
Maisc h GmbH, Ammerbruc h-Entrigen, German y) using a 90 min 

non-linear gradient of 2%–95% buffer B (0.1% (v/v) formic acid,
80% (v/v) acetonitrile) at a flow rate of 250 nl/min. All MS data 
wer e r ecorded with a data-dependent acquisition strategy. Sur- 
vey scans were acquired with a resolution of 60 ′ 000 at m/z 
= 200. The top 15 most abundant precursors with charge > 2 
were selected for fragmentation. MS/MS scans were acquired 

with a resolution of 15 ′ 000 at m/z = 200. All other parame- 
ters can be obtained fr om r aw files available at the ProteomeX- 
c hange r epository (PXD039702 and PXD039700). MS data wer e pr o- 
cessed with the MaxQuant software (version 2.0.1.0). Peak lists 
w ere sear ched against protein sequences derived from the Pseu- 
domonas Genome DB [version 20.2, (Winsor et al. 2016 )] a ppl y- 
ing a false-discovery rate (FDR) of 0.01 for peptides and pro- 
teins, a minimal peptide length of se v en amino acids and at least 
wo peptides for quantification. ‘Match between run’ was dis- 
bled. 

S data analysis for nanodisc library 

aw data are available via ProteomeXchange with the identifier 
XD039702. Mass spectrometry data were analyzed with Perseus 
version 1.6.15.0) (Tyanova et al. 2016 ). The intensity-based ab-
olute quantification (IBAQ) values were calculated by dividing 
he total peptide intensities by the number of theor eticall y ob-
erv able peptides (Sc hwanhäusser et al. 2011 ). It is highly cor-
elated to the abundance of a protein (Krey et al. 2014 ). Rel-
tiv e IBAQ v alues, scaled fr om 0 to 1, wer e used to compar e
ndividual elution profiles of proteins in the dataset. For cluster-
ng, P earson correlation w as used as a distance measure. Clus-
ering was performed for each re plicate indi vidually. The re-

aining data analysis was carried out in the Excel ® (version
112, Microsoft, Redmond, USA). Correlation coefficients were 
alculated with the Excel ® data analysis plugin. Plots were 
ade with OriginLab (version 2022 SR, OriginLab, Northampton,
SA). 

ulldown of tagged NbdA 

or pulldown analysis, P. aeruginosa PAO1 carrying a plasmid for
he expression of NbdA-Strep or untagged NbdA as a control (Tab.
1) wer e gr own, membr anes wer e isolated and solubilized into a
anodisc library as described abo ve . T he nanodisc library was in-
ubated for 4 h under gentle shaking at 4 ◦C with Strep-Tactin ®XT
Flo w ® beads (IB A Lifesciences GmbH, Göttingen, Germany) . Un-
ound pr oteins wer e r emov ed by gr avity flo w, and beads w ere
ashed twice with 20 column volumes of wash buffer (100 mM
ris, 150 mM NaCl, 1 mM EDTA, pH 8). Proteins bound to the beads
ere eluted by a wash buffer containing 50 mM biotin. Samples
ere digested and analyzed by MS as described abo ve . 

S data analysis for pulldown 

aw data are available via ProteomeXchange with the identifier 
XD039700. Mass spectrometry data were analyzed with Perseus 
v ersion 1.6.15.0) (Tyanov a et al. 2016 ). For pulldown data analy-
is, label-free quantitation (LFQ) intensities were log 2 transformed 

nd filtered to have four valid values in all four replicates of
he NbdA pull-down samples. Missing values in the control pull-
o wns w er e r eplaced with v alues dr awn fr om a normal distri-
ution centered around the detection limit of the MS instru-
ent with a width of 0.3 and a downshift of 1.8 with respect

o the standard deviation and mean of all protein intensities
f each sample (Tyanova et al. 2016 ). Two sample t -tests with
erm utation-based FDR contr ol wer e carried out in P erseus. Tw o
ignificance cut-offs were applied to call Class A (S0 = 4, FDR
 0.01) and Class B (S0 = 4, FDR between 0.05 and 0.01) interac-

ors. 

acterial aden yla te cyclase tw o-hybrid assay 

acterial adenylate cyclase two-hybrid (BACTH) pr otein-pr otein 

nteraction assays were carried out as previously described (Ka- 
imova et al. 1998 , Claessen et al. 2008 , Ouellette et al. 2017 ). Es-
 heric hia coli BTH101 was co-transformed with plasmid p25N car-
ying nbdA and plasmid pUT18 carrying the target genes (Tab. S1).
ells wer e r esuspended in LB medium and dr opped on MacConk e y
gar plates supplemented with 1% maltose, 0.5mM IPTG, 50 μg/ml
anamycin, and 100 μg/ml ampicillin and incubated for 24 h at
7 ◦C follo w ed b y 24–48 h at r oom temper atur e. 
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F igure 1. Workflo w for preparing native membrane-protein libraries reflecting the P. aeruginosa membrane proteome . Pseudomonas aeruginosa 
membr ane fr actions wer e harv ested fr om cell l ysates by ultr acentrifugation. Membr ane pr oteins wer e solubilized fr om the membr anes with the 
pol ymer DIBMA, spontaneousl y forming nanodiscs containing membr ane pr oteins embedded in a lipid bila yer. T he nanodiscs wer e separ ated and 
fractionated by size exclusion chromatography. Proteins from the collected fractions were precipitated and subsequently analyzed by mass 
spectr ometry. The r elativ e abundance of the identified pr oteins was plotted a gainst the elution volume in c hr omatogr a phic separ ation. 
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reating a soluble library reflecting the P. 
eruginosa membrane proteome 

or the deter gent-fr ee extr action of the membr ane pr oteome of P.
eruginosa PAO1, we employed the amphiphilic copolymer DIBMA.
IBMA extr acts membr ane pr oteins dir ectl y fr om the membr ane,

orming soluble nanodiscs that pr eserv e a nati ve-lik e lipid-bilayer
nvir onment, ther eby gener ating a soluble membr ane-pr otein li-
rary. To obtain detailed insight into the efficiency and cov er a ge,
e first fractionated the library by size exclusion c hr omatogr a phy
nd subsequentl y anal yzed it by mass spectr ometry (LC-MS/MS)
Fig. 1 ). The native nanodisc library sho w ed a broad elution profile
rom the SEC column (100–3000 kDa) (Fig. S1). Proteins were de-
ected over the entire elution range, with a uniform distribution
ndicating a stable solubilization. Due to the formation of nan-
disc particles, the app. MW in size exclusion chromatography in-
r eases ar ound 11 times compar ed to the calculated molecular
eight of the free membrane protein. In the chromatograms of the

ibrary, one elution peak was observed in the void volume of the
EC column, indicating to large particles derived from the original
embrane material (Fig. S1). Three independent biological repli-

ates wer e anal yzed by mass spectr ometry (LC-MS/MS). In total,
358 pr oteins wer e identified in the nativ e nanodisc libr ary, corr e-
ponding to 60% of the annotated proteins in P. aeruginosa PAO1 (a
otal of 5570 proteins , Fig. 2 A, Tab. S2). 

To determine the composition of the libr ary, eac h identified
rotein was assigned the annotated subcellular localization from
he Pseudomonas Genome DB (Winsor et al. 2016 ). Only the high-
st confidence class for the annotated localization was consid-
r ed. Appr oximatel y half of the identified proteins were classi-
ed as cytosolic proteins (Fig. 2 B). T hus , the cytosolic proteins are
learl y ov err epr esented in the dataset. This is due to the pr epar a-
ion of the membrane fractions without stringent washing steps.
he second largest group of the library consisted of 580 predicted
ytoplasmic membrane proteins, corresponding to 48% of the an-
otated membr ane pr oteins (a total of 1194). About 575 proteins
ere detected whose subcellular localization is unknown. Fur-

hermor e, 50 pr oteins fr om the outer membr ane and 307 pr o-
eins predicted to reside in outer membrane vesicles were iden-
ified. We suspect that the outer membr ane v esicle pr oteins wer e
etected befor e v esicles ar e formed, as they ar e constantl y pr o-
uced and released from P. aeruginosa (Lee et al. 2008 , Choi et al.
011 ). 

Inter estingl y, in size exclusion c hr omatogr a phy, pr oteins of dif-
erent subcellular localizations show distinct elution patterns
Fig. 2 C). Cytosolic proteins, periplasmic proteins, and extracel-
ular proteins were identified mostly in later fractions ( > 18),
her eas pr oteins fr om the cytoplasmic membr ane, the outer
embr ane, and outer membr ane v esicles wer e identified in earl y

ractions ( < 18). Elution in the early fractions corresponds to a
ar ger hydr odynamic r adius, er go particle size. As the membr ane
r oteins ar e embedded in a shell of lipids into the nanodisc parti-
les they show a larger apparent weight. Soluble proteins elut-
ng in this volume range are likely to be present in large com-
lexes or interact with nanodiscs . T he elution profiles of all 3358

dentified pr oteins wer e plotted in a heatma p (Fig. 3 ). Ther efor e,
B AQ values w ere calculated and used as a measure for protein
bundance (Schwanhäusser et al. 2011 , Krey et al. 2014 ). Each col-
mn of the plot shows the elution profile of an individual protein

rom size exclusion chromatography. The relative abundance of
he protein is color coded. The elution profiles for almost all pro-
eins are distinct but also very broad. On a verage , a protein was
etected in 17 out of 40 fractions with high abundance (upper 90%
f its IBAQ value). The figure shows further the elution of proteins
long the molecular separation range of the column (5 000 000–
000 Da) lacking a clear size separation of individual complexes.
his is due to the size heterogeneity inherent to flexible polymer-
ncapsulated lipid-bilayer nanodiscs (Oluwole et al. 2017 , Glueck
t al. 2022 ). 

embrane-pr otein complex es are preserved in 

he nati v e nanodisc library 

o test whether nativ e membr ane-pr otein complexes are pre-
erved in the nanodisc library, we compared the elution profiles
f protein components of se v er al well-described pr otein com-
lexes. To this end, more than 20 described membr ane-pr otein
omplexes (Tab. S3) were selected, and the elution profiles of the
ndividual components were analyzed. We found that the pro-
ein components from each tested complex co-occurred in sev-
r al fr actions for all the tested complexes. One example of a bona
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Figure 2. Analysis of the composition of the proteome library from P. aeruginosa . (A) Venn diagram of the three library replicates depicting numbers of 
all identified proteins. (B) Pie chart showing the distribution of the identified proteins among the different subcellular compartments as predicted for 
eac h pr otein by the Pseudomonas Genome DB (Winsor et al. 2016 ). Onl y the highest confidence for the localization was consider ed. (C) Violin plot 
showing the distribution of peak elution fractions (a fraction with the highest measured intensity) for each protein grouped by their predicted 
subcellular localization. Av er a ges fr om thr ee r eplicates wer e used. Box plots indicate a r ange of 25%–75% of the data, whiskers the r ange of 10%–90%. 
Median (square) and average (circle) of the maximal peak elution fraction for the different subcellular localized proteins are also shown. Violines show 

the smoothing via the Kernel equation with equal areas. 

Figure 3. Heatmap of all identified proteins from one library replicate (rep 3). For all identified proteins (3358 proteins, x -axis) the individual elution 
pr ofile fr om size exclusion c hr omatogr a phy ( y -axis) is shown. The r elativ e abundance of the pr oteins is color coded, wher eby the fr action with the 
highest amount of protein (elution maximum) is dark red/brown in the color gradient. Identified proteins were sorted by the fraction with the 
maximal r elativ e abundance. Appar ent molecular weight (a pp. MW) was calculated based on a calibr ation curv e with soluble marker pr oteins. 
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Figure 4. Elution profiles of membrane protein complexes. Well-described membrane protein complexes were analyzed for coelution. The relative 
abundance of each protein based on the IBAQ value was plotted against the elution volume from size exclusion chromatography. Graphs show data 
from a single replicate. (A) Cytochrome oxidase cbb 3 -1 of P. aeruginosa (CcoOPQN1). (B) Secretion machinery (SEC-SRP). (C) Pilus assembly subcomplex 
PilMNOP with major pilin PilA. (D) NADH dehydrogenase complex (NuoABDEFGHILMN). 
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de membrane complex is the cytoc hr ome oxidase cbb 3 - 1 (Comolli
nd Donohue 2004 , Kawakami et al. 2010 ). This complex is part of
he r espir atory c hain and consists of four membr ane-integr ated
rotein subunits, CcoNOPQ (Comolli and Donohue 2004 , Jo et al.
017 ). In our dataset, all pr oteins fr om this complex were identi-
ed, and the proteins sho w ed largely overlapping elution profiles

Fig. 4 A). All proteins eluted with the highest abundance at an elu-
ion volume of 13–16 ml. 

We also tested complexes that consist of a membrane part as
ell as cytosolic or periplasmic-associated proteins. One example

s the SEC-SRP complex, consisting of a membrane channel Se-
YEG and membrane-associated helper proteins: SecB is the chap-
rone that binds the unfolded protein and SecA is an ATPase that
rives the export through the SecYEG channel. Y idC , SecDF, and
ajC facilitate protein export. The proteins FtsY and Ffh help with
he insertion of proteins into the membrane (Müller et al. 2001 ,
a et al. 2003 ). Again, most proteins sho w ed a largely overlapping

lution profiles, with maximum abundances at elution volumes
f 13.5–16 ml (Fig. 4 B). The c ha per one SecB eluted in later frac-
ions, independently of the SecYEG complex, corresponding to a
maller hydrodynamic size. 

Another protein complex tested for coelution is the type IV
ili membrane alignment subcomplex PilMNOP (Ayers et al. 2009 ).
his complex connects the membrane motor in the cytoplasmic
embrane to the outer membrane subcomplexes (e.g. secretin

ore subcomplex PilQ and PilF) and also interacts with the major
ilin subunit PilA (Burrows 2012 , Tammam et al. 2013 ). All proteins
f the complex were detected in the library and sho w ed a similar
lution profile, with high relative abundances at elution volumes
f 12–18 ml (Fig. 4 C). We also analyzed large complexes, such as
he N ADH-dehydrogenase (NuoABDEFGHIJKLMN) inv olved in the
 espir atory c hain: The NADH-dehydr ogenase complex consists of
hr ee subunits, namel y, the dehydr ogenase domain, the connect-
ng domain, and the membrane domain (Berrisford et al. 2016 ).
ll identified proteins of the complex sho w ed high r elativ e abun-
ances in 12–14 ml elution volume, indicating the existence of a

ar ge pr otein complex (Fig. 4 D). Ho w e v er, with incr easing elution
olume, the r elativ e abundance of the membrane part (blue col-
rs) decr eased, wher eas the hydr ophilic dehydr ogenase subunit
nd the connecting subunit remained at high r elativ e abundances
ntil 16.5 ml elution volume (red colors). This indicates that the li-
rary contains both a large NADH dehydrogenase complex as well
s se v er al subcomplexes. 

When pr oteins fr om a complex wer e identified, they always co-
ccurred in the same fractions as their interacting partners . T his
olds true for both pure membrane-protein complexes and mixed
omplexes that contain both integral membrane proteins as well
s associated proteins . T hese results indicate that non-covalent
r otein–pr otein inter actions ar e pr eserv ed in the nativ e nanodisc

ibrary. 

nalysis of complexes in the c-di-GMP signaling 

etwork of P. aeruginosa 

ext, we focused on the complex network of c-di-GMP-regulating
roteins and their interaction partners. In total, 29 of the 43
redicted GGDEF/EAL/HD-GYP domain-containing proteins were

dentified, of which 24 proteins are predicted to be membrane
r oteins (Table 1 ). Additionall y, se v er al c-di-GMP effector pr oteins
ere detected in this study, such as FleQ, the master regulator of
otility and biofilm formation (Table 1 ) (Hueso-Gil et al. 2020 ). To

ur knowledge, this is the first report where 73% of c-di-GMP mod-
lating membrane proteins were identified in a proteome study. 

It has been suspected and, in some cases, already demon-
tr ated that c-di-GMP-pr oducing and -degr ading pr oteins ar e lo-
alized near their cellular targets for a specific local regulation
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Ta ble 1. Proteins inv olved in c-di-GMP signaling. 

Locus tag Name Localization 
Identified in 

replicate 

GGDEF domain containing 
PA0290 – cm 2, 3 
PA0847 – cm 2, 3 
PA1107 RoeA cm 3 
PA1120 YfiN,TtpbB cm 1, 2, 3 
PA1851 – cm 2 
PA2771 Dcsbis cm 2, 3 
PA2870 – cm 2, 3 
PA3343 HsbD cm 1, 2, 3 
PA3702 WspR c 1, 2, 3 

PA4332 SadC cm 3 
PA4843 AdcA, GcbA c 1, 3 
PA4929 NicD cm 1, 3 
PA5487 DgcH c 1, 2, 3 

GGDEF-EAL domain containing 
PA0285 PipA cm 1, 2, 3 
PA0575 RmcA cm 1, 3 
PA0861 RbdA cm 1, 2, 3 
PA1181 – cm 1, 2, 3 
PA1433 LapD cm 1, 2, 3 

PA2072 – cm 1, 2, 3 
PA2567 – cm 1, 2, 3 
PA3311 NbdA cm 1, 2, 3 
PA4367 BifA cm 1, 2, 3 
PA4601 MorA cm 3 
PA4959 FimX cm 1, 2, 3 
PA5017 DipA cm 2 

EAL domain containing 
PA2818 Arr cm 1, 2, 3 
PA3825 – cm 1, 2, 3 

HD-GYP domain 
PA2572 – c 1, 2, 3 
PA4781 – c 1, 2, 3 

Effector proteins 
PA1097 FleQ c 1, 2, 3 
PA2799 – c 2 
PA2960 PilZ u 1, 2, 3 
PA2989 – c 1, 2, 3 
PA3353 FlgZ c 1, 2, 3 
PA4608 MapZ c 1, 2, 3 
PA4878 BrlR c 2, 3 
PA4958 FimW c 1, 2, 3 
PA5346 SadB c 1, 2, 3 

Identified proteins with GGDEF/EAL/HD-GYP domains and c-di-GMP effectors. Predicted localization of the proteins taken from Pseudomonas Genome DB [ www.ps 
eudomonas.com (Winsor et al. 2016 )], where only the highest confidence class was considered. CM = cytoplasmic membrane, C = cytoplasmic. List of described 
c-di-GMP effectors from Valentini and Filloux ( 2016 ) and Banerjee et al. ( 2021 ) (Valentini and Filloux 2016 , Banerjee et al. 2021 ). 
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(Sar enk o et al. 2017 ). We, ther efor e, tested the libr ary for 
co-occurrence and co-elution of described pr otein-tar get gr oups.
As a first example, we tested the Wsp chemosensory-like signal 
transduction complex (Güvener and Harwood 2007 ). The activa- 
tion of this system e v entuall y leads to an increase of c-di-GMP lev- 
els in the cell. This system consists of a core complex (WspABDE),
the methyltr ansfer ase WspC, the methyl esterase WspF, and the 
diguanylate cyclase WspR, which produces c-di-GMP in response 
to surface contact (Hickman et al. 2005 , Güvener and Harwood 

2007 , O’Neal et al. 2022 ). In our nanodisc libr ary, the pr oteins of 
the core complex WspABDE and, furthermore, WspF and WspR 

wer e r epr oducibl y identified. The methyltr ansfer ase WspC was 
not detected in our study. The elution profiles of the individual 
r oteins wer e ov er all similar but r e v ealed incr easing differ ences
n later fr actions, a gain indicating the presence of subcomplexes
acking one or several protein components (Fig. 5 A). The methyl
sterase WspF eluted in a clearly different profile from the rest of
he complex. This protein is required to turn off the sensory sys-
em by demethylation of WspA (Hickman et al. 2005 ). Ther efor e,

spF might not be recruited to the complex in our experimental
onditions. 

Another membrane-associated complex, including a c-di-GMP 
odulating protein is the tripartite periplasmic signaling system 

fiNBR. In this dynamic system, the periplasmic protein YfiR can
ind and thereby inactivate the cytoplasmic membrane diguany- 
ate cyclase YfiN. In the presence of an unknown signal, the outer

http://www.pseudomonas.com
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Figure 5. Elution profiles for proteins and complexes known to be involved in c-di-GMP signaling are shown. Data from one replicate are depicted. (A) 
Elution profiles are shown for the surface sensing Wsp system with the associated diguanylate cyclase WspR. (B) The Redox/membrane perturbation 
recognizing system YfiNBR including the diguanylate cyclase YfiN. YfiR does not show coelution with YfiN or YfiB. (C) The interaction partners DgcH 

(DgcP in PA14) and the landmark protein FimV show sparsely overlapping profiles . (D) T he elution profile of the c-di-GMP specific effector protein FimX 

and the ATPase PilB involved in type IV pilus extension partially overlap. 
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embrane component YfiB competes for binding of the periplas-
ic pr otein YfiR and, ther eby, r eleases and activ ates the diguan y-

ate cyclase YfiN (Malone et al. 2012 , Giardina et al. 2013 ). In our
ibrary, all components of the system were detected (in two out
f thr ee r e plicates), but indi vidual proteins sho w ed v ery differ ent
lution profiles (Fig. 5 B). The diguanylate c yclase YfiN w as most
bundant in fraction 11 (13.2 ml elution volume), where most pro-
eins from the cytoplasmic membrane eluted (Figs 2 and 5 B). YfiB
as detected in the first fraction, and at elution volumes of 13–
7 ml. The early elution of the outer membrane protein YfiB in
raction 1 might indicate a ggr egate formation, while the later elu-
ion fractions likely contain the soluble form of YfiB. The periplas-

ic protein YfiR eluted in m uc h later fr actions with a v ery irr eg-
lar profile. All three components of the YfiNBR system were de-
ected independently, indicating that this system experiences only
eak interactions or that the nanodiscs did not pr eserv e the com-
lex in the library. 

A stable interaction was reported for the diguanylate cyclase
gcP and the landmark protein FimV in P. aeruginosa PA14. The
orrect localization for DgcP to the cell pole depends on FimV
Nicastro et al. 2020 ). Both proteins (alias DgcH and FimV in PAO1)
ho w ed an ov erla pping elution peak in fractions with 11.7–13.5 ml
lution volume, but more pronounced deviations in the later frac-
ions (Fig. 5 C). 

An example of described protein interactions of a c-di-GMP
ffector with its cellular target is the protein FimX. This pro-
ein was reported to interact with the type IV pilus ATPase PilB
hat fuels pilus function (Jain et al. 2017 ). In our library, both
roteins FimX and PilB were detected and sho w ed ov erla pping
lution in the first 15 fractions (elution volume of 10–14 ml),
hile PilB sho w ed a br oader elution pr ofile, pr obabl y due to other

nteractions with other components of the pilus machinery. In
onclusion, GGDEF/EAL proteins and their described interaction
artners were detected in the nanodisc library. They show simi-
ar or ov erla pping elution profiles, suggesting the pr eserv ation of
hese complexes. Known interactions can be tracked, but the co-
lution is not sufficient to predict novel interaction partners in the
-di-GMP modulating network. 

lobal correlation analysis for identified protein 

omplexes 

n the above analysis, we observed that proteins in complexes
ho w ed similar elution profiles in our library. In the next step, we
ested if unknown interacting proteins could be identified from
his dataset. To this end, we analyzed individual elution profiles
or similarities, as this might indicate an interaction. We focused
n co-occurrence in early fractions, corresponding to a large app.
W (3000–50 kDa), expected for protein complexes . T he elution

ractions of 19–24 ml correspond to an apparent relative size of 30–
 kDa. These fr actions mor e likel y contain subcomplexes, small
omplexes, or individual proteins. 

In the nanodisc libr ary, most pr oteins sho w ed broad elution
rofiles extending over multiple fractions . T he o verall similarity
f the profiles limits the possibility of detecting coeluting proteins.
her efor e, the corr elation of the profiles across the entire dataset
 as tested b y global corr elation anal ysis (Fig. S2). Her eby, eac h
r otein was compar ed pairwise to all other proteins by linear re-
r ession. Subsequentl y, a histogr am of all correlation coefficients
as created to reveal the distribution of the correlation coefficient

Fig. 6 A). The correlation coefficients are not normally distributed
ut shifted to w ar d high correlation. This confirms that a high pro-
ortion of proteins show a similar elution profile . T herefore , even
igh correlation coefficients must be treated with caution and
eed to be inter pr eted in the context of the whole dataset. 

When analyzing the correlation of known protein complexes,
e found that the distribution mirrors the total distribution
f the entire dataset (Fig. 6 B). The known complexes show no
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Figure 6. Global correlation analysis. (A) All identified proteins were assayed for linear regression to w ar d all other proteins. Correlation was calculated 
by the Excel data analysis plugin. Correlation coefficients ranging from −1 for negative correlation to 1 for correlation. Histogram depicts the 
distribution of all calculated correlation coefficients for the three replicates. Error bars indicate the standard deviation. (B) More than 20 described 
protein complexes were analyzed for co-elution and correlation. Correlation coefficients of all protein pairs for each complex in the three replicates 
are depicted as dots. Median (black line) and standard deviation. 
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significantly higher correlation to w ar d each other than to random 

proteins, as the correlation among the whole dataset is shifted 

to higher similarity. Ther efor e, pr ediction of pr otein–pr otein in- 
ter actions fr om our dataset was not possible with the method 

used. In addition, a global cluster analysis with Pearson distance 
measurement was performed, and clusters were analyzed for the 
described complexes (data not sho wn). Ho w e v er, the complexes 
were not sorted more often in the same clusters than random pro- 
teins. 

Pulldown assay of the nanodisc embedded 

membrane protein NbdA 

Although global correlation analysis was unable to identify new 

interaction partners, we could use the soluble library of mem- 
br ane pr oteins to identify dir ect pr otein–pr otein inter actions 
using a pulldown assay. As first target protein, we chose the 
membr ane-integr ated phosphodiester ase NbdA. The protein con- 
sists of an N-terminal MHYT domain consisting of se v en tr ans- 
membrane helices follo w ed b y a degenerated GGDEF domain and 

an active EAL domain in the cytosol. The MHYT domain was pos- 
tulated to bind diatomic gases such as NO , CO , or O 2 (Galperin 

et al. 2001 , Li et al. 2013 ). The protein was expressed ectopically 
with a C-terminal str ep-ta g in P. aeruginosa and used as a bait.
Proteins that exhibited a strong enrichment versus the untagged 

contr ol wer e designated as candidate interactors (Fig. 7 A). In the 
pulldo wn sample, w e found man y pr oteins specificall y enric hed 

(Tab. S4). From 163 significantly enriched proteins, 45% are pre- 
dicted cytoplasmic proteins, 31% are predicted to reside in the 
inner membrane, and 10% have unknown localization. Proteins 
fr om differ ent COG categories (clusters of orthologous gr oups) 
were identified, for instance, energy production and conversion, 
signal transduction, and transport. Several transcriptional regu- 
lators (e.g. CzcR, LasR, and RhlR) involved in regulation, antibi- 
otic resistance and quorum sensing were detected (Gambello et 
al. 1993 , Gilbert et al. 2009 , Dieppois et al. 2012 ). Furthermore,
we detected in total 15 pr oteins involv ed in the c-di-GMP signal- 
ing network (Tab. S4). Among them, the effector FleQ and the 
GGDEF/EAL pr otein RcmA, ar e highl y enric hed ( P > .01). Two mem- 
br ane pr oteins, P A4332 (SadC) and P A0861 (RbdA), were found 
ignificantl y enric hed ( P > .05). To confirm the pr otein inter ac-
ion, B ACTH assays w er e performed. Ther efor e, NbdA and the
andidate protein were genetically fused to two independent 
ubunits of the adenylate cyclase of Bordetella pertussis and co-
ransformed into the E. coli test strain (Karimova et al. 1998 ). Ro-
ust interaction of two fusion proteins was indicated by an ele-
ated cAMP content in E. coli , resulting in purple colonies on Mc-
onk e y a gar. Fr om the list of highl y enric hed pr oteins CzcR, a tr an-
cription factor involved in swarming motility, and the hypothet- 
cal protein PA4200 were selected for BACTH analyses. A strong
ositiv e inter action with NbdA was observed for both proteins

Fig. 7 ). 
Significantl y enric hed in the pulldown assay although not

mong the top hits was the c-di-GMP-r esponsiv e tr anscription
actor FleQ (Hickman and Harwood 2008 ). For this candidate the
nteraction with NbdA could not be confirmed in the BACTH sys-
em (Fig. 7 ). Among the moder atel y enric hed pr oteins in the pull-
o wn assay, w e also detected the diguanylate c yclase SadC. The
ACTH anal ysis v alidated the positiv e inter action of SadC with
bdA (Fig. 7 ). 
Notably, among the potential NbdA interactors we also found 

e v er al type IV pili components (Tab. S5). One of them was
ilB, the type IV pilus ATPase known to promote polymerization
f the pilus subunits during attachment and twitching motil- 
ty of P. aeruginosa (Whitc hurc h et al. 1991 , Turner et al. 1993 ,

attick 2002 ). Although not being one of the top enriched pro-
eins, PilB was r obustl y detected with 20 peptides and its le v els
er e mor e than 3.5-fold enric hed ov er those in the unta gged con-

r ol str ain. The BACTH test could clearl y confirm PilB as an in-
eractor of NbdA (Fig. 7 ). To demonstrate the reliability of this

ethod, we also tested for interaction with non-enriched pro- 
eins. In the same library, the effector protein FimV was de-
ected but was not specifically enriched in the pulldown sam-
le. In the bacterial two-hybrid assay, no interaction was detected
etween FimV and NbdA (Fig. S3). In summary, these results
how that the soluble nanodisc library of the P. aeruginosa mem-
r ane pr oteome can be used to co-purify interaction partners of
embr ane pr oteins and, ther eby, r e v eal nov el pr otein-inter action 

etworks. 
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F igure 7. Pulldo wn a ppr oac h for pr otein inter actions. (A): MS anal ysis of NbdA-enric hed libr aries r e v eals potential inter actors. A Str ep-ta gged v ersion 
of NbdA was produced in P. aeruginosa , and a proteome library was prepared from the membrane fraction. NbdA-Strep and interacting proteins were 
enric hed fr om the libr ary on Str ep-Tactin XT r esin and compar ed to contr ols fr om str ains expr essing unta gged NbdA. The v olcano plot sho ws the 
results of a modified Student’s t -test with permutation-based FDR control calculated from four replicates in each group (Tusher et al. 2001 ). Two 
significance thresholds were applied to call significantly changed proteins (Class A: S0 = 4, FDR < 0.01, dark blue and red; Class B: S0 = 4, FDR = 

[0.05–0.01], light blue and orange). (B): Bacterial adenylate cyclase two-hybrid analysis for the interaction of NbdA and target proteins PilB, PA4200, 
CzcR, FleQ, and SadC. The target genes of P. aeruginosa wer e cloned in r eporter plasmids gener ating a gene fusion to the T18 or T25 fr a gment of the 
bacterial adenylate cyclase. Escherichia coli BTH101 was cotransformed with these plasmids and monitored for interaction. Purple colonies indicate 
positiv e inter action. Plasmids expr essing T18 and T25 fr a gments alone wer e used as negativ e contr ols, pUT18C_zip and pKT25_zip wer e used as 
positiv e contr ols. 
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reating a nati v e membrane-protein library of P. 
eruginosa 

embr ane pr oteins and their complexes hav e been inv estigated
uccessfully with the use of detergents and liposomes , e . g. the
acterial β-barrel assembly machinery (BAM) complex, and ATP
ransporters (Hollenstein et al. 2007 , Xu et al. 2013 , Iadanza et al.
016 , Hu 2021 ). In the past two decades, nanodiscs have evolved
s po w erful tools to stabilize membrane proteins in solution,
reserving their lipid-bilayer environment. In contrast with nan-
discs formed by membrane scaffolding proteins, amphiphilic
olymers can extract membrane proteins directly from cellular
embranes without the need of detergents (Knowles et al. 2009 ,
luwole et al. 2017 ). Pr e vious work has shown the increased sta-
ility of nanodisc-embedded membrane proteins (Swainsbury et
l. 2014 , Oluwole et al. 2017 , Barniol-Xicota and Verhelst 2018 , Pol-
oc k et al. 2018 , Dil w orth et al. 2021 ). This allo w ed the elucidation
f functions , structures , and interactions of a fast-growing num-
er of membrane proteins and complexes (Dörr et al. 2014 , Thoma
nd Burmann 2020 , Dilworth et al. 2021 , Janson et al. 2022 ). Re-
entl y, stable pr oteome libr aries fr om pr okary otic and eukary otic
ell membr anes hav e been gener ated in pol ymer nanodiscs (Carl-
on et al. 2019 , Glueck et al. 2022 ). 

The proteome of the cell envelope of P. aeruginosa PAO1 has
een thor oughl y studied by conventional methods (Nouwens et al.
000 , Blonder et al. 2004 , Peng et al. 2005 , Imperi et al. 2009 , Choi et
l. 2011 , Dé et al. 2011 , Düvel et al. 2012 , Casabona et al. 2013 , Ku-
ari et al. 2014 , Magnowska et al. 2014 , Motta et al. 2020 ). In this
 ork, w e used the polymer DIBMA to extract membrane proteins
ir ectl y fr om the membr ane fr action of P. aeruginosa to gener ate a
table and soluble nanodisc library. The aim of this a ppr oac h was
o extr act membr ane pr oteins along with all peripheral and asso-
iated proteins within a lipid-bilayer environment as a basis for
he study of complexes and pr otein–pr otein inter actions under
ati ve-lik e conditions . T herefore , rigorous washing and separa-
ion of membrane fractions were omitted. This approach enriches

embr ane pr oteins but also r esults in a high abundance of solu-
le proteins . T he library was then subjected to size exclusion c hr o-
atogr a phy with subsequent c har acterization by mass spectrom-

try. The protein content of the library was highly reproducible, as
e found a very good match of data from three biological repli-

ates regarding the identified proteins and co-fractionation pat-
ern. 

Comparing the native nanodisc library with results from pre-
ious works, the proteome cov er a ge is very similar to data ob-
ained by conventional methods. Of note, not all available pro-
eome data r epr esent the same growth conditions of the cells,
hough some variation is expected when compar ed a gainst the
r e vious data. Casabona et al. ( 2013 ), identified 991 proteins from

nner membr ane fr actions pr epar ed by sucr ose centrifugation and
ubsequent mass spectrometry, of which 964 proteins were also
ound in our library. In very similar growth conditions, Kumari
t al. identified 2965 proteins from membrane fractions after ex-
raction with harsh detergents and organic solvents (Kumari et al.
014 ). In our native nanodisc library, about 86% of these proteins
2556 proteins) were detected and stably extracted. In an in-depth
r oteomic anal ysis of P. aeruginosa PAO1, about 2539 membr ane-
ssociated pr oteins wer e detected fr om cells in the exponential
rowth phase (Motta et al. 2020 ). We were able to identify about
9% of those proteins (1769 out of 2539) in our library and, addi-
ionall y, 1568 pr oteins that had not been detected in the pr e vious
 ork. These results sho w the good extraction capacity of DIBMA

or membr ane pr oteins of P. aeruginosa PAO1, enabling a high
ov er a ge of the entire membrane proteome within native nan-
discs . T he major adv anta ge of the nanodisc libr ary ov er pr e vious
roteome work is that the soluble library preserves a nanoscale
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lipid-bila yer en vir onment ar ound the extr acted pr oteins but ne v- 
ertheless is suitable for downstream experimental analyses. 

The subcellular localization of the identified proteins was 
partl y r eflected in the elution pr ofile fr om the size exclusion c hr o- 
matogr a phy. In gener al, it became a ppar ent that all pr oteins in the 
library eluted with rather broad size distributions . Furthermore ,
pr oteins fr om the outer membr ane eluted v ery earl y in SEC, in- 
dicating incomplete extraction. The broad size distributions and 

incomplete extraction into DIBMA nanodiscs have previously 
been observed and are considered the major bottleneck for the 
use of this polymer in SEC studies (Glueck et al. 2022 ). More recent,
partiall y gl ycosylated pol ymers suc h as Gl yco-DIBMA (Danielczak 
et al. 2022 ), electr oneutr al pol ymers suc h as Sulfo-DIBMA (Gluec k 
et al. 2022 , Janson et al. 2022 ), and certain small-molecule am- 
phiphiles (Mahler et al. 2021 ) form nanodiscs having m uc h nar- 
ro w er size distributions and, thus, might overcome this limita- 
tion in future studies . Nevertheless , the elution profiles of indi- 
vidual components from several known membrane-protein com- 
plexes , e .g. the secr etion a ppar atus (SEC-SRP), and the type IV 

pilus assembly subcomplex (Fig. 4 and 6 ) were strongly corre- 
lated in the present study. Still, global correlation analysis re- 
vealed an overall shift of the correlation coefficients to high val- 
ues (Fig. 6 ). T hus , the elution pr ofiles fr om this libr ary could not 
be used for complexome profiling or de novo interactome predic- 
tion since well-correlated protein pairs cannot be distinguished 

fr om non-inter acting pr oteins in the dataset. Ho w e v er, the a pp.
MW of nanodiscs in size exclusion c hr omatogr a phy indicates that 
the proteome library contains very large nanodisc particles likely 
to contain membr ane-pr otein complexes . T hus , the proteome li- 
brary enabled the targeted search for membrane-protein interac- 
tions by affinity purification combined with mass spectrometry. 
Pr e viousl y, a soluble peptidisc library of the E. coli membrane pro- 
teome has successfully been used to profile binary interactions in 

a targeted approach (Carlson et al. 2019 ). 

Identifying interacting proteins in the c-di-GMP 

signaling network of P. aeruginosa .
It has pr e viousl y been observ ed in E. coli that many c-di-GMP mod- 
ulating pr oteins ar e contr olled by the formation of regulatory su- 
permodules (Sar enk o et al. 2017 , Hengge 2021 ). These supermod- 
ules are mainly formed by the c-di-GMP-producing or degrading 
enzymes , specific effectors , and cellular target structures , e .g. flag- 
ellar system (Sar enk o et al. 2017 , Dahlstr om et al. 2018 , Ric hter 
et al. 2020 ). We identified about 29 pr oteins potentiall y involv ed 

in c-di-GMP synthesis or degradation in the nanodisc library of 
P. aeruginosa and a further se v en c-di-GMP binding effector pro- 
teins. Most of the identified pr oteins ar e membr ane-integr ated or 
likely to be membrane-associated ( Table 1 ). To our knowledge, the 
dataset presented in this work is thus far the largest set of proteins 
detected from the c-di-GMP network of P. aeruginosa (Blonder et al.
2004 , Düvel et al. 2012 , Casabona et al. 2013 , Kumari et al. 2014 ,
Bense et al. 2022 ). In our nanodiscs libr ary, GGDEF/EAL pr oteins 
were detected together with their described interaction partner(s) 
in the ov erla pping fr actions, indicating pr eserv ation of these in- 
teractions. Ho w ever, elution peaks w ere broad and correlation co- 
efficients were upshifted for the whole dataset, which limits the 
feasibility for de novo predictions. 

In the analysis of protein–protein interactions, the stability of 
the complex is the most critical factor. When dealing with mem- 
br ane pr oteins, the extr action pr ocess pr oper and the lipid en- 
vironment of the membrane proteins after extraction affect the 
tability of membr ane-pr otein complexes the most (Overduin and
smaili 2019 ). To provide experimental evidence for the preserva-
ion of protein complexes in the native nanodisc library, we used a
ulldown a ppr oac h coupled with mass spectr ometry. Nov el candi-
ates for interaction with the phosphodiesterase NbdA could thus 
e enriched. It should be noted, that with this strategy some of the
its are false positives , e .g. proteins that interact with the mem-
rane material or the polymer itself. The interaction of NbdA with
he enriched proteins CzcR, PA4200, SadC, and PilB could be fur-
her verified by the BACTH assa y. T he interaction partner PA4200
s a homologue of the YtnP lipase from B . subtilis . T his protein
 as sho wn to catal yze the formation and cleav a ge of long-c hain
cylgl ycer ols, important for pathogenicity and biofilm formation 

Jaeger et al. 1999 , Stehr et al. 2003 ). The nov el inter action partner
zcR is part of a two-component system regulating heavy metal 
fflux and virulence (Dieppois et al. 2012 ). The physiological role
f the interaction of these proteins with NbdA has to be further
tudied. 

NbdA has been reported to be involved in biofilm dispersal,
wimming motility, and rhamnolipid production of P. aeruginosa 
Li et al. 2013 , Xin et al. 2019 , Liu et al. 2022 ). These functions are
ir ectl y r elated to the nucleotide second messenger c-di-GMP and
he enzymatic activity of NbdA. The diguanylate cyclase SadC is
lso involved in the complex regulatory network of c-di-GMP. Pre-
iousl y, the inter action of the homologues of SadC and NbdA in P.
uorescens Pf01 was shown by BACTH analyses (Dahlstrom et al.
018 ). Furthermor e, SadC inter acts dir ectl y with MotC, the fla gel-
ar motor protein and PilT, and the motor for pili r etr action. Inter-
stingly, we identified as NbdA interactors SadC as well as the pili
ssembly motor PilB. 

Ho w e v er, whether the inter action of NbdA with these pr oteins
s r ele v ant for the biofilm formation, swimming, pili function, or
 different output, will be the subject of further investigation. 

Ov er all, the r esults in this work demonstrate the usefulness
f native nanodisc libraries combining DIBMA extraction and 

ffinity-based pulldown coupled to mass spectrometry for iden- 
ifying novel protein–protein interactions. With this w ork, w e de-
ected a large number of candidate interactors for the membrane 
hosphodiester ase NbdA, especiall y in the c-di-GMP network and
erified four candidates by BACTH analyses. 
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