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A B S T R A C T   

Electrogenic bacteria deliver excess respiratory electrons to externally located metal oxide particles and elec-
trodes. The biochemical basis for this process is arguably best understood for species of Shewanella where the 
integral membrane complex termed MtrCAB is key to electron transfer across the bacterial outer membranes. A 
crystal structure was recently resolved for MtrCAB from S. baltica OS185. However, X-ray diffraction did not 
resolve the N-terminal residues so that the lipidation status of proteins in the mature complex was poorly 
described. Here we report liquid chromatography mass spectrometry revealing the intact mass values for all three 
proteins in the MtrCAB complexes purified from Shewanella oneidensis MR-1 and S. baltica OS185. The masses of 
MtrA and MtrB are consistent with both proteins being processed by Signal Peptidase I and covalent attachment 
of ten c-type hemes to MtrA. The mass of MtrC is most reasonably interpreted as arising from protein processed 
by Signal Peptidase II to produce a diacylated lipoprotein containing ten c-type hemes. Our two-step protocol for 
liquid-chromatography mass spectrometry used a reverse phase column to achieve on-column detergent removal 
prior to gradient protein resolution and elution. We envisage the method will be capable of simultaneously 
resolving the intact mass values for multiple proteins in other membrane protein complexes.   

1. Introduction 

Membrane proteins are responsible for a wide range of biological 
functions in prokaryote and eukaryote cell types. For example, receptors 
permit the detection of environmental cues, and respiratory complexes 
perform electron transfer and proton pumping to maintain the trans-
membrane electrochemical potential that drives ATP synthesis. Large 
protein complexes spanning the outer membrane of Gram-negative 
bacteria have also been recognized to exchange electrons between in-
ternal enzymes and external redox partners [1–4]. This electron ex-
change, sometimes known as extracellular electron transfer, has evolved 
to enable bacteria to harness energy from the extracellular redox cycling 
of transition metals including those in iron and manganese rich minerals 
[5–7]. Extracellular electron transfer also attracts interest for biotech-
nology [8–10]. Electrons from the bacterial oxidation of organic waste 
streams can be delivered to anodes producing green electricity in mi-
crobial fuel cells. Bacterial electrosynthesis of valuable chemicals can 

occur when bacteria receive electrons from cathodes. 
The biochemical basis for extracellular electron transfer is arguably 

best understood for species of Shewanella [2–4]. In the case of S. baltica 
OS185 a crystal structure was recently resolved for the outer membrane 
spanning MtrCAB complex [11] that is key to electron transfer across the 
otherwise electrically insulating lipid bilayer. The structure revealed 
two membrane spanning proteins, MtrA and MtrB, arranged as a bio-
molecular wire, Fig. 1. The electrically conductive cytochrome MtrA 
(~38 kDa) is spanned by a chain of 10 covalently attached c-type hemes 
and insulated from the membrane lipidic environment by its position 
inside the porin-like beta-barrel configuration of MtrB (~75 kDa). 
Within the heterotrimeric MtrCAB complex, a terminus of the MtrA 
heme wire is positioned in close proximity with a terminus of the heme 
wire in the extracellular cytochrome MtrC (~75 kDa). The latter protein 
contains 10 covalently bound c-type hemes arranged as a staggered cross 
configuration and presents a large surface area for direct electrical 
contact with extracellular redox partners. 
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MtrCAB complexes, and paralogs termed MtrDEF, are encoded by the 
genomes of other Shewanella species [12], most notably S. oneidensis MR- 
1 that has become a model for studies of extracellular electron transfer 
and a chassis for related biotechnology [13]. However, questions remain 
regarding important details of the MtrCAB structure. For example, MtrC 
(formerly termed OmcB) of S. oneidensis MR-1 was proposed [14] to 
carry a lipid anchor covalently bound to the N-terminal lipoprotein 
consensus sequence (LxxC) for signal peptidase II. The same lipid 
attachment site is encoded by the mtrC gene of S. baltica OS185, Fig. S1. 
However, X-ray diffraction did not resolve the N-terminal residues [11] 
and the lipidation status of MtrC remains poorly described. 

Mass spectrometry (MS) offers opportunities to gain information 
complementary to that afforded by X-ray diffraction. For example, MS of 
membrane proteins and their complexes in their native states can pro-
vide direct insight into oligomeric state, protein-lipid and protein-ligand 
interactions [15–20]. For detection of post-translational modification 
MS is more informative when proteins are completely separated from 
one another and any co-purified non-covalently bound lipids and/or 
detergents. Such measurements report the intact mass of an individual 
protein. The corresponding experiments are typically performed by 
analysis of the denatured protein(s) by Liquid Chromatography-Mass 
Spectrometry (LC-MS) such that denatured proteins, detergent and 
other solutes are separated by chromatography prior to injection into 
the mass spectrometer [21–24]. 

Reverse-phase chromatography is used to separate solutes from de-
natured membrane proteins in the main LC-MS approaches reported to 
date for intact mass determination. The BioResolve RP mAb Polyphenol 
column with 90 % n-propanol as the mobile phase allows for rapid 
elution of membrane protein with slower elution of detergent [24]. This 
is a high throughput method ideal for screening of pure membrane 
protein constructs for intact mass determination, however the elution is 
too rapid for extensive separation of individual proteins in multi-protein 
mixtures. The Zorbax 300SB-C3 column with methanol as the mobile 
phase can separate proteins from several different detergents under 
specific conditions [22,23]. HPLC resolution of the protein from the 
detergent usually requires a longer column length (150 mm) and, as the 
detergent co-elutes with the protein(s), some non-covalent attachment 
of detergent to protein can be retained. Although for some sample 
compositions it is possible to optimize the elution gradients for deter-
gent/protein and multi-protein separation, this method requires high 

sample purity, an investment of time for optimization, and the resulting 
protein-detergent spectra can be difficult to deconvolute, particularly 
for novel protein complexes. 

In this work we build on the aforementioned LC-MS methods 
[21–24] to present a protocol allowing us to reveal the intact mass of 
each protein in the MtrCAB complexes purified from S. baltica OS185 
and S. oneidensis MR-1. The results are consistent with lipidation of the 
MtrC proteins, but not MtrA or MtrB proteins. Our LC-MS protocol loads 
MtrCAB onto a ProSwift RP-1S reversed-phase column to allow complete 
removal of detergents by application of aqueous methanol while the 
proteins remain tightly bound to the column. Proteins are subsequently 
resolved by gradient elution with aqueous acetonitrile and directly 
infused to a Bruker microQTOF-QIII mass spectrometer for positive 
mode ESI. This protocol allowed the membrane proteins, initially sus-
pended in the non-ionic detergent dodecyl maltoside (DDM), to be 
cleanly separated from detergent prior to gradient protein elution. 
Furthermore, the acetonitrile gradient is readily optimized to assist the 
separation of different proteins prior to infusion to the mass spectrom-
eter as demonstrated here for proteins of the MtrCAB complexes. Thus, 
we anticipate this protocol with its two-phase elution profile will be 
widely applicable and readily amenable to LC-MS analysis of other 
membrane proteins and their complexes. 

2. Materials and methods 

2.1. Sample preparation 

MtrCAB was purified from S. baltica OS185 and S. oneidensis MR-1 as 
described previously [11,25]. Purified MtrCAB was exchanged from 2 % 
(v/v) Triton X-100, 20 mM HEPES, 50 mM NaCl, pH 7.8 into 5 mM 
lauryldimethylamine-N-oxide, 20 mM TRIS-HCl, pH 7.5 using anionic 
exchange chromatography (HiTrap Q-Sepharose, 5 mL) and a NaCl 
gradient for elution as described previously [25]. A 15 mL volume 100 
kDa molecular weight cut off centrifugal concentrator (Merck Life Sci-
ences) was then used to exchange the protein into 0.015 % (v/v) (0.3 
mM) DDM, 20 mM TRIS-HCl, pH 7.5, by concentrating to 10 % volume 
and diluting 10-fold in the new buffer four times. DDM micelles are ~70 
kDa so the 100 kDa molecular weight cut-off was used to allow non- 
protein containing micelles through the filter [26]. Plasticware was 
avoided and, where necessary, was washed thoroughly with milliQ 
water to minimize PEG contamination and suppression of MS signals. 
Protein concentration was estimated by the Beer-Lambert law using an 
extinction coefficient of 2000 mM− 1 cm− 1 at 410 nm for the air equili-
brated (oxidized) protein. 

Engineered MtrC from S. oneidensis MR-1 with the signal peptide 
replaced by that from MtrB of the same organism and a C-terminal Strep 
II tag to facilitate purification was prepared as described by Lockwood 
et al. [25]. 

2.2. LC-MS 

Ultra-pure reagents were used, bought as recommended by Laga-
nowsky et al. [26]. Samples of ~10 μM MtrCAB in 0.3 mM DDM, 20 mM 
TRIS-HCl, pH 7.5 were denatured by dilution to ~1 μM MtrCAB with an 
aqueous mixture of 2 % (v/v) acetonitrile, 0.1 % (v/v) formic acid. 
Samples were loaded onto a ProSwift RP-1S column (4.6 × 50 mm) 
(Thermo Scientific) using an Ultimate 3000 uHPLC system (Dionex, 
Leeds, UK). Eluants were continuously infused into a Bruker 
microQTOF-QIII mass spectrometer, running Hystar (Bruker Daltonics, 
Coventry, UK), using positive mode electrospray ionization (ESI). Dur-
ing the first part of the protocol that eluted DDM, a 2-minute steep 
curved step gradient was applied to take the system from 98 % (v/v) 
water, 2 % (v/v) acetonitrile, 0.1 % (v/v) formic acid to 98 % (v/v) 
methanol, 2 % (v/v) acetonitrile, 0.1 % (v/v) formic acid, with a flow 
rate of 0.5 mL/min. At 98 % (v/v) methanol a 3-minute curved gradient 
was applied returning the system to the initial conditions. The flow rate 

Fig. 1. Overview of LC-MS method to resolve intact masses for proteins of the 
membrane-spanning MtrCAB complex. The MtrCAB complex of S. baltica OS185 
MtrCAB (pdb: 6R2Q) is shown: MtrA (blue), MtrB (light pink) and MtrC (red). 
Dodecyl maltoside (DDM) detergent (yellow) is shown schematically. For LC- 
MS the complex was first denatured by formic acid with acetonitrile (AcN), 
then loaded to a ProSwift RP-1S column. DDM was eluted with high methanol 
(MeOH). Proteins were eluted with a gradient of AcN prior to infusion to the 
mass spectrometer. Image created with BioRender.com. (For interpretation of 
the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 
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was slowed to 0.2 mL/min for 2 min at initial conditions before the 
eluate composition was changed to 50 % (v/v) acetonitrile, 50 % (v/v) 
water, 0.1 % (v/v) formic acid over 2 min (4 min for S. oneidensis MR-1 
at 0.1 mL/min). Bound proteins were then resolved and eluted by a 
linear gradient to 100 % (v/v) acetonitrile, 0.1 % (v/v) formic acid over 
10 min, flow rate 0.2 mL/min. The mass spectrometer was operated in 
positive ion mode and data acquired from 50 to 3000 m/z with the 
following parameters: Drying gas 240 ◦C, flow 8 L/min, nebulizer 1.8 
Bar, capillary 4500 V, offset of 500 V, ion energy 5.0 eV, collision energy 
and radio frequency of 7.5 eV and 650 Vpp. The mass spectrometer was 
calibrated with ESI-L tuning mix (Agilent Technologies, California, 
USA). Compass Data Analysis, with Maximum Entropy v1.3, (Bruker 
Daltonics, Coventry) was used for processing of spectra under the LC 
peak. Exact masses are reported from peak centroids representing the 
isotope average neutral mass. 

LC-MS of engineered MtrC from S. oneidensis MR-1 was as previously 
described [27,28]. The equipment was as for LC-MS of the MtrCAB 
complexes, specifically, a ProSwift RP-1S column (4.6 × 50 mm), Ulti-
mate 3000 uHPLC system and Bruker microQTOF-QIII mass spectrom-
eter, running Hystar, using positive mode electrospray ionization. 

2.3. LC-MS/MS 

Proteins were precipitated with acetone [29]. Pellets were resus-
pended in 1.5 % sodium deoxycholate (SDC) with 0.2 M EPPS (Merck), 
pH 8.0 and digested with sequencing grade trypsin (Promega) according 
to standard procedures. The SDC was precipitated by adjusting to 0.5 % 
formic acid, and the peptides were purified from the supernatant using 
C18 OMIX tips (Agilent). 

Aliquots were analyzed by nanoLC-MS/MS on an Orbitrap Eclipse™ 
Tribrid™ mass spectrometer coupled to an UltiMate® 3000 RSLCnano 
LC system (Thermo Fisher Scientific, Hemel Hempstead, UK). The 
samples were loaded onto a pre-column (Acclaim™ PepMap™ NEO 
C18, 5 μm, 0.3 × 5 mm, Thermo) with 0.1 % trifluoracetic acid at 15 μL 
min− 1 for 3 min. The trap column was then switched in-line with the 
analytical Aurora Frontier™ column (60 cm × 75 μm ID, 1.7 μm C18; 
IonOpticks, Victoria, Australia) using a 3 h gradient at a flow rate of 
0.25 μL min− 1, as follows: 0–3 min at 3 % B (parallel to trapping); 3–148 
min increase B to 45 %; followed by a ramp to 99 % B and re- 
equilibration to 3 % B. Data were acquired with the following mass 
spectrometer settings in positive ion mode: MS1/OT: spray voltage 
1600 V, resolution 120 K, profile mode, mass range m/z 300–1800, 
normalized AGC 100 % for long run, fill time 50 ms; MS2/IT: data 
dependent analysis was performed using HCD fragmentation with the 
following parameters: 2 s cycle time in IT turbo mode, centroid mode, 
isolation window 1 Da, charge states 2–7, threshold 1e4, CE = 30, AGC 
target 1e4, dynamic inject time, dynamic exclusion 1 count, 15 s 
exclusion with a mass window of ±10 ppm. 

The acquired raw data were converted to .mgf format with mscon-
vert (v.3.0.2, Proteowizard, https://proteowizard.sourceforge.io/index. 
html) and processed in Mascot 2.8.2 (www.matrixscience.com) using an 
in-house server, with precursor tolerance of 6 ppm, fragment tolerance 
of 0.6 Da, semi-trypsin as the endoprotease with 2 missed cleavages 
allowed, variable modification oxidation (M), acetylation at the protein 
N-terminal and diacylation (556.4648, 548.4805 and 550.4961 Da) at 
cysteine residues, no fixed modification. These results were loaded in 
Scaffold (version 4) for visualization. 

Using the Peptide Prophet algorithm with Scaffold delta-mass 
correction [30], peptide identifications of ≥95.0 % probability and 
protein identifications of ≥99.0 % probability were accepted with at 
least one identified peptide. The mass spectrometry proteomics data 
have been deposited to the ProteomeXchange Consortium via the Pro-
teomics IDEntifications (PRIDE) [31–33] partner repository with the 
dataset identifier PXD044260 and https://doi.org/10.6019/ 
PXD044260. 

3. Results and discussion 

3.1. LC-MS resolves the intact mass of MtrA, MtrB and MtrC 

The previously reported protocols to purify MtrCAB complexes from 
S. baltica OS185 [11] and S. oneidensis MR-1 [25] provide samples in 2 % 
Triton X-100, 20 mM Tris-HCl, pH 7.8. We considered that accurate LC- 
MS with these samples would be difficult because previous studies have 
found that Triton X-100 greatly suppresses the protein ionization 
essential for MS [34]. An alternative non-ionic detergent affording less 
suppression of protein ionization is DDM [22,24,26]. As a consequence, 
we sought a method for essentially complete removal of Triton X-100 
that retained the aqueous solubility of MtrCAB with DDM. Attempts to 
use ion exchange chromatography for direct replacement of Triton X- 
100 with DDM were unsuccessful; the MtrCAB proteins remained bound 
to the column at >1 M NaCl and were likely denatured. Instead, the 
samples were exchanged into 5 mM lauryldimethylamine-N-oxide, 20 
mM Tris-HCl, pH 7.5 using anion exchange chromatography. Then ex-
change into 0.3 mM DDM, 20 mM Tris-HCl, pH 7.5 was achieved using a 
centrifugal concentrator as detailed in Materials and Methods. SDS- 
PAGE, Fig. S2, confirmed the presence of MtrA, MtrB and MtrC in 
each of the resultant samples. 

In developing our protocol for LC-MS of MtrCAB proteins we chose 
conditions compatible with analyses of water-soluble proteins that are 
routinely analyzed on the same instrument [27,35,36]. To characterize 
eluants from our protocol, mass spectra from different regions of the 
chromatogram were collected. This was achieved by continuous infusion 
into the mass spectrometer for positive mode ESI. The resulting data 
informed our selection of conditions for optimal separation of DDM from 
Mtr proteins, and resolution of the latter. Prior to application to the LC 
column described below, 10 μL of the MtrCAB complex (approximately 
10 μM) was denatured by addition of 90 μL of 2 % acetonitrile, 0.1 % 
formic acid in water, Fig. 1 Step 1. All % values are volume/volume. We 
note that for native MS it is important to keep the DDM as micelles [26] 
but for LC-MS the proteins are denatured and the denaturation step used 
here takes the concentration of DDM below the critical micelle con-
centration of 0.15 mM. 

Our LC-MS protocol employed a ProSwift RP-1S uHPLC column (4.6 
× 50 mm) equilibrated with 2 % acetonitrile, 0.1 % formic acid in water. 
The diluted DDM-containing denatured MtrCAB samples were loaded to 
this column which bound all proteins and DDM detergent, Fig. 1 Step 2. 
The mobile phase in all subsequent steps included 0.1 % formic acid and 
its composition for LC-MS of MtrCAB from S. baltica OS185 is presented 
in Fig. 2A. In summary, to elute DDM from the column, the mobile phase 
was first taken to high methanol conditions: 98 % methanol, 2 % 
acetonitrile with a 2-minute gradient followed by a 3-minute gradient 
back to the starting conditions. Then the denatured proteins were eluted 
with a 2-minute gradient to 50 % acetonitrile, 50 % water followed by a 
linear 10-minute gradient that reached 100 % acetonitrile. The corre-
sponding chromatogram for absorbance at 280 nm, Fig. 2B, shows 
elution in response to both the methanol and acetonitrile gradients. 

To identify DDM elution in our protocol, Bruker Data Analysis 4.1 
was used to predict the mass spectrum of the singly charged monomeric 
[DDM: C24H46O11 + H, 511.3113 m/z] and dimeric [(DDM)2: 
(C24H46O11)2 + H, 1021.6153 m/z] forms from their chemical formulae, 
Fig. S3 (red lines). Inspection of mass spectra from across the chro-
matogram identified features typical of DDM only for the elution be-
tween 4 and 5 min corresponding to high methanol concentrations. A 
mass spectrum from this region of the chromatogram is shown in Fig. 2C. 
That spectrum is dominated by a feature at 1021.6144 m/z arising from 
(DDM)2 + H and a feature at 511.3127 m/z reports the presence of DDM 
+ H (mass error of <6 ppm ct predicted). Within these features the 
isotope patterns are in good agreement with those predicted by Bruker 
Data Analysis 4.1, Fig. S3. Some additional features in Fig. 2C can be 
attributed to breakdown fragments of DDM and (DDM)2 (analysis not 
shown). To identify the regions of the chromatogram where DDM 
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eluted, the base peak chromatograms were extracted for the 511.31 and 
1021.62 ± 0.01 m/z features, Fig. 2B dashed lines. This analysis 
confirmed that elution of DDM was confined to regions of the chro-
matogram corresponding to high methanol concentration, illustrated 
schematically in Fig. 1 Step 3. 

Elution of the MtrA, MtrB and MtrC proteins as peaks numbered 1 to 
3 in the chromatogram of Fig. 2B, was revealed through a process 
detailed below and comparable to that which identified DDM elution as 
described above. For each protein the base peak chromatogram (data 
not shown) showed elution only in response to the acetonitrile gradient. 

Intact masses for the Mtr proteins, Table 1, were predicted from their 
gene sequences, Fig. S1, and information in the crystal structure [11]. 
The mtrA gene of S. baltica OS185 encodes for a protein of 333 residues 
and the mtrB gene encodes for a protein of 695 amino acids. The N- 
terminal residues of both proteins are predicted to contain a signal 
peptide for transport to the periplasm by the Sec translocon [37,38], 
with the mature proteins produced by cleavage with Signal Peptidase I 
between residues 34 and 35 for MtrA and residues 21 and 22 for MtrB. 
On this basis the intact mass for MtrA was calculated by including the 
presence of ten covalently bound c-type hemes (615.17 g (mol heme)− 1 

[39]) to give a predicted mass of 38,570 Da. The intact mass for MtrB 
was predicted as 75,052 Da. The mtrC gene encodes for a protein of 650 
amino acids and the N-terminal residues are predicted to encode a li-
poprotein signal peptide with cleavage by Signal Peptidase II [40] be-
tween residues 24 and 25. For this scenario the N-terminal residue of the 
matured protein would be lipidated Cys25 of the conserved lipobox motif 
(LxxC). On that basis the intact mass of the mature MtrC peptide with 10 
c-type hemes but no lipidation is predicted as 71,812 Da. 

Mass spectra corresponding to Peaks 1 to 3, Fig. 2B, were averaged to 
improve signal to noise, Fig. S4A. This revealed each peak to arise from 
an essentially homogeneous sample, Fig. 2D, with observed masses re-
ported in Table 1. Peak 1 arose from protein with an intact mass of 
38,572 Da such that it was assigned to MtrA. Peak 2 arose from protein 
with an intact mass of 75,050 Da and was assigned to MtrB. Peak 3 arose 
from protein with an intact mass of 72,364 Da such that it was not 
immediately reconciled with the predicted intact mass for MtrA, MtrB or 
MtrC, Table 1. We were unable to identify elution of protein with a mass 
of 71,812 Da, as predicted for MtrC with post-translational modification 
only through the addition of ten c-type hemes, Table 1. Nor could we 
identify elution of any additional species with mass in the range 30–90 
kDa. We consider the most likely origin of Peak 3 is MtrC having 10 c- 
types hemes and an additional post-translational modification of 552 
Da, noting that the our mass measurement are reproducible ±1 Da. 

Having established an LC-MS method for separation of DDM and Mtr 
proteins of S. baltica OS185, an equivalent method was applied to 
MtrCAB purified from S. oneidensis MR-1, Fig. S5. Elution of DDM was 
again by a methanol gradient prior to resolved elution of the three Mtr 
proteins by acetonitrile gradient. Comparison of the predicted and 
observed intact masses, Table 1, allowed assignment of Peak 1 to MtrA 
and Peak 2 to MtrB. The protein eluted in Peak 3 is proposed to be MtrC 
with 10 c-types hemes and an additional post-translational modification 
of 560 Da. Inspection of the LC-MS data failed to detect the presence of 

(caption on next column) 

Fig. 2. LC-MS of the membrane-associated MtrCAB complex from S. baltica 
OS185. A) Composition of the mobile phase: methanol (dashed black line) and 
acetonitrile (solid black line). B) Normalized LC chromatogram for absorbance 
at 280 nm (solid black line) and the base peak chromatogram using charge 
peaks, m/z: 511.31 (green circles) and 1021.62 (dashed black line) for DDM 
detergent. C) Mass spectrum of DDM (taken from LC elution at 4.3–4.4 min) 
recorded under optimized conditions for protein ion transmission rather than 
small molecules. Singly charged DDM + H monomer (green arrow, m/z: 
511.31) and singly charged (DDM)2 + H dimer (black arrow, m/z 1021.61). D) 
Deconvoluted mass spectra for MtrA (1. blue), MtrB (2. light pink) and MtrC (3. 
red) where the numbers correspond to the peaks labelled in the chromatogram 
of panel B. (For interpretation of the references to colour in this figure legend, 
the reader is referred to the web version of this article.) 
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proteins other than those described here. 
In closing this section we note that our initial attempts to provide 

intact mass values for the Mtr proteins of S. oneidensis MR-1 employed 
LC-MS with the ProSwift RP-1S column to study samples that had been 
pre-treated through acetone precipitation. The hope was to remove 
detergent and other solutes in the liquid phase prior to resolubilizing the 
denatured proteins for LC-MS. Elution used an acetonitrile gradient, 
Fig. S6A, typical of that used for LC-MS of soluble proteins. The resulting 
chromatogram, Fig. S6B, showed a single peak that could be attributed 
to an Mtr protein. That protein had an intact mass of 38,592 Da, 
Fig. S6C–D, such that it was attributed to MtrA. We concluded that the 
MtrB and MtrC proteins were being lost during the pre-treatment and 
developed the LC-MS method presented here in response to those 
findings. 

3.2. LC-MS/MS of trypsin-digested MtrA, MtrB and MtrC 

Evidence for post-translational modification of the Mtr proteins was 
sought from LC-MS/MS of the trypsin digested MtrCAB complexes. The 
mass spectrometry proteomics results are presented in the Proteo-
meXchange Consortium via the Proteomics IDEntifications (PRIDE) 
partner repository with dataset identifier PXD044260 and https://doi.or 
g/10.6019/PXD044260 for both S. baltica OS185 and S. oneidensis MR-1. 

For S. baltica OS185, peptide fragments corresponding to MtrA (64 % 
coverage), MtrB (94 % coverage) and MtrC (74 % coverage) were 
observed. For S. oneidensis MR-1, peptide fragments corresponding to 
MtrA (63 % coverage), MtrB (94 % coverage) and MtrC (87 % coverage) 
were observed. The lower coverage noted for the MtrA and MtrC pro-
teins when compared to MtrB was largely due to the absence of frag-
ments associated with peptides containing the CxxCH c-type heme 
binding motifs. None of the MtrC peptides that were detected provided 
evidence for post-translational modification(s) revealed by the intact 
mass analysis. In this context it was significant that the N-terminal 
cysteine (either with or without modification) was not detected in the N- 
terminal MtrC peptides from either Shewanella species. Thus, mass 
analysis of fragments from trypsin digestion is consistent with post- 
translational modification(s) of the N-terminal region of both Shewa-
nella MtrC proteins but unable to provide greater insight into the nature 
or location of the modification(s). 

3.3. LC-MS of N-terminally engineered S. oneidensis MR-1 MtrC 

Previous work found the N-terminal residue of S. oneidensis MR-1 

MtrC could not be identified by N-terminal sequencing methods 
[41,42]. In addition, S. oneidensis MR-1 grown anaerobically in the 
presence of the radiolabelled lipidic fatty acid 3H-palmitoleic acid 
(16:1ω7) incorporated that radiolabel into MtrC [14]. Both observations 
are consistent with MtrC being lipidated at the N-terminal cysteine 
residue following processing by Signal Peptidase II. As a test of this 
hypothesis, we produced an engineered form of MtrC from S. oneidensis 
MR-1. In the gene for that protein [25], the lipoprotein signal peptide of 
MtrC was replaced with the secretory signal peptide of MtrB from the 
same organism and a C-terminal Strep II tag was introduced to facilitate 
purification. The DNA, and consequently the amino acid sequences 
Fig. S7A, of the engineered mature and genomic mature MtrC proteins 
are identical aside from the terminal modifications. 

The engineered mtrC gene when included in a pBAD202D/TOPO 
vector and expressed in S. oneidensis MR-1 produced a soluble form of 
MtrC that was released to the spent media [25,28]. LC-MS, Fig. S7B, C, 
revealed the intact mass of the engineered MtrC protein to be 76,253 Da, 
in excellent agreement with the value of 76,252 Da predicted for the 
mature peptide having ten-covalently bound hemes and no further post- 
translational modification. This result is consistent with the +560 Da 
modification of genomically encoded MtrC of S. oneidensis MR-1 iden-
tified in this work arising from post-translational modification of the 
lipoprotein signal peptide. 

3.4. Proposal for post-translational modification of the genomically 
encoded MtrC proteins of S. oneidensis MR-1 and S. baltica OS185 

The post-translational modification of the MtrC proteins identified in 
this work is most reasonably assigned to lipidation of the N-terminal 
cysteine residue in accord with the proposals of previous researchers 
[14,41,42]. The biosynthetic pathway for lipoproteins in Gram-negative 
bacteria is well-described [40] and summarised in Fig. S8. For 
S. oneidensis MR-1 and S. baltica OS185 both diacyl and triacyl lipo-
proteins are feasible as the relevant enzymes are encoded in the corre-
sponding genomes: Lgt as the product of SO_1334 and Shew185_1231; 
LspA as the product of SO_3531 and Shew185_1122; Lnt as the product 
of SO1177 and Shew185_3307 (for MR-1 and OS185 respectively). The 
acyl chains of glycophospholipids typically range from 14 to 24 carbons 
in length. Assuming lipidation by C14 chains, the minimum mass in-
crease associated with diacylation is 495 Da and for triacylation is 706 
Da. On this basis we conclude that the MtrC proteins are diacylated li-
poproteins. For context, a mass increase of 547 Da would result from 
diacylation by palmitoleic acid, a C16 chain with a single unsaturated 
bond, previously shown to lipidate MtrC of S. oneidensis MR-1 [14]. 

AlphaFold [43] was used to investigate the possible arrangement of 
N-terminal MtrC residues in the S. baltica OS185 MtrCAB complex. For 
the residues resolved previously [11] by X-ray crystallography, Fig. 1, 
there was excellent agreement with the structure predicted by Alpha-
Fold, Fig. S9. For the 19 N-terminal MtrC residues not seen in the crystal 
structure, AlphaFold does not predict secondary structure or interaction 
with the crystallographically defined proteins. Those predictions are 
consistent with an N-terminal peptide that is disordered in the protein 
crystals and consequently not detected by X-ray diffraction. It is of in-
terest that AlphaFold predicts the 19 N-terminal residues of MtrC are 
directed towards the outer membrane such that the sulfur of the lipi-
dated Cys could sit within approximately 6 Å of that bilayer, Fig. S9. 
That distance would allow the corresponding lipid to embed in the outer 
membrane and serve as a membrane anchor. 

MtrC proteins of several Shewanella species are predicted to be li-
poproteins based on their signal sequence, see for example Fig. S1C. 
Such lipidation may facilitate formation of the MtrCAB complex by 
ensuring the secreted MtrC proteins are retained at the cell surface to 
bind with the outer membrane embedded MtrAB heterodimer. However, 
lipidation can also impact the stability and activity of proteins by 
modulating the protein-membrane interaction in response to change of 
membrane composition and/or rigidity. Further experiments, beyond 

Table 1 
Intact mass values for the Mtr proteins.    

Mass/Da 

Protein  S. baltica OS185 S. oneidensis MR-1 

MtrA Observeda  38,572  38,576c 

Predictedb  38,570  38,574 
Difference  +2  +2 

MtrB Observeda  75,050  75,478 
Predictedb  75,052  75,479 
Difference  − 2  − 1 

MtrC Observeda  72,364  75,531 
Predictedb  71,812  74,971 
Difference  +552  +560  

a MtrA, MtrB and MtrC correspond to Peaks 1 to 3 respectively in Fig. 2B for 
S. baltica OS185 and in Fig. S5B for S. oneidensis MR-1. Values ± 1 Da from 3 
measurements. 

b The predicted masses for: MtrA proteins take residue 35 as the N-terminus 
and include 10 covalently bound c-type hemes; MtrB proteins take residue 22 as 
the N-terminus; MtrC proteins take residue 25 as the N-terminus and include 10 
covalently bound c-type hemes. 

c The main peak for MtrA is at 38,592 Da but is an oxygen adduct, the first 
peak without oxygen is at 38,576 Da, see Fig. S5D. 
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the scope of this contribution, will be needed to distinguish which of 
these possibilities provides the primary driver for lipidation of MtrC. 

4. Conclusions 

An LC-MS protocol is presented that allows complete separation of 
DDM detergent from proteins of the MtrCAB integral membrane com-
plex from Shewanella bacteria. The protocol allows for subsequent 
chromatographic resolution of MtrA, MtrB and MtrC and measurement 
of their intact mass by positive mode ESI. The MtrC, but not the MtrA 
and MtrB, proteins are revealed to be diacyl lipoproteins. We envisage 
the LC-MS protocol described herein could be readily optimized to allow 
accurate mass resolution of many other membrane proteins solubilized 
in DDM detergent. In this way information on the post-translational 
modification(s) of membrane proteins may be revealed more readily 
by LC-MS than other techniques. 
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