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INTRODUCTION 

Over the last two decades, perchlorate (ClO4
-) 

and chlorate (ClO3
-), collectively known as (per)

chlorate, have become universally recognized 
because of the environmental prevalence of 
these exotic ions. Interestingly, many bacteria 
utilize (per)chlorate as a terminal electron 

acceptor during anaerobic growth. Additionally, 
this microbial respiratory pathway exists in 
organisms that also respire oxygen and nitrate. 
While the main proteins involved in this 
metabolism have been characterized, many 
auxiliary proteins, such as transcriptional 
regulators, chaperones, and post-translational 
modifiers, potentially remain to be identified. In 
this study, we perform large-scale quantitative 
proteomics measurements of stable isotope-
labelled proteomes of the model (per)chlorate 
reducer, Azospira suillum PS, grown in the 
presence of the electron acceptors oxygen, 
nitrate, chlorate, and perchlorate. 
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Figure 1. (Per)chlorate reduction starts with electron transfer 

from a quinone pool to dehydrogenase PcrQ. Next, PcrQ passes 
an electron to a heme-containing electron transport protein 

PcrO, which passes the electron to a tetraheme cytochrome c 
PcrC. Finally, PcrC donates the electron to the perchlorate re-

ductase catalytic subunit PcrA, via the iron-sulfur cluster pro-
tein PcrB. The perchlorate reductase is now activated, and per-

chlorate thus reduced to chlorite. Nitrate is reduced to nitrite 
by the periplasmic nitrate reductase system. In the same way , 

electrons from a quinone pool are transferred to the dehydro-
genase NapO, which passes an electron to the cytochrome c 

NapC. Next, the electron is passed to the periplasmic nitrate 
reductase large subunit NapA, via the periplasmic nitrate re-

ductase small subunit NapB; the activated nitrate reductase 
then catalyzes the reduction of nitrate to nitrite. The perchlo-

rate reductase PcrA/B also reduces nitrate to nitrite. Oxygen is 

converted into water by complex IV after electrons are trans-
ferred from a quinone pool to complex III, and from complex 

III to complex IV via a cytochrome c.  

METHODS 

Sample preparation 

Azospira suillum PS was grown on LMM media in the presence 
of electron acceptors with L-lysine substituted with 13C6

15N2 L-

Lysine and L-arginine with 13C6
15N4 L-Arginine for the SILAC 

experiment shown in Figure 2. A label-free equivalent, without 

label incorporation and shown in Figure 2 as well, was 
performed in parallel. Amounts were determined with a BCA 

Protein Assay Kit. Next, cells were harvested, lysed in the 
presence of Rapigest, reduced/alkylated and trypsin digested.  
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RESULTS 

Incorporation exogenous SILAC labeled amino acids 

The results shown in Figure 3 demonstrate the detection and 
identification of SILAC labeled peptide pairs, utilizing accurate 

mass, and chromatographic and ionic gas phase drift profiles 
for scoring. In this instance, an interfering ion was resolved by 

ion mobility, providing better qualitative and quantitative 
precision. 

 
Incorporation of exogenous lysine and arginine by Azospira 

suillum PS under the growth condition(s) being evaluated was 
limited, evidenced by the small number of proteins 

incorporating a SILAC label detected and the unexpected ratio 

distribution, as shown by the results presented in Figure 4, 
under the growth conditions studied.  

CONCLUSION 

 Stable isotope-labeled peptide ions were confidently 

detected amongst a complex background of 

abundant, unlabeled peptide ions  

 Incorporation of exogenous amino acids by Azospira 

suillum PS was found to be limited under the growth 
condition(s) being evaluated 

 Label-free LC-IM-DIA-MS identified protein and 

peptide differentiation for Azospira suillum PS grown 

in the absence/presence of the electron acceptors 

 This analysis corroborated previously published 

genetic and transcriptional data of genes required for 
growth of Azospira suillum PS under nitrate and 

perchlorate conditions 

Figure 2. Experimental designs and workflow for SILAC (top) 

and label-free (bottom) LC-IM-DIA-MS analysis of electron ac-
ceptor stressed Azospira suillum PS. 
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Figure 4. SILAC protein raw abundance ratio index values 

(grey = ClO4
– and blue = NO3

– growth conditions) and inset 
number of detected and quantifiable labeled and unlabeled 

proteins (green = O2 and blue = NO3
– or SILAC labeled).  

 

Electron acceptor stress 

 

LC-MS conditions 

Nanoscale LC separation of tryptic peptides was conducted 

with a trap column configuration using an M-class system and 
a 90 min gradient from 5-40% ACN (0.1% FA) at 300 nl/min 

using a BEH 1.7 µm C18 reversed phase 75 µm x 20 cm nano-
scale LC column. MS data were acquired in ion mobility en-

abled data independent analysis mode (LC-IM-DIA-MS) using a 
Synapt G2-Si instrument.  

 
Informatics 

The LC-MS peptide data were aligned, peak detected and 
searched with Progenesis QI for proteomics using gene trans-

lated protein sequence databases. Quantitative analysis of the 
peptides and protein grouping was conducted with Proteo-

labels. 

Figure 3. Detection of a SILAC pair in 2D and 3D modes (top) 

and identification and quantitation of the pair (bottom). 
 

The detected proteins incorporating a label, elongation factor, 
GroEL, tyrosyl-t-RNA synthetase, are highly expressed with 

fast turn around time. Moreover, Dsui_1460, known to be re-
quired for nitrate reduction, is clearly upregulated, as well 

as Dsui_2519 under all anaerobic conditions, suggesting stress 
responses due to growth conditions. 
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Figure 5. Label-free global PCA/group LC-IM-DIA-MS analysis 

with protein distribution profiles (top) and single protein analy-
sis with peptide distribution profiles and example IM-DIA iden-

tification for Dsui_0508 (bottom). 

Principal component analysis (PCA) of the label-free LC-IM-DIA

-MS data, total abundance normalized, excluding outliers, 
shows clear separation of the four conditions, as highlighted by 

the results shown in the top pane of Figure 5, with the samples 
grown in the presence of chlorate, and perchlorate clustering 

closets. Highlighted are a group of proteins that are abundant 
in nitrate (N) and reduced in concentration in oxygen (O), 

chlorate (C) and perchlorate (P). Details for one of the proteins 
are shown in the lower three panes of Figure 5. 

 
Validation/perchlorate-reducing conditions 

The results shown in Figure 6 highlight the label free quantita-
tion of a number of proteins that are known to be up-

expressed under perchlorate-reducing conditions2. The re-
ported regulation values are in all instances in agreement with 

expectation. 

ClO4
-O2 NO3

- ClO3
-

LC-IM-DIA-MS LC-IM-DIA-MS LC-IM-DIA-MS LC-IM-DIA-MS

ClO4
-O2

LC-IM-DIA-MS LC-IM-DIA-MS

NO3
-O2

O2/ClO4
- O2/NO3

-

Figure 7. Magnitude and 

significance for  
Dsui_0508 (periplasmic 

nitrate reductase_ large 
subunit), Dsui_1176 

(periplasmic nitrate (or 
nitrite) reductase c-type 

cytochrome_ NapC/NirT 
family, Dsui_2076 

(Cytochrome c_ mono- 
and diheme variants0, 

and Dsui_3110 Nitric 
oxide reductase large 

subunit under nitrate 
respiration. 

Nitrate respiration 

Example proteins identified under nitrate respiration conditions 

using label free LC-IM-DIA-MS are highlighted in Figures 7 and 
8. Figure 7 represent a Volcano style representation highlight-

ing four proteins for which trend plots are shown in Figure 8. 
 

Figure 6. Previously reported Azospira suillum PS proteins in-

volved in perchlorate respiration upregulated under perchlo-
rate reducing condition sand identified and quantified in this 

study. 
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Figure 8. Combined normalized expression profiles (left) and 

normalized abundances (right) for Dsui_0508,  Dsui_3110, 
Dsui_1176, and Dsui_2076 under nitrate respiration 

conditions.  
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