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ABSTRACT OF THE DISSERTATION 

 

Probing post-translational modifications in environmentally impactful bacteria  

using mass spectrometry 

 

by 

 

John Muroski 

Doctor of Philosophy in Biochemistry, Molecular, and Structural Biology 

University of California, Los Angeles, 2021 

Professor Joseph Ambrose Loo, Chair 

 

Microbes are found in all corners of the globe, and demonstrate extreme diversity in the roles 

they play within their niches. Syntrophic bacteria are a group of anaerobic microbes that break 

down fatty and aromatic acids, a process that forces them to survive at the edges of 

thermodynamic feasibility. Both the energetically limited state they exist, in combination with 

the large abundance of reactive acyl-CoA species present as metabolic intermediates, suggest a 

possibility of widespread lysine acylation, a common class of post-translational modification. 

We hypothesized that reactive acyl-CoA species would modify lysine residue with the 

corresponding acyl-lysine modification. Mass spectrometry was used to identify a wide array of 

lysine acylations in two species of bacteria, Syntrophus aciditrophicus and Syntrophomonas 

wolfei. As overly broad analysis could result in misidentifications, we identified diagnostic ion 

markers and developed methods utilizing these markers for detecting acyl-lysine modifications 

that could confidently identify even previously unknown modifications. Shotgun proteomics 
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identified seven acylations in S. aciditrophicus, including those previously unidentified in the 

bacterial domain. Modifications identified were correlated with acyl-CoA intermediates in the 

cells. Acylations were enriched in pathways associated with aromatic acid degradation pathways. 

Mass spectrometry data acquired for the S. wolfei system revealed the same trends and suggested 

that lysine acylations changed quantitatively under different growth conditions. Together, the 

data support the “carbon stress” model of lysine acylation, whereby a buildup of reactive acyl-

CoA species will non-enzymatically modify lysine residue in response to cellular conditions. The 

data also lays out a roadmap for future studies to determine the role these acylations play in 

regulating syntrophic cell metabolism.  
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Chapter 1 

Overview: Topics of Key Importance 
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1.1 Mass spectrometry-based proteomics 

     The field of biology is incoherent without an understanding of proteins. The final product of 

molecular biologist’s “central dogma”, these macromolecules are often the genotype’s effectors 

that produce a given phenotype. While critically important, analyzing proteins at the systems 

level has proven to be much more difficult than profiling other nucleic acid based biological 

macromolecules like DNA and RNA. Whereas DNA and RNA are each only composed of four 

different types of monomeric units, proteins in most species are composed of 20, greatly 

increasing the complexity of the analysis. Each type of nucleic acid base differs only by the 

presence of few hydrogen donors or acceptors that allow for distinction. By comparison, the 20 

amino acids differ rather significantly by chemical property; some are acidic, some basic, some 

are polar, others hydrophobic, and many differ in reactivity under different conditions. This 

variety once again adds to the challenges of developing a universal technique that can determine 

the identity and sequence of proteins at the systems level. Compounding the challenge of 

complexity is that unlike nucleic acids, the production of protein is not “semi-conserved”. That is 

to say, one protein molecule cannot be used as a template to produce others. As such, protein 

molecules must be directly measured in some way to understand sequence, identity, and 

quantitative information creating a complete divergence from the tools and techniques 

commonly used in other areas of the study of biological macromolecules.  

     The primary tool used to study proteomics and often proteins more generally is mass 

spectrometry (MS). MS is a tool that chemists can use to measure the mass-to-charge ratio (m/z) 

of analytes, and from this are able to determine the mass of the molecule. This feature in and of 

itself has proven a powerful tool, as since the discovery of electrospray ionization (ESI) and 

matrix assisted laser desorption ionization (MALDI) it has been possible to detect entire proteins 
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using these ionization methods and take measurements that can identify chemical properties of 

the molecules (1, 2). However, given the complexity of biological systems, like whole-cell 

lysates, this feature is not be enough. Tandem mass spectrometry (MS/MS) is required to truly 

understand peptide composition. Critically, emerging at the time, was an understanding of 

collision-induced dissociation (CID) of peptides (3), which allowed for the possibility to study 

complex proteomic milieus through direct measurements of the peptides. Briefly, upon induction 

of CID using inert gas, the peptide bonds break, typically at very specific junctures along the 

protein backbone (3). When the peptides are fragmented a single time, this results in a pattern of 

ions that can be identified as differing by a single amino acid residue within each “mass shift” in 

the spectra. While other mechanisms of fragmentation have been developed in the decades since 

(4–6), the general concept of using mass shifts to identify the sequence and identity of proteins 

and peptides has remained. When coupled with a separation technique, most commonly liquid 

chromatography, entire proteomes can be analyzed, demonstrating great power with respect to 

understanding the mechanisms of underlying processes and disease states (7).    

     While development on the instrumentation side was critical to allow for the analysis of 

protein and peptides, the next hurdle that needed to be overcome to run a complete proteomics 

experiment was on the analysis side, considering a single LC-MS/MS can easily generate on the 

order of 10,000 tandem MS spectra. Even a brilliant mass spectrometrist who can sequence a 

fragment spectrum at a pace of 2 minutes per spectra would require near 14 sleepless nights 

straight to analyze a single one hour run. On this front, the first software to help this analysis was 

a tool known as SEQUEST (8). To tackle this issue, the algorithm developed would use a known 

genomic database and utilize theoretical sequences of peptides generated by a protease (8). Upon 

generation of the theoretical peptides, computed spectra would then be generated from these 
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peptides using known patterns in fragmentation previously identified and the overlap of 

theoretical and experimentally measured fragments were compared to one another (8). Since this 

progenitor, many alternative algorithms have been developed using the same approach of 

database searching to address limitations of data size (9–11). In more recent years, the challenges 

of peptide spectral interpretation have moved away from identifying standard peptides resulting 

directly from standard mRNA translation, and more towards identifying non-canonical peptides, 

or those peptides that have a modification or deviation from the genomic template. Open search 

strategies have led the way in this arena (12, 13). Algorithms like those utilized in MSFragger 

take a very different approach to identifying sequence and modification from spectra. Rather 

than using simple peak matching strategies with sequence databases, MSFragger decomposes 

fragment spectra to their individual fragments and groups spectra by similarities across spectra 

(14). From this categorization, similar peptides with an unspecified mass shift can be identified, 

thus allowing a posteriori assignment of modifications based on mass shift. From this type of 

analysis, we can begin to uncover what the Nesvizhskii group and others have coined as the 

“dark matter” of the proteome, that is proteinaceous components that are present in systems but 

remain unidentified due to a lack of knowledge of them or limitations in searching capabilities 

(14, 15). Only through careful deliberation, consideration of incorrect assignments, and chemical 

and biological understanding, can this “dark matter” be identified and elucidated, as overly 

simplistic assignment strategies may provide easy yet incorrect answers. To do less would be 

anathema to the scientific method and the field of proteomics.   

      While the field continues to expand rapidly in a variety of different areas, and methods 

further expand to help address specific questions, these tools have combined to form the basis for 

mass spectrometry-based proteomic analysis.  
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1.2 Post-translational modifications: Acylation 

     Proteins play critical functional roles in the cell.  Beyond the 20 canonical amino acids 

encoded by the genome, and two non-canonical residues present in some microbial systems, 

proteins can be further modified to fulfill their functional role or in response to changing 

environmental conditions.  These post-translational modifications (PTMs) occur directly to 

proteins and are categorized into different groups based on their physicochemical properties, 

which may differ drastically. Phosphorylation and methylation for instance involve placement of 

a single small moiety on an amino acid side chain, which may alter protein function, and are thus 

typically enzymatically controlled. Similar to these are PTMs generated by spontaneous 

reactions, such as oxidation, amidation, or deamidation which may also slightly alter the 

composition of an amino acid side chain but do so often as a function of time in physiological 

conditions. Glycosylation is much more complex, as it involves the addition of sugars, very often 

long and complex chains of sugars, that are heterogenous in nature (16). Still other PTMs, like 

isoapartate formation, don’t involve a change in the chemical composition of a protein, rather 

simply the isomerization of a single residue (17). PTMs can also involve the binding of multiple 

protein together via a cross-link, and may be multiple homologs bound together, or involve an 

entirely unique class of proteins that bind, à la ubiquitylation.   

     Different classes of PTMs often have generalizable functions for the role they play in a cell. 

Phosphorylation often plays a role in cell signaling, a process that is conserved from both 

bacterial to mammalian systems and can be involved in signals as simple as bacterial motility 

(18) to inter-tissue signaling at the level of an organism (19). Lipidation is often seen as a 

necessary PTM for the proper localization of protein that must bind to a membranous region of 



6 
 

the cell or membrane compartment. A variety of protein cross-links may occur through a variety 

of chemical means that are necessary for the structural stability of protein superstructures; from 

collagen or elastin in humans, to the pilin formation in microbes (20, 21). Ubiquitylation tends to 

signal to other protein that a protein is marked for degradation (22). These modifications all play 

integral roles within the cell, and therefore maintain various mechanisms of regulation. 

     Physicochemical differences also mean that different techniques are used to characterize 

classes of modifications and must be optimized. While mass spectrometry remains the gold 

standard of PTM analysis, the ways in which samples are prepared for MS analysis can be very 

different. The negatively charged phosphorylation moieties can bind to metal stationary phases, 

such as titanium oxide, to identify and enrich these PTMs (23). Glycans, despite their extreme 

heterogeneity, can be bound to lectins for enrichment thereby allowing for specific analysis (16). 

Ubiquitylation, while being defined as the addition of an entire protein, can be identified by a 

distinct di-glycine addition to the ε-amino group of lysine that is left after the digest of the 

protein complex by trypsin protease (24). Many of the modifications and classes of modifications 

that exist have specific robust methods of identification and characterization. 

     Acylation is a common class of PTM that has been neglected thus far, as it tends to buck 

many of the trends and generalizations that can be made about other classes of PTMs. Acyl 

modifications may exist in a variety of different subclasses. Chain length and composition may 

vary greatly, allowing for much longer and more complex modifications (beyond acetylation) of 

crotonylation, succinylation, and 3-hydroxy-3-methyl-glutarylation among many others (25, 26). 

Recently, the addition of an aromatic moiety has been identified in the form of a benzoyl 

modification on histone side chains (27). Aside from the propensity of acylating primary amines, 

like N-termini and lysine side chains, and to a lesser extent cysteine thioesterification, there is 
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little obvious overlap in these modifications structure that can be exploited. Individual acyl 

groups may have antibodies generated to enrich for them (28), but antibodies may be prone to 

sequence biases or cross-reactivity. In terms of cellular function, there is not a universal role that 

can be determined. Modification of histone tails by acyl groups has been demonstrated to 

modulate gene expression (29). However, binding to enzymatic proteins has also shown that 

these modifications have the ability to inhibit as well as activate enzyme activity (30–33). While 

most other complex PTMs mentioned have very tightly regulated and enzyme mediated paths to 

modification, acylations do have enzymes that modify proteins (34), but also have the ability to 

occur spontaneously (25). The presence of any number of reactive acyl-CoA species (RACS) 

may react with and subsequently covalently modify lysine side chains under physiological 

conditions (25, 35). In the bacterial domain this phenomenon has also been identified with the 

highly reactive acetylphosphate metabolite (36, 37).  This lack of specificity to which protein can 

be modified, and great diversity of acyl groups already identified in biological systems, means 

there is great importance for the comprehensive surveying of acyl modifications.  

 

1.3 Diagnostic ions 

     At the nexus of mass spectrometry and PTM analysis is the important concept of diagnostic 

ions. While mass shifts occurring in mass spectra are historically used to sequence peptides, this 

single identifier alone may have ambiguity, particularly as complexity increases (38, 39). Many 

factors may contribute to the ambiguity, but often incomplete or “chimeric” spectra, that is a 

spectra containing fragments from two coeluting peptides, can result in incorrect assignments, as 

can isobaric or isomeric analytes under investigation (39–41). The inclusion of PTMs, including 

those yet unidentified, increases the theoretical search space used to identify peptide identity, 
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exacerbating the issue. To overcome this limitation, diagnostic ions, that is fragment ions 

specific to a particular feature of a precursor ion that can be used to “diagnose” its presence, can 

be incorporated into identification-based analysis when appropriate. While often overlooked by 

standard algorithms in the MS-proteomics field, they can provide substantial information to 

validate otherwise ambiguous spectra.  

     Early investigations into the fragmentation of peptides identified that standard CID 

fragmentation methods produced a significant portion of low-mass ions that were associated with 

amino acids in the peptide themselves (42). Many of the low mass ions generated by 

fragmentation methods utilizing collisional activation are part of the class of ions known as 

immonium ions (43), the abundance of which vary depending on the amino acid (42). Some 

residues may also have other low mass ions that present themselves in high abundance; for 

instance while the immonium ion of a lysine residue (m/z 101) is rarely in high abundance, it has 

derivatives that tend to be in high abundance at 84 and 129 (42, 44). Though this type of analysis 

on canonical amino acids may not seem as important as it does not convey sequence information 

as readily or clearly as sequencing larger ion fragments will, it quickly found a purpose in 

helping to distinguish leucine residue from its isomer,  isoleucine, a feature first reported by 

Biemann (45), but not incorporated into common distinct workflows subsequently afterwards 

(46). While this feature of a peptide or protein could be applied with some confidence using a 

genomic database, PTMs are not hardwired into the genomic code, therefore making these types 

of low-mass ions critical for confident assignment.  

     Therefore, just as each amino acid has its own set of diagnostic ions, so too does every 

modified amino acid residue have ions that may allow for unique distinction (47, 48). However, 

given the challenges of identifying certain classes of PTMs, due to either the ambiguity of the 
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modification or the complexity of the class, three stand out as key examples of why diagnostic 

ions are a necessary feature of MS based PTM analysis; methylation, acylation, and 

glycosylation.  

     Methylation is a challenge to identify as a modification because it is simply the addition of 

one or more methyl groups to an amino acid side chain. This means that peptides may easily end 

up being isomeric with peptides that simply have different sequences, making the distinction 

nearly impossible with sub-optimal MS fragmentation. Compounding this issue, lower resolution 

instruments may have difficulty distinguishing between lysine trimethylation (+42.0470) and 

acetylation (+42.0106), which is a particular problem for epigenetics in which both modifications 

are potentially present on identical residues under different conditions (49). To overcome these 

issues, low-mass ions have become critical to validate the presence of methylation. With the 

addition of methyl group(s) on the lysine side chains, immonium ions have been used to help add 

confidence to the presence of a modification (50, 51). Monomethyl-lysine also have the 

diagnostic marker present resulting from the cyclization of the lysine immonium ion at m/z 

98.0964, a feature that, critically, neither di- or trimethylation had (51). While trimethylation has 

an immonium at m/z 143.1543 that could be used for distinction, it also has the added benefit of a 

59.0735 Da neutral loss (51) that can be used to assemble the final piece of the methylated lysine 

puzzle. Methylated arginine is a bit more complicated overall. While there are no diagnostic 

markers for monomethylated arginine, there are two for dimethylated arginine that are dependent 

on structural elements of the modification. The guanidinium group at the head of an arginine side 

chain means that there are two amine groups that can potentially be modified either once or 

twice. In a case where the arginine head is dimethylated symmetrically, that is one on each 
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amine, they will produce a diagnostic dimethyl-carbodiimidium ion at m/z 71.0604 (52). 

Asymmetric dimethylation will produce a dimethylammonium ion at m/z 46.0651 (52). 

     The study of lysine acylation has also found utility in the use of diagnostic ions. As 

mentioned, both trimethyl-lysine and acetyl-lysine are isobaric modifications and may be 

difficult or impossible to distinguish with low resolution mass spectrometers. To confidently 

identify acetyl-lysine ions, the cyclized immonium ion (m/z 126.0913) can be utilized as it is not 

only a more specific marker than its immonium ion at m/z 143.1179 (53); because trimethyl-

lysine immonium ion cannot cyclize by the same mechanism, it does not result in an ion at the 

same nominal mass of a spectra (51), allowing for clear distinction. Additionally, the cyclized 

immonium ion acts as a potential marker for acyl modifications beyond the use of characterizing 

histone acetylation. Because acetylation is robust in cellular proteins, attempts have been made 

to use the ion quantitatively to understand stoichiometry of acetylation within compartments of 

the cell (54), highlighting ways in which this particular ion may extend beyond simple 

identification. However, while the acetyl-lysine immonium ion has become well characterized, 

the expansion of acyl-lysine modifications identified has forced consideration of this ion in 

modifications beyond acetylation. Recently, work was done to identify potential diagnostic ions 

in a number of different modifications through empirical analysis of peptide spectra (55). Using 

this analysis, ions specific to several types of acyl-lysine modifications were identified. All of the 

ions specific to these modifications corresponded to the cyclized immonium ion, as did 

acetylation (55). While this background covers what has been does previously, Chapter 2 will 

discuss new work that has been done elucidating the properties and uses of additional acyl 

immonium ions (56).  
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     The identification of glycans is largely possible with the assistance of their oxonium ions that 

can be used in a diagnostic capacity. Glycosylated peptides are notoriously difficult to analyze, 

owing in part to their propensity for glycosidic bond cleavage upon CID fragmentation, which 

leaves the peptide intact (16). To aid in the identification of peptides that are modified with 

sugars, oxonium ions were identified as reporters that can distinguish between hexoses, N-

acetylhexoseamines, and deoxyhexoses (57). Unlike most other classes of PTMs, glycans can 

form long oligomeric chains, the composition of which can vary in a heterogeneous population. 

The composition of complex oligosaccharide chains can also be distinguished by utilizing the 

profiles of diagnostic oxonium ions present (58, 59). Given the differences in profiles, as well as 

the complexity of modifications, there has been much consideration about how robustly these 

ions could be used to act as structural markers. Indeed, methods are being developed that 

incorporate these markers into analyses that identify glycopeptides both via optimization of 

instrument methods (60, 61) as well as targeted data interpretation (62, 63).  

     Ultimately, diagnostic ions play a critical role in mass spectrometry analysis. It can be used to 

distinguish isobaric or isomeric amino acids or PTMs. As the portfolio of modifications that are 

being reported increases, confidence in spectral identification becomes more challenging. In this 

way, diagnostic ions can act as confidence markers and can contribute greatly to PTM 

assignments in ways that may not be as necessary for peptides contain only more distinguishable 

amino acid components. While the analysis of most complex class of PTMs, such as glycans, 

utilizes diagnostic ions to a very large degree, incorporating them universally into analysis 

workflows may be an afterthought. For acylation in particular, the expanding number of 

modifications that exist, as well as the spontaneous nature in which acylation may occur, may 

make the incorporation of diagnostic ions a necessary or welcomed feature of their analysis.    
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1.4 Syntrophy in bacteria 

     Environmental bacteria play a critical role in bioremediation and the cycling of carbon around 

the globe (64–66). Fermenting microbes begin the process by breaking down larger 

macromolecules to their monomeric subunits, and ultimately to small molecules that are 

challenging to degrade. These molecules often include aromatic or fatty acids, as well as some 

amino acids (67). Syntrophs very often fill the role of degrading these small molecules to the 

more fundamental constituents of acetate, formate, hydrogen, and carbon dioxide (64). The 

products of syntrophs are then utilized by methanogens to generate methane that is released into 

the atmosphere.  

     Syntrophs, despite the critical role with which they play in this process, have not been as 

closely studied as the other groups of bacteria in this process. One of the primary reasons for this 

knowledge gap is the difficulty in which these microbes are to isolate in lab settings. Illustrative 

of this challenge is the discovery made of the once studied species of Methanobacillus 

omelinskii, an organism that was of interest due to its perceived ability to oxidize ethanol into 

methane (68, 69). In 1967, Bryant et al. demonstrated that this reaction was not carried out by a 

single species, but that the cultures of M. omelinskii were two separate but associated species that 

carried out two separate reactions but require the presence of the other organism to function (70). 

The reason for this is that one species, deemed the “S organism” oxidized ethanol in a reaction 

that on its own was endergonic, but when coupled with a methanogen would be driven forward 

(70). Thus, the concept of syntrophs, bacteria that associate by necessity to carry out 

energetically challenging reactions, began.  
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     In the decades that followed, a much more widespread characterization of syntrophic bacteria 

began. Other bacteria were identified that had the ability to oxidize ethanol in the presence of 

methanogens (71–73). Substrate oxidation was soon expanded beyond ethanol. Aromatic and 

fatty acids were later found to be frequently degraded in anaerobic conditions by species of 

syntrophic bacteria (74–77). The wide variety of substrates that these bacteria can break down, as 

well as the diversity of species involved in these processes leaves much room for understanding 

the mechanisms behind these processes. Investigation of these organisms is largely focused on 

energy production, as many of the reactions that are completed by the organism would, under 

standard state conditions, would require an input of energy into the system (67), making it 

difficult for these organisms to survive and reproduce. One of the unique mechanisms by which 

organisms can do this has been found in the syntrophic species Syntrophus aciditrophicus, 

whereby acetyl-CoA can be used to generate adenosine triphosphate (ATP) (78). This unique 

feature highlights not only the energy limited state of the cell, but the abundance and importance 

of acyl-CoA intermediates in these species. The oxidation of aromatic and aliphatic acids in 

bacteria typically requires the formation of a thioester with CoA, which scaffolds intermediates 

throughout the degradation process (79, 80). This produces a wide variety of RACS, which have 

the potential to act as regulatory elements in the bacterial proteomes. Despite the known function 

of some modifications (32, 81, 82) and the potential function for other modifications, few 

systems have been studied for the presence or role of these modifications. Technological 

limitations in how these systems are analyzed have played a role in the inability of many groups 

to take a comprehensive look at bacterial acyl-proteomes.  
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     While much of the work to follow will focus on digging deep into bacterial proteomes to fully 

understand acyl-modifications, this work will also highlight how systems can be studied at the 

community level. As demonstrated by the story of M. omelinskii, bacterial communities may 

have emergent properties that a single species in lab conditions cannot recapitulate. This 

anecdote, and the existence of syntrophic bacteria at large, highlight the necessity of 

understanding organisms, environments, and interactions at increasing scales to fully understand 

how complex biological processes occur. Increasingly the study of microbiomes at the 

community scale have been utilized to understand how environmental and medical processes 

occur (83–85). The expansion of tools and considerations in studying these systems may help to 

determine mechanisms underlying larger and more complex processes.      
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Table S1. Distribution of PSMs containing the m/z 101 immonium ion from acetylated BSA (27 NCE) and in 

Jurkat E6-1 cells (25 NCE) (Svinkina et al.)[33]  
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Figure S1. Percentage of total MS2 ion signal for m/z 126. A) Violin plots of the relative signal from m/z 126 

for acetylated and non-acetylated PSMs of acetyl-BSA. Vertical lines denote the 0.5% and 4.7% median 

percent intensity from non-acetyl and acetyl PSMs, respectively. B) Violin plots of the relative signal from 

m/z 126 for all PSMs in the Jurkat E6-1 cell dataset of Svinkina et al.[33] Vertical lines denote the 0.5% and 

2.2% medians for non-acetyl and acetyl PSMs, respectively. 
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Table S2. Distribution of PSMs containing 154 and 129 immonium ions in peptides from butyrylated BSA 
(27 NCE).  
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Figure S2. The 154 ion and [154]/[129] abundance ratios as markers for butyryl-lysine at 27 NCE. A) Violin 

plots of the [154]/[129] ion abundance ratio for all butyryl-BSA PSMs. Vertical lines denote the 0.3 and 

and 8.0 median ion abundance ratios for non-butyryl and butyryl PSMs, respectively. B) The abundance 

rank of m/z 154 relative to other product ions in each spectrum. Vertical lines denote the median ranks, 

13 and 2, for non-butyryl and butyryl PSMs, respectively. C) The percentage of total product ion signal 

from m/z 154. The vertical lines denote the median percent abundance, 1.4% and 12.2%, for non-butyryl 

and butyryl PSMs, respectively.  
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Figure S3. Abundance rank of the 154 ion depends on NCE setting. Violin plots of the 154 ion’s abundance 

rank in a spectrum for butyryl PSMs. Vertical lines denote the median rankings: 2 for fixed NCE= 27, 30, 

and 35 and 1 for stepped NCE= 27,40. No butyryl PSMs were identified at 40, 45, and 50 NCE.  
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Figure S4. Verified isomers of acyl-lysine marker ions. Proposed ions that are isobaric to the acyl-lysine 

immonium ions depicted in Figure 6. A) Pathway producing Ala-Val products isobaric with the acetyl-

lysine immonium ion. Not shown are Xle-Gly products that are also isobaric. B) Pathway producing Xle-Thr 

products isobaric with the crotonyl-lysine immonium ion. 
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Figure S5. Novel modification (3-hydroxypimelylation) on acetyl-CoA acetyltransferase in S. aciditrophicus 

with its diagnostic ion. MS/MS spectrum showing mass shift corresponding to 3-hydroxypimelylation and 

its low mass region enlarged to highlight immonium-related ions (colored in red). 
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Abstract 

     Syntrophus aciditrophicus is a model syntrophic bacterium that degrades fatty and aromatic acids into 

acetate, CO2, formate and H2 that are utilized by methanogens and other hydrogen-consuming 

microbes. The degradation of benzoate by S. aciditrophicus proceeds by a multi-step pathway that 

involves many reactive acyl-Coenzyme A species (RACS) as intermediates which can potentially result in 

Nε-acylation of lysine residues in proteins. Herein, we investigate post-translational modifications in the 

S. aciditrophicus proteome to identify and characterize a variety of acyl-lysine modifications that 

correspond to RACS present in the benzoate degradation pathway. Modification levels are sufficient to 

support post-translational modification analyses without antibody enrichment, enabling the study of a 

range of acylations located, presumably, on the most extensively acylated proteins. Seven types of acyl 

modifications were identified throughout the proteome, six of which correspond directly to RACS that 

are intermediates in the benzoate degradation pathway. Benzoate–degrading proteins are heavily 

represented among acylated proteins. The presence of functional deacylase enzymes in S. aciditrophicus 

indicates a potential regulatory system/mechanism by which these bacteria modulate acylation. 

Uniquely, Nε-acyl-lysine RACS are highly abundant in these syntrophic bacteria, raising the compelling 

possibility of enzyme modulation during benzoate degradation in this, and potentially, other syntrophic 

bacteria. Our results outline candidates to further study the impact of acylations within syntrophic 

systems. 
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Introduction 

     Syntrophic bacteria serve critical roles in bioremediation and carbon cycling in anaerobic 

environments (1–6). They degrade a broad range of aliphatic and aromatic acids to hydrogen, formate, 

CO2 and acetate in co-operation with hydrogen- and/or formate-consuming microbes such as the 

methanogenic archaea that generate methane (2, 3). Here, methanogens and/or other hydrogen- 

and/or formate-consuming partners are required to maintain low hydrogen and formate levels, such 

that syntrophic substrate degradation can occur spontaneously (4). This obligate partnership between 

different members of the microbial community exists because anaerobic degradation is 

thermodynamically unfavorable when hydrogen or formate levels are high (3, 5). Direct electron 

transfer between syntrophic microorganisms and their partner microorganisms is also possible (7).  

Importantly, the degradation of syntrophic substrates requires that multiple enzymatically catalyzed 

reactions be performed on many acyl-coenzyme A (CoA) intermediates. Even at low hydrogen and 

formate levels, the necessary acyl-CoA oxidations occurring during syntrophic metabolism are weakly 

exergonic with free-energy changes close to thermodynamic equilibrium (4). The energetic challenges of 

living at the edge of thermodynamic feasibility make syntrophic microbes interesting models for 

exploring energy conservation and metabolic regulation (6).       

     Syntrophus aciditrophicus is an anaerobic, Gram-negative bacterium that degrades fatty, aromatic 

and alicyclic (cyclohexane-1-carboxylate) acids to acetate, CO2, formate and hydrogen when grown in 

coculture with hydrogen- and/or formate-consuming partner microorganisms. S. aciditrophicus can 

grow in pure culture with crotonate or benzoate (8–10) and it can also use benzoate as an electron 

acceptor forming cyclohexane-1-carboxylate (11). Previous work has elucidated the pathway for 

crotonate, benzoate and cyclohexane-1-carboxylate metabolism (12–14) and found that S. 

aciditrophicus uses many of the same enzymes to degrade and to synthesize benzoate and cyclohexane 

carboxylate (10, 12).  
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     Due to the challenges of isolating, manipulating, and cultivating syntrophic microorganisms, 

questions still remain regarding the regulatory mechanisms involved in the important anaerobic process. 

The oxidation of benzoate and other substrates generates reduced cofactors (NADH and FADH2) that, if 

unregulated, could cause stress and cellular dysfunction (15). Intermediates of substrate metabolism 

may also stress cells. In S. aciditrophicus,  the various acid substrates are activated through their 

respective CoA derivative, which serves as a scaffold through subsequent conversions, until acetate, 

CO2, hydrogen and formate are released (6, 16). The intermediates of these pathways are a series of 

reactive acyl-CoA species (RACS), which have the potential to modify the nucleophilic side chain of lysine 

(17). Given the multiple stressors that S. aciditrophicus cells experience in carbon metabolism and that 

its enzymes can operate in either direction, depending on the substrate and environmental conditions 

(10, 12), it is suspected that previously undescribed pathway regulation is involved. The reversibility of 

syntrophic metabolism and its correspondingly low energy yields makes us consider that post-

translational modifications (PTMs), specifically acylations associated with RACS intermediates, may play 

a role modulating degradations and syntheses in the cell.  

      Identifying and characterizing PTMs is most often done using mass-spectrometry based protein 

analysis. At the systems-level, proteomics can capture PTMs occurring across all cellular proteins. 

However, a system that contains a wide range of acylations brings analytical complications, including 

potential sequence misidentifications due to isobaric or isomeric combinations (18, 19). Such 

ambiguities must be addressed to confidently ascribe sequences, modifications, and modified residues 

in our data. The increase in theoretical search space and scoring thresholds needed to satisfy false-

discovery rate cutoffs  in database searching are also a consideration for proteomes possessing a broad 

variety of acylations (20).   

     Here, we take a systems level approach to identify post-translational acylations in the S. 

aciditrophicus proteome associated with syntrophic benzoate metabolism. Without employing PTM-
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specific enrichment procedures, we have identified a wide range of acylations in S. aciditrophicus by 

targeting acyl-CoAs in our database searches that are known to be involved in fatty and aromatic acid 

degradation in this and other microbes (16, 21). The use of marker ions diagnostic of lysine acylation 

increased confidence in the identified post-translational modifications (22). We also identified acylations 

that are previously undocumented across the bacterial domain. An understanding of how these 

modifications are regulated is currently unknown, but we searched for proteins in the S. aciditrophicus 

genome that have promiscuous deacylase activity in bacterial systems, e.g., sirtuins (23, 24). To this end, 

we identified one functional sirtuin homolog with deacylase activity among the two present in the S. 

aciditrophicus genome.   

 

Experimental 

Media, Cultivation and Cell Harvesting 

     The pure cultures of Syntrophus aciditrophicus strain SB (DSM 26646) was grown in 500-ml Schott 

bottles with 250 ml of a basal medium (25) with 20 mM crotonate or with 10 mM crotonate plus 2 mM 

benzoate. S. aciditrophicus was grown in coculture with Methanospirillim hungatei JF1 (ATCC 27890) in 

2-liter Schott bottles with 1 L of Tanner’s mineral medium with 14 mM benzoate. Tanner’s mineral 

medium was used for large culture volumes to avoid chemical precipitants that form in large volumes of 

the basal medium. Tanner’s mineral medium (26) contained (per liter): 10 ml of Tanner’s minerals, 5 ml 

of Tanner’s metals, 10 ml of Tanner’s vitamins, 1 ml of 0.1% of resazurin, 3.75 g NaHCO3, and 20 ml of 

cysteine-sulfide (2.5 % each) solution (27).  The pH of both media was adjusted with NaOH and HCl to pH 

7.1 to 7.3. Anaerobic procedures of Balch and Wolfe (28) were used for the preparation of anaerobic 

medium and solutions and for the inoculation and sampling of cultures. The headspace was pressurized 

with N2 /CO2 gas mixture (80%:20% v/v) to 70 kilopascal and the cultures were incubated at 37°C without 

shaking.  
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     Cultures were grown to mid-log phase and harvested by centrifugation (8,000 x g for 20 minutes at 

4°C) under strict anaerobic conditions.  The cell pellet was washed twice by resuspending the pellet in 50 

mM anoxic potassium phosphate buffer (pH 7.5) and centrifuging as above. The final cell pellet was 

resuspended in the anoxic potassium phosphate buffer, transferred to cryovials and stored in -80°C (29). 

Culture manipulations were performed in an anaerobic Coy chamber and all centrifuge steps were done 

with sealed, anoxic, centrifuge tubes (28). 

 
2D-PAGE of S. aciditrophicus 

     2D-PAGE were performed and analyzed as described in the Supplemental Materials section by James 

et al (12).  

 

S. aciditrophicus Culture Peptide Preparation 

     The coculture of Syntrophus aciditrophicus S2A along with Methanospirillum hungatei JF1 was grown 

with benzoate as the substrate as previously described (12, 29). For sample workup, frozen cell pellets 

were resuspended in buffer containing 4.0% (v/v) ammonium lauryl sulfate (ALS), 0.1% sodium 

deoxycholate (w/v), 5 mM tris(2-carboxyethyl)phosphine (TCEP) and 100 mM ammonium bicarbonate. 

Peptides were then prepared via the enhanced filter-aided sample preparation (eFASP) method, similar 

to that described by Erde, et al. (30, 31). Briefly, after cell lysis the lysate was exchanged into a buffer 

consisting of 8M urea, 0.1% (w/v) sodium deoxycholate, and 0.1% (w/v) n-octyl glucoside using a 10kDa 

Microcon ultrafiltration unit (Millipore). Proteins were alkylated with 17 mM iodoacetamide for an hour 

at room temperature and were buffer exchanged into 0.1% (w/v) sodium deoxycholate, and 0.1% (w/v) 

n-octyl glucoside in 100mM ABC. Trypsin (1:100 w/w) was added and incubated overnight at 37°C. Ethyl 

acetate extraction was used to remove detergents, as previously described (30, 31). 
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     Resulting peptides were separated off-line via hydrophilic interaction chromatography (HILIC). Fifty 

μg of peptides (as assayed by Pierce™ Quantitative Fluorometric Peptide Assay) were deposited onto a 

BioPureSPN MACRO PolyHYDROXYETHYL A (The Nest Group) in 90% acetonitrile and 150 mM 

ammonium formate, pH 3. Peptides were eluted into six fractions with ammonium formate buffers 

sequentially decreasing stepwise in organic content: 80% acetonitrile, 78% acetonitrile, 74% acetonitrile, 

71% acetonitrile, 40% acetonitrile, and 35.5% acetonitrile. Fractions 1 and 6 were combined for analysis. 

No antibody affinity treatments were performed to enrich for acylated peptides. 

 

Liquid Chromatography and Tandem Mass Spectrometry 

      Peptides were mass-measured and fragmented using high-pressure liquid chromatography tandem 

mass spectrometry (LC-MS/MS). Using an EASY nLC1000 (Thermo Scientific), 200 ng of peptides were 

loaded onto an Acclaim PepMap100 C18 trap column (Thermo Scientific, Product #16-494-6, 75 μm × 2 

cm, 100 Å) and separated on an Acclaim PepMap RSLC C18 analytical column (Thermo Scientific, Product 

#03-251-873, 75 μm × 25 cm, 100 Å). Buffer A (0.1% formic acid) and buffer B (0.1% formic acid in 100% 

acetonitrile) were mixed and delivered at 300 nL min-1 as the gradient: 3-20% B in 62 minutes, 20-30% B 

in 31 minutes, 30-50% B in 5 minutes, and 50-80% B in 2 minutes. 

     A QExactive (Thermo Fisher Scientific, San Jose, CA, USA) mass spectrometer was operated using 

data-dependent acquisition (DDA) mode. MS scans (m/z 300-1800) were acquired at 70,000 resolution, 

with an automatic gain control (AGC) target of 1E6 and a maximum fill time of 100 ms. The 10 most 

abundant precursor ions were dissociated sequentially using higher-energy collisional dissociation (HCD) 

at a normalized collisional energy of 27 (unless otherwise indicated), and MS/MS spectra were acquired 

at 17,500 resolution with an AGC target of 1E5 at a maximum fill time of 80 ms. The 2D-gel mass 

spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE 

[1] partner repository with the dataset identifier PXD025631. The shotgun mass spectrometry 
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proteomics data been deposited to the ProteomeXchange Consortium via the PRIDE (32) partner 

repository with the dataset identifier PXD025603. 

  

Database Searching and Data Analysis 

      QExactive *.RAW files were analyzed using ProteomeDiscoverer (version 1.4) employing Matrix 

Science’s Mascot search algorithm (33). A database concatenating UniProt S. aciditrophicus and M. 

hungatei protein sequences (as of July 8, 2019), to the sequences of common contaminants was 

employed for searches. Parameters for the Mascot search were: enzyme name, trypsin; maximum 

missed cleavage sites, 2; precursor mass tolerance, 10 ppm; fragment mass tolerance, 0.02 Da; and 

variable methionine oxidation and cysteine carbamidomethylation. Searches also considered variable 

acyl modifications on lysines, selected from Table 1. These modifications were selected from RACS 

identified in aromatic acid degrading pathways in a variety of bacteria. Spectra matched to acylated 

peptides with Mascot ion scores ≥ 20 were subjected to manual examination. A score of 20 is associated 

with an expectation value of ≥ 0.1, chosen to cast the widest net of spectra possible that can correspond 

to modification.  

 

Additional Bioinformatic Analyses 

     The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to annotate relevant 

pathways associated with the acylated proteins identified. Using KEGG Mapper, UniProt accessions were 

converted to KEGG identifiers and then mapped to the KEGG pathway database (34). To identify 

GO/KEGG pathways frequently represented by acylated proteins, functional enrichment was performed 

by the StringApp (Version 1.6.0) in Cytoscape (Version 3.8.2) and p-values were corrected for multiple 

testing within each category using the Benjamini–Hochberg procedure (35). 
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     To search for sequence patterns associated with acylated peptides, the motif-x algorithm (36) 

integrated into the MoMo Modification Motifs program (Version 5.3.0) on the MEME suite platform (37) 

was used to identify enriched motifs from acylated sequences of acyl-21-mers (10 amino acids upstream 

and downstream of the corresponding acylation site) (38). The S. aciditrophicus Uniprot proteome 

sequences were used as the background database. The other parameters were set to default values: p-

value threshold: 0.000001, minimum number of occurrences for residue/position pair: 10.  

     All acylated proteins identified were searched against the STRING database (Version 11.0) to reveal 

potential protein-protein interactions (39). Only protein interactions found among the acylated proteins 

were selected, removing any external candidate interactions and only interactions with at least medium 

confidence (>0.4) were included. The interaction network was visualized in Cytoscape (Version 3.8.2).  

 

Cloning, expression and purification of Syn_00042 and Syn_01020 

     The two S. aciditrophicus sirtuin candidate genes annotated as sir2 family proteins were identified in 

the genome by  homology search, obtained via PCR of genomic DNA, cloned into plasmid pMAPLE21 and 

expressed in E. coli strain BL21 as previously described by Arbing et al. (40). The recombinant proteins 

were purified by Ni-affinity chromatography followed by a size exclusion (Superdex 75) and a Q-

Sepharose anion exchange column steps. Purity was greater than 95% as visualized by SDS-PAGE. The 

apparent protein sizes were consistent with the predicted gene/protein sizes.    

 

Sirtuin Assay (Anhydride) 

     Acyl-insulins were prepared from the corresponding acyl-anhydrides; i.e., glutaric anhydride was used 

for glutaryl-lysine, using methods adapted from Baeza et al. (41). About 25 μmol of anhydride was 

added to 100 μL of a 1 mg/mL solution of human insulin (Alfa Aesar, J67626) in 100 mM ammonium 

bicarbonate. After incubating at 4°C for 20 minutes, the solution pH was readjusted to ~8 using an 
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ammonium hydroxide solution. Anhydride addition and incubation followed by pH adjustment were 

repeated twice more. Ostensible O-acylation was reversed by adding 50% w/v of hydroxylamine 

hydrochloride in H2O (adjusted with ammonium hydroxide to pH 7-8). Following overnight, room 

temperature incubation, the modified products were buffer-exchanged into 100mM ammonium 

bicarbonate using 3kD MWCO Amicon spin filters (Millipore).  

     For the matrix-assisted laser desorption/ionization (MALDI)-based activity assay, approximately a 27 

μM solution of acyl-modified insulin was mixed with 0.24 μM solution of recombinantly expressed 

SYN_00042 gene product and excess oxidized nicotinamide adenine dinucleotide (NAD+) in 100 mM 

ammonium bicarbonate. The solution was incubated at 37°C for 2 hours. Samples were spotted on a 

MALDI sample stage mixed 1:1 with a solution of saturated sinapinic acid matrix dissolved in 50% 

acetonitrile and 0.1% trifluoroacetic acid. MALDI mass spectra were obtained with an Applied 

BioSystems Voyager-DE STR time-of-flight (TOF) mass spectrometer.  

     Time-series measurements of glutaryl-insulin employed a Synapt G2-Si ESI-quadrupole TOF for intact 

mass measurements. The assay was performed at 37°C for the period of time indicated and quenched 

with 50% acetonitrile. The glutaryl-insulin was diluted to a final concentration of 10 µM. Twenty µM 

ubiquitin was added to the solution mixture prior to mass measurement as an internal standard. The 

solution was added to the mass spectrometer via direct infusion. 

 

Experimental design and statistical rationale 

    S. aciditrophicus cells were grown in pure culture on crotonate as a sole carbon source or with 

crotonate/benzoate to analyze via 2D-PAGE. Cells were cocultured with M. hungatei and grown on 

benzoate for mass-spectrometry proteomic analysis. Three samples from each culture condition were 

grown and, for each biological sample, three technical replicates were analyzed. As a priority was to 

maximize the identification of potentially low stoichiometry post-translational modifications, offline 
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HILIC was used to increase the depth of the identifiable proteome. Resulting data was searched for the 

acyl modifications shown in Table 1. To identify PTMs, mass spectra matched to acylated peptides with 

Mascot ion scores ≥ 20 were subjected to manual examination. Modifications were considered present 

if the tandem mass spectra included acyl-lysine-associated immonium ions (22).    

 

Results 

2D-Gel Analysis of S. aciditrophicus Acylated Proteins 

     S. aciditrophicus cell lysates from axenic cultivation on benzoate supplemented with crotonate (9) 

were harvested and subjected to two-dimensional polyacrylamide gel electrophoresis (2D-PAGE, Figure 

1) (42, 43). Spots were excised, digested with trypsin in-gel, and identified using tandem mass 

spectrometry (12) (Table 2). These analyses revealed many instances where the same protein was 

identified in multiple spots at the same molecular size, but different isoelectric points. Classically, this 

pattern suggests a heterogeneous cluster of PTMs on a protein, often seen with glycoproteins (44). 

However, evidence of in S. aciditrophicus glycoproteins has not been found. Some of these proteins 

were identified as housekeeping proteins (Table 2), while others have roles in the catabolism of 

benzoate and other aromatic and fatty acids. Given the high abundance of RACS in these pathways, acyl-

lysine modifications were considered possible. Acylation will neutralize the positive charge on lysine, or, 

in the cases of acidic RACS, such as glutaryl-CoA, will switch lysine to a negatively charged site. Both 

types of acylation reduce protein isoelectric points, shifting migration towards the anode (the left in 

standard 2D gel images); hence, a distribution of many and differently charged acylations would give a 

pattern similar to that seen in Figure 1. These modified proteins migrate as multiple distinct species.  

 

Shotgun Proteomics Identifies Many Acyl Modifications in the S. aciditrophicus Proteome 
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     Three biological replicates of S. aciditrophicus/M. hungatei cocultures utilizing benzoate as the 

carbon source were analyzed with three technical replicates per biological sample of LC-MS/MS data-

dependent acquisition (DDA) (supplemental Table S1,S2). One biological replicate incorporated stepped 

collision energies to confirm acyl-lysine modifications from the diagnostic immonium ions generated 

(22). Speculating that peptides acylated by reactive intermediates from benzoate degradation might be 

observable, we sought evidence for them by including acylation mass shifts in database searches. Table 

1 illustrates the acylations that were considered including known intermediates for S. aciditrophicus, for 

related organisms, and other common acylations. A total of 125 sites were identified in sixty different 

proteins containing one of 7 different types of acylations (supplemental Table S3). The 3-

hydroxypimelylation and acetylation species predominated in both the total numbers of proteins and 

sites. All of PTMs found in each biological replicate are listed in Table 3, along with information about 

the supporting immonium ions. Acylations corresponding to seven of the searched intermediates in S. 

aciditrophicus were found in proteins containing lysine-modified peptides (Table 3). Biological replicates 

demonstrated that the modifications were reproducibly detected in independent samples 

(supplemental Fig S2, supplemental Table S3). 

     Complex proteomic datasets can be subject to misidentification of PTMs due to isobaric peptides, 

spectral complexity, chimeric precursors, and spectra lacking sufficient sequence-related ions (18). The 

large search space traversed when seeking evidence of multiple, variable modifications from shotgun 

datasets demands that the modified peptides be assigned confidently. To meet these challenges, we 

relied upon the presence of immonium ions specific for each putative acyl modification. Immonium ions 

and immonium-like ions are strong indicators of acyl modification (22). Proportions of putative acyl-

modified spectra displaying diagnostic immonium ions are presented in Table 3. We also examined 

sequences upstream and downstream of each acylated residue to determine if there were sequence 
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preferences for these modifications and, indeed, we found that nearby glycines favored lysine 

acetylation (supplemental Fig S3).  

 

Pathway Analysis of Modified Proteins Gives Insight into Metabolism  

     A functional annotation analysis classified proteins by their KEGG pathways and Gene Ontology (GO). 

The GO functional classification was grouped into three categories: biological process, molecular 

function, and cellular component. Most acylated proteins mapped onto KEGG pathways had roles in 

metabolic processes, as expected. Benzoate degradation, oxidative phosphorylation, and carbon 

metabolism were highly enriched (Fig 2A). GO enrichment analyses of all acylated proteins revealed 

biological processes primarily related to the synthesis of metabolites, as well as energy production 

(Figure 2B). Processes related to nucleotide metabolism were also highly enriched, in line with recent 

reports that nucleotide-binding regions increase acylation of proximate lysines (45). Altogether, the 

findings suggest that these acylated proteins are involved in degrading aromatic and fatty acids and 

carbon metabolism, in general.  

     Acyl-lysine modifications have been shown to impact protein-protein interactions (PPI) and affect the 

formation of enzyme complexes, altering their functional role in cellular physiology. To determine the 

connections among the acylated proteins and to elucidate their functional PPI networks, we generated 

an interaction network based on the STRING database, visualized through Cytoscape (Figure 2C). Within 

the network there are two highly interconnected clusters, benzoate degradation and oxidative 

phosphorylation (Figure 2C). These strong physiological interactions among all modified protein led us 

to further investigate the role of protein acylation in the degradation of aromatic compounds.   

 

Benzoate Degradation Enzymes are Heavily Acylated 
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     To view specifically how each type of acylation correlated to functional pathways, proteins were 

grouped based on their KEGG function to determine the degree and significance of each modification. 

Proteins across a variety of pathways are modified by different acyl groups at varying levels, summarized 

by the heat map in Figure 3A. Acetylation is found in the widest range of functional pathways, with the 

highest number of acetyl modifications occurring in proteins related to the biosynthesis of secondary 

metabolites. Other acyl modifications are enriched in the benzoate degradation pathway proteins, 

corresponding to the reactive acyl-CoA intermediates in this pathway (16). These findings imply that 

high local concentrations of intermediates may induce spontaneous modification.  

     The largest number and widest variety of acyl modifications were found in the benzoate degradation 

pathway (Fig 3B). Ten different proteins in this pathway were identified bearing several different acyl 

modifications. Acylated proteins included benzoate-CoA ligase, the initial step in the pathway. Several of 

the other acylated protein are members of gene clusters involved in benzoic acid metabolism (bam 

genes) that are found across a number of anaerobic delta-proteobacteria (46, 47). Three genes in this 

pathway, bamR (SYN_01653), bamQ (SYN_01655), and bamA (SYN_01654), which successively catalyze 

the reduction of cyclohexa-1,5-diene-1-carboxyl-CoA to 3-hydroxypimelyl-CoA, all display modifications. 

All three gene products are acetylated, bamQ and bamA are glutarylated and 3-hydroxypimelylated, and 

bamA is also 3-hydroxybutyrylated and benzoylated. Interestingly, all five modifications identified on 

bamA are found on the same site, lysine 261 (supplemental Fig S4). Peptides containing these lysine 

residues were also found unmodified.  

     S. aciditrophicus uses acetyl-CoA synthetase (acs1, SYN_02635) to make ATP from acetyl-CoA. Other 

bacteria, in contrast, employ phosphate acetyltransferase and acetate kinase, enzymes that are absent 

in the S. aciditrophicus genome. Using acs1 to produce ATP is also remarkable because acetyl-CoA 

synthetases were previously thought to function only in activating acetate to acetyl-CoA, not in the 

reverse direction (ATP-forming direction) (29). The rates at which ATP is produced when acetyl-CoA is 
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the limiting substrate differ between purified and recombinantly expressed Asc1 (Vmax of 7.5 and 1.2, 

respectively and Km of 0.41 and 1.34 mM, respectively) (29), suggesting that there are factors associated 

with the in vivo protein that are not recapitulated when the enzyme is recombinantly expressed. PTMs 

may be one such factor. Indeed, six different sites on this protein are seen in acylated forms, all of which 

included acetylation, except for one site that was only butyrylated.   

     The proteins involved in energy conservation were also heavily acetylated. ATP synthase, Atp1, is a 

large complex that contains many components. Acetylation sites were identified on several subunits of 

Atp1, namely on the alpha (SYN_00546), beta (SYN_00544), and gamma (SYN_00545) chains 

(supplemental Table S3). Two homologs of ATP synthase B (the beta subunit) were also acetylated 

(SYN_00548 and SYN_00549).  

 

Benzoate-CoA Ligase Reveals a Highly Modified Residue in a Conserved Region 

     Five of the seven acyl modifications identified in S. aciditrophicus proteins appeared in the sequence 

TATGKIQR, present in paralogs Bcl1 (SYN_2898) and Bcl2 (SYN_2896), which differ in the activity towards 

different fatty and aromatic acids. The modified lysine is critical to benzoate-CoA ligase (BCL) function 

(48, 49), catalyzing the first step of benzoate degradation. Immonium ions present in the spectra shown 

in Figure 4A confirm that the unique mass shifts do, indeed, result from acylation and are not induced 

by misidentifications that may result from additive side reactions that occur during sample processing; 

e.g., formylation from exposure to high concentrations of formic acid or 12-Da mass shifts from 

exposure to formaldehyde (50, 51). This modification site was further investigated to determine what 

functional role, if any, the PTMs play. Basic Local Alignment Search Tool (BLAST) sequence alignments 

against closely related BCLs (48) indicated that the lysine falls in a highly conserved region (Figure 4B). 

Previous Burkholderia xenovorans structural studies of benzoate-bound BCL (Bxe_A1419), a homolog 

with 46% sequence identity to Bcl1 and 44% to Bcl2, indicated that this conserved lysine is located near 
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the benzoate carboxyl (Figure 4C) and is hypothesized to coordinate to benzoate during enzymatic 

activity (48). Acylation both neutralizes the ε-amino side chain and adds a bulky group disrupting 

coordination to the carboxylate. The Rhodopseudomonas palustris BCL (BadA), with 43% sequence 

identity to Bcl1 and 42% to Bcl2, has also been found acetylated at that residue (K512); in vitro studies 

established that acetylation abolishes enzymatic activity (49). This behavior suggests a possible avenue 

of enzyme and, in turn, pathway feedback inhibition. 

 

S. aciditrophicus Sirtuins Deacylate Promiscuously  

Given the ubiquity of acyl modifications in S. aciditrophicus, controlling and/or regulating acyl 

modifications would seem to be advantageous and critical. Sirtuin proteins have been shown to possess 

generalized deacylase activity, often promiscuous with respect to both sequence context and acyl 

modification (23, 52, 53). Bacterial systems that contain sirtuin homologs are typically denoted as cobB 

or as SIR2 family (24, 54). To determine if a deacylase capabilities are present, the S. aciditrophicus 

genome was searched with BLAST to determine if E. coli cobB homologs were present, and SYN_00042 

and SYN_01020 were found (supplemental Fig S5). SYN_00042 and SYN_01020 were recombinantly 

expressed to assay activity by mass spectrometry (Materials and Methods).  

 Insulin, a dual-chain protein with one lysine and two free NH2-termini, was synthetically acylated 

with acyl anhydrides. Acylated insulin was incubated with recombinantly produced SYN_00042 gene 

product and its cofactor, NAD+. MALDI spectra of glutarylated insulin showed a 114 Da decrease in mass 

after incubation with the SYN_00042 gene product (Figure 5A). Several acyl modifications were tested 

to assess the sirtuin’s specificity. The SYN_00042 gene product had deacylase activity against butyryl and 

succinyl acylations as well (supplemental Fig S5), but did not appear to show activity on shorter acetyl 

or propionyl chains. A quantitative assay of SYN_00042 gene product deacylase activity on glutaryl-

insulin, performed by ESI-MS, clearly shows time-dependent de-glutarylase activity (Figure 5B). 



63 
 

SYN_01020 was expressed in an attempt to assess its function; however, the SYN_01020 gene product 

did not display reproducible activity. 

 

Discussion  

     PTMs can modulate protein function in response to cellular or environmental changes and may occur 

spontaneously due to cellular conditions or simply over time (17, 55–57). Acylation is one class of 

modification that can be spontaneously induced in the presence of acyl phosphate or RACS, or can be 

enzyme-mediated by a lysine acyltransferase (KAT) (58). Regardless of its origin, acylation can affect 

enzymatic activity profoundly. In vitro work has shown that modifying lysine side chains near catalytic 

regions of bacterial enzymes can directly alter function (59–61). Work in other systems has shown more 

subtle but equally significant acylation effects: acetylation can disrupt enzyme complexes, thereby 

altering activity (62–65). Acetyl-lysine has been identified as a ubiquitous modification in bacteria (66). 

Most acetylated proteins in our system were involved in the synthesis of secondary (Figure 3A), which 

makes sense given that acetyl-CoA is an intermediate metabolite in many of those pathways. Benzoyl- 

(52), glutaryl -(67), hydroxybutyryl - (68, 69), crotonyl- (70, 71), and butyryl-lysine (72, 73) have shown 

function in some systems under certain conditions, although the studies have been less extensive than 

those for acetyl-lysine, and few, if any, bacterial studies have reported their occurrence. A 3-

hydroxypimelylation has previously been reported in S. aciditrophicus by our laboratory (22). Detecting 

these modifications across biological replicates without pre-enrichment suggests that they are uniquely 

prevalent and abundant in this system.  While butyryl-CoA is not expected to be an intermediate in the 

degradation pathway, S. aciditrophicus has genes for butyrate dehydrogenase activity (3, 8) that could 

synthesize butyryl-CoA upon buildup of crotonyl-CoA or reduced cofactors (8, 12). 

     To begin to fully understand how these modifications affect global cellular function requires a 

comprehensive and unbiased catalog of acylations. Recording a biological system’s acyl modifications 
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comprehensively presents many challenges. Low stoichiometries of acyl modifications in many model 

systems have required enrichment to identify and characterize acylated peptides (67, 74–82). Pan-

specific antibodies are valuable for enriching specifically-modified peptides, but have some limitations. 

Antibody cross-reactivity may lessen the modification specificity of enriched peptides, a problem for 

western blotting, but not mass spectrometry. Sequence-dependent binding efficiencies can bias results 

and challenge quantification strategies. Our syntrophic system provides a unique opportunity to 

investigate the array of acylations without enrichment and bypass potentially limiting technical 

challenges that are used in other systems. The experimental approach described herein using RACS as a 

predictor for lysine acylations is complementary to antibody enrichment in that it is blind to the 

modification type (e.g., specific antibodies used) and it utilizes diagnostic marker ions to validate 

putative modifications whose uncertainty may increase from the enlarged search space. 

     Many of the S. aciditrophicus proteins decorated with acyl modifications function to degrade 

benzoate and could result in cellular stress, such as carbon or reductive stress, if left unregulated. 

Modulating enzymatic activity through protein acylation would be a fitting and elegant mechanism of 

global metabolic regulation, given the low cellular energy availability and the high acyl-CoA intermediate 

availability, a feature also evidenced by the unusual ability of this species to use acetyl-CoA to form ATP 

(29). The benzoate degradation pathway is a likely candidate for this level of regulation as its 

constituents frequently interact with RACS. While we have identified a wide range of acyl modifications 

in this system, the biological role that these modifications play has yet to be explored. We can, however, 

provide some insight into the functional effect of certain acylation sites by drawing on similar 

modifications in other systems. BCL acylation, specifically acetylation has been identified as a means of 

negative feedback inhibition; stopping benzoate-CoA ligase activity in R. palustrus by directly inhibiting 

enzymatic catalysis (49). The large number of acyl modifications we report at this site may indicate that 

when its respective acyl-intermediate builds, the PTM can act as a brake to slow or stop degradation, 
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thereby acting as a negative feedback inhibitor to mitigate carbon and reductive stress. BCL also 

consumes ATP, creating a direct link between the energetic state of the cell and aromatic degradation. 

Additionally, the multiple sites of acetylation found on ATP synthase subunits further hint at a link 

between bioenergetics and acylation as it too demonstrates a relationship between the reactive 

metabolites and oxidative phosphorylation.  

     Beyond the energetics of the system the cellular reductive state may also be regulated by the 

acylation of enzymes. Benzoate degradation generates NADH and FADH2 and their build up may stress 

the cell. A buildup of intermediates that subsequently modify and slow the rate of enzymatic catalysis 

would safeguard against the reductive stress that has been shown to be damaging in other organisms 

(15, 83, 84). This link is further enforced by the presence of sirtuins, whose activity rely upon the 

oxidized cofactor NAD+ for activity (85), innately linking the extent of protein acylation to cellular redox 

state. Interestingly, the sirtuin assayed in this system appeared to have a bias for longer chain 

acylations, particularly glutarylation, a trait that is shared with Sirt4 in mammalian systems (86, 87).   

     The PTMs identified derive from acyl-CoA intermediates at steps which require the loss of 2 [H] 

(release of two reducing equivalents) (16). Hydrogen buildup is a limiting factor in the syntrophic 

metabolism, as is evidenced by the need for a hydrogen scavenging partner (4). It is therefore expected 

that some metabolites would accumulate under high hydrogen concentrations, providing another link 

between the metabolic conditions of the cell and the observed acyl modifications. Interestingly, the 

lower benzoate pathway (Fig 2C) where 3-hydroxypimelyl-CoA is degraded is conserved across many 

anaerobes that degrade benzoate and other aromatic compounds (88, 89). The acyl modifications we 

identified on these proteins suggest that the modifications are likely present in other bacteria sharing 

the same or similar metabolic pathways, especially under cellular conditions that induce an 

accumulation of intermediates. S. aciditrophicus has demonstrated a wide array of acyl modifications 

within its proteome. Further investigation into the function of these acylations presents an opportunity 
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to understand how these essential environmental microbes regulate their metabolism. Other syntrophs 

also contain critical pathways with RACS intermediates (90–92) and a wider investigation of  other 

syntrophs may further reveal the role RACS play in bacterial metabolism. 
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Figure 1. Proteomic patterns of S. aciditrophicus as detected by 2D-PAGE. Two-dimensional gel analysis 

of the S. aciditrophicus proteome for cells grown on crotonate supplemented with benzoate. The x-axis 

is separated by isoelectric focusing (IEF), whereas the y-axis is separated by SDS-PAGE. Circled are 

protein that show IEF separation for a given molecular weight. Protein spot identifications are listed in 

Table 2. 
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Table 1. List of searched acylations. All modifications searched against the S. aciditrophicus data set. 

Modifications were selected from known intermediates in anaerobic benzoate degradation species.  

 

Acyl Modification Chemical 
Formula 

Monoisotopic 
Mass Shift 

Average 
Mass Shift 

Immonium 
Ion 

Cyclized 
Immonium Ion 

Benzoyl C7H4O 104.0262 104.1063 205.1336 188.1070 

Cyclohexa-1,5-diene-
1-carboxyl 

C7H6O 106.0419 106.1222 207.1493 190.1227 

6-Oxocyclohex-1-
ene-1-carboxyl 

C7H6O2 122.0368 122.1216 223.1442 206.1176 

Cyclohex-1-ene-1-
carboxyl 

C7H8O 108.0575 108.1381 209.1649 192.1383 

6-Hydroxycyclohex-1-
ene-1-carboxyl 

C7H8O2 124.0524 124.1375 225.1598 208.1332 

2-Oxocyclohexane-
carboxyl 

C7H8O2 124.0524 124.1375 225.1598 208.1332 

2-Heptenedioyl C7H8O3 140.0473 140.1369 241.1547 224.1281 

3-Oxopimelyl C7H8O4 156.0423 156.1363 257.1497 240.1231 

Cyclohexane-1-
carboxyl 

C7H10O 110.0732 110.154 211.1806 194.1540 

2-
Hydroxycyclohexane-

carboxyl 

C7H10O2 126.0681 126.1534 227.1755 210.1489 

Pimelyl C7H10O3 142.063 142.1528 243.1704 226.1438 

3-Hydroxypimelyl C7H10O4 158.0579 158.1522 259.1653 242.1387 

Glutaryl C5H6O3 114.0317 114.0996 215.1391 198.1125 

Glutaconyl C5H4O3 112.016 112.0837 213.1234 196.0968 

Crotonyl C4H4O 68.02621 68.07413 169.1336 152.1070 

Acetoacetyl C4H4O2 84.02113 84.07353 185.1285 168.1019 

Succinyl C4H4O3 100.016 100.0729 201.1234 184.0968 

Butyryl C4H6O 70.04186 70.09001 171.1492 154.1226 

3-Hydroxybutyryl C4H6O2 86.03678 86.08942 187.1441 170.1176 

Acetyl C2H2O 42.01056 42.03677 143.1179 126.0913 
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Table 2. Protein identified in 2D gel spots. Gel spots numbered in Figure 1 were excised and their 

identities were determined by mass spectrometry on a QStar-XL qTOF mass spectrometer.  

 

 

 

Spot Number  Locus Tag  Protein Function 

1 SYN_03116 Hypothetical Exported Protein 

2 SYN_00544 ATP Synthase Beta Chain 

3 SYN_02966 Phosphoenolpyruvate Synthase 

4 SYN_01983 Chaperone Protein 

5 SYN_03223 60 kDa Chaperonin 

6 SYN_00198 Porin 

7 SYN_01909 60 kDa chaperonin 3 

8 SYN_00480 Acyl-CoA Dehydrogenase 

9 SYN_01709 Ketol-acid reductoisomerase 

10 SYN_00546 ATP Synthase Subunit Alpha 1 

11 SYN_00983 Elongation Factor Tu 

12 SYN_02898 Benzoate-CoA Ligase (Bcl1) 

13 SYN_01681 Acetyl-CoA Acetyltransferase 

14 SYN_02586 Cyclohexane-1-carbonyl-CoA Dehydrogenase 

15 SYN_01653 Enoyl-CoA Hydratase 

16 SYN_02635 Acetyl-CoA Synthetase (Acs1) 

17 SYN_03128 Cyclohexane-1-carboxylate-CoA Ligase (12) 

18 SYN_01654 6-oxocyclohex-1-ene-1-carbonyl-CoA Hydrolase 
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Table 3. Summary of acyl-lysine modifications identified in S. aciditrophicus.  

For each type of modification, the number of unique identified proteins and the total number of sites 

are presented. The cyclized immonium ion, which gives confidence to the presence of an acyl 

modification, is stated. The percentage of peptides with spectra that contained the diagnostic ion are 

stated.  

 

 

 

 
 
 
 
 
 
 
 
 
 

Modification Proteins 

Identified 

Sites 

Identified 

Cyclized Immonium Ion 

m/z 

Peptides with 

Cyclized Immonium 

Ion (%) 

Benzoylation 1 2 188.107 100% 

3-Hydroxypimelylation 16 20 224.129, 242.139 75%,55% 

Glutarylation 4 6 198.112 100% 

Crotonylation 2 2 152.107 100% 

3-Hydroxybutyrylation 4 6 170.118 83% 

Acetylation 48 104 126.091 94% 

Butyrylation 3 3 154.123 33% 



83 
 

 
 

 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. Functional enrichment of acylated proteins. A) Gene ontology biological processes that are 

enriched B) Enriched KEGG pathway processes. C) A functional protein association network generated 

using the STRING database. Proteins involved in oxidative phosphorylation are colored in blue. Proteins 

involved in degrading benzoate are red.  
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Figure 3. Mapping sites of protein lysine acylation based on COG functional pathway analysis. A) A 

heatmap indicating the pathways (KEGG Ontology) involved for the acyl-modified protein identified. The 

color indicates the number of proteins in each category that have the specified acylation. B) shows 

modified sites identified in the ‘upper’ and ‘lower’ benzoate pathway. Bar plots illustrate the range of 

modifications found on associated enzymes. One square indicates one site of modification and each 

color represents a different acylation. RACS modification types are indicated in the upper right corner 

boxed color code. 
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Figure 4. Insight into the heavily modified benzoate-CoA ligase enzyme. A) HCD spectra of select 

acylated spectra of the peptide TATGKIQR from the benzoate-CoA ligase (BCL) protein. The benzoylated 

spectrum (top) was collected with a stepped NCE method of 27 V/40 V. Other spectra were collected at 

27 NCE. Prominent fragment ions that assist in the identification of the sequence and modification are 

annotated. Immonium ions of modifications are denoted in red. B) Sequence alignment of known BCLs 

across microbial systems. The line above the sequence (TATGKIQR) denotes the peptide identified in (A). 

The asterisk (*) denotes the corresponding modified lysine residue identified in S. aciditrophicus. C) 

Crystal structure of a closely related BCL from Burkholderia xenovorans, determined by Bains and 

Boulanger (48) , indicates that the lysine residue of interest is proximal to a bound benzoate molecule in 

the binding pocket.  
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Figure 5. S. aciditrophicus sirtuin SYN_00042 shows in vitro deacylase activity. A) MALDI spectra of 

insulin and modified insulin protein. The peak corresponding to “Glutarylated Nε -Lysine” corresponds 

with a mass shift of 3 glutaryl modifications (+342 Da), 2 at the N -terminal sites and 1 at lysine. B) ESI-

TOF mass spectra of the 4+ charge states at 0, 2, 15 and 60 minutes after the addition of sirtuin. The 

peak clusters in purple on the left corresponds to insulin modified at the two N-termini, the red peak 

clusters on the right of insulin modified at all 3 sites. Ammonium adducts are also present in the spectra 

(+17 Da).  
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Supplemental Figure 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S1. Acylations are reproducible across biological replicates. Venn diagrams showing the number 

of each acyl modification identified across biological replicates. Acylations only identified using the 

stepped collisional energy method are not in this figure, as only a single biological replicate was used for 

that analysis. 
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Figure S2. Sequence motifs of lysine acetylation. Motifs that were enriched from peptides containing 

acetyl-lysine were identified using the MoMo Modification Motifs program (Version 5.3.0) on the MEME 

suite platform (38).  
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BamA_S. acidtrophicus 6-oxocyclohex-1-ene-1-carbonyl-CoA hydrolase 
 

1   MSLDWMPREHGLKNHSRHTEQWWGTEAPCTVYEKRPLKDPKGNVVPGLYSAWIRLNNPGQ 

61  YNSYTTEMVKGVIAGFENSSTDREVVAVVFTGTGPNAFCTGGNTKEYSEYYSMRPEEYGS 

121 YMELFNNMVDSILMCKKPVICRVNGMRVAGGQEIGTATDITVSSDLAIFGQAGPRHGSAP 

181 VGGASDFLPWFLSIEDAMWNCVSCEMWSAYKMKAKNLISKALPVLKDDKGNWVRNPQVYT 

241 DTYVKDGEIVYGEPKTGEEAKQARAWVNEKLKNNDYDFSLIDAEVDRIVWVFANLFPGCL 

301 MKSIDGIRQKKKFWWDQIKNDHRYWLGTNMMGEAFLGFGAFNTKKITGKDTIDFIKNRQL 

361 IAEGALVDEAFMEQVLGKPLAK 

 

Figure S3. Sequence of BamA. The sequence of the heavily modified BamA protein, with the heavily 

modified K261 residue highlighted in bold.  
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CobB         1 MLSRRGHRLSRFRKNKRRLRERLRQRIFFRDKVVPEAMEKPRVLVLTGAGISAESGIRTF 

Syn_00042    1 ME------------------KRI-------ELIAQWIAEAKTVVIFTGAGLSTESGIPDF 

Syn_01020    1 MR--------DFSMSDREFMEKI-------DAVADMIWMAGRVVVFTGAGVSTESGIPDF 

 

 

CobB        61 RAADGLWEEHRVEDVATPEGFDRDPELVQAFYNA-RR-RQLQQPEIQPNAAHLALAKLQD 

Syn_00042   36 RSPGGVWDKYNPEDFYFDN-FLASEI-SRWKYWQMATEMYEPMKKAQPNAAHNAIAELE- 

Syn_01020   46 RSPGGLWDRFDPDDFTIGK-FLRSAQ-TRRKQWRILI-AGGALAEAQPNRAHLAVAELE- 

 

 

CobB       119 ALGDRFLLVTQNIDNLHERAGNT--NVIHMHGELLKVRCSQSGQVLDWT----GDVTPE- 

Syn_00042   93 RMGRLDCVITQNIDNLHVRAGNSPEKVIELHGTAMSVSCLNCRQKFDRDR-VQERLKEE- 

Syn_01020  102 KIGKLNCVITQNIDNLHQKAGNAPEKVYELHGNMRWLKCLSCGDRVSVPEMFRETALQEM 

 

 

CobB       172 DK-CHCCQFPAPLRPHVVWFGE-MPLG-MDEIYMALSMADIFIAIGTSGHVYPAAGFVHE 

Syn_00042  151 MKVPYCDNCGGPLKPDTISFGQAMPVRETQEAYERSSACDLFIVIGSSLVVQPAASMPVT 

Syn_01020  162 DGFPFCAKCQGLMKPDVIFFGEALPEKTLRDATWQARNCDLLLVIGSSLVVYPAAYMPMY 

 

 

CobB       229 AKLHGAHTVELNLEPSQVGNEFAEKYYGPASQVVPEFVEKL--LKGLKAGSIA 

Syn_00042  211 ARRNGAKLVIINRDPTPCDDMADIVLHEQAGAVMTSLMHCVKKITD---R--- 

Syn_01020  222 AKDAGARLVIINRDETPYDSEADVLLQGSAGEIMSRILDAVKHRTGFKPG--- 

 

Figure S4. Sequence alignment of sirtuin homologs. The sirtuin homolog (cobB) of Escherichia coli was 

used to identify putative sirtuin homologs present in the S. aciditrophicus, Syn_00042 (31.43% identity) 

and Syn_01020 (29.73% identity).  
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Figure S5. Syn_00042 activity on non-glutaryl acyl modifications. Sirtuin activity was assessed on acyl 

modifications other than glutaryl. The synthetically modified insulin with the indicated acyl-group was 

used as the substrate. 
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CHAPTER 4  

 

Acylome of Syntrophomonas wolfei changes in response to altered growth substrates 
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4.1 Abstract 

Syntrophomonas wolfei is an anaerobic microbe that degrades fatty acid chains that are of 4 to 8 

carbons long. This process is described as being “thermodynamically challenging”, as standard 

state conditions would not allow the reaction to progress forward. While the energy is limited in 

these systems, it is simultaneously true that the intermediates in these systems tend to include 

high abundances of reactive acyl-Coenzyme A species (RACS). Many systems have 

demonstrated a correlation between RACS as metabolites and acylations on lysine residues on 

metabolic proteins, though studies examining this in syntrophs remain scarce. We hypothesize 

that this will result in abundant acylations that correspond with the RACS present in S wolfei’s 

fatty-acid degradation pathways. Here, we analyzed using liquid-chromatography tandem mass 

spectrometry S. wolfei cells grown on different carbon sources to identify the presence of lysine 

acylations. Modified proteins were first measured using shotgun proteomic sequencing methods. 

Modified enzymes within the fatty-acid degradation pathway were then targeted for analyses to 

allow for rigorous quantitative comparisons. It was found that acyl modifications related to 

RACS are present in the proteome of the bacteria.  Further, we were able to demonstrate that the 

profile of the acyl-proteome was altered upon changing the carbon substrates of the cells.  

 

4.2 Introduction 

     Microbial syntrophy is an important component of global carbon cycling that requires 

cooperation and crossfeeding between different species of microbes (1).  Many of the 

intermediates generated during the degradation of larger biopolymers to smaller molecules, like 

hydrogen and methane, are aliphatic and aromatic acids. The degradation of these resulting 

intermediates to their smaller components that are consumed by methanogens is an endergonic 

process under steady state conditions (2). Under methanogenic conditions, the free energy 
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associated with degradation of these molecules is highly dependent on entropy (3). In effect, this 

means that the flux of compounds into or out of the system will play a large role in whether or 

not these reactions will proceed forward spontaneously.  Given the propensity of methanogens to 

consume hydrogen and acetate towards the production of methane, the system exists with a great 

deal of efflux of these degradation products (3). The shift of equilibrium when methanogens are 

present alters the thermodynamics of the reaction such that it will occur spontaneously. The 

result is a necessary network of bacterial species that rely on one another to completely break 

down larger organic compounds. The bacterial class that is able to degrade the aromatic and 

aliphatic acids are called syntrophs and typically requires hydrogen consuming partners to grow 

(2).  

     Syntophomonas wolfei is a species of syntrophic bacteria that has been identified as a fatty 

acid degrading microbe (4, 5). Degradation of saturated fatty acids requires growth with a 

hydrogen consumer; typically the methanogen Methanospirillum hungatei (4, 6). However this 

species can also be grown on unsaturated fatty acids, such as crotonate, and can be cultivated as 

a pure culture (7, 8), thus allowing for comparisons on how these bacteria respond to changing 

metabolic conditions. This allows for the establishment of S. wolfei as a model organism with 

which to study anaerobic, syntrophic butyrate degraders. The importance of understanding 

degradation across a variety of short carbon moieties demands a thorough understanding of how 

these processes occur (1, 9–11). 

     S. wolfei utilizes the β-oxidation pathway to degrade short chain fatty acids, of which there 

are many paralogs at the genomic level (12). While the main constituents of the pathways have 

been identified, many questions remain. Evidence at the proteomic level appears to indicate that 

varying conditions do not result in significant changes in protein expression (13). Despite the 
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consistency of the enzymatic constituents of the cells, there has been evidence that different 

growth conditions may result in different enzymatic rates of catalysis (14, 15). Rather than the 

organism using transcriptional or translational regulation to alter enzyme activity, we sought to 

find if the enzymatic proteins themselves could be altered via the addition of post-translational 

modifications (PTMs) in a manner that correlates with changing environmental conditions.  

     PTMs are present in all kingdoms of life and have a plethora of physicochemical properties, 

structures, and by extension, functions (16). PTMs have long been attractive candidates for 

regulators of various cellular functions and metabolic pathways, as they can often reflect the 

intracellular conditions of the cell and directly alter proteins as a response. One class of such 

modifications is that of lysine acylation; a modification that has many diverse members in its 

family. Uniquely, lysine acylations can be either a result of enzyme-mediated reactions (17) or 

by spontaneous reactions with reactive metabolites known as reactive-acyl Coenzyme A species 

(RACS) (18–20). Lysine acylation has been shown to play a significant role in the physiology of 

bacterial species, particularly with respect to their metabolic processes (21, 22). Acylation can 

both impede enzymatic activity, as well as initiate enzyme activity (23, 24), presenting a 

theoretical mechanism of enzymatic regulation that may be conserved throughout many 

organisms. Both the presence of acylations throughout domains of life (21, 25), as well as 

conserved mechanisms of acyl-regulation (26, 27) indicate the significance of understanding the 

role acyl modifications in bacteria.  

     Here we take a systems level approach to identify acyl-modifications in the S. wolfei 

proteome. We demonstrate that there are different global lysine acylome profiles that are 

associated with different growth conditions of the cells, both qualitatively with respect to the 

modifications present, as well as quantitatively with respect to the abundance of different acyl 
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modifications. We identified that the enzymes involved in the β-oxidation pathway that degrade 

short chain acylations are heavily modified with an abundance of different acylations, and that 

even specific sites on these enzymes are altered under different conditions. Following global 

acylome analysis, we targeted specific modifications that are present in β-oxidation pathway 

enzymes to quantify the changes. Indeed, we demonstrate that changes in abundance of modified 

sites are present and reflect the expected fluctuations of the abundance of RACS under different 

conditions.  

  

4.3 Experimental 

4.3.1 Culturing of Cells 

     Syntrophomonas wolfei was grown by the McInerney group at The University of Oklahoma, 

either axenically on crotonate (4), or in the presence of a methanogenic partner, 

Methanospirillum hungatei, on both crotonate or butyrate as has been previously described (6).   

4.3.2 Sample Preparation 

     Cells were harvested from cultures into 4.0% v/v ammonium lauryl sulfate, 0.1% w/v sodium 

deoxycholate, and 5 mM tris(2-carboxyethyl)phosphine in 100 mM ammonium bicarbonate. 

Peptides were prepared using enhanced filter assisted sample preparation as described by Erde et 

al (28, 29). Briefly, the lysate was exchanged into buffer composed of 8 M urea, 0.1% w/v 

sodium deoxycholate, and 0.1% w/v n-octyl glucoside with a 10 kDa Microcon ultrafiltration 

unit (Millipore). Proteins were alkylated with 17mM iodoacetamide and digested overnight with 

a 1:100 ratio of trypsin:protein at 37ᴼC. Resulting peptides were then extracted from the 

detergents in the buffer using ethyl acetate extraction. After extraction, the peptides were dried, 

acidified with 0.1% acetic acid, and desalted with STAGE tips using 3M Empore C18 Solid 
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Phase Extraction Disks and dried again. The resulting peptides were resuspended in LC-MS 

injection buffer consisting of 3% acetonitrile and 0.1% formic acid.   

4.3.3 Shotgun Experiments on the Orbitrap Exploris 480 

     Resulting peptide samples were measured by Thermo Fisher (San Jose) and analyzed on the 

Orbitrap Exploris 480 Mass Spectrometer using reversed phase liquid chromatography-tandem 

mass spectrometry (LC-MS/MS). Peptides were separated with an EASY nLC-1200 (Thermo 

Scientific) before being loaded onto the trap mass spectrometer. Peptides were separated by a 1.6 

μm C18 ultra high-performance liquid chromatography column (75 μm x 250 mm, IonopticksTM 

AuroraTM). Buffer A (0.1% formic acid) and buffer B (0.1% formic acid in 80% acetonitrile) 

were used for HPLC separation at a flow rate of 300 nL/min with the following gradient: 3-4% B 

in 1 minute, 4-18% B in 72 minutes, 18-28% B in 28 minutes, 28-37% B in 18 minutes, and 37-

98% B in 3 minutes.  

     Data-dependent acquisition (DDA) mode was used to select ions in the scan range of m/z 350-

1200 for fragmentation. MS1 scans were obtained at a resolution of 60,000 with positive polarity 

and a normalized automatic gain control (AGC) target of 300%.  Putatively peptide ions were 

fragmented using higher-energy collisional dissociation (HCD) at a normalized collisional 

energy of 28%. Dynamic exclusion was set to 45 sec and at a mass window of ±10 ppm. MS2 

scans were collected with a first fixed mass of 120 Th, isolation window of 1.6, orbitrap 

resolution of 15,000, and normalized AGC target of 75%. 

4.3.4 Hydrophilic Interaction Liquid Chromatography Library Building 

     Peptides resulting from the eFASP procedure were separated off-line via hydrophilic 

interaction chromatography (HILIC) to increase depth and establish a library for the parallel 

reaction monitoring (PRM) experiments to follow. 50 μg of peptide were loaded onto a 
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BioPureSPN MACRO PolyHYDROXYETHYL A (The Nest Group) column. Peptides were 

bound to the column using a mobile phase consisting of 90% acetonitrile and 150 mM 

ammonium formate, pH 3. The peptides were then sequentially eluted into six fractions that used 

the following organic fraction of mobile phase elution buffers: 80% acetonitrile, 78% 

acetonitrile, 74% acetonitrile, 71% acetonitrile, 40% acetonitrile, and 35.5% acetonitrile. 

Fractions 1 and 6 were combined for analysis. Peptides were desalted with STAGE tips as 

previously described.  

     Resulting peptides were measured via LC-MS/MS using a QExactive mass spectrometer 

(Thermo Fisher Scientific, San Jose, CA, USA). Peptides (200 ng) were separated using an 

EASY nLC1000 (Thermo Scientific) loaded onto an Acclaim PepMap100 C18 trap column 

(Thermo Scientific, Product #16-494-6, 75 μm × 2 cm, 100 Å) followed by separation on an 

Acclaim PepMap RSLC C18 analytical column (Thermo Scientific, Product #03-251-873, 75 μm 

× 25 cm, 100 Å). Buffer A (0.1% formic acid) and buffer B (0.1% formic acid in 100% 

acetonitrile) were implemented at 300 nL/min with the gradient of 3-20% B in 62 minutes, 20-

30% B in 31 minutes, 30-50% B in 5 minutes, and 50-80% B in 2 minutes. 

     The QExactive quadrupole-orbitrap mass spectrometer was used in DDA mode with HCD 

fragmentation. MS scans in a range of m/z 300-1800 were acquired at 70,000 resolution, with an 

AGC target of 1E6 and a maximum fill time of 100 ms. The 10 most abundant precursor ions 

were dissociated sequentially using a normalized collisional energy of 27, and MS/MS spectra 

were acquired at 17,500 resolution with an AGC target of 1E5 at a maximum fill time of 80 ms.  

4.3.5 Targeted Acylation Quantification 

     Targeted analysis by parallel reaction monitoring (PRM) (30) was utilized to quantify 

peptides of interest using the peptide library determined by HILIC DDA analysis. Liquid 
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chromatography was performed identical to the HILIC library building step. The inclusion list 

used for PRMs is shown in Table 1. The MS2 scans were obtained at a resolution of 17,500 with 

an AGC target of 2e5 and an isolation window of m/z 4.0 using HCD fragmentation with a 27 

NCE.  

4.3.6 Data Analysis 

     RAW data files from DDA experiments were analyzed using ProteomeDiscoverer (version 

1.4) and the protein database was searched with the Mascot search algorithm (Matrix Science) 

(31). A concatenated database composed of UniProt S. wolfei and M. hungatei protein sequences 

(as of February 1, 2017) and the sequences of common contaminants was searched. Parameters 

for the Mascot database search were: enzyme name, trypsin; maximum missed cleavage sites, 2; 

precursor mass tolerance, 10 ppm; fragment mass tolerance, 0.02 Da; and variable methionine 

oxidation and cysteine carbamidomethylation. Searches also considered variable acyl 

modifications on lysines of acetoacetyl (+84.02113), acetyl (+42.01056), crotonyl (+68.02621), 

3-hydroxybutyryl (+86.03678), and butyryl (+70.04186). For HILIC searches, the results were 

imported into Skyline to build libraries for the targeted analyses of PRM experiments.  

     PRM RAW files were imported into Skyline. Cyclized immonium ions (32) for the acyl-

lysine modifications of interest were added as customized ions to the Skyline analysis workflow. 

The top four to six coeluting product ion extracted ion chromatograms were selected to 

determine the peak area abundance for acylated peptide ions. As an internal control, each sample 

was normalized to one to three peptides selected from a control ribosomal protein, Swol_1491 

(FGPGDTVK, LQVFEGTVIK, and GTGLSQTFTVR) that were identified in a given run. To 

compare across different conditions that may contain different protein concentrations, peptides 
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from butyrate cocultures were multiplied by the ratio of protein abundance in butyrate coculture 

to crotonate monoculture (Table 2). 

 

4.4 Results and Discussion 

     Cells grown under different conditions were analyzed first via shotgun mass spectrometry to 

obtain an overview of the proteome. Proteome differences found in these conditions are 

displayed in Figure 1. Many of the trends that were expected were identified. Acetylation is 

present in the largest overall numbers in the crotonate grown samples. Butyrylation was 

identified most often in cells grown on butyrate. 3-hydroxybutyrlation seem to be present more 

in cells grown on crotonate monocultures. These trends seem to indicate that the points in the 

pathways that have the largest positive free energy values are associated with the production of 

more associated acylations. Notably, several of the acyl-lysine modifications identified are 

present in all of the growth conditions probed. This is especially interesting for butyrate, an 

intermediate that is “upstream” of crotonate in butyrate oxidation. This implies that the pathway, 

under certain conditions, may be reversible; a phenomenon seen in other syntrophs (33).  

     Many of the PTMs identified were found to be present on enzymes involved in the butyrate 

degradation pathway (Figure 2A). Butyrate degradation enzymes consist of multiple paralogs for 

each reaction that are simultaneously expressed in S. wolfei (12). As such, the catalytic reactions 

are grouped by the reaction catalyzed to identify trends in the amount of different acyl-lysines 

identified under growth conditions of different substrates. The results displayed in Figure 2B-C 

indicate that the carbon substrate quantitatively impacts the modified sites within the acylome of 

the syntroph. Butyryl modifications are in much higher abundance in syntrophs grow on butyrate 

as a carbon source, whereas acetylation is typically in greater abundance in the species grown on 
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crotonate. This is to be expected, as acylation is often considered in microbes to be a function of 

RACS buildup and local concentration (18, 34). The removal of electrons from butyrate, the first 

step of butyrate oxidation, is an energetically challenging step to overcome, meaning this 

metabolite is likely to build at this point. Bypassing this step allows for more acetyl-CoA and 

acetyl-phosphate, resulting in the production of more of modifications associated with these 

reactive metabolites. Interestingly, the enzymes that tend to be more heavily butyrylated when 

grown on butyrate are earlier in the pathway, and those with an increase of acetylation when 

grown on crotonate tend to be later in the pathway, supporting the role of reactive metabolite 

localization in modification. The abundance changes of these modifications are of particular note 

in this pathway, as carbon source has been shown to impact the enzymatic rate at reactions in the 

pathway are catalyzed (14, 15).  

     Several of the proteins in the pathway also showed signs of extreme heterogeneity of 

proteoforms due to lysine acylation. Two proteins of interest from this pathway were 

Swol_2030, a 3-hydroxybutyryl-CoA dehydrogenase, and Swol_2051, an acetyl-CoA 

acetyltransferase. Swol_2030 has nine different lysine sites of modification, and Swol_2051 has 

eight. Further, both of these proteins demonstrate the presence of four different acyl-lysine 

modifications. Limitations innate to bottom-up proteomics make it very difficult to assess how 

these modifications are in combination with one another throughout the protein. Stoichiometries 

between modified and unmodified residues are also difficult to assess owing to differential 

cleavage of modified and unmodified lysine residues by trypsin, as well as differences in peptide 

ionization efficiency. However, it is possible to compare the profiles of modified sites across 

different conditions. On both of these proteins, there was a single residue that displayed four 

different acylations under the three conditions on which S. wolfei was grown. Site occupancy 
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was considered to demonstrate a shift in acylation in response to changing conditions the cells 

were grown (Figure 3). While the sites cannot be compared to one another due to the innate 

differences with protein expression and peptide ionization, modifications can be reasonably 

compared across different conditions upon identification. Site occupancy of two sites on the 

select enzymatic paralogs indicate that the modifications do shift with changing conditions of the 

cell. This phenomenon is particular drastic when comparing the cells grown on crotonate to those 

grown on butyrate, which have a greater proportion of lysine residue occupied by butyryl groups 

and no identified residue occupied by 3-hydroxybutyryl (Figure 3). Changes in site occupancy 

ratio still require further consideration, as it is possible that total stoichiometries differ across 

conditions, meaning that modifications are not being traded-off for one another, but rather that 

the rates at which modification are occurring differ as conditions change.   

     To further interrogate the quantitative aspect of these modifications, the cells were 

fractionated by HILIC fractionation to get better depth and breadth than what was previously 

identified. From this fractionation, a list of ions was generated that included identified acyl-

lysine peptides that were both present in enzymes related to the β-oxidation pathway, and that 

had more than one type of acylation, thus allowing for a site occupancy comparison. The library 

of selected ions and peptides is shown in Table 1. One of the key challenges of comparing these 

microbial consortia is the difference in the number of bacteria within the population, as growth 

conditions may impact the species makeup. To overcome this limitation, as well as biological 

variability and potential bias in the sample preparation, three peptides from a large ribosomal 

submit were chosen as housekeeping proteins to act as internal standards by which modified 

peptides can be compared for relative quantitation. Peptides chosen did not always elute at 

consistent retention times (Figure 4A-B), likely caused by matrix effects of different sample 
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compositions (35), resulting in crotonate monoculture samples where only two, or in one case 

one, of the three peptides identified. In cases all three peptides were not identified, using one or 

two that were could generate reasonable estimates (Figure 4C). As the communities contain 

different constituents, the amount of each protein present must be controlled for to allow a 

quantitative comparison.  To normalize the analyses across conditions, DDA-determined protein 

abundances were used to determine the different ratios in which proteins were present in each 

sample. The ratios at the protein level were used to compare quantities of peptides across the 

different samples for proteins in which MS2-level data was collected (Table 2).  

     MS2 level quantitative analysis of these peptides is demonstrated in Figure 5 to compare 

peptide abundances across different conditions. Figure 5A-B demonstrate the utility of using 

MS2 level analysis to specifically target certain ions in complex samples, something needed 

given the low stoichiometry of the modified peptides in the sample. Because of previously 

reported specificity and sensitivity of immonium ion derivatives (32, 36, 37), these ions were 

incorporated into quantitation (Figure 5C). Incorporation of these ions also allowed for high 

confidence of which peaks identified were associated with modified peptides; something that is 

not possible with MS1 analysis alone. 

     Modifications as identified through the PRMs that are impactful to the β-oxidation pathway 

are demonstrated in Figure 6. The first point of note is that some of the identified acylations 

were significantly different with respect to acylations identified under different carbon sources in 

some cases and not in others, thus allowing a starting point with which sites that are of interest 

may be identified. To best determine which modifications are of interest, several changes are 

shown throughout the β-oxidation pathway (Figure 6A-E). Interestingly, while the data is 

complex, there are some trends that can be teased out. Butyrylation is identified as significantly 
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enriched in 5 of 8 peptides when cells are grown on the butyrate substrate. None of the 8 

peptides were enriched on crotonate growth conditions. Two of the three 3-hydroxybutyrylation 

modifications were significantly enriched on the crotonate substrate, as were 2 of the 4 

acetylation that demonstrated a significant difference between conditions. Interestingly, the 

single residue that seemingly goes against these trends is the K238 residue on the acetyl-CoA 

acetyltransferase Swol_2051 (Figure 6E), in which all modified residues are enriched in the 

butyrate coculture condition. While these sites are highly conserved and proximal to the CoA 

binding site in a related species, Clostridium acetobutylicum, there is no evidence of direct 

interactions between these residues and any substrates (38).  

 

4.5 Conclusion 

     The breadth and scope of acyl-modifications is rapidly expanding. A family of modifications 

that was first identified as an acetyl group on histones in the 1960s has grown to include many 

types of modifications on thousands of proteins across all domains of life (25). Despite growing 

interest in these modifications, there still remain many questions as to both causes of these 

modifications as well as the effects they produce. While many labs are engaged in the search for 

these modifications in relatively simple systems such as histones (39–41), leveraging the unique 

metabolic properties and features of bacteria has been largely ignored, leaving it a fertile ground 

for analysis. Here we demonstrate that through informed analysis of acylations based on 

metabolic pathways, we can identify the acylations that will modify lysine residues on proteins. 

This information can be used to streamline analysis of acylations in different systems to help 

identify putative modifications.  
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     Further, while the scope of acylations has been broadening, a thorough understanding of their 

biological impact is not yet known. By altering the conditions of substrates that S. wolfei can 

oxidize, we have demonstrated a correlation between RACS present and lysine acylations 

identified, strengthening the evidence for non-enzymatic acylation and supporting the “carbon 

stress model” as a proximate explanation for lysine acylation (18, 19, 34). Drawing a correlation 

to previous works has also opened a new avenue to understand the role of lysine acylations. That 

altering the conditions of cell growth changes both the enzymatic activities of butyrate 

degradation enzymes and the acylation profiles on the protein can give targets that can be further 

studied to identify a causative relationship. Notably, many of these enzymes have been identified 

as members of complexes (42), which have been demonstrated to be altered by lysine acylations 

in other systems (43–45). While many of these acylations are structurally similar, differing in 

some cases by only a methyl or hydroxyl group, these slight differences have been demonstrated 

as sufficient for significant alterations for enzymes using acyl-lysine as a substrate (46). 

Ultimately, the studies performed on the S. wolfei acyl-proteome provide a roadmap to 

understanding the impact of the acylations on enzymatic activity.  
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Figure 1. Profiles of lysine acylation in different growth conditions: The count of peptides 

identified with different types of acylations are identified under different conditions.  
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Figure 2. Quantitative shifts in lysine acylation in the β-oxidation pathway: Heatmaps 

demonstrate the abundance profile changes of modified peptides of peptides found in the β-

oxidation pathway. 2A identifies the pathway with key enzymatic reactions labeled numerically. 

2B-C identify modifications the abundance of modified peptides for both butyrylation (2B) and 

acetylation(2C).  
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Figure 3. Quantitative shifts in select heterogeneous lysine modifications: Site occupancies 

on two select modified residues found within the β-oxidation pathway. K41 of the 3-

hydroxybutyryl-CoA dehydrogenase Swol_2030 (3A) and K208 of the acetyl-CoA 

acetyltransferase Swol_2051 (3B).  
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Accession 

Number 

Sequence Modification m/z Retention 

Time, Start 

(min) 

Retention 

Time, 

End 

(min) 

1855 AVVDEIKTLSKPVESR K7(Butyryl) 614.3517 56.90 60.90 

1855 AVVDEIKTLSKPVESR K7(Acetyl) 605.008 52.38 56.38 

412 DFIGVVEKVTGK K8(Butyryl) 681.3883 84.57 88.57 

412 DFIGVVEKVTGK K8(Acetyl) 667.3728 79.05 83.05 

412 DFIGVVEKVTGK K8(3OHBu) 689.3855 78.96 82.96 

815 EELEKLQLR K5(Acetyl) 600.3355 44.12 48.12 

815 EELEKLQLR K5(Butyryl) 614.3519 52.59 56.59 

675 EIVPVVIKSK K7(Acetyl) 577.3627 43.82 47.82 

675 EIVPVVIKSK K7(Butyryl) 591.3803 51.86 55.86 

2052 ESDEIGMKHVGGNEK M7(Oxidation); 

K8(Acetyl) 

563.259 17.22 21.22 

2052 ESDEIGMKHVGGNEK M7(Oxidation); 

K8(Butyryl) 

572.6043 24.38 28.38 

2051 FKDEIVPVVIKGK K11(Acetyl) 505.3045 47.92 51.92 

2051 FKDEIVPVVIKGK K11(Butyryl) 514.6491 55.17 59.17 

2030 FVDKAIGAIK K4(3OHBu) 574.3405 29.29 33.29 

2030 FVDKAIGAIK K4(Croto) 565.3351 50.84 54.84 

2030 FVDKAIGAIK K4(Acetyl) 552.3 43.05 47.05 

2030 FVDKAIGAIK K4(Butyryl) 566.3424 50.97 54.97 

2030 GKAAPGTADAVVGR K2(3OHBu) 678.3704 24.70 28.70 

2030 GKAAPGTADAVVGR K2(Butyryl) 670.3712 33.41 37.41 

768 GKEVDVATADSK K2(3OHBu) 653.3306 13.62 17.62 

768 GKEVDVATADSK K2(Acetyl) 631.3181 20.54 24.54 

768 GKEVDVATADSK K2(Butyryl) 645.3333 28.69 32.69 

675 IIGMKVGLPVR M4(Oxidation); 

K5(Croto) 

633.8856 53.93 57.93 

675 IIGMKVGLPVR M4(Oxidation); 

K5(3OHBu) 

642.887 33.25 37.25 

675 IIGMKVGLPVR M4(Oxidation); 

K5(Acetyl) 

620.8765 46.45 50.45 

675 IIGMKVGLPVR M4(Oxidation); 

K5(Butyryl) 

634.893 53.32 57.32 

436 IVPTLKPGAIVTDPR K6(Croto) 822.9889 61.92 65.92 

436 IVPTLKPGAIVTDPR K6(Butyryl) 823.9979 61.07 65.07 

436 IVPTLKPGAIVTDPR K6(Acetyl) 809.9818 52.89 56.89 

815 KDLESNLGIGVK K1(Acetyl) 657.8668 44.83 48.83 

815 KDLESNLGIGVK K1(3OHBu) 679.8802 36.98 40.98 

2051 KGDTVFDTDEHPR K1(3OHBu) 534.9162 21.30 25.30 

2051 KGDTVFDTDEHPR K1(Croto) 528.915 34.13 38.13 

2051 KGDTVFDTDEHPR K1(Acetyl) 520.2396 25.18 29.18 

2051 KGDTVFDTDEHPR K1(Butyryl) 529.5916 34.10 38.10 

412 KINAESLGEAIK K1(Butyryl) 671.8834 50.62 54.62 
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412 KINAESLGEAIK K1(Acetyl) 657.8687 46.00 50.00 

1855 KISSIGEVLPVLEK K1(Acetyl) 777.4629 68.71 72.71 

1855 KISSIGEVLPVLEK K1(Butyryl) 791.4774 73.06 77.06 

815 KLEELGGLIR K1(Acetyl) 585.3485 58.66 62.66 

815 KLEELGGLIR K1(3OHBu) 607.3641 44.24 48.24 

2051 KSTPEAMAK K1(Acetyl); 

M7(Oxidation) 

510.7556 9.26 13.26 

2051 KSTPEAMAK K1(Butyryl); 

M7(Oxidation) 

524.7708 13.34 17.34 

2051 LAPAFKK K6(Butyryl) 422.7679 32.31 36.31 

2051 LAPAFKK K6(Acetyl) 408.7523 23.51 27.51 

384 LLTNPKAGR K6(3OHBu) 528.3137 22.24 26.24 

384 LLTNPKAGR K6(Butyryl) 520.3173 32.51 36.51 

2030 NVILYDIDMKFVDK M9(Oxidation); 

K10(Acetyl) 

885.955 76.79 80.79 

2030 NVILYDIDMKFVDK M9(Oxidation); 

K10(Butyryl) 

899.9665 81.16 85.16 

436 SKIVPTLKPGAIVTDPR K2(Acetyl) 917.5487 47.71 51.71 

436 SKIVPTLKPGAIVTDPR K2(3OHBu) 939.5582 41.28 45.28 

2052 STDPKGPSVR K5(Acetyl) 543.2841 14.90 18.90 

2052 STDPKGPSVR K5(Butyryl) 557.2992 20.23 24.23 

2051 STPEAMAKLAPAFK K8(Acetyl) 760.3961 42.83 46.83 

2051 STPEAMAKLAPAFK K8(Butyryl) 774.4114 49.89 53.89 

791/2030 VKEGPGFVVNR K2(Butyryl) 636.3597 42.03 46.03 

791/2030 VKEGPGFVVNR K2(Acetyl) 622.3434 32.85 36.85 

1855 VTLGPKGR K6(3OHBu) 457.2771 12.42 16.42 

1855 VTLGPKGR K6(Acetyl) 435.264 20.48 24.48 

2030 YRPAPPLKQLVR K8(3OHBu) 508.64 32.83 36.83 

2030 YRPAPPLKQLVR K8(Acetyl) 493.9652 40.34 44.34 

1491 FGPGDTVK N/A 410.713 15.87 18.87 

1491 GTGLSQTFTVR N/A 583.813 36.81 39.81 

1491 LQVFEGTVIK N/A 567.3308 44.41 47.41 

 

Table 1. Ions targeted for quantitative analysis: Ions were selected for a parallel reaction 

monitoring (PRM) analysis of S. wolfei samples. Peptides were selected for analysis largely 

based on their presence in the butyrate degradation pathway of the organism, or by the presence 

of different modifications identified on the same site.  
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Figure 4. Validation of estimations used in incomplete datasets: Figures 4A and 4B indicate 

the retention time elution profile of two of the peptides selected as internal standards 

(FGPGDTVK and GTGLSQTFTVR respectively). For butyrate coculture, where all replicates 

successfully identified all three peptides, a comparison is shown between the true value of sums 

identified as well as estimates that could be determined from the presence of either one or two of 

the identified peptides (4C).   
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Accession 

Number 
Protein Function 

Protein Ratio 

(Crotonate Mono : Butyrate Co) 

0384 Acyl-CoA dehydrogenase 1.18 

0436 
Butyrate:acetyl-CoA coenzyme A-

transferase 
1.41 

2030 3-hydroxyacyl-CoA dehydrogenase 1.69 

2051 Acetyl-CoA acetyltransferase 1.20 

2052 Butyryl-CoA dehydrogenase 1.66 

 

Table 2. Proteins abundance ratios for MS2 quantitation: Ratios of proteins selected for 

quantitative analysis as identified in previous DDA analysis using the top 3 peptide method of 

quantitation.  
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Figure 5. MS2 level quantitation of acyl peptides: Elution profiles of peptides analyzed by 

MS1 and MS2 analysis. 5A demonstrates the elution profile of a peptide when the MS1 extracted 

ion chromatogram is selected, in comparison to the MS2 ion chromatogram (5B). 5C 

demonstrates the elution profile of the extracted MS2 ions for both fragmented ions and the 

immonium ion for the K1 acetylated form of the KINAESLGEAIK peptide.   
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Figure 6. Quantitative change of acyl modifications in crotonate and butyrate growth 

conditions: Acyl-peptides were identified and quantified in a number of enzymes in the butyrate 

degradation pathway (5A-E). An unpaired t-test was used to determine significance (ns, P > 

0.05; *, P < 0.05; **, P < 0.005; ***, P < 0.001; ****, P < 0.0001).  
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CHAPTER  5 

 

 Conclusion and Perspectives 
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5.1 Moving Forward in Proteomics 

     The field of proteomics has advanced significantly over the last twenty years. Tremendous 

technological advances, such as the development of the high resolution orbitrap mass analyzer 

(1), newer fragmentation methods such as electron transfer dissociation (ETD) and ultraviolet 

photodissociation (UVPD) (2, 3), incorporation of ion mobility based gas-phase separation 

techniques (4, 5), and multiplexing of mass spectra (6) have enhanced the amount of data that 

can be generated in a single proteomics run. However, this generation of raw data does not 

necessarily mean that all data is usable or can provide meaningful conclusions. As the field of 

proteomics turns toward generating larger and deeper datasets, it must be kept in mind that a 

rather large portion of mass spectra generated in a proteomics shotgun experiment (up to 75%) 

are do not lead to a protein identification (7, 8). Many attempts to overcome and assign these 

spectra have been previously discussed in Chapter 1, as using “open searches” that allow for 

unbiased search of mass shifts that can later be assigned to a chemical formula have become 

more common in assigning spectra that contain non-canonical cleavage sites, amino acid 

mutations, and post-translational modifications (9–11). However, this type of searching also 

comes with it the drawback that for large datasets, determining true, high confident assignments 

from misidentifications is not as clear as with normal false-discovery determination methods. 

Therefore, the notion that these larger data sets coupled with larger search spaces will generate 

inherently more meaningful or usable data requires further considerations. Many issues may 

arise from isobaric peptides and side reactions caused by sample processing and preparation (12–

14). Rather than just focusing on generating more spectra, focus should also be placed on the 

validation of assignments made and determination of what data is significant.  



123 
 

     The push to make data more interpretable and meaningful has taken several forms in recent 

years. Many methods and approaches have begun to focus on understanding fragment-spectra 

complexities and minimizing noise that may occur. For example, chimeric spectra, spectra in 

which co-eluting peptides also co-fragment in a single spectra, can represent as much as 50% of 

the spectra in a proteomic experiment and significantly impair confident peptide identification 

(15). Increasingly these spectra are being addressed by software to help identify peptides that 

would otherwise be ignored or unassignable (16). Likewise, addressing the contaminants that 

may factor into an analysis can help to parse through data to find the meaningful sets. To address 

the signals resulting from contamination from the sample preparation steps, databases such as the 

CRAPome (17) have allowed for the identification of proteins that are common in the 

background of experiments (and subsequently removed for consideration when interpreting the 

results). At the mass spectrometric level, software has been written to combat contaminating ions 

that may permeate fragment spectra throughout the course of a proteomics experiment (18). 

These resources are just a few of the growing considerations being made to help mitigate, or 

potentially even make use of, interferences that can otherwise impede data assignments or 

contribute to ambiguity in data analysis.  

     Along a similar vein, the transition of the proteomics community toward MS2 level analysis, 

even for purposes of quantification, has allowed for improved accuracy in determining what is of 

chemical and biological significance. Permutations of amino acids can be distinguished using 

fragment spectra in a manner not possible from LC-MS analysis alone. The power of this 

methodology also increases when post-translational modifications (PTMs) are considered in the 

context of proteomic analysis. Indeed, Basisty et. al demonstrated that fragment-level 

quantitation can distinguish between isomeric PTM combinations that elute within a minute of 
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one another; a feature impossible to do with precursor mass measurement alone (19). The ability 

to validate this type of data analysis has also grown significantly with advances in tandem mass 

spectra predictive algorithms. Machine learning methods have allowed for the prediction of 

peptide fragment spectra with remarkable accuracy (20, 21). As the sizes of proteomic datasets 

expand and groups continue to integrate both identified and theoretical PTMs into training 

datasets, the power and accuracy of these algorithms will continue to grow. Agreement of these 

predictions and empirical data will continue to give strong credibility to the assignment of a 

peptide’s identity.  

     Altogether, the current trends in proteomics are trending to not only collect more data and 

assign the identity of more ions, but to do so with greater accuracy using a multitude of methods 

and factors. In this way, both the number of peptides identified can increase as can the 

confidence of these assignments. As ambiguity is a key limitation to the proteomics field, giving 

confidence to the assignment of peptides is a key frontier to overcome, especially when 

considering the growing contribution of non-canonical proteins and PTMs to key biological 

questions.  

     The three-pronged advancements in proteomics; the ability to collect more data, assign more 

data, and have more confidence in data assignments, expands potential for current applications of 

mass spectrometry-based proteomics as a field. Chapters 2, 3, and 4 discussed data that were 

collected from microbial communities to better understand interactions across these 

communities. Indeed, one of the next frontiers of proteomic applications will be growth in the 

size of sample complexity that can be analyzed. Syntrophs are one class of biological systems 

that require partners to grow and therefore require scientific interrogation in consortia. However, 



125 
 

the capabilities of studying organisms in physically relevant conditions expands well beyond 

these microbes.  

     Increasingly in recent years, focus has turned toward analyzing many of these larger and more 

complex biological systems. Viruses, by necessity, integrate into host cells in order to grow, 

mature and replicate. To fully understand this process, looking at the host-virus interactions, and 

from a proteomics perspective, the interactions of proteins at the interface are critical. These 

interactions have been elucidated at the proteomic level for a number of different viruses, 

thereby defining the interactome of a number of different viral pathogens and their hosts (22–

24). Increasing in size and complexity, bacterial pathogens have likewise been analyzed at the 

proteomic level with MS based techniques, thereby demonstrating significant interactors that can 

result in pathogenicity (25, 26). While these techniques clearly extend to human health in the 

host-pathogen capacity, they also have the power to act in much larger microbial communities 

that can have a significant impact as well. Microbes in soil proximal to plants, often in the 

rhizosphere, can have a large effect on plant growth. Metaproteomic studies of these 

communities have become critical to understanding impact that microbial communities play in 

plant growth and health (27). Extrapolating to even more complex systems, metaproteomics has 

been applied to the human gut microbiome to understand how the microbial communities within 

the human gut may result in a variety of medical dysfunctions (28–30). As proteomics transitions 

to larger communities, many more physiologically relevant conditions can be tested, and thus the 

emerging properties within these systems can be identified. Though a relatively simple system, 

the existence of syntrophs demonstrates how isolating and simplifying systems through 

reductionist approaches may miss out on critical features.  
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APPENDIX TO THE DISSERTATION 

 

Introduction 

 

The appendix includes several projects that are related to several of the themes of the 

dissertation, such as mass spectrometry, post-translational modifications, and environmental 

microbes. However, these works either do not tie into all the themes of the dissertation or require 

future work to complete the entirety of the story.  
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APPENDIX I: In vitro reconstitution of sortase-catalyzed pilus polymerization reveals 

structural elements involved in pilin cross-linking 
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APPENDIX II: Protein Labeling via a Specific Lysine-Isopeptide Bond Using the Pilin 

Polymerizing Sortase from Corynebacterium diphtheriae 

 

Reprinted with permission from McConnell, Scott A., et al. "Protein labeling via a specific 

lysine-isopeptide bond using the pilin polymerizing sortase from Corynebacterium diphtheriae." 

Journal of the American Chemical Society 140.27 (2018): 8420-8423. Copyright 2018 American 

Chemical Society. 
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Appendix III: N-terminal chemistry as a means of identifying isopeptide bond formation  

 

As an extension of the work of identifying the isopeptide bonds used for sortase, an attempt was 

made to use N-terminal chemistry to assist in the identification. Specifically, 

phenylisothiocyanate (PITC) was added to the N-terminal of the isopeptide bond. The rationale 

was two-fold. By modifying the N-terminal of an isopeptide bond, we would expect that a mass 

shift of 2 PITC additions may be identified, whereas a standard peptide would only have one. 

Also, PITC results in the formation of very strong b1 ions upon collisionally induced dissociation 

(1). By using this, we may be able to more easily identify isopeptide bonds. The samples 

obtained by the Clubb lab from the work performed for the work published in McConnell et al. 

(2) were modified with PITC by the methods described in Wang et al.(1). Peptides were digested 

with AspN and trypsin. The spectrum obtained and assignments are presented. Future work 

would seek to optimize a protocol to ensure efficient modification of two N-terminal peptides. 

Using the strong presence of two b1 ions to identify non-specific isopeptide bonding is an 

appealing idea. Further optimization as to the protocol and the use of similar PITC analogues 

such as 4-sulfophenyl isothiocyanate and optimization of proteases used for cleavage would be 

necessary.  
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Table 1. Ions identified in the spectra. Ions assigned in the spectra of PITC associated N-

terminal isopeptide linkage. (*) Denotes precursor ions were identified in MS1 spectra, not the 

fragmentation spectra.  

 

  

Ion Identified Charge Observed m/z  Theoretical m/z 

Difference between 

observed and 

theoretical (ppm) 

Glutamate 

immonium 
+1 102.056 102.055 -2.352 

y2𝛼 +1 219.134 219.134 0.091 

a1β +1 237.069 237.069 -0.422 

b1𝛼 +1 251.048 251.049 -0.757 

b1β +1 265.064 265.064 -1.170 

[b4𝛼- b1𝛼] +1 336.203 336.203 -0.892 

y4α +1 418.230 418.230 0.669 

[b5𝛼- b1𝛼] +1 499.266 499.266 -1.282 

y5α +1 555.289 555.289 0.540 

[y11𝛼 /y4𝛽] +2 851.986 851.986 0.246 

[y7𝛼 /y4𝛽] +1 1204.703 1204.705 -1.154 

[y8𝛼 /y4𝛽] +1 1367.766 1367.768 -1.704 

[y9𝛼 /y4𝛽] +1 1466.843 1466.837 4.609 

[y11𝛼 /y4𝛽] +1 1702.945 1702.964 -11.010 

M* +2 1109.035 1109.035 0.451 

M* +3 739.693 739.692 1.163 
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APPENDIX IV: Kinetics and Optimization of the Lysine–Isopeptide Bond Forming 

Sortase Enzyme from Corynebacterium diphtheriae 

 

Reprinted with permission from Sue, Christopher K., et al. "Kinetics and Optimization of the 

Lysine–Isopeptide Bond Forming Sortase Enzyme from Corynebacterium diphtheriae." 

Bioconjugate chemistry 31.6 (2020): 1624-1634. Copyright 2020 American Chemical Society. 
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APPENDIX V: N‐terminal autoprocessing and acetylation of multifunctional‐

autoprocessing repeats‐in‐toxins (MARTX) Makes Caterpillars Floppy‐like effector is 

stimulated by adenosine diphosphate (ADP)‐Ribosylation Factor 1 in advance of Golgi 

fragmentation 
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APPENDIX VI: Syntrophomonas wolfei subsp. methylbutyratica, a first look into the 

proteome  

 

INTRODUCTION 

     The bacteria Syntrophomonas wolfei subsp. Göttingen (DSM2245) has been understood to 

degrade short fatty acid chains of chain lengths of 4-8 carbons long (1). This sub-strain has been 

the model used to elucidate the properties of the S. wolfei species, and in turn has been used as a 

model for understanding the syntrophic anaerobic degradation of short-chain fatty acids (2–5). In 

2007, a novel subspecies of S. wolfei was identified in rice field mud in China (6). Uniquely, this 

organism was able to degrade 2-methylbutyrate (6), a feature not seen in the Göttingen 

subspecies (1). Despite this metabolic difference, the 16S ribosomal sequences of the two 

subspecies shared 98.9% sequence similarity (6). In order to better understand the enzymes that 

allow for 2-methylbutyrate degradation, as well as explore the differences between these two 

species, we have begun to investigate the proteome of this species. Here, we investigated the 

subspecies grown axenically on crotonate to get a first look at features of the proteome.  

METHODS 

     Samples were obtained from the McInerney group at The University of Oklahoma. Cells were 

grown axenically on crotonate as S. wolfei subsp Göttingen had been previously (7).  

     Cells were lysed using the enhanced filter assisted sample preparation (eFASP) protocol (8, 

9). After ethyl acetate extraction, peptides were desalted using C18 spin tips. 200 ng of lysate 

peptides were separated on an EASY nLC-1200 (Thermo Scientific) and loaded onto the 

QExactive orbitrap mass spectrometer (Thermo Scientific). Ions were selected for fragmentation 

using data-dependent acquisition mode where the top 10 most abundant ions were chosen for 
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fragmentation. Selected ions were fragmented using higher-energy collisional dissociation. 

Protein identification was perfomed using the Mascot database search algorithm (Matrix 

Science) whereby *.RAW files were searched using ProteomeDiscoverer (version 1.4) software 

(Thermo Scientific). The database used for protein identification was the draft genome available 

at the JGI database under the draft genome for Syntrophomonas wolfei methylbutyratica JCM 

14075 (10). 

RESULTS AND DISCUSSION 

     Initial reports identified that the subsp. methylbutyratica was able to sporulate under axenic 

and coculture conditions, whereas the subsp. Göttingen could not (6). The proteomic analysis 

supported this observation (Figure 1). Two homologs involved in sporulation were identified as 

expressed in equal abundances. The “spore germination and sporulation protein” homologs 

(Swol_1052 vs Ga0126451_105152) and the “stage V sporulation protein homologs” 

(Swol_1250 vs Ga0126451_12349) are present in equal abundances. However, two sporulation 

related factors, “sporulation transcription factor Spo0A” (Swol_0590 vs Ga0126451_12038) and 

“stage 0 sporulation family protein” (Swol_0043 vs Ga0126451_101324) were identified as 

present in subsp. methylbutyratica but not in subsp. Göttingen. This could potentially help 

explain the disparity in the sporulation phenotype between the two subspecies, especially 

considering the Spo0A gene is essential for spore formation (11).  

     The gene loci that are upregulated as part of the acyl-degradation pathway are also of 

significant interest. As the new subspecies can degrade crotonate as well as 2-methylbutyrate, it 

would be prudent to identify the genes that are expressed in this pathway. As axenic crotonate 

growth is conserved between the subspecies, it is useful to compare the two. Figure 2 

demonstrates which genes are expressed, allowing for a baseline for the novel syntroph’s 
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degradation enzymes. This is a reasonable comparison for future studies when grown on other 

carbon sources.  

     Finally, it was important to catalog the presence of acylation that were found to occur in the 

subsp. methylbutyratica proteome. This would help to identify a conserved mechanism of 

modification with other sythrophs studied, as well as the subsp. Göttingen studies that were 

performed in Chapter 4 of this dissertation. Indeed, it was found that modifications associated 

with the β-oxidation pathway were found to be present with acetylation making up the bulk of 

the acylation identified (Table 1). Also similar to previous reports of the Göttingen strain in 

Chapter 4, there is a large amount of modification primarily on enzymes within the β-oxidation 

pathway. Figure 3 demonstrates the heterogeneity of the heterogeneity of three enzymes in the 

pathway that were identified. Not only are the enzyme modified at many different lysine residues 

in the protein but also many different lysine residues are modified with a heterogeneous mix of 

different acylations. While this study only looked at one condition, it does appear that acylation 

of these pathways is a conserved mechanism of the S. wolfei species.  

CONCLUSION  

     The methylbutyratica subspecies is a very important factor in understanding the physiology of 

the S. wolfei species of syntrophs. It allows for very distinct points of comparison that allow us to 

tease apart mechanisms underlying the phenotypes of the model syntroph. It also critically helps 

determine what mechanisms and phenomenon are conserved across the species and potentially 

beyond. Future studies may also allow for a much better understanding of the unique properties 

this subspecies has within the S. wolfei species to degrade branched chain fatty acids.  
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Figure 1. Sporulation related protein identified in sbsp methylbutyratica. Some proteins 

related to sporulation that were identified are shown in terms of fraction of the total proteome in 

both subspecies of S. wolfei.     
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Figure 2. Abundant members of the 2-methylbutyrate degradation pathway in S. wolfei 

sbsp. methylbutyratica. The putative members of the 2-methylbutyrate degradation pathway 

were identified by gene loci. The relative abundances as a percentage of the proteome are 

displayed for each.  
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Modification Count 

Butyryl 18 

Crotonyl 1 

3-hydroxybutyryl 5 

Acetyl 70 

 

Table 1. Acylation count in sbsp. methylbutyratica. The number of modified proteins total for 

each acylation are presented.   
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Ga0126451_10784   acetyl-CoA acetyltransferase 

 

Ga0126451_11663   acetyl-CoA acetyltransferase 

 

Ga0126451_10783   2-methyl-3-hydroxyacyl-CoA dehydrogenase 

 

Figure 3. 2-methylbutyrate degradation pathway enzymes tend to be highly modified. A 

selection of the most abundant enzymes in the 2-methylbutyrate degradation pathway are 

displayed. Areas shaded in green have high-confidence peptides identified containing that 

region. The symbol above each site signifies which modification was found. A = acetyl, B = 

Butyryl, 3 = 3-hydroxybutyrylation, C = carbamidomethylation, O = oxidation. \ 
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APPENDIX VII: Syntrophomonas wolfei tricultures demonstrate the acetylation of 

enzymes critical for Methanosaeta concilii (Methanothrix soehngenii GP6) acetoclastic 

methanogenesis 

Note: For the purposes of this work, the methanogen of interest will be referred to by the 

name Methanosaeta concilii. There has been a push to revert the name back, Methanothrix 

soehngenii, though it is unclear if and when such a nomenclature change will take place. 

 

     Syntrophic bacteria require methanogenic partners to grow due to thermodynamic constraints 

on some of the core pathways in their metabolism (1). Syntrophomonas wolfei  is typically 

coupled with the hydrogen scavenger Methanospirillum hungatei in order to overcome these 

constrains (2, 3). However, the degradation of short-chain fatty acids by S. wolfei produces not 

only an excess of hydrogen, but acetate as well. Acetoclastic methanogens, such as 

Methanosaeta concilii, may consume the acetate produced by the syntrophic bacteria to in turn 

produce methane (4). The first step of this process is analogous to the steps taken in syntrophs 

whereby acetate is activated on a Coenzyme A (CoA) scaffold. As discussed in depth in Chapters 

1-4, these intermediates are reactive and may cause acetylation of lysine residue.  

     In an attempt to better understand the population dynamics of microbial consortia, S. wolfei 

cells were grown in the presence of their typical methanogenic partners, M. hungatei, as well as 

the acetoclastic methanogens M. concilii. Cells from this triculture were harvested and prepared 

via enhanced filter-assisted sample preparation method (eFASP) (5, 6) and run on a QExactive 

mass spectrometer (Thermo Scientific) using the same method discussed in Appendix VI. 

Spectra obtained were searched using the Mascot algorithm against a database of all three 
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microbial proteomes and included in the dynamic modification of acetylation (+42.01056) on 

lysine in the search. The results of what were found in the M. concilii proteome are displayed in 

Table 1. Notable acetate-CoA ligase is the enzyme that catalyzes first step of the acetoclastic 

methanogenesis pathway (4). The resulting acetyl-CoA is then converted by the carbon 

monoxide dehydrogenase (cdh)/acetyl-CoA decarbonylase complex, tetrahydromethanopterin S-

methyltransferase, and methyl coenzyme M reductase to ultimately produce methane (7). All 

four of these enzymes are shown to have acetylation sites on in the M. concilii proteome (Table 

1). When coupled with data presented in Chapter 4, it demonstrates that every enzyme involved 

in the pathway that degrades butyrate in syntrophs, to the methane released by methanogens, 

contain the presence of acyl-lysine modifications (Figure 1). This opens up the possibility of a 

regulatory mechanism and paves the way for future functional studies of the modifications on 

these enzymes.  
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Peptide Sequence Gene Tag Gene description 
Site 

(Modification) 

LANALKSVGVEK MCON_2868 acetate--CoA ligase K6(Acetyl) 

SVGVEKGDR MCON_2868 acetate--CoA ligase K6(Acetyl) 

KVIVVKR MCON_2868 acetate--CoA ligase K6(Acetyl) 

TAPSVQKVVVVK MCON_0558 acetate--CoA ligase K7(Acetyl) 

GAGVVKGDR MCON_0558 acetate--CoA ligase K6(Acetyl) 

KQMISAIK MCON_2932 
carboxymuconolactone 

decarboxylase family protein 
K1(Acetyl); 

M3(Oxidation) 

AIAAIVNKGK MCON_3321 
class I fructose-bisphosphate 

aldolase family protein 
K8(Acetyl) 

VAKGGANAVLQQK MCON_3321 
class I fructose-bisphosphate 

aldolase family protein 
K3(Acetyl) 

GKNADEAIK MCON_3321 
class I fructose-bisphosphate 

aldolase family protein 
K2(Acetyl) 

GHVVKLGGEK MCON_1326 
CO dehydrogenase/acetyl-CoA 

synthase subunit delta 
K5(Acetyl) 

ADKITLSDLNK MCON_1326 
CO dehydrogenase/acetyl-CoA 

synthase subunit delta 
K3(Acetyl) 

IATEDDAKDIAALK MCON_1330 
CO dehydrogenase/CO-methylating 

acetyl-CoA synthase complex 
subunit beta 

K8(Acetyl) 

SDKIDLYSDR MCON_0762 
coenzyme-B 

sulfoethylthiotransferase subunit 
beta 

K3(Acetyl) 

TVAVNLAGVEGALKTGK MCON_0762 
coenzyme-B 

sulfoethylthiotransferase subunit 
beta 

K14(Acetyl) 

DQVGIPLDKK MCON_0760 
coenzyme-B 

sulfoethylthiotransferase subunit 
gamma 

K9(Acetyl) 

GSKDEFDTAR MCON_0940 hypothetical protein K3(Acetyl) 

KIGLVGIR MCON_0394 methanogenesis marker 3 protein K1(Acetyl) 

SDIGKIILVGGPTR MCON_1037 molecular chaperone DnaK K5(Acetyl) 

ALEALQVVDKNK MCON_2613 peroxiredoxin K10(Acetyl) 

FKEAGITPEDIK MCON_0819 phenylacetate--CoA ligase K2(Acetyl) 

SELEELQLKR MCON_2332 phenylacetate--CoA ligase K9(Acetyl) 

KATSILK MCON_2883 phosphoenolpyruvate synthase K1(Acetyl) 

QKPVPIATASK MCON_0501 
pyridoxamine 5'-phosphate oxidase 

family protein 
K2(Acetyl) 

KQEVFDFGK MCON_1068 
tetrahydromethanopterin S-
methyltransferase subunit H 

K1(Acetyl) 

LLKMVGYK MCON_1649 
translation elongation factor EF-1 

subunit alpha 
K3(Acetyl); 

M4(Oxidation) 

ILIATDGSEKSK MCON_2642 universal stress protein K10(Acetyl) 

VLSGSGKPR MCON_2515 V-type ATP synthase subunit B K7(Acetyl) 
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AVLIALKK MCON_2514 V-type ATP synthase subunit D K7(Acetyl) 

VVPDLKLTIK MCON_2514 V-type ATP synthase subunit D K6(Acetyl) 

 

Table 1. Acetylated peptides in M. concilii. Peptides identified containing acetylation in M. 

concilii when grown in syntrophic tricultures.  
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Figure 1. Pathway from butyrate to methane. The pathway that shows the degradation of 

butyrate to acetate in S. wolfei (red) followed by the acetoclastic methanogenesis that occurs in 

the M. concilii methanogen (green). Each arrow signifies an enzyme mediated reaction in the 

pathway. Each enzyme reaction in the pathway displays at least one acylation on a lysine 

residue.  
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APPENDIX VIII: Methanosaeta concilii (Methanothrix soehngenii GP6) has a remarkably 

resilient proteinaceous sheath 

 

Note: For the purposes of this work, the methanogen of interest will be referred to by the 

name Methanosaeta concilii. There has been a push to revert the name back, Methanothrix 

soehngenii, though it is unclear if and when such a nomenclature change will take place. 

 

INTRODUCTION 

     The cell walls and membranes of archaea show a diverse array of biochemical properties (1), 

unsurprising given the diverse and often extreme environments in which these microbes inhabit. 

Several species of methanogenic archaea have demonstrated an outer proteinaceous layer 

surrounding the cell membrane forming filamentous cells, termed a sheath (2, 3). Despite 

previous attempts to biochemically assess these superstructures, the first protein identity was not 

identified until 2015 when the Methanosaeta thermophila sheath was disassembled, analyzed, 

and shown to possibly be a functional amyloid speculated to have multiple inter-protein disulfide 

bridges that result in increased stability (4). Subsequent genomic and biochemical analysis of 

Methanospirillum hungatei demonstrated that this species contained a homolog of major sheath 

protein A (MspA) and that, indeed, it’s properties reflected that of an amyloid protein (5, 6). 

Previous work with the M. hungatei sheath protein demonstrated that they could not be dissolved 

with standard harsh denaturants, including 6M urea, 6M guanidinium chloride, 10M lithium 

thiocyanate hydrate, and 1% sodium dodecyl sulfate (7). The extreme resilience of these proteins 

makes their analysis uniquely challenging. Interestingly, while the M. hungatei genome had a 

homolog of the M. thermophila protein MspA, the genome of Methanosaeta concilii does not 
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despite the presence of another sheath superstructure around the M. concilii cells (2). It has 

previously been determined that the M. concilii sheath is more stable than that of M. hungatei, 

and that there are many more glycans present in the M. concilii sheath (8). Here, we sought the 

identity of this protein as well as the possibility of modifications that may be present on the 

proteins. 

METHODS 

     Empty sheaths, often referred to as “ghosts”, were obtained from the Gunsalus lab at UCLA. 

Briefly, the cells were grown on minimal media supplemented with acetate. Cells then 

mechanically sheared in a bead beater and washed with a solution of sodium dodecyl sulfate to 

remove soluble protein that are present in the system.  

     Samples were prepared using a variety of techniques. Similar to previous reports for M. 

hungatei (7), the M. concilii sheath samples were not solubilized using 8M urea, 6M 

guanidinium chloride or hexafluoroisopropanol (Figure 1). A successful solubilization and 

digestion of sheath proteins was eventually identified. 

     Sheath proteins were reduced in 66mM dithiothreitol (DTT) for 1 hour at 60°C. Samples were 

then dried down and resuspended in 100% formic acid of 30 minutes at 25°C. Samples were 

once again dried down and resuspended in 100mM ammonium bicarbonate. An ethyl acetate 

extraction was then performed and repeated three times to further purify the protein components 

of the sheath. Once purified, the proteins were reduced with 10mM DTT and alkylated with 

50mM of iodoacetamide. 200ng of chymotrypsin was added to the sheath to digest the 

proteinaceous components.  

     Samples were separated on an EASY nLC-1200 (Thermo Scientific) before being loaded onto 

the QExactive orbitrap mass spectrometer (Thermo Scientific). For tandem mass spectrometry, 



251 
 

ions were selected for fragmentation using data-dependent acquisition mode where the top 10 

most abundant ions were selected. Precursor ions were fragmented using higher-energy 

collisional dissociation. For protein identification, *.RAW files were searched using 

ProteomeDiscoverer (version 1.4) with the Mascot database search algorithm (Matrix Science). 

RESULTS AND DISCUSSION 

     When the successful solubilization method was used on the sheath obtained for M. hungatei, 

the bulk of the peptide signal identified (~90%) came from the MspA protein (Figure 2A). 

Based on the same analysis several similar proteins were identified as predominant in the M 

concilii sheath protein (Figure 2B). The two most abundant components identified were 

Mcon_1139 and Mcon_1134 which combined accounted for ~20% of the proteins identified, but 

were the only proteins identified in greater abundance than the S-layer protein. These proteins 

share 78.39% identity, perhaps indicating that they are part of a family. Using BLAST, another 

possible homolog was identified that would be a part of the putative family; Mcon_1141. 

Notably, experiments using elastase instead of chymotrypsin also found that the three most 

abundant proteins were Mcon_1141, Mcon_1139, and Mcon_1134. To better identify if these 

were likely to be exported proteins, the sequences were searched for signal peptides that indicate 

the proteins are exported across the membranes. All three of the homologs shared a signaling 

peptide at the N-terminal (Figure 3A-C), based on analysis by SignalP-5.0 (9). Worth noting, all 

members of this family also share a similar trait of a cysteine present at the C-terminal or C-

penultimate residue. The C-terminal peptide was not identified in the LC-MS/MS experiment, 

leaving open the possibility of C-terminal modification. Also of note is that the sequences 

contain several N-X-S/T/C motifs, which are motifs that are indicative of glycosylation 

occurring at the sites (10, 11). These regions are unidentified in our samples, leaving open the 
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possibility of glycan modifications. Indeed, previous biochemical characterization of the sheath 

protein demonstrate a very high abundance of glycans relative to M. hungatei, particularly 

mannose (8). While peptides containing this type of modification were not identified, that 

showed evidence of chains containing hexoses present in the LC-MS/MS runs (Figure 4). The 

M. concilii genome also contains a putative oligosaccharide transferase in the protein 

Mcon_1133, giving more evidence of the likelihood of protein glycosylation.  

CONCLUSION  

     The extreme and diverse structures that compose the archaea surfaces are worthy of study are 

necessary given the extreme and diverse environments in which these microbes inhabit. 

Understanding the means by which these microbes’ interface with their environment would help 

us understand their physiology in a much deeper level. Proteinaceous sheaths appear to be a 

somewhat rare phenomenon, and that of M. concilii appear to be especially unique. Having a full 

characterization of the proteins are involved in this structure would not only contribute to the 

understanding of proteinaceous biomaterials, but also how it can interface with the environment 

they inhabit, which commonly involves keeping out unwanted environmental factors, and in the 

case of M. concilii may have a functional role in interspecies electron transportation (12).  
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Figure 1. A demonstration of the insolubility of sheath protein. Many solutions commonly 

used in dissolving and denaturing proteins have proven to be unable to dissolve the sheath 

protein. The black arrow points to the sheath protein precipitate floating in a solution of HFIP.  



256 
 

 

Figure 2. Ghost proteins by abundance. Relative abundance of proteins identified upon 

solubilization and digestion by chymotrypsin. The top protein identified is shown in gold, all 

other are depicted in blue.  
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Figure 3. N-terminal signaling sequence. Proteins identified as a high abundance family of 

protein, (A) Mcon _1139, (B) Mcon_1141, and (C) Mcon_1134 are subject to predictive 

algorithm SignalP5.0 to identify possible N-terminal signal peptide. The red line corresponds to 

A 

B 

C 
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the probability of a sequence as a part of the signal peptide and the green line indicates the 

probability of residue being part of a cleavage site.     
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Figure 4. Evidence of glycans in M. concilii sheath samples. (A) MS1 spectra of species found 

when running the sheath on LC-MS/MS. A monoisotopic mass shit of 162.05 is typically 

associated with hexoses. (B-C) Fragment spectra from one of the putative glycan precursors 

C 

D 
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selected at m/z 1206.74. Annotated spectra of the m/z 100 - 400 range (B), m/z 400 – 1200 (C), 

and m/z 1200 – 2200 (D).  

 

 




