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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



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



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



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



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.



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, a 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



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 -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



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,



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



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



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.

14



1.5 References

1. Fenn, J. B., Mann, M., Meng, C. K., Wong, S. F., and Whitehouse, C. M. (1989)
Electrospray ionization for mass spectrometry of large biomolecules. Science. 246, 64-71

2. Karas, M., and Hillenkamp, F. (1988) Laser Desorption lonization of Proteins with
Molecular Masses Exceeding 10 000 Daltons. Anal. Chem. 60, 2299-2301

3. Biemann, K. (1988) Contributions of mass spectrometry to peptide and protein structure.
Biol. Mass Spectrom. 16, 99-111

4. Syka, J. E. P., Coon, J. J., Schroeder, M. J., Shabanowitz, J., and Hunt, D. F. (2004)
Peptide and protein sequence analysis by electron transfer dissociation mass spectrometry.
Proc. Natl. Acad. Sci. U. S. A. 101, 9528-9533

5. Zubarev, R. A., Kelleher, N. L., and McLafferty, F. W. (1998) Electron capture
dissociation of multiply charged protein cations. A nonergodic process. J. Am. Chem. Soc.
120, 32653266

6. Ly, T., and Julian, R. R. (2009) Ultraviolet photodissociation: developments towards
applications for mass-spectrometry-based proteomics. Angew. Chemie - Int. Ed. 48, 7130-
7137

7. Aebersold, R., and Mann, M. (2003) Mass spectrometry-based proteomics. Nature. 422,
198-207

8. Eng, J. K., McCormack, A. L., and Yates, J. R. (1994) An approach to correlate tandem
mass spectral data of peptides with amino acid sequences in a protein database. J. Am.
Soc. Mass Spectrom. 5, 976-989

9. Perkins, D. N., Pappin, D. J. C., Creasy, D. M., and Cottrell, J. S. (1999) Probability-based

15



10.

11.

12.

13.

14.

15.

16.

17.

18.

protein identification by searching sequence databases using mass spectrometry data. in
Electrophoresis, pp. 3551-3567, Wiley-VCH Verlag, 20, 3551-3567

Tyanova, S., Temu, T., and Cox, J. (2016) The MaxQuant computational platform for
mass spectrometry-based shotgun proteomics. Nat. Protoc. 11, 2301-2319

Schirmer, E. C., Yates-lii, J. R., and Gerace, L. (2009) MudPIT: A Powerful Proteomics
Tool for Discovery. Discov. Med. 2, 38-39

Ye, D., Fu, Y., Sun, R. X., Wang, H. P, Yuan, Z. F., Chi, H., and He, S. M. (2010) Open
MS/MS spectral library search to identify unanticipated post-translational modifications
and increase spectral identification rate. Bioinformatics. 10.1093/bioinformatics/btq185
Bittremieux, W., Meysman, P., Noble, W. S., and Laukens, K. (2018) Fast Open
Modification Spectral Library Searching through Approximate Nearest Neighbor
Indexing. J. Proteome Res. 17, 3463-3474

Kong, A. T., Leprevost, F. V., Avtonomov, D. M., Mellacheruvu, D., and Nesvizhskii, A.
I. (2017) MSFragger: Ultrafast and comprehensive peptide identification in mass
spectrometry-based proteomics. Nat. Methods. 14, 513-520

Skinner, O. S., and Kelleher, N. L. (2015) llluminating the dark matter of shotgun
proteomics. Nat. Biotechnol. 33, 717-718

Nilsson, J., Halim, A., Grahn, A., and Larson, G. (2013) Targeting the glycoproteome.
Glycocon;. J. 30, 119-136

Aswad, D. W., Paranandi, M. V., and Schurter, B. T. (2000) Isoaspartate in peptides and
proteins: Formation, significance, and analysis. J. Pharm. Biomed. Anal. 21, 1129-1136
Baker, M. D., Wolanin, P. M., and Stock, J. B. (2006) Signal transduction in bacterial

chemotaxis. BioEssays. 28, 9-22

16



19.

20.

21.

22.

23.

24,

25.

26.

27.

Humphrey, S. J., James, D. E., and Mann, M. (2015) Protein Phosphorylation: A Major
Switch Mechanism for Metabolic Regulation. Trends Endocrinol. Metab. 26, 676-687
Eyre, D. R., Paz, M. A., and Gallop, P. M. (1984) Cross-Linking in Collagen and Elastin.
Annu. Rev. Biochem. 53, 717748

Hae, J. K., Coulibaly, F., Clow, F., Proft, T., and Baker, E. N. (2007) Stabilizing
isopeptide bonds revealed in gram-positive bacterial pilus structure. Science (80-. ). 318,
1625-1628

Lecker, S. H., Goldberg, A. L., and Mitch, W. E. (2006) Protein degradation by the
ubiquitin-proteasome pathway in normal and disease states. J. Am. Soc. Nephrol. 17,
1807-1819

Pinkse, M. W. H., Uitto, P. M., Hilhorst, M. J., Ooms, B., and Heck, A. J. R. (2004)
Selective isolation at the femtomole level of phosphopeptides from proteolytic digests
using 2D-NanoLC-ESI-MS/MS and titanium oxide precolumns. Anal. Chem. 76, 3935—
3943

Xu, G., Paige, J. S., and Jaffrey, S. R. (2010) Global analysis of lysine ubiquitination by
ubiquitin remnant immunoaffinity profiling. Nat. Biotechnol. 10.1038/nbt.1654

Trub, A. G., and Hirschey, M. D. (2018) Reactive Acyl-CoA Species Modify Proteins and
Induce Carbon Stress. Trends Biochem. Sci. 43, 369-379

Wagner, G. R., and Hirschey, M. D. (2014) Nonenzymatic Protein Acylation as a Carbon
Stress Regulated by Sirtuin Deacylases. Mol. Cell. 54, 5-16

Huang, H., Zhang, D., Wang, Y., Perez-Neut, M., Han, Z., Zheng, Y. G., Hao, Q., and
Zhao, Y. (2018) Lysine benzoylation is a histone mark regulated by SIRT2. Nat. Commun.

9,111

17



28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Guan, K. L., Yu, W., Lin, Y., Xiong, Y., and Zhao, S. (2010) Generation of acetyllysine
antibodies and affinity enrichment of acetylated peptides. Nat. Protoc. 5, 1583-1595
Turner, B. M. (2000) Histone acetylation and an epigenetic code. BioEssays. 22, 836-845
Cain, J. A., Solis, N., and Cordwell, S. J. (2014) Beyond gene expression: The impact of
protein post-translational modifications in bacteria. J. Proteomics. 97, 265-286
Christensen, D. G., Xie, X., Basisty, N., Byrnes, J., McSweeney, S., Schilling, B., and
Wolfe, A. J. (2019) Post-translational Protein Acetylation: An elegant mechanism for
bacteria to dynamically regulate metabolic functions. Front. Microbiol. 10, 1604

Garrity, J., Gardner, J. G., Hawse, W., Wolberger, C., and Escalante-Semerena, J. C.
(2007) N-lysine propionylation controls the activity of propionyl-CoA synthetase. J. Biol.
Chem. 282, 30239-30245

Ott, M., Schndlzer, M., Garnica, J., Fischle, W., Emiliani, S., Rackwitz, H. R., and Verdin,
E. (1999) Acetylation of the HIV-1 tat protein by p300 is important for its transcriptional
activity. Curr. Biol. 9, 1489-1493

McClure, J. J., Inks, E. S., Zhang, C., Peterson, Y. K., Li, J., Chundru, K., Lee, B.,
Buchanan, A., Miao, S., and Chou, C. J. (2017) Comparison of the Deacylase and
Deacetylase Activity of Zinc-Dependent HDACs. ACS Chem. Biol. 12, 16441655
Baeza, J., Smallegan, M. J., and Denu, J. M. (2015) Site-Specific Reactivity of
Nonenzymatic Lysine Acetylation. ACS Chem. Biol. 10, 122-128

VanDrisse, C. M., and Escalante-Semerena, J. C. (2019) Protein Acetylation in Bacteria.
Annu. Rev. Microbiol. 73, 111-132

Verdin, E., and Ott, M. (2013) Acetylphosphate: A novel link between Lysine Acetylation

and intermediary metabolism in bacteria. Mol. Cell. 51, 132-134

18



38.

39.

40.

41.

42,

43.

44,

45,

46.

Fu, Y. (2012) Bayesian false discovery rates for post-translational modification
proteomics. Stat. Interface. 5, 47-59

Kim, M. S., Zhong, J., and Pandey, A. (2016) Common errors in mass spectrometry-based
analysis of post-translational modifications. Proteomics. 16, 700-714

Lee, S., Tan, M., Dai, L., Kwon, O. K., Yang, J. S., Zhao, Y., and Chen, Y. (2013)
MS/MS of synthetic peptide is not sufficient to confirm new types of protein
modifications. J. Proteome Res. 12, 1007-1013

El Kennani, S., Crespo, M., Govin, J., and Pflieger, D. (2018) Proteomic analysis of
histone variants and their PTMs: Strategies and pitfalls. Proteomes.
10.3390/proteomes6030029

Falick, A. M., Hines, W. M., Medzihradszky, K. F., Baldwin, M. A., and Gibson, B. W.
(1993) Low-mass ions produced from peptides by high-energy collision-induced
dissociation in tandem mass spectrometry. J. Am. Soc. Mass Spectrom. 4, 882-893
Renner, D., and Spiteller, G. (1986) Mechanism of fragmentation reactions of [MH]+ ions
obtained from peptides by liquid secondary ion mass spectrometry. Biol. Mass Spectrom.
13, 405410

Zhang, P., Chan, W., Ang, I. L., Wei, R., Lam, M. M. T., Lei, K. M. K., and Poon, T. C.
W. (2019) Revisiting Fragmentation Reactions of Protonated a-Amino Acids by High-
Resolution Electrospray lonization Tandem Mass Spectrometry with Collision-Induced
Dissociation. Sci. Rep. 9, 1-10

Biemann, K., Seibl, J., and Gapp, F. (1961) Mass Spectra of Organic Molecules. I. Ethyl
Esters of Amino Acids. J. Am. Chem. Soc. 83, 3795-3804

Armirotti, A., Millo, E., and Damonte, G. (2006) How to Discriminate Between Leucine

19



47.

48.

49,

50.

51.

52.

53.

and Isoleucine by Low Energy ESI-TRAP MS n. 10.1016/j.jasms.2006.08.011

Hung, C. W., Schlosser, A., Wei, J., and Lehmann, W. D. (2007) Collision-induced
reporter fragmentations for identification of covalently modified peptides. Anal. Bioanal.
Chem. 389, 1003-1016

Gehrig, P. M., Nowak, K., Panse, C., Leutert, M., Grossmann, J., Schlapbach, R., and
Hottiger, M. O. (2020) Gas-Phase Fragmentation of ADP-Ribosylated Peptides: Arginine-
Specific Side-Chain Losses and Their Implication in Database Searches.
10.1021/jasms.0c00040

Bowman, G. D., and Poirier, M. G. (2015) Post-translational modifications of histones
that influence nucleosome dynamics. Chem. Rev. 115, 2274-2295

Couttas, T. A., Raftery, M. J., Bernardini, G., and Wilkins, M. R. (2008) Immonium lon
Scanning for the Discovery of Post-Translational Modifications and Its Application to
Histones. J. Proteome Res. 7, 2632-2641

Zhang, K., Yau, P. M., Chandrasekhar, B., New, R., Kondrat, R., Imai, B. S., and
Bradbury, M. E. (2004) Differentiation between peptides containing acetylated or tri-
methylated lysines by mass spectrometry: An application for determining lysine 9
acetylation and methylation of histone H3. Proteomics. 4, 1-10

Brame, C. J., Moran, M. F., and McBroom-Cerajewski, L. D. B. (2004) A mass
spectrometry based method for distinguishing between symmetrically and asymmetrically
dimethylated arginine residues. Rapid Commun. Mass Spectrom. 18, 877-881

Trelle, M. B., and Jensen, O. N. (2008) Utility of immonium ions for assignment of &-N-
acetyllysine-containing peptides by tandem mass spectrometry. Anal. Chem. 80, 3422—

3430

20



54,

55.

56.

S7.

58.

59.

Nakayasu, E. S., Wu, S., Sydor, M. A., Shukla, A. K., Weitz, K. K., Moore, R. J., Hixson,
K. K., Kim, J.-S., Petyuk, V. A., Monroe, M. E., Pasa-Tolic, L., Qian, W.-J., Smith, R. D.,
Adkins, J. N., and Ansong, C. (2014) A Method to Determine Lysine Acetylation
Stoichiometries. Int. J. Proteomics. 2014, 1-8

Zolg, D. P., Wilhelm, M., Schmidt, T., Médard, G., Zerweck, J., Knaute, T., Wenschuh,
H., Reimer, U., Schnatbaum, K., and Kuster, B. (2018) ProteomeTools: Systematic
Characterization of 21 Post-translational Protein Modifications by Liquid
Chromatography Tandem Mass Spectrometry (LC-MS/MS) Using Synthetic Peptides.
Mol. Cell. Proteomics. 17, 1850-1863

Muroski, J. M., Fu, J. Y., Nguyen, H. H., Ogorzalek Loo, R. R., and Loo, J. A. (2021)
Leveraging Immonium Ions for Targeting Acyl-Lysine Modifications in Proteomic
Datasets. Proteomics. 21, 2000111

Carr, S. A., Huddleston, M. J., and Bean, M. E. (1993) Selective identification and
differentiation of N-and O-linked oligosaccharides in glycoproteins by liquid
chromatography-mass spectrometry, Cambridge University Press

Halim, A., Westerlind, U., Pett, C., Schorlemer, M., Rietschi, U., Brinkmalm, G.,
Sihlbom, C., Lengqvist, J., Larson, G., and Nilsson, J. (2014) Assignment of saccharide
identities through analysis of oxonium ion fragmentation profiles in LC-MS/MS of
glycopeptides. J. Proteome Res. 13, 6024-6032

Yu, J., Schorlemer, M., Gomez Toledo, A., Pett, C., Sihlbom, C., Larson, G., Westerlind,
U., and Nilsson, J. (2016) Distinctive MS/MS Fragmentation Pathways of Glycopeptide-
Generated Oxonium lons Provide Evidence of the Glycan Structure. Chem. - A Eur. J. 22,

1114-1124

21



60.

61.

62.

63.

64.

65.

66.

67.

68.

Ritchie, M. A., Gill, A. C., Deery, M. J., and Lilley, K. (2002) Precursor ion scanning for
detection and structural characterization of heterogeneous glycopeptide mixtures. J. Am.
Soc. Mass Spectrom. 13, 1065-1077

Madsen, J. A., Farutin, V., Lin, Y. Y., Smith, S., and Capila, I. (2018) Data-independent
oxonium ion profiling of multi-glycosylated biotherapeutics. MAbs. 10, 968-978
Stadlmann, J., Taubenschmid, J., Wenzel, D., Gattinger, A., Durnberger, G., Dusberger,
F., Elling, U., Mach, L., Mechtler, K., and Penninger, J. M. (2017) Comparative
glycoproteomics of stem cells identifies new players in ricin toxicity. Nature. 549, 538-
542

Bollineni, R. C., Koehler, C. J., Gislefoss, R. E., Anonsen, J. H., and Thiede, B. (2018)
Large-scale intact glycopeptide identification by Mascot database search. Sci. Rep.
10.1038/s41598-018-20331-2

Mclnerney, M. J., Sieber, J. R., and Gunsalus, R. P. (2009) Syntrophy in anaerobic global
carbon cycles. Curr. Opin. Biotechnol. 20, 623-632

Stams, A. J. M., Sousa, D. Z., Kleerebezem, R., and Plugge, C. M. (2012) Role of
syntrophic microbial communities in high-rate methanogenic bioreactors. Water Sci.
Technol. 66, 352-362

Boll, M., Geiger, R., Junghare, M., and Schink, B. (2020) Microbial degradation of
phthalates: biochemistry and environmental implications. Environ. Microbiol. Rep. 12, 3—
15

Schink, B. (1997) Energetics of syntrophic cooperation in methanogenic degradation.
Microbiol. Mol. Biol. Rev. 61, 262-80

Heukelekian, H., and Heinemann, B. (1939) Studies on the Methane-Producing Bacteria:

22



69.

70.

71.

72.

73.

74.

75.

76.

I. Development of a Method for Enumeration on JSTOR. Sewage Work. J. 11, 426-435
Barker, H. A. (1941) Studies on the methane fermentation V. Biochemical activities of
Methanobacterium omelianskii. J. Biol. Chem. 137, 153-167

Bryant, M. P., Wolin, E. A., Wolin, M. J., and Wolfe, R. S. (1967) Methanobacillus
omelianskii, a symbiotic association of two species of bacteria. Arch. Mikrobiol. 59, 20—
31

Ben-Bassat, A., Lamed, R., and Zeikus, J. G. (1981) Ethanol production by thermophilic
bacteria: Metabolic control of end product formation in Thermoanaerobium brockii. J.
Bacteriol. 146, 192-199

Schink, B. (1984) Fermentation of 2,3-butanediol by Pelobacter carbinolicus sp. nov. and
Pelobacter propionicus sp. nov., and evidence for propionate formation from C2
compounds. Arch. Microbiol. 137, 33-41

Bryant, M. P., Campbell, L. L., Reddy, C. A., and Crabill, M. R. (1977) Growth of
desulfovibrio in lactate or ethanol media low in sulfate in association with H2 utilizing
methanogenic bacteria. Appl. Environ. Microbiol. 33, 1162-1169

Mclnerney, M. J., Bryant, M. P., Hespell, R. B., and Costerton, J. W. (1981)
Syntrophomonas wolfei gen. nov. sp. nov., an Anaerobic, Syntrophic, Fatty Acid-
Oxidizing Bacterium. Appl. Environ. Microbiol. 41, 1029-39

Boone, D. R., and Bryant, M. P. (1980) Propionate-degrading bacterium, Syntrophobacter
wolinii sp. nov. gen. nov., from methanogenic ecosystems. Appl. Environ. Microbiol. 40,
626-632

Mountfort, D. O., and Bryant, M. P. (1982) Isolation and characterization of an anaerobic

syntrophic benzoate-degrading bacterium from sewage sludge. Arch. Microbiol. 133, 249—

23



77.

78.

79.

80.

81.

82.

83.

256

Jackson, B. E., Bhupathiraju, V. K., Tanner, R. S., Woese, C. R., and Mclnerney, M. J.
(1999) Syntrophus aciditrophicus sp. nov., a new anaerobic bacterium that degrades fatty
acids and benzoate in syntrophic association with hydrogen- using microorganisms. Arch.
Microbiol. 171, 107-114

James, K. L., Rios-Hernandez, L. A., Wofford, N. Q., Mouttaki, H., Sieber, J. R., Sheik,
C. S., Nguyen, H. H., Yang, Y., Xie, Y., Erde, J., Rohlin, L., Karr, E. A., Loo, J. A,, Loo,
R. R. O., Hurst, G. B., Gunsalus, R. P., Szweda, L. I., and Mclnerney, M. J. (2016)
Pyrophosphate-dependent ATP formation from acetyl coenzyme a in Syntrophus
aciditrophicus, a new twist on ATP formation. MBio. 10.1128/mBi0.01208-16

Heider, J., and Fuchs, G. (1997) Anaerobic metabolism of aromatic compounds. Eur. J.
Biochem. 243, 577-596

Miiller, N., Worm, P., Schink, § Bernhard, Stams, A. J. M., and Plugge, C. M. (2010)
Syntrophic butyrate and propionate oxidation processes: from genomes to reaction
mechanismse mi4_147 489..499. 10.1111/j.1758-2229.2010.00147.x

Croshy, H. A., Heiniger, E. K., Harwood, C. S., and Escalante-Semerena, J. C. (2010)
Reversible Ne-lysine acetylation regulates the activity of acyl-CoA synthetases involved
in anaerobic benzoate catabolism in Rhodopseudomonas palustris. Mol. Microbiol. 76,
874-888

Gardner, J. G., Grundy, F. J., Henkin, T. M., and Escalante-Semerena, J. C. (2006)
Control of Acetyl-Coenzyme A Synthetase (AcsA) Activity by Acetylation/Deacetylation
without NAD+ Involvement in Bacillus subtilis. J. Bacteriol. 188, 5460-5468

Rocca, J. D., Simonin, M., Blaszczak, J. R., Ernakovich, J. G., Gibbons, S. M., Midani, F.

24



84.

85.

S., and Washburne, A. D. (2019) The Microbiome Stress Project: Toward a Global Meta-
Analysis of Environmental Stressors and Their Effects on Microbial Communities. Front.
Microbiol. 9, 3272

Trinh, P., Zaneveld, J. R., Safranek, S., and Rabinowitz, P. M. (2018) One Health
Relationships Between Human, Animal, and Environmental Microbiomes: A Mini-
Review. Front. Public Heal. 6, 235

Tasnim, N., Abulizi, N., Pither, J., Hart, M. M., and Gibson, D. L. (2017) Linking the gut
microbial ecosystem with the environment: Does gut health depend on where we live?

Front. Microbiol. 10.3389/fmich.2017.01935

25



CHAPTER 2

Leveraging Immonium Ions for Targeting Acyl-Lysine Modifications in Proteomic
Datasets

The following is a reprint of research article from
Proteomics
08 September 2020
DOI: 10.1002/pmic.202000111

26



RESEARCH ARTICLE

Proteomics

Proteomics and Systems Biology

www.proteomics-journal.com

Leveraging Immonium lons for Targeting Acyl-Lysine

Modifications in Proteomic Datasets

John M. Muroski, Janine Y. Fu, Hong Hanh Nguyen, Rachel R. Ogorzalek Loo,*

and Joseph A. Loo*

Acyl modifications vary greatly in terms of elemental composition and site of
protein modification. Developing methods to identify acyl modifications more
confidently can help to assess the scope of these modifications in large
proteomic datasets. The utility of acyl-lysine immonium ions is analyzed for
identifying the modifications in proteomic datasets. It is demonstrated that
the cyclized immonium ion is a strong indicator of acyl-lysine presence when
its rank or relative abundance compared to other ions within a spectrum is
considered. Utilizing a stepped collision energy method in a shotgun
experiment highlights the immonium ion. By implementing an analysis that
accounted for features within each MS? spectrum, the method clearly
identifies peptides with short chain acyl-lysine modifications from complex
lysates. Immonium ions can also be used to validate novel acyl modifications;
in this study, the first examples of 3-hydroxylpimelyl-lysine modifications are
reported and they are validated using immonium ions. Overall these results
solidify the use of the immonium ion as a marker for acyl-lysine modifications

This increased scope of proteomic in-
formation has resulted in a plethora of
data on post-translational modifications
(PTMs), which can affect protein func-
tion and modulate protein activity in a
cell without the energetic burden of syn-
thesizing new proteins.''~°] These modifi-
cations fall into different classes based on
their physicochemical properties, such
as phosphorylation, glycosylation, oxida-
tion, and many more. One class of mod-
ification that has been observed across
biological systems is lysine acylation.|*®!
Acetylation has been long known as
an epigenetic regulator, modulating pro-
tein expression through the modified ly-
sine side chains on histone tails.[*1!
Later, it was discovered that acetyl and

in complex proteomic datasets.

1. Introduction

As proteomic technology advances, the depth and breadth of
proteomic data that can be analyzed has increased concurrently.
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other acyl modifications not only im-
pact histone function, but are also ubig-
uitous in mammalian metabolic path-
ways as well as in other eukaryotic and
prokaryotic systems.[®?) In eukaryotic organisms, these modifica-
tions have been shown to correlate with aging as well as metabolic
state.l”®] In prokaryotes, these modifications impact the activity
of enzymes in metabolic pathways.['213] Acylation even plays a
role in viruses, as viral proteins have been shown to require acety-
lation to function.!*]

Acyl modifications have proven to be challenging to identify
on a proteome-wide scale for a number of reasons. These modi-
fications tend to have low stoichiometries relative to unmodified
proteoforms; for example, mitochondrial acylation stoichiome-
tries are around 0.02%.11°] This low abundance makes it difficult
to consistently identify modified peptides in complex samples
using untargeted proteomic methods, and enrichment strate-
gies during sample preparation are often necessary.'®l A sec-
ond challenge is that acyl modifications come in many differ-
ent varieties. Chain length, elemental composition, and degree
of unsaturation differ between different types of acylations.!]
For example, an acetyl group and a propionyl group differ by
one carbon. Although it is often unclear whether these mod-
ifications assume different functions, delineating their pres-
ence is important. However, creating such a list requires know-
ing a priori which acyl compositions might be present. Acy-
lation can occur spontaneously; that is, reactive intermediates
such as acetyl phosphate or an acyl-CoA can modify certain
primary amines without enzymatic catalysis.['’] Such processes
suggest that a given residue could be tagged by many acyl
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compositions, even on a single peptide. Not including all possi-
ble acyl modifications during database searching in proteomic
workflows may miss critical information about a given pro-
tein, particularly when quantification is sought. Broadening the
number of modifications considered, however, can increase the
false discovery rate (FDR) or, if FDR is treated properly, re-
duce the sensitivity for identifying peptides. All of these chal-
lenges add to the difficulty in characterizing the full range of acyl
modifications.

Physicochemical differences in PTMs have meant that differ-
ent experimental strategies may need to be considered if each
modification is to be detected and localized optimally. For ex-
ample, peptide phosphates are often labile to collision induced
dissociation (CID) and the associated mass shift may not be
apparent in MS? spectra or the PTM may migrate to another
residue.["¥ To overcome this limitation, phosphoproteomic stud-
ies have adopted strategies that utilize electron transfer dissocia-
tion (ETD) as an alternative MS? dissociation method."®1?) Gly-
cosylated peptides also present challenges for MS fragmentation
given the fragility and complexity of their structures. One strategy
for identifying these modifications uses collision energy stepping
in conjunction with detecting the characteristic oxonium ions
associated with specific glycans.?’) Oxonium ions!?!-2}] are low
mass ions resulting from fragmentation of oligosaccharides and
glycopeptides.

Similarly, immonium ions can serve as diagnostic markers
for specific acyl-lysine PTMs.#*%] Immonium ions are internal
product ions resulting from two-bond cleavages that retain a sin-
gle amino acid side chain. These ions, common in peptide tan-
dem mass spectra, can often verify the presence of certain amino
acids.[2*?7] It has been shown that, in addition to the canonical
amino acids, immonium ions can be generated for acyl-lysine
residues. The immonium ion for acetyl-lysine is observed at m/z
143.1179; however, a related ion observed at m/z 126.0913 that
originates from cyclization has shown special utility.2*?¢] Other
acyl-lysines present unique immonium ions.!*) These diagnostic
indicators are typically used for post-identification validation, be-
cause their presence and intensity depend heavily on sequence
context and instrument parameters. Here, we posit a means to
overcome limitations in the use of immonium ions by optimiz-
ing collision energies and by defining comparative criteria. This
strategy can be extended to identifying novel acyl PTMs in large
proteomic data sets.

2. Experimental Section

2.1. Reagents and Materials

Synthetic peptides (lyophilized, >95% purity) were obtained
from Genscript, Inc. and reconstituted in water. The se-
quences, which originate from Syntrophus aciditrophicus are:
KSTPEAMAK, FKDEIPVVIK, STDPKGPSVR, with the lysine
residues indicated in bold containing an acetyl-, butyryl-, or
crotonyl-modification on the e-amine.

2.2. Preparation and Digestion of Acyl-Bovine Serum Albumin

Acetylated-bovine serum albumin (BSA, Promega Product
#R3961) was diluted in 100 mm ammonium bicarbonate.
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Significance Statement

Acyl-lysine modifications come in a variety of elemental com-
positions. There is increasing evidence that these modifica-
tions can have a functional effect on proteins and are present
in species across all domains of life. Here, we describe a new
method that can allow for more confident identification of
acyl modifications in proteomes by utilizing theirimmonium
ions. We also report the first observation of a 3-hydroxypimelyl
lysine.

Butyrylated-BSA was prepared in a process adapted from Baez,
et al.l?’! Butyric anhydride (~25 pmol) was added to 100 pL of
a1 mg mL™! solution of BSA (Sigma Aldrich, Product #A8022)
in 100 mm ammonium bicarbonate. The solution was incubated
for 20 min at 4 °C, after which the solution pH was adjusted to
~8 using ammonium hydroxide. The incubation/pH adjustment
process was repeated two more times. To reverse adventitious O-
acylation, hydroxylamine hydrochloride was added to 50% w/v
of the final concentration (e.g., 55 mg added to 110 pL) and the
pH was readjusted with NH,OH to ~8. The solution was incu-
bated at room temperature overnight. Butyrylated-BSA was then
buffer exchanged into 100 mm ammonium bicarbonate using 10
kD MWCO Amicon spin filters (Millipore).

Acylated-BSA preparations were heated to 95 °C for 10 min,
disulfide-reduced with 20 mm dithiothreitol (DTT) for 1 h at
60 °C, and alkylated with 50 mm iodoacetamide for 45 min
at room temperature in the dark. Excess iodoacetamide was
quenched with DTT and the samples were digested overnight
with endoproteinase GluC (1:100) at room temperature (New
England Biolabs, Product #P8100S). Digested peptides were
dried in a vacuum concentrator, acidified with 0.1% acetic acid,
desalted with STAGE tips assembled from 3M Empore C18
Solid Phase Extraction Disks,*°l and dried again. Peptides were
reconstituted in LC-MS injection buffer (3% acetonitrile, 0.1%
formic acid) and quantified by Pierce Quantitative Fluorometric
Peptide Assay (Thermo Scientific, Product #23290).

2.3. Peptide Preparation from S. aciditrophicus Cells

Cells were harvested from tricultures of S. aciditrophicus,
Methanosaeta concilli, and Methanospirillum hungatei grown with
benzoate as the carbon source. Peptides were prepared from cell
pellets using enhanced filter-aided sample preparation (eFASP)
as described by Erde et al.*'*?! Briefly, cells were lysed in 4.0% v/v
ammonium lauryl sulfate, 0.1% w/v sodium deoxycholate, and
5 mw tris(2-carboxyethyl)phosphine in 100 mM ammonium bi-
carbonate. The lysate was exchanged into a buffer containing 8 m
urea, 0.1% w/v sodium deoxycholate, and 0.1% w/v n-octyl glu-
coside using a 10 kDa Microcon ultrafiltration unit (Millipore).
Within the ultrafiltration unit, proteins were alkylated in 17 mm
iodoacetamide and digested overnight at 37 °C with trypsin in a
buffer containing 0.1% w/v sodium deoxycholate, 0.1% w/v n-
octyl glucoside, and 100 mm ammonium bicarbonate. Peptides
were desalted with STAGE tips, as described earlier.
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2.4, Mass Spectrometry (LC-MS/MS) Analysis

Processed peptides were measured by reversed phase liquid
chromatography-tandem mass spectrometry (LC-MS/MS) on
an EASY nLC1000 (Thermo Scientific) coupled to a quadrupole
orbitrap mass spectrometer (Q-Exactive, Thermo Scientific).
Acyl-BSA peptides (100 ng) were loaded onto an Acclaim
PepMap100 C18 trap column (Thermo Scientific, Product
#16-494-6, 75 pm x 2 cm, 100 A) and separated on an Acclaim
PepMap RSLC C18 analytical column (Thermo Scientific, Prod-
uct #03-251-873, 75 pm x 25 cm, 100 A). Buffer A (0.1% formic
acid) and buffer B (0.1% formic acid in 100% acetonitrile) were
employed in the 300 nL min~' gradient: 3-35% B in 30 min,
35-50% B in 5 min, and 50-80% B in 2 min.

Synthetic, acylated peptide standards (1 fmol of each) were
spiked into 100 ng of a HeLa tryptic digest standard (Thermo Sci-
entific, #P188329). For the HeLa digest, 100 ng was loaded onto
the column, whereas 200 ng of the triculture digest (containing
S. aciditrophicus and two other organisms) was loaded. HeLa and
triculture analyses used the gradient 3-20% B in 62 min, 20-30%
B in 31 min, 30-50% in 5 min, and 50-80% in 2 min.

The mass spectrometer was operated in a data-dependent ac-
quisition mode (m/z 300-1800). MS scans were acquired at 70
000 resolution using an automatic gain control (AGC) target
of 1E6 (maximum fill: 100 ms). Collision induced dissociation
MS/MS spectra were acquired at 17 500 resolution, AGC (max-
imum fill: 80 ms) of 1E5, and a normalized collision energy of
27 (unless otherwise indicated) on the top 10 abundant precur-
sor ions. The mass spectrometry proteomics data have been de-
posited to the ProteomeXchange Consortium via the PRIDE part-
ner repository with the dataset identifier PXD018758.

2.5. Proteomic Data Analysis
2.5.1. Acyl-BSA Data

RAW files were converted into MGF format and peak lists were
submitted to Mascot (version 2.5; Matrix Science) and searched
against the BSA sequence supplemented with protein sequences
of common contaminants. GluC was specified as the cleavage en-
zyme with up to six missed cleavages considered, and a precursor
mass tolerance of 10 ppm and product mass error of 0.02 Da. Cys-
teine carbamidomethylation (+57.021464), methionine oxidation
(+15.994915), and the respective acyl-lysine modification, acetyl
(+42.010565) or butyryl (+70.041865) were set as variable mod-
ifications. Peptide spectral matches (PSMs) were filtered to 1%
false discovery rate using the target-decoy strategy.

2.5.2. Acyl Modifications in Hela and S. aciditrophicus

All HeLa cell data was analyzed using Mascot (version 2.5). Files
were searched against the UniProt Human database (as of Jan-
uary 23, 2019) supplemented with common laboratory contami-
nants and the three spiked synthetic peptide sequences. The S.
aciditrophicus triculture RAW files were processed through Pro-
teomeDiscoverer (version 1.4), using Mascot for the database
search. Files were searched against UniProt S. aciditrophicus,
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M. concilli, and M. hungatei sequence databases that were con-
catenated and supplemented with contaminant sequences (as
of July 8, 2019). The search parameters for both datasets were:
enzyme specificity, trypsin; maximum number of missed cleav-
ages, 2; precursor mass tolerance, 10 ppm; product mass error
allowed, 0.02 Da; variable modifications included cysteine car-
bamidomethylation, methionine oxidation, lysine acetylation, ly-
sine butyrylation, and lysine crotonylation (+68.026215). PSMs
were filtered to 1% false discovery rate using the target-decoy
strategy.

2.5.3. Immonium lon Analysis for Acylated BSA

From the Mascot search results (DAT files), a more stringent sec-
ondary filter was applied to the data to increase the confidence in
PSMs identified. PSMs with an ion score >25 were considered
for immonium ion analysis and an in-house Python script was
utilized to extract the corresponding MS/MS spectra containing
the immonium ion of interest for further characterization. For all
datasets, the mass tolerance was set to 10 ppm for the immonium
ion of interest. Similar analysis was performed on the Svinkina
et al.*¥] data set (MassIVE MSV000079068).

3. Results

3.1. The m/z 126 Immonium lon is Present in Great Abundance
in an Acetyl-Lysine Data Set

Previous reports have indicated that the m/z 126 ion (126.0913)
(hereafter called the “126 ion”) is diagnostic for acetyl-lysine.l2*]
To determine the prevalence of the 126 ion in PSMs, we inves-
tigated peptides from GluC-digested acetylated BSA, focused on
comparing matches with and without acetyl-lysine, as indicated
by the Mascot search. Of those identified as acetylated (335/571),
97.3% displayed the 126 ion in MS/MS spectra (Table 1). How-
ever, the 126 ion was also present in 65.7% of non-acetylated spec-
tra. There are several possible ways that non-acetyl-lysine con-
taining peptides can yield an ion with the exact mass of the 126
ion, including “a-ion” type products that subsequently lose NH;
from sequences containing Gly-Ile, Gly-Leu, or Ala-Val and the
reversed sequences. To verify that the observation of 126 ions
from non-acetylated peptides also occurs with complex lysates,
we performed the same analyses on a published dataset that uti-
lized immunoprecipitation to enrich acetylated peptides from Ju-
rkat E6-1 cells.**] From this dataset, 96% of acetylated PSMs pre-
sented a 126 ion, but 73.9% of the non-acetylated PSMs also dis-
played a 126 product (Table 1). That the 126 ion appears in acety-
lated PSMs agrees with previous work detailing its sensitivity as
an acetyl-lysine marker, but its presence in non-acetylated PSMs
raises questions about its specificity.?*! This difference may re-
flect the higher sensitivity of current mass spectrometers as com-
pared to those used previously.?*] It may also reflect the previous
study’s metrics for determining false positives, which relied on
the presence of specific dipeptide cleavages that may have been
absent in spectra with limited sequence information.[?*]
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Table 1. Distribution of PSMs containing m/z 126 and 129 immonium ions from acetylated BSA (27 NCE) and from Jurkat E6-1 cells (25 NCE) (Svinkina

etal.)l*l,
PSMs with 126 ion PSMs without 126 ion PSMs with 129 ion PSMs without 129 ion

Acetyl-BSA Non-acetyl 155 (65.7%) 81 (34.3%) 212 (89.8%) 24 (10.2%)

Acetyl 326 (97.3%) 9 (2.7%) 304 (90.7%) 31 (9:3%)
Svinkina et al. Non-acetyl 4458 (73.9%) 1577 (26.1%) 5806 (96.29%) 229 (3.89%)

Acetyl 4415 (969%) 185 (4%) 4255 (92.5%) 345 (7.5%)

Non-acetyl PSM ’ Non-acetyl PSM |
Acetyl PSM I Acetyl PSM I
0 5 10 15 20 25 5 3 M : 3 10

lon Abundance Ratic

lon Abundance Ratio

Figure 1. lon abundance ratios [126]/[129] for acetylated and non-acetylated spectra. A) Violin plots of the [126]/[129] abundance ratio for all PSMs
in acetylated-BSA. Vertical lines denote median ion abundance ratios 0.2 and 2.4 for non-acetyl and acetyl PSMs, respectively. B) Violin plots of the
[126]/[129] ion abundance ratio for all PSMs in the Jurkat E6-1 cell dataset of Svinkina et al.[3*] Vertical lines denote the median ion abundance ratios of

0.4 and 1.7 for non-acetyl and acetyl PSMs, respectively.

3.2. Using the 126:129 lon Abundance Ratio as an Acetyl-Lysine
Indicator

Given the ubiquity of the 126 ion in MS? spectra, a more spe-
cific diagnostic ion metric is needed to distinguish between acety-
lated and non-acetylated PSMs. Other low mass ions that may
indicate the presence of an unmodified lysine include the m/z
101 (101.1079) immonium ion and a diagnostic ion at m/z 129
(129.1023).126) The m/z 101 ion was rarely observed within lysine-
containing PSMs and, when present, did not clearly differentiate
acetylated from non-acetylated peptides (Table S1, Supporting In-
formation). The m/z 129 diagnostic ion (hereafter called the “129
ion”), was present more often and proved to better indicate the
presence of unmodified lysine (Figure 1). Similar to the low speci-
ficity of the 126 ion for acetyl-lysine containing peptides, the 129
ion was not very specific for unmodified lysine-containing pep-
tides; 89.8% and 90.7% of non-acetyl and acetyl PSMs, respec-
tively, contained the 129 ion (Table 1). The prevalence of the 129
ion in acetyl and non-acetyl PSMs was also noted by Svinkina,
et al.’)

Given the presence of 126 and 129 ions in both acetylated and
non-acetylated PSMs, we considered whether their abundance ra-
tio could yield an improved diagnostic for acetylation. The abun-
dance of the 129 ion was compared to that of the 126 ion. Only
13.6% of non-acetylated PSMs had a 126 ion of greater abundance
than the 129 ion, while 72.8% of acetylated PSMs contained 126
ions at abundances exceeding the 129 ions. Peak intensity ratios

Proteomics 2020, 2000111

2000111 (4 of 10)

for acetylated and non-acetylated peptide spectra clearly differ,
with acetyl PSMs having a [126]/[129] ratio greater than 1 (Fig-
ure 1A). In a large majority of cases where the [126]/[129] ratio is
less than 1, the PSMs were identified as possessing an additional
unmodified lysine residue (94%). Employing the [126]/[129] ra-
tio to discriminate between non-acetylated and acetylated PSMs
greatly increases the specificity as compared to using the 126
ion alone. Similar trends can be ascertained from the data pub-
lished by Svinkina, et al.,**l with only 17.8% of non-acetylated
PSMs and 71.8% of acetylated PSMs displaying the 126 ion
at greater abundance than 129 (Figure 1B). This data suggests
that the trends identified here are generalizable to large datasets
and can increase the reliability for assigning spectra with lysine
acetylation.

For acetylated peptide PSMs, the 126 ion tended to be more
abundant than other ions in the MS? spectrum. The ion abun-
dances within each spectrum containing a 126 ion were ranked;
~80% of acetyl PSMs had m/z 126 as one of the 10 most
abundant ions, as compared to 16% of non-acetyl PSMs (Fig-
ure 2A). The trend is also true in the re-mined Jurkat dataset
(Figure 2B).1*)

Butyrylated BSA was also analyzed in order to determine if
a similar trend applied to other short-chain acylations. Data
was limited, likely due to the low efficiency of butyrylation
in aqueous solution. Nevertheless, the trends mirrored those
for acetyl BSA. The presence of the m/z 126 analogue for
butyryl-lysine (m/z 154.1232) in a spectrum corresponded to a
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Figure 2. Abundance rank m/z 126 in MS/MS spectra of non-acetylated and acetylated peptides. A) Violin plots ranking the 126 ion abundance to all
other ions in a spectrum for all acetyl-BSA PSMs. Vertical lines denote median rankings 40 and 3 for non-acetyl and acetyl peptides, respectively. B) Violin
plots ranking the 126 ion abundance to all other ions present in a spectrum for all Jurkat E6-1 PSMs (dataset of Svinkina et al.l**]). Vertical lines denote
median rankings 45 and 11 for non-acetylated and acetylated PSMs, respectively.
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Figure 3. Dependence of 126 ion abundance on sequence context within fragmentation spectra. A) 126 ion abundance versus total product ion abun-
dance for acetyl-BSA peptides. B) 126 ion abundance versus total product ion abundance for isobaric acetyl-BSA peptides. A single PSM of the same

precursor charge state was selected for each acetyl-lysine position.

butyrylated PSM 87.1% of the time (Table S2 and Figure S2, Sup-
porting Information), while 96.4% of butyrylated peptide spec-
tra presented a 154 ion, indicating that it is both specific and
sensitive.

3.3. Sequence Dependence of Immonium lon Formation

Efficient formation of immonium ions can depend on a modified
residue’s location in a particular peptide sequence. Sequence-
specific fragmentation is a well elucidated phenomenon, as
certain local residues can affect CID fragmentation; for example,
when a proline or glycine residue is near.**?% Some examples
of this sequence dependence are shown in Figure 3. Generally
an acetyl-lysine at the N-terminal position will yield the strongest
signal for the 126 ion (Figure 3A).[2*] This observation can be
rationalized by recognizing that the first step in forming immo-
nium ions requires an N-terminal amine. Hence, an internal
lysine would require two fragmentation events, while an N-
terminal lysine requires only one. Sequence composition is also
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important. For example, two different peptides with acetylation
at the K1 position yield very different relative abundances for
the 126 ions (Figure 3A). Peptides containing multiple lysines
that are acetylated closer to the N-terminus tend to yield more
abundant 126 ions (Figure 3B). Thus, there can be a localization
bias when using the cyclized immonium ion to identify and/or
validate acyl modifications.

Normalized collision energy (NCE) was increased in an at-
tempt to maximize the 126 ion’s signal. Global analysis with this
optimization indicates, indeed, that the elevated NCE increases
the relative abundance of the 126 ion from the acetylated BSA
sample (Figure 4A). As per the violin plots, the 126 ion relative
abundance increases with increasing NCE. Tandem mass spectra
for individual peptides were examined to ensure that this trend
applied to modifications at varied sequence locations. Figure 4B—
D shows examples for different modified sequences. All of these
peptides show that increased collisional energy increases the rel-
ative abundance of the immonium ion, congruent with the global
analysis of Figure 4A.
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Figure 4. Abundance of the 126 ion versus total product ion abundance in MS? spectra of acetyl PSMs. A) Each violin plot shows data obtained at a
given NCE that reveals for each acetyl-PSM the percentage of total ion signal due to m/z 126. Vertical lines indicate the median relative abundances of
the 126 ion. B-D) Percentage of total signal due to the 126 ion versus NCE for acetylated peptides selected for their acetyl-lysine position and sequence

context. Some peptides were not identified at higher NCEs.

3.4. Stepped Collisional Activation Mitigates a Loss of Sequence
Identifications

Increasing collision energy increases the intensities of low mass
peaks, such as immonium ions, but in doing so, information
critical to identifying the peptide sequence may be lost. At an
NCE of 27, typical for most proteomic CID fragmentation, over
200 unique peptides could be identified from acetylated-BSA
LC-MS/MS runs. At 30 NCE, the number of identified peptides
dropped moderately to just below 100. However, at NCE 35 and
40, the number falls dramatically to just over 20 (Figure 5). While
higher collision energies highlight the 126 ion in MS? spectra, the
benefit comes at the cost of poor sequence information, making
it less likely that peptides can be matched to the correct sequence
confidently.

To recover this information, a stepped collision energy (CE)
approach was taken to enhance the intensity of the immonium
ion peaks while retaining enough high mass information to iden-
tify the peptide sequence. In the stepped CE strategy, precur-
sor ions are fragmented at low and high NCE, and the product
ions from each CE are pooled for detection. Figure 5 shows how
stepped CE recovers the sequence information lost by using ex-
cessive collision energy. Several stepped collision energy combi-
nations (NCEs of 27/40, 27/45, and 27/50) were tested to opti-
mally balance maximal signal for the 126 ion with retention of
sequence-related information. A stepped NCE method of 27/40
was found to be optimum, recovering 80% of unique peptides
relative to the single energy method at 27 NCE (Figure 5). There
was still some loss of peptides identified due to the complexity of
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Figure 5. Unique peptides identified with different values of fixed and
stepped NCE. Acetylated (red) and non-acetylated (blue) peptides.

the spectra produced by the stepped method, as the higher colli-
sional energy results in greater neutral loss and low mass product
ions. Applying this approach, we rescued the number of peptides
identified while maintaining a strong immonium ion, such that
95.4% of acetylated PSMs presented a 126 ion within the 10 most
abundant ions (compared to 80% from 27 NCE). Butyrylation
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Figure 6. Immonium ion abundance ratio reveals low abundance synthetic acyl-peptides in a Hela lysate background. Scatterplots of the immonium ion
abundance ratio versus retention time for A) lysine acetylation ([126]/[129]), B) lysine butyrylation ([154]/[129]), and C) lysine crotonylation ([152]/[129]),
respectively. Grey dots represent spectra with an abundance ratio less than one. K1, K2, and K5 correspond to the synthetic S. aciditrophicus sequences
KSTPEAMAK, FKDEIPVVIK, and STDPKGPSVR, respectively, where the bolded residues are acylated. Verified isomeric ions and unidentified ions are

described in the text.

(m/z 154.1232) showed similar trends with respect to stepped
NCE (Figure S3, Supporting Information).

3.5. Immonium lons Identify Acyl Modifications in a Complex
Lysate Using a Stepped Collision Energy

A question that remained with the stepped collision energy
method was whether it would readily reveal immonium ions for
acetyl-lysine and other acyl-lysines (e.g., butyryl- and crotonyl-
lysine [m/z 152.107]) in a complex biological sample. To in-
vestigate this question, synthetic acylated peptides were spiked
into a trypsinized HelLa lysate from which the respective im-
monium ion: m/z 129 abundance ratios were monitored. The
spiked peptides (KSTPEAMAK, FKDEIPVVIK, STDPKGPSVR)
differ in the type and location of acylation. In addition to acetyl-
lysine, we chose butyryl- and crotonyl-lysine because they are rel-
evant to S. aciditrophicus, a syntrophic bacterium for which we
expect extensive protein acylation due to high cellular concentra-
tions acyl-CoA metabolites.'”] Our lab identified these sequences
as highly modified in the course of S. aciditrophicus proteomic
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studies.*! Plotted are the cyclized immonium: 129 ion relative
abundance ratios for each MS? spectrum (Figure 6). Acylated pep-
tides are clearly identified in the population of PSMs with [im-
monium]/[129] ratios exceeding 1. Isomers of the 12612*) and 152
ions are also present (Figure S4, Supporting Information) and
some peptides containing these sequences were identified (Fig-
ure 6). The quality of some MS? spectra with abundance ratios ex-
ceeding 1 was insufficient to ascribe a sequence. These instances
are labeled as unidentified in Figure 6.

3.6. Using Immonium lons to Identify the Presence of Novel
PTMs

S. aciditrophicus has unique metabolic pathways that allow for
the formation of novel protein PTMs. Given that its short chain
and aromatic fatty acid metabolism generates a variety of reactive
acyl-CoA metabolites, we expect the S. aciditrophicus proteome
to display unique acyl-lysine modifications. These acyl-CoA in-
termediates can spontaneously acylate lysine side chain amines
under physiological conditions.[* One acyl-CoA intermediate

© 2020 Wiley-VCH GmbH
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Figure 7. Novel modification (3-hydroxypimelylation) on benzoate-CoA ligase in S. aciditrophicus with its diagnostic ion. A) Immonium ion for 3-
hydroxypimelylation (K+158.0579 Da) (highlighted in orange) undergoes facile neutral losses. B) 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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within the benzoate degradation pathway is 3-hydroxypimelyl-
CoA."I Interestingly, we noted that some mass spectra from the
benzoate-cultivated S. aciditrophicus proteome presented mass
shifts of K+158.0579 Da. To determine the validity of this novel
modification, immonium-related ions were examined to verify
that the shift was associated with a novel lysine PTM on a
benzoate-CoA ligase peptide, rather than a misidentification./*?!
Based on the immonium ion structure, one expects certain facile
neutral losses (Figure 7) to be present, an NH; neutral loss (sim-
ilar to that of the acetyl-lysine 126 ion), an H,O loss, and the
loss of both NH; and H,0. Tandem mass spectra from two pep-
tides containing the putative modification, benzoate-CoA ligase
(RS03815/RS03820) and acetyl-CoA transferase (RS12490), pre-
sented ions corresponding to neutral losses of NH;, H,0, and
NH;+H,0 from the predicted immonium ions (Figure 7, Fig-
ure S5, Supporting Information); that is, 242.1392, 241.1552, and
224.1278 Da, respectively. These immonium-related ions vali-
dated the presence of a hydroxypimelyl-lysine, the first observa-
tion of this PTM. Although only two 3-hydroxypimelyl-lysine pep-
tides were identified in this analysis, we have found many other 3-
hydroxylpimelyl modifications from other S. aciditrophicus sam-
ple preparations that will be addressed in future studies.

4. Discussion

Immonium and immonium-related ions are excellent proxies for
the presence of acetylation.?***] Despite their longtime use in
global analyses, current instrumentation and methods have not
been optimized for their use. While previous reports found that
the specificity for acetylation of the m/z 126 ion was superior to
that of m/z 143,12*] the former is, nevertheless, observed in mass
spectra lacking any acetylation, as is confirmed in our analysis.
Hence, the diagnostic ion’s presence alone is not sufficient to
claim modification with high confidence, or to restrict data acqui-
sition or analysis to only acetylated peptides. Incorporating abun-
dance ratios provides a nuanced way to utilize this marker. The
[126]/[129] ratio is meaningful when identifying candidate PSMs
that contain acetyl-lysine residues. Although some sequence con-
texts make it an imperfect criterion, ions likely containing acety-
lated lysine can be identified by the [126]/[129] ratio in MS? spec-
tra prior to database searching. This can filter candidate spectra
prior to sequence assignment or highlight modified precursors in
the case of limited sequence information. This criterion can be
also used in conjunction with other evidence for more rigorous
identification. Likewise, incorporating a stepped collisional en-
ergy CID experiment may increase confidence in acyl-lysine as-
signments. Akin to oxonium ion analysis, using a stepped NCE
strategy highlights the diagnostic ions of acyl-lysine while also
optimizing sequence-related information in a data-dependent ac-
quisition (DDA) method. Stepped NCE is particularly important
for modifications present in the middle of a peptide, because gen-
erating these immonium ions require more collision energy.
While using immonium ions is appropriate for CID, transfer-
ring that use to other activation methods requires consideration
of the mechanisms by which those methods fragment peptides.
Another common fragmentation approach in the analysis of pep-
tides and PTMs is electron transfer dissociation (ETD),*# and
interest in ultraviolet (UV) photodissociation (PD) is growing as
well.*’I CID fragmentation yields many products, including the
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neutral losses that form immonium ions. ETD mostly cleaves
along the Ca-N bond of the peptide backbone,*) thereby mak-
ing immonium ion formation unlikely. However, the production
of immonium ions by ETD and PD has not been widely explored
to date and requires further examination.

Future applications of stepped NCE with immonium ion abun-
dance analyses can take two possible routes. One is to expose
and verify novel PTMs. As the list of putative acyl modifications
grows,!*#4 it becomes critical to obtain additional constraints
(metrics) to validate the presence of increasingly complex modi-
fications. Many acyl-modified peptides can be isobaric with di- or
tri-peptide related ions or be indistinguishable from non-acylated
ions on low resolution instruments.[*?) For example, acetyl and
propionyl modifications differ by a single methyl group, as do
propionyl and butyryl modifications. The presence of a methy-
lated residue or an amino acid that differs from another by a
methyl group (Ser/Thr, Asn/Gln, Ala/Val, etc.) may make it im-
possible to distinguish the correct acyl modification.[*%! Similarly,
carbamylation has a 43.00582 Da mass shift, whereas acetylation
combined with deamidation produce a 42.99458 Da shift. De-
pending on the mass of the ion and the resolving power of the
instrument, these PTMs could be indistinguishable in the event
of poor fragmentation and unincorporated diagnostic ions.

Stepped NCE can also be employed in conjunction with data-
independent acquisition (DIA) approaches. Currently, DIA is
greatly limited by the complexity of spectral deconvolution, par-
ticularly by fragment ion interference when co-eluting peptides
have very similar masses.’!! Diagnostic ions, however, can in-
crease the confidence that an acyl-lysine precursor is present in
the convoluted spectra; thereby providing more information for
elegant algorithms to consider when identifying and assigning
PTMs. Furthermore, experiments targeting acyl modifications
can exploit immonium and immonium-related ions in parallel
reaction monitoring (PRM) or product ion scanning.

Increased understanding of acyl modifications has suggested
some biological functions for these modifications.>?] Given the
reactive nature of acyl-CoA species!'” and the new depths pro-
teomics can reach, it should be expected that more acyl mod-
ifications will be found and may show biological significance
in metabolic pathways across organisms. As datasets grow in
size and complexity, confident assignments are essential. Prop-
erly incorporating immonium ions into the assignment of acyl-
modifications will increase confidence in established PTM iden-
tifications and support/validate assignment of those yet to be dis-
covered.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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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.)!

PSMs with PSMs without
101 ion 101 ion
Acetyl-BSA Non-acetyl 59 (25%) 177 (75%)
Acetyl 58 (17.3%) 277 (82.7%)
Svinkina et al. Non-acetyl 201 (3.3%) 5834 (96.7%)
Acetyl 151 (3.3%) 4449 (96.7%)
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Figure S1. Percentage of total MS? 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
my/z 126 for all PSMs in the Jurkat E6-1 cell dataset of Svinkina et al.!*¥! 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).

PSMs with PSMs without PSMs with PSMs without
154 ion 154 ion 129 ion 129 ion
Butyryl-BSA Non-butyryl 4 (18.2%) 18 (81.8%) 15 (68.2%) 7 (31.8%)
Butyryl 27 (96.4%) 1 (3.7%) 16 (57.1%) 12 (42.9%)
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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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CHAPTER 3

The acyl-proteome of Syntrophus aciditrophicus reveals metabolic relationship with benzoate
degradation

The following is a manuscript submitted for publication.

45



The acyl-proteome of Syntrophus aciditrophicus reveals metabolic relationship
with benzoate degradation

John M. Muroski?, Janine Y. Ful, Hong Hanh Nguyen?, Neil Q. Wofford?, Housna MouttakiZ, Kimberly L.

James?, Michael J. Mclnerney?, Robert P. Gunsalus®>>®, Joseph A. Loo¥*>®, Rachel R. Ogorzalek Loo**®

1 Department of Chemistry and Biochemistry, University of California, Los Angeles, CA, USA

2 Department of Microbiology and Plant Biology, University of Oklahoma, Norman, Oklahoma, USA
3 Department of Microbiology, Immunology and Molecular Genetics, University of California, Los
Angeles, Los Angeles, California, USA

4 David Geffen School of Medicine, Department of Biological Chemistry, University of California, Los
Angeles, CA, USA

5 UCLA-DOE Institute, University of California, Los Angeles, CA, USA

6 UCLA Molecular Biology Institute, University of California, Los Angeles, CA, USA

46



Running Title
The acyl-proteome of Syntrophus aciditrophicus
Abbreviations

AGC — automatic gain control

ATP — adenosine triphosphate

BCL — benzoate-CoA ligase

BLAST- basic local alignment search tool

CoA —Coenzyme A

COG — clusters of orthologous groups

DDA — data-dependent acquisition

eFASP — enhanced filter-assisted sample preparation

ESI — electrospray ionization

FAD/FADH, — flavin adenine dinucleotide (oxidized/reduced)
GO - gene ontology

HCD — higher-energy collision dissociation

HILIC — hydrophilic interaction liquid chromatography

KEGG — Kyoto Encyclopedia of Genes and Genomes

MALDI — matrix-assisted laser desorption/ionization
NAD*/NADH — nicotinamide adenine dinucleotide (oxidized/reduced)
2D-PAGE — two-dimensional polyacrylamide gel electrophoresis
PTM — post-translational modification

RACS — reactive acyl-Coenzyme A species

TOF — time-of-flight

47



Abstract

Syntrophus aciditrophicus is a model syntrophic bacterium that degrades fatty and aromatic acids into
acetate, CO,, formate and H, 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
Ne-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, N*-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,
CO, 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, CO,, 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,
guestions still remain regarding the regulatory mechanisms involved in the important anaerobic process.
The oxidation of benzoate and other substrates generates reduced cofactors (NADH and FADH,) 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,
CO,, 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-m| 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 NaHCOs3, 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 /CO; 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
ug 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 um x 2
cm, 100 A) and separated on an Acclaim PepMap RSLC C18 analytical column (Thermo Scientific, Product
#03-251-873, 75 um x 25 cm, 100 A). Buffer A (0.1% formic acid) and buffer B (0.1% formic acid in 100%
acetonitrile) were mixed and delivered at 300 nL min! 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 2 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 pmol of anhydride was
added to 100 pL of a 1 mg/mL solution of human insulin (Alfa Aesar, 167626) 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 H,0 (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
UM solution of acyl-modified insulin was mixed with 0.24 uM 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 uM. Twenty uM
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 2 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 S1,52). 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 Ascl (Vmax0f 7.5 and 1.2,
respectively and K, 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, Atpl, 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 Bcll (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 alighments
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 Bcll 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 e-amino side chain and adds a bulky group disrupting
coordination to the carboxylate. The Rhodopseudomonas palustris BCL (BadA), with 43% sequence
identity to Bcll 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 NH,-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).
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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 FADH; 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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Acyl Modification Chemical Monoisotopic Average Immonium Cyclized
Formula Mass Shift Mass Shift lon Immonium lon
Benzoyl C7H40 104.0262 104.1063 205.1336 188.1070
Cyclohexa-1,5-diene- C7HsO 106.0419 106.1222 207.1493 190.1227
1-carboxyl
6-Oxocyclohex-1- C7H602 122.0368 122.1216 223.1442 206.1176
ene-1-carboxyl
Cyclohex-1-ene-1- C7HsO 108.0575 108.1381 209.1649 192.1383
carboxyl
6-Hydroxycyclohex-1- C7HsO2 124.0524 124.1375 225.1598 208.1332
ene-1-carboxyl
2-Oxocyclohexane- C7HsO2 124.0524 124.1375 225.1598 208.1332
carboxyl
2-Heptenedioyl C7HsO3 140.0473 140.1369 241.1547 224.1281
3-Oxopimelyl C7HsO4 156.0423 156.1363 257.1497 240.1231
Cyclohexane-1- C7H100 110.0732 110.154 211.1806 194.1540
carboxyl
2- C7H1002 126.0681 126.1534 227.1755 210.1489
Hydroxycyclohexane-
carboxyl
Pimelyl C7H1003 142.063 142.1528 243.1704 226.1438
3-Hydroxypimelyl C7H1004 158.0579 158.1522 259.1653 242.1387
Glutaryl CsHeO3 114.0317 114.0996 215.1391 198.1125
Glutaconyl CsH403 112.016 112.0837 213.1234 196.0968
Crotonyl CsH40 68.02621 68.07413 169.1336 152.1070
Acetoacetyl C4H402 84.02113 84.07353 185.1285 168.1019
Succinyl C4H403 100.016 100.0729 201.1234 184.0968
Butyryl C4HeO 70.04186 70.09001 171.1492 154.1226
3-Hydroxybutyryl C4He02 86.03678 86.08942 187.1441 170.1176
Acetyl C2H20 42.01056 42.03677 143.1179 126.0913

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.
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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 (Bcll)
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 (Acsl)
17 SYN_03128 Cyclohexane-1-carboxylate-CoA Ligase (12)
18 SYN_01654 6-oxocyclohex-1-ene-1-carbonyl-CoA Hydrolase

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 gTOF mass spectrometer.
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Modification Proteins Sites Cyclized Immonium lon Peptides with
Identified Identified m/z Cyclized Immonium
lon (%)
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%

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.
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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 N¢ -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
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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 YNSYTTEMVKGVIAGFENSSTDREVVAVVEFTGTGPNAFCTGGNTKEYSEYYSMRPEEYGS
121 YMELEFNNMVDSILMCKKPVICRVNGMRVAGGQEIGTATDITVSSDLAIFGQAGPRHGSAP
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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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 -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 B-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 f-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 Mclnerney 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 37°C. 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
um C18 ultra high-performance liquid chromatography column (75 pm x 250 mm, Ionopticks ™
Aurora™). 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. MS? 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. MS?
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 pg 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 um x 2 cm, 100 A) followed by separation on an
Acclaim PepMap RSLC C18 analytical column (Thermo Scientific, Product #03-251-873, 75 um
x 25 c¢m, 100 A). 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 B-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

102



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).

MS? 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
MS? 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 MS! analysis alone.

Modifications as identified through the PRMs that are impactful to the -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 B-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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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 B-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

1855
1855
412
412
412
815
815
675
675
2052

2052

2051
2051
2030
2030
2030
2030
2030
2030
768
768
768
675

675

675

675

436
436
436
815
815
2051
2051
2051
2051
412

Sequence

AVVDEIKTLSKPVESR
AVVDEIKTLSKPVESR
DFIGVVEKVTGK
DFIGVVEKVTGK
DFIGVVEKVTGK
EELEKLQLR
EELEKLQLR
EIVPVVIKSK
EIVPVVIKSK
ESDEIGMKHVGGNEK

ESDEIGMKHVGGNEK

FKDEIVPVVIKGK
FKDEIVPVVIKGK
FVDKAIGAIK
FVDKAIGAIK
FVDKAIGAIK
FVDKAIGAIK
GKAAPGTADAVVGR
GKAAPGTADAVVGR
GKEVDVATADSK
GKEVDVATADSK
GKEVDVATADSK
IIGMKVGLPVR

IIGMKVGLPVR
IIGMKVGLPVR
IIGMKVGLPVR

IVPTLKPGAIVTDPR
IVPTLKPGAIVTDPR
IVPTLKPGAIVTDPR
KDLESNLGIGVK
KDLESNLGIGVK
KGDTVFDTDEHPR
KGDTVFDTDEHPR
KGDTVFDTDEHPR
KGDTVFDTDEHPR
KINAESLGEAIK

Modification

K7(Butyryl)
K7(Acetyl)
K8(Butyryl)
K8(Acetyl)
K8(30HBu)
K5(Acetyl)
K5(Butyryl)
K7(Acetyl)
K7(Butyryl)
M7(Oxidation);
K8(Acetyl)
M7(Oxidation);
K8(Butyryl)
K11(Acetyl)
K11(Butyryl)
K4(30HBU)
K4(Croto)
K4(Acetyl)
K4(Butyryl)
K2(30HBU)
K2(Butyryl)
K2(30HBU)
K2(Acetyl)
K2(Butyryl)
M4(Oxidation);
K5(Croto)
M4(Oxidation);
K5(30HBU)
M4(Oxidation);
K5(Acetyl)
M4(Oxidation);
K5(Butyryl)
K6(Croto)
K6(Butyryl)
K6(Acetyl)
K1(Acetyl)
K1(30HBU)
K1(30HBU)
K1(Croto)
K1(Acetyl)
K1(Butyryl)
K1(Butyryl)

115

m/z

614.3517
605.008

681.3883
667.3728
689.3855
600.3355
614.3519
577.3627
591.3803
563.259

572.6043

505.3045
514.6491
574.3405
565.3351
552.3

566.3424
678.3704
670.3712
653.3306
631.3181
645.3333
633.8856

642.887

620.8765

634.893

822.9889
823.9979
809.9818
657.8668
679.8802
534.9162
528.915

520.2396
529.5916
671.8834

Retention
Time, Start
(min)

56.90
52.38
84.57
79.05
78.96
44.12
52.59
43.82
51.86
17.22

24.38

47.92
55.17
29.29
50.84
43.05
50.97
24.70
33.41
13.62
20.54
28.69
53.93

33.25
46.45
53.32

61.92
61.07
52.89
44.83
36.98
21.30
34.13
25.18
34.10
50.62

Retention
Time,
End
(min)
60.90
56.38
88.57
83.05
82.96
48.12
56.59
47.82
55.86
21.22

28.38

51.92
59.17
33.29
54.84
47.05
54.97
28.70
37.41
17.62
24.54
32.69
57.93

37.25
50.45
57.32

65.92
65.07
56.89
48.83
40.98
25.30
38.13
29.18
38.10
54.62



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(30HBU) 607.3641 44.24 48.24
2051 KSTPEAMAK K1(Acetyl); 510.7556 9.26 13.26
M7(Oxidation)
2051 KSTPEAMAK K1(Butyryl); 524.7708 13.34 17.34
M7 (Oxidation)
2051 LAPAFKK K6(Butyryl) 422.7679 32.31 36.31
2051 LAPAFKK K6(Acetyl) 408.7523 23.51 27.51
384 LLTNPKAGR K6(30HBU) 528.3137 22.24 26.24
384 LLTNPKAGR K6(Butyryl) 520.3173 32.51 36.51
2030 NVILYDIDMKFVDK M9(Oxidation);  885.955 76.79 80.79
K10(Acetyl)
2030 NVILYDIDMKFVDK M9(Oxidation);  899.9665 81.16 85.16
K10(Butyryl)
436 SKIVPTLKPGAIVTDPR K2(Acetyl) 917.5487 47.71 51.71
436 SKIVPTLKPGAIVTDPR K2(30HBU) 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(30HBU) 457.2771 12.42 16.42
1855 VTLGPKGR K6(Acetyl) 435.264 20.48 24.48
2030 YRPAPPLKQLVR K8(30HBU) 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. lons targeted for quantitative analysis: lons 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 Protein Eunction Protein Ratio

Number (Crotonate Mono : Butyrate Co)
0384 Acyl-CoA dehydrogenase 1.18
0436 Butyrate:acetyl-CoA coenzyme A- 141
transferase
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 MS? 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. MS? level quantitation of acyl peptides: Elution profiles of peptides analyzed by
MS?! and MS? analysis. 5A demonstrates the elution profile of a peptide when the MS! extracted
ion chromatogram is selected, in comparison to the MS? 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.
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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 MS? 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

guantitation 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,
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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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structural elements involved in pilin cross-linking
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Covalently cross-linked pilus polymers displayed on the cell surface
of Gram-positive bacteria are assembled by class C sortase en-
zymes. These pilus-specific transpeptidases located on the bacte-
rial membrane catalyze a two-step protein ligation reaction, first
cleaving the LPXTG motif of one pilin protomer to form an acyl-
enzyme intermediate and then joining the terminal Thr to the
nucleophilic Lys residue residing within the pilin motif of another
pilin protomer. To date, the determinants of class C enzymes that
uniquely enable them to construct pili remain unknown. Here,
informed by high-resolution crystal structures of corynebacterial
pilus-specific sortase (SrtA) and utilizing a structural variant of the
enzyme (SrtA?), whose catalytic pocket has been unmasked by
activating mutations, we successfully reconstituted in vitro poly-
merization of the cognate major pilin (SpaA). Mass spectrometry,
electron microscopy, and biochemical experiments authenticated
that SrtA?™ synthesizes pilus fibers with correct Lys-Thr isopep-
tide bonds linking individual pilins via a thioacyl intermediate.
Structural modeling of the SpaA-SrtA-SpaA polymerization inter-
mediate depicts SrtA>™ sandwiched between the N- and
C-terminal domains of SpaA harboring the reactive pilin and
LPXTG motifs, respectively. Remarkably, the model uncovered a
conserved TP(Y/L)XIN(S/T)H signature sequence following the cat-
alytic Cys, in which the alanine substitutions abrogated cross-
linking activity but not cleavage of LPXTG. These insights and
our evidence that SrtA?V can terminate pilus polymerization by
joining the terminal pilin SpaB to SpaA and catalyze ligation of
isolated SpaA domains in vitro provide a facile and versatile plat-
form for protein engineering and bio-conjugation that has major
implications for biotechnology.

Corynebacterium diphtheriae | sortase | pilus polymerization |
protein ligation | transpeptidation

dhesive protein polymers, called “pili” or “fimbriae,” are

expressed on the cell envelope by many Gram-negative and
Gram-positive bacteria, and they are critical for bacterial viru-
lence (1). Many types of Gram-negative pili have been reported,
including the well-studied retractable type IV, conjugative, and
chaperone-assisted pili (2). These pili are formed by distinct
pathways (2, 3); however, none of these pili are covalently linked
polymers, unlike the sortase-catalyzed pili found in many Gram-
positive bacteria, including Actinomyces oris, Enterococcus faecalis,
Bacillus cereus, and numerous species of streptococci and lacto-
bacilli (4-6).

One of the well-studied sortase-mediated pilus assembly sys-
tems involves Corynebacterium diphtheriae (7), the causative
agent of pharyngeal diphtheria (8). C. diphtheriae produces three
distinct pilus types (7, 9, 10), each comprised of a pilus tip

WWW.pnas.orglcgi/doi/10.1073/pnas. 1800954115

adhesin, a pilus shaft made of the major pilin, and a base pilin
that is covalently anchored to the cell wall (11). The archetypal
SpaA-type pilus, which mediates adherence to the pharyngeal
epithelium (12), consists of the tip pilin SpaC, shaft pilin SpaA,
and pilus base SpaB (13). A pilus-specific sortase named “SrtA”
is required for pilus polymerization (13), performing a repetitive,
irreversible transpeptidation reaction that covalently links the
pilin subunits via an isopeptide bond (14). Although each Spa
pilin harbors a cell wall sorting signal (CWSS), which starts with
a conserved LPXTG motif, followed by a stretch of hydrophobic
amino acids and a positively charged tail (15), SpaA contains a
pilin motif with the Lys residue K190 acting as a nucleophile for
the aforementioned transpeptidation reaction (13). According to
the current model (16), SrtA cleaves the LPXTG motif of Spa
pilins between Thr and Gly, forming acyl-enzyme intermediates

Significance

Gram-positive sortase enzymes represent two broad functional
categories—those that cross-link proteins to the cell wall and
those that can catalyze this reaction and polymerize proteins to
build adhesive pilus fibers. Here we report an in vitro re-
production of a robust pilus polymerization reaction using a
variant of a corynebacterial pilus-specific sortase in which the
catalytic center is unmasked. By molecular modeling, we un-
covered a conserved structural element of pilus-specific sortases
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between the Thr residue and the SrtA catalytic Cys residue. This
intermediate is then nucleophilically attacked by the reactive
K190 of an incoming SpaA subunit. In pilus biogenesis, the
SpaC-SrtA acyl-enzyme intermediate forms first, resulting in the
joining of the g-amine group of K190 to the Thr carbonyl carbon
atom in the LPXT of SpaC. Pilus polymerization ensues when
additional SpaA protomers are joined progressively to the pilus
base by the SrtA enzyme via the same Lys-mediated trans-
peptidation reaction. Polymerization is terminated with the entry
of SpaB into the pilus base (11), which is then anchored to the
cell wall by the housekeeping sortase SrtF (17). This cell wall
anchoring of pilus polymers is likely similar to that of surface
proteins catalyzed by the prototype SrtA enzyme from Staphy-
lococcus aureus (18, 19). While most of this biphasic model of
pilus assembly in Gram-positive bacteria (6), i.e., pilus poly-
merization followed by cell wall anchoring, has been validated
experimentally, the molecular determinants that make up a
pilus-specific sortase and enable the enzyme to join proteins
together remain unknown.

The SrtA enzyme is classified as a member of the class C
sortase subgroup within the sortase superfamily that has the

2
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~

unique ability to cross-link proteins via Lys-Thr isopeptide bonds
(20, 21). Although all sortases share a canonical p-barrel sortase
superfamily fold (22, 23), class C enzymes are distinguished by
the presence of a conserved N-terminal region that forms a “lid”
that covers the active site structurally and functionally (24-26).
In Streptococcus pneumoniae, X-ray crystallographic evidence
originally suggested that the lid region was flexible, possibly
modulating substrate binding; however, subsequent studies in
solution utilizing NMR showed this region to be relatively rigid
in the SrtC1 enzyme (24, 27-29). Mutations of the lid region in
A. oris SrtC2 or Streptococcus agalactiae SrtC1 did not alter the
pilus polymerizing activities in vivo (30, 31); nonetheless, the
mutations caused enzyme instability and increased hydrolytic
activity in S. agalactiae SrtC1 (30), supporting a regulatory role
for the N-terminal lid. However, the unique structural properties
that enable class C sortase enzymes to cross-link proteins have
not been identified.

We report here the crystal structures of the C. diphtheriae class
C sortase SrtA lacking the signal peptide and transmembrane
domain (referred to as “SrtA% ™) and a mutant of this protein
that has substitutions in the lid interface which normally masks

“Lid”

H1 helix

Trp83

His160

Fig. 1. Structural analysis of the C. diphtheriae pilus-specific sortase SrtA. (A) The crystal structure of SrtA was determined to 2.1-A resolution, with the
overall protein fold presented as rainbow coloring from blue to red corresponding to the N- to C-terminal positions. The helices are marked as H1-H7, and the
p-strands are marked as p1-p8. (B) The lid region is marked in red with conserved lid residues D81 and W83 and catalytic residues C222, H160, and R231 in

E5478 | www.pnas.org/cgi/doi/10.1073/pnas.1800954115
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yellow. The €222 residue is shown only in the main conformation. (C and D) Hydrophobic surface renderings of WT SrtA (SrtA™") (C) and the lid mutant
(SrtA2™) structures (D) with the H1 helix and lid loop structures in red. The H1 helix of SrtA?M is absent, and its lid structure is not visible, as indicated by a red
dashed line. (E) Superposition of the SrtA"T (green) and the lid mutant SrtA?M (pink) structures was generated by PyMOL.

Chang et al.
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Table 1. Crystal data collection statistics

Statistics SrtAWT SrtA?M
X-ray wavelength, A 0.9792 0.9792
Space group P 6,22 P2

Unit cell dimensions

Resolution, A
No. of unique reflections

a=b=777A c=2023A,
a=p=90°y=120°
38,9-2.1 (2.14-2.1)
21,872 (1,050)

a=652Ab=455Ac=749A,
a=y=90°p =964
38.9-1.85 (1.88-1.85)
36,705 (1,431)

Completeness, % 99.7 (100) 97.7 (77.4)
R-merge 0.142 (0.916) 0.087 (0.410)
cc1z, A2 -(0.939) —-(0.741)
/s 30.7 (6.4) 16.5 (1.95)
Redundancy 15.4 (15.2) 3.5(2.2)
Molecules per asymmetric unit 1 2

No. of protein residues 215 430

Numbers in parenthesis are shown for the highest-resolution shell.

the catalytic pocket (SrtAZM). Using these recombinant enzymes
and an SpaA substrate that lacks the signal peptide and trans-
membrane domain, we succeeded in reconstituting the SpaA
pilus shaft polymerization reaction in vitro, demonstrating that
the removal of SrtA’s lid not only unmasks the catalytic center
structurally but also enables the polymerizing activity in vitro.
Subsequently, by structural modeling and phylogenic and muta-
tional analyses, we identified two structural elements that enable
SrtA to cross-link proteins. Importantly, we showed that the
activated sortase can ligate the isolated pilin domains, thus de-
fining the donor and acceptor motifs for the ligation reaction.
The system we report provides a platform for in vitro mechanistic
investigations of Gram-positive pilus assembly, antibiotic devel-
opment, and biotechnological applications of protein modification
and conjugation via a unique transpeptidation reaction.

Table 2. Structure refinement statistics
Statistics

Results and Discussions

Structure of the C. diphtheriae Pilus-Specific Sortase. The archetypal
SpaA pilus polymer produced by corynebacteria is built by the
dedicated pilus-specific sortase SrtA (7, 13). To gain insight into
the mechanism of pilus polymerization, we determined the
structure of SrtA by X-ray crystallography. We performed crys-
tallization screens using a soluble fragment encompassing the
catalytic domain of SrtA (residues 37-257, SitA™™), which was
cloned, expressed, and purified from Escherichia coli. SttA™"
crystallized as a homodimer in the P6, 2 2 space group. Dif-
fraction data were collected to 2.1-A resolution and were phased
by molecular replacement (Tables 1 and 2). The electron density
for residues 37-248 was well defined, enabling their structure to
be modeled, while density for the remaining C-terminal residues
is missing, presumably due to a disordered state.

SrAVT SrtA?M

Resolution range, A
Reflections
o cutoff
R-value, all, %
R-value (R-work), %
Free R-value, %
Rms deviations from ideal geometry
Bond length, A
Angle, °
Chiral, A
No. of atoms
Protein
Sulfate
Water
Mean B-factor, A2
All atoms
Protein atoms
Protein main chain
Protein side chain
Sulfate
Water
MolProbity summary
Ramachandran outliers, %
Ramachandran favored, %
Rotamer outliers, %
C-beta deviations
Clash score
MolProbity score

38.9-2.1(2.157-2.1)
21,846 (1,533)

38.9-1.85 (1.898-1.85)
36,692 (2,195)

None None
16.22 17.26
16.05 (17.4) 17.12 (23.7)
19.56 (24.0) 20.08 (23.7)
0.017 0.012
1.76 1.60
0.101 0.088
1,737 2,974
5 —
167 258
320 30.7
31.2 30.3
286 29.0
339 316
66.0 —
385 359
0.0 0.0
97.18 98.89
2.02 0.89
0.0 0.0
1.73 1.34
1.31 0.86

Chang et al.
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The overall structure of SrtAYT conforms to the typical

sortase fold described previously (22), containing an eight-stranded
p-barrel core flanked by several 3, and o-helices (Fig. 1 4 and
B). Three additional a-helices are located at the N terminus of
SrtA™" (Fig. 1 A4 and B) and contain the distinguishing lid
structure that occludes the enzyme’s active site in a class C
sortase (Fig. 1B). Interestingly, the H1 helix mediates homo-
dimerization in the crystal structure and is generally removed
from the body of the enzyme (Fig. 1 A and B), while helices
H2 and H3 are positioned immediately adjacent to the active site
and are connected by a loop that contains the highly conserved
DPW lid motif that interacts with the active site (Fig. 1.4 and B).
‘W83 in the lid participates in aromatic stacking interactions with
the active site C222 and nearby H160 residues. In addition,
D81 within the motif interacts with the active site R231 residue,
suggesting its regulatory role in lid positioning and pilin poly-
merization. Importantly, residues within the catalytic triad His—
Cys-Arg are well resolved, and C222 can be modeled in two
distinct positions with 50% occupancy, pointing both toward and
away from the active site (Fig. 1 4 and B).

To investigate the functional importance of the lid in poly-
merization, we next generated a recombinant SrtA mutant pro-
tein in which the DPW lid motif (residues 81-83) was mutated to
GPG, hereafter referred to as “SrtA®M.” We succeeded in de-
termining the crystal structure of SrtA®™ at 1.85-A resolution
using crystallization conditions that differed from those used for
the WT protein (Materials and Methods). In the electron density
map for SrtA?, residues 80-86 that represent the lid were in-
visible. Presumably, the lid residue substitutions prevented con-
tacts with the active site, causing the mutant lid to adopt a range
of conformations. Remarkably, a second major difference be-
tween the two structures is the absence of interpretable electron
density for the H1 helix in the SrtA?™ lid mutant, which might be
caused by flexibility around the hinge between helices H1 and
H2 and by the absence of stabilizing interactions with neigh-
boring molecules in the crystals of SrtA?™,

To evaluate the involvement of the predicted catalytic residues
and the lid in pilus assembly, corynebacterial cells harboring WT
and its isogenic mutants were subjected to cell fractionation, and
protein samples were immunoblotted with specific antibodies
against SpaA (x-SpaA), the cognate substrate of SrtA that forms
the pilus shaft (7, 13). As shown in Fig. 24, SpaA polymers (P)
were observed in cell wall fractions of the WT strain, but they
were absent in the sit4 deletion mutant, as previously reported
(11). Ectopic expression of SrtA rescued the pilus assembly defect
of the AsrtA mutant (Fig. 24, third lane), and Ala substitution of
the catalytic residues C222, H160, and R231 abrogated pilus as-
sembly (Fig. 24, last three lanes). In control experiments, we
demonstrated that none of these mutations affected the assembly
of the SpaH-type pili, as expected (Fig. 2B) (9). Strikingly, the lid
mutants are catalytically active in pilus polymerization. Like the
WT and the complementing strains, strains expressing mutations
in the DPW motif still produced pilus polymers (Fig. 2C), and
immunoblotting analysis of the membrane fractions revealed no
changes in the SrtA protein level when the lid was mutated
(Fig. 2D).

To visualize these SpaA polymers, corynebacterial cells were
immobilized on carbon-coated nickel grids, washed with water,
and stained with 0.75% uranyl formate before viewing with an
electron microscope. Because the parental strain NCTC 13129
produced short pili that were hardly detected (SI Appendix, Fig.
S14, WT), we constructed a multicopy vector expressing both
SpaA and SrtA. Using this vector as a template, SrtA™" was
generated by site-directed mutagenesis (Materials and Methods).
The generated vectors were introduced into a corynebacterial
double mutant lacking both spaA and sitA (AspaA/AsitA). Com-
pared with the WT strain, overexpression of SpaA and SrtA
resulted in increased production of long pili, as expected (I Appendix,

E5480 | www.pnas.org/cgi/doi/10.1073/pnas. 1800954115

Fig. S14, AspaA/AsrtA/pSpaA-SrtA). Consistent with the above
results, mutations in the DPW motif did not affect NPilus assembly
(SI Appendix, Fig. S1A, Aspad/AsitAfpSpaA-SitAZ™). To confirm
that these long pilus fibers are SpaA pili, the same set of strains
was subjected to immunoelectron microscopy (IEM) (32),
whereby immobilized cells were stained with a-SpaA, followed
by staining with gold particles conjugated with IgG, before
washing and staining with uranyl acetate. As shown in ST Appendix,
Fig. S1B, SpaA-stained pili were detected in both strains producing
WT SrtA and SrtA™, whereas short pili were observed in the WT
strain, and no Pili were observed in the AspaA/AsrtA and AspaA/
AsrtA/pSpaAR! A SrtAM strains.

Thus, the overall structure of the C. diphtheriae SrtAY" en-
zyme resembles class C sortases, or pilus-specific sortases, which
possess a distinguishing feature of this class of enzymes, the lid
region (16, 21). In agreement with previous studies (30, 31), the
elimination of the lid’s interaction at the catalytic pocket does
not dramatically affect pilus assembly in vivo.

In Vitro Reconstitution of Archetypal C. diphtheriae SpaA Pilus
Polymerization. Previous structural and biochemical studies of
pilus-specific sortase enzymes in several streptococcal species
indicate that the lid may modulate substrate entry into the ac-
tive site (24, 25, 28, 30). We envisioned that a loss of lid closure
might increase the accessibility of the active site. To test this
hypothesis, we used the thiol-reactive reagent 4,4’-dithiodipyr-
idine (DTDP) (33, 34) to probe the solvent accessibility of the
catalytic Cys residue (C222). Disulfide exchange between thiol
side chains of Cys residues and DTDP gives rise to 4-thiopyridone,
which shows strong absorption at 324 nm (34). The recombinant
proteins SrtA™" or SrtA*™ (0.6 mg/mL) were rapidly mixed with
0.32 mM DTDP, and the rate of reaction between DTDP and
C222 was monitored as an increase in absorbance at 324 nm.
Time-dependent changes in absorbance were fit to single or double
exponential equations to derive rates, as described in Materials and
Methods. As shown in Fig. 34, data for the SttAY" enzyme best fit
an equation with a single exponential rate of 2.17 + 0.02/min. In
contrast, data for the lid anchor mutant best fit an equation with
two much faster exponential rates, 228 + 7/min and 16 + 3/min
(Fig. 34, Inset), which indicates that the catalytic C222 was
readily accessible in this mutant. The two different rates may be
due to slow exchange between two conformations in the mutant
protein. If so, the conformation with the faster rate is the dominant
form, since it represents 80% of the total change in absorbance.

The increased DTDP reactivity of the active site Cys residue in
SrtA? described above raises the possibility that the mutant
enzyme may be able to assemble pili in vitro, which has been
difficult to reconstitute so far for pilus-assembling sortases. We
therefore sought to reconstitute pilus polymerization in vitro
using various recombinant sortase enzymes and a soluble form of
SpaA (residues 30-500), which is devoid of the N-terminal sig-
nal peptide and C-terminal membrane anchor domain (see dia-
gram in Fig. 3E). Sortases were mixed with SpaA at a 1:3 molar
ratio, and aliquots were removed for SDS/PAGE analysis and
Coomassie staining at 0, 24, and 48 h. In the SrtAVT samples, a
few new high molecular mass (HMM) bands were weakly ob-
served after 24 and 48 h of incubation, one migrating between
the 50 and 100 kDa markers and the others around 100 kDa (Fig.
3B, lanes SrtA™T). Remarkably, with the SrtA”™ enzyme, HMM
SpaA polymers (SpaAp) were abundantly formed within 24 h and
increased further after 48 and 72 h (Fig. 3B, lanes SrtA™).
Consistent with the results in Fig. 24, the catalytically inactive
enzyme in which C222 was replaced by Ala, SttA“****, failed to
produce any SpaA polymers (Fig. 3B, lanes SrtA“***). In-
triguingly, removal of the H1 helix in the SrtA”™ enzyme also
abrogated pilus polymerization (Fig. 3B, lanes *SrtA*™). The
significance of this helix in the transpeptidation activity of sortase
is discussed below.
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Fig. 2. Catalytic residues are required for pilus assembly in vivo. Cells of C. diphtheriae strains in equivalent numbers were subjected to cell fractionation.
Protein samples from cell wall fractions (A-C) and protoplasts (D) were analyzed by immunoblotting with specific antibodies against SpaA (x-SpaA) (A and C),
SpaH (x-SpaH) (B), and SrtA (x-SrtA) (D), with a-MdbA as a membrane-loading control. Pilus monomers (subscript M), polymers (subscript P), and molecular

mass markers are indicated.

To visualize HMM SpaA polymers formed by SrtA™, the
reaction mixtures after 72 h of incubation were subjected to
electron microscopy, whereby aliquots were applied to nickel
grids; bound proteins were washed and stained with 0.75%
uranyl formate before viewing with an electron microscope. As
shown in Fig. 3C, strands of SpaA polymers were observed in the
reaction with the SrtA®™ enzyme but not with an SpaA*!?**
mutant substrate defective in the nucleophilic attack, thus
authenticating the visualization of Gram-positive pilus polymers
synthesized in vitro. The synthesized pilus polymers had a width
of ~10 nm and a length ranging from ~200-500 nm, equivalent
to 25-62 subunits, with each protomer measuring about 8 nm
(35). For comparison, pili produced by SrtA?™ in vivo had widths
ranging from 7.6-9.3 nm and lengths up to 2 pm (51 Appendix,
Fig. S14).

To determine if the recombinant SrtA*™ enzyme faithfully
catalyzes the pilus transpeptidation reaction, we determined
whether the SpaA subunits in the HMM SpaA polymers were
linked together via covalent Lys isopeptide bonds in which the
Thr residue of the LPLT sorting signal was joined to the Lys
residue within the pilin motif (13). Indeed, MS analysis of ex-
cised HMM SpaA polymer SDS/PAGE bands revealed the
presence of an isopeptide bond between the carbonyl carbon of
T494 and the sidechain amine of K190 (Fig. 3D and Table 3), as
was observed in the native SpaA pili assembled in vivo (36). In
line with the role of Lys190 in pilus polymerization, the SpaA
mutant substrate in which K190 was replaced by Ala was unable

Chang et al.

to form qgolymers with the active SrtA™ enzyme (Fig. 3B, lanes
SpaAR19") Remarkably, the MS data revealed the presence of
SrtA”™ and SpaA in the marked band migrating between the
50 and 100 kDa markers in both SrtA™" and SrtA™ samples
(Fig. 3B, asterisks), suggesting that the enzyme is joined to the
SpaA substrate via a labile thioacyl bond forming an acyl-enzyme
heterodimer intermediate. To our astonishment, the MS analysis
also revealed the presence of SrtA” in the HMM SpaA polymer
bands migrating at and above the 100-kDa marker (Fig. 3B, lanes
SrtA?M, bracket). The results are in agreement with our previous
identification of the native acyl-enzyme intermediates formed
between SrtA and SpaA polymers in vivo in C. diphtheriae as
demonstrated by immunoblotting (37).

To further probe the mechanism of SpaA pilus assembly, we
dissected the SpaA molecule into two components: the N-terminal
domain (NSpaA, residues 30-194, encompassing the pilin motif
with the K190 nucleophile) and the C-terminal domain (“SpaA,
residues 350-500, containing the CWSS with the LPLTG motif)
(Fig. 3E). The recombinant proteins were expressed in E. coli and
purified (ST Appendix). When the two isolated domains were mixed
at equal concentrations (300 uM) in a reaction with the lid-substituted
SrtA™ enzyme (100 M), a di-polypeptide conjugate was readily
formed (Fig. 3E). Significantly, the presence of the expected
Thr-Lys isopeptide in this conjugate was confirmed by MS (Table
3). Furthermore, control reactions demonstrated that SrtA con-
taining the WT lid is markedly inactive in catalyzing cross-linking of
the isolated domains (SI Appendix, Fig. S2). Together, our results
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Fig. 3. Involvement of the lid in pilus polymerization in vitro. (4) Accessibility of the thiol group of the active site C222 residue in SrtA™" (main panel) or
SrtAZ (Inset) enzymes was determined by stopped-flow experiments, whereby the reaction between the thiol-reactive reagent DTDP and €222 was mon-
itored by absorbance at 324 nm. The experiments were performed in triplicate. (B) In vitro reconstitution of SpaA pilus polymerization was carried out at
room temperature using various forms of recombinant SrtA and SpaA proteins at the molar ratio of 1:3. The reaction samples were analyzed by SDS/PAGE and
Coomassie staining after 0, 24, and 48 h of incubation. Additional samples after 72 h of incubation were taken for the SrtA” reactions (black triangles). SpaA
monomers (M), polymers (P), and molecular mass markers are indicated. An SrtA-SpaA intermediate is marked with asterisks. (C) Protein samples from pilus
polymerization reactions were analyzed by electron microscopy with negative staining using 0.75% uranyl formate. For comparison, recombinant SrtA?™ and
SpaA K190A proteins were included. (D) The isopeptide bond between residue T494 of the LPLTG motif and Lys residue K190 of the pilin motif in SpaA
polymers in B was examined by MS/MS. Shown is the m/z tandem mass spectrum of the linked peptide (sequence shown in the Inset). (E) Fusion proteins
between SUMO and the N-terminal SpaA domain ("SpaA; residues 30-194) and between maltose-binding protein (MBP) and the C-terminal SpaA domain
(“SpaA; residues 350-500) were used with the SrtA?™ enzyme in the in vitro pilus polymerization assay as described in B. The reaction samples were analyzed

by SDS/PAGE and Coomassie staining after 24 h. The reactive Lys residue K190 and the LPXTG motif in the two domains are indicated.

support the concept that the lid in class C sortase functions in the
molecular gating of substrate entry to the enzyme active site. Thus,
we have demonstrated pilus polymerization in Gram-positive Acti-
nobacteria in an in vitro reaction.

Structural Elements in a Sortase Required for Protein Polymerization.
To gain insight into how SrtA joins the SpaA proteins together
during polymerization, we performed molecular modeling of the
NSpaA-SrtA-CSpaA ternary complex in which the isopeptide
bond is modeled using our previously determined crystal struc-
tures of SpaA [Protein Data Bank (PDB) ID code 3HR6] (36)
and the isolated SrtA (PDB ID code SK9A) proteins. We first
generated a model of the SrtA-SpaA acyl-intermediate, juxta-
posing the C terminus of the C-terminal SpaA domain with the
active site C222 residue in SrtA. Because the crystal structure of
SpaA lacks the CWSS that forms the acyl-intermediate with SrtA,
we modeled the acyl-intermediate by placing the C-terminal do-
main of SpaA ~25 A away from the active site Cys to accommo-
date the nine missing C-terminal residues that contain the CWSS.
To construct the ternary complex, we then positioned the coordi-
nates of the SpaA N-terminal domain near the acyl-intermediate
to juxtapose the reactive Lys K190 of the pilin motif with the active
site C222 residue (Fig. 44). The resulting model of the ternary
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complex makes it readily obvious that the B7/p8 loop near the
active site Cys residue and the N-terminal H1 helix in SrtA are in
contact with the SpaA N-terminal domain, raising the possibility
that these elements might play a role in recognizing the region of
SpaA that houses the reactive Lys nucleophile. Strikingly, a
primary sequence alignment of SrtA and other class C sortases
indicates that they all contain a conserved TP(Y/L)XIN(S/T)H
motif within the B7/88 loop (ST Appendix, Fig. S3). This motif is
clearly absent in other types of sortases that are known to attach
proteins to the cell wall (class A, B, D, and E enzymes) but are
unable to polymerize proteins. We thus postulated that the 7/
B8 loop may play a role in conferring the polymerization activity
in the class C enzymes.

In our model of the ternary reaction intermediate, the side
chains of Y225, N228, and S229 within the TP(Y/L)XIN(S/T)H
motif extend from the enzyme’s surface in a position to contact
NSpaA. To explore their possible roles in Calall\!‘ysis, we constructed
a series of mutants of the lid-opened SrtA?™ mutant enzyme in
which each of these residues was individually replaced by Ala.
The purified S229A and N228A mutant SrtA™ proteins were
each defective in transpeptidation in vitro, as no isopeptide-linked
SpaA-SpaA product was produced even after 48 h; the Y225A
mutant protein had impaired transpeptidation activity as well, but
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Table 3. MS analysis of synthetic SpaA pilus polymers

HPLC retention time, min  Calculated MH* Predicted peptides Mass accuracy, ppm Pilus assembly reaction

244 1947.0334 DVHVYPKHQALS :: ELPLT 4.0 Reaction with SpaAsg_soo

26.5 1410.7627 DVHVYPK* :: ELPLT 2.8 Reaction with SpaAsg_seo

229 1675.8802 DVHVYPKHQ* :: ELPLT 3.6 Reaction with SpaAsg_sgo

29.0 2336.2034 DVHVYPKHQALS :: NAGFELPLT 4.7 Reaction with SpaAsg_seo

233 2400.2922 DVHVYPKHQALSEPVK :: ELPLT 2.9 Reaction with SpaAsg_seo

ND 2485.2756 DQITLITCTPYAVNSHR :: ELPLT ND Reaction with SpaAsg_soo

ND 2874.4455 DQITLITCTPYAVNSHR :: NAGFELPLT ND Reaction with SpaAsgp_seo

ND 1657.8717 DQITLITCTP* :: ELPLT ND Reaction with SpaAsg_seo

ND 2047.0416 DQITLITCTP* :: NAGFELPLT ND Reaction with SpaAsp_soo

245 1947.0334 DVHVYPKHQALS :: ELPLT 45 Reaction with "SpaA and “SpaA
26.5 1410.7627 DVHVYPK :: ELPLT 3.3 Reaction with NSpaA and “SpaA
229 1675.8802 DVHVYPKHQ :: ELPLT 3.5 Reaction with "SpaA and “SpaA
ND 2336.2034 DVHVYPKHQALS :: NAGFELPLT ND Reaction with "SpaA and “SpaA
ND 2400.2922 DVHVYPKHQALSEPVK :: ELPLT ND Reaction with NSpaA and “SpaA
ND 2485.2756 DQITLITCTPYAVNSHR :: ELPLT ND Reaction with "'SpaA and CSpaA
ND 2874.4455 DQITLITCTPYAVNSHR :: NAGFELPLT ND Reaction with "SpaA and “SpaA
ND 1657.8717 DQITLITCTP* =z ELPLT ND Reaction with NSpaA and “SpaA
ND 2047.0416 DQITLITCTP* :: NAGFELPLT ND Reaction with "‘SpaA and CSpaA
36.5 1023.6448 PKLI :: ELPLT 11.9 Reaction with “SpaA and SpaB

MH?", the mass of the singly protonated species; ND, not determined.
*Not expected cleavage sites.

to a lesser extent than the S229A and N228A mutants (Fig, 4C).
Recall that the removal of the H1 helix in the SitA*™ enzyme also
abrogates pilus polymerization (Fig. 3B, lanes “SrtA?), We have
determined that the absence of the H1 helix does not cause the
protein to unfold, since the "H-'">N heteronuclear single-quantum
correlation (HSQC) spectra of SitA”™ and 2SrtA™ are generally

similar (S7 Appendix, Fig. S4). We conclude that specific residues
within the p7/B8 loop and the presence of the H1 helix form a
functionally important contact surface with ¥SpaA. This is supported
by experiments with an SrtA”™ mutant harboring the N165A sub-
stitution in the proximal f4/B5 loop, which showed that this mutant
retained nearly WT activity (Fig, 4C; lanes SrtAN'®4),
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Fig. 4. Structural modeling reveals SrtA residues critical for transpeptidation activities. (A) An SrtA-SpaA pilin polymerase attack complex was visualized and
assembled using PyMOL. Shown is an SpaA molecule splitting into its two domains, ¥SpaA (light blue) and “SpaA (dark blue). The SrtA enzyme is shown in
green, and the H1 helix potentially bridging interactions between the two SpaA domains is seen in orange, (B) The detailed locations of the SrtA catalytic
triad (marked in yellow) and the surrounding residues at the active site of the pilin polymerase attack complex are shown. The N-terminal H1 helix bridges the
two reactive domains of SpaA and potentially facilitates interactions for the formation of the SrtA-SpaA polymerization attack complex. (C) Transpeptidation
activity of SrtA”™ and its variants (N165A, Y225A, N228A, and S229A) was determined in the pilus polymerization assay described in Fig. 3£, using domain
substrates "SpaA and SpaA. Protein samples were analyzed by SDS/PAGE and Coomassie staining after 24 h. The ligated product “SpaA-"SpaA, sortase
enzymes, substrates, and molecular markers are indicated. (D) Hydrolysis activity of SrtA enzymes was determined by an HPLC-based assay. WT or mutant SrtA
(50 uM) was incubated with 500 pM KNAGFELPLTGGSGRI (SpaAP®P) in a 100-uL assay at 37 °C for 48 h. Reaction products were monitored and separated using
HPLC at an absorbance of 215 nm. The peak fractions were collected and identified by MALDI-TOF-MS. The hydrolysis activity by SrtA®M is set as 100%. The
results are presented as the average of three independent experiments; error bars indicate SDs; ns, not significant.
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The model of the ternary complex raises the possibility that
critical residues in the p7/B8 loop and the H1 helix may be required
only for nucleophile recognition during the transpeptidation re-
action but not for the other step of catalysis in which the LPXTG
sorting motif is cleaved to form the thioacyl enzyme—substrate in-
termediate (4, 38). To test this hypothesis, we determined the
importance of these structural elements in thioacyl-intermediate
formation, using an established HPLC-based assay (39, 40) and an
SpaA-derived peptide KNAGFELPLTGGSGRI (SpaAP“P) as
the substrate. The enzymes and the SpaAPP substrate were mixed
at a 1:10 molar ratio, and the loss of the intact peptide was monitored
by HPLC with the hydrolysis activity of SrtA*™ set as 100%.
Consistent with a selective role in nucleophile recognition, none
of the mutants exhibited any significant defect in cleaving the
LPXTG motif (Fig. 4D). Importantly, the 2SrtA®M enzyme,
which was inactive in the pilus polymerization assay (Fig. 3B),
cleaved the SpaAPP substrate with an efficiency comparable to
that of the activated SrtA™ mutant enzyme thig. 4D). Under these
conditions, the hydrolysis kinetics of the SrtA?™ and “SrtA”™ enzymes
displayed a comparable V. of 2.3 + 0.2 and 3.3 + 0.8 uM/h,
respectively, unlike that of SrtA™", which was significantly re-
duced (0.6 + 0.1 pM/h). These results prompt us to propose that
the conserved TP(Y/L)XIN(S/T)H motif within the p7/38 loop is
a hallmark feature of the class C sortases that enables molecular
recognition of the pilin motif Lys nucleophile in their cognate
substrates. The H1 helix appears to play a similar role; however,
it is not well conserved in class C sortases.

SrtA-Catalyzed Pilus Polymerization Is Terminated by SpaB. Our
previous studies suggest that SpaB acts as a molecular switch that
terminates pilus polymerization by incorporating into the pilus
polymer as the terminal subunit, and this reaction requires the
Lys residue K139 present on SpaB (11), which is then anchored
to the cell wall by the housekeeping sortase SrtF (17). The SpaA
polymer is presumed to be linked to the terminal SpaB via an
isopeptide bond formed between the Thr residue of the SpaA
LPXTG motif and K139 (Fig. 54). To examine if this is the case,
we produced a recombinant SpaB protein (residues 25-180),
which lacked the N-terminal signal peptide and the hydrophobic
domain and the C-terminal charged tail of the CWSS but con-
tained the LAFTG motif. As a control, an SpaB mutant protein
with the K139A substitution mutation was also generated. These
recombinant proteins, expressed in and purified from E. coli,
were then used in the pilus polymerization assay and analyzed by
SDS/PAGE and Coomassie staining as described in Fig. 3B. In
the presence of the SrtA” enzyme, recombinant SpaA protein
was polymerized into HMM species as expected (Fig. 5B, first
two lanes). Remarkably, when SpaB was added into this reaction,
the formation of SpaA polymers was significantly reduced, and
the SpaA-SpaB dimer accumulated (Fig. 5B, third and fourth
lanes, asterisk); it is important to note that while some trimeric
forms of SpaA were observed, StA*™™ was unable to further
polymerize SpaA pilins in the presence of WT SpaB, although
SpaA substrates were abundantly available (Fig. 5B, lane 4). This
suggests that the SpaB K139 may be more nucleophilic than the
SpaA K190 or that SpaB K139 may have a higher affinity and
the ability to outcompete SpaA for pilin cross-linking reactions.
The fact that SpaA pilus polymerization catalyzed by SrtA?™ was
not affected in the presence of the SpaB K139A mutant protein
is consistent with K139 as the nucleophile in the cross-linking
reaction (Fig. 5B, last two lanes).

The observation that the SpaA-SpaB dimer is the predominant
form of pilin conjugates produced by SrtA®™™ in the presence of
SpaB (Fig. 5B, lane 4) prompted us to test whether the pilin motif is
dispensable for SrtA-catalyzed SpaA-SpaB conjugation. To exam-
ine if this is the case, the recombinant protein “SpaA (see Fig. 4C),
lacking the pilin motif, was used in place of recombinant SpaA. The
reaction was performed as described in Fig. 4C. Indeed, after 24 h a

E5484 | www.pnas.org/cgi/doi/10.1073/pnas. 1800954115
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Fig. 5. SrtA-catalyzed pilus polymerization is terminated by the pilus base
SpaB pilin. (A) Depicted is an SpaA polymer (SpaA,) with individual subunits
cross-linked by an isopeptide bond between K190 and T494. The SpaA
polymer is linked to the terminal SpaB via an isopeptide bond between the
T494 residue of SpaA and the K139 residue of SpaB, which in turn is covalently
attached to the bacterial peptidoglycan (CW). (B) A pilus polymerization ter-
mination assay was performed with SrtA®™ enzyme and SpaA substrate
(2:1 molar ratio) in the presence (same concentration as SpaA) or absence of
SpaB or SpaB with the K139A mutation. The reactions were stopped after 66 h
by the addition of SDS-containing sample buffer, and protein samples were
analyzed by SDS/PAGE and Coomassie staining. The asterisk indicates an SpaA-
SpaB dimer. Molecular mass markers (kDa) are shown. (C) :SpaA (residues 350—
500), SpaB, and SrtA™ were used in the pilus polymerization termination assay,
with substrates and enzyme at a 3:1 molar ratio. Protein samples were analyzed
by SDS/PAGE and Coomassie staining after 24-h incubation. (D) A gel band
corresponding to a “SpaA-SpaC dimer was excised for tryptic digestion and
MS/MS. Shown is the MS/MS spectrum, which revealed the presence of the
isopeptide bond formed between T494 and K139.

band corresponding to the size of a truncated SpaA-SpaB con-
jugate was observed (Fig. 5C). To corroborate this and analyze
the linkage between SpaA and SpaB, this band was excised for
MS analysis (see Fig. 3D for methods). MS/MS data confirmed
the isopeptide bond between the SpaA T494 residue and the
SpaB K139 residue (Fig. 5D and Table 3). Clearly, our results dem-
onstrate that SpaB is a termination factor for pilus polymerization.
In conclusion, we report here the high-resolution crystal
structures of the C. diphtheriae pilus-specific sortase SrtA enzyme
(SrtA™") and a mutant form of the enzyme with mutations in the
lid region (SrtA®™) and through these illuminate some of the
basic features of the sortase that functions to polymerize pilus
proteins in Gram-positive bacteria. The structure of the WT
enzyme displayed a characteristic “closed” configuration of a
class C sortase with its catalytic site occluded by a molecular lid
(Fig. 1). By introducing specific amino acid substitutions within
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the lid, we were able to generate an enzyme whose catalytic
pocket displayed an open conformation with no other major
perturbations detected in the atomic structure. The functional
importance of these two states of the enzyme was demonstrated
by our ability to reconstitute a robust pilus polymerization re-
action in vitro using the cognate shaft pilin. While the WT form
could not polymerize the shaft pilin in a reaction, the opened-lid
version of the enzyme is highly active. We showed that the ac-
tivated enzyme was able to recognize the sorting signal, form the
relevant acyl-enzyme intermediate, recognize the pilin motif Lys
residue, and catalyze isopeptide bond formation conjugating Lys
of one pilin protomer with Thr of another protomer (Fig. 3). We
then utilized structural modeling to identify specific structural
elements conserved in a pilus-specific sortase which are impor-
tant for catalyzing the transpeptidation reaction in vitro (Fig. 4).
We also provide additional in vitro evidence in support of SpaB
being a terminator of gilus polymerization (Fig. 5).

Given that the SrtA”™ enzyme is able to catalyze pilus poly-
merization and SpaB incorporation in vitro, although pilus as-
sembly in vivo is not apparently altered when the mutant enzyme
is present, we surmise that the SrtA lid might play some form of a
modulatory role in pilus polymerization and termination in vivo.
For instance, as SpaB is a preferred substrate of the house-
keeping sortase SrtF (17), charging SrtF with SpaB triggers an
SrtF-SrtA interaction. This interaction could potentially alter
the configuration of the SrtA lid, allowing SrtA-mediated entry
of SpaB to the pilus base and subsequently transferring the pilus
polymer to SrtF to complete the cell wall-anchoring step. Future
experiments may be designed to examine the lid dynamics in the
presence or absence of SpaB or SrtF.

Importantly, we have shown here that the separated domains of
the pilin, one containing the pilin motif and the other containing the
sorting motif, could be ligated efficiently to produce a di-polypeptide
conjugate containing the Lys-Thr isopeptide bond. This provides a
powerful protein ligation platform for engineering designer proteins
that is mechanistically different from the “sortagging” technology
developed with the archetypal S. aureus sortase which normally
functions to cross-link surface proteins to the bacterial cell wall
but does not polymerize proteins (41, 42). We envision that the
surface display of protein polymers, protein labeling of living cells,
and protein ligation are a few examples of many potential bio-
technological and biological applications of this enzyme.

Materials and Methods

Bacterial Strains, Plasmids, and Media. Bacterial strains and plasmids used in
this study are listed in S/ Appendix, Table S1. S/ Appendix, S| Materials and
Methods contains information regarding recombinant plasmids, protein
purification, protein crystallization, and structure determination. C. diphtheriae
strains were grown in Heart Infusion (HI) broth (Becton Dickinson) or on HI agar
plates at 37 °C. When needed, kanamycin was added at a concentration of
25 pg/mL. E. coli DH5c and BL21 (DE3), used for cloning and protein expression
and purification, respectively, were grown in either Luria-Bertani or 2x YT
broth (Sigma-Aldrich) at 37 °C in the presence of ampicillin at 100 pg/mL.

In Vitro Reconstitution of Pilus Polymerization. In vitro reactions were carried
out at room temperature, and proteins were dissolved in assay buffer [50 mM
Tris-HCI (pH 8.0), 300 mM NaCl, 1 mM DTT]. All reactions used a fixed 100-uM
concertation of SrtA enzyme and 300-uM SpaA substrate (either full length
or each individual domain). Reactions were stirred gently by continuous
rotation. Aliquots were taken at 0 h, 24 h, 48 h, and 72 h, and reactions were
quenched by the addition of two volumes of SDS loading dye. For a pilus
termination assay, SpaB was used at the same concentration as SpaA, whereas
the molar concentrations of SrtA’ enzyme and SpaA substrate followed
3:1 or 2:1 ratios. The reactions were performed in 24 or 66 h, respectively.

Probing Accessibility of the SrtA Active Site. Reaction rates of DTDP and SrtA
proteins via the Cys €222 residue were determined by stopped-flow exper-
iments, which were performed at 23 °C using an Applied Photophysics Ltd.
Model SX.18 MV sequential stopped-flow spectrofluorimeter with a 150 W
Xe/Hg lamp and a dead time of 1.7 ms. All triplicate reactions were carried
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out in reaction buffer [S0 mM 3-(N-morpholino)propanesulfonic acid (Mops),
200 mM KCl, 1 mM EDTA, pH 7.5]. Absorbance was monitored at 324 nm
after solutions were rapidly mixed in syringe A, containing 0.6 mg/mL protein,
and syringe B, containing 0.32 mM DTDP. Reaction rates (k) were derived by
fitting data to the following equations with one (Eq. 1) or two (Eq. 2) rates:

A=A (1-€7) 1l

or

A=A (1=e¥) 4 A e (1-7), 21

where A is absorbance at 324 nm at time t, and A,,.. is the maximum
absorbance.

Cell Fractionation and Western Blotting. Cell fractionation and Western
blotting were performed according to published procedures with some
modifications (43, 44). Briefly, midlog-phase cultures of C. diphtheriae strains
grown at 37 °C were normalized to an ODgg of 1.0 and were subjected to
cell wall protein extraction using mutanolysin (300 U/mL). Protein samples
obtained from culture medium (S) and cell wall (W) were trichloroacetic acid
precipitated and acetone washed. The protoplasts after the cell wall ex-
traction were used for analysis of cell membrane-bound proteins. Protein
samples were resuspended in SDS sample buffer containing 3% urea and
were heated at 100 °C for 10 min before SDS/PAGE analysis using 3-12% or
3-20% Tris-Gly gradient gels. Detection of proteins was performed by im-
munoblotting with specific antibodies (1:20,000 for «-SpaA; 1:4,000 for
a-SpaH; 1:5,000 for a-MdbA; and 1:4,000 for a-SrtA).

MS of Pilus Polymers. Protein digestion and isopeptide bond identification
were performed according to previous protocols (36, 45). Specifically, pro-
teins entrapped in gel bands were reduced with 10 mM DTT (Sigma) at 60 °C
for 1 h and then were alkylated with 50 mM iodoacetamide (Sigma) at 45 °C for a
few minutes in the dark. These reduction and alkylation steps were skipped for the
acyl-intermediate samples. Samples were digested with 200 ng trypsin (Thermo
Scientific) at 37 °C overnight. At the end of trypsin digestion, 200 ng of Asp-N
endoproteinase (Thermo Scientific) was added for another overnight incubation.
Digested peptides were extracted from the gel bands in 50% acetonitrile/49.9%
water/0.1% TFA and were cleaned with C18 StageTip (46) before MS analysis.

Digested peptides were separated on an EASY-Spray column (25 cm x
75 pm i.d., PepMap RSLC €18, 2 pm; Thermo Scientific) connected to an
EASY-nLC 1000 nUPLC (Thermo Scientific) using a gradient of 5-35% ace-
tonitrile in 0.1% formic acid and a flow rate of 300 nL/min for 30 min.
Tandem mass spectra were acquired in a data-dependent manner with an
Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific) interfaced
to a nanoelectrospray ionization source.

The raw MS/MS data were converted into MGF format by Thermo Pro-
teome Discoverer 1.4 (Thermo Scientific). In-house programs to search for the
isopeptides were used for two different approaches. The first approach was
performed as previously described (36) and was used to calculate the masses
of predicted peptides containing the isopeptide linkage to guide the search.
The second approach was based on published (36) and our own observations
of the presence of ions specific for the fragments of ELPLT (m/z 215.138,
225.122, 243.132, 294.180, 312.190, 322.174, and 340.186). The in-house pro-
grams sifted through tens of thousands of mass spectra searching specifically
for this information and extracted MS/MS spectra for further analyses.

Determination of SrtA Hydrolysis by an HPLC-Based Assay. In vitro hydrolysis
reactions were performed based on the method developed by Kruger et al. (47).
WT or mutant SrtA (50 pM) was incubated with 500 yM KNAGFELPLTGGSGRI
(SpaAP*P) in 100-pL reactions at 37 °C for 24 h. The reactions were quenched by
adding 50 pL of 1 M HCl and were injected onto a Waters XBridge Peptide BEH
C18 reversed-phase HPLC column. Peptides were eluted by applying a gradient
from 5-51% acetonitrile (in 0.1% TFA) over 25 min at a flow rate of 1 mL/min.
Elution of the peptides was monitored by absorbance at 215 nm. Peak fractions
were collected, and their identities were confirmed by MALDI-TOF-MS.

Electron Micrescopy. For visualization of in vitro pilus polymers, pilus poly-
merization reactions were diluted in half with water and 7-uL aliquots were
applied onto carbon-coated nickel grids, washed five times with distilled
water, and stained with 0.75% uranyl formate for 2 min before viewing by a
JEOL JEM-1400 electron microscope.

For visualization of pili produced by corynebacterial cells, electron mi-
croscopy and IEM were performed according to a published protocol (48).
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Briefly, corynebacterial cells grown on HI agar plates were washed and
suspended in PBS. Seven-microliter aliquots of the cell suspension were ap-
plied onto nickel grids, washed, and stained with 0.75% uranyl formate
before viewing by an electron microscope. For [EM, cells were stained with
a-SpaA (1:100 dilution), followed by staining with 12-nm gold particles
conjugated to I1gG, before staining with 1% uranyl acetate.

To estimate the dimension of pili, Image) (https:/imagej.nih.gov/ij/) was
employed. Twenty-five measurements were performed at different locations
of pili for each strain. Statistical analysis was performed by GraphPad Prism.
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SUPPORTING INFORMATION

S| Materials and Methods

Recombinant Plasmids

pSUMO-SrtAVT and its derivatives — To generate a recombinant plasmid expressing His-
tagged SrtAVT (residues 37 to 257), the srtA gene sequence without N-terminal signal peptide
and C-terminal membrane spanning domains was PCR-amplified from the genomic DNA of C.
diphtheriae NCTC 13129 with appropriate primers (Table S2) and inserted into the pE-SUMO
(LifeSensors) expression vector using the Gibson assembly method (New England BioLabs).
pSUMO-SrtAWT was used as a template to generate D81A and W83A mutations (pSUMO-
SrtA?M), as well as Y225A, S229A or N228A mutation, using site-directed mutagenesis carried
out by QuickChange method (Agilent) (see Table S2 for primers). Resulting plasmids were then
transformed into XL 10 for amplification prior to DNA sequence confirmation. Similarly, pSUMO-
ASrtA?M were generated using pSUMO-SrtA2M as a template, in which H1 helix (residues 37-
54) was removed. The resulting plasmid was introduced into E. coli BL21 (DE3) after verification

by DNA sequencing.

pMCSG-SrtAVT and its derivatives — For protein crystallization, the same srtA fragment
as the above was cloned into the pMCSG7 expression vector by ligation-independent cloning
(LIC) as previously reported (1). The resulting plasmid was introduced into E. coli DH5a for
selection and DNA sequencing, and then E. coli BL21 (DE3). To generate pMCSG-SrtA?M,
pMCSG-SrtA"T was used as a template for inverse PCR amplification with a pair of
phosphorylated primers carrying the intended mutation (Table S1) as previously described (1).
The resulting linear PCR product was ligated before introduced into E. coli DH5a. The

generated plasmid was verified by DNA sequencing prior to introduce into E. coli BL21 (DE3).
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Recombinant SpaA plasmids — A plasmid expressing recombinant His-tagged SpaA
protein of C. diphtheriae lacking the N-terminal signal peptide and C-terminal transmembrane
domain (residues 30 to 500) was generated using the LIC method described above (see Table
S2 for primers). The resulting plasmid (pPMCSG-SpaA) was introduced into E. coli BL21 (DE3)
after verification by DNA sequencing. Using the above site-directed mutagenesis method,
pMCSG-SpaA was then used as a template to generate pMCSG-SpaAK'%4 that expresses the
same SpaA molecule with lysine 190 replaced by alanine. To generate plasmids pSUMO-NSpaA
and pMBP-CSpaA, which express the N-terminal (residues 30 to 194) and C-terminal (residues
350 to 500) domains of SpaA, pE-SUMO and pE-MAPLE were used, respectively, in the same

cloning protocol as described for pPSUMO-SrtAVT above.

Recombinant SpaB plasmids — Similar to the construction of the recombinant SpaA
plasmids, pMCSG was used to clone a recombinant SpaB protein (residues 25 to 180), lacking
the N-terminal signal peptide and the C-terminal hydrophobic domain and the charged tail. This
generated plasmid was used as a template for site-directed mutagenesis to produce the SpaB-

K139A mutant protein.

pSrtA and its derivatives — For srfA expression in C. diphtheriae, the E.
colil Corynebacterium shuttle vector pCGL0243 was used (2). pSrtA (3), a pCGL0243 derivative
that expresses C. diphtheriae srtA under control of the spaA promoter, served as a template for
site-directed mutagenesis, as described above, to generate various SrtA variants used in this
study (Table S1 and see Table S2 for primers). The resulting plasmids were introduced into E.

coli DH5a. for DNA sequencing prior to electroporation into C. diphtheriae strains.

Protein Expression and Purification
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For in vitro pilus polymerization, His-tagged proteins were purified according to a published
procedure (4). Briefly, E. coli BL21 (DE3) cells harboring pSUMO-SrtAYT, pSUMO-SrtA2M,
pMCSG-SpaA pMCSG-SpaAX19A pSUMO-NSpaA, or pMBP-CSpaA were grown in LB
supplemented with ampicillin at 100 ug ml-* at 37°C until ODgqo of ~ 0.6. Cells were equilibrated
to 17°C and treated with 1 mM IPTG before they were allowed to grow overnight at 17°C to
induce protein expression. Cells were then harvested by centrifugation (8,000 RPM for 20 min)
and stored at -80°C for further processing. SrtA and SpaA-derived proteins were purified as a
His6x-SUMO- fusion using HisPure Co?* IMAC resin (Thermo) per the manufacturer's
instructions. Briefly, cell pellets were resuspended in 50 mM Tris-HCI pH 8.0, 300 mM NaCl,
and 5 mM CaCl; (lysis buffer) and lysed by sonication. Subsequent cell lysate was then
fractionated by centrifugation (15,000 RPM for 1 hr) and the supernatant was loaded onto
HisPure Co?* IMAC resin. Proteins were then eluted from the resin using lysis buffer
supplemented with 200 mM Imidazole. The His6x-SUMO tag was removed by the addition of
His6x-Ulp1 protease, and subsequent HisPure Co?* purification. Protein purity was determined

by SDS-PAGE analysis.

For crystallization, recombinant proteins were purified according to a published
procedure (5). Briefly, E. coli BL21 (DE3) cells harboring pMCSG-SrtA"T or pMCSG-SrtA?M was
cultured in 2x YT broth containing ampicillin at 100 pg ml-! at 37°C with shaking until ODgqo of ~
1.0. The culture was later induced with 0.4 mM IPTG and allowed to grow overnight at 18°C with
shaking. Cells were harvested and disrupted by sonication. The lysate containing SrtA was
purified by using Ni-NTA (Qiagen) affinity chromatography with the addition of 5 mM B-
mercaptoethanol in all buffers. The N-terminal His-tag and TEV restriction sequence of the
protein was removed by the TEV protease (0.15 mg for 20 mg purified protein) incubated for 16
h at 4°C, and then passed through a Ni-NTA column to remove both the TEV protease and

cleaved N-terminal tags. The final step of purification was gel-filtration on HiLoad 16/60

147



Chang et al.

Superdex 200pg column (GE Healthcare) in crystallization buffer 10 mM HEPES buffer pH 7.5,
200 mM NaCl and 1 mM DTT. The protein was concentrated on Amicon Ultracel 10K centrifugal

filters (Millipore) up to 24 mg/ml concentration.

Protein crystallization, Data Collection, Structure Determination and Refinement

The initial crystallization condition was determined with a sparse crystallization matrix at 4°C
and 16°C temperatures using the sitting-drop vapor-diffusion technique as reported (5). The
best crystallization condition for the SrtAWT protein was found in 0.1 M MES:NaOH buffer pH
6.5, 1.6 M ammonium sulfate and 10% dioxane at 4°C. The SrtA2M protein was crystallized in
0.2 M sodium chloride and 20% PEG 3350 at 4°C. The SrtA"T and SrtA?M protein crystals
selected for data collection were soaked in the crystallization buffer supplemented with either

28% sucrose or 25% glycerol, respectively, and flash-cooled in liquid nitrogen.

Single-wavelength X-ray diffraction data were collected at 100 K temperature at the 19-
ID beamline using the program SBCcollect. The intensities were integrated and scaled with the
HKL3000 suite (6). The SrtA structures were determined by molecular replacement using the
HKL3000 suite incorporating following programs: MOLREP (7), SOLVE/RESOLVE (8), and
ARP/WARP (9). The coordinates for the A. oris sortase SrtC-1 (10) (PDB:2XWG) were used as
the starting model for the SitAWT structure. Several rounds of manual adjustments of structure
models using COQOT (11) and refinements with Refmac program (12) from CCP4 suite (13) were
performed. The stereochemistry of the structure was validated with PHENIX suite (6)
incorporating MOLPROBITY(14) tools. Data collection and refinement statistics are summarized
in Tables 1 and 2. Atomic coordinates and structure factors of SrtA"T and SrtA?™ were

deposited into the Protein Data Bank as 5K9A and 6BWE, respectively.

Nuclear magnetic resonance (NMR) analysis of SrtA?M and 4SrtA?M sortases
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"H-SN HSQC NMR spectra of SrtA?M and 2SrtA?M were acquired using the following samples:
150 uM ['®N]2SrtA? and 500 uM ['*N] SrtA?M proteins dissolved in 50 mM sodium
phosphate, 100 mM sodium chloride, 0.01% sodium azide, 5% D20, pH 6.5. NMR spectra were
acquired at 298 K using a Bruker Avance 600 MHz spectrometer equipped with a triple
resonance cryogenic probe. A total of 16 and 32 scans were used to acquire the SrtA?" and

ASrtA2M gpectra, respectively.
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S| Figure Legends

Figure S1: Visualization of C. diphtheriae pili assembled by the SrtA™ enzyme.
Corynebacterial cells of indicated strains were immobilized on nickel grids and subjected to
negative staining with 0.75% uranyl formate (A) or immune-gold labeling with antibodies against

SpaA prior to negative staining (B). Scale bars in (A) indicate 100 nm; (B), 200 nm.

Figure S2: SrtA containing the wild type lid is inactive in catalyzing crosslinking of the
isolated domains. Fusion proteins between SUMO and the N-terminal SpaA domain (NSpaA;
residues 30 to 194) and between maltose-binding protein MBP and the C-terminal SpaA domain
(°SpaA; residues 350 to 500) were reacted with either the SrtAWT or SrtA2M enzyme at a 3:1 ratio,
respectively. The reaction samples were analyzed by SDS-PAGE and Coomassie staining after

0,24 h, 48 h, and 72 h of incubation.

Figure S3: Sequence alignment of Gram-positive sortases showing the class C signature
sequence. Shown is an alignment of amino acids encompassing strands B7 to 8 of class C
sortases. All aligned class C enzymes have been experimentally demonstrated to assemble pili
by either cellular or biochemical methods. The conserved TP(Y/L)XIN(S/T)H signature sequence
in class C enzymes is shaded in light blue, while the catalytic cysteine and arginine residues are
colored red. The bottom of the figure shows representative class A, B, D and E enzymes sortases
that do not assemble pili, but instead attach proteins to the cell wall. The GenBank accession
codes are as follows: WP_010935503 (Corynebacterium diphtheriae SrtA); WP_010934130
(Corynebacterium diphtheriae SrtB); WP_010934133 (Corynebacterium diphtheriae SrtC);
WP_010935679 (Corynebacterium diphtheriae, SrtD); WP_010935678 (Corynebacterium
diphtheriae, SrtE); WP_002307920 (Enterococcus faecium, SrtC); WP_014569086 (Lactobacillus
rhamnosus, SrtC1); WP_060958109 (Actinomyces oris, SrtC1); WP_060956887 (Actinomyces

oris, SrtC2); WP_000047114 (Streptococcus pneumoniae, SrtC1); WP_050148456
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(Streptococcus agalactiae, SrtC1); WP_000746885 (Streptococcus agalactiae, SrtC2);

WP_000828081 (Bacillus cereus, SrtD); WP_037276992 (Ruminococcus albus, SrtC).

Figure S4: Comparison of the 'H-'>N HSQC spectra of SrtA?Mand 2SrtA?M, The "H-°N HSQC
spectrum of SrtA?M is shown (red). The expanded images are selected regions from the HSQC
spectrum overlaid with the corresponding spectrum of *SrtA2M (blue). The cross-peaks originate
from backbone amides located within structured portions of each protein based on their down-
field "H chemical shifts. Similar chemical shifts are observed indicating that the proteins adopt

similar atomic structures.
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Table S1: Bacterial strains and plasmids used

Chang et al.

Strain & Plasmid Description Reference

Strain

NCTC 13129 A C. diphtheriae type strain (15)

HT2 AsrtA; an isogenic derivative of NCTC 13129 (15)

HT52 AspaA/AsrtA; an isogenic derivative of NCTC 13129 (3)

Plasmid

pCGL0243 C. diphtheriael E. coli shuttle vector, KanR (16)

pSrtA A pCGL0243 derivative expressing C. diphtheriae SrtA  (3)
under control of the spaA promoter

pSrtAzM A pSrtA derivative, expressing SrtA with D81G and This study
W83G mutations

pPSrtAP8IA A pSrtA derivative, expressing SrtA with D81G This study
mutation

PSrtAWssA A pSrtA derivative, expressing SrtA with W83A This study
mutation

pSrtABPW2A A pSrtA derivative expressing SrtA with D81A and This study
W83A mutations

pSrtAc222A A pSrtA derivative expressing SrtA with C222A This study
mutation

PSrtAH160A A pSrtA derivative expressing SrtA with H160A This study
mutation

pSrtAR1A A pSrtA derivative expressing SrtA with R231A This study
mutation

pSpaA-SrtA A pCGL0243 derivative expressing C. diphtheriae This study
SpaA and wild type SrtA under control of the spaA
promoter

pSpaA-SrtA?M A pSpaA-SrtA derivative expressing C. diphtheriae This study
SpaA and SrtA?™ under control of the spaA promote

pSpaAKIPASIHAZM A pSpaA-SrtA?M derivative with K190A mutation in This study
SpaA

pMCSG7 Ligation-independent cloning vector; AmpR (1)

pMCSG-SrtA srtA gene encoding a.a. 37 to 257cloned into pMCSG7  This study

pMCSG-SrtA2M A pMCSG?7 derivative expressing His-tagged SrtA with  This study
D81G and W83G mutations

pMCSG-SpaA A pMCSG7 derivative expressing His-tagged SpaA This study
(residues 30 to 500)

pMCSG-SpaAK19A A pMCSG-SpaA derivative expressing SpaA with This study
K190A mutation

pMCSG-SpaB A pMCSG?7 derivative expressing His-tagged SpaB This study

(residues 25 to 180)
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pMCSG-SpaBK'39A

pE-SUMO
pSUMO-SHAWT

pSUMO-SrAM
pSUMO-2SrtA2M
pSUMO-SrtAY225A
pSUMO-SrtAN228A
pSUMO-SrtAS229A
pSUMO-NSpaA

pE-MAPLE
pMBP-CSpaA

A pMCSG-SpaB derivative expressing SpaB with
K139A mutation

Expression vector

srtA gene encoding a.a. 37 to 257 cloned into pE-
SUMO

Same as pSUMO-SrtAWT, but carrying D81G and
W83G mutations

The gene sequence encoding H1 helix (a.a. 37-54)
was deleted from pSUMO-SrtA2¥

Same as pSUMO-SrtA?M, but carrying Y225A mutation
Same as pSUMO-SrtA?M, but carrying N228A mutation
Same as pSUMO-SrtA?M, but carrying S229A mutation
N-terminal sequence of SpaA (residues 30-194) cloned
into pE-SUMO

Expression vector

C-terminal sequence of SpaA (residues 350-500)
cloned into pE-MAPLE

Chang et al.

This study

LifeSensors
This study

This study
This study
This study
This study

This study
This study

This study

10
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Table S2: Primers used for cloning and site-directed mutagenesis (SDM)

Chang et al.

Primer

Sequence®

Used for

SrtA-SDM-DW2G-5

SrtA-SDM-DW2G-3

SrtA-SDM-D81A-5
SrtA-SDM-D81A-3
SrtA-SDM-W83A-5
SrtA-SDM-W83A-3
SrtA-SDM-DW2A-5
SrtA-SDM-DW2A-3

SrtA-SDM-C222A-5
SrtA-SDM-C222A-3
SrtA-SDM-H160A-5
SrtA-SDM-H160A-3
SrtA-SDM-R231A-5
SrtA-SDM-R231A-3
SrtA-LIC-N37-5
SrtA-LIC-Q257-3
SpaB-LIC-Q25-5
SpaB-LIC-G180-3
SpaB-SDM-K139A-5
SpaB-SDM-K139A-3
SpaA-SDM-K190A-5

SpaA-SDM-K190A-3

SpaA-LIC-E30-5
SpaA-LIC-1500-3’
SpaA-SDM-K190A-5
SpaA-SDM-K190A-3
SrtA-SDM-Y225A-5
SrtA-SDM-Y225A-3
SrtA-SDM-N228A-5
SrtA-SDM-N228A-3
SrtA-SDM-S229A-5

cgGggctgaacagggcgtcgaaaaacag

gaCcgaggatcgggaagcctactactaccg

gCtccgtggetgaacagggegte
gaggatcgggaagcctactaccgac
GCgctgaacagggcgtcgaaaaacag

cggatcgaggatcgggaagcec
cgGggctgaacagggcgticgaaaaacag
gaCcgaggatcgggaagcctactaccg

GCcaccccctacgecgtcaac
ggtgatgagtgttatttggtc
GCcagcggcecttgccaacge
tccggtgatcacgggatg
ctcctegtacgageccacege
TGCgtgggagttgacggcgtagg
tacttccaatccaatgcaaacaacgcgecgccaageacg
ttatccacttccaatgttactattgccagattttggtgecgg
tacttccaatccaatgcacaagaagcaaacacattggtcattgacctc
ttatccacttccaatgttactatccgaggatgcttgcgece
cttatcgacgccaccceegg

cGCggggcgcagggtcatgg
GCgcaccaggctttgtctgagcece

gggatacacgtgcacgtcttggag

tacttccaatccaatgcagaagagtcacagtatcatgcagtccaac
ttatccacttccaatgttagatgcgcccecgaaccac
gcgcaccaggctttgtctgagcc
gggatacacgtgcacgtcttggag
catcacctgcacccccGCGgcecgtcaactceccaceg
cggtgggagtigacggcCGCgggggtgcaggtgatg
ccectacgecgtcGCceteeccaccgacte
gagtcggtgggagGCgacggegtagggg
ccectacgecgtcaacGeGeaccgactcectcgtacg

1"

154

pCGL-SrtA2M:
pMCSG-SrtA2M:
pSpaA-SrtA2M
pCGL-SrtA?M;
pMCSG-SrtA?™;
pSpaA-SrtAM
pCGL-SrtADs1A
pCGL-SrtAPs1A

pCGL-SrtAWe
pCGL-SrtAWs
pCGL-SrtADW2A
pCGL-SrtADW2A

pCGL-SrtAC222A
pCGL-SrtAC222A
pCGL-SrtAH160A
pCGL-SrtAH160A
pCGL_SrtARzam
pCGL-SrtAR21A
pMCSG-SrtA
pMCSG-SrtA
pMCSG-SpaB
pMCSG-SpaB
pPMCSG-SpaBK139%
pMCSG-SpaBK139%

PMCSG-SpaAKTe0A;
pSpaAMQOA_SrtAZM
PMCSG-SpaAKkio0A,
pSpaAK190A_SrtA2M
pMCSG-SpaA

pMCSG-SpaA
pPMCSG-SpaAKeoA
pPMCSG-SpaAK90A
pSUMO-SrtAY2254
pSUMO-SrtA Y2254
pSUMO-SrtAN228A
pSUMO-SrtAN228A
pSUMO-SrtAS229n



Chang et al.

SrtA-SDM-S229A-3  cgtacgaggagtcggtgCgCgttgacggegtagggg PSUMO-SrtAS2294

@ Upper case letters are the mutated nucleotides for site-directed mutagenesis.
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SrthA
SrtC
SrtB

Corynebacterium
Corynebacterium
Corynebacterium
Corynebacterium diphtheriae SrtD
Corynebacterium diphtheriae SrtE
Lactobacillus rhamnosus SrtCl
Enterococcus faecium class C sortase 1
Enterococcus faecium class C sortase 2
Actinomyces oris SrtCl

Actinomyces oris SrtC2

Streptococcus pneumoniae SrtCl
Streptococcus agalactiae SrtCl
Streptococcus agalactiae SrtC2
Bacillus cereus SrtD

Ruminococcus albus class C sortase

diphtheriae
diphtheriae
diphtheriae

Staphylococcus aureus SrtA (Class A)
Streptococcus pyogenes SrtB (Class B)
Clostridium perfringens SrtD (Class D)
Streptomyces coelicolor (Class E)
Corynebacterium diphtheriae SrtF (Class E)

Figure S3: Chang et al.

B7/p8 loop
B7 B8

DPNKD-QITLITCTPYAVNSH----R-LLVRAHRVDL 7]
EQGKD-YITLITCTPYGINTH----R-LMVRGHQVPL
-R-LIITAERVPM
-R-ILVTAERITP
-R-LLVTAERVPM
VPGQD-LVTLMTCTPYMINSH----R-LLITGRRIPY
SEGED-LVTLLTCTPYMINTH----R-LLVTGHRIPY
EKGQD-FVTLLTCTPYMVNSH----R-LLVRGHRVPY
EEGKD-LLTLVTCTPLGINTH----R-ILLTGERIYP
VPGRD-LVTLITCTPYGVNSH----R-LLVTGERVPM
QHGED-YATLLTCTPYMINSH----R-LLVRGKRIPY
IQGED-HVTLLTCTPYMINSH----R-LLVRGKRIPY
VNGED-YITLLTCTPYMINSH----R-LLVKGERIPY
VONKD-YTTLITCTPYGINTN----R-LLVRGERVEL
IPNED-EVTLMTCTPYGINTH----R-LLIRAHRIKS

QKGKDKQLTLITCDDYNEKTGVWEKRKIFVATEVK== 7]
KHHTK-FVAFSTCENFST----- DNR-VIVVGTIQET
————— KTMTIVTCTNRGK--—---DR-YIVKAKLIG-

FKGPGRYITLTTCTPEFTSKY----R-MIVWGKMVEE

DPGMEGIMTMTTCHPQFSNA----ER-MIVHAMLTEH
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APPENDIX I1: Protein Labeling via a Specific Lysine-1sopeptide 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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dual peptide-fluorophore labeling of a protein via lysine

ABSTRACT: Proteins that are site-specifically modified isopeptide- and backbone peptide-bonds, respectively.

with peptides and chemicals can be used as novel Gram-positive bacteria use specialized sortase enzymes to
therapeutics, imaging tools, diagnostic reagents and construct pili: long, thin fibers (0.2—3.0 gm X 2—10 nm) that
materials. However, there are few enzyme-catalyzed project from the cell surface to mediate bacterial adherence to
methods currently available to selectively conjugate host tissues, biofilm formation and host immunity modu-
peptides to internal sites within proteins. Here we show lation.”*™2¢ These structures are distinct from pili produced by
that a pilus-sgeciﬁc sortase enzyme from Corynebacterium Gram-negative bacteria because their protein subunits (called
diphtheriae (“SrtA) can be used to attach a peptide to a pilins) are cross-linked by lysine-isopeptide bonds that confer
protein via a specific lysine-isopeptide bond. Using enormous tensile strength.””® Recently, we reconstituted in
rational mutagenesis we created “!SrtA®™, a highly vitro the assembly reaction that builds the archetypal SpaA-
activated cysteine transpeptidase that catalyzes in vitro pilus in C. diphtherige, the causative agent of pharyngeal
isopeptide bond formation. “SrtA*™ mediates bioconju- diphtheria.”® “SrtA functions as a pilin polymerase, perform-
gation to a specific lysine residue within a fused domain ing a repetitive transpeptidation reaction that covalently links
derived from the corynebacterial SpaA protein. Peptide adjacent SpaA pilin subunits together via lysine-isopeptide
modification yields greater than >95% can be achieved. bonds. As shown in Scheme 1, “USrtA cross-links adjacent
We demonstrate that “4SrtA™ can be used in concert

with the Staphylococcus aureus SrtA enzyme, enabling dual, Scheme 1. “ISrtA-Catalyzed Isopeptide Bond Formation

orthogonal protein labeling via lysine-isopeptide and

backbone-peptide bonds. LPLTG — + NH,CH, )4
K190

Enzymatic methods that site-specifically functionalize CdsrtAJ/

proteins are of significant interest, as they can enable
the creation of novel protein-conjugates for medical and ?
research ap}:ulical:ions.]_5 The Staphylococcus aureus sortase
(%2SrtA) has been developed into a powerful protein LPLIT-C—NH|(CH, ),
engineering tool. "' It catalyzes a transpeptidation reaction
that covalently modifies the target protein via a backbone

peptide bond, by joining peptide segments that contain a SpaA proteins by connecting their N- ("SpaA, residues 30—

LPXTG “sorttag’ and an N-terminal oligoglycine amine 194) and C-terminal (“SpaA, residues 350—500) domains,
group.“’u Several groups have now optimized this reaction to wh@h coptam a reactive WmVxVYPK pilin motif a'nd LgdLTG
sorting signal sequences, respectively. In the reaction, ~“SrtA

modify proteins with a range of molecullsi,llincludinsg drugs, first cleaves the LPLTG sequence in “SpaA between the
lipids, sugars, fluorophores, and peptides. ™™ While ™SrtA is threonine and glycine, forming an acyl-enzyme intermediate in

potent tool, it is almost exclusively used to modify target which the catalytic C222 residue in Cg A s joined to CSpaA’s
proteins at their N- or C-termini, while it labels internal lysine threonine carbonyl atom. This transient intermediate is then
side chains as a side reaction with low sequence specific- nucleophilically attacked by the reactive K190 within NSpaA’s
ity.ls'zz'23 Here we show that a mutationally activated sortase pilin motif resulting in a T494-K190 isopeptide bond between
enzyme from Corynebacterium diphtheriae (%4SrtA) can site-
specifically install a peptide on a protein via a lysine-isopeptide Received: May 17, 2018
bond. “SrtA and $SrtA have orthogonal activities, enabling Published: June 21, 2018

ACS Publications @ 2018 American Chemical Society 8420 DOL: 10.1021/jacs.805200
A4 J, Am. Chem. Soc. 2018, 140, 8420-8423
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CSpaA and NSpaA domains within adjacent pilin subunits.
Previously, we demonstrated that wild-type “ISrtA is catalyti-
cally inactive in vitro due to the presence of an N-terminal
polypeptide segment, called a lid, that masks the enzyme’s
active site (Figure 1A).*°73* Moreover, we showed that it was

l—"spans’span

o

= g™

= “SpaA

= “SpaA

24hr

16188.21 MH+

17265.67 MH+

- 5
LPLT-C=NH (CH_)

% Intensity

o

14000

16000

18000 20000

miz
Figure 1. Mutationally activated CdSrtA catalyzes lysine-isopeptide
bond formation. (A} The structure of “SrtA%T harbors an inhibitory
“lid” structure (blue). Side chains that were mutated to activate the
enzyme are shown as yellow sticks. The surface of the catalytic site is
colored red. (B) Protein—protein ligation using the activated
Cd5rtA®™ enzyme. SDS-PAGE analysis of the reaction demonstrating
formation of the lysine-isopeptide linked NSpanCSpaA product. The
reaction (100 4M enzyme, 300 uM “SpaA and NSpaA) was sampled
at 0, 24, and 48 h. (C) High yield protein-peptide labeling with
CdgrtASM, MALDI-MS data showing that >95% NSpaA is labeled with
peptide containing the sort-tag, LPLTGpepger MALDI-MS spectra
recorded at 0 (black) and 24 h (red) are overlaid.

possible to activate the enzyme by introducing D81G and
W83G lid mutations and we demonstrated that a soluble
catalytic domain harboring these mutations (“/SrtA™, residues
37-257 of “ISrtA with D81G/W83G mutations) site-
speciglgcally ligates the isolated NSpaA and “SpaA domains in
vitro.

Toward the goal of creating a lysine modifying bioconjuga-
tion reagent we improved the ligation activity of “ISrtA™, we
defined substrate determinants that are required for catalysis.
In addition to the aforementioned D81 and W83 mutations in
CdSrtA?™, inspection of the crystal structure reveals three lid
residues that may stabilize its positioning over the active site
(179, N8S, K89). The ligation activities of triple mutants of
CdgrtA containing the D81G and WB83G alterations, as well
179R, N8SA or K89A substitutions were determined. A D81G/
‘WB83G/NB8SA triple mutant, hereafter called CdSrtA™, has the
highest level of ligation activity (Figures 1B and S1). After a 24
h incubation with the isolated NSpaA and “SpaA domains,
%5rtA™ produces 10.6-fold more cross-linked NSpaAxCSpaA
product than ©dSrtA WT and 35% more product than “ISrtA?™
(Figure S1). The mutations in CdgreadM presumably further
displace its lid, thereby facilitating enhanced binding of
CSpaA’s LPLTG sorting signal and subsequent acylation by
C222. This is substantiated by our finding that the “ISrtA™

8421

164

triple mutant exhibits the highest level of activity in a HPLC-
based sorting signal cleavage assay that reports on formation of
the acyl-enzyme intermediate (Figure S1) and previous studies
that have shown that alterations in the lid increase C222
reactivity with 4,4'-dithiodipyridine.”

NSpaA and “SpaA are joined by “!SrtA*™ via their respective
pilin motif and LPXTG sorting signal elements. To elucidate
determinants required for recognition of the K190 nucleophile,
©45rtA’M was incubated with a peptide containing the pilin
motif (DGWLQDVHVYPKHQALS) and either CSpa\A or a
peptide containing its C-terminal sorting signal (KNAG-
FELPLTGGSGRI) (Figure S2). In both instances, no
detectable product was observed, indicating that ©ISrtA*™™
requires additional tertiary elements within NSpaA to recognize
K190. In contrast, when “4SrtA*™ is incubated with NSpaA and
the peptide containing the C-terminal sorting signal, > 95% of
NSpaA is labeled with the peptide (Figure 1C). Moreover, LC-
MS/MS analysis of the cross-linked species reveals that the
components are joined via a site-specific isopeptide bond
between the threonine within the sorting signal peptide and
the Ne amine of K190 in NSpaA (Figure S3A).

We next demonstrated that “SrtA’™ can be used to label a
target protein via an isopeptide bond with either a peptide
fluorophore or another protein. In the labeling reaction a target
protein is first expressed as a fusion with the NSpaA domain
containing the pilin motif (hereafter called PM), and then
reacted with a LPLTG-containing biomolecule and Cdgra™
(Figure 2A). To demonstrate peptide fluorophore attachment
using “I8rtA*™, we incubated the enzyme with NSpaA and a

protein
Q 1
—— .—LPL-. PM
—_—

a protein

K190+ _PM

protein |
small molecule label

@—ruc

c
By . | PM
soli X
W W [ GFP-LPLT
40
30
oy |«— GFP-LPLTG
e (e . e ou —"“gra™
=FTC o T 20
e B
. < T
PM(apo)
"SpaAK190A  “SpaAWT

Figure 2. Labeling proteins via a lysine-isopeptide bond with
Cd5rtA™, (A) Schematic showing “SrtA*™ catalyzed labeling of
pilin motif (PM) fusion protein with a protein containing the LPLTG
sorting signal or a LPLTG peptide with a functional label. (B) SDS-
PAGE analysis of a fluoropeptide modification reaction containing
CIgrtA™ (100 pM) and M°LPLTG (1 mM) and either NSpaA
(K190A) (lanes 1-3) or NSpaA WT (lanes 4—6) (both 100 xM).
Top and bottom panels are the same gels visualized by fluorescence or
by Coomassie staining, respectively. Reaction progress was measured
at 0 (lanes 1,4), 24 (lanes 2,5) and 48 h (lanes 3,6). (C) Protein—
protein ligation with “SrtA*™. As in panel (B), except reactions
contained GFP-LPLTG (300 uM) instead of the fluoropeptide.
Reactants were visualized with Coomassie staining at 0, 24, and 48 h
(lanes 1—3, respectively).

DOI: 10.1021/jacs.8005200
J. Am. Chem. Soc. 2018, 140, 8420-8423
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fluorescent FITC-KNAGFELPLTGGSGRI peptide
(FITLPLTG). After incubating for either 24 or 48 h the
reaction components were separated by SDS-PAGE and
visualized by either Coomassie staining or FITC fluorescence
at 530 nm. “*SrtA®™ labels NSpaA with the fluorescent peptide,
yielding a "T°LPLTx"SpaA cross-linked product (Figure 2B,
right). Fluorophore labeling is specific, as NSpaA harboring a
K190A mutation is unreactive in control experiments (Figure
2B, left).

To demonstrate that “4SrtA®™ can also be used to join
proteins together via an isopeptide bond, the isolated PM was
reacted with green fluorescent protein engineered to contain a
C-terminal LPLTGGSGRI sorting signal sequence (GFP-
LPLTG). Incubation of these proteins with “4SrtA*™ resulted
in the appearance a higher molecular weight GFP-
LPLTx"SpaA cross-linked product (Figure 2C, S3B). Notably,
the ISrtA’M protein—protein ligation reaction is versatile, as
labeling can be achieved with the PM fused to either the N- or
C-terminus of the target protein.

The ©ISrtA and *SrtA enzymes recognize distinct
nucleophiles, suggesting that they can be used orthogonally
to selectively label a single target protein at different sites. To
demonstrate orthogonal labeling we created a fusion protein
that contained the Small Ubiquitin-like Modifier (SUMO)
protein harboring a pentaglycine peptide and PM at its N- and
C-termini, respectively (G;-SUMOpy). Our dual modification
approach involves sequential reaction of the G3-SUMOpy
substrate with each sortase and peptide fluorophores
containing the cognate sorting signal, as outlined in Figure
3A. To selectively modify Gs-SUMOy; (species 1), it was first
incubated with “SrtA®™ and FITC-LPLTG;,, to create at high
yield G;-SUMOpy-FITC (species 2) (Figure 3B). After
removal of excess FITC-LPLTG peptide using a desalting
column, the target protein was then labeled at its N-terminus
with AlexaFluorg,s-LPATG using **SrtA. This was achieved by
incubating species 2 with SrtA and AlexaFluory,s-LPATG to

a
LPLT—K LPLT—K

K
o) 2, . Gom) s @i (o)
@ FITC-LPLTG @ A546-LPATG @

b

Coomassie green channel red channel overlay

(oo o e | fo"oFo” go'oPo” fo"oPeo |

-SUM

- S
- - - SASrlA
= =UsrtA

Figure 3. Orthogonal protein labeling using “SrtA*™ and $*SrtA. (A)
Sequential reaction scheme used to install fluorogenic peptides on a
target protein via peptide- and isopeptide bonds. G5-SUMOy,y; is a
SUMO target protein that is fused to N- and C-terminal nucleophiles,
pentaglycine (G;) and the pilin motif (PM), respectively. (B) SDS-
PAGE analysis of reaction mixture taken at different steps in the
procedure: (1) prior to labeling, (2) after labeling with F''°LPLTG
using “USrtA™, and (3) after labeling with A346-LPATG using “SrtA
(0.25/2 h incubations). Panels show as indicated fluorescence gel
imaging to detect FITC and A546 fluorophores using 488/530 (green
channel) and 532/605 nm (red channel) wavelengths for excitation/
emission, respectively, and the merged image of the gels
demonstrating dual labeling. In the first panel, the same gel was
visualized by coomassie staining.
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produce the doubly labeled protein (species 3). Separation of
the reaction products by SDS-PAGE confirms dual labeling, as
the expected fluorescence for each probe is detected at ~33
kDa during the procedure (Figure 3B). In particular, FITC-
labeled Gly;-SUMOp,y, is produced after treatment with
Cd5rtA’M (488/530 nm excitation/emission), and persists
after treatment with S*SrtA that catalyzes the second
conjugation step with AlexaFluorg, (532/605 nm excitation/
emission). We note that a similar labeling strategy can
presumably be used for fusion proteins that contain the
SpaB basal pilin instead of NSpaA, as we have recently shown
that “4SrtA®™ can also use SpaB as a nucleophile in vitro.”” A
strength of our approach is the distinct nucleophile and sorting
signal substrate specificities of each sortase, which limits cross
reactivity. In addition to recognizing distinct nucleophiles, our
findings indicate that the sortases have unique sorting signal
substrate specificities; ©d5rtA*M is unable to hydrolyze or use as
a transpeptidation substrate sorting signals containing the
sequence LPATG that is readily used by **SrtA, but instead it
is selective for peptides containing LPLTG (Figures S4, SS).
Moreover, the isopeptide bond created by CdSrtA*M s not
significantly hydrolyzed by S*SrtA or “ISrtA after 24 h (Figure
S6). Thus, ““SrtA acts preferentially on its LPLTG sorting
signal substrate, preventing potential reversal of LPATG
peptides installed by *SrtA. Similarly, the isopeptide linkages
installed by ““SrtA are not a substrate for reversal by *SrtA or
CISrtA.

The bioconjugation chemistry catalyzed by Cd9rtA®™ enables
site-specific lysine labeling of a protein, creating an isopeptide
linkage that may be less susceptible to proteolysis than
conventional peptide bonds. An attractive feature of “4SrtA™™
is its high degree of specificity for the e-amine nucleophile
within the pilin motif, which enables selective labeling.
Transglutaminases can also modify protein lysine residues,
but unlike “SrtA™, these enzymes exhibit minimal substrate
specifity.’>*® Similarly, SrtA can modify lysines as a side
reaction that occurs with minimal specificity and at low
efficiency because the lysine e-amine is not **SrtA’s natural
substrate.'**** Chemical methods that modify amino acid
side chains have also been developed, but they often require
cysteine or non-natural amino acid incorporation into the
protein and in some instances harsh reaction conditions.”” The
bioconjugation chemistry catalyzed by “ISrtA™ is functionally
similar to the nonenzymatic SpyTag/SpyCatcher system,”*”’
but its enzymatic activity affords greater control making
C$rtA an attractive new tool to engineer proteins.
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Protein and peptide reagents. All protein constructs used in this study were expressed with
pE-SUMO (LifeSensors) expression vector. Constructs harboring point mutations were
generated using standard site directed mutagenesis methods, transformed to XL10 cells for
amplification, and sequence confirmed. Hisg-tagged proteins were purified according to a
published procedure'. Briefly, E. coli BL21 (DE3) cells harboring either pGs-SUMOgy, pSUMO-
“ISHANT, pSUMO-CISrtAPM, pSUMO-USrtA*™, pSUMO-2SrtA 4M, pSUMO-52SrtA WT, pSUMO-
GFP-LPLTGGSGRI, pSUMO-SpaA(30-500) pSUMO-"SpaA(30-194), or pSUMO -°SpaA(350-
500) were grown in LB supplemented with kanamycin at 500 pg/ml at 37°C until ODgg of ~ 0.6.
Cells were induced with 1 mM IPTG and protein expression was allowed to proceed overnight at
17°C. Cells were then harvested by centrifugation (7,000 x g for 10 min). All proteins were
purified as a Hise-SUMO- fusion using HisPure Co®* IMAC resin (Thermo Scientific) per the
manufacturer’s instructions. Briefly, cell pellets were resuspended in 50 mM Tris-HCI pH 8.0,
300 mM NaCl (lysis buffer) and lysed by high pressure homogenization. The cell lysate was
then fractionated by centrifugation (15,000 x g for 40 min) and the supernatant was loaded onto
HisPure Co®** IMAC resin. Proteins were then eluted from the resin using lysis buffer
supplemented with 200 mM Imidazole. The His6x-SUMO tag was removed by adding Hiss-Ulp1
protease, and subsequent HisPure Co®" purification. Protein purity was determined by SDS-

PAGE analysis.

Peptides used in this study were synthesized by Peptide2.0. These include the sorting signal
containing peptides (FITC-KNAGFELPLTGGSGRI and unlabeled KNAGFELPLTGGSGRI), as
well as a pilin motif containing peptide (DGWLQDVHVYPKHQALS). The AlexaFluor546-
CNAGFELPATGGSRI was created by expressing pSUMO-CNAGFELPATGGSRI in BL21
(DE3) cells and purifying the His-tagged fusion protein with HisPure Co*" IMAC resin, as
described above. The desired peptide was obtained by cleaving it from SUMO by treatment with

Hiss-ULP1 protease, followed by passage of the mixture over a Co?* IMAC column. The isolated
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peptide was then reduced by adding 1 mM tris(2-carboxyethyl)phosphine (TCEP) and then
selectively modified at its N-terminal cysteine residue with AlexaFluorb46-maliemide
(Invitrogen). The fluorescent peptide was then purified by reversed phase HPLC using a Waters
XSelect HSS C18 reversed phase column. For the conjugation experiments, all peptides were

dissolved into assay buffer (below) and stored as 2 mM stock solutions.

CISrtA catalyzed conjugation reactions. The in vitro reactions demonstrating “°SrtA-catalyzed
ligation of the °SpaA and “SpaA domains were performed at room temperature as previously
described?. Briefly, all proteins were dissolved in assay buffer (50 mM Tris-HCI pH 8.0, 300 mM
NaCl, 5 mM DTT). In the reactions the following protein concentrations were used: 100 yM
CSrtA enzyme (wild-type or enzyme mutants) and 300 uM ®SpaA and “SpaA. Reactions were
incubated at room temperature for 0, 24 and 48 hours, and stirred gently by continuous rotation.
The reaction aliquots were quenched by adding two volume equivalents of SDS-loading dye.
The reaction components were then separated using a pre-cast NUPAGE 12% linear Bis-Tris
protein gel (Thermo Scientific). Gels were stained with coomassie, scanned, and analyzed using

ImagedJ (NIH) software®.

The following procedure was used for “*SrtA®™ catalyzed peptide labeling reactions. Al
proteins were diluted in assay buffer. In all reactions, 50 pl reaction volumes consisting of 100
uM “°SrtA*™ were incubated with 1 mM peptide and 100 uM of either "SpaA or “SpaA. The
reactions were allowed to proceed for 24 hours. Three distinct reactions were performed to
investigate enzyme’s substrate specificity. In reaction #1, “°SrtA* was incubated with the pilin
motif peptide (DGWLQDVHVYPKHQALS) and a sorting signal peptide
(KNAGFELPLTGGSGRI). In reaction #2, ®SrtA®™ was incubated with °SpaA and the pilin motif
peptide. In reaction #3, ““SrtA® was incubated with "SpaA and the sorting signal peptide. After

24 hours, each reaction was diluted 10-fold by adding ddH,O, mixed with 2,5-dihydroxybenzoic
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acid matrix (DHB) and analyzed by matrix-assisted laser desorption ionization mass

spectrometry (MALDI-MS).

Orthogonal labeling procedure. For these studies, a protein construct containing two distinct
nucleophiles (called Gs-SUMOpy) was employed. Gs-SUMOgpy was constructed by engineering
a pentaglycine motif to the N-terminus of a fusion protein consisting of the Small Ubiquitin-like
Modifier (SUMO) protein with PM (SpaAag.194) fused to C-terminus. Orthogonal labeling was
achieved using a three step following procedure. First, Gs-SUMOpy was diluted to 100 pM in
assay buffer and then incubated with 100 pM ©SrtA*™ and 1 mM FTLPLTG for 16 hours.
Second, excess "TCLPLTG was removed from the Gs-SUMOgy,-FITC product (species 2, Fig. 3)
using a Zeba Desalting Column (Thermo Scientific). Third, Gs~-SUMOgy,-FITC was incubated
with 25 uM S*SrtA and 500 pM AlexaFluor-LPATG peptide for either 15 minutes to achieve
partial labeling or 2 hours for complete labeling. The S2SrtA variant enzyme employed is the
previously described “4M” variant that contains four activating mutations
(P94S/D160N/D165A/K196T)*. The reaction was terminated at various steps in the procedure
for analytical purposes. This was achieved by adding two volume equivalents of SDS-loading
dye to each aliquot, followed by separation of the reaction components at different time points
on a pre-cast NUPAGE 12% linear Bis-Tris protein gel (Thermo Scientific). Electrophoresis was
performed at 170V for 70 min to achieve separation between apo-"SpaA and “SpaA modified
by FTCLPLT. Fluorescence data was acquired using a Pharos FX gel imager (BioRad).
Fluorescein isothiocyanate (FITC) was detected by excitation with a 488nm laser line and
detection with a 515-545nm emission filter. AlexaFluor546 was detected by excitation with a
532nm laser line and detection by an emission filter at 580-630nm. Afterwards, the SDS-PAGE
gels were stained with Coomassie to detect all proteins (fluorescent and unlabeled) (Fig. 3B). In

separate studies “*SrtA* was used to singly label NSpaA with the ""°LPLTG peptide (Fig. 2B).
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These studies were performed using reaction conditions that were to identical to those used for

first step of the orthogonal labeling method.

HPLC-based hydrolysis assay. /n vitro hydrolysis reactions were performed using the method
developed by Kruger et al®. Briefly, 50 uM sortase enzyme (either wild-type ““SrtA and **SrtA,
or their mutants) was incubated with 500 pM KNAGFELPLTGGSGRI (LPLTGe) or
KNAGFELPATGGSGRI (LPATGgep) and 5 mM DTT in 100 pl reactions at 37°C for 24 and 48
hours. The reactions were then quenched by adding 50 ul of 1 M HCI and separated by reverse
phase HPLC using a Waters XBridge Peptide BEH C18 column. Peptides were eluted by
applying a gradient from 5 to 51% acetonitrile (in 0.1% trifluoroacetic acid) over 30 minutes at a
flow rate of 1 ml/min. Elution of the peptides was monitored by absorbance at 215 nm. For the
quantitative analysis peaks in the HPLC data were integrated using the program Graphical

Analysis (Vernier).

Tandem mass spectrometry. Protein digestion and isopeptide bond identification were
performed according to a previously described protocol®®”. Specifically, proteins entrapped in
gel bands were reduced with 10 mM dithiothreitol (Sigma) at 60°C for an hour and then
alkylated with 50 mM iodoacetamide (Sigma) at 45°C for a few minutes in the dark. Samples
were then digested with 200 ng trypsin (Thermo Scientific) at 37°C overnight. At the end of
trypsin digestion, zinc acetate was added to the solution to a final concentration of 2.5 mM. Asp-
N endoproteinase (200ng; Thermo Scientific) was then added for another overnight incubation.
Digested peptides were extracted from the gel bands in 50% acetonitrile/49.9% water/0.1%
trifluoroacetic acid (TFA) and cleaned with C18 StageTip® before mass spectrometry analysis.
Digested peptides were separated on an EASY-Spray column (25 cm x 75 ym ID, PepMap
RSLC C18, 2 ym, Thermo Scientific) connected to an EASY-nLC 1000 nUPLC (Thermo
Scientific) using a gradient of 5 - 35% acetonitrile in 0.1% formic acid, and a flow rate of 300
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nl/min (total time 30 minutes). Tandem mass spectra were acquired in a data-dependent
manner with an Orbitrap Q Exactive mass spectrometer (Thermo Fisher Scientific) interfaced to
a nanoelectrospray ionization source. The raw MS/MS data were converted into MGF format by
Thermo Proteome Discoverer 1.4 (Thermo Scientific). An in-house program was used to search
for the isopeptides. The approach was based on the observation of published spectra® as well
as our own on the presence of ions specific for the fragments of ELPLT (m/z 215.138, 225.122,

243.132, 294.180, 312.190, 322.174 and 340.186).
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Sortase Protein Sequences:

CISHAMT (37-257)

NNARQARVAQSYENSYEVDSPAVRDSVLEAARQYNTSVVGFPILDPWLNRASKNSGPYLDYLQQLNPQRA
ERPVIASISIPTIDAHLPIYHGTDTATLEHGLGHLYGSALPVGGTGTHPVITGHSGLANATLEFDNLEDVK
EHDPIYITVQGETLKYEVDAINVVLPEDTKLLAPDPNKDQITLITCTPYAVNSHRLLVRAHRVDLDPNDP
NLTQTGTKIWQ

CISrtA™ (37-257)

NNARQARVAQSYENSYEVDSPAVRDSVLEAARQYNTSVVGFPILGPGLNRASKNSGPYLDYLOQLNPQRA
ERPVIASISIPTIDAHLPIYHGTDTATLEHGLGHLYGSALPVGGTGTHPVITGHSGLANATLFDNLEDVK
EHDPIYITVQGETLKYEVDAINVVLPEDTKLLAPDPNKDQITLITCTPYAVNSHRLLVRAHRVDLDPNDP
NLTQTGTKIWOQ

CISrtAM (37-257)

NNARQARVAQSYENSYEVDSPAVRDSVLEAARQYNTSVVGEPILGPGLARASKNSGPYLDYLOQLNPQORA
ERPVIASISIPTIDAHLPIYHGTDTATLEHGLGHLYGSALPVGGTGTHPVITGHSGLANATLFDNLEDVK
EHDPIYITVQGETLKYEVDAINVVLPEDTKLLAPDPNKDQITLITCTPYAVNSHRLLVRAHRVDLDPNDP
NLTQTGTKIWQ
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Supplementary Figure 1:

Relative activities of each “°SrtA mutant. A) The three ““SrtA mutants tested demonstrate
differential transpeptidation activities upon incubation with SpaA pilin domains. Each “‘SrtA
mutant (WT, D81G/W83G, D81G/W83G/N85A) was incubated with "SpaA and ®SpaA for 24
and 48 hours, and the reactions were separated by SDS-PAGE. Notably, the WT construct has
negligible transpeptidation activity in vitro, presumably because of substrate occlusion from the
active site by the lid structure. B) Quantification of the relative amounts of NSpaA-°SpaA
isopeptide-linked dimer produced was determined by densitometry analysis of the gel images in
ImageJ®. Densitometry values for all reactions were plotted as factor of the transpeptidation
product formed by ““SrtA WT after 24hrs. C) Peptide hydrolysis data indicates ““SrtA®™ forms
acylation product faster than the other mutants tested. This HPLC-based assay measures the
cleavage and acylation of the cell wall sorting signal peptide, which is the first step of sortase
catalysis. Each ““SrtA construct was incubated with a 10x molar excess of LPLTG peptide
(KNAGFELPLTGGSRI) for 24 and 48hrs to measure their respective hydrolysis activities.
Integration of the peak corresponding the full length LPLTG peptide remaining after incubation
with sortase reports on the amount of peptide processed by each construct. Those integrals
were determined and normalized activity (relative to the extent of peptide processing by CIsrta
WT after 24 hours) is presented. For both bar graphs (S1B,S1C): ““SrtA WT (green), “°SrtA?M

(dark blue), and “°SrtA*™ (purple).
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Substrate recognition determinants of “°SrtA* are determined by MALDI-MS. A) Incubation of
equimolar “SpaA and “SA®™ with a 10x molar excess of ‘sort-tag’ peptide
(KNAGFELPLTGGSGRI) results in robust and specific modification of Lys190 of NSpaA, as

shown by the characteristic mass shift in the MALDI spectra. B) Incubation of “°SrtA* with
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equimolar amounts of “SpaA and 10 molar equivalents of pilin motif peptide
(DGWLQDVHVYPKHQALS) does not result in any detectable ligation product as determined by
MALDI-MS. C) Incubation of “ISrtA®™ with 10 molar equivalents of pilin motif peptide and
LPLTG peptide also does not yield a detectable linkage by MALDI. For each spectra, the
calculated mass of the theoretical transpeptidation linkage for each reaction is highlighted by a

dashed red box. N.R. = no reaction detected by MALDI-MS
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Supplementary Figure 3:

Tandem mass spectrometry (MS/MS) data used to characterize the linkage formed between
NSpaA and a synthetic LPLTG peptide catalyzed by ““SrtA*™, in the "SpaA-LPLT complex (A)
and the GFP-LPLT-"SpaA conjugate (B). The linkage occurs between the side chain e-amine of

Lys190 in the pilin motif and the carboxyl terminus of the threonine in the synthetic peptide or
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genetically appended C-terminal sorting signal of GFP-LPLTG, as previously reported for the
linkage between ®SpaA and NSpaA domains®. Shown is the mass-to-charge ratio (m/z) tandem
mass spectrum of the linked peptide (sequence shown in inset; a is the fragment sequence from
NSpaA and 8 is the fragment sequence from the synthetic LPLTG peptide or C-terminus of GFP-
LPLTG). Detected fragment ion masses are reported in Supplemental Tables 1 and 2 and their
origins are labeled in the inset. The MS/MS product ion labels list the fragment origins from the
two polypeptide sources. For example, the b;, product ion is a b; product from the a peptide
(sequence DVH), whereas the bsq/yss product ion is a be, product joined to a yss product through

the K-T linkage.
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Table 1: Tandem mass spectrometry analysis of "SpaA-LPLT complex

Fragment lon Charge Observed m/z  Theoretical m/z  Difference between observed
and theoretical (ppm)
Yia +1 106.051 106.050 -9.430
histidine immonium +1 110.072 110.072 0

a2 +1 187.109 187.108 5.345
age -H;0 +1 197.130 197.128 10.146
b2q +1 215.105 215.103 9.298

aspg +1 215.141 215.139 9.296

You +1 219.135 219.134 4.563

bag +1 243.136 243.134 8.226
Yap-H20 +1 312.194 312.191 9.610
bsp +1 340.189 340.187 5.879

baa +1 352.164 352.162 5.679

Yaa +1 418.231 418.230 2.391

b4q +1 451.233 451.230 6.648

bap +1 453.269 453.271 -4.412
Doalyap +3 472.589 472586 6.348
b1oa/Y3p +3 496.268 496.265 6.045
bi1alYsp +3 533.963 533.960 5.618
Ysa +1 555.294 555.289 9.004

bsq +1 614.297 614.293 6.512
b1oalY1p +2 638.829 638.825 6.261
b1oalYap +2 695.372 695.367 7.190
bioa/Ysp +2 743.900 743.893 9.410
biroalYap +2 800.439 800.436 3.748
(b1oa=bsa)/yap +1 873.499 873.494 5.724
(b110-bsa)lyss +1 986.586 986.578 8.109
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Table 2: Tandem mass spectrometry analysis of GFP-LPLT-"SpaA complex

Difference between observed

Fragment lon Charge Observed m/z  Theoretical m/z and theoretical (ppm)
Via +1 106.050 106.050 0
histidine immonium +1 110.071 110.072 9.085
azq +1 187.107 187.108 5.345
ag -H,0 +1 197.128 197.128 0
b2q +1 215.103 215.103 0
ass +1 215.138 215.139 4.648
Y2a +1 219.134 219.134 0
bog +1 243.133 243.134 4113
yap-H20 +1 312.190 312.191 3.203
bag +1 340.186 340.187 2.940
baq +1 352.160 352.162 5.679
b4q +1 451.228 451.230 4.432
baalyag +3 472.584 472.586 4.232
D1od/yae +3 496.263 496.265 4.030
b11alyap +3 533.956 533.960 7.491
Vs +1 555.283 555.289 10.805
bsq +1 614.290 614.293 4.884
DroolY1g +2 638.822 638.825 4.696
Di1oalY2g +2 695.365 695.367 2.876
D1od/Yap +2 743.889 743.893 5.377
D1oalYap +2 800.434 800.436 2.499
(b11a-bsa)Y3p +1 986.572 986.578 6.082
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Supplementary Figure 4:

In the hydrolysis reaction “SrtA*™ exhibits specificity for a leucine amino acid at the "X’ position
within the LPXTG substrate. Incubation of “*SrtA* and 2SrtA with a short peptide containing an
LPATG motif (KNAGFELPATGGSGRI) indicates that “SrtA* is unable to process a significant
amount of peptide, while S*SrtA robustly hydrolyzes the LPATG peptide, as expected. The
improved variant, SSrtA 4M*, almost entirely hydrolyzes the full length peptide after 24 hours.
This data also indicates that ®“SrtA®™ can hydrolyze a peptide that contains a leucine at X
positon, indicating that it recognizes this site. A) Representative HPLC chromatographs showing
the hydrolytic cleavage of a LPATG containing peptide by “°SttA* and S*SrtA. The traces show
the peptide control before adding enzyme (grey), and after the addition of “*SrtA*™ (red), S*SrtA

T (green) and 2SrtA 4M (blue). In each chromatogram, the trace of unhydrolyzed LPATG
peptide is superimposed for comparison. The retention time of full length LPATG peptide and
hydrolysis product peptide peaks are indicated with arrows at the top of the chromatographs for
clarity. B) Quantification of the hydrolysis activity data from panel A. The activity of each

enzyme is plotted as the percentage of LPATG peptide hydrolyzed after 24 hours. This was
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determined by integrating the peak corresponding to the full length peptide before and after
treatment with each enzyme. C) Data showing that ®“SrtA®™ can hydrolyze a peptide containing
the sequence (KNAGFELPLTGGSGRI, (LPLTG peptide)). The enzyme and peptide were
incubated for 24 hours and then separated by HPLC. The chromatographs show the uncleaved
peptide in the absence (top, black) and presence of ““SrtA®™ (bottom, red). A reduction in peak

intensity in the presence of ““SrtA*™™ demonstrates that the enzyme cleaves the peptide.
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Supplementary Figure 5:

In the transpeptidation reaction ““SrtA** exhibits specificity for a leucine amino acid at the "X’
position within the LPXTG substrate. A) Schematic outlining the reactions used to generate the
data shown in panels B and C. In separate reactions, the "SpaA domain (called PM) was
incubated with either “°SrtA®™™ or S2SrtA, and peptides containing the sequence LPLTG or
LPATG (KNAGFELPLTGGSGRI and KNAGFELPATGGSGRI, respectively). The components
were incubated for 16 hours and then separated by SDS-PAGE or analyzed directly by MS to
determine the amount of unmodified-PM from PM-LP(A/L)T isopeptide linked conjugates.
Reaction 1: ©“SrtA®™ + PM + LPLTG,, Reaction 2: ©‘SrtA® + PM + LPATG,, Reaction 3:
S2SrtA WT + PM + LPATG,.,, Reaction 4: 5°StA WT + PM + LPLTG,.,. Reaction conditions are
similar to those used for Figure 2. B) SDS-PAGE analysis of the reactions conducted for 0 and
24 hours. A protein band corresponding to the PM-LPLT conjugate is only observed for
Reaction 1 (PMxLPXT), indicating that “*SrtA*™ only uses the LPLTG peptide as a substrate in
the transpeptidation reaction. For reference, SDS-PAGE data for the isolated enzymes and PM

substrate are shown on the left. C) Analysis of reactions 1 and 2 by MALDI-MS. The circled
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numbers correspond to the reaction number in panel A. The mass spectrum of the isolated PM
is displayed for comparison (labeled PM(apo), top). The PM-LPLT conjugate has an expected
mass shift of 1089 Da. The enzyme exhibits specificity for leucine at the "X’ position, as a strong
peak at this value is detected for reaction 1, while only an extremely weak peak at this position

is detected in reaction 2.
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Supplementary Figure 6:

The isopeptide bond created by ““SrtA*™ is not hydrolyzed significantly by either S*SrtA or
%I3rtA®™. A) A schematic depicting the experiments used to test whether the isopeptide bond is
cleaved by S?SrtA or ®“SrtA®™. NSpaA (called PM) was incubated with ®“SrtA®™ and FITC-LPLTG
for 24 hours to create the isopeptide-linked FITC-LPLTG-PM (reaction |, conditions as in Figure
2). Free peptide was then removed using a desalting column. To determine if the isopeptide

bond is susceptible to proteolysis, either S*SrtA WT (reaction I1) or ““SrtA®™ (reaction IIl) was
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then added to a final concentration of 200 uM. The reactions were performed for either O or 24
hours, and the integrity of the isopeptide linkage was then determined using either SDS-PAGE
or MS. B) SDS-PAGE analysis. The reaction mixtures were separated by SDS-PAGE and
visualized by both Coomassie staining and fluorescent imaging (excitation at 488 nm and
detection with a 515-5645 nm emission filter). Reaction | in both panels shows that the FITC-
LPLT-PM conjugate is produced and that it can be distinguished from apo-PM by its reduced
electrophoretic mobility and its fluorescence. After exposure to either S?SrtA (reaction Il) or
C93rtA®M (reaction IlI) the intensity of the band corresponding to FITC-LPLT-PM is not reduced,
indicating that the isopeptide linkage is stable and not hydrolyzed by the sortases. In the gel
visualized with fluorescent imaging (right), lanes 1 to 2 correspond to the transpeptidation
reaction mixture sampled at time zero and 24 hours, respectively. Lanes 3/4 and 5/6 sample
the reaction after adding 52SrtA or “°SrtA®, either immediately after removal of peptide and
addition of each sortase, or after 24 hours. The Coomassie stained gel (left) shows the same
data, but also includes a protein molecular weight ladder (far left). C) MALDI-MS analysis of the
reactions. The initial conjugation reaction with ®“SrtA* proceeds to ~40% modification as
estimated by MALDI-MS results. Conversion of PM to FITC-LPLT-PM is indicated by a mass
shift of 1592 Da (central panel). After prolonged incubation of the FITC-LPLT-PM conjugate with
either S*SrtA WT or ©SrtA®™, the isopeptide conjugate species persists, as evidenced by the
constant relative intensity ratios of the PM vs FITC-LPLT-PM peaks in the MALDI spectra. In
reaction II, the peak corresponding to 3*SrtA"T can be observed in the middle of the spectrum,

at 16851 Da. The identities of the reaction components are labeled in panels B and C.
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Appendix I11: 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 b 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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Figure 1. Spectrum of PITC derived isopeptide bond. The iospeptide bond between the

DVHVYPKHQALS sequence (a chain) and ELPLT (f chain). Several fragments are displayed

above their annotated peaks to assist with nomenclature.
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Difference between

lon Identified ~ Charge Observed m/z  Theoretical m/z observed and
theoretical (ppm)
Glutamate o 102.056 102.055 -2.352
immonium
Yoa +1 219.134 219.134 0.091
ag +1 237.069 237.069 -0.422
D1« +1 251.048 251.049 -0.757
bap +1 265.064 265.064 -1.170
[Daa. bia] 41 336.203 336.203 -0.892
Via 41 418.230 418.230 0.669
[bse- bia] +1 499.266 499.266 -1.282
V5o +1 555.289 555.289 0.540
[Vi1a yag] +2 851.986 851.986 0.246
[Y7a 1yag] +1 1204.703 1204.705 _1.154
[Vsa 1yag] +1 1367.766 1367.768 -1.704
[yo /yas] 41 1466.843 1466.837 4.609
[yi1a fyas] 41 1702.945 1702.964 -11.010
M* +2 1109.035 1109.035 0.451
M* +3 739.693 739.692 1.163

Table 1. lons identified in the spectra. lons assigned in the spectra of PITC associated N-
terminal isopeptide linkage. (*) Denotes precursor ions were identified in MS? spectra, not the

fragmentation spectra.
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APPENDIX 1V: 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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ABSTRACT: Site-specifically modified protein bioconjugates have
important applications in biology, chemistry, and medicine. Arg231
Functionalizing specific protein side chains with enzymes using
mild reaction conditions is of significant interest, but remains
challenging. Recently, the lysine—isopeptide bond forming activity of
the sortase enzyme that builds surface pili in Corynebacterium J
diphtheriae (“ISrtA) has been reconstituted in vitro. A mutationally “lid" =g
activated form of “SrtA was shown to be a promising bioconjugating  (78-88)
enzyme that can attach Leu-Pro-Leu-Thr-Gly peptide fluorophores

to a specific lysine residue within the N-terminal domain of the SpaA

protein (NSpaA), enabling the labeling of target proteins that are fused to NSpaA. Here we present a detailed analysis of the “ISrtA
catalyzed protein labeling reaction. We show that the first step in catalysis is rate limiting, which is the formation of the “ISrtA-
peptide thioacyl intermediate that subsequently reacts with a lysine e-amine in NSpaA. This intermediate is surprisingly stable,
limiting spurious proteolysis of the peptide substrate. We report the discovery of a new enzyme variant (“4SrtA2) that has
significantly improved transpeptidation activity, because it completely lacks an inhibitory polypeptide appendage (“lid”) that
normally masks the active site. We show that the presence of the lid primarily impairs formation of the thioacyl intermediate and not
the recognition of the NSpaA substrate. Quantitative measurements reveal that “SrtA® generates its cross-linked product with a
catalytic turnover number of 1.4 + 0.004 h™" and that it has apparent Ky values of 0.16 = 0.04 and 1.6 + 0.3 mM for its NSpaA and
peptide substrates, respectively. “ISrtA® is 7-fold more active than previously studied variants, labeling >90% of “SpaA with peptide
within 6 h. The results of this study further improve the utility of ““SrtA as a protein labeling tool and provide insight into the
enzyme catalyzed reaction that underpins protein labeling and pilus biogenesis.

Article Recommendations
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Bl INTRODUCTION

New methods are needed to create protein bioconjugates that
can be used as therapeutics, imaging tools, diagnostic reagents,
and materials.' ™ Labeling specific sites on the protein is often
preferred as it enables the construction of well-defined
antibody—drug conjugates, small molecule- and fluorophore-
labeled proteins for biophysical experiments, orientation-
specific protein immobilization and the preparation of ordered,
multifunctional protein complexes."™® A variety of protein
modification strategies have been developed that exhibit
varying degrees of site-selectivity, efficiency, and ease of use.
They range from chemical approaches that leverage the
reactivity of amino acid specific functional groups (e.g,

labeling, because they can be employed using mild reaction
conditions, and in principle can be highly selective.'"'* The
sortase A enzyme from Staphylococcus aureus (SrtA) is one of
the most widely used bioconjugating enzymes.'*™" It has been
successfully deployed to catalyze protein—protein ligations and
backbone cyclization, and to modify proteins with peptides,
lipids, sugars, and small molecules.”> ™' However, %SrtA
bioconjugations do not readily modify protein side chains and
are almost exclusively restricted to altering only the N- or C-
terminus of a protein.

Recenﬂy, we demonstrated that the pﬂus-speciﬁc sortase
from Corynebacterium diphtheriae (“‘SrtA) can be used to

Received: March 25, 2020

cysteine and lysine modifications) to highly selective, but less
facile methods that require the incorporation of non-natural
amino acids to facilitate bio-orthogonal conjugation chem-
istries (e.g, azide or alkyne-containing residues for click
chemistry).”'" Bioconjugating enzymes (e.g,, ligase, trans-
ferases, etc.) are particularly attractive for site-specific protein
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attach a peptide fluorophore via an isopeptide bond to a
specific lysine residue within a protein.”* Although “ISrtA and
$3SrtA are both members of the sortase-superfamily of cysteine
transpeptidases, they have distinct substrate specificities.”
SiSrtA is a class A sortase that catalyzes formation of
backbone—backbone peptide bonds, whereas “SrtA is a class
C sortase that joins molecules together via lysine—isopeptide
bonds.**** CdSrtA assembles the SpaA pilus in C. diphtheriae
by cross-linking SpaA “pilin” subunits via a lysine—isopeptide
bond.***” In this process, a lysine residue (K190) on one SpaA
pilin is joined to the C-terminal LPLTG sorting signal located
in a second SpaA pilin.*® Repetition of this reaction forms the
SpaA pilus, which is approximately 1-2 ym in length and
further elaborated with unique tip and basal pilin proteins
(Figure lA)‘”’28 In vitro, the native ©SrtA enzyme is
enzymatically inactive because it contains a polypeptide
appendage that occludes its active site, called a “lid” (Figure
1C). However, “dSrtA variants containing destabilizing amino
acid substitutions in the lid exhibit in vitro activity.”® The most

A
g g
K
W—Lﬂm' IS rA W—LP‘%
K+ —_— K
E@}-LPLTG- E@'LP% n
B
K CﬂsrtA LPLé
I—El + =LPLTGm =P [ﬁl
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Cys222
Arg231
“lidl” g
(78-88)

Figure 1. C. diphtheriae “*SrtA pilin sortase catalyzes lysine isopeptide
bond formation. (A) Schematic showing the pilin polymerization
reaction catalyzed by “SrtA. The enzyme creates the SpaA pilus by
polymerizing SpaA pilin proteins. In the reaction, it recognizes lysine
(K190) side chain nucleophile within the N-terminal domain of SpaA
(NSpaA), and it joins the backbone threonine carbonyl carbon atom
located in the C-terminal LPLTG sorting signal located within
another SpaA protein. This reaction is repeated to construct the SpaA
pilus that mediates bacterial adhesion. (B) Schematic of the reaction
used to monitor lysine isopeptide bond formation. In this assay, the
“ISrtA enzyme ligates the isolated “SpaA domain to the peptide
containing the LPLTG sorting signal (FELPLTGGSG). (C) Structure
of “SrtA showing H160, C222, and R231 active site residues. The
“Lid” is highlighted in red (residues P77 to S89).
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active form of the enzyme thus far discovered is “ISrtA™,
which contains residues N37-Q257 in “SrtA and D81G/
W83G/N8SA substitutions in the lid.** ©4SrtA™ is a
promising bioconjugation tool, as it can be used to selectively
modify proteins harboring the N-terminal domain of SpaA
(NSpaA) with peptide fluorophores. Modification via lysine—
isopeptide bonds is attractive, as these linkages may be less
susceptible to proteolysis and enzymatic reversibility.

In this study, we developed an HPLC-based assay to
measure for the first time the kinetics of catalysis, and we have
used the assay to identify a new CSrtA variant that has
improved bioconjugation activity. In particular, we show that
(i) the bioconjugation reaction rate is limited by the formation
of an enzyme—acyl intermediate with the LPLTG sorting
signal, (ii) the enzyme preferentially recognizes nonpolar
amino acids at the X position within the sorting signal, (iii)
unlike $SrtA, “4SrtA exhibits minimal proteolytic activity, (iv)
amino acid substitutions introduced into the lid accelerate
catalysis by facilitating enzyme-acyl intermediate formation,
and (v) complete removal of the lid further activates the
enzyme. These results increase the in vitro utility of “SrtA as a
bioconjugation tool to modify proteins and provides new
insight into the enzymatic reaction that underpins the
construction of surface pili in Gram-positive bacteria.

Bl RESULTS AND DISCUSSION

Kinetics of Lysine—Isopeptide Bond Formation.
Previously, we monitored the lysine—isopeptide bond forming
activity of “%SrtA*™ using SDS-PAGE.*> However, the kinetics
of this process could not be accurately determined because the
reactants and products were difficult to separate and quantify.
To overcome this problem, we developed an HPLC-based
transpeptidation assay that monitors the ability of “SrtA*™ to
join the N-terminal domain from SpaA (NSpaA, residues E30-
S195 of SpaA) to a peptide containing its C-terminal sorting
signal (FELPLTGGSG, hereafter called LPLTG peptide). This
reaction represents an isolated ligation event in the polymer-
ization reaction by producing a ¥SpaA-LPLT product in which
the K190 side chain in NSpaA is joined via an isopeptide bond
to the threonine carbonyl group in the FELPLT peptide
(Figure 1B). The reactants and products are readily separated
by reverse-phase HPLC (Figure 2A). Moreover, this procedure
enables facile monitoring of the time-dependent conversion of
the protein substrate ("SpaA) into the cross-linked protein—
peptide product (NSpaA-LPLT) (Figure 2B). The identity of
the product and the location of its isopeptide linkage were
previously confirmed by LC-MS/MS.*>** Initially, for each
substrate (NSpaA and the LPLTG peptide) the dependence of
the reaction velocity on substrate concentration was
determined (Figure 2C). This analysis reveals that NSpaA
and peptide substrates do not saturate the enzyme even when
they are present at concentrations of 500 yM (Figure 2C,
insert) and 4 mM (Figure 2C, main), respectively. Because
using higher concentrations of each substrate is not practical,
we determined apparent steady-state parameters using
subsaturating amounts of each substrate (representative data
is shown in Figure 2D). Two sets of Michaelis—Menten
parameters were obtained. Either the concentration of NSpaA
was varied from 62.5 to 500 yM with the amount of LPLTG
peptide held constant at 1 mM, or the concentration of the
LPLTG peptide was varied from 0.5 to 4 mM, while the
concentration of MSpaA was held fixed at 500 yM. These
measurements revealed that “ISrtA’™ catalyzes isopeptide

https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
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Figure 2. “ISrtA transpeptidation assay: (A) Superimposed reversed-phase HPLC traces showing the separation of the sorting signal peptide
(LPLTG, short dashes), “/SrtA*™ (solid line), and NSpaA (long dashes). (B) Representative HPLC traces that track the progress of the reaction.
Peaks corresponding to “SpaA and SpaA-LPLT are shown. The reactions were sampled at 3, 6, 12, and 24 h, and contained 100 zM of enzyme,
200 pM of NSpaA, and 1 mM of LPLTG-peptide. (C) Plots showing the measured velocity versus substrate concentration for the LPLTG peptide
(the sorting signal) and NSpaA (inset). A concentration range of 500 #M to 4 mM, and 62.5 yM to 500 uM were used for the LPLTG peptide and
NSpaA, respectively. Initial velocities were determined after 3 h, as described in the Methods section. (D) Lineweaver—Burk graph graphing
showing kinetics data for C4SrtA™, The k., and Ky, values were determined from a linear fit of this data.

Table 1. Kinetics of “SrtA Catalyzed Lysine—Isopeptide Formation”

kew X 1075 (s™1)? NKy X 107 (M) SKy X 107 (M) e/ MKy (s7V MY
CdgrtA ndf nd. n.d. n.d.
Cdgrea™ 56+08 07 + 0.1 20 + 10 0.7 £0.1
H160A 3.1+ 04 043 + 0.05 — 0.72 + 0.08
C222A n.d. nd. — nd.
R231A nd. nd. — n.d.
Cagreat 40 + 0.1 1.6 + 04 16 + 3 2.5 + 06
H160A 25 + 06 0.70 + 0.02 - 0.36 + 0.09
C222A n.d. nd. — n.d.
R231A nd. nd. — nd.
SigreA” 1600 + 100 18 + 0.1 73.3 + 10.1° 86+ 5

“All kinetics are approximations as saturating concentrations were not able to be measured. bTranspeptidation steady-state kinetic parameters for
“ISrtA were determine by the monitoring rate at which the enzyme ligated an FELPLTGGSG peptide to the ¥SpaA domain via a lysine—isopeptide
bond. “n.d,, not determined because an insufficient amount of product was detectable. dTranspepridation steady-state kinetic parameters for 'SrtA
were determined by monitoring the rate at which the enzyme ligated GGG and FELPLTGGSG peptides via a backbone peptide bond. Reported
values are the average from three measurements, and the error is the standard deviation. “Values are reported from Frankel et al. (2005) and
measures reactions between a Abz-LPETG-Dap(Dnp)-NH, and pentaglycine.”” NRefers to transpeptidation kinetics measure when NSpaA is varied
and FELPLTGGSG concentration is held constant. *Refers to when FELPLTGGSG peptide is varied and NSpaA is held constant.

bond formation with apparent Ky values for NSpaA (VKy;) and site. Inspection of the crystal structure “ISrtA suggests that lid
the LPLTG peptide (°Ky) of 70 + 10 4M and 2 + 1 mM, residues 178 to A88 can be deleted without disrupting its
respectively (Table 1). Similar turnover numbers were tertiary structure, as the remaining P77 and $89 amino acids
measured in each experiment, with a maximal value of 26 + are positioned adjacent to one another in three-dimensional
10 (x107° s) (obtained when NSpaA is held constant at 500 space.”” Indeed, the measured steady-state kinetic parameters
#M and the LPLTG peptide is varied). for a lid-deletion “4SrtA® (residues N37—Q257 of “USrtA in
Formation of the “SrtA-LPLT Thioacyl Intermediate which the amino acids 178 to A88 are deleted) reveal that it is
Is a Rate Limiting Step in Catalysis and Can Be more active than €4SrtA®™; there is a 7-fold improvement in
Accelerated by Completely Removing the Lid. ©IsrtA™™ the apparent k., while the “Ky and Ky values are only
is the most active form of “SrtA thus far discovered and modestly affected (Table 1).
contains three substitutions in the inhibitory lid structure To address why ©SrtA® is catalytically more active than

(D81G, W83G, N8S5A).>* We reasoned that an enzyme variant Cd5rtA®M, we investigated how lid removal affected catalysis. By
with the entire lid deleted might exhibit even higher analogy to the prototypical *SrtA enzyme, “!SrtA presumably
transpeptidation activity by completely unmasking the active catalyzes lysine—isopeptide bond formation via a two-step

C https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
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process (Scheme 1).>**7' In the transpeptidation mecha-

nism, ©SrtA’s C222 thiol presumably functions as a

Scheme 1. Schematic Showing the Overall Mechanism of
©43rtA-Catalyzed Isopeptide Formation (Top) and a
Potential Hydrolytic Side Reaction (Bottom)

"SpaA "SpaA=LPLT

Transpeptidation
G
“SrtA+ LPLTG —AMSHA—LPLT
.

“SrA

AN ‘ A

K Hydrolysis N
H,0 LPLT

nucleophile to attack the threonine carbonyl carbon in the
LPLTG sorting signal to form a ©ISrtA-LPLT thioacyl
intermediate. Then, the enzyme recognizes the K190 side
chain amine group located within NSpaA, which resolves the
thioacyl intermediate to form the lysine—isopeptide linked
NSpaA-LPLT product. In *SrtA, a side reaction also occurs in
which a water molecule attacks the thioacyl intermediate
instead of a primary amine, resulting in the hydrolysis of the
intermediate to release the LPLT peptide‘29 In this side
reaction, the enzyme effectively functions as a protease,
cleaving the LPLTG peptide substrate at the peptide bond
that joins the threonine and glycine residues. “/SrtA has also
been shown to proteolyze its LPLTG peptide substrate, but the
kinetics and extent of proteolysis have not been rigorously
measured.””**

To determine if differences in the rate of the hydrolytic side
reaction cause the “4SrtA* and “SrtA*™ enzymes to produce
differing amounts of transpeptidation product, we measured
the ability of each enzyme to proteolyze the LPLTG peptide
substrate using reversed-phase HPLC. In these reactions, only
the enzyme and LPLTG peptide are present. Interestingly,
even though “ISrtA® and “ISrtA™ catalyze transpeptidation at
25 °C, the rate at which the hydrolytic side reaction occurs at
this temperature is very slow for both enzymes, with less than
5% of the LPLTG peptide substrate consumed by the enzyme
(Figure 3A, left). In fact, because this assay employed excess
amounts of peptide relative to enzyme (50 yM enzyme and
500 M peptide), much of the observed peptide consumption
can be attributed to formation of the thioacyl intermediate and
not to repeated rounds of proteolysis. This finding is in marked
contrast to the archetypal S1GrtA enzyme, which proteolyzes
more than 60% of its sorting signal peptide substrate when
identical reaction conditions are used (Figure 3A, right). Thus,
we conclude that for both the “/SrtA® and “/SrtA™ enzymes
the transpeptidation pathway is dominant and the hydrolytic
side reaction occurs only to a minor extent.

We wondered whether the superior transpeptidation activity
of “I$rtA* originated from its ability to form the enzyme—
LPLT thioacyl intermediate more rapidly than ©ISrtA™
(Scheme 1). For both the ©ISrtA® and “ISrtA™ enzymes,
this intermediate is readily observable in LC-MS mass spectra
when they are incubated with the LPLTG peptide (Figure 3B).
This finding is consistent with the low proteolytic activity of
each enzyme and suggests that the two steps of catalysis are
independent of one another—each enzyme can form and
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Figure 3. Characterization of Cd3rtA’M and ©ISrtA®, (A) Representative reverse phase HPLC trace showing the change in the concentration of
LPLTG peptide due to proteolysis by ““SrtA*™ (blue) and **SrtA"" (green) at 25 °C after 0 (solid lines) and 24 h (dashed lines). (B) Mass
deconvolution of LC-MS data of “4SrtA®™. The acyl-intermediate at 24,851 Da is approximately 700 Da higher than where the enzyme is at 24,150
Da. (C) Comparison of the amounts of acyl-intermediate in the presence and absence of ¥SpaA measured over a Eeriod of three hours, “$rtA™
without MSpaA (white) in comparison to “!SrtA* without “SpaA (gray) shows the faster formation of the “SrtA® acyl-intermediate. In contrast,
both enzymes form these intermediates at similar rates when NSpaA is present (©SrtA*™ (blue) and ©ISrtA® (red)). (D) Data showing the amount
of reduced active site C222 thiol in the “4SrtA™ and “ISrtA* enzymes. Freshly produced samples of each enzyme were either treated with an
excess amount of DTT or a buffer control for one hour. The proteins were then digested with trypsin, reacted with iodoacetamide, and the extent of
cysteine alkylation determined by mass spectrometry. The experiments were performed in triplicate.
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Figure 4. Role of the X residue in transpeptidation. (A) SDS-PAGE analysis of product formation when “/SrtA* was reacted with NSpaA, and a
series of LPXTG peptides in which the identity of the amino acid at the X position was systematically varied. Reactions (200 M enzyme, 200 uM
NSpaA, SmM DTT, and 1 mM Peptide) were measured after 24 h. The most reactive sorting signal peptides contained nonpolar X residues, while
those containing polar residues were less reactive. (B) As in panel (A), but “*SrtA® was used instead of “*SrtA*™. Similar trends in activity are
observed. (C) Histogram plot showing the amount of product created for each peptide in the library. The fraction of NSpaA converted to NSpaA-
LPXT is shown. The data was obtained by analyzing the SDS-PAGE data (panels A and B) using the program Image].

maintain the enzyme—acyl intermediate in the absence of the
NSpaA nucleophile. Moreover, it is compatible with our
previously published cellular studies of class C sortases in
which long-lived and stable acyl—enzyme intermediates were
established to be important for catalysis.”> To determine if
“8rtA* and “SrtA’™ differed in their ability to perform the
first step of catalysis, we tracked thioacyl intermediate
formation at various times after mixing the enzymes with the
LPLTG peptide (25 #uM and 1 mM of enzyme and LPLTG
peptide, respectively). The intermediate formation was
followed over a 3 h period; the same duration was used to
measure transpeptidation activity. This analysis revealed that
©45:tA% forms the thioacyl intermediate more rapidly than
“5rtAM, with ~17 + 2% of “SrtA® joined to the peptide
after 30 min, while it takes up to 3 h for “SrtA™ to form
similar levels of this reaction intermediate (Figure 3C).
Interestingly, when similar time course experiments are
performed in the presence of both NSpaA and LPLTG
substrates, significantly lower amounts of thioacyl intermediate
are observed for each type of enzyme (~5% for both “iSrtA®
and “SrtA°™). As the reaction conditions are identical to those
used to measure transpeptidation activity, this data suggests
that the formation of the acyl-intermediate is rate-limiting.
Thus, we conclude that improved transpeptidation activity of
©4SrtA® results from its ability to form the acyl-intermediate at
a faster rate than “4SrtA™.

The Identity of the “X” Residue within the LPXTG
Sorting Signal Affects the Rate of Transpeptidation.
Structural and computational studies of class A and B sortases
bound to their respective sorting signals have revealed that
they do not recognize the side chain of the X residue within
their respective LPXTG-type sorting signal substrates because
it projects away from the enzyme into the solvent.”***** The
structures are consistent with detailed substrate specificity
analyses of the class A $*SrtA enzyme, which revealed that
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LPXTG sorting signals containing any amino acid at the X
position can be used as substrates.’> However, “SrtA and
other class C sortases are unique, because they contain a lid
structure whose proximity to the active site could affect
recognition of the LPXTG sorting signal (Figure 1C).°
Indeed, our prior studies of “ISrtA*™ revealed that a leucine to
alanine substitution at the X position of the LPLTG sorting
signal slowed transpeptidation.”” To investigate this issue in
greater detail, the “SrtA® and “SrtA®™ enzymes were tested
for their ability to utilize as transpeptidation substrates 20
distinct LPXTG peptides in which the X position was varied.
For these studies, the “ISrtA® and “SrtA®™ enzymes were
incubated with NSpaA and each member of the peptide library,
and the amount of cross-linked product was then determined
by SDS-PAGE (Figure 4A,B). Significant variation in reactivity
is observed for the different library members. However, in
nearly all cases, “SrtA® is more active than ©ISrtA™
consistent with the steady-state kinetic measurements that
employed the LPLTG peptide (Table 1). Interestingly, both
enzymes exhibit similar sequence preferences. In particular,
they preferentially use sorting signals containing phenylalanine,
histidine, methionine, tyrosine, and leucine at the X position,
while their least reactive substrates contain negatively charged
side chains at this site. In all cases, peptides containing leucine
at the X position are very reactive, explaining why this amino
acid is present in the native LPLTG substrate present in SpaA.
The X position-dependent activity of “SrtA is distinct from
what has been observed for *SrtA, as similar peptide library
studies have shown that after 24 h exposure all peptides in the
library are processed to a similar extent by $SrtA.** The
molecular basis underlying the observed variation in peptide
reactivity is not known, but it is not caused by the presence of
the lid as similar trends in activity are observed for “I$rtA*
and “SrtA®,

Cysteine and Arginine Active Site Residues Are
Required for Catalysis. Based on sequence homology with

https://dx.doi.org/10.1021/acs.bioconjchem.0c00163
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the well-studied $SrtA sortase, three conserved residues in
©431tA are presumably required for catalysis: H160, C222, and
R231 (Figure 1B).**” However, their role in catalyzing
lysine—isopeptide bond transpeptidation in vitro has not been
determined. We therefore used the HPLC-assay to measure
the transpeptidation activities of ©4SrtA™ and ©4SrtA®
enzymes containing alanine substitutions at these sites. For
both enzyme variants, C222A and R231A substitutions
completely abrogate transpeptidation activity, demonstrating
that they have critical functions in catalysis (Table 1).
However, “/SrtA®™ and “ISrtA® enzymes harboring H160A
substitutions retain some enzyme activity, exhibiting similar
turnover numbers that are reduced by 44% and 94% as
compared to their native forms, respectively. In the well-
studied S?SrtA transpeptidation reaction the analogous
histidine, cysteine, and arginine residues are essential for
catalysis in vitro (R197, C184, and H120 in the %SrtA
sequence).’® The cysteine thiol functions as a nucleophile,
while the arginine guanidinium group (R197 in %%SrtA) has
been proposed to facilitate catalysis by stabilizing oxyanion
tetrahedral intermediates.”® Our finding that the C222A and
R231A sortase variants are completely inactive is consistent
with these residues having similar functions.”® It is also
compatible with pH dependence of the transpeptidation
reaction, which occurs most rapidly at pH values between
7.5 and 8. We were surprised that “ISrtA containing a H160A
substitution retained some activity, since the analogous
alteration in %SrtA disrupts transpeptidation in vitro.*® In
SagrtA, the histidine side chain has been proposed to function
as a general acid and base, protonating the amine of the leaving
group glycine residue as the threonine—glycine peptide bond
in the LPLTG sorting signal is broken, and facilitating the last
step of catalysis by deprotonating the incoming amine
nucleophile that resolves the thioacyl intermediate to produce
the final transpeptidation product (Scheme 1).”*** Whole cell
studies have shown that “ISrtA containing HI160A are
incapable of assembling surface pili.”® The residual activity
observed in the HI60A enzyme suggests that residues in
addition to H160 in “SrtA may facilitate these steps in vitro,
albeit less efficiently.

We wondered whether the superior activity of “ISrtA*
relative to “SrtA*™ could be attributed to differences in the
oxidation state of the C222 sulfhydryl group that is influenced
by the presence of the lid. This is because the sulthydryl group
can in principle become oxidized to unreactive disulfide,
sulfenic, sulfinic, and sulfonic forms that are non-nucleo-
philic.** No significant differences in disulfide formation were
observed for the two proteins in nonreducing SDS-PAGE and
MALDI experiments. To investigate whether they formed
more oxidized states, freshly purified “SrtA* and ©ISrtA™™
enzymes were incubated for one hour in buffer A (50 mM
Tris-HCI, 300 mM NaCl, at a pH of 8.0) with, and without, a
reducing agent (5 mM DTT). The amount of C222 (the
protein’s only cysteine) present in the active thiol form was
then determined by adding iodoacetamide, digesting with
trypsin, and analyzing by mass spectrometry. The percent of
reduced thiol was calculated by measuring the amount of C222
in each enzyme that was derivatized with carboxyamidomethyl
as compared to the total amount of C222 in its various
oxidation states. In the absence of reducing agent, 89 + 4 and
79 + 10% of ISrtA™ and ©ISrtA® contain a reactive thiol,
respectively. Moreover, only small increases in the amount of
reactive thiol are observed when the DTT reducing agent is
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present; under these conditions, 94 + 3% and 93 + 5%
“d5rtA™M and “SrtA® are reactive, respectively (Figure 3D).
Thus, the C222 sulthydryl in freshly purified CdsrtA™ and
CdSrtA® primarily exists in a reduced, transpeptidation
competent state. A caveat is that ionization efficiencies may
differ for alkylated and nonalkylated forms of a cysteine-
containing peptide. Nevertheless, the similarity between the
+/=DTT values implies that C222 is primarily reduced. It
should be noted that we have found that C222 can become
oxidized and unreactive if the enzymes are stored for more
than several weeks, and their activity can be restored by
incubating them with DTT. Therefore, including DTT in the
labeling reactions is recommended as a precaution.
Improved Protein Lysine Labeling Using ©9SrtA*.
Having defined substrate and reaction conditions that are
optimal for activity, we directly compared the peptide labeling
efficiencies of “ISrtA®™ with the newer “ISrtA® enzyme.
Consistent with our steady-state kinetic analyses, a temporal
analysis using identical conditions clearly shows that Cdgrtal
(blue trace) produces more cross-linked product than
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Figure S. Labeling activity of “SrtA®™ and “ISrtA®. Reactions
containing each enzyme were performed using identical conditions:
100 uM enzyme, 100 uM “SpaA, and either 1 or 4 mM LPLTG
peptide. “ISrtA® exhibits superior labeling activity at all measured
time points. The experiments were performed in triplicate.

Cd3rtASM (red trace) (Figure S) (100 uM enzyme, 100 yM
NSpaA and 1 mM LPLTG peptide at 25 °C). In particular,
when “SrtA® is used, ~90% of “SpaA is modified with
peptide within 12 h, a higher amount than is achieved with
C5rtA™ even after 24 h. Notably, even faster labeling can be
achieved using “SrtA® by increasing the concentration of
LPLTG peptide in the reaction to 4 mM, which enables 90 +
2% of NSpaA to be modified within 6 h (Figure 5, green trace).
This is finding is compatible with the relatively high Ky, (2 +
1 mM), which makes it challenging to saturate the enzyme
with sorting signal substrate (Table 1). As “ISrtA®™ has
previously been shown to be capable of labeling NSpaA with a
peptide fluorophore, “ISrtA® can be expected to more active in
these labeling reactions as well.”> Similar comparisons were
performed at 37 °C instead of 25 °C. “SrtA* becomes less
active at elevated temperatures because it is less thermostable
than ©4SrtA™M, However, both the rate and yield of groduct
formed by “SrtA® at 25 °C are superior to what “I$rtA™
produces at 37 °C. Thus, “SrtA* should be used for labeling
reactions that are performed at room temperature.
Comparison with the Prototypical S2SrtA Sortase.
$1S1tA is the best-studied member of the sortase superfamily
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and is routinely used to modify the N- and C-termini of
proteins. > “SrtA and $*SrtA catalyze mechanistically related
transpeptidation reactions, but differ in the type of nucleophile
that they use, i.e, a lysine £-amine within "SpaA and the N-
terminal amine group within an oligoglycine peptide,
respectively. In order to directly compare their activities, an
established HPLC assay was used to measure the rate at which
$3SrtA joins the LPLTG peptide previously used in studies of
©481tA to its triglycine substrate (Gly;), a reaction that creates
a FELPTGGGG peptide product (Table 1).”>*" The steady-
state kinetic values measured from this analysis are generally
consistent with published values that used a much shorter
fluorogenic labeled peptide.”” Our direct comparison reveals
that %SrtA forms backbone peptide bonds ~40-times faster
than ©9SrtA® creates lysine—isopeptide bonds (Table 1).
Interestingly, both enzymes exhibit generally similar Ky values
for their substrates, with each exhibiting millimolar Ky, values
for the sorting signal substrate (“UsrtA®, 1.6 + 0.3 mM; SSrtA,
7.33 £ 1.01 mM), and approximately ~10-fold lower Ky
values for their respective amine nucleophiles (“SrtA®, 160 +
30 uM; $SrtA, 180 + 10 uM).” In addition, based on prior
studies by the McCafferty group and the studies presented
here (Figure 3), for both S*SrtA and “SrtA the first step of
catalysis is rate limiting—the formation of the thioacyl
intermediate (Scheme 1).”>*" It is unclear why this step is
so slow in both enzymes. However, it has been shown that
$3SrtA primarily exists in an inactive form in which only a small
fraction (ca. 0.06%) of enzyme contains catalytically capable
Cys184 thiolate and Hisl120 imidazolium forms that are
capable of reacting with the sorting signal to form the thioacyl
intermediate.’”*""* Whether the active site of “SrtA also
primarily exists in a catalytically dormant state remains to be
determined. Startlingly, we found that “SrtA is quite
inefficient at proteolyzing the LPLTG substrate, which is in
stark contrast to previously reported studies of %SrtA that have
shown that it catalyzes this reaction with a k_, of 0.28 + 0.02
st (Figure 3A).29 Presumably this difference originates from
distinct active site features that enable %SrtA to use water as a
nucleophile much more efficiently than “SrtA (Scheme 1).
This idea is substantiated by our observation that the thioacyl
intermediate in the “ISrtA reaction forms to an appreciable
extent in the absence of the nucleophile (Figure 3C). The
reduced proteolytic activity of “ISrtA is presumably advanta-
geous, limiting the release of partially assembled pili from the
bacterial cell surface. Similar to ©ISrtA, under certain
conditions *SrtA can catalyze formation of a lysine isopeptide
bond.*™** A thorough study by Dasgupta and colleagues
demonstrated that %SrtA can join the sorting signal and
lysine—containing peptides together via an isopeptide link-
age.44 However, the reaction was inefficient and exhibited poor
substrate specificity; even after 12 h, the ligation reaction was
incomplete and a range of distinct isopeptide-linked products
were generated. Moreover, during these reactions a significant
amount of the sorting signal was proteolyzed, suggesting that
%3SrtA does not discriminate between lysine and water
nucleophiles. This is in contrast to “/SrtA® and “IsrtA®™,
which produce lysine isopeptide-linked products at high yields
with only limited proteolysis of the sorting signal substrate. A
current limitation of the !SrtA-labeling system compared to
$38rtA is that it requires the target protein to be expressed as a
fusion to NSpaA to achieve maximum labeling. However,
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because NSpaA is a small protein its presence is unlikely to
affect the function of the target protein.

In conclusion, we have characterized the in vitro kinetics and
mechanism of lysine—isopeptide bond forming activity of
C4SrtA, and discovered “USrtA® which is ~7-fold more active
than previously reported enzyme variants. This bioconjugation
activity is beginning to rival that of microbial transglutaminases
from Streptomyces mobaraensis, which can be used to join
biomolecules isopeptide linkages between glutamine and lysine
side chains.’® Although promising, these enzymes have not
gained wide usage in site-specific protein labeling, presumably
because of their penchant to catalyze spurious ligations.**™** In
contrast, “ISrtA exhibits a high level of specificity for its
substrates, ligating peptides containing a LPXTG sequence to a
specific lysine residue within the NSpaA domain. The
molecular basis of specificity for the K190 side chain remains
unknown, but presumably originates from protein—protein
interactions between the NSpaA and CSrtA-LPLT thioacyl
intermediate that function to properly position the nucleophile
for catalysis. It may also arise from “SpaA structural features
that provide an environment for K190 that lower its pK,. Our
mechanistic analysis also provides insight into the function of
the lid, which is widely conserved in sortase enzymes that
assemble pili. We show that in vitro its presence primarily
affects the rate of thioacyl intermediate formation, and that it
does not have a significant role in recognizing "SpaA or the X
residue within the LP(X)TG sorting signal. Further improve-
ments in “ISrtA-mediated labe]_ing activity may also be
possible, as we estimate that current versions of the enzyme
catalyze in vitro transpeptidations ~10>—10° times more slowly
than the native enzyme when it is located on the cell surface. A
number of approaches could be used to improve the kinetics of
protein labeling, including discovering variants of “SrtA* that
have superior thermostability and employing strategies that
increase the effective substrate concentration by either
immobilizing the reactants or fusing the enzyme to its
substrates.’" "> Finally, further improvements may also be
achieved by obtaining a greater understanding of the process of
substrate recognition and catalysis.

B METHODS

Protein Reagents. Durified ©!SrtA*™ pilin sortase (resi-
dues N37—Q257 of SrtA from C. diphtheriae) and enzyme
variants were expressed and purified as described previously.**
Briefly, proteins were expressed from a pE-SUMO (Life-
sensors) plasmid in E. coli BL21 (DE3) cells. The cells were
grown up in LB supplemented with 500 pg/mL of Kanamycin
at 37 °C until they reached an ODgy, of ~0.6. The cells were
induced with 1 M IPTG and then left to express at 17 °C for 8
to 12 h. After, the cells were removed from the incubator and
pelleted at 8670g for 15 min. The pellets were then dissolved
in a buffer of 50 mM Tris-HCI, 300 mM NaCl, at a pH of 8.0
(lysis buffer). Subsequently, the cells were lysed using high-
pressure emulsification and then fractionated via centrifugation
at 22,720g for 50 min. Afterward, the cell lysate was purified via
IMAC-Co®* purification. Proteins were eluted from the resin
using a lysis buffer supplemented with 200 mM Imidazole. The
His,,-SUMO tags were removed via treatment by Hiss,-Ulpl
protease at 1 mg/mL and subsequent purification by IMAC-
Co™*. Afterward, the protein was purified by size exclusion
chromatography via the AKTA Pure (GE) and with Superdex
75pg resin. Protein purity was confirmed by SDS-PAGE. pE-
SUMO expression plasmids encoding “/SrtA®™ variants were
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created using standard molecular biology methods and
confirmed by nucleotide sequencing. “SpaA (residues E30 to
$195) and SSrtA (S. aureus Sortase A, residues Q60—K206)
were purified as described previously.”*** All purified enzymes
were stored at —20 °C in buffer A (50 mM Tris-HCl, 300 mM
NaCl, at a pH of 8.0) supplemented with 40% glycerol. The
FELPLTGGSG peptide (LPLTG peptide) used in the
transpeptidation and hydrolysis assays was synthesized by
Peptide 2.0.

Transpeptidation Assays. An HPLC-based assay was
developed to quantify the kinetics of “!SrtA catalyzed lysine—
isopeptide bond formation. In this assay, the NSpaA protein
containing the reactive lysine is ligated to a FELPLTGGSG
peptide (LPLTG, where the underlined residues correspond to
the sorting signal) by the pilin sortase, followed by
quantification using a HPLC C4 column. Reactions were
performed in 100 yL volumes and contained 25 uM of pilin
sortase (either “SrtA™™ or ©45rtA%), DTT (5 mM), either
constant or variable amounts of LPLTG peptide (1 mM or 0.5
to 4 mM), and either constant or variable amounts of NSpaA
(500 uM, 62.5 to 500 uM). All components were dissolved in
buffer A. At these substrate concentrations, an estimated Ky
for NSpaA and LPLTG was determined. Reactions were
initiated by adding the pilin sortase from a 2 mM stock
solution, incubated for 3 h at 25 °C and then flash-frozen with
liquid N, and stored at =20 °C. The reactions were analyzed
using a Phenomenex C4 column (S pym, 4.6 X 150 mm) and
with an initial dwell time of 3 min at 36% CH;CN/0.1% TFA
followed by a linear gradient from 36% to 46% CH;CN/0.1%
TFA for 10 min at 1 mL/min was applied. The column was
subsequently flushed with high concentrations of CH,CN/
0.1% at 1 mL/min. NSpaA containing peaks were detected at
215 nm and the amount of substrate converted to product was
calculated by integrating the area under the HPLC traces. The
identity of each peak in the HPLC chromatogram was
confirmed via MALDI-TOF MS. The activity of “ISrtA was
compared to SrtA, which catalyzes a transpeptidation
reaction that forms a backbone—backbone peptide bond
between LPXTG and oligoglycine peptides. $*SrtA trans-
peptidation activity was measured as described previously.*’
These reactions were performed in an identical manner to the
“481tA reaction described above, except that they contained 25
UM 5iSrtA instead of “USrtA and were supplemented with 10
mM calcium in Buffer A, and triglycine (Gly; peptide) (62.5
#M to 1 mM) instead of NSpaA. Reactions were quenched 15
min after mixing by adding an equal amount of 1 N
hydrochloric acid (HCI). The reaction products were
separated by HPLC using a Phenomenex C18 column (10
pum, 4.6 X 150 mm) and a linear gradient from 26% to 30%
CH,CN/0.1% TFA over 8 min (1 mL/min). Al HPLC
experiments were performed on an Agilent 1100 HPLC. For
both the %3SrtA and “SrtA reactions kinetic parameters were
obtained by fitting the data with Sigmaplot 12.0.

Two types of transpeptidation assays were used to
investi§ate sorting signal specificity of the “ISrtA® and
©45:tA% enzymes for the X residue within the LPXTG sorting
signal. A total of 20 peptides were tested in which the X
residues in the FELPXTGGSG was varied (Peptide 2.0).
Reactions were performed in buffer A with a total volume of 35
uL. The reactions contained: either “SrtA*™ or “SrtA® (200
4M), DTT (5 mM), NSpaA (200 uM), and one of the
FELPXTGGSG peptides (1 mM, Peptide 2.0). Trans-
peptidation reactions performed at 25 °C for 24 h, and then
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quenched by flash freezing in liquid N, and stored at —20 °C.
Five microliters of each reaction was diluted 4 times in SDS
loading buffer and separated using a 12% SDS-PAGE gel, then
visualized by Coomassie staining. The resulting bands were
analyzed with Image] with the zero hour time point used as a
control for activity.

Hydrolysis and Cysteine Oxidation Measurements,
The hydrolytic activity of S*SrtA and ©ISrtA variants was
determined using an HPLC-based assay that monitors the
ability of each enzyme to cleave the LPLTG peptide between
the threonine and glycine residues. Reactions were performed
in buffer A supplemented with 10 mM calcium and contained a
total volume of 100 yL: sortase (50 uM), LPLTG (500 uM),
and DTT (S mM). Reactions were incubated at 25 °C for 24 h,
and then quenched by adding an equal volume of 1 N HCL
Reaction products were separated on a Waters C18 Column
(10 pm, 4.6 X 150 mm) using a linear gradient from 26% to
30% CH;CN/0.1% TFA over 8 min at 1 mL/min. The
reaction was monitored at 215 nm and the identity of each
peak in the HPLC chromatogram was confirmed via LC-MS.

The oxidation status of the active site cysteine b] monitoring
susceptibility to iodoacetamide alkylation. “ISrtA*™ and
CdSrtA® were purified and stored in buffer A. Enzymes were
then either treated to a final concentration of S mM of DTT or
a buffer control for 1 h before being frozen at —20 °C.
Subsequently, the proteins were defrosted and alkylated in 25
mM iodoacetamide and exchanged four times into 100 mM
ammonium bicarbonate buffer using Amicon 3 kDa centrifugal
filters.”" Trypsin digestion was performed overnight at 37 °C.
C18 Stage Tips were used for desalting prior to tandem mass
spectrometry. Peptides were separated and measured on an
EASY-Spray HPLC column (25 cm X 75 ym ID packed with
PepMap RSLC C18, 2 pim particles, Thermo Scientific) with
an online Easy-nLC 100 chromatography system to a Orbitrap
mass spectrometer (Q-Exactive Orbitrap, Thermo Scientific).
Precursor ions were selected using data-dependent acquisition
(top 10) and fragmented using collision induced dissociation
(CID) at a normalized collision energy of 27. Raw MS/MS
files were converted to mgf format (Thermo Proteome
Discoverer, Thermo Scientific ver. 1.4) and were searched
against a sequence database using MASCOT (Matrix Science).
Searches employed variable cysteine carbamidomethylation
and methionine oxidation. The precursor mass accuracy was
set to 10 ppm, while that for product ions was set to 0.02 da.
Once identified, the fully digested peptides’ intensities were
quantified from the area under the curves. Intensities of
carbamidomethylated peptides were normalized by dividing
against the summed intensity of the three most abundant
peptides identified.

Acyl-Intermediate Detection with LC-MS. LC-MS
reactions to compare acyl formation with and without the
presence of NSpaA were performed in buffer A and contained a
total volume of 100 uL: sortase (25 pM), DTT (5 mM),
LPLTG (1 mM), and NSpaA (250 uM) or buffer. All reactions
were incubated at 25 °C and 10 4L time points were removed
and frozen with liquid N, before being stored at —20 °C. An
experiment containing only the enzyme (no peptide added)
was performed to provide an external standard for the amount
of unmodified enzyme in the mass spectrum. Because the
C4SrtA-LPLT acyl intermediate cannot readily be separated
from unmodified “ISrtA by chromatography, its amount in the
assay is estimated from the mass spectrometry data by
assuming that the acyl-intermediate and unmodified enzyme
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ionize to similar extents. Before being run on the LC-MS
system, samples were then diluted with 90 uL of 200 mM L-
tryptophan (internal standard) and then measured on a Zorbax
300SB-C3 (3.5 um, 3.0 X 150 mm) with an Agilent 6530 Q-
TOF and Agilent 1260 Infinity HPLC with a gradient of 30—
99% over 6 min at 0.8 mL/min. The data was analyzed with
Agilent MassHunter Qualitative Analysis. Note that, although
the sequence of VSpaA has been verified, the mass of NSpaA
and the acyl intermediate in the spectrum is 88 Da larger than
the mass predicted based on the primary sequence. The origin
of this difference is not known. The amount of enzyme and
acyl-intermediate was calculated by integrating the area under
the curve for each peak.
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Abstract

Studies have successfully elucidated the mechanism of action of several effector
domains that comprise the multifunctional-autoprocessing repeats-in-toxins
(MARTX) toxins of Vibrio vulnificus. However, the biochemical linkage between the
cysteine proteolytic activity of Makes Caterpillars Floppy (MCF)-like effector and
its cellular effects remains unknown. In this study, we identify the host cell factors
that activate in vivo and in vitro MCF autoprocessing as adenosine diphosphate
(ADP)-Ribosylation Factor 1 (ARF1) and ADP-Ribosylation Factor 3 (ARF3).
Autoprocessing activity is enhanced when ARF1 is in its active [guanosine triphos-
phate (GTP)-bound] form compared to the inactive [guanosine diphosphate (GDP)-
bound] form. Subsequent to auto-cleavage, MCF is acetylated on its exposed N-ter-
minal glycine residue. Acetylation apparently does not dictate subcellular localization
as MCEF is found localized throughout the cell. However, the cleaved form of MCF
gains the ability to bind to the specialized lipid phosphatidylinositol 5-phosphate
enriched in Golgi and other membranes necessary for endocytic trafficking, suggest-
ing that a fraction of MCF may be subcellularly localized. Traditional thin-section
electron microscopy, high-resolution cryoAPEX localization, and fluorescent micros-
copy show that MCF causes Golgi dispersal resulting in extensive vesiculation. In
addition, host mitochondria are disrupted and fragmented. Mass spectrometry anal-
ysis found no reproducible modifications of ARF1 suggesting that ARF1 is not post-
translationally modified by MCF. Further, catalytically active MCF does not stably
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progression.

1 | INTRODUCTION

Vibrio vulnificus is a Gram-negative pathogen found in warm marine
environments that is capable of causing life-threatening gastrointesti-
nal and wound infections, particularly from handling or consumption
of seafood. These infections are rare, although the incidence of V.
wvulnificus is increasing in the US, in part due to expanding geographical
distribution due to warming seawaters (Baker-Austin et al, 2012;
Deeb, Tufford, Scott, Moore, & Dow, 2018; King et al., 2019). The
rising incidence of V. wvulnificus infections is extremely concerning
given its severity, as it often leads to fatal sepsis (Horseman & Surani,
2011). About 90% of patients are hospitalized and more than
50% die, often as fast as 48 hr after symptom onset (CDC, 2014;
Gulig, Bourdage, & Starks, 2005). These infections are costly due
to high mortality rates and negative impact on economies that
depend on recreation and seafood harvesting (Hoffman, Maculloch,
& Batz, 2015; Morgan, Stevens, & Degner, 2010). Currently in
the US, V. vulnificus accounts for only 0.001% of infections, but 3%
of all food-related deaths (Mead et al., 1999). According to the US
Department of Agriculture, V. vulnificus exerts the highest per-case
economic burden of any food-borne disease and its total burden
exceeds those of Shigella and Escherichia coli O157:H7 (Hoffman
et al., 2015).

For both wound and intestinal infections, the primary V. vulnificus
virulence factor associated with sepsis and subsequent death is the
composite multifunctional-autoprocessing repeats-in-toxins (MARTX)
toxin encoded by the gene rtxA1 (Satchell, 2015). Expression of the
MARTX toxin can increase lethality of V. vulnificus up to 2,600-fold
(Kwak, Jeong, & Satchell, 2011). The V. vulnificus MARTX toxin is
secreted from the bacterium as a single large polypeptide. It is com-
posed of conserved glycine-rich repeats at both the N- and C-termini
between which there are variable effector domains and a cysteine
protease domain (CPD). The repeat regions are thought to recognize
eukaryotic host cells via a yet undetermined mechanism and then form
a pore in the plasma membrane. The effectors and CPD are then
translocated across the membrane through this pore. Within the cell,
the CPD binds inositol hexakisphosphate, which activates the CPD
to auto-cleave at multiple sites to release each of the arrayed effectors
individually into the host cytoplasm. The MARTX toxin thus serves as
an effector delivery platform for translocation of multiple toxic viru-
lence factors inside cells as a single bolus (Gavin & Satchell, 2015;
Kim, 2018; Satchell, 2015).

Across distinct V. vulnificus isolates, the effector content can vary

from two to five effectors selected from a total of nine known effector

associate with ARF1. Our data indicate not only that ARF1 is a cross-kingdom acti-
vator of MCF, but also that MCF may mediate cytotoxicity by directly targeting
another yet to be identified protein. This study begins to elucidate the biochemical

activity of this important domain and gives insight into how it may promote disease

domains (Kwak et al., 2011; Ziolo et al., 2014). The effector repertoire
can be exchanged by horizontal gene transfer and recombination
events such that even closely related strains can have different
MARTX toxin variants (Roig, Gonzalez-Candelas, & Amaro, 2011).
The effector domain most commonly present in V. vulnificus MARTX
toxins is the Makes Caterpillars Floppy-like (MCF) effector domain
(Agarwal, Agarwal, Biancucci, & Satchell, 2015; Agarwal, Zhu, Gius, &
Satchell, 2015). It is found in all Biotype 1 and 2 strains that cause
human infections and is even duplicated in the MARTX toxin of some
strains (Kwak et al., 2011; Roig et al., 2011).

The MCF effector domain is 376 aa in size. In representative
strain CMCP6, MCF is encoded by gene rtxAl (w2_0479) nucleo-
tides 9610-10,737 to comprise residues 3204-3579 of the full-
length MARTX toxin. Once within cells, MCF has been shown to
induce the intrinsic apoptosis pathway, resulting in cell rounding,
vesiculation, and loss of cell proliferation (Agarwal, Agarwal, et al.,
2015; Agarwal, Zhu, et al., 2015). MCF has been shown to activate
caspase-9, -7, and -3 and PARP-y, and to induce nuclear shrinkage
and fragmentation. It also upregulates the proapoptotic proteins
Bax, Bak, and Bad to induce loss of mitochondrial transmembrane
potential resulting in increased release of cytochrome c into the
cytosol.

Sequence homology places MCF into the C58 family of cysteine
peptidases (Rawlings, Waller, Barrett, & Bateman, 2014). Site-directed
mutagenesis revealed that the conserved Cys-148 residue (aa 3351 in
full-length toxin) is essential for MCF cytotoxicity. However, even
though other putative catalytic residues His-55 (aa 3258 in full-length
toxin) and Asp-142 (aa 3345 in full-length toxin) are conserved by
sequence alignment with the C58 peptidases that use a Cys-His-Asp
(CHD) catalytic triad, alanine substitution of these residues reduced,
but did not eliminate, cell rounding (Agarwal, Agarwal, et al., 2015).
Instead, MCF has an Arg-Cys-Asp (RCD) peptide triad at residues
147-149 (aa 3350-3352 in full-length toxin) that is necessary for its
cytotoxic effects. A homology search revealed numerous known and
putative toxin proteins that contain domains with sequence similarity
to MCF that also contain the RCD/Y motif (Agarwal, Agarwal, et al.,
2015). We suggest that these proteins form a new subfamily of the
C58 peptidases.

Upon ectopic expression in host cells, the MCF undergoes
autoprocessing at its N-terminus, cleaving itself between Lys-15 and
Gly-16, dependent upon an intact RCD motif (Agarwal, Agarwal,
et al., 2015). This autoprocessing could be reproduced with recombi-
nant MCF, but only upon addition of eukaryotic cell lysate to the reac-

tion. In this study, we identify the cross-kingdom autoprocessing-
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stimulating host factor as Class | and Il ADP-ribosylation factors
(ARFs), and most prominently ARF1. We further show that subse-
quent to autoprocessing, the exposed N-terminal Gly-16 is acetylated.
After, but not before cleavage, MCF binds phosphatidylinositol-5-
phosphate (PtdIns5P), a lipid enriched on the Golgi apparatus.
Cells treated with MCF show increased vesiculation caused by disso-
lution of the Golgi apparatus. Destruction of the Golgi, and also the
mitochondria, suggests a mechanism for induction of caspases leading
to MARTX toxin dependent cellular apoptosis (Lee, Choi, & Kim,
2008).

2 | RESULTS

2.1 | Purified ARF1 and ARF3 guanosine
triphosphate (GTP)ases induce autoprocessing of
recombinant MCF protein

MCF is known to be induced to auto-cleave by an unidentified eukary-
otic host cell factor. To identify this host factor, MCF encoding gene
sequences were truncated to mimic the cleaved form of MCF (cMCF,
aa 16-376) and then modified to alter the codon for the catalytic Cys-

148 to alanine (cMCF®®). The modified gene was ectopically
expressed in human embryonic kidney (HEK) 293T cells fused with
an N-terminal FLAG®-tag and C-terminal hemagglutinin (HAltag to
express dual-tagged cMCF* (dt-cMCF"). Anti-HA immunoprecipita-
tion revealed a protein of approximately 20 kDa that bound to dt-
c¢MCF (Figure 1a). Peptide sequencing of the excised band revealed
eight unique peptides. Six mapped to the human protein ADP-
Ribosylation Factor (ARF1) and the nearly identical protein ADP-
Ribosylation Factor 3 (ARF3). One peptide matched exclusively to
ADP-Ribosylation Factor 4 (ARF4) and another to ADP-Ribosylation
Factor 6 (ARFé) (Figure 1b). To confirm the identification of ARF1 as
a protein that binds MCF, the pull-down was repeated and immuno-
blotting with antibody against ARF1 detected the band (Figure 1c
and Supplemental Figure S1).

To show that ARF1 is also the host factor that induces
autoprocessing, full-length Makes Caterpillars Floppy (IMCF) with
and without its catalytic Cys-148 (FIMCF®"), ¢cMCF, and catalytically
inactive ¢cMCF (cMCF“%) were purified as 6xHis-tagged recombinant
proteins. Truncated A17ARF1 fused with glutathione-S-transferase
(GST-A17ARF1) was purified as removal of the flexible N-terminus is
known to increase protein solubility (Kahn et al., 1992). Both catalyti-
cally active and inactive fIMCF and cMCF forms co-precipitated with
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FIGURE 1 Makes Caterpillars Floppy (MCF) autoproteolytic cleavage is induced by adenosine diphosphate (ADP)-Ribosylation Factor (ARF)
guanosine triphosphate (GTP)ases. (a) dt-cMCF* was immunoprecipitated (IP) from HEK293T cell lysate using anti-hyaluronic acid (HA)
antibody. Box indicates band excised for mass spectrometry peptide sequencing. (b) Amino acid sequence alignment of major isoforms of ARFs
with boxes indicating identified peptides. Peptides marked 6 and 7 are unique to ADP-Ribosylation Factor 4 (ARF4) and ADP-Ribosylation Factor
6 (ARF6), respectively. (c) Immunoblot showing endogenous ADP-Ribosylation Factor 1 (ARF1) pulls-down with dual-tagged cMCF“ (dt-cMCF“")
recovered from whole cell lysate as detected by anti-ARF1 antibody and anti-HA. Replicate pull-downs of independent transfections can be found
in Supplemental Figure S1. (d) Purified glutathione-S-transferase (GST)-A17ARF1 was incubated with either MCF, Catalytically inactive MCF
(MCF®"), cleaved form of MCF (cMCF), or catalytically inactive cleaved MCF (cMCF®?) at 37°C. Western blot on samples following anti-GST IP
using anti-MCF (green bands) and anti-ARF1 (red bands) showing catalytically active and inactive full-length MCF (fIMCF) and cleaved MCF
(cMCF) (green bands) can bind ARF1 (red bands) in vitro. () Recombinant fIMCF and fIMCF" incubated with AARF1 indicate induced
autoprocessing is dependent on MCF catalytic active site. Arrow indicates cleaved MCF band. (f) Auto-cleavage induced by purified ARF isoforms
incubated with MCF for 24 hr. (g, h) Autoprocessing of fIMCF at 37°C for time indicated induced by full-length ARF1 or ARF3 (g) or with ARF1
pre-loaded with GDP or non-hydrolyzable GTP (GppNHp) (h). Representative gels (n > 3), with percent cleaved MCF was determined by
densitometry of bands on Coomassie stained gels (% = (ctMCF/(cMCF + fIMCF) * 100)) from three independent reactions.
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GST-A17ARF1, confirming that MCF and ARF1 interact and that
the binding does not involve the flexible N-terminus of ARF1
(Figure 1d).

The fIMCF proteins were next incubated with Z17ARF1 purified as
a 6x-tagged stimulation  of

recombinant protein to test

autoprocessing. A17ARF1 stimulated fIMCF cleavage and the process-
ing was autocatalytic as fIMCF* was not processed even in the pres-
ence of [17ARF1 (Figure 1e). 217ARF3 and F17ARF4 also stimulated
autoprocessing, while Z17ARFé did not (Figure 1f). Full-length ARF1
and ARF3 with the N-terminus intact were also able to stimulate
autoprocessing with similar kinetics (Figure 1g).

ARFs are all members of the Ras superfamily of small GTPases that
cycle between an active (GTP-bound) and inactive (GDP-bound) form.
ARF1 pre-loaded with GTP-analog GppNHp induced more rapid and
more complete MCF auto-cleavage (85 + 3%) compared to ARF1
pre-loaded with GDP (29 + 13%) (Figure 1h).

Altogether, these data demonstrate that ARF1 is a host factor that
binds and stimulates autoprocessing of MCF. The nearly identical pro-
tein Class | ARF3 and the Class Il ARF4 can also serve as cross-
kingdom host factors capable of inducing MCF auto-cleavage. Further,
there is a strong preference for induction of autoprocessing by the
active (GTP-bound) form of ARFs.

2.2 | MCF®* functions as a trap for ARF1 in cells

To identify which of the major ARF isoforms are important within cells
for induced autoprocessing, dt-cMCF®*  was co-expressed in
HEK293T cells with Myc-tagged ARF proteins. ARF1, but not ARF4
or ARF6, co-immunoprecipitated with cMCF©A (Figure 2a). We were
unable to reproducibly pulldown ARF3 with dt-cMCF* across

independent experiments and thus were not able to confirm this inter-
action. Thus, although multiple ARF isoforms stimulate MCF
autoprocessing in vitro, ARF1 is the only isoform that consistently
associates with dt-cMCF* in cells.

Consistent with its function as a host factor for induction of
autoprocessing of fIMCF, ARF1 was also co-immunoprecipitated with
dt-fIMCF®, indicating interaction between the two proteins occurs
prior to the autoprocessing event. By contrast, ARF1 did not co-
immunoprecipitate with either dt-fIMCF or dt-cMCF if the catalytic
Cys-148 was not modified to alanine (Figure 2b). This is not due to
an inability of the proteins to associate because, as shown above,
GST-A17ARF1 co-precipitated with both catalytically active and inac-
tive fIMCF and ¢cMCF in vitro (Figure 1d). These data indicate that, in
cells, MCF autoprocessing results in release and/or loss of the ability
to bind to ARFs such that only catalytically inactive MCF functions
as a protein trap. Further, since overexpression or delivery of catalyt-
ically inactive MCF to cells does not itself cause cytotoxicity (Agarwal,
Agarwal, et al.,, 2015; Agarwal, Zhu, et al., 2015), trapping of ARFs is
not sufficient for MCF-mediated cytotoxicity.

Repeated attempts to identify an MCF-specific processing or
post-translational modification of ARF1 or ARF3 in vitro or on pro-
teins recovered from cells were not successful. We did not observe
any visible changes to the size of ARF1-Myc when co-transfected
with either full length or cMCF or the catalytically inactive versions
by western blot (Figure 2a,b). We also did not identify any MCF-
specific post-translational modifications on ARF1 or ARF3 using a
bottom-up proteomics strategy (Supplemental Figure S2). We thus
speculate the preferred association of MCF with ARF1-GTP functions
to localize MCF to membranes with active ARF1 where MCF is acti-
vated by autoprocessing, and then may access another target at that
location.
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FIGURE 2 Catalytically inactive Makes Caterpillars Floppy (MCF") stably associates adenosine diphosphate (ADP)-Ribosylation Factor 1 (ARF1)
in HEK293T cells. (a) HEK293T cells were co-transfected with dual-tagged cMCF (dt-cMCF™") and either Myc-tagged ARF1, 3, 4, or 6. Western
blot of 40 pg of total protein in whole cell lysates (bottom) recovered from cells. Western blot of 600 ug of total protein from whole cell lysate
after immunoprecipitated (IP) using anti-hyaluronic acid (HA) beads (top). MCF and ARFs detected by anti-HA and anti-Myc antibodies
respectively with representative gel shown (n > 3). (b) HEK293T cells were co-transfected with ARF1-Myc and either dual-tagged full length MCF
(dt-fIMCF), dual-tagged full length MCF* (dt-fIMCF), dual-tagged cleaved MCF (dt-cMCF), or dual-tagged cleaved MCF* (dt-cMCF<"),
Western blot on cell lysates recovered from these cells following anti-HA IP as in (a) followed by simultaneous detection of ARF1 using anti-Myc
antibody and MCF using anti-HA antibody. Arrows indicated ARF1-myc. Note there was no pull-down of ARF1 when catalytic cysteine is intact.
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2.3 | After autoprocessing, MCF is N-terminally
acetylated

In cells, MCF undergoes additional modifications. Previously, attempts
to identify the autoprocessing site on MCF from protein recovered
from cells revealed the N-terminus was blocked to Edman degrada-
tion. The N-terminal block does not occur in vitro. The Edman degra-
dation analysis of immunoprecipitated MCF was repeated for this
study and confirmed to be blocked (Supplemental Figure S3A-B). Fur-
ther, two-dimensional gel analysis of MCF expressed in cells showed
that dt-fIMCF undergoes in vivo autoprocessing to release its N-
terminal FLAG tag, coincident with a shift in electrophoretic mobility,
which was detected by western blotting using anti-HA antibody
directed against the C-terminal tag. It was further noted that proc-
essed fIMCF separated into discrete populations that differ in isoelec-
tric point. Catalytically inactive dt-fIMCF does not shift in size,
consistent with the autoprocessing being autocatalytic, or separate
into different populations (Figure 3a).

To identify potential post-translational modifications on MCF, the
four individual populations were excised and analyzed by bottom-up
mass proteomics (Figure 3b and Supplemental Figure S4). The analysis
revealed that Gly-16, which is exposed following auto-cleavage, was

acetylated (Figure 3c,d and Supplemental Figures S4 and S5). The
acetylation was identified in populations 2 and 3, but not in population
1 or 4 (Figure 3d and Supplemental Figures S4 and S5). Acetylation of
other lysine residues in populations 2, 3, and 4 was also observed, but
the modification of any specific lysine across different experiments or
replicates of the same population was not consistent (Figure 3c,d and
Supplemental Figures S4 and S5). These observations indicate that
only the acetylation of the N-terminal glycine of MCF is specific, while
other non-reproducible acetylation events are likely stochastic modifi-
cations that arose from overexpression of a protein with many surface
exposed lysine residues.

2.4 | MCEF binds Golgi enriched lipids and causes
Golgi dispersion

ARF1 and ARF3 most commonly localize to the Golgi apparatus (Hof-
mann & Munro, 2006; Tsai, Adamik, Haun, Moss, & Vaughan, 1993)
and ARF association with the Golgi is dependent upon its activation
by GTP. As MCF preferentially associates with active ARFs, it may
facilitate targeting to subcellular organelles. In addition, many proteins

are directed to subcellular organelles by binding specific lipids. Lipid

(@)
Vector Transfected 1 .m HA 3 .m HA
1auloprucessmg 1 l
FIGURE 3 Makes Caterpillars Floppy (MCF) Inside Host 2: [ c\ViCF D+ @ EI= R
is N-terminally acetylated following auto-
cleavage. (a) Anti-hyaluronic acid (HA) pH3 pH 10
immunoprecipitated (IP) on cell lysates of 2 55
HEK293T cells ectopically expressing dual- e 344
tagged full length MCF (dt-fIMCF) or dual- E
tagged full length MCF* (dt-fIMCF®*) was
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mixed and run together for two-dimensional § 3
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cytarabine, and G-CSF (FLAG) (red) and anti-
HA (green) antibodies. The mixing of samples :‘g’:
helped to orient cleaved vs uncleaved %’
fragments for the dt-fIMCF sample. Red (top
panel) and green (middle panel) channels were (b)
imaged separately and then merged (bottom -
panel). Numbers beside panels indicate which ‘ :
version of MCF in the schematic is found in 562(3)&1)
each spot. (b) Two-dimensional analysis with -
Coomassie gel was completed for only sample
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overlay assays showed that ¢cMCF, but not fIMCF, preferentially
bound to PtdIns5P (Figure 4). PtdIns5P is not well described, but has
a suggested role in membrane trafficking and is enriched in Golgi
membranes (Backer, 2010). Thus, while GTP-bound ARFs may initially
direct MCF to the Golgi for activation; after cleavage, we speculate
that stable retention of MCF at the Golgi may instead depend on
PtdIns5P binding, even as cMCF dissociates from ARFs.

The co-localization of MCF with the Golgi was thus assessed by
immunofluorescence (IF). In cells transfected to express only green
fluorescent protein (€GFP), the human Golgi matrix protein GM130,
a marker for the cis-Golgi, showed the Golgi apparatus as tight and

condensed at its expected position near the nuclei (Figure 5a).

@ GM130
GM130

Vector Control

MCFA-EGFP

MCF-EGFP

(b)

CMCP6 AvWhA rtxA1::bla

No bacteria

fIMCF

overexposed

CMCP6 AwhA rtxA1::mcf-bla

cMCF

FIGURE 4 Makes Caterpillars Floppy (MCF)
associates with Golgi associated lipids. Lipid
overlay assay was conducted using PIP
Strips™ with either purified full length MCF
(fIMCF) or cleaved MCF (cMCF). Blot shows
e cMCF binds phosphatidylinositol-5-

- phosphate.

Catalytically inactive fIMCF* frequently co-localized with GM130,
although protein also diffused throughout the cell (Figure 5a).
However, the co-localization of fIMCF* does not inform about
possible localization of catalytically active fIMCF. Thus, we examined
whether fIMCF with an intact cysteine, that undergoes natural
autoprocessing, retains its association with the Golgi or other mem-
branes. The Golgi in cells expressing fIMCF-eGFP was found to be
disrupted and dispersed in nearly all cells examined, making attempts
to co-localize MCF inconclusive. Indeed, GM130 in these cells was
not visible unless the image was overexposed (Figure 5a and Supple-
mental Figure S6A). Similar dispersion was not observed for the endo-

plasmic reticulum (ER)-associated protein calreticulin in cells

Merge

FIGURE 5 Makes Caterpillars Floppy (MCF)
induces Golgi dispersion. (a) Cos7 cells were
transfected with empty vector, catalytically
inactive MCF (MCF“*)-express only enhanced
green fluorescent protein (eGFP), or MCF-
eGFP (green) for 18 hr, fixed, and stained for
4' 6'-diamidino-2-phenylindole (DAPI) (blue),
and cis-Golgi marker (GM130) (red). (b) Cos7
cells were infected with CMCP6 rtxA1:bla or
CMCP6 rtxAl:mcf-bla at a MOI of 5 for an
hour, fixed, and stained for DAPI (blue), and
cis-Golgi marker (GM130) (green). Histograms
quantifying Golgi dispersal for transfected and
intoxicated cells in Supplemental Figure Sé.
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transfected to express MCF-eGFP (Supplemental Figure S7). Thus,
catalytically active MCF was found to disrupt the Golgi of host cells
and the resulting damage prevented resolution of its intracellular local-
ization using IF.

2.5 | Golgi dispersion and mitochondrial
fragmentation occurs when MCF is delivered to cells
by the bacterium

To ensure that Golgi disruption is not an artifact of overexpression of
MCF by transient transfection, cells treated with live V. vulnificus were
imaged. Sequences corresponding to the MARTX toxin effectors had
been previously deleted from the rtxA1 gene in strain CMCPé AvvhA
and replaced with in-frame beta-lactamase gene sequences to gener-
ate a fusion gene rtxAl:bla that encodes an effector-less MARTX
toxin but delivers beta-lactamase as a marker for intact protein and
translocation function. Sequences for MCF were then introduced to
generate rtxAl:mcf-bla that expresses a MARTX toxin that delivers
only the MCF effector (Agarwal, Zhu, et al., 2015).

Treatment of cells with CMCP6 AvvhA rtxA1:bla showed the Golgi
remained perinuclear and condensed similar to non-intoxicated cells.
In contrast, cells intoxicated with CMCP6é AwhA rtxAl:mcf-bla had
significantly more dispersed Golgi spreading away from the nucleus

(Figure 5b and Supplemental Figure S6B). In addition, the impact of

Time (min) 0

No bacteria

rixA1.:bla

CMCP6 AwhA  CMCP6 AvvhA
rtxA1::mef-bla

No bacteria

Zoomed in at 60 min

MCF on mitochondria was also visualized using MitoTracker Green
FM. The mitochondrial network of cells treated with the control strain
CMCP6 AwhA rixAl:bla appeared as long dynamic fragments
throughout the cell (Figure 6 and Supplemental Figure S8). In contrast,
the mitochondria of cells intoxicated with CMCPé AvvhA rtxA1l:mcf-
bla were shortened and fragmented in comparison. The mitochondrial
network in these cells was composed of more short round fragments
than long branches and this phenotype was reproducible across multi-
ple experiments (Figure 6 and Supplemental Figure S8).

These data show that MCF delivered to cells by bacteria induces
intracellular damage of both the Golgi and the mitochondria.

2.6 | Transmission electron microscopy shows that
MCF induces extensive vesiculation of the Golgi
apparatus

To gain an ultrastructural understanding of how catalytically active
MCF induces Golgi dispersion, transmission electron microscopy was
employed. As expected, at 10 hr after transfection, PBS mock
transfected Hela cells showed a Golgi with typical stacked morphol-
ogy (Figure 7a, green G). By contrast, in cells ectopically expressing
MCEF, there are a significant number of vesicles in the cytoplasm local-
ized near the Golgi, with some enmeshed within the Golgi complex

(Figure 7b and Supplemental Figure S9A). At higher magnification, it

10 20 30 40 50 60

CMCP6 AwhA
rixA1:bla

CMCP®6 AvwhA
rtxA1::mcf-bla

FIGURE 6 Makes Caterpillars Floppy (MCF) disrupts the mitochondrial network. Cos7 cells were incubated with MitoTracker™ Green FM to
visualize mitochondria prior to infection with CMCPé6 rtxA1::bla or CMCP6 rtxAl:mcf-bla at a MOI of 5 for an hour. Images taken prior to
intoxication and every 10 min after. Insets show enlarged image of one cell for each condition at 60 min. Additional cells are shown in

Supplemental Figure S8.
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FIGURE 7 Makes Caterpillars Floppy (MCF) causes vesiculation of
the Golgi apparatus as seen by transmission electron microscopy.
(a)-(g). Thin-section electron microscopy of Hela cells ectopically
expressing MCF, or mock transfected for either 10 (a, b) or 15 hr (c, d)
post-transfection. (a-d) On right, higher magnification of boxed region
on left showing Golgi ((3), herniated Golgi (red arrows), and vesicles
(\/). (e) Autolysomes (A) clearing MCF induced vesicles. (f, g).
Mitochondria (M) of mock transfected cells (f) and MCF transfected
cells (g) at 10 hr post-transfection.

was evident that, although some of the Golgi retained a classical
stacked morphology some of the cisternae appeared herniated
transitioning into a more vesicular morphology (Figure 7b and Supple-
mental Figure S9A). Additionally, an abundance of autolysosomes was
also observed. Some autolysosomes contained vesicles, indicating
ongoing clearance off these vesicles (Figure 7e). At 15 hr post trans-
fection, the cytoplasm was inundated with a variety of different sized
pleomorphic vesicles (Figure 7d and Supplemental Figure S9B). In

these cells the typical stacked structure of the Golgi apparatus, which
is seen in mock treated cells, was not observed (Figure 7c).

The electron microscopy data correlate with the IF observations
showing darkened mitochondria at 10 hr post-transfection with con-
densed disintegrating cristae in cells ectopically expressing MCF
(Figure 7g). This was in contrast to control cells where mitochondria
have an oval shape, with visible cristae (Figure 7f). These data show
that both the mitochondria and the Golgi are impacted by expression
of MCF.

2.7 | MCF localizes to the Golgi apparatus, the
membrane of the vesicular structures and the cytosol

As both N-terminal acetylation and binding to PtdIns5P could dictate
subcellular localization, we investigated localization of MCF using
electron microscopy based high resolution cryoAPEX technology
(Sengupta, Poderycki, & Mattoo, 2019). Briefly, MCF was expressed
in Hela cells as a fusion with a soybean ascorbate peroxidase (Apex2).
This tag catalyzes a peroxide reaction that converts diaminobenzidine
(DAB) into an insoluble osmophilic precipitate. This precipitate could
then be preferentially and specifically stained with osmium tetroxide
thereby revealing the subcellular localization of MCF at a
nanometer-scale resolution. MCF-Apex2 expressing cells were easily
distinguished from non-expressing cells due to dark staining of the
cytoplasm and presence of cytoplasmic vesicles compared to the mock
transfected control (Figure 8a-c). This ubiquitous staining of the cyto-
sol indicates a large pool of MCF is present in the cytosol. Interest-
ingly, staining was also detected on the membrane of the Golgi
stacks visible in samples from the 10-hour time-point as well as on
vesicles at both time points (Figure 8b,c, blue arrows). In comparison,
control cells transfected with MCF-Apex2 for 10 hr not treated with
H,0, exhibit a relatively clear cytoplasm and lack membrane staining
of vesicles (Figure 8d). Cells expressing MCF also had darkened stain-
ing at the nuclear membrane compared to control cells, indicating a
presence of the effector here as well (Figure 8b,c).

3 | DISCUSSION

ADP-ribosylation factors (ARFs) were first identified as activators of
the ADP-ribosylation activity of the bacterial protein cholera toxin
(Gillingham & Munro, 2007). They subsequently have been shown to
have important roles as regulators of eukaryotic cell membrane traf-
ficking (Gillingham & Munro, 2007; Muthamilarasan,
Zandkarimi, Prasad, & Baisakh, 2016). Depending on the isoform, they

Mangu,

localize to specific subcellular locations, including the Golgi, plasma
membrane, and endosomes. The Golgi apparatus is generally com-
posed of tight perinuclear Golgi stacks and plays a central role in mem-
brane trafficking, wherein it receives, post-translationally modifies and
sorts proteins from the ER to their appropriate destinations (Liu &
Storrie, 2015; Wei & Seemann, 2010). At the Golgi, ARF1 is recog-
nized by its guanine nucleotide exchange factors (GEF), inducing a
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FIGURE 8 Makes Caterpillars Floppy (MCF) concentrates in the
cytoplasm, Golgi cisternae, and nuclear and vesicle membranes. (a-d)
Thin-section electron microscopy of resin embedded Hela cells
treated with diaminobenzidine (DAB) + H,0, (a-c) or just DAB (d)
ectopically expressing MCF (b, ¢, d), or mock transfected (a) for either
10 or 15 hr post-transfection. On right, higher magnification of boxed
region on left. (b-d) Light blue arrows show darkened Apex 2 staining,
indicating high concentrations of MCF, seen with H,O, treatment (b,
¢) and not without (d).

conformational change that exposes its N-terminal amphipathic helix
so that it binds GTP in place of GDP (Behnia, Panic, Whyte, & Munro,
2004). This change allows ARF1 to bind the membrane where it plays
an important role in recruiting coat complex protein |, clathrin adapter
proteins AP1 and AP2, and other proteins necessary for proper vesicle
budding and trafficking. This membrane binding is reversed by
GTPase-activating proteins (GAPs) that catalyze hydrolysis of the
GTP resulting in ARF1 release from the membrane. The nearly identi-
cal protein ARF3 has similar function, behaving indistinguishably in
most studies. Given the importance of ARFs and the Golgi to cellular
processes, bacteria often manipulate ARF function and Golgi stability
to promote bacterial infection.

In this study, we show that the pro-form of the V. vulnificus
MARTX effector MCF is activated by autoprocessing upon binding
with Class | ARF1 and ARF3. Although MCF can also be stimulated
by ARF4 to autoprocess, these proteins do not associate in cells.
Notably, MCF can be stimulated to auto-cleave by either the full-
length forms of ARF1 and ARF3 or the more stable A17 forms of
the proteins. This demonstrates that binding of ARF to MCF does
not require the first 17 aa that are essential in vivo for membrane
association.

The protein-protein interaction of MCF with ARF1 was confirmed
in cells. ARF1 transitions between a GDP- and GTP-bound state dic-
tating its position on and off of the Golgi (Behnia et al., 2004). As
MCF is more rapidly and more fully induced to auto-cleave by
ARF1-GTP than by ARF1-GDP, MCF is probably preferentially
recruited to the Golgi, where it binds ARF1-GTP. Indeed, a low level
of active ARF3-GTP at the Golgi under conditions for these experi-
ments may explain our difficulty confirming MCF binding to ARF3 in
cells (Tsai et al., 1993).

The cell data also support that once ARFs stimulate
autoprocessing, they do not continue to stably associate with MCF,
unless the catalytic cysteine is inactivated. This is shown in the
coimmunoprecipitation experiments in which fIMCF* or cMCF*
co-precipitate with ARF1-myc, while fIMCF and c¢cMCF do not
(Figure 2a,b). The lack of binding of ARFs to catalytically active MCF
is in contrast to studies using purified proteins that show that ARF1
can bind to both catalytically active and inactive MCF. We originally
surmised that this was evidence that ARF1 was modified in cells by
catalytically active MCF and then released, although we thus far have
found no evidence of cleavage or post-translational modification of
ARF1 or ARF3. We therefore suggest that there may be a secondary
event or transition that alters the structure of MCF after processing
to release ARFs and this exchange may require Cys-148.

Catalytically inactive cMCF was by contrast able to function as a
protein trap for ARFs. Yet, this protein does not cause obvious cyto-
toxicity when overexpressed in cells (Agarwal, Agarwal, et al.,, 2015;
Agarwal, Zhu, et al., 2015). These data contradict potential models
whereby MCF functions simply to sequester ARF from its normal
function. Thus, we surmise that there is another protein that may be
a target for cleavage by catalytically active cleaved MCF. Attempts
to identify this host co-factor protein using catalytically inactive
MCEF as a substrate trap/bait for the initial immunoprecipitation were
unsuccessful. It is possible that this protein may be cleaved or
degraded in intoxicated cells and thus was difficult to identify using
immunoprecipitation strategies.

In cells, MCF Gly-16 is exposed by natural processing and then
undergoes acetylation at this newly exposed N-terminal glycine.
Recombinant MCF stimulated to process in vitro was not blocked to
Edman degradation, even using crude eukaryotic cell lysate as a source
of the host factor (Agarwal, Agarwal, et al., 2015). This observation
suggests that MCF could be acetylated only in vivo by host N-
acetyltransferases when MCF is present within cells. Indeed, the
ARF related protein ARFRP1 is N-terminal acetylated by NatC for
recruitment to the Golgi. In our case, we speculate that recruitment
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to the Golgi is initiated by association with ARF-GTP, but perhaps its
retention during Golgi dispersion is aided by the acetylation, particu-
larly as it dissociates from ARFs. This retention may be further aug-
mented also by binding to PtdIns5P.

Our electron microscopy and immunofluorescence studies reveal
that expression of active MCF in cells results in dramatic destruction
of the Golgi and vesiculation of the cells. The destruction of the Golgi
occurred also during natural delivery of the effector from bacteria.
Unlike traditional IF techniques, using the novel cryoAPEX approach,
the localization of MCF in cells could be successfully visualized.
Although possible that acetylation and binding PtdIns5P initially
enriched MCF at the Golgi, the overexpressed protein is broadly dis-
tributed. It is found throughout the cell, enriched also on mitochon-
drial membranes and possibly the nuclear membrane. This is
supported by cell fractionation that show MCF present in cytosol,
nuclear, membrane, and mitochondria fractions (Supplemental
Figure S10). At late time points, there were many darkly stained vesi-
cles in the cell that might contain MCF although these are not easily
distinguished by the cryoAPEX method from dark staining lysosomes.
The direct association with mitochondrial membranes could explain
the loss of the mitochondrial membrane potential that ultimately leads
to mitochondrial mediated apoptosis through activation of caspases.
Likewise, Golgi dispersion is also known to induce apoptosis
(Machamer, 2015). Thus, we identify the linkage of MCF to ARFs as
the likely cellular process that results in MCF mediated cell death,
while the precise molecular events subsequent to ARF stimulated acti-
vation of MCF remain to be resolved.

Other bacterial effectors have been identified as directly
interacting with ARFs. For example, Shigella flexneri Type Ill secretion
effector IpaJ is a member of the C58 family of cysteine peptidases
but unlike MCF its activity depends on the canonical CHD active site.
Furthermore, IpaJ does not autoprocess but instead, it directly recog-
nizes and cleaves the myristoylated glycine of the lipid modified N-
terminus of ARF1 and ARL GTPases. Similar to MCF, Ipal preferen-
tially targets the GTP-bound active form of ARF1. By cleaving ARF1,
Ipal releases the GTPase from the membrane, thus inducing Golgi dis-
ruption (Burnaevskiy et al., 2013). However, despite extensive effort,
our negative data support that MCF does not likewise directly cause
any processing or modification to ARFs as its mechanism for Golgi
dispersion.

As noted above, ARFs are also allosteric activators of the ADP-
ribosylating activity of cholera toxin and related heat-labile toxins
from enterotoxigenic E. coli (Moss & Vaughan, 1991). Similar to the
findings here, the N-terminal first 17 aa of ARF1 are dispensable for
activation of cholera toxin (Hong, Haun, Tsai, Moss, & Vaughan,
1994). The structure of cholera toxin bound to ARFé ultimately
revealed that binding of ARFé via its Switch 1 and Switch 2 regions
to face of CTA1 ~15 A away from the CTA1 active site. Binding of
ARF6 caused a structural remodeling of the CTA1 loop regions to
allow nicotinamide adenine dinucleotide to bind to the active site
and to ADP-ribosylate the alpha subunit of the stimulatory G protein
G (O'Neal, Jobling, Holmes, & Hol, 2005). Thus, there is precedence

in Vibrios for binding of ARFs as an activator to stimulate structural

remodeling of a bacterial effector, then without ARF for the effector
to function on a different target protein. Similar structural studies of
MCF and MCF bound to ARFs could elucidate these mechanisms for
MCF.

These similarities support that stimulation by ARFs that is a unify-
ing theme for Vibrio toxins. Although most V. vulhificus MARTX toxins
have MCF, the MARTX toxin for Biotype 3 strains lack this effector
(Ziolo et al., 2014). However, these toxins do deliver a distinct MARTX
effector we designated DomainX (DmX). DmX is similar in size to MCF
and likewise shows homology to the C58 cysteine peptidases. How-
ever, DmX is only 22% identical to MCF and lacks the signature
RCD/Y motif. Further, the aligned His and Asp catalytic residues
shared with the C58 peptidases were found to be essential for DmX,
whereas they were dispensable in MCF (Agarwal, Agarwal, et al.,
2015; Kim & Satchell, 2016). DmX was likewise found to autoprocess
upon stimulation by ARF1, ARF3, and ARF4; however, all three ARFs
bound consistently with DmX in cells, unlike MCF which shows a pref-
erence for ARF1. Expression of DmX in cells likewise results in disper-
sion of the Golgi (Kim & Satchell, 2016). However, unlike MCF, DmX
does not have an N-terminus blocked to Edman degradation and is
not thought to be post-translationally modified in cells. In addition,
catalytically inactive DmX is cytotoxic when expressed in cells, sug-
gesting that ARF sequestering may play a more significant role in its
cytotoxic mechanism. We postulate that these two MARTX effectors
have an evolutionarily shared mechanism for stimulated
autoprocessing to cause Golgi dispersion, but these two effectors
have diverged to target the Golgi by distinct molecular mechanisms.
Still, the presence of either MCF or DmX in nearly all V. wulnificus
MARTX toxins reveals that dissolution of vesicular trafficking is impor-

tant for V. vulnificus pathogenesis.

4 | MATERIALS AND METHODS

4.1 | Tissue culture

Cos7 and HEK293T (generously provided by Dr. Richard Longnecker
at Northwestern) cells were prepared and cultured in Dulbecco's mod-
ified Eagle's medium (DMEM) supplemented with 10% heat-
inactivated fetal bovine serum (FBS) and 1% penicillin-streptomycin
at 37°Cin 5% CO,. Cells were seeded in 150 mm tissue culture dishes

or 12-well tissue culture plates, and grown to 60-70% confluence.

4.2 | Bacterial strains and plasmids

gBlocks containing A17 ARF1, A17 ARF3, A17 ARF4, A17 ARF6,
ARF1, ARF3, MCF, MCF* ¢cMCF, and ctMCF®* were synthesized by
Integrated DNA Technologies (IDT) (Supplemental Table S1). These
fragments were cloned into Sspl digested vector pMCSG7 using Gib-
son assembly (New England Biolabs E2611L) (Antic, Biancucci, Zhu,
Gius, & Satchell, 2015). N-terminal FLAG and C-terminal HA tagged
vectors dt-fIMCF, dt-cMCFA, dt-fIMCF, dt-cMCF, and MCF-eGFP

plasmids were generated as described in Agarwal, Zhu et al. (2015).
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ARF-Myc isoforms were constructed as in Kim and Satchell (2016).
CMCP6 AwvhA rtxAl:bla and CMCP6 AvwvhA rtxAl:mcf-bla V.
vulnificus strains were generated as detailed in Agarwal et al. (2015).
MCF-Apex2 was made by Gibson assembly using an APEX2 gBlock
synthesized by IDT (Supplemental Table S1) cloned into the dt-fIMCF
expression plasmid. GST-A17ARF1 was generously provided by Dr.
Heike Folsch as described in Shteyn, Pigati, and Folsch (2011).

4.3 | Transfections and western blotting

For ectopic gene expression, cells were transfected using 1:3 pg of
plasmid DNA to pl of 1 mg/ml polyethylenimine. After 4 hr, the media
was exchanged with fresh media. Following an additional 14 hr, the
cells were washed with phosphate buffered saline (PBS) and collected.
Whole cells were lysed in lysis buffer (300 mM NaCl, 20 mM Tris-HCI
pH 8, 1.1% Triton X-100) supplemented with ethylenediaminetetra-
acetic acid (EDTA) free protease inhibitor tablets (Thermo Scientific
A32965) incubated for an hour at 4°C and centrifuged to remove cell
debris. A total of 40 pg of total protein in the whole cell lysate was
boiled for 5 min in 2x Laemmli sample buffer and separated by SDS-
PAGE, followed by transfer to nitrocellulose membrane with the
BioRad Mini TransBlot System. Western blots were then completed
using anti-hemagglutinin (HA) (Sigma H6908), anti-Myc (Thermo Sci-
entific PA1-981), anti-MCF (produced with purified MCF protein by
Lampire Biological Laboratories, Pipersville PA), anti-ARF1 (Novus Bio-
logicals NBP1-97935), anti-FLAG (Sigma F3165), anti-mouse Immuno-
globulin G (IgG) (Li-Cor 926-32210 or 926-68070), or anti-rabbit 1gG
(Li-Cor 926-32211 or 926-68071) antibodies and visualized using
the Li-Cor Odyssey Fc imaging system.

4.4 | Immunoprecipitation

A total of 600 pg of total protein of whole cell lysate was incubated
overnight at 4°C with mouse IgG agarose (Sigma A0919), agarose
removed by centrifugation, and lysate subsequently incubated over-
night with EZview™ Red Anti-c-Myc Affinity Gel or EZview™ Red
Anti-HA Affinity Gel (Sigma E6779 and E6654). Beads were washed
with a lysis buffer supplemented with an EDTA-free protease inhibitor
tablets four times, once with 10 mM Tris-HCI pH 8.0, and protein
eluted with 2 M NaSCN in 50 mM Tris-HCI| pH 8.0, 150 mM NaCl.

4.5 | Protein production and in vitro cleavage assays

Plasmids were expressed in BL21 (DE3) E. coli (Wu, Christendat,
Dharamsi, & Pai, 2000) to an ODggo of 0.8 in terrific broth, induced
with 1 M isopropyl B-D-1-thiogalactopyranoside and grown overnight
at 28°C. Cells were pelleted, lysed with a sonicator in Buffer A (10 mM
Tris-HCI pH 8.0, 500 mM NaCl) with lysozyme, and cell debris
removed by centrifugation. A17 ARFé was recovered from the insolu-
ble fraction by incubation for 1 hr in Buffer A with 6 M Urea, followed
by centrifugation. Protein was then purified using the AKTA protein
purification system with a Ni-NTA HisTrap affinity column (GE

Healthcare GE17-5248-02), followed by passage through a Superdex
75 column for size exclusion chromatography. GST-A17ARF1 was
grown and lysate collected as above and batch purified using glutathi-
one sepharose (GE 17-0756-01).

Purified proteins were used for cleavage assays in which 2.5 uM of
specified MCF and 4 pM ARF isoform were incubated in RAX buffer
(20 mM Tris pH 7.5, 150 mM NacCl, 10 mM MgCl,) for various time
points at 37 °C, Laemmli sample buffer added, and boiled for 5 min
prior to separation by SDS-PAGE.

4.6 | Bacterial intoxication

For bacterial treatments, mid-log phase CMCPé AvvhA rtxAl::bla and
CMCP6 AvvhA rtxAl::mcf-bla V. vulnificus strains were pelleted and
resuspended in PBS. Cos7 cells were washed twice with PBS, treated
with CMCPé rtxAl:bla or CMCPé rtxAl:mcf-bla at a MOI of 5 in
DMEM, centrifuged at 500 xg for 3 min, and incubated for an hour
at 37°C with 5% CO,.

4.7 | Fluorescence microscopy

For immunofluorescence microscopy, images were taken at the North-
western University Center for Advanced Microscopy using the Nikon
A1R+ GaAsP Confocal Laser Microscope or the Nikon N-SIM Struc-
tured lllumination Super-resolution Microscope.

Following treatment, cells grown on glass coverslips were washed
with PBS and fixed with 4% formaldehyde for 5 min and permeabilized
with 0.2% Tween 20. Cells were then blocked with 10% goat serum in
staining buffer (1% bovine serum albumin (BSA) plus 0.05% Tween 20
in PBS) for 1 h prior to staining with mouse anti-GM130 (BD Trans-
duction Laboratories 610822) or mouse anti-calreticulin (Abcam
ab22683) diluted 1:200 in staining buffer overnight. The coverslips
were then washed five times for 5 min each time with staining buffer.
Secondary goat anti-mouse Alexa Fluor 647 antibody (Thermo Scien-
tific) was then added at 1:400 in staining buffer and incubated for 1
h. The slides were washed twice with PBS and twice with double dis-
tilled water with 2 min between each wash. The slides were mounted
using ProLong diamond antifade mountant with 4',6'-diamidino-2-
phenylindole (DAPI) (Invitrogen P36962). Cells ectopically expressing
MCEF, as detected by GFP fluorescence in at least three fields from
three different transfections, were measured for the size of their Golgi
in area um? in NIH Image J version 2.0.0-rc-68/1.52h. Cells intoxi-
cated with V. vulnificus strains from at least three fields from three dif-
ferent transfections were scored based on degree of Golgi dispersion
from 1 to 3, with representative images for each score depicted in
Supplemental Figure Sé.

For live cell imaging, cells were grown on 35/10 mm glass bottom
tissue culture dishes (Greiner Bio-One 627870). Prior to bacterial
intoxication, cells were washed with PBS and incubated with 150
nM MitoTracker™ Green FM (Thermo Fisher M7514) in DMEM for
45 min. The cells were then washed with PBS and incubated with 5
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pg/ml Hoescht 33342 (Immunochemistry Technologies 639) in PBS.
After 10 min the cells were washed, fresh DMEM added, and treated
with bacteria as previously described. Images were taken every 5 min
following intoxication for an hour.

4.8 | Electron microscopy and cryoAPEX localization

Hela cells were grown in 10 cm dishes and transfected with MCF-
Apex2 using Lipofectamine 3000 (Thermo Fisher). Cells were
trypsinized 10 or 15 hr post-transfection, resuspended in DMEM
and then pelleted at 500 xg. For live HPF cells were centrifuged and
resuspended in 20% BSA in PBS. Cells were pelleted and loaded onto
copper membrane carriers (1 mm x 0.5 mm; Ted Pella Inc) and
cryofixed using the EM PACT2 high pressure freezer (Leica). Cryofixed
cells were processed by FS using an AFS2 automated FS unit (Leica)
using the extended FS protocol as described in Sengupta et al.
(2019). For preparation of samples for cryoAPEX localization, cells
were instead resuspended in 0.1% sodium cacodylate buffer contain-
ing 2% glutaraldehyde for 30 min following trypsinization, washed
three times with 0.1% sodium cacodylate buffer and once with
cacodylate buffer containing 1 mg/ml 3,3'-DAB (Sigma-Aldrich). Pel-
lets were then incubated 20 min in 1 mg/ml DAB (Sigma) and 5.88
mM hydrogen peroxide (EM sciences) in cacodylate buffer, pelleted
and washed twice for 5 min in cacodylate buffer, once with DMEM,
once with DMEM 20% BSA, and pelleted again. These cells were
loaded onto copper membrane carriers and cryofixed as described
before, An extended FS protocol was optimized for the preferential
osmication of the peroxidase-DAB byproduct to ascertain membrane
association of MCF. Briefly, frozen pellets were incubated for 60 hr
at 90 °C in acetone containing 5% water and 1% osmium tetroxide
then at -=20°C for a 6 hour osmication cycle. For FS of direct HPF sam-
ples, pellets were incubated for 24 hr at —~90°C in acetone containing
0.2% tannic acid, washed three times for 5 min with glass distilled ace-
tone (EM Sciences), and resuspended in acetone containing 5% water,
1% osmium tetroxide (OS) and 2% uranyl acetate (UA). Resin exchange
was carried out by infiltrating the sample with a gradually increasing
concentration of Durcupan ACM resin (Sigma-Aldrich) as follows:
2%, 4% and 8% for 2 hr each and then 15%, 30%, 60%, 90%, 100%
and 100% + component C for 4 hr each. Samples were then embed-
ded in resin blocks and polymerized at 60°C for 36 hr. Post-hardening,
planchets were extracted by dabbing liquid nitrogen on the membrane
carriers. Blocks were embedded a second time and hardened at 60°C
for 36 hr. Serial sections, 90 nm thick were obtained using a Leica UC7
microtome. Serial-section ribbons were collected on formvar coated
copper slot grids (EM sciences). Sample grids from HPF processing
were stained for an hour with 4% UA solution in water followed by
Sato's Lead. CryoAPEX samples were not post stained. CryoAPEX
images are representative of between 10 and 20 serial sections of
90 nm thickness that were screened and imaged for each sample.
Screening was carried out using Tecnai-T12 transmission electron
microscope operating at 80 kV and images collected with a Gatan

4K camera.

4.9 | Lipid overlay assays

PIP Strip™ Membranes (Thermo Fisher P23750) were probed as per
the manufacturer instructions. Briefly, the membrane was blocked
for an hour using TBS-T (10 mM Tris-HCI, pH 8.0, 150 mM NaCl,
0.1% Tween-20) + 3% fatty acid-free BSA (Sigma 126609) (TBS-T +
BSA) for an hour at room temperature. The His-tag was removed from
purified MCF and cMCF proteins using Tobacco Etch Virus (TEV) pro-
tease. Membranes were subsequently incubated with 0.5 pg/ml of
either of these proteins in TBS-T + BSA overnight at 4°C and washed
10 times with TBS-T + BSA. The membrane was then reprobed and
washed as before. Bound protein was detected using anti-MCF and
anti-rabbit 1gG antibodies as per the western blotting protocol.

410 | Two dimensional western analysis

Anti-HA pulldowns of dt-fIMCF", dt-cMCF®A-HA, dt-fIMCF, and dt-
cMCF recovered as described above were prepped using the Bio-
Rad ReadyPrep 2-D Cleanup Kit (Bio-Rad 1632130). The samples
were prepared separately and then mixed prior to loading onto an
11 ocm pH 3-10 immobilized pH gradient (IPG) strips (Bio-Rad
1632014) and rehydrated overnight. Isoelectric focusing was run on
a Bio-Rad Protean IEF cell as per the Bio-Rad recommendations. Fol-
lowing IEF, the IPG strip was equilibrated and analyzed by SDS-PAGE

and western blotting.

411 | Mass spectrometry analysis
Protein embedded in gel bands was digested with 200 ng trypsin
(Thermo Scientific) at 37°C overnight. Digest products were extracted
from the gel bands in 50% acetonitrile/49.9% water/0.1%
trifluoroacetic acid (TFA) and desalted with C18 StageTips prior to
analysis by tandem mass spectrometry. Peptides were separated on
an EASY-Spray HPLC column (25 cm x 75 pm ID, PepMap RSLC
C18, 2 um, Thermo Scientific) using a gradient of 5-35% acetonitrile
in 0.1% formic acid and a flow rate of 300 nl/min for 45 min delivered
by an EASY-nLC 1000 nUPLC (Thermo Scientific). Tandem mass spec-
tra were acquired in a data-dependent manner with an Orbitrap Q
Exactive mass spectrometer (Thermo Fisher Scientific) interfaced to
a nanoelectrospray ionization source.

The raw MS/MS data were converted into MGF format by Thermo
Proteome Discoverer

(VER. 1.4, Thermo Scientific). The MGF files were then analyzed by
a MASCOT sequence database search. The search was performed
using fixed modifications of Met oxidation and Cys carbamidomethyl-
ation and variable modifications of Lys acetylation and N-terminal
acetylation. Mass accuracy of 10 ppm on precursor ions and 15 ppm
of fragment ions were allotted. Peptides identified by the MASCOT
search were then manually validated.

To determine the activator of MCF, pulldowns completed on dt-

cMCF®", ectopically expressed in HEK293T cells were analyzed for
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total protein identification by mass spectrometry at the University of
Illinois at Chicago Mass Spectrometry Core.
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Supplemental Figure 1. MCF reproducibly pulls down native ARF1.
HEK293T cells were transfected with dt-cMCF®* in triplicate. For each replicate, MCF was
immunoprecipitated from lysate using anti-HA beads and analyzed by Westemn blot. dt-cMCF®*

was detected by anti-HA and endogenous ARF1 detected by anti-ARF1 antibodies.
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Supplemental Figure 2. MCF does not cleave or directly modify ARF1 or ARF3.

A-G. Bottom-up mass spectrometry was performed on ARF1 and ARF3 samples recovered from
recombinant proteins incubated with (A and B), or anti-Myc IPs (C-G) from HEK293T cells
transfected with and without MCF or MCF®. Modifications that were detected are denoted. Any
modifications found on either ARF1 or ARF3 were not reproducible across replicates.
Furthermore, there were no modifications detected that were found in ARF + MCF samples that

were not found in ARF samples alone and thus not attributable to MCF.
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Supplemental Figure 3. Edman degradation is blocked in MCF recovered from cells.
A. Reads from Edman degradation analysis completed on dt-fIMCF immunoprecipitated from

HEK293T cell lysate using anti-HA antibody. No signal and very little background was detected.

B. Gel of sample used for analysis.
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Supplemental Figure 4. Mass Spectrometry analysis shows MCF is acetylated inside cells.

221



Representative mass spectrometry spectra for each modification detected per population in the
replicates of the two-dimensional analysis of dt-fIMCF expressed in HEK293T cells recovered
by anti-HA IP shown in Supplemental Fig 5. Asterisk above peptide sequence denotes residue

acetylated in that particular spectra.
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Supplemental Figure 5. MCF is N-terminally acetylated inside host cells.

Replicates of two-dimensional gel analysis of dt-fIMCF expressed in HEK293T cells, recovered
by anti-HA immunoprecipitation. Amino acids acetylated in each circled population indicated in
corresponding color on sequence. Representative mass spectrometry data for the acetylations

shown in Supplemental Fig 4.
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Supplemental Figure 6. Golgi staining is more diffuse in cells expressing MCF.
A. Area in um? of Golgi staining by IF measured for individual Cos7 cells ectopically expressing
the specified vector. B.The Golgi of Cos7 cells intoxicated with V. vulnificus strains was scored

on a scale of 1-3 for extent of dispersal. Images representative of the amount of dispersion each

score signifies are shown.
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Calreticulin

Vector Control

cMCF-EGFP

Supplemental Figure 7. MCF does not alter normal endoplasmic reticulum structure.
Cos7 cells were transfected with empty vector or MCF-EGFP (green) for 18 hours, fixed, and

stained for DAPI (blue), and endoplasmic reticulum marker (calreticulin) (red).
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CMCP6 AvwhA CMCP6 AvvhA
No bacteria rtxA1::bla rtxA1::mcf-bla

Zoomed in at 60 min

Supplemental Figure 8. MCF induces fragmentation of host mitochondria
Replicates for cells intoxicated, as in Fig 6, with V. vulnificus strains and stained with Mitotracker.

Images show mitochondria of additional cells across a different experiment at 60 minutes.
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Supplemental Figure 9. Transmission electron microscopy shows Golgi vesiculation induced
by MCF.

A, B. Electron microscopy tomograms taken of HelLa cells ectopically expressing MCF for 10 (A)
or 15 hours (B). A-D. On right, higher magnification of boxed region on left showing Golgi (G),

herniated Golgi (red arrows), vesicles (V). and autolysomes (A).
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anti-CD44

anti-Hsp60

dt-MCF
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Supplemental Figure 10. Western blot of subcellular fractions from HEK 293T cells ectopically
expressing dt-fIMCF. Each fraction probed with standards for membrane (CD-44), mitochondria

(Hsp-60), and nucleus (HistoneH3), and MCF (anti-HA).
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Supplemental Table 1. Sequences of gBlocks used for plasmid construction.

Primer/Gblock

Sequence

A17ARF3

CCTGTACTTCCAATCCAATGCTATGCGCATCCTGATGGTGGGCCTGGATGCC
GCAGGAAAGACCACCATCCTATACAAGCTGAAACTGGGGGAGATCGTCACCA
CCATCCCTACCATTGGGTTCAATGTGGAGACAGTGGAGTATAAGAACATCAG
CTTTACAGTGTGGGATGTGGGTGGCCAGGACAAGATTCGACCCCTCTGGAGA
CACTACTTCCAGAACACCCAAGGGTTGATATTTGTGGTCGACAGCAATGATCG
GGAGCGAGTAAATGAGGCCCGGGAAGAGCTGATGAGAATGCTGGCGGAGGA
CGAGCTCCGGGATGCTGTACTCCTTGTCTTTGCAAACAAACAGGATCTGCCT
AATGCTATGAACGCTGCTGAGATCACAGACAAGCTGGGCCTGCATTCCCTTC
GTCACCGTAACTGGTACATTCAGGCCACCTGTGCCACCAGCGGGGACGGGC
TGTACGAAGGCCTGGACTGGCTGGCCAATCAGCTCAAAAACAAGAAGTGATA
AATTGGAAGTGGATAACGG

A17ARF4

CCTGTACTTCCAATCCAATGCTATGCGCATTTTGATGGTTGGATTGGATGCTG
CTGGCAAGACAACCATTCTGTATAAACTGAAGTTAGGGGAGATAGTCACCAC
CATTCCTACCATTGGTTTTAATGTGGAAACAGTAGAATATAAGAACATTTGTTT
CACAGTATGGGATGTTGGTGGTCAAGATAGAATTAGGCCTCTCTGGAAGCAT
TACTTCCAGAATACCCAGGGTCTTATTTTTGTGGTAGATAGCAACGATCGTGA
AAGAATTCAGGAAGTAGCAGATGAGCTGCAGAAAATGCTTCTGGTAGATGAAT
TGAGAGATGCAGTGCTGCTACTTTTTGCAAACAAACAGGATTTGCCAAATGCT
ATGGCCATCAGTGAAATGACAGATAAACTAGGGCTTCAGTCTCTTCGTAACAG
AACATGGTATGTTCAAGCCACTTGTGCAACACAAGGAACTGGTCTGTATGAAG
GACTTGACTGGCTGTCAAATGAGCTTTCAAAACGTTAATAAATTGGAAGTGGA
TAACGG

A17ARFB6

CCTGTACTTCCAATCCAATGCTATGTTGGGCCTGGACGCGGCCGGCAAGACA
ACAATCCTGTACAAGTTGAAGCTGGGCCAGTCGGTGACCACCATTCCCACTG
TGGGTTTCAACGTGGAGACGGTGACTTACAAAAATGTCAAGTTCAACGTATGG
GATGTGGGCGGCCAGGACAAGATCCGGCCGCTCTGGCGGCATTACTACACT
GGGACCCAAGGTCTCATCTTCGTAGTGGACTGCGCCGACCGCGACCGCATC
GATGAGGCTCGCCAGGAGCTGCACCGCATTATCAATGACCGGGAGATGAGG
GACGCCATAATCCTCATCTTCGCCAACAAGCAGGACCTGCCCGATGCCATGA
AACCCCACGAGATCCAGGAGAAACTGGGCCTGACCCGGATTCGGGACAGGA
ACTGGTATGTGCAGCCCTCCTGTGCCACCTCAGGGGACGGACTCTATGAGG
GGCTCACATGGTTAACCTCTAACTACAAATCTTAATAAATTGGAAGTGGATAA
CGG

ARF1

CCTGTACTTCCAATCCAATGCTATGGGGAACATCTTCGCCAACCTCTTCAAGG
GCCTTTTTGGCAAAAAAGAAATGCGCATCCTCATGGTGGGCCTGGATGCTGC
AGGGAAGACCACGATCCTCTACAAGCTTAAGCTGGGTGAGATCGTGACCACC
ATTCCCACCATAGGCTTCAACGTGGAAACCGTGGAGTACAAGAACATCAGCT
TCACTGTGTGGGACGTGGGTGGCCAGGACAAGATCCGGCCCCTGTGGCGCC
ACTACTTCCAGAACACACAAGGCCTGATCTTCGTGGTGGACAGCAATGACAG
AGAGCGTGTGAACGAGGCCCGTGAGGAGCTCATGAGGATGCTGGCCGAGGA
CGAGCTCCGGGATGCTGTCCTCCTGGTGTTCGCCAACAAGCAGGACCTCCC
CAACGCCATGAATGCGGCCGAGATCACAGACAAGCTGGGGCTGCACTCACT
ACGCCACAGGAACTGGTACATTCAGGCCACCTGCGCCACCAGCGGCGACGG
GCTCTATGAAGGACTGGACTGGCTGTCCAATCAGCTCCGGAACCAGAAGTAA
ATTGGAAGTGGATAACGG

fIARF3

CCTGTACTTCCAATCCAATGGGCAATATCTTTGGAAACCTTCTCAAGAGCCTG
ATTGGGAAGAAGGAGATGCGCATCCTGATGGTGGGCCTGGATGCCGCAGGA
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AAGACCACCATCCTATACAAGCTGAAACTGGGGGAGATCGTCACCACCATCC
CTACCATTGGGTTCAATGTGGAGACAGTGGAGTATAAGAACATCAGCTTTACA
GTGTGGGATGTGGGTGGCCAGGACAAGATTCGACCCCTCTGGAGACACTAC
TTCCAGAACACCCAAGGGTTGATATTTGTGGTCGACAGCAATGATCGGGAGC
GAGTAAATGAGGCCCGGGAAGAGCTGATGAGAATGCTGGCGGAGGACGAGC
TCCGGGATGCTGTACTCCTTGTCTTTGCAAACAAACAGGATCTGCCTAATGCT
ATGAACGCTGCTGAGATCACAGACAAGCTGGGCCTGCATTCCCTTCGTCACC
GTAACTGGTACATTCAGGCCACCTGTGCCACCAGCGGGGACGGGCTGTACG
AAGGCCTGGACTGGCTGGCCAATCAGCTCAAAAACAAGAAGTAAATTGGAAG
TGGATAACGG

cMCF

CCTGTACTTCCAATCCAATGCTATGGGACTAGAGAAAGACTTTAAACGCTATG
GCGACGCGCTGAAACCAGATACGAGCGTGCCGGGTAAATCGAAAGACATTC
GCACCACTAAAGATTTCCTAAATGGTTACAAAAATGACCATGCGAAAGAGATC
GTTGACGGCTTCCGCTCAGATATGAGTATCAAGCAACTGGTGGATCTGTTTGT
TAAAGGTAACTGGAGTGCAGAGCAAAAAGGTGCGCTTGCTTGGGAAATCGAA
AGTCGTGCACTGAAAGTGACGTTCCAGAACAAGTCTGAGAAGTACAACCGAT
TGTTCCGTGAGATTGCTTCTGCTGGCGTGGTGGATGCGAAAGCGACTGAACA
GCTTGCGCCACAGTTAATGCTGCTGAACCTATCGAATGACGGTTTTGGTGGG
CGTTGTGATCCACTTTCTAAACTCGTTTTGGTTGCGAAACAGCTTGAAAACGA
TGGTCAAGTTGGCGTGGCAAGACAACTGCTAGAAAAGATGTACTCTGCGGCA
GCGGTGCTGAGCAATCCAACCCTTTACTCAGACAGTGAAAAAGCCAATGCAA
GCAAGTTGCTCAGCAGCTTGGCGGCCATTCATGCGAAGAACCCAATGCATGA
TACGTCGATGAAAGTGTGGCAGGAAAAGCTGGAAGGGAAGCAAGCGCTGAC
CGTAAACGGTGTGGTTGAGAAAATCACTGATGCATCGGCTAACGGTAAACCT
GTGCTGTTGGAACTTGATGCTCCGGGGCATGCGATGGCAGCTTGGGCAAAA
GGCTCAGGCGACGATCGTGTTTACGGCTTCTACGATCCAAATGCTGGCATCG
TTGAGTTTTCGTCAGCAGAGAAGTTTGGCGACTACCTAACGCGTTTCTTCGGC
AAGTCCGATCTGAACATGGCTCAAAGCTATAAGCTGGGTAAAAACGACGCAG
GTGAAGCAATCTTCAACCGCGTGGTGGTAATGGATGGCAATACATTAGCAAG
CTACAAGCCGACCTTCGGTGACAAGACCACCATGCAGGGGATCCTAGATCTA
CCTGTGTTTGACGCTACACCGATTAAAAAGCCTACGGGTGGAGTCGCGAGCG
ATCTCGAAGCATTGTAAATTGGAAGTGGATAACGG

fIMCF

CCTGTACTTCCAATCCAATGCTATGGCAGCGGTAGAAGCGGGCGAAGTGCTG
AAAGGACTAGAGAAAGACTTTAAACGCTATGGCGACGCGCTGAAACCAGATA
CGAGCGTGCCGGGTAAATCGAAAGACATTCGCACCACTAAAGATTTCCTAAAT
GGTTACAAAAATGACCATGCGAAAGAGATCGTTGACGGCTTCCGCTCAGATA
TGAGTATCAAGCAACTGGTGGATCTGTTTGTTAAAGGTAACTGGAGTGCAGA
GCAAAAAGGTGCGCTTGCTTGGGAAATCGAAAGTCGTGCACTGAAAGTGACG
TTCCAGAACAAGTCTGAGAAGTACAACCGATTGTTCCGTGAGATTGCTTCTGC
TGGCGTGGTGGATGCGAAAGCGACTGAACAGCTTGCGCCACAGTTAATGCTG
CTGAACCTATCGAATGACGGTTTTGGTGGGCGTTGTGATCCACTTTCTAAACT
CGTTTTGGTTGCGAAACAGCTTGAAAACGATGGTCAAGTTGGCGTGGCAAGA
CAACTGCTAGAAAAGATGTACTCTGCGGCAGCGGTGCTGAGCAATCCAACCC
TTTACTCAGACAGTGAAAAAGCCAATGCAAGCAAGTTGCTCAGCAGCTTGGC
GGCCATTCATGCGAAGAACCCAATGCATGATACGTCGATGAAAGTGTGGCAG
GAAAAGCTGGAAGGGAAGCAAGCGCTGACCGTAAACGGTGTGGTTGAGAAA
ATCACTGATGCATCGGCTAACGGTAAACCTGTGCTGTTGGAACTTGATGCTCC
GGGGCATGCGATGGCAGCTTGGGCAAAAGGCTCAGGCGACGATCGTGTTTA
CGGCTTCTACGATCCAAATGCTGGCATCGTTGAGTTTTCGTCAGCAGAGAAG
TTTGGCGACTACCTAACGCGTTTCTTCGGCAAGTCCGATCTGAACATGGCTCA
AAGCTATAAGCTGGGTAAAAACGACGCAGGTGAAGCAATCTTCAACCGCGTG
GTGGTAATGGATGGCAATACATTAGCAAGCTACAAGCCGACCTTCGGTGACA
AGACCACCATGCAGGGGATCCTAGATCTACCTGTGTTTGACGCTACACCGAT
TAAAAAGCCTACGGGTGGAGTCGCGAGCGATCTCGAAGCATTGTAAATTGGA
AGTGGATAACGG
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fIMCF”

CCTGTACTTCCAATCCAATGCTATGGCAGCGGTAGAAGCGGGCGAAGTGCTG
AAAGGACTAGAGAAAGACTTTAAACGCTATGGCGACGCGCTGAAACCAGATA
CGAGCGTGCCGGGTAAATCGAAAGACATTCGCACCACTAAAGATTTCCTAAAT
GGTTACAAAAATGACCATGCGAAAGAGATCGTTGACGGCTTCCGCTCAGATA
TGAGTATCAAGCAACTGGTGGATCTGTTTGTTAAAGGTAACTGGAGTGCAGA
GCAAAAAGGTGCGCTTGCTTGGGAAATCGAAAGTCGTGCACTGAAAGTGACG
TTCCAGAACAAGTCTGAGAAGTACAACCGATTGTTCCGTGAGATTGCTTCTGC
TGGCGTGGTGGATGCGAAAGCGACTGAACAGCTTGCGCCACAGTTAATGCTG
CTGAACCTATCGAATGACGGTTTTGGTGGGCGTGCTGATCCACTTTCTAAACT
CGTTTTGGTTGCGAAACAGCTTGAAAACGATGGTCAAGTTGGCGTGGCAAGA
CAACTGCTAGAAAAGATGTACTCTGCGGCAGCGGTGCTGAGCAATCCAACCC
TTTACTCAGACAGTGAAAAAGCCAATGCAAGCAAGTTGCTCAGCAGCTTGGC
GGCCATTCATGCGAAGAACCCAATGCATGATACGTCGATGAAAGTGTGGCAG
GAAAAGCTGGAAGGGAAGCAAGCGCTGACCGTAAACGGTGTGGTTGAGAAA
ATCACTGATGCATCGGCTAACGGTAAACCTGTGCTGTTGGAACTTGATGCTCC
GGGGCATGCGATGGCAGCTTGGGCAAAAGGCTCAGGCGACGATCGTGTTTA
CGGCTTCTACGATCCAAATGCTGGCATCGTTGAGTTTTCGTCAGCAGAGAAG
TTTGGCGACTACCTAACGCGTTTCTTCGGCAAGTCCGATCTGAACATGGCTCA
AAGCTATAAGCTGGGTAAAAACGACGCAGGTGAAGCAATCTTCAACCGCGTG
GTGGTAATGGATGGCAATACATTAGCAAGCTACAAGCCGACCTTCGGTGACA
AGACCACCATGCAGGGGATCCTAGATCTACCTGTGTTTGACGCTACACCGAT
TAAAAAGCCTACGGGTGGAGTCGCGAGCGATCTCGAAGCATTGTAAATTGGA
AGTGGATAACGG

CMCF°*

CCTGTACTTCCAATCCAATGCTATGGGACTAGAGAAAGACTTTAAACGCTATG
GCGACGCGCTGAAACCAGATACGAGCGTGCCGGGTAAATCGAAAGACATTC
GCACCACTAAAGATTTCCTAAATGGTTACAAAAATGACCATGCGAAAGAGATC
GTTGACGGCTTCCGCTCAGATATGAGTATCAAGCAACTGGTGGATCTGTTTGT
TAAAGGTAACTGGAGTGCAGAGCAAAAAGGTGCGCTTGCTTGGGAAATCGAA
AGTCGTGCACTGAAAGTGACGTTCCAGAACAAGTCTGAGAAGTACAACCGAT
TGTTCCGTGAGATTGCTTCTGCTGGCGTGGTGGATGCGAAAGCGACTGAACA
GCTTGCGCCACAGTTAATGCTGCTGAACCTATCGAATGACGGTTTTGGTGGG
CGTGCTGATCCACTTTCTAAACTCGTTTTGGTTGCGAAACAGCTTGAAAACGA
TGGTCAAGTTGGCGTGGCAAGACAACTGCTAGAAAAGATGTACTCTGCGGCA
GCGGTGCTGAGCAATCCAACCCTTTACTCAGACAGTGAAAAAGCCAATGCAA
GCAAGTTGCTCAGCAGCTTGGCGGCCATTCATGCGAAGAACCCAATGCATGA
TACGTCGATGAAAGTGTGGCAGGAAAAGCTGGAAGGGAAGCAAGCGCTGAC
CGTAAACGGTGTGGTTGAGAAAATCACTGATGCATCGGCTAACGGTAAACCT
GTGCTGTTGGAACTTGATGCTCCGGGGCATGCGATGGCAGCTTGGGCAAAA
GGCTCAGGCGACGATCGTGTTTACGGCTTCTACGATCCAAATGCTGGCATCG
TTGAGTTTTCGTCAGCAGAGAAGTTTGGCGACTACCTAACGCGTTTCTTCGGC
AAGTCCGATCTGAACATGGCTCAAAGCTATAAGCTGGGTAAAAACGACGCAG
GTGAAGCAATCTTCAACCGCGTGGTGGTAATGGATGGCAATACATTAGCAAG
CTACAAGCCGACCTTCGGTGACAAGACCACCATGCAGGGGATCCTAGATCTA
CCTGTGTTTGACGCTACACCGATTAAAAAGCCTACGGGTGGAGTCGCGAGCG
ATCTCGAAGCATTGTAAATTGGAAGTGGATAACGG

CMV7.1.kpnl.A
PEX2.f

ACGATGTTCCAGATTACGCTGGTACCGGAGGAGGATCATCATCA

CMV7.1.kpnl.A
PEX2.r

ACCCGGGATCCTCTAGAGTCGACTGGTACCTTAGGCATCAGCAAACCCAAG
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APPENDIX VI: Syntrophomonas wolfei subsp. methylbutyratica, a first look into the

proteome

INTRODUCTION

The bacteria Syntrophomonas wolfei subsp. Géttingen (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 Goéttingen
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 Mclnerney group at The University of Oklahoma. Cells were
grown axenically on crotonate as S. wolfei subsp Goéttingen 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). lons 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. Gottingen 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 SpoOA” (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. Géttingen. This could potentially help
explain the disparity in the sporulation phenotype between the two subspecies, especially
considering the SpoOA 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. Géttingen studies that were
performed in Chapter 4 of this dissertation. Indeed, it was found that modifications associated
with the B-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 Géttingen strain in
Chapter 4, there is a large amount of modification primarily on enzymes within the B-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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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. \

242



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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Site

Peptide Sequence Gene Tag Gene description (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)
carboxymuconolactone K1(Acetyl);
KQMISAIK MCON_2532 decarboxylase family protein M3(Oxidation)
AIAAIVNKGK MCON_3321 class | fructose-bisphosphate K8(Acetyl)
aldolase family protein
VAKGGANAVLQQK MCON_3321 class | fructose-bisphosphate K3(Acetyl)
aldolase family protein
class | fructose-bisphosphate
GKNADEAIK MCON_3321 ) : K2(Acetyl)
aldolase family protein
GHVVKLGGEK MCON_1326 CO dehydrogenase/acetyl-CoA K5(Acetyl)
synthase subunit delta
ADKITLSDLNK MCON_1326 CO dehydrogenase/acetyl-CoA K3(Acetyl)
synthase subunit delta
CO dehydrogenase/CO-methylating
IATEDDAKDIAALK MCON_1330 acetyl-CoA synthase complex K8(Acetyl)
subunit beta
coenzyme-B
SDKIDLYSDR MCON_0762 sulfoethylthiotransferase subunit K3(Acetyl)
beta
coenzyme-B
TVAVNLAGVEGALKTGK MCON_0762 sulfoethylthiotransferase subunit K14(Acetyl)
beta
coenzyme-B
DQVGIPLDKK MCON_0760 sulfoethylthiotransferase subunit K9(Acetyl)
gamma
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_0s01  PYridoxamine 5'-phosphate oxidase K2(Acetyl)
family protein
tetrahydromethanopterin S-
KQEVFDFGK MCON_1068 methy}'transferase Ssbumt ! K1(Acetyl)
translation elongation factor EF-1 K3(Acetyl);
LLKMVGYK MCON_1649 subunit alpha 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 200mM 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,
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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.
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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
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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) MS? 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
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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).
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