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ABSTRACT

Recent developments in shotgun proteomics have enabled high-throughput studies of

a variety of microorganisms at a proteome level and provide experimentatioalifda

predicted open reading frames in the corresponding genome. More importantly egdvanc

in mass spectrometric data analysis now allow mining of large proteoniésetiafor the
presence of post translational modifications (PTMs). Although PTMs arecalcagpect
of cellular activity, such information eludes cell wide studies conducted aatisetipt
level. Here we analyze several mass spectrometric datasets dacpimng two

dimensional liquid chromatography tandem mass spectrometry, 2D-LC/MS/MBefor t
sulfate reducing bacteriurDesulfovibrio vulgaris Hildenborough. Our searches of the
raw spectra led us to discover several post translationally modified peptldes in
vulgaris. Of these, several peptides containing a lysine with a +42 Dalton (Da)
modification were found reproducibly across all datasets. Both acetylation a
trimethylation have the same nominal +42 Da mass, and are therefore enftid#tis
modification. Several spectra were identified having markers for trifagton, while

one is consistent with an acetylation. Surprisingly, these modified peptides pradtiyn
mapped to proteins involved in sulfate respiration. Other highly expressed prot@ins in
vulgaris, such as enzymes involved in electron transport and other central metabolic
processes, did not contain this modification. Decoy database searches were used to
control for random spectrum/sequence matches. Additional validation for these
modifications was provided by alternate workflows, for example, two-diroealsgel
electrophoresis followed by mass spectrometry analysis of the dessingiulfite
reductase-subunit (DsrC) protein. MS data for DsrC in this alternate workflow also
contained the +42 Da modification at the same loci. Furthermore, the DsrC homolog i
another sulfate reducing bacteriuh,desulfuricans G20, also showed similar +42 Da
modifications in the same pathway. Here we discuss our methods and implications of

potential trimethylation in thB. vulgaris sulfate reduction pathway.

Key words: iTRAQ, SRB, DsrC, trimethyl-lysine, acetylation, PTMs
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INTRODUCTION

Desulfovibrio vulgaris Hildenborough belongs to the sulfate reducing class of
bacteria (SRB). Recently, interest in the physiologl ofulgaris has been heightened
due to its potential in bioremediation applications at toxic and radioactivé meta
contaminated sites. Before bioremediation strategies can be implemepttiv ey,
however, cellular models must be developed that capture the complex relationships
between the environment and the desired metabolic activity. Techniques such as genom
sequencing and transcriptomics were developed as a first step toward such
comprehensive cellular analysis. Yet, following extensive study, it waswieed that,
while these techniques formed an important foundation, much of cellular behavior
remained unexplained. Technological and analytical advances in mass spegtromet
based protein studies have resulted in high-throughput analyses of a variety of
microorganisms at a proteomic leV&lwith shotgun proteomics emerging as a popular
and powerful methdd®. Consequently vast amounts of mass spectroscopic data are now
available that can be mined to obtain many different types of information about the
source organisms. The use of rigorous data analysis methods allows for highly accurate
high-throughput identification of peptides. At the most fundamental level, thesesstudi
provide valuable experimental validation for the presence of the predicted prdieins
critical feature inherently contained in these datasets that eludes olveidegbrofiling
methods is post translational modifications (PTMSs).

Proteomics studies have formed an important part of the several cell-widesstudi

focused on understanding cellular respongbenanaerobic organisB. vulgaristo a
variety of growth condition's®**, Utilizing the iTRAQ workflow and 2D-LC/MS/MS, a
large number of shotgun proteomics datasets were collected. Using thes¢sdata
Mascot MS/MS lon searches, including decoy database searches, werdembimuc
identify potential PTMs iD. vulgaris. Recently, a number of similar studies have been
reported in other organisifd”. Many PTMs are known to play critical roles in bacterial
regulation. Methylations are known to be involved in bacterial signal transduction,
especially in chemotaxis systefsut have also been shown to be involved in protein
translatiod® *”. Acetylations in bacterial systems have been shown to regulate enzyme

function™® as well as participate in signal transductiorRecent studies of acetylation in
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eukaryotic systems have revealed many acetylation sites beyond thsxsa pre

histones, suggesting that they play a role in many key metabolic furfétfdns!-

terminal protein modification has been shown to be involved in protein maturation and
has been implicated in controlling protein halfiffe Additionally, oxidation of histidine
residues has been shown to be a mechanism for providing transcriptionaf&ontrol
Despite the fact that phosphorylations are known to be important in signal transduction
mechanisntd and stasfS, they are chemically labile and do not lend themselves to
detection following the sample handling techniques utilized. Likewise, gliatmmns

and lipid modifications are less abundant in prokaryotes, but have been identified in
various species and cause a variety of cellular effetts However, these modifications
require specific isolation methods to be studied. All of these modifications have been
found ubiquitously in all organisms, not only bacteria, and have been shown to have
varied and diverse functions in protein activity and regul&tidh Thirty-five amino

acid modifications were selected for inspection in this study. One primeug was the
investigation of amino acid oxidations, given that two of the four samples had undergone
oxidative stress. Protein methylation, acetylation, and N-terminal matibins were
targeted for study because they are among the most commonly f3fimthemically

stable modifications and are known to be involved in biologically relevant phenomena.
Additionally, in vitro modifications or adducts were examined to investigate the role of
sample preparation in protein modification events. Many modifications expected to be
chemically labile, present in low abundance, or requiring specific isolatidrodsetvere
not considered here. The methods used to search the proteomics daasatiyafis

for PTMs are outlined. Further, validation of these results was provided by conducting
decoy searches and by mining orthologous datasets acquired using differefawgorkf
Interestingly, many PTMs were discovered in the sulfate reduction pgthna the

implications of these modifications are discussed.

METHODS
Biomass production. Desulfovibrio vulgaris Hildenborough (ATCC 29579) was
grown in a defined lactate (60 mM)/sulfate (50 mM) medium, L'Sd4Bder a variety of

different stress treatments or growth conditions. To minimize sub-culturinggdurin

Page 4 of 34



© 00 N O o A WDN P

W W RN NNDNNNDNNDNNNDNIERIERIERERPRE R R R pRp R
P O © 0 N O O B W NRPO © 0 N O 0l W N R O

experimentationD. vulgaris stocks stored at -80°C were used as a 10% (% is v/v unless
otherwise indicated) inoculum into 100-200 mL of fresh LS4D medium to produce starter
cultures, and the cells were grown to mid-log phase;¢gID3 — 0.4). Fresh starter
cultures were used as 10% inoculum into 1-3 L biomass production cultures and grown at
30°C. All production cultures were grown in triplicate. In each condition, both control
and stress treated cultures were grown. Cells were allowed to grow to ah dgtisity
of approximately 0.3 prior to application of the treatment condition. The treatmamts we
as follows: 250 mM nitrate for 8 hodfgDataset 1), 0.1% oxygen exposure for 4 hurs
(Dataset 2), and air stress at both 2 and 4 fAb(Pstaset 3). Control cultures were
treated with an equivalent volume of water (Dataset 1) or bubbled with prepurified
nitrogen (Datasets 2 and 3). Biomass collection occurred immediately fadj dine
specified treatment time, and sample processing and chilling times fords@aléection
were minimized by pumping samples through a metal coil immersed in an icesbath a
described previously'® The chilled samples were harvested via centrifugation, flash
frozen in liquid nitrogen, and stored at -80°C until analysis. AdditionalD\algaris
sample grown for 96 hours under conditions promoting biofilm formation was compared
to a 96-hour culture employing standard planktonic growth conditions, and proteomics
data obtained from this sample (Dataset 4) was also used (Clark and Redding,
unpublished data). No additional stress treatment was applied to this biofilm sample
Proteomics sample preparation and data acquisition. Sample preparation,
chromatography, and mass spectrometry for iTRAQ proteomics wererpedas
described previously. Briefly, frozen cell pellets from triplicate 50 mL cultures were
thawed and pooled prior to cell lysis. Cells were lysed via sonication in lyses buff
composed of 4 M urea with 500 mM triethylammonium bicarbonate (TEAB), pH 8.5
(Sigma-Aldrich), and the clarified lysate was used as total cefutdein. Sample
denaturation, reduction, blocking, digestion, and labeling with isobaric reagents were
performed according to the manufacturer’s directions (Applied Biosystearsjriggtham,
MA). For the nitrate stress experiment (Dataset 1),.lp0f protein was labeled with 3
separate labeling reagent vials, whereag@0f protein were labeled with a single
reagent vial for all other samples. Strong cation exchange (SCX) chgrayaty was
used to separate the ITRAQ-labeled samples into 21-23 salt fractions. Fraetiens
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desalted using fg MacroSpin Columns (Nest Group, Southborough, MA), dried, and
separated on a PepMap10Q €&verse phase nano-LC-MS column (Dionex-LC
Packings, Sunnyvale, CA) using an Ultimate HPLC with Famous Autosampler and
Switchos Micro Column Switching Module coupled with an ESI-QTOF mass analyzer
(QSTAR® Hybrid Quadrupole TOF, Applied Biosystems) as previously desctibad
2-hour gradient from 0-25% acetonitrile was used. Two product ion scans weotecbl
for each cycle with a 1-s accumulation time. A threshold of 50 counts was required for
ions to be selected for fragmentation. Parent ions and their isotopes were excoded f
further selection for 1 minute, with a mass tolerance of 100 ppm. Typical masscgccura
achieved for these data sets was 50 ppm, thus peptide modification by acetylstisn ve
trimethylation (discussed below), a difference of 0.036 Da, could not be distinguished
based on mass measurement alone.

MS/MS dataset analysis. The data mining approach is shown in Figure 1. Peak lists
(m/z vs. intensity) were generated for the resulting spectra from everydiunalivi
LC/MS/MS file using the Distiller program (version 2.1, Matrix Scienag Boston,

MA), with parameters given in Supplementary Table 1. Peak lists from indivitksal fi
were then merged for each stress condition to form Datasets 1, 2, 3 and 4, which were
used for all subsequent analysis. The only exception was Dataset 3, where two of the
LC/MS/MS files (strong cation exchange fractions 7 and 10) contained sdansowi

data, rendering the Distiller program unable to handle these files withouaima
intervention. Consequently, these two files were omitted from the analysis. eiprot
search database was generated from a FASTA file containing all thieg@RF
sequences db. vulgaris (obtained from microbesonline.dfg2005-02-08 upload, 3632
genes) appended with trypsin, bovine serum albumin, and ovalbumin. Identical search
parameters were used in all cases, which were as follows: tryptic meptttieup to 1
missed cleavage site were considered, the precursor ion m/z tolerance atas-s2d0

ppm, and the product ion m/z tolerance was set at +/- 0.2 Da. Modifications were
considered either as static (where all occurrences of the given aminoeaexpacted to

be modified, e.g., chemical alkylation of cysteine) or variable (whergitiea@ amino

acid may be present in both modified and unmodified forms, e.g., oxidation of

methionine). The choice of static and variable modifications varied according to the
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search conducted. The datasets were submitted initially to a prelirMiaaiopt search
against théd. vulgaris protein database. The preliminary search allowed for
modification of primary amines by the iTRAQ reagent (lysine residuépaptide N-
terminus) and alkylation of cysteines (methyl methane thiosulfonate fas@&a 1 and 2,
and carbamidomethylation for Datasets 3 and 4) as static modifications. 8thibmmne
oxidation to sulfoxide and iTRAQ labeling of Y were also allowed as variable
modifications. Further searches used the same criteria with the followdapt®ns:
where additional possible modifications on K, C, or protein N-terminal residues were
allowed, iTRAQ labeling and alkylation were considered as variable moafisat
additional modifications were considered as variable modification in individaedrses
as specified (Supplementary Table 2).

Potential amino acid modifications were identified from literature and oné¢beatv

unimod.org, ionsource.com, and abrf.org (Delta Mass database). In all, 35 modifications

were selected for analysis. As Dataset 1 represented the most compeeheakisis in
terms of the number of proteins identified and spectra collected, MS/MS pediolists
Dataset 1 were submitted to Mascot in 22 additional searches with discké$esoPT
interest specified. Structures of the considered modifications are shown in
Supplementary Figure 1, with accompanying parameters listed in Supplenieatite 2.
Results (peptide sequences, modifications, match scores, etc) were expoxiesl,to E
where sequences were filtered to retain only the top scoring match for eeichrapeith
an expectation value 0.05. This corresponds to a match score at the 95% confidence
interval of the Mascot scoring scheme for a given search. Searchesavitlitlaout
additional modifications specified (searches 1 and 11, Supplementary Table 2)seere
performed against a reversed sequence database generated fdovutbaris database
to confirm that this score cutoff yielded an acceptable false discovery\Atere
multiple equivalently scoring matches from a given spectrum exceedetitéshold, the
match with the highest protein score was retained. In cases whesmarmdification
may occur at more than one location within the matched peptide sequence, only the
highest scoring isomer is reported. The numbers of peptides from Datasatd dach

amino acid modification and passing the filter criteria were counted, amelsiiés are
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shown in Table 1. A list of all modified peptide sequences indicated in Table 1 is given
in Supplementary Table 3.

The modifications were further classified to distinguish between likely baabg
modifications (n vivo) as compared to those likely caused by sample handhngro).
In vivo modifications that returned the greatest number of peptides were idergified a
"target modifications”, which were P(+18), K(+28), D/E(+14), K(+42), as aseN-
terminal modifications of methylation, formylation, and acetylation, andlinitia
methionine cleavage. Peak lists from the other three Datasets were thetedubjec
separately to Mascot searches with the target modifications specifieditifRegeptides
having the target modifications were exported to Excel and filtered as fasddd. The
numbers of peptides having each amino acid modification and passing the filtex crite
were counted, and the results are shown in Table 2. A list of all modified peptide
sequences indicated in Table 2 is given in Supplementary Table 4. Raw spectra were
extracted from Dataset 1 for the peptides containing a K(+42) modificdgotified in
at least two samples, and the sequence assignments were manuallydvalidate

Peptides that passed the filtering criteria (top scoring match, ekpactalue< 0.05)
and were identified as protein N-terminal sequences for each datassteareli
Supplementary Table 5. The number of each category of N-terminal modifioats

counted and is listed in Supplementary Table 6.

RESULTS

Amino acid modifications - post translational (in vivo) vs. artifacts (in vitro). This
study used four 2D-LC/MS/MS iTRAQ proteomics datasets acquired as paevaiys
studies foD. wulgaris. The initial Mascot survey of the four datasets indicated that
Dataset 1 was the most comprehensive in terms of number of spectra acquired and total
proteins identified. Therefore, this dataset was used as the benchmark to elaluate t
extent of known side reactions and other experimental artifacts, in addition to providing a
first pass for profiling predominant modifications. The complete list of the 3Bcaaaid
modifications considered (excluding protein N-terminal modifications), and #ile tot
number of unique sequences that passed the filtering thresholds from Dataset 1 is

reported in Table 1. As shown, 6175 peptides were identified in Dataset 1 containing
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only the expected modifications of K- and peptide N-terminal iTRAQ labelinghwhic
represents about 18% of the 33,477 submitted queries. It is known that the ITRAQ

reactive group, comprised of an NHS-ester, may also have a side reaction ogitietyr

residues. Approximately 5% of the peptides returned were identified to have an iTRAQ-

labeled Y, which is slightly higher than previously repottedPrior to evaluating
potential PTMs, it is critical that potential labeling side reactions andfibeercy of all
sample preparation reactions be examined to ensure that the appropriate tioodiface
included in the search space without needlessly increasing it. This is int@asta
increases in search space lead to increases in the threshold required tofpesstipe
criteria, which may mask the presence of actual PTMs.

To evaluate the labeling efficiency of peptide primary amines@gsand N-
terminus), a separate Mascot search was performed, in which iTRAQ labeing &f-
terminus was allowed to be variable. In this search, a total of 6220 unique peptide
sequences passed the filtering thresholds. Of these, 309 (~5%) were diasthigving
an unlabeled peptide N-terminus. A total of 2665 sequences contained one or more
lysines, and of these, only 14 (~0.5%) were identified as having unlabeled K. Thk ove
trend observed is that iTRAQ labeling is highly efficient for K side chains, ImticigeN-
termini are slightly less reactive. This observation is important for fusghectrum
interpretation, as will be shown. Labeling of S or T by iTRAQ was neghgédd
expected. No iTRAQ labeling of C was observed, which was consistent with thieafiact
the C residues are always reduced and blocked prior to labeling. The efficiency of
cysteine modification was evaluated by performing a search allowingufiable methyl
methane thiosulfonate (MMTS) modification of cysteine. In this case, only dpspti
were returned having unmodified cysteines, indicating that alkylation haddindee
proceeded to completion.

Several amino acid modifications that are most likely experimentidsti(but
cannot be completely ruled out as post-translational) were observed in Dathsse
include pyroglutamine formation from N-terminal Q (76 peptides), dearardafiN or
Q (443 peptides total), and oxidation of M to methionine sulfoxide (118 peptides).
Pyroglutamine formation is promoted by acidic conditions and likely occurreigditne

chromatography steps, which were performed at a pH of 3. Deamidation of Nand Q i
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known to occur at physiological pH, consequently deamidation could have odecurred
vivo orinvitro. Interestingly, there appears to be a preference for deamidation of N (345
peptides) versus Q (98 peptides), which has been reported prefiouisiy also possible
that the deamidation observed was due to an experimental artifact whE(® pleak was
incorrectly selected for MS/MS analysis. However, this does not explaobfesved
preference for a +1 Da mass shift on N-containing peptides - an equivalent number of
and Q amino acids are present in the identified sequences, which should have produced a
comparable number of N-and Q-containing peptides it¥eeak was selected for

analysis. Methionine oxidation to methionine sulfoxide is known to occur during sample
handling and storage; however, it can also otTuivo™.

Peptides identified with these modifications were then examined to detefmine
modified peptides tended to occur along with the unmodified counterpart. Artifacts of
iTRAQ modified tyrosine and methionine sulfoxide were generally observed waiitim
an unmodified counterpart, while this was not the case for pyroglutamine and
deamidation modified peptides. In total, peptide sequences with such chemical
modifications represent more than 10% of the sample. Because additional modgicati
were not considered in the current search set, the total fractinwitrfo modified
peptides in this sample may be higher. Such a study highlights the importance of
minimizing chemical side reactions so that the biological modificationsanmmasked.

Many modifications, such as methylations and certain oxidations/hydtioxga
are more likely to be post translational modifications rather ithsitro side-reactions.

The most extensive of these reactions identified in Dataset 1 were hyaring§84
peptides), methylated D/E (69 peptides), dimethylated K (21 peptides), and a +42 Da
modification on K (18 peptides) (Table 1). The +42 Da modification is consistent with
either acetylation or trimethylation, as they have the same nominal instssuld also be
noted that although the search for methylation of N and Q residues returned 23 peptides,
on a per residue basis this is estimated to be only approximately 12 identifi¢e#ions

23 matches divided by 2 amino acids). As is evident, the total number of modified
peptides having biologically relevant modifications is far fewer comparsitle-

reactions. Following the identification of the most prevalent modifications tasBil,

the remaining three datasets were examined for these modificatidoie Z)a
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In addition, the N-terminal characteristics of the peptides in all fouselstavere
examined to assess if the initial methionine was intact and if the terminus was
methylated, formylated, or acetylated. Overall, approximately 50% aletieeted
protein N-termini were identified having the initial methionine cleaved (Soppieary
Table 6). Very few matches were returned with additional modifications, imdjdagt

further protein N-terminal modification does not appear to be extensivevirigaris.

Assessment of PTM assignment accuracy. While the probabilistic scoring functions
built into search algorithms such as Mascot or SEQUEST aid the user in elginati
random sequence matches, a certain statistical percentage of féise mentifications
are made and a certain percentage of spectra are discarded as fisesie§ Mascot
expectation value of § 0.05 was utilized as the cutoff threshold for accepting peptide
results to minimize false positive results. Additionally, several revdatabase searches
were performed to estimate the resultant false positive rate. Spkgifihe preliminary
search and a search including the +42 modification on K (see searches 1 and 11,
Supplementary Table 2) were repeated against a reversed sequence detadrased
from theD. vulgaris database. After applying the same filtering criteria, the number of
reversed sequences reported was divided by the number of peptides reported in the
original search. Based on this strategy, the false discovery ratstasated to be 2-3%.
While reverse database searches are useful for determining the numlber of hi
returned by random chance in a given search space, this false positive rdte must
equally applied to all sequences returned by the search. Thus, this technique cannot be
applied either to confirm or discount results for the subgroup of modified peptides
returned by the search. In order to gauge the number of modified sequencely typical
returned at random by a given search, a different type of decoy search plageein
This series of searches was analogous to searches 11 and 12 (Supplemerg&) Tabl
where iTRAQ modification to each peptide N-terminus and alkylation of iogst@vere
considered static modifications, while methionine oxidation to sulfoxide and iTRAQ
labeling of Y were allowed as variable modifications. ITRAQ labeling ofas also
allowed as a variable modification along with one of 17 different “false” nuadifin

mass shifts, ranging from 1 — 43 Da (see Supplementary Table 7). The massesisea
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were chosen to minimize the chances that they may correspond to the addition of known
chemical groups (i.e., 5, 13, 20 Da). Such a search strategy serves as a nagabive c
where only random matches are returned, providing a baseline measurement for the
number of hits identified by random chance. This is a similar approach to the PTM
frequency matrix proposed by Pevzner and coworkers, applied on a smalléf.sthle
median number of hits returned in these 17 decoy searches was 8 (Supplemengary Tabl
7). This gives further validation that at least the majority of peptides figentrith

K(+28) and K(+42) modifications are nonrandom and deserve further scrutiny.

Of the predominant PTMs in the four datasets examined in this study, the +42 Da
modification on lysine appeared most consistently on six distinct peptide(s)etreat
reproducible across the four datasets and passed manual spectrum evaluatimmaiddi
modified proteins were identified having a +42 Da lysine modification in only oreof t
four datasets. These proteins are listed in Supplementary Tables 3 and 4, but were not
investigated further. The six modified peptides of interest mapped to theifa|Bw
vulgaris proteins: ApsA, ApsB, Sat, DsrC, and RplIK (Table 3). It is noteworthy that all of
these proteins, with the exception of RplK, are involved in dissimilatory sulfateticduc
in D. vulgaris. Based only on the nominal mass shift of 42 Da, the modification may
either be an acetylation or a trimethylation. Previous mass spectromoelissof
peptides containing acetylated and trimethylated lysine residues have slabwn t
particular MS/MS marker ions can be used to confirm the modified amino acid identity
and to distinguish between the two modificatBri& In particular, peptides containing a
lysine modified by an acetylation may have an immonium ion at m/z 126. The
unmodified lysine immonium ion originally has a nominal mass of 101 Da, but then can
undergo an ammonia-elimination reaction yielding an immonium ion at m/z 84.
Trimethylated lysines, on the other hand, produce product ions which may undergo a
neutral loss of 59 Da, corresponding to the loss of trimethyl-amine, which does umot occ
for acetylated peptides. Manual examination of the MS/MS data was perfansal f
six peptides (from Dataset 1) to confirm the location and, where possible, the type of
modification on each of these peptides.

ApsB was identified with 52% sequence coverage, and one peptide was identified
having a +42 Da modification. The MS/MS data for peptide SADSIMWTVK(+42)FR
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(precursor ion m/z 542.8 from ApsB are shown in Figure 2a. The b and y-ion series
covers the majority of the peptide sequence and definitively localizes the #h2a€3a
shift to the TVK residues within the peptide. The fact that the K was not labetbd by
ITRAQ reagent strongly supports that it is the K and not the T or V with the +42 Da
modification; the efficiency of iTRAQ labeling on lysine residues wam to be
99.5%, which would suggest that the K was already blocked from further modificati
Furthermore, the sequence SADSIMWTVKFR contains a missed trypaicagle site.
Although trypsin cleaves C-terminal to R and K, cleavage is known to be inhibited at
modified K site&®. Indeed, an unmodified form of this peptide was observed as
SADSIMWTVK, having an iTRAQ labeled lysine residue. Taken together, the data
support a 42 Da modification on K10 within this peptide. The presence of 59 Da neutral
losses from thegyand y sequence ions in this peptide indicates that the modification is
most likely trimethylatioff.

The DsrC protein was identified with 93% sequence coverage. Two modified
peptides, LK(+42)EVYELFPSGPGK, and ESEGISDISPDHQK (+42)IIDFLQXY
were observed on this protein. MS/MS data were observed both for the modified
LK(+42)EVYELFPSGPGK sequence as well as an oxidized form,
LK(+42)EVYELFPS(+16)GPGK; however, this sequence was never observed without
the +42 Da mass shift. A spectrum from the oxidized form, having a parent molecular
weight of m/z 637.28, is shown in Figure 2b. The sequence coverage is quite high, and
indicates definitively that the oxidation occurs on the S residue. In this casdzthe +
modification is localized to the KE residues within the peptide. Again, following the
above logic, if the K were not modified then it should have been iTRAQ labeled, and
trypsin should have cleaved the LK residues away from the remaining pesmiicknse.
Further inspection of the modified MS/MS spectrum reveals the presence rafl &ve
Da neutral losses from the b ion series, indicating that the modificatiorinseghtylation
on the N-terminal end of the peptide. The MS/MS data for
ESEGISDISPDHQK(+42)IIDFLQDYYK are shown in Supplementary Figure 2a.
Despite the length of this sequence, y and b-ion series are present fdirthseguence
except the HQKII subsequence, which localizes the +42 Da mass shift to tbis regi

Again, it is important to note the presence of the missed cleavage and laclAQf iITR
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label as indications that the K is the most likely modified residue. Both
ESEGISDISPDHQK and IIDFLQDYYK were independently observed in their
unmodified forms, suggesting that the missed cleavage was not a random event.
However, in this case, the spectrum does not allow discrimination betweemaetyl
and trimethylation.

Additional MS survey scans for the peptides SADSIMWTVKFR from ApsB and
LKEVYELFPSGPGK from DsrC were identified having precursors 14 Da lauwerass
than the +42 Da modified precursors. These precursor ions had also been subjected to
MS/MS, and Mascot analysis returned the same sequences (SADSIMWTVKFR and
LKEVYELFPSGPGK) but modified by +28 instead of +42 Da at the first K in each of
these peptides. The +28 Da mass shift most likely corresponds to dimethylattar, fur
substantiating that the +42 modification identified for these peptides corresponds t
trimethylation.

The presence of the sulfate adenyltransferase, Sat, was confirmeatifyirde
this large protein with 83% coverage. The peptide VILSGTK(+42)LR, having a
precursor ion molecular weight of m/z 586°87s shown in Figure 2c. Complete
sequence coverage by the b and y-ion series localizes the modification tchi7 in t
peptide. Of note, this spectrum contains a fairly prominent ion at m/z 126, which has
been previously shown to be a marker for acetyl&tiéh Additionally, this peptide
spectrum does not contain any observed 59 Da neutral loss products.

ApsA was identified with 86% sequence coverage, and the MS/MS spectrum for
the modified peptide DGYGPVGAWFLLFK(+42)AK, having a precursor molecula
weight of m/z 700.38, is shown in Supplementary Figure 2b. The sequence coverage is
complete, definitively localizing the +42 Da modification to K14 in the peptide. An
immonium ion at m/z 143 is also present, which corresponds to a +42 Da modified K.
Again, the K modification has inhibited cleavage by trypsin. Although the amino acid
sequence N-terminal to this peptide is RFK and the C-terminal sequencepaptiie is
KAK, neither of the peptides FKDGYGPVGAWFLLFK or
FKDGYGPVGAWFLLFKAK is observed, strongly supporting the conclusion that the

missed cleavage is not a random event. In this case, the peptide sequence was not

Page 14 of 34



© 00 N O o A WDN P

W W N RN NDNDNNDDNNNNDNDIRERERRRRR B R
P O © 0 N O U1 & W N P O © 0 ~N o 0l A W N B O

observed with an unmodified counterpart. Unfortunately, the MS/MS spectrum does not
provide evidence to discriminate between acetylation and trimethylation in ptidepe

One modified lysine residue was identified in RplK. The spectrum for
TMEQK(+42)GMITPVVITVYADR is shown in Supplementary Figure 2c. This
spectrum has a nearly complete series of fragment ions that lochézeedification to
the QK residues of the peptide. Again, the peptide contains a missed cleavagthsite
lysine residue, which is not iTRAQ labeled, suggesting that the lysine is thaedodif
amino acid. A second peptide,
LQIPAGAANPSPPVGPALGQHGLNIMAFCK(+42)EFNAK, was also returnedthg
Mascot search algorithm for multiple samples with an expectation value dgo0€©5b
threshold. However, the match did not pass manual inspection due to poor spectrum
quality.

It should be acknowledged that several known PTMs have the same nominal mass
shift as single amino acid substitutions. Single amino acid substitutions become
especially prevalent when working with lab strains that have been reyeatéiated
over many generations, leading to a divergence between the strain bemgeskand
the sequenced strain used to generate the protein database. In the presensvssilethi
is expected to be minimal because the lab strains utilized in this studpbtareed
directly from the ATCC stock that provided the original sequence. Culturing ptetoc
were specifically designed to ensure that the biomass used for anyrexesias within
three subcultures from the original ATCC stock. Furthermore, in many diaggestic
marker ions were observed in the spectra that support the presence of proposedPTMs, a

described above.

Assessment of the +42 Da modification in SRP from alternate workflows. In order to
ensure that the observed modifications were not artifacts associated WiERA®@ i
workflow in the four datasets analyzed, selected mass spectrometryotiatsvty
alternate work flows were also analyzed. As was the case with the préwiodstasets,
this data was generated as part of separate experiments and was testaslpart of this
study. These data further confirmed the presence of modified lysine mesidueteins

ApsB, ApsA and DsrC. In the first workflow, twi®. vulgaris strains were created
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incorporating a Strep tag at the terminus of either ApsA or ApsB. A St Talumn
(IBA, Gottingen, Germany) was used to isolate each of these proteins, alongyvith a
interacting proteins following standard procedft¢€hhabraet al., in preparation).

After reduction, alkylation and tryptic digestion, the resulting peptide mtueze
analyzed by LC/MS/MS and peptide sequences were identified by Mascothesisgme
criteria outlined in the Methods above. Three peptides were confirmed irthese
wlgaris samples: SADSIMWTVK(+42)FR from ApsB with a precursor m/z of 494.9
DGYGPVGAWFLLFK(+42)AK from ApsA with precursors at both m/z 9G%.and
604.3* and ESEGISDISPDHQK(+42)IIDFLQDYYK from DsrC having precursors at
both m/z 961.% and 721.%". Note that because iTRAQ labeling was not performed for
these samples, the precursor ions for each of these sequences appear at different m

values than those reported in Figure 2 and Supplementary Figure 2, even when the same

precursor charge state was observed. This is important confirmatory eviskrauise it
precludes the possibility that a particular contaminant at a given m/z vatupresent in
one case, and caused a false positive match to one of these modified sequences. In a
second set of experiment3, vulgaris proteins were resolved by two-dimensional
electrophoresis. The spots were cut out, digested in-gel with trypsin, and thesprotei
were identified using a peptide mass fingerprint approakchparticular, the DsrC

protein was observed to contain the peptide LK(+42)EVYELFPSGPGK as wh# as
oxidized form of this peptide. Tandem mass spectra were acquired on this peptide and
found to be consistent with the conclusions presented above, namely: the spectrum
localized the 42 Da mass shift to the LK peptide N-terminal subsequence, thatbse

of several 59 Da neutral loss product ions indicates that the modification is kabst i
trimethylation, and the oxidized peptide version has the +16 Da modification within the

PSG subsequence.

Assessment of the +42 Da modificationsin D. desulfuricans G20, another SRB. The
majority of the +42 Da PTM maps to sulfate reducing proteifx wlgaris, where an
earlier analysis of the genes encoded by sulfate reducing bacteriatedgdeat these
were among the signature gehe$o find out if this modification was more generally

applicable to other SRB, the proteomeébakulfovibrio desulfuricans G20 was examined
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to assess if the +42 Da modification could also be detected. G20 biomass was grown in
LS4D, and the cellular lysis, denaturation, and reduction were performed ussagribe
protocols used foD. vulgaris, with the exception that the cysteine residues were blocked
with iodoacetamide for 30 min. Examination of the sulfate reducing homologs ientif
the +42 Da modification on two analogous peptides in G20, namely the
LK(+42)QVYELFPSGPGK peptide from DsrC and the DGYGPVGAWFLLFK(+42)AK
peptide from ApsA. Although the spectra produced in this study were unable to provide
sufficient evidence to distinguish between trimethylation or acetylation, éseqe of

these modifications was establishedirdesulfuricans G20, even where the peptide
sequences differ slightly from those observeD.inulgaris. Thus, the presence of these

modifications in other homologous sulfate reducing pathways was confirmed.

Additional PTMs. Determining which modified peptides were observed in multiple
datasets allowed targeted selection of seven peptides having a K(+42) modifiat

which six passed manual inspection/confirmation. A similar analysis wasmped for

the other modified peptides of interest, revealing 11 peptides containing K(+28), 23
peptides having P(+16), and 22 peptides with D/E(+14) mass shifts. The sequence data
are summarized in Supplementary Table 8, where the peptides are grouped by
modification type and sorted by sequence length. However, the median sizeadpepti
observed with the K+42 modification was 16, while it was much smaller for the .others
This may be because these other modifications do not inhibit trypsin activitingea
shorter sequence lengths overall. Interestingly, in no other case wegnéfiaasit

number of modified proteins found to belong to members of the same pathway. While it
may be that these are legitimate modifications containing interestirggylwal stories,

we elected not to pursue them as part of this study.

DISCUSSION

Regulation at the protein level is being recognized as an integral component of
cell wide functions and post translational modifications form an important partsaf the
regulatory processes. However, very little is yet known about any PTDsvutgaris.

Thirty-five modifications of interest were identified from literaturel @atabases and
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four large proteomics datasets were screened for them. While seversiviETs/
identified using this data-mining technique, a +42 Da modification on lysine residise
the only modification that appeared consistently across multiple datasetst4PhDa
mass shift was reproducibly identified on 6 distinct peptides, where each ntashfica
was represented in at least two separate datasets. Decoy seatghime residues
further confirmed the specificity of these results. Interestinglyntaerity of these
modifications mapped to proteins that were linked functionally, being members of the
sulfate reduction pathway (SRP). The candidates involved in sulfate reductiontappea
be highly abundant evidenced by both high absolute mRNA féweld many peptide
observations in proteomics datasets. However, the presence of this modification on the
SRP proteins cannot be attributed to high abundance, as other pathways that appear to be
similarly abundant did not display this modification. In fact, the only exceptiamgm
the 1100 proteins identified was for RplK, the ribosomal subunit L11, which had one +42
modification site. Two factors supported the physiological relevance of thisicabidih
in the sulfate reduction pathway. This modification was observed in multiple tdatase
from orthologous work flows, and homologs of the SRP protein in the closely rBlated
desulfuricans also contained modified lysine residues at the same loci.

All organisms contain assimilatory sulfate reduction complexes, which ethable
incorporation of sulfur into metabolites. However, in SRB where sulfate als® serve
an electron acceptor and is postulated to be the primary source of energy, the
dissimilatory SR¥ is encoded by signature genes conserved across all SRS
annotated SRP iD. vulgarisis depicted in Figure 3. The first step, required in all sulfate
utilization pathways, assimilatory or dissimilatory, is the conversion tdtsuhto the
activated intermediate adenylyl sulfate (APS), and is effected vsutfage
adenylyltransferase (Sat), also called ATP sulfurjfas@nce formed in the
dissimilatory pathway, APS is reduced to sulfite via the APS reductaggdeogm
comprised of ApsA and ApsB. For the final conversion of bisulfite to sulfide, the
bisulfite reductase, also referred to as dissimilatory sulfite reski¢Ezsr) or
desulfoviridirt®, is the primary protein complex involVEdThe most interesting
discovery in this study is that each of the enzymatic steps in the sulfatéoadu

pathway delineated above contains at least one lysine residue with the +42atiodific
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In almost all cases, the modified lysine loci as well as the neighbodogsee are
highly conserved. Exceptions to this include the K78 of DsrC and the K382 of Sat;
however, in these instances the locus harbors a positively charged residue.

It is difficult to assess the impact of a PTM on the function of a protein with no
information about its structure. The only protein in this pathway that has beenlizgdtal
in any organism is Dsr&>% To obtain a better understanding of the implications of the
protein modifications, crystal structures from the homologous DsrC proteins were
investigated. Thércheoglobus fulgidus DsrC has the highest homology to ihe
vulgaris DsrC sequence and was used as the scaffold for modeling (Figure 4B). As the
model shows, the modified lysines appear on two distinct faces of the three dimensiona
structure and are both present on helices. A helical wheel rendering of thestegredi
helices also show them to be amphiphilic with the modified lysine on the charged face
(Figure 4C). Previous studies of protein methylation revealed that trimigbnytan
stabilizea-helix structure¥. It is therefore interesting to speculate that the purpose of
these modified lysines may be to stabilize the charged face of the heéXDsf@
enzyme irD. wlgaris forms part of the DsrABC compl&k although this may not be the
case in the\. fulgidus®. DsrC is also predicted to interact with the DsrMKJOP
complex*®®  As both the PTMs point outward rather than inward, a modification at
either of these positions may impact protein-protein interactiofise regions important
for these protein-protein interactions need to be elucidated to validatgpbthésis.

In this study, several of the +42 Da modifications observed appear to be
trimethylations primarily associated with sulfate reductioDirulgaris. Many putative
methyl- and acetyltransferases have been annotatedin thgaris genome, providing
potential pathways capable of generating these modifications. Although iTab&{hg
allowed determination of total protein expression in stressed relative to control
conditions® *> the individual peptide data was not sufficient to determine whether these
modifications occurred as a function of the stress treatments. Biochemd=dee needs
to be found to establish the presence and physiological relevance of these PTMs
unequivocally. For non-model organisms sucbaaulgaris, recent advances in genetic

tools provide the means for such follow up w8r. The discovery of this modification
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in multiple proteins of this critical pathway and in another sulfate redbeiotgria

makes it an ideal candidate for such experimental validation.
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FIGURE CAPTIONS

Figure 1. Flowchart for identifying protein post-translational modificationg-our
LC/MS/MS datasets (approximately 86,040 spectra) fr@msulfovibrio wulgaris
Hildenborough were peakpicked using MatrixScience Distiller and ciedieto a
preliminary Mascot search. Dataset 1 was identified as s comprehensive file, and
was used to screen all other modifications. The efficiencieFRAQ labeling and
cysteine blockage were evaluated to ensure that the most apgrge@ath space was
utilized. MS/MS peak lists were submitted to Mascot in 23 sepa@arches using
different static and variable modificationsin vivo modifications with the greatest
number of peptides were identified as "target modifications*1®) K(+28), D/E(+14),
K(+42). Peak lists from the other three datasets were dthdilly submitted to separate
Mascot searches with the target modifications specified. $&mgtra were extracted
from Dataset 1 for modified peptides identified in at leasi tlatasets and sequence

assignments were manually validated.

Figure 2. QStar ESI-MS/MS data (A) Peptide (iTRAQ)SADSIMWTVKZ)FR from
ApsB. The peptide fragmentation pattern localizes the modificasitimet TVK residues
within the peptide. The fact that the K10 of this peptide is not PRabeled (0.5%
occurrence) and that this represents a missed trypsin cleateageth suggest that K10
has been modified. Further, the presences&9and y-59 ions is consistent with this
modification being a trimethylation event occurring on the C-terminal etitegieptide.
(B) Peptide (iTRAQ)LK(+42)EVYELFPS(+16)GPGK(TRAQ) from B&  This
fragmentation series localizes the modification to the KE amands within the peptide.
This peptide likewise contains a missed tryptic cleavage and2hmerains unlabeled by
ITRAQ reagents, suggesting that the lysine is the labeidu® In this case, the b-ion
series contains several -59 losses Ity bs), which is indicative that the modification is a
trimethylation on the N-terminal end of the peptide. This peptile fzs an oxididation
on the S10 residue, which is clearly identified from the ioreseifhe unoxidized form
of this peptide was also identified, although this peptide was nevewetseithout the
+42 modification. (C) Peptide (iTRAQ)VILSGTK(+42)LR from Satn this spectrum,

the fragmentation series is complete and clearly localizesmodification to the K7
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residue. Unlike the previous two examples, there is a strong immoioin at 126.1,
which has been shown to be a marker for acetylation. Consistanthg, there are no

59 Da losses present in the spectrum.

Figure 3. A diagram of the known sulfate reduction pathway (SR®).iwulgaris. The

chemical structures of intermediates of the SRP are shown. mEszgompleting the
intermediate steps are given. The percent coverage fopeatetin is shown, along with
the corresponding modified peptides that were identified. As caneloe eeery major

member of this pathway has at least one peptide containing a modified lysilue resi

Figure 4. DsrC Modeling (A) A ClustalW alignment of DsrC proteins fronultple
organisms is showrD. vulgaris and D. desulfuricans G20 are shown, and the high
homology between them can be noted. The additional proteins in gmenaht were
selected based on the fact that crystal structures have beeibatkdor these DsrC
proteins. (B) Model of DvH DrsC using tiA@cheoglobus fulgidus DsrC as template, as
it has the highest homology of the crystallized DsrC proteinscafisbe observed, both
of the modified lysine residues point away from the DsrC protséifit (C) A view of
the residues involved in the helices containing the modified residuesh d8 these

helices are amphipathic.
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Figure 3.
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Figure 4.
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Table 1. Summary of amino acid modifications found in Dataset 1 searches. Each unique
peptide sequence was counted only once, where the same sequence modified in 2
different ways would count as 2 sequences. Supplementary table 2 lists the paramete
used in each search specified.

Putative Amino Delta # Unique Results from
Modification Acid Mass (Da) Sequences Search #
K and/or 144 6175 1
N-term
. Y 144 318 1
ITRAQ s 144 1 9
T 144 2 9
C 144 0 3
pyroglu N-term Q -17 76 4
deamidation N 1 345 5
Q 1 98 6
. C-term 22 4 7
sodium adduct DE 29 17 7
. C-term 38 5 8
potassium adduct DE 38 47 8
M 16 118 1
M 32 7 10
C 16 1 10
C 32 12 10
oxidation C 48 2 10
P 16 34 16
F 16 11 20
H 16 7 21
W 16 1 22
K 14 11 12
K 28 21 12
R 14 11 15
methylation R 28 15 15
H 14 13 13
DE 14 69 14
NQ 15 23 17
C 14 5 19
trimethylation or K 42 18 11
acetylation
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Table 2. Summary of amino acid modifications found for Datasets Eath unique
peptide sequence was counted only once, where the same sequence nrodified
different ways would count as 2 sequences. Supplementary Téble the parameters
used in each search specified.

Putative Amino Delta # Unique Sequences Results from
Modification Acid Mass (Da) | Biofilm Air 0o, Search #
K and/or 144 4573 2745 610 1
N-term
iITRAQ Y 144 55 29 13 1
M 16 567 168 35 1
oxidation P 16 75 55 30 16
K 14 10 5 3 12
K 28 28 33 6 12
methylation DE 14 57 80 25 14
trimethylation K 42 16 9 5 11
or acetylation

Table 3. Specific sequences found modified with K(+42) in multiple samples passing
manual inspection.

Protein Sequence Sample| Score
ApsB SADSIMWTVK(+42)FR biofilm | 8.30E-03
adenylylsulphate reductase 3 nitrate |7.70E-03
DVU0846 0o, 1.50E-03
ApsA DGYGPVGAWFLLFK(+42)AK air 5.50E-09
adenylylsulphate reductase o biofilm | 6.70E-09
DvU0847 nitrate | 6.70E-09
0, 1.60E-08
Sat VILSGTK(+42)LR air 7.20E-04

sulfate adenylyltransferase
DVU1295 nitrate | 4.70E-04
ESEGISDISPDHQK(+42)IIDFLQDYYK air 7.10E-05
DsrC biofilm | 3.70E-04
dissimilatory sulfite nitrate |2.30E-06
reductase y LK(+42)EVYELFPSGPGK biofilm | 4.00E-04
DVU2776 nitrate | 7.50E-04
o, 2.20E-04
RplK TMEQK(+42)GMITPVVITVYADR biofilm | 2.70E-08
ribosomal protein L11

DVU2924 nitrate |4.70E-07
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Several proteomic mass spectrometric datasets were acquired usingmathog
LC/MS/MS workflows in the sulfate-reducing organidbesulfovibrio vulgaris
Hildenborough. These datasets were mined for post translational modificatadiag|
to the discovery of many modified peptides. Several peptides contained adedylate
trimethylated lysine residues in proteins belonging to the sulfate reductromgyat
(SRP). The SRP is encoded by genes unique to sulfate reducing bacteriauiféiere s

serves as the primary electron acceptor.
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adenylytransferase reductase A/B sulfite reductase
a5, .
isulfi . sulfide
sulfate APS < bisulfite e >
VILSGTK(+42)LR A: DGYGPVGAWFLLK(+42)AK  ESEGISDISODHQK(+42)IIDFLODYYK
B: SADSIMWTVK(+42)FR LK(+42)EVYELFPSGPGK
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