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1 | INTRODUCTION

| Sujun Li

2 | Haixu Tang? | Predrag Radivojac? | James P. Reilly?

Rationale: Proteins undergo post-translational modifications and proteolytic
processing that can affect their biological function. Processing often involves the
loss of single residues. Cleavage of signal peptides from the N-terminus is
commonly associated with translocation. Recent reports have suggested that other
processing sites also exist.

Methods: The secreted proteins from S. aureus N315 were precipitated with
trichloroacetic acid (TCA) and amidinated with S-methyl thioacetimidate (SMTA).
Amidinated proteins were digested with trypsin and analyzed with a high-resolution
orbitrap mass spectrometer.

Results:  Sixteen examples of Staphylococcus aureus secretory proteins that lose an
N-terminal signal peptide during their export were identified using this amidination
approach. The N-termini of proteins with and without methionine were identified.
Unanticipated protein cleavages due to sortase and an unknown protease were also
uncovered.

Conclusions: A simple N-terminal amidination based mass spectrometry approach is
described that facilitates identification of the N-terminus of a mature protein and the

discovery of unexpected processing sites.

D2/H2
formaldehyde have been utilized to label N-termini in quantitative

fragmentation.®  N-Acetoxy-D3/H3-succinamides  and

The N-terminus of a mature protein is often not defined by the
genome sequence from which it is translated. Rather, the
occurrence of post-translational modifications (PTMs) and signal
peptide cleavages can affect the N-terminal sequence and
determine the eventual fate of the functional protein. The
significance of these processes has motivated the growth of the
new field of N-terminomics.® Mass spectrometric methods have
been commonly applied to identify N-terminal residues and their
modifications.2 They often rely on chemical derivatizations using
TMPP
phosphonium), biotin N-hydroxysuccinimide ester (biotin-heavy/
light-NHS) and SATA (N-succinimidyl S-acetylthioacetate).>> SATA
and NHS biotin modified N-terminally labeled peptides can be

reagents such as  heavy/light (trimethoxyphenyl

enriched from complex mixtures. TMPP applies a fixed charge tag

to a peptide, but it is very bulky and can be lost during

proteomics studies.” Unfortunately, for all these cases, coverage of
low-abundance proteins can sometimes be poor.>® An additional
complication is that succinimidyl esters can undergo undesirable
reactions with other nucleophiles such as OH groups, as

chemical -1

demonstrated  in labeling and  cross-linking
experiments.’>?* The advantages of S-methyl thioacetimidate
(SMTA) in this application are that it is small and so it exhibits
good solvent accessibility, it increases the basicity of peptides, and
it does not undergo competing reactions with hydroxyl groups.
Finally, the amidino tag that is created by SMTA reaction facilitates
the formation of by ions that definitively locate the labeling site. It
is of interest to develop novel and efficient approaches to study
proteolytic events in the cell, and in particular to identify N-termini
that result from proteolytic processing of the secreted proteins of

pathogenic bacteria.
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Staphylococcus aureus is an important community-acquired human
pathogen for which multi-drug resistance represents a major
worldwide health threat. Secretion of proteins such as cytotoxins,
enterotoxins, proteases, lipolytic enzymes and peptidoglycan
hydrolases is one of the essential cell functions that makes S. aureus
pathogenic.?>*¢ These proteins are synthesized in the cytoplasm and
translocated outside of the cell by specific secretory pathways.
Distinct N-terminal leader (signal) peptide sequences serve as
determinants for one protein secretory pathway.'”?° However,
there is growing evidence of other secretory pathways that involve
novel processing sites typically at or near protein N-termini. 21,22
Covalent chemical labeling experiments exploit the accessibility of
these sites to identify their locations. We report here the
combination of protein N-terminal amidination by SMTA with high-
resolution mass spectrometry analysis to confidently identify
proteolytic processing sites. The present work describes
methodology for identifying N-termini of S. aureus N315 proteins

that occur in both predictable and unexpected sequence locations.

2 | EXPERIMENTAL

2.1 | Bacterial growth and protein extraction

S. aureus N315 cells were stored as a glycerol stock culture at -80°C in
a freezer. The bacterial cells were streaked on a Brain Heart Infusion
(BHI) agar plate and grown overnight at 37°C. Single colonies were
selected, inoculated in 5mL of sterile BHI broth (37g/L) and
incubated overnight at 37°C in a 250 rpm orbital shaker. Then 1 mL
of this overnight culture was further inoculated in 100 mL of fresh
BHI or Tryptic Soy Broth (TSB) and grown for 6h at 37°C. This
culture was aliquoted in 1mL of 20% (v/v) glycerol stocks and
stored at -80°C until required. The working culture was prepared by
inoculating 100 mL of fresh sterile BHI or TSB broth with 1 mL of
glycerol stock and incubating overnight at 37°C in an orbital shaker
at 250 rpm. A volume of 5mL of this overnight culture was diluted
to 500 mL with fresh BHI or TSB broth and allowed to grow for
6 h at 37°C. This yielded an optical density of between 0.8 and 1.0
at 660nm as measured by UV-visible spectrophotometry. Cells
were pelleted by centrifugation at 8000 rpm for 10min using a
JA10 Beckman Coulter rotor. The cell pellet was discarded, and the
supernatant was filtered through a 0.22 uM Millipore Stericup filter
to remove any residual bacteria. 10% TCA (w/v) was added to the
filtered solution and incubated overnight with continuous stirring at
4°C in order to precipitate soluble proteins. This solution was then
centrifuged at 15,000 rpm for 45min and the resulting protein
pellet was washed with ice-cold acetone at least three times. The
pellet was dried in a vacuum evaporator for 10min and then
resuspended in 400 puL of 100 MM ammonium bicarbonate, pH 8,
for chemical labeling. This solution was clarified by centrifugation at
15,000rpm to remove insoluble precipitates and the protein
concentration was determined by Bradford assay using BSA as

a standard.

2.2 | Chemical labeling of proteins with SMTA

SMTA was prepared by reaction of methyl iodide with thioacetamide
in anhydrous diethyl ether as described by Thumm et al.>®> SMTA
was added to a 500 MM concentration in a 600 pg protein solution
and incubated at room temperature for 2h with continuous slow
vortex. The pH of the reaction mixture was monitored and adjusted
to 7.5-8 every 20 min with 100 mM ammonium bicarbonate and
250mM KOH. Following the labeling reaction, the protein sample
was loaded on a strong cation-exchange (SCX) chromatography
column that had been pre-equilibrated with mobile phase A
consisting of 6 M urea, 20 mM glacial acetic acid, pH 5.0. Following
protein loading, excess unreacted SMTA was washed away with
mobile phase A for 20 min. Proteins were eluted from the column
using a 120 min gradient of 0 to 90% mobile phase B (6 M urea,
20 mM glacial acetic acid, 0.5 M NaCl, pH 5.0). Eluting proteins were
captured on 20 reversed-phase C4 trapping columns. The C4
columns were desalted with 90% 0.1% formic acid (FA) in water and
the trapped proteins were then eluted with 90% ACN, 0.1% FA.
Proteins directed to a Waters fraction collector and the 20 samples
were lyophilized in a vacuum evaporator. Dried samples were re-
dissolved in 25mM ammonium bicarbonate, pH 7.8. Proteins were
reduced with 5 mM DTT and alkylated with 5 mM iodoacetamide.
Trypsin was added to each sample at 1:50 ratio (trypsin/protein) and
incubated for 18 h at 37°C. The digestion was terminated by adding
0.1% FA. Tryptic digests were centrifuged at 14000 rpm before
loading on a reversed-phase C18 column.

23 |
search

Orbitrap mass spectrometry and database

Peptides were analyzed using a Thermo Orbitrap Fusion Lumos mass
spectrometer coupled with a nanoAcquity liquid chromatography
(LC) system. Approximately 1 ug of the peptide was loaded onto a
nanoACQUITY UPLC Symmetry C18 trap column (Waters) in 95%
solvent A (0.1% FA in water (HPLC grade)) and 5% solvent B (0.1%
FA in acetonitrile (HPLC grade)). Peptides were eluted and separated
using a 60-min gradient from 3 to 48% of solvent B at a flow rate of
300 nL/min on a C18 ACQUITY UPLC HSS T3 column (Waters). The
eluent from the C18 column was electrosprayed in positive ion
mode using 1.8 kV voltage. Peptides with the precursor mass in the
m/z range 300 to 2000 with 2 to 7 charges were selected for HCD
activation. The resolution for MS1 was set at 120,000 and HCD
fragment ions were analyzed with a resolution of 30,000. Mass
spectrometry raw data were converted into Mascot generic format
(mgf) using MS Convert software. The mgf files were submitted to
Mascot and searched against the S. aureus N315 proteome database
that was downloaded from Uniprot (https://www.uniprot.org/
proteomes/UP000000751).
tryptic enzyme cleavage (non-specific cleavage at the N-terminus of

Peptides were searched using semi-

the peptide) with a maximum of three missed cleavages. Mass

tolerances for precursor and fragment ions were set to 5ppm and
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0.02 Da, respectively. Variable modifications included methionine
oxidation, and lysine (+41.0265) and N-terminal amidination
(+41.0265). Peptides having a score of greater than 30 with 1% false
discovery rate (FDR) were considered as confident identifications.
Each spectrum that was identified as arising from an N-terminal
amidinated peptide was manually checked to verify that it contained

a by ion with an intensity of at least 10% of the base peak.

3 | RESULTS AND DISCUSSION

3.1 | N-terminal amidination of proteins

In order to identify N-termini, protein samples are derivatized using
the amidinating reagent S-methyl thioacetimidate (SMTA). This
reagent reacts with amine groups at each N-terminus and lysine side
chain.?* Subsequent to the reaction, proteins are enzymatically
digested and peptides that contain an N-terminal amidination label
are identified. A major advantage of using SMTA over NHS esters as
the tagging reagent is that it does not exhibit secondary reactivity
toward protein OH groups.23 It is also relatively small, and reacts
fast and efficiently. Most importantly, N-terminally amidinated
peptides undergo a unique and highly reproducible fragmentation
pattern upon collisional activation. The amidine group at the N-
terminus of a peptide promotes cleavage of the N-terminal peptide
bond to produce a distinctive and intense b, fragment ion.?*2¢ This
is striking because b, ions of unlabeled peptides are generally
unstable and not observed.?” Thus, observation of a b4 ion in
conjunction with other fragment ions in the tandem mass (MS/MS)
spectrum of an amidinated peptide provides clear evidence that the
N-terminus of this peptide was labeled before the enzymatic
digestion step. That indicates that this was an accessible protein
N-terminus.

The experimental workflow is depicted in Figure 1. S. aureus N315
cells were grown to mid-log phase and pelleted out of the culture

medium. Secreted proteins were precipitated from the supernatant

WILEY4Q)¢

solution by the addition of trichloroacetic acid (TCA), then
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resuspended in ammonium bicarbonate buffer and amidinated with
SMTA. Following amidination, intact proteins were separated by
strong cation-exchange (SCX) chromatography and fractionated.
Individual protein fractions were digested with trypsin and the
resulting peptides were analyzed using a Thermo Orbitrap mass
spectrometer. lons were fragmented with high-energy collisional
dissociation (HCD). N-terminally amidinated peptides yield stable b4
fragment ions that appear as intense features in the spectrum.

Initially, proof of concept was demonstrated by identifying N-
terminal peptides from proteins that had undergone either no or
trivial N-terminal processing. Many of these are proteins known to be
highly abundant in the cytoplasm that are not expected to be
exported. Their detection indicates that a small fraction of cells
undergo inadvertent lysis, releasing their contents into the
extracellular medium. Over 35 N-terminal peptides derived from
proteins of this sort were identified and are listed in Table 1.
Amidination was typically found either at the initial methionine or at
the next residue; the latter indicates that excision by methionine
aminopeptidase had occurred. As a representative example, Figure 2A
displays the MS/MS spectrum of the N-terminal peptide of
ribosomal protein L22. The peptide MEAKAVAR is amidinated at
both the lysine residue and at the N-terminus as demonstrated by
the observed peptide mass, the masses of all fragments and, in
particular, the presence of an intense b, ion peak. While the
presence of ribosomal proteins in the extracellular milieu may seem
a little surprising, they are small and abundant and are probably
products of inadvertent cell lysis. Previously, we found that ~3% of
the S. aureus COL cells were lysed during the stationary phase and
that is enough to detect the abundant cytoplasmic proteins in the
extracellular fraction.®

Figure 2B displays the MS/MS spectrum of the N-terminal
peptide PIITDVYAR derived from enolase protein, a glycolytic
enzyme that catalyzes the dehydration of 2-phosphoglycerate (2-PG)
to phosphoenolpyruvate (PEP). This protein has been reported to be

in the cytoplasm and on the cell surface. Its high abundance in the

-
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FIGURE 1 Chemical labeling/mass spectrometry work flow. Secreted proteins were isolated, precipitated with 10% TCA, amidinated with 500
mM SMTA, separated with ion-exchange chromatography, fractionated and digested with trypsin. Mass spectrometry data were acquired using a
Thermo Orbitrap fusion Lumos with HCD fragmentation and a resolution of 120,000 for full MS scans. Raw data were analyzed using Mascot

[Color figure can be viewed at wileyonlinelibrary.com]
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TABLE 1

Amidinated

Spectral counts

Subcellular location

Accession Protein

P99136

Post

Peptide
MA  VKVAINGFGR

Pre
M

No.

Cytoplasm

Glyceraldehyde-3-phosphate dehydrogenase 1

31

19

19

Cytoplasm

Ribosomal protein S2

P66544
P66544
POAOGO
POAOGO
Q7A7B3

R
R
S
S

AVISMKQLLEAGVHFGHQTR

32
33

Cytoplasm

Ribosomal protein S2

MA  VISMKQLLEAGVHFGHQTR

10
27

16
71

Cytoplasm

Ribosomal protein L30

AKLQITLTR

M

Cytoplasm

Ribosomal protein L30

MA  KLQITLTR
SLKSIIR

35
36

Cytoplasm

Ribosomal protein L25

Q

MA
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extracellular matrix is associated with its role in the staphylokinase
activation of plasminogen and pathogen invasion.?® Nevertheless,
the protein does not lose a signal peptide. The MS/MS spectrum of
PIITDVYAR is assigned to the peptide amidinated at the N-terminal
proline following methionine excision. All ion peaks, and especially
the appearance of an intense b, fragment ion, are consistent with
this interpretation. We observed N-terminal peptides from three
different proteins that retained methionine and 30 proteins that had
lost this residue. Some proteins such as phosphocarrier protein HPr,
and ribosomal proteins L15 and L22, appeared in both forms, with
and without their initial methionine. It is known that the E. coli
methionine aminopeptidase (MetAP1) can tolerate a broad range of
amino acids at the second and third position and that cleavage
adjacent to small residues is preferred.??2C A few proteins listed at
the bottom of Table 1 also lose an alanine residue adjacent to the
methionine before their N-termini are amidinated. This has not been
previously reported. It may result from methionine aminopeptidase
activity. Alternatively, we have detected two other aminopeptidases,
cytosol aminopeptidase (ampA) and SA2244 protein, in our
extracellular medium and one of them may be involved. It is worth
pointing out that the extent of N-terminal amidination is not always
100%. This makes sense since the N-terminus is not necessarily
solvent accessible. For example, the N-terminal peptides of
phosphocarrier protein HPr and ribosomal protein L15 are observed
numerous times but are only rarely amidinated. For one, loss of
methionine appears to increase the labeling rate while for the other
protein the opposite is true.

3.2 | SPase I cleavage sites confirmed by N-terminal
amidination

In a previous study we identified signal peptidase cleavage sites by
observing the total masses of exported proteins that remained after
these cleavages had occurred.’® In general, our observations were
very consistent with results from the SignalP 4.1 program that
predicts the presence and location of signal peptide cleavage sites. In
the present work, we were able to observe these signal peptidase
cleavage sites without measuring the masses of whole proteins, but
simply by observing N-terminally amidinated peptides. We were able
to detect 16 known secretory proteins in the extracellular medium
and identify their signal peptidase cleavage sites using this
methodology. These proteins are listed in Table 2. The most abundant
of these as judged by spectral counts include immunoglobulin G
binding protein A precursor, putative surface protein SA2285,
extracellular matrix-binding protein EbhB, immunodominant antigen
A, and uncharacterized proteins. As expected, their SPase cleavage
sites adjacent to standard AXA motifs were confirmed in these
experiments. The amidination rate of the N-termini created by SPase |
cleavage is almost 100% indicating that these sites become very
solvent accessible. Immunoglobulin G binding protein A (SPa) is a cell
wall associated protein that enables bacteria to evade the host

immune response. It is anchored by its C-terminal region and has an
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(A) 7A460 Ribosomal protein L22 (B) P99088 Enolase
MEAKAVARTIRIAPRKVRLVLDLIRGKNAAEAIAILKLTNKASSPVIEK MPIITDVYAREVLDSRGNPTVEVEVLTESGAFGRALVPSGASTGEHEAVELR
VLMSALANAEHNYDMNTDELVVKEAYANEGPTLKRFRPRAQGRAS DGDKSRYLGKGVTKAVENVNEIIAPEIIEGEFSVLDQVSIDKMMIALDGTPNK
AINKRTSHITIVVSDGKEEAKEA GKLGANAILGVSIAVARAAADLLGQPLYKYLGGFNGKQLPVPMMN1S. .

100 s Amidine-MEAKAVAR 100, B Amidine-PIITDVYAR
b|
J 80 E

2 ” 1

] Ya 2z Y

§ 60 2 60-

g g

2 AvV-28 , f w28

g Y| Ak*(am) Y2 EAK(am) 2 404y 2
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100 150 200 250 300 350 400 450 100 zoo 300 m 500 600 700 800 900
mz miz

FIGURE 2 A, MS/MS spectrum of N-terminally amidinated peptide of ribosomal protein L22. B, MS/MS spectrum of N-terminally amidinated
peptide of enolase enzyme whose N-terminal methionine had previously been cleaved by methionine aminopeptidase. (the b, ion peak is off-
scale). The intense b, ions clearly indicate that the proteins are N-terminally amidinated, demonstrating the accessibility of these sites and
exhibiting a key advantage of SMTA as a tagging reagent [Color figure can be viewed at wileyonlinelibrary.com]

LPXTG sortase motif. Signal peptidase cleavage adjacent to a typical
AXA (ANAJAQH) site removes a 36-residue signal peptide as
previously reported.’®?! In the current work we observed the
succeeding peptide AQHDEAQQNAFYQVLNMPNLNADQR 28 times

TABLE 2 Amidinated peptides detected after signal peptide cleavage

10
11

12

13

14

15
16

Accession

P99134

P61598

Q7A5M1

P99160

AOAOH3JPH2

AOAOH3JNR?

AOAOH3JTK?

AOAOH3JPQ1

AOAOH3JINGS

AOAQH3JT93
P68800

Q99SuU9

AOAOH3JK15

AOAOH3JPG2

P65289
Q7A6P2

Protein
Immunoglobulin G
binding protein A

Putative surface
protein SA2285

Extracellular matrix-
binding protein
EbhB

Immunodominant
antigen A

Uncharacterized
protein

Uncharacterized
protein

Glycerophosphoryl
diester
phosphodiesterase

SA1000 protein
Staphylocoagulase
SA0620 protein

Fibrinogen-binding
protein

Staphylococcal
complement
inhibitor

Uncharacterized
protein

Uncharacterized
protein

Lipase 1

Thermonuclease

Pre

A

Peptide
AQHDEAQQNAFYQVLNMPNLNADQR

AENNIENPTTLKDNVQSK

AETNQPASVVKQKQQSNNEQTENR

AEVNVDQAHLVDLAHNHQDQLNAAPIK
ATVHVAGGVWSHGIGKHYVWSYYSHNKR
SETNQKVSTNQESK
EQTNQIANKPQAIQWHTNLTNER
QTKNVEAAKK

IVTKDYSKESR

STQHTVQSGESLWSIAQKYNTSVESIK
SEGYGPR

STSLPTSNEYQNEKLANELK

ASGNSIDTVK

NEEQKSSLLENQK

AEKQVNMGNSQEDTVTAQSIGDQQTR
SQTDNGVNR

Post

m o < <

w

Cleavage
pattern

ANA|AQH

AEA|AEN

AHA|AET

AHA|AEV
AEA|ATV
AEA|SET
AGA|EQT
SHA|QTK
ADA|IVT

AQA|STQ
ADA|SEG

AQA|STS

AEA|ASG

AYA|NEE

AQA|AEK
ANA|SQT

Spectral
counts

28

12

16

NN A O

12

and it was amidinated 89% of the time. The MS/MS spectrum in
Figure 3A displays an excellent match to this peptide; observation of
the intense by ion confirms that the peptide is amidinated at its N-
terminal amine. The C-terminal portion of this protein provided a

Amidinated
25

10

16

o~ N b O

12
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P99134 Immunoglobulin G-binding protein A
Signal peptide

Signal peptidase cleavage

MKKKNIYSIRKLGVGIASVTLGTLLISGGVTPAANA Y AQHDEAQQNAFYQVLNMPNLNADQRNGFIQSLKDDPSQSANVLGEAQKLNDSQAPKADAQQNNFNKDQQ
SAFYEILNMPNLNEAQRNGFIQSLKDDPSQSTNVLGEAKKLNESQAPKADNNFNKEQQNAFYEILNMPNLNEEQRNGFIQSLKDDPSQSANLLSEAKKLNESQAPKADNKF
NKEQQNAFYEILHLPNLNEEQRNGFIQSLKDDPSVSKEILAEAKKLNDAQAPKEEDNKKPGKEDGNKPGKEDGN KPGKEDNKKP GKEDGNKPGKEDNNKPGKEDGNKPG
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FIGURE 3 Mass spectra demonstrating the N-terminal amidination of S. aureus N315 secreted proteins. A, MS/MS spectrum of the N-terminally
amidinated peptide from immunoglobulin G-binding protein A. Its N-terminus became accessible for labeling following a normal signal peptidase
cleavage. B, MS/MS spectrum of an N-terminally amidinated peptide from the same protein. Its N-terminus became accessible for labeling
following cleavage by sortase at an LPXTG site [Color figure can be viewed at wileyonlinelibrary.com]

more interesting observation. The N-terminally amidinated peptide
GEENPFIGTTVFGGLSLALGAALLAGRRREL was identified from the
spectrum in Figure 3B. Although this LPXTG cleavage by sortase has
already been reported, this particular peptide has not been previously
observed.3! Amidination may facilitate its detection. The mass of the
peptide, and the appearance of multiple b-type ions including the
prominent by fragment ion peak, confirm that its N-terminus is
labeled. This spectrum was recorded 123 times over the course of
eight experiments reflecting the abundance of this peptide in the
extracellular medium. It was amidinated in every case. Sortase
reportedly cleaves and anchors other surface or cell wall associated
proteins including fnbA, fnbB, clfA, clIfB, sdrC, sdrD, sdrE and pls.

Unamidinated peptides from these proteins were observed but we did

not detect C-terminal peptides that characterize the sortase cleavage
site.32 This may not be surprising since Mazmanian et al*? did indicate
that peptides C-terminal to this cleavage site are degraded.

Probable transglycosylase (IsaA) is a housekeeping protein that
is non-covalently bound to the cell wall. Its high immunogenic

properties make it a potential target for immuno-therapy
development.3® A mature form of the protein is secreted after
of the 29-residue signal peptide MKKTIMASSLAVAL
GVTGYAAGTGHQAHA. As displayed in Figure 4A, the resulting
peptide AEVNVDQAHLVDLAHNHQDQLNAAPIK was

always N-terminally amidinated. The spectral match was excellent and

removal

observed

the plethora of b- and y-type ions including the intense b, ion

confirmed this assignment. Observation of this signal peptide cleavage
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FIGURE 4 A, MS/MS spectrum of an N-terminally amidinated peptide of IsaA protein confirming another normal signal peptidase cleavage site.
B, MS/MS spectrum of an N-terminally amidinated peptide from the same protein demonstrating an unexpected internal cleavage site. (note that
the b4 ion peak is off-scale) [Color figure can be viewed at wileyonlinelibrary.com]
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is consistent with previous reported results.*®3* Much more
interestingly, we observed another cleavage in the middle of this
protein following residue 130 (AVS'*°|APT). As shown in Figure 4B,
the peptide APTYHNYSTSTTSSSVR was detected with an N-
terminally amidinated alanine. The MS/MS spectral match was again
excellent, and numerous b- and y-type fragment ions including an
intense b, ion peak substantiate this peptide assignment. This
cleavage, which has not been previously reported, was observed in
multiple replicates and probably occurs during translocation of the
protein into the extracellular matrix. Although it is not near the protein
N-terminus, the cleavage site (AVS]) somewhat resembles a standard
AXA| signal peptidase motif, suggesting that this protein may be
processed twice for different biological functions. While less than 5%
of the peptides identified in our sample were found to be N-terminally
amidinated, this particular peptide was amidinated 28 of the 47 times
that we observed it in eight separate experiments. As noted above, we
are amidinating folded proteins or protein fragments and labeling sites
are not always completely accessible. Consequently, we often detect
peptides whose N-termini are in both labeled and unlabeled states.
Nevertheless, definitive observation of an N-terminally amidinated
peptide implies that cleavage had occurred before the labeling
reaction. In eight separate experiments, we observed 36725 total
PSMs and 365 proteins. Out of 365 proteins, 116 proteins were
labeled at N-termini including the unexpected middle proteolytic
cleavages. However, many peptides from the N-termini of exported
proteins were not observed. This may be because of their
inaccessibility or because near the N-termini of proteins there are
often multiple lysine and arginine basic residues that could lead to
very small peptides or an array of partially labeled and partially
unlabeled peptides.

Approximately 30 proteins found in the extracellular medium
contained unexpected proteolytic cleavages of this sort, presumably
associated with their extracellular transport. In all cases these
internal cleavages were identified through the observation of N-
terminally amidinated peptides whose MS/MS spectra contained b4
ions. Corroborating peptide and top-down protein mass
spectrometric evidence of all of these observations will be presented
in a subsequent publication. Future work will be aimed at
investigating whether any cytosolic proteins also display these
unexpected internal cleavages or whether they are confined to
exported proteins. We also aim to identify cleavage mechanisms and
determine the effects that this processing has on Staphylococcus

aureus protein function.

4 | CONCLUSIONS

Pathogenicity of S. aureus is expedited by the secretion of a variety of
toxic proteins and enzymes into the external environment. This
intrinsic protein secretion is associated with known and unknown
secretory pathways including those that produce N-terminal signal
peptides. The chemical labeling/mass spectrometry methodology

presented in this work facilitates the identification of secreted

mature proteins and the determination of their cleavage sites. When
N-terminally amidinated peptide ions fragment they generally yield
distinctive by ions that assist in their identification. N-terminal
amidination also probes the solvent accessibility of the pre- and
post-processed protein N-terminus. Besides identifying secreted
protein cleavage sites that had been expected, a number of
unforeseen cleavage sites have also been observed. Future
experiments of this type will investigate the prevalence of these
unexpected processes with the eventual goal of determining the

mechanisms and reasons for their occurrence.
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