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We report covalent attachment via a thiol ester linkage of 3,5-dimethoxy-4-hydroxycinnamic
acid (sinapinic acid or SA) to cysteine-containing protein biomarkers from bacterial cell lysates
of E. coli analyzed by matrix-assisted laser desorption/ionization (MALDI) mass spectrometry
when using SA as the matrix. Evidence to support this conclusion is the appearance of
additional peaks in the MS spectra when using SA, which are absent when using a-cyano-4-
hydroxycinnamic acid (HCCA). The additional peaks appear at a mass-to-charge (1/z) ~208
greater to the m/z of a more abundant protein ion peak. Protein biomarkers were identified by
tandem mass spectrometry (MS/MS) using a MALDI time-of-flight/time-of-flight (TOF-TOF)
mass spectrometer and top-down proteomics. Three protein biomarkers, HdeA, HdeB, and
homeobox or YbgS (each containing two cysteine residues) were identified as having reactivity
to SA. Non-cysteine-containing protein biomarkers showed no evidence of reactivity to SA. MS
ions and MS/MS fragment ions were consistent with covalent attachment of SA via a thiol
ester linkage to the side-chain of cysteine residues. MS/MS of a protein biomarker ion with a
covalently attached SA revealed fragment ion peaks suggesting dissociative loss SA. We
propose dissociative loss of SA is facilitated by a pentacyclic transition-state followed by
proton abstraction of the p-hydrogen of the bound SA by a sulfur lone pair followed by
dissociative loss of 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-ynal. The apparent reactivity of
SA to cysteine/disulfide-containing proteins may complicate identification of such proteins,
however the apparent differential reactivity of SA and HCCA toward cysteine/disulfide-
containing proteins may be exploited for identification of unknown cysteine-containing

proteins.
Spectrometry
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assisted laser desorption/ionization (MALDI) has

found numerous applications in the dynamic field of
mass spectrometry (MS). MALDI-MS is now used in the
analysis of synthetic polymers [3], in bottom-up [4] and
top-down [5] proteomics, in microorganism identification [6,
7], in differential tissue imaging (healthy versus diseased) or
in mapping drug distribution [8], in DNA oligonucleotide
analysis [9], etc. Although MALDI has been coupled with a
number of different mass analyzers (ion traps [10], FT-ICR
[11], hybrid instruments [12-14], the most significant combi-
nation has been with time-of-flight (TOF) instruments [15],
and more recently with tandem TOF instruments (TOF-TOF)
[16, 17].

Since its development in the late 1980s [1, 2], matrix-
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In spite of the increasing number of MALDI-MS
applications, two fundamental aspects of MALDI
have remained relatively constant. First, a high inten-
sity laser pulse is used to simultaneously desorb and
ionize matrix and analyte molecules, transferring
them from the condensed solid phase to the gas
phase. Second, the matrix must not chemically react
with the analyte molecules. Chemical reactions be-
tween the matrix and analyte molecules would be
highly undesirable as it would alter the chemical
composition of the analyte molecules and probably
their masses. Chemical reactions between the matrix
and analyte molecules could render data analysis
extremely complex if not impossible. Typically,
MALDI matrices are weak organic acids having low
vapor pressure, are solids at room temperature, and
absorb at near-UV wavelengths. The most common
laser wavelengths for MALDI are 337 nm from a
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pulsed nitrogen laser or 355 nm from the third
harmonic of a pulsed YAG laser.

MALDI-TOF-MS has found utility both as a research
tool for the rapid identification of bacterial microorgan-
isms from MS profiles of intact cells or cell extracts [6, 7,
18-31]. MALDI generated ion peaks of modest-sized
protein ions collectively constitute a characteristic pat-
tern or “fingerprint”, which can be used to distinguish
microorganisms at the level of genus, species, sub-
species, and even strain [32-34]. Pattern recognition
algorithms are used to compare spectra of unknown mi-
croorganisms to that of a spectral database of known
microorganisms [35-37]. Possible limitations of pattern
recognition data analysis are primarily related to vari-
ables that could affect spectral reproducibility, e.g.,
matrix selection, laser wavelength, ion transmission
efficiency of mass analyzer, sample preparation, culture
conditions, etc. Presumably, pattern recognition data
analysis could also be affected by the chemical reactiv-
ity of the matrix. Such reactivity could alter the ob-
served pattern or “fingerprint.” Differences in chemical
reactivity of MALDI matrices toward proteins could
significantly complicate pattern recognition analysis
due to the appearance of additional peaks when using
one matrix versus another. This issue is particularly
relevant when attempting higher taxonomic resolution,
where a single protein biomarker may distinguish one
strain from another closely-related strain [34].

An alternative approach to MALDI-TOF-MS analysis
for microorganism identification involves utilizing in-
formation contained in bacterial genomic databases,
specifically the molecular weights (MWs) of in silico
putative proteins [38-43]. This approach attempts to
correlate protein biomarker ion m/z to the MWs of in
silico proteins derived from genomic databases. Limi-
tations of this approach are that the microorganism (or
a closely related strain) must be genomically sequenced.
In addition, in silico protein MWs in genomic databases
may not always correspond to the MWs of mature
proteins because of post-translational modifications
(PTM). In consequence, the matched proteins are not
definitively identified but only tentatively assigned. De-
finitive protein identification would require sequence-
specific information from MS/MS analysis. Matrix/
protein reactivity could also complicate bioinformatic
identification of a microorganism.

Fragmentation of a protein biomarker to obtain
sequence-specific information represents a further exten-
sion of this bioinformatic approach to identification
[44-46]. Demirev et al. definitively identified Bacillus
atrophaeus and Bacillus cereus, from pure and mixed
cultures, by MS/MS fragmentation of intact protein
biomarkers of these microorganisms using a tandem
TOF mass spectrometer [45]. Software and algorithms,
developed in-house, were used identify proteins (and
source microorganisms) by comparing the m/z of
MS/MS fragment ions to a database of in silico frag-
ment ions derived from bacterial protein sequences and
associated MWs [45]. A similar top-down proteomic
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approach was used by Fagerquist et al. to identify
protein biomarkers of different species of Campylobacter
[46]. Web-based software, developed in-house, employs
a simple peak matching algorithm for comparison of
MS/MS fragment ions to in silico fragment ions as well
as incorporating Demirev’s P value algorithm for pur-
poses of comparison. In addition, the software allowed
comparisons of MS/MS fragment ions to residue-
specific in silico fragment ions, e.g., D-, E-, P-specific
residues, in contrast to a non-residue-specific compari-
son, i.e., all in silico fragment ion comparison [46].

In the current study, we have identified covalent
attachment of 3,5-dimethoxy-4-hydroxycinnamic acid
or sinapinic acid (SA) via a thiol ester linkage to
cysteine-containing protein biomarkers from bacterial
cell lysates during MALDI-TOF-TOF mass spectrome-
try. Covalent attachment was confirmed by the appear-
ance of additional peaks when using SA that were not
observed when ionizing by a-cyano-4-hydroxycinnamic
acid (HCCA) suggesting a differential reactivity be-
tween these two matrices. The additional peaks were
observed to have a m/z 208 greater than that of a
prominent adjacent peak. MS/MS of these additional
peaks also revealed fragment ions with and without SA
attachment suggesting dissociative loss of the adduct by
cleavage of the thiol ester bond. A pentacyclic transition-
state and rearrangement is proposed to result in disso-
ciative loss of the SA. The USDA web-based software
was used to identify protein biomarkers with (and
without) attached SA. Only cysteine-containing protein
biomarkers appeared to react with SA. Three cysteine-
containing protein biomarkers from a pathogenic and a
nonpathogenic strain of E. coli were identified. Portions
of this work were presented previously in an oral
presentation on June 2nd 2009 at the 57th ASMS Con-
ference on Mass Spectrometry and Allied Topics [47].

Experimental
Bacterial Cultivation

Two E. coli strains were used in this study: E. coli
0157:H7 strain RM1272 (EDL933) and a non-O157:H7,
nonpathogenic E. coli strain RM3061. E. coli O157:H7
strain RM1272 (EDL933) was originally isolated from
raw hamburger associated with hemorrhagic colitis
outbreak in 1982 and was genomically sequenced in
2001 [48]. EDL933 was generously provided by Jim
Keen (USDA, Clay Center, NE). RM3061 was isolated
by Dan Mills from Romaine lettuce as part of a USDA
microbiological survey of produce conducted in 2002.
RM3061 was analyzed using a Biolog Microstation
microbial ID (Hayward, CA) and identified as a non-
0157:H7 E. coli. RM3061 is also negative for Shiga toxin
1 (stx), Shiga toxin 2 (stx,.pcs StXoey, SEXye), intimin (eae),
hemolysin (ehly), and subtilase (subA) by polymerase
chain reaction (PCR). Strains were preserved at —80 °C
in Microbank beads (Pro-Lab Diagnostics, Richmond
Hill, ON, Canada). The strains were propagated on LB
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agar (Becton Dickinson, Sparks, MD). Inoculated agar
plates were incubated overnight at 37 °C.

Bacterial Protein Extraction

Bacterial protein extraction has been described in detail
previously [32-34]. In brief, bacterial cells were har-
vested with a 1 uL loop and transferred to screw-top
conical tube containing 0.5 mL of 67% water, 33%
acetonitrile, and 0.1% trifluoroacetic acid (TFA) at a pH
of 2-3. Approximately 40 mg of 0.1 mm zirconia/silica
beads (BioSpec Products Inc., Bartlesville, OK) were
added to the tube, after which it was capped, bead-beat
for 60 s and centrifuged at 10,000 rpm for 5 min.

MALDI-TOF-TOF Mass Spectrometry

MALDI-TOF-TOF analysis has been described in detail
previously [46]. Briefly, equal volumes of bacterial cell
lysate supernatant and saturated solution of MALDI
matrix (67% water, 33% acetonitrile, and 0.1% TFA)
were mixed in a snap-cap Eppendorf tube and a 0.5 pL
aliquot was spotted onto a stainless steel 384-spot
target. The two MALDI matrices utilized for this study
were 3,5-dimethoxy-4-hydroxycinnamic acid (MW =
22421 Da) also known as sinapinic acid (SA) and
a-cyano-4-hydroxycinnamic acid (HCCA) (MW =
189.17 Da). MS data were collected in linear mode and
MS/MS data were collected in reflectron-mode using a
4800 TOF-TOF proteomics analyzer (Applied Biosys-
tems, Foster City, CA). The mass spectrometer is
equipped with a pulsed solid-state YAG laser (repeti-
tion rate: 200 Hz, A = 355 nm, pulse width: 5 ns). The
instrument was externally calibrated in positive linear
mode using bovine insulin (MW = 5733.58 Da), E. coli
thioredoxin (MW = 11,673.47 Da), and horse heart
apomyoglobin (MW = 16,951.55 Da), in reflectron-
mode using the y-type fragment ions of glu'-fibrino-
peptide B (MW = 1570.60) at m/z 175.120 and 1441.635.
MS analysis was conducted in linear mode with posi-
tive ions accelerated from the source at 20 kV and
traveling an effective field free length of 1.5 m before
striking a multichannel plate detector (2.190 kV).

MS/MS analysis was conducted in reflectron mode
with positive ions accelerated from the source at 8.0 kV.
To maximize fragmentation efficiency, a higher than
normal laser fluence was used. The timed ion selector
(TIS) was operated at a resolution of either £50 Da or
#+100 Da. After passing the TIS, ions were decelerated to
1.70 kV before entry into a collision cell which was
floated at 2.0 kV. Ions exiting the collision cell were
re-accelerated to 15 kV in the second source. A precur-
sor ion suppressor was used to deflect un-fragmented
precursor ions from analysis. Fragment ions were ana-
lyzed using a two-stage reflectron mirror assembly
(mirror 1: 10.910 kV, mirror 2: 18.750 kV) and detected
by a multichannel plate detector (2.190 kV).

MS data were collected with 1000-2000 laser shots,
whereas MS/MS data required 30,000 to 40,000 laser
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shots. MS and MS/MS spectra were processed using the
instrument software (Data Explorer Software, version
4.9). MS spectra were processed using a noise filter
(correlation factor = 0.7). MS/MS spectra were pro-
cessed using an advanced baseline correction (peak
width = 32, flexibility = 0.5, degree = 0.1) followed by
noise removal (standard deviation = 2) followed by a
Gaussian smooth (filter width = 31 points). Processed
MS and MS/MS spectra were centroided, exported as an
ASClII file (m/z versus absolute intensity), and uploaded to
their respective databases in the USDA software.

Top-Down Proteomic Identification of Protein
Biomarkers and Their Source Organism

The web-based software, developed in-house, for the
rapid identification of protein biomarkers and their
source microorganisms has been described in detail
[46]. Briefly, the MS/MS fragment ions m/z are com-
pared to a database of in silico fragment ions m/z, which
are derived from bacterial protein sequences whose
molecular weights are the same as the biomarker ion
being analyzed. A simple peak matching algorithm and
a P value algorithm were used to independently score/
rank identifications. Analyses were conducted involv-
ing comparison of MS/MS fragment ions to all in silico
fragment ions, i.e., a non-residue-specific comparison,
and/or a residue-specific comparison, e.g., D-, E-, P-
specific or D-specific comparison. MS/MS fragment
ions were assigned on the basis of the highest scoring
identification [46].

Results and Discussion

Cysteine-Containing Protein Biomarkers from E.
coli O157:H7 Strain RM1272 (EDL933)

Figure 1a shows the MS spectrum of the extracted cell
lysate of E. coli O157:H7 strain RM1272 (EDL933) ana-
lyzed by MALDI-TOF-TOF-MS. The MS spectrum was
collected in linear mode using HCCA. Figure 1b shows
the MS spectrum of the same extracted cell lysate
ionized using SA and analyzed by MALDI-TOF-TOF-
MS. The two spectra are fairly similar, however, there
are additional peaks at m/z 9948 and m/z 10,681 in
Figure 1b that are not present in Figure 1a. Interestingly,
the difference in m/z between the peak at m/z 9948 and
the most prominent peak in the spectrum at m/z 9739 is
Am/z 209 (or 209 Da assuming both ions represent
singly charged protein ions). Similarly, the difference in
m/z between the peak at m/z 10,681 and the second most
abundant peak in the spectrum at m/z 10,475 is Am/z
206. There may be greater error in Am/z due to the lower
intensity of the peak at m/z 10,681.

Figure 2a shows the MS/MS spectrum of the protein
biomarker ion at m/z 9738 shown in Figure 1la. This
protein was identified by top-down proteomics as the
acid stress chaperone-like protein HdeA [49]. Promi-
nent fragment ions are identified by their m/z and



822 FAGERQUIST ET AL.

J Am Soc Mass Spectrom 2010, 21, 819-832

9738
100 2.4E+4
%
80
70
2
B 60
c
8
£
=%
40
w - 10472
7706
20 7272 8323
5236
10 2169 “ 4:64 5380
32 3575
o | )& 324 v iy 13654 s 3733 17040 1% rares
2000 5620 9240 12860 16480 20100
(a) Mass (m/z)
209 Th (Da)
9739
100 1.9E+4
%
80
70
>
2
E
c
g 206 Th (Da)
= 50
B +2
%0 105Th 9948
/ 10475
10681

18170
11449
W 13000 13728 14711 5736 17052 A

12859 16480 20100

Mass (m/z)

Figure 1. (a) MS spectrum of the extracted cell lysate of E. coli O157:H7 strain RM1272 (EDL933)
using HCCA matrix. (b) MS spectrum of the extracted cell lysate of E. coli O157:H7 strain RM1272
(EDL933) using SA matrix. Additional peaks appear at m/z 9948 and 10,681 compared with (a).

type/number and amino acid residues adjacent to the
site of polypeptide backbone cleavage of the HdeA
sequence. As can be seen, many of the fragment ions are
the result of polypeptide cleavage adjacent to an aspar-
tic acid (D) or glutamic acid (E) residue. HdeA has a
21-residue, N-terminal signal peptide and two cysteine
residues suggesting a disulfide bridge. A disulfide bond
is also suggested from the y,,-17 fragment ion at m/z
7897 in which the site of polypeptide backbone frag-
mentation is flanked by a threonine (T) and cysteine (C)
residue. A disulfide bridge involving Cys18 and Cys66
residues, in the mature protein, may facilitate protein
ion fragmentation by limiting efficient energy redistri-
bution by constraining ro-vibrational degrees-of-freedom in
the molecular ion.

Figure 2b shows the MS/MS spectrum of the protein
biomarker ion at m/z 9948 shown in Figure 1b. The
MS/MS spectrum is very similar to the MS/MS spec-
trum in Figure 2a. Several prominent fragment ions
appear with approximately the same m/z as that of
fragment ions observed in Figure 2a. In addition, frag-
ment ions also appear with a m/z approximately m/z 206
greater than the m/z of an adjacent ion. The strong
similarity between Figure 2a and b suggest significant
similarity between the two protein ion sequences even
though the m/z of the two precursor ions differ by ~m/z
208. Top-down proteomics analysis identified this protein
biomarker ion as HdeA even though the m/z of the protein
biomarker was over 200 Da greater than the molecular
weight (MW) of HdeA [49]. The sudden appearance of the
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Figure 2. (a) MS/MS spectrum of the protein b

iomarker ion [M + H] " at m/z 9738 (Figure 1A) from

E. coli O157:H7 strain RM1272 (EDL933) ionized with HCCA matrix and identified by top-down
proteomics as the acid stress chaperone-like protein HdeA [49]. Prominent fragment ions are iden-
tified by their m/z, type/number, and amino acid residues adjacent to the site of polypeptide backbone cleavage.
The y,»-17 fragment ion at 111/z 7897 (boxed) suggests the presence of a disulfide bridge between the two cysteine

residues (Scheme 1, top panel). (b) MS/MS spectrum

of the protein biomarker ion [M + H] " at m/z 9948 (Figure

1B) from E. coli O157:H7 strain RM1272 (EDL933) ionized with SA matrix and identified by top-down

proteomics as the acid stress chaperone-like protein

peak at m/z 9948 when ionizing with SA suggested cova-
lent attachment of SA to the protein. SA has a MW of 224.2
Da, however a covalent thiol ester linkage between SA
and one of the two cysteine residues of HdeA would
increase the mass of the protein by ~208 Da [50-54].
The top panel of Scheme 1 rationalizes the cleavage
of the polypeptide backbone of HdeA to generate the
fragment ions observed in Figure 2a. As can be ob-
served, the four most abundant fragment ions in Figure

HdeA with an increased mass ~208 Da [49].

2a are generated by cleavage of the polypeptide back-
bone adjacent to an aspartic acid (D) residue generating
three b-type fragment ions and one y-type fragment ion.
The fragment ion at m/z 2437 in Figure 2a would appear
to correspond exactly to a y,, fragment ion, however
another possible assignment is that the fragment ion at
m/z 2437 may result from a b-type cleavage and y-type
cleavage between residues Pro45/Glu46 and Asp69/
Lys70 in the mature protein. Although the difference
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Scheme 1. Top panel: Amino acid sequence of the acid stress chaperone-like protein HdeA of E. coli
0157:H7 strain EDL933. The mature protein is post-translationally modified with removal of a
21-residue N-terminal signal peptide (in outline) and a disulfide bridge (S ... S) between the two
cysteine residues (boxed). SH symbolizes a sulthydryl group. The 89-residue mature protein average
MW = 9738.91 Da. Forward slashes indicate sites of polypeptide cleavage and resulting fragment ions
observed in Figure 2A. Bottom panel: Amino acid sequence of the acid stress chaperone-like protein
HdeA of E. coli O157:H7 strain EDL933 with attached SA covalently bound via thiol ester linkage to
one of the two cysteine residues. S-C;;H;;0, and SH symbolizes SA attachment at cysteine residues.
The average MW of the 89-residue mature protein with SA covalent bound adduct is 9947.12 Da.
Forward slashes indicate sites of polypeptide cleavage and resulting fragment ions observed in Figure
2b. The difference in m/z between a fragment ion identified in the bottom panel and its corresponding
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fragment ion in the top panel is Am/z ~208.

between the theoretical and observed m/z for this frag-
ment ion is Am/z 4, the possibility of multi-cleavage
fragment ions is supported by the observation of frag-
ment ion at m/z 2643 in Figure 2b which is m/z 206
higher than an adjacent ion at m/z 2437. The additional
fragment ions ~m/z 206 higher than adjacent fragment
ions in Figure 2b strongly suggests dissociative loss of
SA via a molecular ion rearrangement followed by
cleavage of thiol ester linkage from the cysteine residue.
In consequence, the assignment of the fragment ions at
m/z 2437 (Figure 2a) and m/z 2437 (Figure 2b) as being
Va0 is probably not correct. The fragment ion Am/z 4
error may be due to drift in the TOF calibration affect-
ing the lower m/z range [46, 55]. However, a more
probable explanation is that fragment ions, generated
from multiple fragmentation events, may not have
attained full ion acceleration depending on the se-
quence of fragmentation events relative to the pulsed
acceleration/de-acceleration/re-acceleration events.
We have previously reported observation of multi-
ple cleavages of the polypeptide backbone of singly
charged (protonated) proteins using MALDI-TOF-

TOEF-MS [56, 57]. For instance, Fagerquist et al. reported
multiple fragmentations of the ~13 kDa ribosomal
L7/L12 protein from different Campylobacter. These
multi-cleavage fragment ions were identified, not only
from their m/z, but also from known amino acid substi-
tutions in the protein sequence of fragment ions across
species/strains of Campylobacter [56, 57].

The bottom panel of Scheme 1 rationalizes the frag-
ment ions observed in Figure 2b. The difference in m/z
between a fragment ion identified in the bottom panel
and its corresponding fragment ion in the top panel is
~Am/z 208. For example, subtracting the m/z of the yg;
fragment ion at m/z 8969 (top panel) from the m/z of the
ys1 fragment ion at m/z 9177 (bottom panel) equals Am/z
208. These fragment ion comparisons are consistent
with SA attachment at the two cysteine residues via a
thiol ester linkage. We propose that prominent frag-
ment ions observed in Figure 2b, which are also ob-
served in Figure 2a, are the result of dissociative loss of
SA from a cysteine-containing fragment ion.

Figure 3 shows the MS/MS spectrum of the protein
biomarker ion at m/z 10,472 shown in Figure 1a. This
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Figure 3. MS/MS spectrum of the protein biomarker ion [M + H]" at m/z 10,472 (Figure 1a) from E.
coli O157:H7 strain RM1272 (EDL933) ionized with HCCA matrix and identified by top-down

proteomics as the putative homeobox protein [49].

biomarker was identified by top-down proteomics as
the putative homeobox protein E. coli O157:H7 strain
EDL933 [49]. The homeobox protein has a 24-residue
N-terminal signal peptide as well as two cysteine resi-
dues suggesting a disulfide bridge. The two cysteine
residues are consistent with the appearance of an addi-
tional peak at m/z 10,681 in Figure 1b when ionizing
with SA. A thiol ester linkage between SA and one of
the cysteine residues of the homeobox protein would
produce an ion with a ~m/z 208 greater than the m/z of
the homeobox protein ion. As noted earlier, the m/z
difference is Am/z 206, but this is likely due to the
relatively low signal intensity of the peak at m/z 10,681.
The low intensity of the ion at m/z 10,681 made MS/MS
not feasible. Scheme 2 rationalizes the cleavage of the
102-residue polypeptide chain of the mature homeobox
protein. The fragment ion at m/z 1819 in Figure 3 does

not correspond to any single-cleavage in silico fragment
ions, however, it may correspond to a multi-cleavage
fragment ion involving both a b-type and y-type cleav-
ages between residues Asp17/Alal8 and Asp35/Asn36.
The discrepancy between the theoretical and observed m/z
is only Amy/z 1 which, as mentioned previously, may be
due to drift in the TOF calibration or the result of multi-
cleavage fragment ions not attaining full acceleration.

Cysteine-Containing Protein Biomarker from
Non-O157:H7, Nonpathogenic E. coli

Figure 4a shows the MS spectrum of the extracted cell
lysate of nonpathogenic/non-O157:H7 E. coli strain
RM3061 obtained by MALDI-TOF-TOF-MS in linear
mode using HCCA matrix. Figure 4b shows the same
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NVD**/NNGVNTGSGGTMLHPD/GSSMNNDGMTKD/ EEHKNTMICKDGRICPDINKKVQ

sy 1029
TGDGINN/DVDTKTDGTTQ

Possible multi-cleavage fragment ion:

V39 m/z 4305

['SAGQVA PDARENVA PNNVD? - H,0 + H|" = m/z 1820 ~ m/z 1819 (obs.)

Scheme 2.

Am/z=1

Amino acid sequence of the putative homeobox protein E. coli O157:H7 strain EDL933.

The mature protein is post-translationally modified with removal of a 24-residue N-terminal signal

peptide (in outline) and a disulfide bridge (S ..

Average MW of 102-residue mature protein

. S) between the two cysteine residues (boxed).
10,473.06 Da. Forward slashes indicate sites of

polypeptide cleavage and resulting fragment ions observed in Figure 3. Note the fragment ion at m1/z
1819.9 may correspond to a b-type and a y-type cleavage of the polypeptide backbone.
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Figure 4. (a) MS spectrum of the extracted cell

lysate of a non-O157:H7, nonpathogenic E. coli strain

RM3061 using HCCA matrix. Note the protein biomarker ion at 11/z 9063 which is absent from the MS

spectra of E. coli O157:H7 strains. (b) MS spe

ctrum of the extracted cell lysate of non-O157:H7,

nonpathogenic E. coli strain RM3061 using SA matrix. Additional peaks appear at m/z 9272 and 9948

compared with (a).

analysis using SA matrix. The two MS spectra are very
similar, however, there are additional peaks at m/z 9272
and 9948 in Figure 4b that are not present in Figure 4a.
The peaks at m/z 9272 and 9948 are ~208 greater in m/z
than the first and second most abundant peaks at m/z
9064 and 9739, respectively. Figure 5a shows the
MS/MS spectrum of the protein biomarker ion at m/z
9064 shown in Figure 4b. This protein was identified by
top-down proteomics as the acid stress chaperone-like
protein HdeB [49]. HdeB has a 29-residue N-terminal
signal peptide and two cysteine residues. A disulfide
bridge between the two cysteines is suggested from two

fragment ions (boxed) in Figure 5a. The HdeB ion is
conspicuously absent from MS spectra of the E. coli
0157:H7 strain shown in Figure 1la and b. Mandrell et
al. reported previously that the absence of the HdeB
ions in MALDI-TOF-MS spectra of E. coli O157:H7
strains was due to mis-sense mutation in the start codon
of hdeB that causes this protein to not be expressed [58].
In consequence, HdeB could serve as a “negative”
biomarker in that it has been shown to be reproducibly
absent from MS spectra of E. coli O157:H7 strains in this
study and previous studies [49, 58, 59]. The top panel of
Scheme 3 rationalizes fragmentation of the mature
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Figure 5.

(a) MS/MS spectrum of the protein biomarker ion [M + H]" at m/z 9064 (shown in Figure

4B) from non-0157:H7, nonpathogenic E. coli strain RM3061 ionized with SA matrix and identified by
top-down proteomics as the acid stress chaperone-like protein HdeB [49]. Note the fragment ions
(boxed) adjacent to cysteine residues. (b) MS/MS spectrum of the protein biomarker ion [M + H]" at
m/z 9272 (shown in Figure 4b) from non-O157:H7, nonpathogenic E. coli strain RM3061 ionized with

SA matrix.

HdeB as cleavage of the polypeptide backbone with the
most abundant fragment ions generated from polypep-
tide cleavage at sites adjacent to aspartic acid (D) and
glutamic acid (E) residues. There are also fragment ions
generated by cleavage at sites adjacent to the two
cysteine residues suggesting the presence of a disulfide
bridge in the mature protein. Figure 5b shows the
MS/MS spectrum of the protein biomarker ion at m/z
9272 shown in Figure 4b. The quality of the MS/MS
spectrum was poorer than that shown in Figure 5a,

and it was not possible to identify the protein by
top-down proteomic identification using our in-
house developed software, however, a few of the
more prominent fragment ions are common to the
MS/MS spectrum in Figure 5a. The bottom panel of
Scheme 3 rationalizes fragmentation of the HdeB
with a covalently attached SA and corresponding
fragment ions from Figure 5b.

The ion at m/z 9739 in Figure 4b was analyzed by
MS/MS and top-down proteomics and identified as the
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Scheme 3. Top panel: Amino acid sequence of the acid stress chaperone-like protein HdeB of
non-O157:H7, nonpathogenic E. coli strains RM3061 and K-12. The mature protein is post-translationally
modified with removal of a 29-residue N-terminal signal peptide (in outline) and a disulfide bridge
(S ... S) between the two cysteine residues (boxed). Average MW of 79-residue mature pro-
tein = 9063.26 Da. Forward slashes indicate sites of polypeptide cleavage and resulting fragment ions
observed in Figure 5a. Bottom panel: Amino acid sequence of the acid stress chaperone-like protein
HdeB of E. coli strains RM3061 and K-12 with SA covalently bound via thiol ester linkage to one of the
two cysteine residues (boxed). S-(C;;H;;0,) and SH symbolizes adduct attachment at cysteine
residues. The average MW of the 79-residue mature protein with SA adduct = 9271.47 Da. Forward
slashes indicate sites of polypeptide cleavage and resulting fragment ions observed in Figure 5b.

acid stress chaperone-like protein HdeA of E. coli strain
K-12 [49]. As noted before, the amino acid sequence of
this protein is identical to HdeA of E. coli O157:H7
strain EDL933 as well as Shigella flexneri. The ion at m/z
10,462 in Figure 4b was also analyzed by MS/MS and
top-down proteomics and identified as the uncharacter-
ized protein YbgS of E. coli strain K-12 [49]. Like the
homeobox protein of E. coli strain EDL933, the YbgS of
E. coli strain K-12 has a 24-residue N-terminal signal
peptide and two cysteine residues suggesting a disul-
fide bridge. However, the two sequences differ by a
single amino acid substitution, Pro50 <> Ser50, in the
mature protein resulting in a protein MW difference of
10 Da [49].

Reactivity of MALDI Matrices Toward
Cysteine-Containing Proteins

Our group was the first to report the covalent attach-
ment via a thiol ester linkage of SA to cysteine-containing
proteins from bacterial cell lysates using standard
MALDI sample preparation methods [47]. In the same
report, we noted a lack of reactivity of HCCA to the
same cysteine-containing proteins. Possibly, the a-
cyano group of HCCA (or the absence of an a-hydrogen)
may inhibit (or prohibit) formation of a thiol ester
linkage to cysteine residues. Cysteine residues play a
critical role in the structure and function of proteins.
Their primary function is the formation of disulfide
bridges, which provide secondary and tertiary structure
crucial to protein function. Detection of cysteine resi-

dues and/or disulfide bonds in unknown proteins
during a MALDI-MS analysis is potentially useful tool
for their identification. The apparent differential reac-
tivity of SA and HCCA toward cysteine residues sug-
gests that this difference could be exploited to identify
unknown cysteine-containing protein biomarkers ana-
lyzed by MALDI mass spectrometry [47]. Only protein
biomarkers having cysteine residues and/or disulfide
bonds appeared to chemically react with SA. A chemi-
cal analogue of SA is 4-hydroxy-cinnamic acid (or
p-coumaric acid), which has been identified as the
photoactive co-factor of the photoactive yellow pro-
tein (PYP) from Ectothiorhodospira halophila [50-54].
P-coumaric acid is covalently bound to PYP at Cys69 by
a thiol ester bond [50-54]. Condensed phase spectros-
copy absorbance experiments of PYP using a series of
chemical/chromophoric analogues of p-coumaric acid,
including SA and ferulic acid (FA), were conducted that
concluded that the covalent thiol ester linkage of the
chromophore to the Cys69 was critical to the photo-
active function of the PYP protein [50-53]. In addition,
it is believed that the thiol ester-linked chromophore
may undergo cis-trans isomerization of the trans vinyl
bond as part of the photocycle in solution [53].

Very recently, Yang et al. reported reducing disulfide-
containing peptides under alkaline conditions and
reacting them with a series of MALDI matrices to
generate covalently bound peptide/matrix adducts
[60]. Peptide/matrix complexes were only observed
with reduced peptides. Other researchers had previ-
ously noted HCCA attachment under disulfide-reducing
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conditions [61, 62]. In these reports, the peptide/
matrix complexes have m/z that are greater than the m/z
of the reduced peptide by an amount equivalent to
integer additions of the matrix MW up to the number
cysteine residues present in the peptide. Yang et al.
proposed a Michael addition reaction involving nucleo-
philic attack by a deprotonated cysteine thiol at the
B-carbon of the MALDI matrix facilitated by the elec-
tron withdrawing of the a-cyano group of a-cyano-4-
hydroxycinnamic and a-cyano-3-hydroxycinnamic ma-
trices. Other «,B-unsaturated carboxylic acid matrices
(e.g., sinapinic acid, caffeic acid, and ferulic acid) were
also found to react but with less efficiency due, presum-
ably, to the lack of an a-cyano group [60]. Yang et al.
did not appear to observe (and did not report) covalent
attachment of MALDI matrices to cysteine-containing
peptides via a thiol ester linkage. Our bacterial cell
lysate samples were prepared for MALDI analysis in
the absence of a reducing agent and at low pH (2-3)
conditions very different from that utilized by Yang et
al. and others [60-62]. The formation of a thiol ester
linkage between sinapinic acid and cysteine/disulfide-
containing proteins from bacterial cell lysates is likely to
be an acid catalyzed mechanism and thus different from
the mechanism proposed by Yang et al. [60]. This is not
surprising, as the matrix attachment is different by mass
of 16 Da. The a-cyano group in HCCA (or the absence
of an a-hydrogen) would appear to inhibit (or prohibit)
thiol ester bond formation under acidic conditions. In
contrast, the same a-cyano group would appear to
facilitate the reaction mechanism proposed by Yang et
al. under disulfide-reducing, alkaline conditions. In
consequence, the relative reactivity of MALDI matrices
to cysteine/disulfide-containing peptides/proteins by
these two different reactions appears to be reversed.

MALDI Matrix Reactivity and Pattern
Recognition Algorithms for Microbial Identification

Chemical reactivity of MALDI matrices toward bacte-
rial proteins represents an additional experimental vari-
able that is likely to complicate identification of micro-
organisms using pattern recognition algorithms [35-37].
It has already been shown in numerous experiments
that the relative intensity of protein biomarker ions may
change depending on the matrix employed. For in-
stance, HCCA often results in an increase in the relative
intensity of doubly charged ions compared with singly
charged ions as well as difficulty in ionizing higher
molecular weight proteins. In contrast, SA and/or FA
often demonstrate better ionization of higher molecular
weight proteins, and lower relative intensity of doubly
charged ions. The fact that SA can also apparently react
with cysteine residues and/or disulfide bridges result-
ing in the appearance of additional protein peaks (both
singly and doubly charged), which are not observed
with other matrices, will likely complicate multi-
laboratory comparison of data for several reasons [37].
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First, other MALDI matrices may also react with pro-
teins under various sample preparation conditions. The
current study was not an exhaustive study of MALDI
matrix reactivity, however in re-examining previously
collected data from our laboratory, we found some
evidence (data not shown) suggesting that FA may also
react with cysteine-containing proteins although per-
haps not as efficiently as SA. Second, it is not clear, now,
whether the efficiency of the cysteine residue/SA reac-
tion and is pH-dependent or solvent-dependent. In the
current study, equal volumes of bacterial supernatant
and saturated matrix solution were mixed in the pres-
ence of 0.1% TFA prior to spotting on the target.
However, many MALDI practitioners spot the sample
on the target allowing it dry before spotting the matrix
on top. Others reverse the order and deposit matrix
first, and still others employ a “sandwich” technique
with the sample between two deposits of matrix with a
drying step in between. Such “spot-and-dry” ap-
proaches would typically allow little time for the matrix
molecules to react with proteins. Third, it is assumed
that the proteins identified in this study have cysteine
residues that are present in their oxidized form, i.e.,
disulfide bonds. Presumably, SA acts to reduce such
disulfide bonds, however, such reduction would de-
pend on the accessibility of the disulfide bonds, which
can vary across different proteins. In addition, disulfide
bond accessibility may also affect the degree to which a
particular protein unfolds or denatures under protein
extraction conditions. The potential variability caused
by sample preparation (including protein extraction),
matrix selection, and even spotting technique may
result in significant variations in chemical reactivity of
matrices and its impact on the MS spectra obtained.

Fragmentation Efficiency of the Polypeptide
Backbone and Its Impact on Top-Down Analysis

In the current study, we observed significant variation
in the fragmentation efficiency of the polypeptide chain
of protein ions. Among those proteins that fragmented
efficiently, we observed fragmentation at multiple
cleavage sites. Fragment ions generated from multi-
ple cleavages appeared at the lower m/z range and the
cleavages occurred adjacent to D, E, or P residues. We
reported similar observations in the fragmentation of
intact protein ions of Campylobacter [46, 56, 57]. The
higher than normal laser fluence used in these experi-
ments (also noted by other researchers [45]) undoubt-
edly contributed to the increased fragmentation effi-
ciency of the protein ions. The choice of MALDI matrix
may also play a significant role. HCCA is considered a
“hot” matrix, i.e., generating multiply charged protein
ions at a higher intensity and may also facilitate frag-
mentation of protein ions by increased energy deposi-
tion. SA is considered to be a “cold” matrix, i.e.,
generating primarily singly charged ions and less frag-
mentation. However, in the current study, we observed
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that combining high laser fluence with SA as the matrix
resulted in significant protein ion fragmentation. The
strong absorption of SA at the laser wavelength of 355
nm may account for its utility for protein ion fragmen-
tation in these studies.

In the current study, protein biomarkers were iden-
tified using web-based software, developed in-house,
that compares the m/z of MS/MS fragment ions to the
m/z of in silico fragment ions on the assumption that the
polypeptide backbone fragments only once. The possi-
bility of multiple cleavages of the polypeptide backbone
was not incorporated into the in silico fragment ion
database. As a consequence, our software in its current
form cannot correctly identify fragment ions generated
from multiple cleavages of the polypeptide backbone,
should they exist. Such fragment ions must be identi-
fied from manual inspection after the software has
identified the highest scoring protein sequence. Further
refinements of our software may include incorpora-
tion of multi-cleavage in silico fragment ions into the
database [46, 49].

Dissociative Loss of Thiol Ester-Linked SA

As noted previously, it is believed that thiol ester-linked
SA may undergo cis-trans isomerization of the trans
vinyl bond as part of the photocycle in the solution
phase [53]. SA exhibits a strong absorption in the
near-UV with absorption maxima at ~365 nm in thin
films [63] and at ~320 nm in solution [64]. In the current
study, the laser desorption/ionization wavelength was
355 nm. Gas-phase absorption studies of SA have not
been reported, however, given the high laser fluence
used in these experiments to facilitate protein fragmen-
tation, it is not unreasonable to assume gas-phase
photon absorption may occur by the covalently bound
SA [50-54]. Presumably, if photon absorption does
occur, it may lead to isomerization of the trans vinyl
bond to the cis configuration as suggested in Scheme 4.
Such a photo-induced isomerization would occur dur-
ing the 5 ns desorption/ionization laser pulse.

The observed dissociative loss of 206 Da from a
precursor ion would occur post-source, i.e., after the
laser vaporization/desorption pulse and after the
pulsed acceleration of ions from the source. Post-source
dissociations are statistical dissociations, i.e., internal
energy is redistributed amongst all the ro-vibrational
degrees-of-freedom of the molecular ion leading to
fragmentation at the lowest energy dissociation chan-
nels. Statistical dissociations often result in hydrogen
migrations and/or rearrangements of the molecular ion
before fragmentation as this leads to the lowest energy
pathway to dissociation. Following this principle, dis-
sociative loss of the thiol ester-linked SA is likely
preceded by a concerted, multi-atom rearrangement
from the trans configuration of the attached SA as
outlined in Scheme 4. We propose a five-membered
transition-state involving the sulfur and carbonyl car-
bon of the thiol ester bond, the a-carbon, the B-carbon
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and B-hydrogen. From this pentacyclic transition-state,
proton abstraction of the labile B-hydrogen by one of
the lone pairs of the sulfur atom leads to formation of a
triple bond between the a- and B-carbons, migration of
the a-hydrogen to the carbonyl carbon to form an
aldehyde and cleavage of the thiol ester bond. The
transition-state and rearrangement would be facilitated
by the internal energy of the molecular ion, the gas-
phase basicity of the sulfur lone pairs and the gas-phase
acidity of the B-hydrogen. The stable leaving group
of this rearrangement/dissociation would be 3-(4-
hydroxy-3,5-dimethoxyphenyl)prop-2-ynal, whose mass
of 206 Da is consistent with the mass of the observed
dissociative loss.

Conclusions

We report the covalent attachment via a thiol ester bond
of sinapinic acid (SA) to the cysteine residues of pro-
teins from bacterial cell lysates prepared for analysis by
MALDI. Three cysteine/disulfide bond-containing pro-
teins, HdeA, HdeB, and homeobox (or YbgS) from a
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pathogenic and a nonpathogenic strain of E. coli were
identified by MS, MS/MS and top-down proteomics as
having covalently attached SA. SA did not appear to
bind to non-cysteine-containing proteins. HCCA did
not appear to covalently bind to either cysteine-containing
proteins or non-cysteine-containing proteins. The dif-
ferential reactivity of SA and HCCA toward cysteine
residues may be utilized in the identification of un-
known cysteine-containing proteins. Gas-phase disso-
ciative loss of the thiol ester-linked SA is proposed to
occur via formation of a pentacyclic transition-state
comprised of the cysteine sulfur and the carbonyl
carbon of the thiol ester bond, the a-carbon, the B-
carbon, and B-hydrogen. Proton abstraction of the -
hydrogen by one of the lone pairs of the cysteine sulfur
would initiate a series of bond-breaking and bond-
forming rearrangements resulting in the dissociative
loss of 3-(4-hydroxy-3,5-dimethoxyphenyl)prop-2-ynal.
Finally, we report evidence of fragment ions generated
from multiple cleavages of the polypeptide backbone of
intact protein ions.
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