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30 Abstract. We have measured the relative abundance of the B-subunits and mRNA
2% 17 hr  transcripts of two Stx2 subtypes present in Shiga toxin-producing Escherichia coli
Protein (STEC) O157:H- strain E32511 using matrix-assisted laser desorption/ionization

e IMRNA | time-of-flight-time-of-flight tandem mass spectrometry (MALDI-TOF-TOF-MS/MS)
15 17 hr with post source decay (PSD) and real time-quantitative polymerase chain reaction
" Bt (RT-gPCR). Stx2a and Stx2c in STEC strain E32511 were quantified from the

integrated peak area of their singly charged disulfide-intact B-subunit ions at m/z

53hr6hrl
oM M

~7819 and m/z ~7774, respectively. We found that the Stx2a subtype was 21-fold
more abundant than the Stx2c subtype. The two amino acid substitutions (16D < 16

N and 24D « 24A) that distinguish Stx2a from Stx2c not only result in a mass
difference of 45 Da between their respective B-subunits but also result in distinctly different fragmentation
channels by MS/MS-PSD because both substitutions involve an aspartic acid (D) residue. Importantly, these
two substitutions have also been linked to differences in subtype toxicity. We measured the relative abundances
of mRNA transcripts using RT-gPCR and determined that the stx2a transcript is 13-fold more abundant than stx2¢
transcript. In silico secondary structure analysis of the full MRNA operons of stx2a and stx2¢ suggest that transcript
structural differences may also contribute to a relative increase of Stx2a over Stx2c. In consequence, toxin
expression may be under both transcriptional and post-transcriptional control.
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Introduction

higa toxin-producing Escherichia coli (STEC) are increas-
ingly linked to outbreaks of foodborne illness worldwide
[1-3]. There are two Shiga toxin (Stx) types, Stx1 and Stx2.
These types are further subdivided into subtypes: Stxla, c, d,
and Stx2a through g. A recent multicenter study proposed a
systematic nomenclature for classifying Stx types and subtype
[4].
Shiga toxin is an ABs toxin with a catalytically active A-
subunit and five identical B-subunits. The five B-subunits form
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a torus-shaped, noncovalent structure, which has 5-fold sym-
metry. Part of the A-subunit that includes the C-terminus (A2
fragment) fits within the “donut” hole of the Bs complex,
giving it greater stability. It is this quaternary complex that is
responsible for transport of the catalytically-active part of the
A-subunit (A1 fragment). The A2/Bs complex is also respon-
sible for recognizing and attaching to the glycolipid surface
receptors on eukaryotic cells, specifically the glycolipid
globotriaosylceramide (Gb3) receptor [5].

Amino acid (AA) sequence variations across Stx types and
subtypes can result in differences in toxicity [6-9]. The AA
variability is due primarily to substitutions that occur in the A2
fragment and the B-subunit. In contrast, there are fewer AA
substitutions across subtypes in the catalytically-active Al
fragment of the A-subunit. This suggests that differences in
the toxicity of Stx1, Stx2, and their subtypes have less to do
with differences in Al toxicity, whose sequence is highly
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conserved across subtypes, and more to do with stability of the
AB;5 holotoxin, its transport, its attachment to surface receptors
on eukaryotic cells, and its intracellular translocation.

It is not uncommon for STEC strains to have multiple stx
genes resulting in multiple Stx types and/or subtypes. For
example, Escherichia coli O157:H7 strain EDL933 has a stx/
and stx2 genes (both “a” subtypes) [10]. E. coli O91:H21 strain
B2F1 has two nearly identical stx2 genes (both “d” subtypes):
one stx2d is located in a bacteriophage and the other stx2d is
located in a cryptic phage [11, 12]. E. coli O157:H- strain
E32511, which originates from a serious hemolytic uremic
syndrome (HUS) infection, possesses two stx2 gene subtypes:
“a” and “c” [13-17].

A number of techniques are available for detection of stx
genes or Stx toxin. Polymerase chain reaction (PCR) has made
significant advances as a diagnostic tool for identification of
the bacterial virulence genes including s#x in pathogenic E. coli.
PCR has been used to distinguish between stx/ and stx2 as well
as distinguishing their subtypes [4]. This approach relies on
developing internal primers of the target gene that are specific
for the type and subtype. Success is dependent on the specific-
ity of such primers to discriminate between highly similar
subtype stx genes. Currently, there are over 90 STEC strains
having distinct stx2 genes and Stx2 amino acid sequences.
Attempts have been made to logically group these sequences,
delineate subtypes, and adopt a systematic nomenclature for
subtyping [4]. However, as the variations in stx2 genes and
Stx2 sequences display an almost continuous variation from
one subtype to the next, clear delineation between adjacent
subtypes, especially for clinical subtypes, can be challenging.
In addition, when a single strain has two genes or subtypes,
primer amplification may indicate the presence of multiple stx
gene or subtypes, or it may indicate that a single s#x gene
amplifies both primer subtypes because of shared homology
between subtypes. The cost of PCR equipment is within the
budgets of most research and regulatory labs, and PCR remains
a common laboratory technique. A disadvantage of PCR is that
the presence of a gene does not indicate whether (or by how
much) a gene is actually expressed. As stx genes are bacterio-
phage-encoded, they are acquired by horizontal gene transfer
from a bacteriophage, and Stx expression is largely dependent
on phage replication within the bacteria [18].

Enzyme-linked immunosorbent assay (ELISA) has been
shown to be quite useful for detection and quantitation of Stx
and other bacterial toxins [19, 20]. A successfully developed
and validated assay can be manufactured as a kit that can be
made available commercially. As a kit, an ELISA is portable
and readily used in the field, in a processing facility, or a testing
laboratory. As such, it has been often used for conducting
surveys for the presence of a target analyte in a commodity.
A positive result by ELISA is considered presumptive positive
until subsequent testing can confirm the result. Follow-up
testing is usually performed using an orthogonal technique
(e.g., mass spectrometry) in a laboratory. The disadvantage of
ELISA is the possibility of cross-reactivity of the monoclonal
antibody (mAb) (i.e., false positive) attributed to a lack of

specificity of the assay. In the case of a protein toxin, the
mAb detects only a small surface region (i.e., epitope) corre-
sponding to only a few amino acid residues that is unique to the
protein toxin. The ability of the mAb to detect the target
epitope, and only the target epitope, in a highly complex
mixture reflects the dual analytical goals of sensitivity and
selectivity. Sensitivity and selectivity are often mutually exclu-
sive in ELISA/mAb development with an increase in selectiv-
ity often resulting in a loss of sensitivity and vice versa. For
example, an ELISA has been shown to sensitively distinguish
between Stx1 and Stx2 but it cannot distinguish between sub-
types [19, 20]. Certain subtypes of Stx2 are more clinically
relevant (a—d) than others (e—g). In consequence, definitive
subtype identification is a very important analytical goal.

Another hybrid technique, immuno-PCR, combines ele-
ments of both mAbs and PCR to sensitively detect Stx [21].
Stx can also be detected using a bioassay that measures the
toxicity in mammalian cells. Stx toxicity stems from the dis-
ruption of the eukaryotic ribosomal machinery of protein syn-
thesis by the catalytically-active A1 fragment of the A-subunit
[18]. A Vero cell-based assay can be used to monitor the
inhibition of protein synthesis using a modified green fluores-
cent protein [22, 23]. A drawback of this approach is the time,
labor, and facilities required to prepare and culture Vero cells (a
mammalian cell line).

Mass spectrometry (MS)-based proteomics has several ad-
vantages for identification of protein toxins. First, it exploits the
genetic and genomic data provided by gene sequencing and
whole genome sequencing. Second, MS analysis is a chemical
characterization based on molecular mass. A mass spectrometer
with sufficient resolution and mass accuracy can confirm the
elemental composition of a molecule. Third, tandem mass spec-
trometry (MS/MS) can provide structural and/or sequence-
specific information and has found wide utility in proteomic
sequencing as well as identification of post-translational modi-
fications (PTM). Fourth, MS and MS/MS are not only sensitive
but a highly specific techniques allowing definitive analyte
identification in contrast with other techniques that lack speci-
ficity to distinguish Stx subtypes resulting in ambiguous or
contradictory results. The initial cost of mass spectrometry
instrumentation, e.g., matrix-assisted laser desorption/
ionization time-of-flight (MALDI-TOF or MALDI-TOF-TOF)
can be significant: $200 to $400 k. However, cost savings come
from a simple sample preparation and high sample throughput.
The rate-limiting step of the analysis is bacterial culturing.
However, PCR, ELISA, and Vero cell-based assays often rely
upon bacterial culturing as an important enrichment step.

Conventional proteomic identification involves enzymatic
digestion (with trypsin) of the protein (or proteins) followed by
MS and MS/MS of the resulting peptides. This approach is
referred to as bottom-up proteomic analysis. In contrast, anal-
ysis of the intact, mature protein (or proteins) by MS and MS/
MS without prior digestion is called top-down proteomic anal-
ysis. Both bottom-up and top-down have certain advantages
and disadvantages and the approach taken is often dependent
on the instrumentation and personnel available and the



790 C. K. Fagerquist and W. J. Zaragoza: Stx2 Subtypes of E. coli O157:H- E32511

objectives of the research. We have previously demonstrated a
rapid technique for identification of protein biomarkers from
unfractionated bacterial cell lysates using matrix-assisted laser
desorption/ionization time-of-flight-time-of-flight mass spec-
trometry (MALDI-TOF-TOF-MS) and top-down proteomic
analysis [24-26]. We also demonstrated this approach in the
identification of the B-subunit and the A2 fragment of the A-
subunit of Stx2 in E. coli O157:H7 strain EDL933 by antibiotic
induction [27, 28]. In a subsequent study, we analyzed 26
STEC strains and were able to identify and distinguish between
Stx2 subtypes: a, c, d, f, and g [29]. We observed significant
variation in induced levels of Stx2 expression in these strains.

Reverse transcription-quantitative PCR (RT-qPCR) has
been used by previous researchers to measure the mRNA
transcript levels of stx [30, 31] and is increasingly used in
testing laboratories as an indirect measurement of Stx produc-
tion. As noted earlier, E. coli O157:H- strain E32511 has two
Stx2 subtypes and is a highly studied clinical isolate known to
cause serious HUS infection [13—17]. In order to better under-
stand the factors responsible for production of Stx2 subtypes in
E. coli O157:H- strain E32511, we measured the relative
abundances of its two Stx2 subtypes from their mRNA tran-
scripts and B-subunit proteins analyzed by real time-
quantitative polymerase chain reaction (RT-qPCR) and
MALDI-TOF-TOF-MS, respectively. In addition, we demon-
strate the advantages of MALDI-TOF-TOF-MS/MS and post-
source decay (PSD) for definitive top-down proteomic identi-
fication of multiple Stx2 subtypes expressed in a single bacte-
rial strain. Portions of this work were presented at the 62nd
Conference on Mass Spectrometry and Allied Topics (June 15—
19, 2014, Baltimore, MD) [32].

Materials and Methods
Strains

Cautionary Note Shiga toxin-producing E. coli (STEC) are
BSL-2 level microorganisms. All microbiological manipula-
tions were conducted in a Class II biological safety cabinet.
The strains used in this study are shown in Table 1. E. coli
O157:H7 strain EDL933 (RM1272) is a STEC that has a
stxl and a stx2 gene. The stx2 gene has been designated as
a Stx2a subtype [4]. E. coli O157:H- strain E32511
(RM7004) is a STEC that has two stx2 genes, one desig-
nated as a stx2a subtype and the other as a stx2c subtype
[13-17]. E. coli strain RM7787 was isolated from a feral

Table 1. Strains Used in This Study

pig in Northern California, and has a single s&x2 gene that
is designated as a stx2c subtype [33].

Culture Conditions

Bacterial cells were cultured from frozen stocks in Luria-
Bertani broth (LBB) and incubated at 37°C with 250 rpm for
4 h. One hundred pL of cells were then plated on 1.5% Luria-
Bertani agar (LBA) plates supplemented with 20 ng mL ™" of
ciprofloxacin, allowed to dry, and incubated statically at 37°C
overnight. For time-course experiments, broth cultures were
incubated and plated on solid media supplemented with 20 ng
mL™" of ciprofloxacin as above. Plates were then incubated for
3,6, 8, or 17 h at 37°C before being assayed.

PCR for stx2 Gene Sequencing

Intitial amplification of stx2 genes was carried out by
performing gradient PCR on a Bio-Rad C1000 Touch
Thermocycler (Bio-Rad, Hercules, CA, USA) from DNA de-
rived directly from fresh £. coli colonies picked with a sterile
pipette tip from the surface of solid agar plates added directly to
PCR reaction mixtures. Primers were designed using CLC
Main Workbench ver. 6.8.1 (CLCbio, Aarhus, Denmark) and
purchased from Sigma-Aldrich (St. Louis, MO, USA). Each
PCR reaction was carried out in a 50 puL reaction mixture
containing 41.7 puL of molecular biology grade water (Fisher
Scientific, Fair Lawn, NJ, USA), 5 uL of 10x NEB Thermopol
Reaction Buffer (New England Biolabs, Ipswich, MA, USA), 1
pL of each primer (stock concentration 100 pM), 1 uL of
dNTPs (10 mM), and 0.25 pL of NEB Taq Polymerase (5000
U mL"). Thermocycler settings were as follows: 10 min at
94°C followed by 29 cycles of 30 s at 94°C, 30 s of annealing,
2 min at 72°C, and a final extension time of 7 min at 72°C. The
gradient of annealing temperatures were as follows: 58, 57.6,
56.8, 55.5, 53.6, 52.4, 51.5, and 51°C. Strains RM1272
(EDL933), RM7787, and RM7004 (E32511) were screened
with all primer pairs to ensure specifity and to determine the
optimal annealing temperature for each primer pair. PCR reac-
tions were analyzed via electrophoresis on a 1% agarose gel
(Fisher Scientific, Fair Lawn, NJ, USA). For large format gels,
electrophoresis was carried out at 130 V for 70 min and for
smaller analytical gels, electrophoresis was carried out at 85 V
for 55 min. Agarose gels were analyzed using a Gel Doc XR+
imager with ImageLab software (Bio-Rad, Hercules, CA,

Strains Relevant characteristics Source or reference
RM1272 ATCC# 43895, E. coli O157:H7 strain EDL-933. Stx2a subtype. Isolate associated Clay Center, Nebraska.
with hemorrhagic colitis outbreak. Originally isolated from raw hamburger.
RM7787 E. coli. Stx2c subtype. Isolated from feral pig, California.
RM7004 E. coli O157:H- strain E32511. Stx2a and Stx2c subtypes. Enterohemorrhagic E. coli Tom Whittam, W02883.

(EHEC) isolate associated with hemolytic uremic syndrome (HUS) in humans.
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Probe Design for Quantitative PCR

Hydrolysis probes (TagMan) were designed using CLC Main
Workbench ver. 6.8.1 and purchased from Sigma-Aldrich (St.
Louis, MO, USA). These probes exploit a 21-base pair region
that contains five nucleotide base differences between the 2a
and 2c subtypes of the B-subunit in RM7004 (E32511) (Table 2
and Figure 1). An analytical PCR was run with the flanking
primers on the cDNA, performed to ensure that only one major
product was generated.

Probe Validation

Hydrolysis probes (TagMan) were validated against RM1272
(EDL933) and RM7787, which contain one copy of the stx2a
and stx2c genes, respectively. Reaction efficiency was deter-
mined using RNA extractions from RM7004 (E32511). The
mRNA was extracted and converted into cDNA as described
above. A six-point 10-fold serial dilution series was performed
and assayed for each probe in triplicate over four biological
replicates. The slope of the fitted line of the dilution series was
used to calculate the reaction efficiency for both stx2a and stx2¢
probes using the MXPro software utilizing the formula: E=10¢
%) _ 1, where E is the reaction efficiency and s is the slope of
the fitted line. A two sample #-test was performed on the
reaction efficiencies over four biological replicates.

Probe Sensitivity

The sensitivity of the stx2a and stx2c probes were tested against
oligonucleotides (Sigma-Aldrich) that precisely matched their
respective probe targets in E. coli strain E32511. These target
oligonucleotides were dissolved in TE buffer to a final concen-
tration of 50 uM. A six-point 10-fold dilution series was made
with each target with the highest concentration at 200 pM and
the lowest at 0.002 pM. The precise quantities of each oligo-
nucleotide in their stock solutions were confirmed using the
Nanodrop 1000 (Fisher Scientific). Nanodrop measurements
and the sensitivity assay were repeated on 3 separate days with
three technical replicates.

Quantitative PCR

Quantitative PCR (qPCR) was performed using the Stratagene
MXPro MX3000P thermocycler. SsoFast supermix was used

20

for mRNA qPCR (Bio-Rad, Hercules, CA, USA). The
mastermix was prepared as follows (per reaction): 5 uL of
SsoFast supermix, 1 puL of water, 250 nM of each
primer, and 150 nM of the probe. For probe validation, a
six-point 10-fold dilutions series was prepared for each
extraction ranging from=~100 ng pL™' to 0.001 ng pL™'.
Each assay was performed with three technical replicates and
three independent biological replicates. The qPCR protocol
was 95°C for 10 min followed by=40 cycles of 95°C for 10
s, 55°C for 1 min, and 72°C for 1 min. A HEX dye (excite: 535
nm/emit: 555 nm) was used for the stx2a probe and a FAM dye
(excite: 492 nm/emit: 516 nm) was used for the stx2c¢ probe.
The fluorescence threshold was set automatically by the Strata-
gene software (typically 10-fold higher than the background
fluorescence). Due to the transient nature of mRNA transcript
and the comparative stability of the Stx2 protein toxin, stx2
mRNA levels were measured at 3, 6, 8 and 17 h. These
experiments were conducted with at least four technical repli-
cates and three biological replicates.

RT-qPCR Data Analysis

Data analysis was carried out using the MXPro software
(Stratagene, now Agilent). The significance was determined
using a linear regression and coefficient determination (R?).
Significance of the linear regression was analyzed by Tukey’s
t-test by testing the slope to be different from zero. Statistical
analysis was performed using OriginLabs ver. 8.1 (Northamp-
ton, MA, USA).

In Silico Secondary Structure Analysis of mRNA

Sequences were obtained from NCBI (accession numbers
M76738, M59432, EF441603, and X07865) and confirmed
via sequencing. Sequences were then uploaded to CLC Main
Workbench 7.0.3 (http://www.clcbio.com) for analysis. For
our analysis, we focused on the sequence from the start codon
ofthe A-subunit to the stop codon of the B-subunit. Using CLC
workbench, we computed 10 samples of suboptimal structures,
calculated base pair probabilities, applied different energy rules
for grossly asymmetric interior loops (GAIL), and included
coaxial stacking energy rules using a minimum free energy
approach (MFE). These structures were predicted using a mod-
ified version of the algorithm described by Rivas and Eddy

60 80

| | | |
E32511 stx2a B subunit ATGAAGAAGATGTTTATGGCGGTTTTATTTGCATTAGCTTCTGTTAATGCAATGGCGGCGGATTGTGCTAAAGGTAAAATTGAGTTTTCC 90

E32511stx2cBsubunit . . . . .. ... e T..

100 120
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Figure 1.

Nucleotide sequences of the B-subunit of stx2a and stx2c in E. coli O157:H- strain E32511. The hydrolysis probes bind to a

21-base pair region (boxed) that contains five nucleotide base difference between sxx2a and stx2¢
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[34]. The thermodynamic energy parameters are used from the
latest Mfold version 3 (http://www.bioinfo.rpi.edu/~zukerm/
rna/energy).

MALDI-TOF-TOF Mass Spectrometry and Top--
Down Proteomic Analysis

Mass spectrometry (MS) and tandem mass spectrometry with
post-source decay (MS/MS-PSD) data was collected using a
4800 MALDI-TOF-TOF mass spectrometer (AB SCIEX, Fra-
mingham, MA, USA) as described previously [24-26]. Briefly,
cells were harvested from the agar plate after overnight cultur-
ing (17 h) using a sterile plastic 1.0 pnL microbiological loop,
which when filled corresponded to approximately 1x10° cells
[24]. Cells were transferred to a screw-cap, O-ring lined
microcentrifuge tube (Bartlesville, OK, USA) containing 300
pL of extraction/lysis solution: 33% acetonitrile (Fisher Scien-
tific), 67% water (Burdick & Jackson, Muskegon, MI, USA ),
and 0.2% trifluoroacetic acid (TFA, Sigma-Aldrich). All sol-
vents were HPLC grade. The sample tube was tightly capped
and bead-beat for 1 min followed by centrifugation at 16,000g
for 2 min. One-half pL of supernatant was spotted onto multi-
ple spots on a 384-spot stainless steel MALDI target and
allowed to dry at room temperature. Each dried sample spot
was then overlayed with 0.5 uL of a 10 mg/mL solution of
sinapinic acid (Protea Biosciences, WV, USA) dissolved in
33% acetonitrile, 67% water, and 0.2% TFA, and allowed to
dry. Calibrants were also spotted onto the target for external
instrument calibration in MS linear-mode (myoglobin, cyto-
chrome-c, lysozyme) and MS/MS-PSD reflectron-mode
(alkylated thioredoxin) [35]. The relative abundances of the
disulfide-intact B-subunit of Stx2a and Stx2c subtypes were
measured from the integrated area of their ion intensities in MS
linear mode. Analysis was performed on four biological repli-
cates (each with six technical replicates, i.e., spots) collected on
four different days. Disulfide-reduced B-subunits were ana-
lyzed by MS/MS-PSD for definitive top-down proteomic iden-
tification [27-29]. Mass spectrometry analysis was not per-
formed concurrently with RT-qPCR analysis.

Results and Discussion

Mass Spectrometry and Top-Down Proteomic
Analysis

Figure 2a shows the MS spectrum of the bacterial cell lysate of
E. coli O157:H- strain E32511 after overnight culturing (17 h)
on LBA. A number of prominent peaks are observed, which
correspond to high copy, cytosolic, or periplasmic proteins. For
example, the peaks at m/z 7712, 9742, and 10477 have been
identified in other E. coli strains as the YahO protein, the acid
stress protein HdeA, and the homeobox protein YbgS, respec-
tively [26]. Figure 2b shows an expanded mass range from
Figure 2a. The B-subunits of Stx2a or Stx2¢ were not detected
in samples grown on LBA.

Figure 3a shows MS spectrum of the disulfide-reduced
bacterial cell lysate of E. coli O157:H- strain E32511 after
overnight culturing on solid agar supplemented with 20 ng
mL™" of ciprofloxacin. Figure 3b shows an expanded mass
range from Figure 3a. The most abundant peak in the spectrum
is at m/z 7819 ((M+H]") that corresponds to the singly charged,
mature B-subunit of Stx2a (single peptide removed), which has
a theoretical average m/z of 7818.6. The doubly charged B-
subunit of Stx2a is observed at m/z 3910 ((M+2H] ). The peak
at m/z 7774 ([M+H]") corresponds to the singly charged,
mature B-subunit of Stx2c that has a theoretical average m/z
of 7773.6. The observed mass difference between the putative
Stx2a and Stx2c peaks is 45 Da, which corresponds to the
theoretical mass difference of 45.0 Da.

The identity of these protein ions was confirmed by tandem
mass spectrometry MS/MS-PSD. Figure 4a is the MS/MS-PSD
spectrum of the peak at m/z 7819 shown in Figure 3. In order to
minimize spillover from adjacent peaks, a deliberately narrow
asymmetric selection window (—15 Da/+25 Da) for the precur-
sor ion was used for ion isolation. Fragment ions are labeled by
their m/z, ion type, and number. An expanded mass range insert
highlights some of the less abundant fragment ions. The amino
acid sequence of the B-subunit of Stx2a is shown above the
spectrum. PSD of low charge state protein ions (e.g., +1 or +2)
are known to fragment on the C-terminal side of aspartic acid
(D) and glutamic acid (E) residues and on the N-terminal side
of proline (P) residues [36, 37]. The favorability of fragmenta-
tion at D- and E-residues is the result of transfer of their acidic
protons from their side chains to the polypeptide backbone,
resulting in a weakening of the amide bond [36, 37]. As
expected, the most abundant fragment ions in Figure 4a (y4s,
Vs3, Vs4) are the result of polypeptide backbone fragmentation
on the C-terminal side of D residues (except for those proximal
to the N- or C-termini). Lesser abundant fragments ions are the
result of fragmentation on the C-terminal side of E residues
(Y43, Y55, Y61, 57, bes) and occasionally lysine residues (ygs).
The USDA top-down analysis software confirmed the top
identification as the B-subunit of Stx2a (P-value=3.4x10"3
and USDA score=54.17 [24, 38]).

Figure 4b is the MS/MS-PSD spectrum of the peak at m/z
7774 shown in Figure 3. In order to minimize ion spillover
from the much more abundant peak at m/z 7819, a narrow
asymmetric ion selection window (—50 Da/+15 Da) was used
for ion isolation. Fragment ions are labeled by their m/z, ion
type, and number. The amino acid sequence of the B-subunit of
Stx2c is shown above the spectrum. The most abundant frag-
ment ion is at m/z 5860.3 (ys3), which is the result of polypep-
tide backbone on the C-terminal side of the only D residue that
is not proximal to the N- or C-termini. Note that the ys3
fragment ion for Stx2a is at m/z 5904.9. The difference in mass
(or m/z) of the ys3 fragment ion of Stx2a and Stx2c is 44.6 Da
(or Th), which is close to the expected 44.0 Da mass difference
that includes an amino acid substitution at residue 24: A < D.
Owing to the very low signal-to-noise (S/N) of this MS/MS-
PSD spectrum, it was not possible to perform top-down anal-
ysis using our software. However, manual inspection of the
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Figure 2. (a) MS spectrum of the bacterial cell lysate of E. coli O157:H- strain E32511 after overnight culturing on LBA. (b) Expanded

mass range of (a)

MS/MS-PSD spectrum revealed (as expected) a prominent
fragment ion (ys3) resulting from fragmentation on the C-
terminal side of the only D-residue not located at the ends of
the polypeptide chain. Two other fragment ions were also
identified. That, coupled with the precursor ion m/z, leaves no
doubt as to the identity of this protein ion.

The poor quality of this MS/MS-PSD spectrum was due to
two factors. First, the Stx2c precursor ion is ~20-fold less
abundant than the Stx2a precursor ion. Obtaining a high quality
MS/MS-PSD spectrum requires a strong precursor ion signal.
For example, Supplemental Figure 1 shows the MS/MS-PSD
of the Stx2¢ B-subunit of STEC strain RM7787, which was
strongly induced on LBA supplemented with ciprofloxacin. As
noted earlier, RM7787 has a single stx2c gene resulting in an
amino acid sequence that is identical to Stx2c¢ of STEC strain
E32511. The stronger precursor ion signal results in a high
quality MS/MS-PSD spectrum with a much improved S/N.
Second, a narrow asymmetric selection window was used to
eliminate any ion spillover from the more abundant of Stx2a
precursor ion during MS/MS-PSD analysis of the Stx2c pre-
cursor ion. However, the narrowness of such a window invari-
ably results in some loss of Stx2c ions as well.

As the B-subunits of Stx2a and Stx2c have nearly identical
amino acid sequences, their ionization efficiencies by MALDI
in positive ion mode would be expected to be the same given
the fact that ionization (protonation) would most likely occur at
a basic residue or the N-terminus, and there are no differences
in the number (seven) or location of basic residues in these two
proteins. Thus, the integrated peak areas of their respective ion
intensities would reflect their relative abundance in the sample.
The B-subunit ion intensities of Stx2a and Stx2c were mea-
sured after overnight culturing (17 h) in four biological repli-
cates on different days and are shown in Figure 5. Stx2a is ~21-
fold more abundant than Stx2c. The absence of detection of
Stx2a and Stx2c when E32511 was grown on agar alone
(Figure 2), and the detection of both Stx2a and Stx2c¢ when
E32511 was grown on medium supplemented with ciproflox-
acin (Figure 3) strongly suggests that stx2a and stx2c genes are
located in one (or more) inducible bacteriophages inserted into
the bacterial genome. It is difficult to prove definitively how
many bacteriophages are present in E32511 in the absence of a
fully annotated genomic sequence. However, the disparate
abundances of Stx2a and Stx2c¢ may be due to their respective
genes being located on two separate bacteriophage genomes
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Figure 3. (a) MS spectrum of the bacterial cell lysate (disulfide-reduced) of E. coli O157:H- strain E32511 after overnight culturing on
LBA supplemented with 20 ng mL™" of ciprofloxacin. (b) Expanded mass range from (a)

that are differentially induced by the antibiotic. Alternatively, a
single inducible prophage containing both stx2a and stx2c
genes is not impossible. The large differential production of
Stx2a and Stx2c led us to measure the mRNA transcripts of
stx2a and stx2c by RT-qPCR to further elucidate factors con-
tributing to toxin production.

RT-gPCR: Probe Validation

We used RM 1272 and RM7787 as control strains (Table 1) to
determine probe specificity. RM 1272 (EDL933) has one copy
of the stx2a subtype. RM7787 has one copy of the stx2c
subtype. We determined that the stx2a probe gave no signal
when tested against the total cDNA of RM7787, whereas a
positive signal (C=25.75) was obtained when tested against
the total cDNA of RM1272. Similarly, the stx2c probe yielded
a positive signal (C=24.95) when tested against RM7787 and

no signal when assayed against RM1272. These results were
confirmed similarly with the synthetic oligonucleotide targets.

RT-gPCR: Probe Reaction Efficiency

A six-point 10-fold serial dilution series was performed with
each probe in triplicate over four biological replicates of
RM7004 (E32511). The measured reaction efficiency incorpo-
rates the efficiency of the flanking primers to bind to their
targets as well as the hydrolysis probes to bind to their respec-
tive targets. The average reaction efficiency for both the stx2a
and stx2c¢ probes over four biological replicates was
95.8%=1.8% and 94.8%=+1.3%, respectively. A two sample -
test performed on the reaction efficiencies of the stx2a and
stx2c probes at a 0.05 confidence level resulted in a P-value
010.43229 that indicated no statistical difference in the reaction
efficiencies of the stx2a and stx2c probes. In consequence, a
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Figure 4. (a) MS/MS-PSD spectrum of the peak at m/z 7819 shown in Fig. 3. The amino acid sequence of the B-subunit of Stx2a is
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Stx2c¢ sequence. (b) MS/MS-PSD spectrum of the peak at m/z 7774 shown in Fig. 3. An asterisk (*) indicates the site of fragmentation
with the corresponding fragment ion type/number above the site of fragmentation. Boxed residues indicate that a residue is different

from that in the Stx2a sequence (a)

reaction efficiency of 95% was used on all subsequent calcu-
lations of mRNA abundances.

RT-gPCR: Probe Sensitivity

Hydrolysis probes were tested against synthetic oligonucleo-
tides that precisely matched their targets in strain RM7004
(E32511). If the stx2a and stx2c¢ probes have the same sensi-
tivity to their respective targets, their C; values should be the
same by RT-qPCR if the initial amounts of each

oligonucleotide are the same. Fifty uM stock solutions of each
oligonucleotide were prepared. Using the reported amounts
provided by the vendor, the stock solutions were 2609 ng
uL™" for the stx2a oligonucleotide and 2605 ng pL™" for the
stx2c oligonucleotide. These stock solutions were then mea-
sured on the Nanodrop. The stx2a oligonucleotide concentra-
tion was found to be 2604 ng pL ™" whereas the stx2¢ oligonu-
cleotide concentration was 2743 ng puL~'. The reported
amounts provided by the vendor were guaranteed to have an
error of not more than 10% (which they were). The Nanodrop
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Figure 5. The relative abundance of mMRNA transcript levels of stx2a vs. stx2c as measured by RT-gPCR at four time points: 3, 6, 8,
17 h of culturing E. coli O157:H- strain E32511 on solid agar supplemented with 20 ng mL™" of ciprofloxacin. The relative abundance
of the B-subunits (disulfide-intact) of Stx2a and Stx2c measured after overnight culturing (17 h)

has a margin of error of 2%. On the basis of the Nanodrop
measurements, there was 5.3% more stx2c oligonucleotide than
stx2a oligonucleotide.

RT-qPCR measurements of a six-point 10-fold dilution
series of the stock solutions revealed a C*?%/C*% ratio of
0.97+0.01. The C, value is inversely proportional to the amount
of initial target. For example, a lower C, value indicates either
more initial target or greater sensitivity of the probe to its target
(or both). As there was 5.3% more stx2c oligonucleotide than
stx2a, a value of 1.053 for C™%9/C**¢ should have been
obtained if their probe sensitivities were the same. However,
the value of 0.97 indicates that the sensitivity of the stx2a probe
to its target is ~8% greater than the sensitivity of the stx2c probe
to its target.

The reaction efficiency was also monitored and found to
closely match the calculated reaction efficiencies of the assay
on RM7004 (E32511). The stx2a probe was found to have a
reaction efficiency of 95.1% (R?=0.998) when tested against
the oligonucleotide synthetic target. The stx2c probe had a
reaction efficiency of 94.2% (R?=0.990).

RT-gPCR

Figure 5 shows four time points (3, 6, 8, 17 h) for culturing
E. coli O157:H- strain E32511 on solid agar supplemented with
20 ng mL ™" of ciprofloxacin and measuring the ratio of mRNA
transcript levels of stx2a versus stx2¢ by RT-qPCR. No cor-
rection was made for differences in probe sensitivity. An in-
crease in the stx2a/stx2c ratio is observed with increasing
culturing time. The stx2a/stx2c ratio at 17 h is less than the
protein production ratio. Assuming complete correlation be-
tween mRNA transcript levels and protein production, one
would expect that the 17 h mRNA transcript ratio would be
higher than the protein production ratio (i.e., ~ 21-fold) by an
amount sufficient to compensate for the lower transcript ratios
at the 3, 6 and 8 h time points. Our results would suggest that
the correlation between mRNA transcript levels and protein
abundances appears to be present but is not strong. We con-
ducted an in silico analysis of the mRNA transcripts of stx2a
and stx2c to determine if secondary structure might contribute
to differential protein production.

Secondary Structural Analysis of mRNA of stx2a
and stx2c

In silico secondary structure analysis of the mRNA transcripts
of stx2a and stx2c indicate that the Gibbs free energy of the
stx2a transcript is AG=—399.2 kcal mol ™', whereas the stx2c¢
transcript is AG=—389.4 kcal mol'. The thermodynamic sta-
bility of the stx2a transcript is greater than the stx2c transcript
by about approximately —10 kcal mol™'. In addition, the 5’
untranslated regions (UTR) of the two B-subunit genes are
distinct and give different predicted secondary structures.

Translation is regulated by events that control the formation
of the elongation complex. Messenger RNA (mRNA) is the
primary variable component in translation initiation among
prokaryotes. The sequence and secondary structure of mRNA
have effects on interactions with the translational machinery,
thus influencing its frequency and efficiency. The pyrimidine-
rich 5 UTR of canonical mRNAs plays a role in binding the S1
protein of the 30 s ribosomal initiation complex [39]. The S1
protein is known to alter mRNA secondary structure and is
essential for bacteriophage replicase activity [40]. Translation
initiation requires interaction between ribosomal protein S1 and
the ribosomal binding site (RBS). These interactions occur at
the local, single-stranded mRNA level [41]. Secondary struc-
tures can lower translational frequencies and efficiencies. Post-
transcriptional control of mRNA appears to play a major role in
controlling gene expression [42, 43]. Prokaryotic mRNA tran-
scripts exhibit half-lives as short as a few min in vivo. mRNA
templates determine transcript stability, which in turn deter-
mines the duration a transcript is available for translation before
being targeted by the cellular RNA-degradation machinery.
This complicates analysis of gene expression at the transcript
level as an indirect measurement of protein translation.

Top-Down Versus Bottom-Up Proteomic Analysis
for Distinguishing Stx2 Subtypes

Top-down proteomic analysis has significant advantages over
bottom-up analysis for identifying Stx2 subtypes [29, 44]. By
top-down, the sequence-specific differences between similar or
nearly identical protein sequences are reflected in (1) variations
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in the m/z of the intact protein ions; (2) variations in m/z of the
sequence-specific fragment ions; (3) variations in sequence-
specific fragmentation channels. Unlike top-down, bottom-up
analysis does not measure the m/z of the mature, intact protein
ion, and the sequence coverage by bottom-up can vary consid-
erably with 50% coverage being considered excellent. The
gaps in bottom-up sequence coverage are caused by the non-
detection and/or non-fragmentation of certain tryptic peptides
generated from the protein digestion. In addition, it is more
challenging for bottom-up to confirm PTMs such as N-terminal
methionine or signal peptide removal because these PTMs can
only be inferred from the absence of sequence coverage at that
location. In contrast, top-down analysis can confirm such
PTMs from both the m/z of the mature, intact protein ion and
the m/z of sequence-specific fragment ions. For example, the
two residue substitutions (16 and 24) that distinguish the ma-
ture B-subunits of Stx2a and Stx2c¢ (as well as removal of their
signal peptides) were confirmed from the m/z of their respective
intact protein ions, the difference in m/z between the two
protein ions (i.e., 45 Da) and differences in m/z of sequence-
specific fragment ions. In addition, the two amino acid substi-
tutions that distinguish the B-subunit sequence of Stx2a from
Stx2c¢ both involve an aspartic acid (D) residue, which not only
result in differences in fragment ion m/z but also significantly
alters the fragmentation channels of these protein ions. Frag-
mentation of the polypeptide backbone is highly favored on the
C-terminal side of D-residues [36, 37] and this facile fragmen-
tation channel is clearly demonstrated in Figure 4 and Supple-
mentary Figure 1.

Most interestingly, the substitutions at residues 16 and 24
have also been linked to differences in subtype toxicity. For
example, Lindgren et al. suggested that the aspartic acid at
residue 16 plays a critical role in the binding of the Stx2a
holotoxin to the glycolipid Gb3 receptor compared with the
binding of the Stx2c holotoxin to the Gb3 receptor where
residue 16 is an alanine [8]. They also noted that other
reseachers had implicated the aspartic acid at residue 24 as
responsible for differences in holotoxin/receptor binding [9].
The issue of Stx2 holotoxin/Gb3 receptor binding is beyond the
scope of the current work; however, native state mass spec-
trometry [45, 46], which involves analysis of higher order
protein complexes by electrospray ionization mass spectrome-
try (ESI-MS), may be used to confirm the importance of
residues 16 and 24 on holotoxin stability and Gb3 binding. In
any case, MALDI-TOF-TOF-MS/MS-PSD is particularly
well-suited for detecting the presence (or absence) of amino
acid substitutions involving D-residues (and other residues) in
a polypeptide sequence. Top-down proteomic analysis is better
(than bottom-up) at detecting subtle differences in proteoform
sequences in general and Stx types and subtypes in particular.

Conclusions

We found that the B-subunit of Stx2a subtype was 21-fold
more abundant than the B-subunit of the Stx2c¢ subtype by

MALDI-TOF-TOF mass spectrometry. The two amino acid
substitutions that distinguish Stx2a from Stx2c not only result
in a measurable mass difference of 45 Da between their mature
B-subunits but also result in unique fragmentation channels by
MS/MS-PSD providing definitive identification and differenti-
ation of these two subtypes. Importantly, these two amino acid
substitutions have also been linked to differences in subtype
toxicity. From an analytical perspective, MALDI-TOF-TOF-
MS/MS-PSD is uniquely positioned to rapidly identify and
differentiate these two critical substitutions that have been
linked to Stx2 subtype toxicity. We also found that the stx2a
mRNA transcript was 13-fold (12-fold if one corrects for
differences in probe sensitivity) more abundant than the stx2c
transcript by RT-qPCR. In silico secondary structure analysis
suggests a greater thermodynamic stability of the stx2a tran-
script compared with stx2c, and there are structural differences
inthe 5" UTR between stx2a and stx2c. These mRNA transcript
differences may contribute to a further increase of Stx2a over
Stx2¢ suggesting that toxin production may be under both
transcriptional and post-transcriptional control.
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