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ABSTRACT: Shiga-like toxin 1 (SLTx), produced by enterohemorrhagic strains ofEscherichia coli(EHEC),
belongs to a family of structurally and functionally related AB5 protein toxins that are associated with
human disease. EHEC infection often gives rise to hemolytic colitis, while toxin-induced kidney damage
is one of the major causes of hemolytic uremic syndrome (HUS) and acute renal failure in children. As
such, an understanding and analysis of the noncovalent interactions that maintain the quaternary structure
of this toxin are fundamentally important since such interactions have significant biochemical and medical
implications. This paper reports on the analysis of the noncovalent homopentameric complex of Shiga-
like toxin B chain (SLTx-B5) using electrospray ionization (ESI) triple-quadrupole (QqQ) mass spectrometry
(MS) and tandem mass spectrometry (MS/MS) and the analysis of the noncovalent hexameric holotoxin
(SLTx-AB5) using ESI time-of-flight (TOF) MS. The triple-quadrupole analysis revealed highly charged
monomer ions dissociate from the multiprotein complex to form dimer, trimer, and tetramer product ions,
which were also seen to further dissociate. The ESI-TOFMS analysis of SLTx-AB5 revealed the complex
remained intact and was observed in the gas phase over a range of pHs. Theses findings demonstrate that
the gas-phase structure observed for both the holotoxin and the isoloated B chains correlates well with
the structures reported to exist in the solution phase for these proteins. Such analysis provides a rapid
screening technique for assessing the noncovalent structure of this family of proteins and other structurally
related toxins.

Shiga-like toxin 1 (SLTx),1 produced by enterohemor-
rhagic strains ofEscherichia coli(EHEC) (1), belongs to a
family of structurally and functionally related AB5 protein
toxins that are associated with human disease (2). EHEC
infection often gives rise to hemorrhagic colitis (2, 3), while
toxin-induced kidney damage is one of the major causes of
hemolytic uremic syndrome (HUS) and acute renal failure
in children (4). The structures of both the SLTx holotoxin
and the SLTx-B subunit have been determined by X-ray
crystallography and NMR studies (5-7). The A subunit (∼32
kDa) is positioned on one face of the noncovalently associ-
ated B chain homopentamer (∼7.8 kDa/subunit), with the
C-terminus of the A chain anchored noncovalently in its
central pore (Figure 1A). The SLTx A subunit is an
N-glycosidase that specifically removes a conserved adenine

residue from the EF-2 binding site of 28S rRNA (8), thereby
inhibiting cellular protein synthesis and promoting cell death
(9). SLTx specifically binds, via its B pentamer, to the
glycosphingolipid, globotriaosylceramide (Gb3) (10-12), on
the surface of certain types of mammalian cells. Following
binding, the toxin-lipid complex is rapidly internalized by
endocytosis, where the A subunit is proteolytically nicked
between an intrachain disulfide bond, generating a covalently
linked A1 (∼29 kDa) and A2 (∼3 kDa) fragment (13, 14).
The complex is then routed in a retrograde manner to the
endoplasmic reticulum (ER) via the trans-Golgi network
(15-17). Within the ER, it is thought that the A1 fragment
is reductively separated from the A2-B5 complex and
subsequently translocated across the membrane into the
cytosol. The specificity of binding and efficient intracellular
routing along this productive pathway, combined with a high
rate of enzymatic turnover, make SLTx an extremely potent
toxin to susceptible cells. In addition to the well-documented
cytotoxic nature of SLTx, interactions between the SLTx
holotoxin or its pentamer and specific target cells can also
promote signaling events leading to immunomodulatory
functions in certain cell types and apoptosis in others (18).
Recently, SLTx has been utilized for different therapeutic
applications ranging from the delivery of antigenic peptides
(19-22) and immunomodulation of antigen-presenting cells
(23) to the diagnosis of certain tumors (24). A key element
in the diverse activities of this toxin is the initial oligomer-
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ization of Gb3 receptors upon binding the B chain pentamer.
This is believed to promote recruitment into lipid rafts for
intracellular trafficking (25-27) and to establish signaling
cascades (28-30). As such, an understanding and analysis
of the noncovalent interactions that maintain the quaternary
structure of this toxin is fundamentally important since such
interactions have significant biochemical and medical im-
plications.

Electrospray ionization (ESI) (31) is a powerful technique
that aids the study of biological noncovalent assemblies. ESI
permits the assemblies to be transferred from the liquid phase
to the gas phase intact, allowing detection by mass spec-
trometry (MS). To study intact noncovalent assemblies by
means of ESI-MS, the internal energy of the ions formed
by the electrospray process must be kept to a minimum to
avoid dissociation. Collisional stabilization is accomplished

by increasing the backing pressure between the source and
ion guide interface region of the mass spectrometer (32-
34). Very large noncovalent assemblies have been observed
in this way, including the intact MS2 virus capsid at∼2.5
MDa (35), rice yellow mottle virus at∼6.5 MDa, and
tobacco mosaic virus at∼40.5 MDa (36), but there have
been fewer reports of the characterization of noncovalent
assemblies by means of tandem mass spectrometry (MS/MS).
Early studies were conducted on the tetrameric assemblies
of human hemoglobin (37) which was found to dissociate
with the formation of monomeric and trimeric product ions.
More recently, gas-phase dissociations for the tetrameric
complex transthyretin [∼55.5 kDa (38)] and the chaperone
GroEL [∼800 kDa (39)] have been reported.

In this study, ESI-MS and ESI-MS/MS have been used to
examine the noncovalent interactions that exist between the
subunits of the complete SLTx holotoxin or the pentameric
B subunit. The ability to rapidly identify and characterize
such interactions will be very important for future research
into this class of pathogenic protein. The first objective of
this investigation was to examine the ions produced from
the complete hexameric noncovalent holotoxin complex
(SLTx-AB5). Our results clearly show that the intact complex
was observed in the gas phase of a time-of-flight mass
spectrometer over a range of pHs, including one representing
physiological conditions. Furthermore, we report the dis-
sociation of the noncovalent homopentameric binding subunit
of the toxin (SLTx-B5), by means of in-source collision-
induced dissociation (CID) and CID in a collision cell of a
triple-quadrupole mass spectrometer allowing us to probe
the gas-phase dissociation pathways. Pseudo-MS/MS/MS
experiments were also performed with the homopentamer
by subjecting the pentamer ions to CID within the source
region of the mass spectrometer prior to the precursor
fragment ion being selected for CID in a collision cell,
thereby allowing their dissociation pathways to be estab-
lished.

MATERIALS AND METHODS

Expression and Purification of Recombinant SLTx and
SLTx B Chain.Recombinant SLTx holotoxin or SLTx-B was
expressed in a 1 Lculture ofE. coli JM105 cells harboring
pUC19 containing either the SLTx bicistronic operon or the
SLTx-B gene, respectively, during a 4 hinduction with 1
mM isopropyl 1-thio-â-D-galactoside. Cells were harvested,
resuspended in 20% (w/v) sucrose, 300 mM Tris-HCl (pH
8.0), 1 mM EDTA, and 0.5 mM MgCl2, repelleted, and
resuspended in 10 mL of ice-cold 1 mM Tris-HCl (pH 7.5)
to osmotically lyse the cells’ periplasm and release assembled
SLTx or SLTx-B oligomers. The resulting high-speed
supernatant was filter-sterilized and applied to a 1 mL
synthetic globotriose-Sepharose affinity chromatography
column equilibrated in PBS. SLTx or SLTx-B was subse-
quently eluted with 6 M guanidine hydrochloride and
immediately dialyzed against PBS overnight, and selected
samples were quantified and analyzed by reducing SDS-
PAGE. Purified toxin samples were extensively dialyzed
against 10 mM ammonium acetate (Sigma) at pH 7.0,
desalted using PD-10 gel filtration columns, and concentrated
to a final protein concentration of 7µM for SLTx holotoxin
and 236 µM for SLTx-B in a Centricon 10 apparatus
(Amicon).

FIGURE 1: Crystal structure of the SLT B chain pentamer and Shiga-
like toxin (SLT). (A) SLT holotoxin viewed sideways with the
surface of the B pentamer that contains the membrane binding sites
facing downward. The catalytic A chain is colored to show
secondary structure. The A2 fragment can be seen to insert into
the core of the B pentamer. (B) SLT B chain pentamer shown from
the top, with a single monomer colored to indicate secondary
structure (R helix in red andâ sheet in yellow).

Noncovalent Interaction of SLTx Biochemistry, Vol. 44, No. 23, 20058283



Mass Spectrometry.Experiments were performed in a
triple-quadrupole mass spectrometer (Quattro Ultima, Waters
MS Technologies, Manchester, U.K.) and a single time-of-
flight mass spectrometer (LCT, Waters MS Technologies).
Both instruments were equipped with the standard Z-spray
electrospray ion source and operated at a source and
desolvation temperature of 110°C. Sample solutions were
introduced into the source region of the instruments by
conventional electrospray, operated in the positive mode of
ionization, with a capillary voltage of 3 kV, and were
optimized for the transmission of noncovalent complexes.
In each instrument, noncovalent complexes were observed
by increasing the pressure between the source and high-
vacuum region. In-source CID (pseudo-MS2) mass spectra
were observed by increasing the declustering potential (cone
voltage) on the time-of-flight instrument. In the triple-
quadrupole instrument, in-source CID mass spectra were
observed by increasing the potential difference between the
ion guides, RF lens 1 and RF lens 2. Tandem mass
spectrometry (MS/MS or MS2) on this instrument was carried
out using argon as the collision gas at a pressure of 2.5×
10-3 mbar within the RF-only hexapole collision cell.
Pseudo-MS/MS/MS (pseudo-MS3) experiments were per-
formed similarly, the precursor fragment ion being selected
prior to entering the collision cell.

For the different charge states analyzed in the triple-
quadrupole instrument operated in the in-source CID/
precursor ion MS/MS mode, the instrumental settings were
further optimized by careful adjustment of the RF lens 1
voltage, within the range of 40-70 V which produced
collision energies within the range of 5-40 eV, thereby
increasing the level of fragmentation over the mass range
of interest. Data acquisition and processing were carried out
using MassLynx (version 3.5). Transform, or alternatively,
Maximum Entropy-based software (40) was used to find the
masses of the subunits and hence the charges on each
multiply charged ion. All spectra that are shown were
subjected to minimal smoothing. The upperm/z range of the
triple-quadrupole instrument is 4000. Ions of the type Bx

y+

could be observed only ify g 2x, since the monomer has a
mass of nearly 7700.

The complex formed by the homopentameric binding
subunit of the Shiga-like toxin (SLTx-B5) and the hexameric
holotoxin (SLTx-AB5) were studied by direct infusion at a
flow rate of 4 µL/min, using a Harvard Apparatus (South
Natick, MA) model 22 syringe pump, at a concentration of
10 pmol/µL in 10 mM aqueous ammonium acetate at pH
3.0-7.5, adjusted by addition of dilute ammonia or formic
acid solution. As discussed in a subsequent section, the AB5

hexameric holotoxin was desalted manually by undergoing
shaking for 1 min with previously washed mixed bed ion
exchange beads (Bio-Rad, AG 501-X8, catalog no. 143-
7424).

RESULTS AND DISCUSSION

Triple-Quadrupole MS for the AB5 Holotoxin.Initially, the
recombinantly expressed and purified preparation of SLTx
holotoxin (2 pmol/µL) was analyzed denatured in a solution
of acetonitrile/H2O with 0.2% formic acid. While the analysis
confirmed the homogeneity of the B protein component, the
A protein was heterogeneous and consisted of four compo-

nents (Figure 2A). Maximum Entropy provided the molecular
mass of 7688.5 Da for the SLTx B subunit (sequence mass
of 7688.7 Da) and masses of 31 531.6, 31 602.4, 31 734.1,
and 31 890.3 Da for the heterogeneous SLTx A protein.
These results are the mean of four separate measurements.
A typical Maximum Entropy deconvoluted spectrum ob-
tained for one of the measurements clearly identifies four
different major components for the A protein (Figure 2B).

The heterogeneity observed within the A chain of the
protein most likely reflects selective protease trimming during
bacterial expression. Periplasmic expression offers numerous
advantages for the production of toxic proteins such as SLTx.
However, expression can be limited by degradation within
the periplasmic space. Indeed, the bacterial periplasm
contains many endo- and exo-proteases with more than 20
being identified inE. coli, of which approximately 50% are
localized in the periplasm (41, 42). It is conceivable,
therefore, that during SLTx expression within the periplasm,
the A chain is partially trimmed, at the amino terminus, the
carboxy terminus, or both, thus generating smaller polypep-
tide chains.

Time-of-Flight MS for the AB5 Holotoxin. Previously,
nanoelectrospray was performed on a 10 pmol/µL aqueous
solution of the holotoxin, and at pH 3.5, AB5 ions were
observed (43); however, it was reported that at neutral pH
only a weak ion signal corresponding to the polyprotonated
B5 pentamer was observed. It was assumed that the AB5 ions
were being generated by the nanoelectrospray process at
neutral pH but at mass-to-charge (m/z) ratios that exceeded

FIGURE 2: ESI triple-quadrupole mass spectrum of the denatured
Shiga-like holotoxin at a concentration of 2 pmol/µL in an
acetonitrile/H2O mixture with 0.2% formic acid (A). Maximum
Entropy deconvoluted spectrum expanded in the region fromm/z
31 400 to 31 950 highlighting the heterogeneity of the A unit (B).
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the capability of the FTICR mass spectrometer (m/z 5000).
To test this assumption, a study of the toxin was carried out
in the time-of-flight instrument at different pH values (Figure
3). Our data confirm those of a previous investigation (43)
showing that the AB5 holotoxin remains intact during the
electrospray process. However, in contrast to the results of
the previous study (43), the mass spectra obtained for the
holotoxin show a strong signal for both the B5 pentamer and
the AB5 holotoxin at pH∼7 (Figure 3). Our data clearly
show that within the pH range of 3-7, the same three
protonated holotoxin AB5 ions are formed (17+, 18+, and
19+) and no holotoxin ions were observed beyondm/z5000.
At pH ∼3.0-3.5, only monomer B ions and holotoxin AB5

ions are observed, but as the pH is increased to∼6.6-7.0,
these ions are observed together with the pentamer B5 ions.
The relative abundance of the AB5 holotoxin ions decreases
as the pH is reduced from 6.6. In the pH range of 3.0-3.5,
only partial decomposition of the AB5 holotoxin was
observed compared to that at neutral pH, possibly suggesting
the AB5 holotoxin is more stable than the B5 pentamer at
lower pH. The pH sensitivity of the B5 pentamer is consistent
with a previous report showing that at acidic pH (e4.5) the
secondary structure of the B5 pentamer, as monitored by
circular dichroism, is significantly altered (44). The increased
stability of the AB5 holotoxin compared to the B5 pentamer
at a lowered pH may arise from interactions occurring
between SLTx A2 and the helices that line the pore in the
B5 pentamer. Structural analysis of the holotoxin shows that
the SLTx A subunit is positioned asymmetrically within the
B5 pentamer, simultaneously associating with three of the
five B subunits (6). This noncovalent interaction is thought
to involve both a network of hydrogen bonds and van der
Waals forces leading to a strong association of the A and
B5 subunits (45).

Since heterogeneity of the SLTx A chain had been
observed (Figure 2), we further examined the SLTx holotoxin
by TOFMS under conditions that maintained the nonco-
valently associated holotoxin intact in the gas phase. The
mass spectrum of the intact holotoxin generated peaks
showing detection of more than one component, which were
partially resolved from each other (data not shown) when
the cone voltage of the instrument was increased beyond 70
V. Furthermore, as previously reported (46), as the cone

voltage in the TOF instrument is increased, the peak widths
of the ions decrease, suggesting the loss of low-molecular
mass noncovalent adducts from species formed in solution.
Even though the sample had been desalted, additional
desalting using mixed bed ion exchange beads improved the
peak width and provided better resolution of the various
components. The spectrum obtained clearly shows hetero-
geneity within the AB5 ions detected with a cone voltage of
70 V at pH∼6.6 (Figure 4). Transformation of the spectrum
in the region ofm/z 3500-4500, which corresponds to the
ions observed for the holotoxin, gave suggested molecular
masses of 69 981 Da (calcd, 69 974.9 Da), 70 051 Da (calcd,
70 045.7 Da), 70 184 Da (calcd, 70 177.4 Da), and 70 337
Da (calcd, 70 333.6 Da), for the heterogeneous AB5 holo-
toxin, which shows good agreement with that expected for
the hexameric complex. These molecular masses are in good
agreement with those calculated previously (Figure 2).

Here we have demonstrated that the complete noncovalent
complex of SLTx holotoxin, in contrast to previous studies
(43), can be detected by ESI-TOF mass spectrometry over a
range of pHs. As far as we know, this is the first time the
holotoxin complex has been observed intact at physiological
pH. The increased sensitivity afforded by time-of-flight mass
analyzers for observing such complexes intact in the gas
phase has been demonstrated. The high degree of sensitivity
also allowed for the accurate detection of differentially
trimmed species of the A chain within the holotoxin
preparation. This level of structural information will have
obvious benefits for research into the intracellular transport
and processing pathways of SLTx during cellular intoxica-
tion. However, as the TOF instrument is not capable of
tandem mass spectrometry experiments, further examination
was performed solely on the B chain pentamer.

Triple-Quadrupole MS for the B5 Homopentamer.The
SLTx pentamer B5 consists of five identical subunits that
arrange into a pentameric ring structure (Figure 1B). Each
subunit has a molecular mass of 7.7 kDa and is composed
of 69 amino acids that form two three-stranded antiparallel
â sheets and anR helix (5, 47). Analysis of the SLTx B
chain preparation (2 pmol/µL) in an acetonitrile/H2O mixture
with 0.2% formic acid confirmed the homogeneity of the
protein (Figure 5, inset). Maximum Entropy suggested a
molecular mass of 7688.5 Da for the B subunit which is in
good agreement with the predicted mass. The mass spectrum
obtained for the noncovalent complex of SLTx-B5 buffered
with ammonium acetate at pH∼6.6 clearly shows that the
isolated B pentamer remains intact during the electrospray
process (Figure 5). The mass spectrum was obtained with a
low voltage (40 V) applied to RF lens 1. The base peak in
the mass spectrum corresponds to B5

13+. The dominant signal
corresponds to the intact homopentamer, labeled B5. The

FIGURE 3: ESI-TOF mass spectra obtained for the AB5 Shiga-like
holotoxin buffered with ammonium acetate at various pHs. Shown
is the noncovalent assembly at pH 7.0 and CV) 50 V (A), pH 6.6
and CV) 70 V (B), pH 3.5 and CV) 40 V (C), and pH 3.0 and
CV ) 40 V (D).

FIGURE 4: ESI-TOF mass spectra obtained for the AB5 Shiga-like
holotoxin buffered with ammonium acetate at pH 6.6. Shown is
the noncovalent assembly mass spectrum expanded in the region
from m/z 3600 to 4300 after the desalting procedure.
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observed charge states extend from 15+ to 12+. The mass
spectrum demonstrates that the homopentamer B5, the
dominant form of the B subunit protein in solution, remains
intact during the electrospray process. Mass spectra obtained
previously (43), and during this investigation for the non-
covalent complex of the B5 homopentamer, demonstrate that
under the specified conditions the pentamer is stable and can
be transferred from the liquid phase to the gas phase intact.

Next, in-source CID of the B5 pentamer was performed
by increasing the potential difference between the ion guides,
RF lenses 1 and 2 (Figure 6). As the voltage applied to RF
lens 1 is increased from 50 V (Figure 5, top spectrum) to 60
V (Figure 6, bottom spectrum), the homopentamer dissociates
to the monomer (B3+-B6+), and possibly low-abundance
dimer (B2

7+), trimer (B3
6+-B3

8+), and tetramer (B49+ and
B4

10+) ions. At an applied RF lens 1 voltage of 60 V, the
base peak in the mass spectrum shifts to the monomer B5+

ion.
Our results are consistent with a previous investigation

(43) which suggested that the SLTx B pentamer dissociates
almost entirely via the loss of a single B subunit. Our data
correlate well with experimental data obtained with the toxin
in the solution phase. Indeed, electrophoretic analysis of the
protein coupled to structural and thermodynamic studies (48,
49) indicates that the B chain exists predominantly in a
pentameric state in aqueous solution, which when disrupted
collapses to a monomeric species with little or no intermedi-
ate observed structure (49).

Triple-Quadrupole MS/MS of the B5 Homopentamer.
Tandem mass spectrometry (MS/MS) was used to investigate
the dissociation pathways of the SLTx B5

13+, B5
14+, B4

9+,
B3

6+, and B3
7+ ions. The two dominant ions in the mass

spectrum of the homopentamer correspond to B5
13+ and

B5
14+. They were selected as precursor ions to undergo CID

in the collision cell of the instrument, the collision energy
being varied to obtain intense fragment ions (product ions).
The MS/MS spectrum for B514+ obtained at collision energies
of 15 V (Figure 7A) and 25 V (Figure 7B) illustrate the
increased abundance of product ions as the collision energy
is increased. Similar MS/MS spectra were obtained for the
B5

13+ ion at collision energies of 15 V (Figure 7C) and 18
V (Figure 7D). The multiply protonated pentamer species
B5

14+ and B5
13+ selected for CID dissociate almost entirely

via the loss of one subunit (Figure 7E) to form monomer,
trimer, and tetramer ions, but no peaks which could be

unequivocally assigned to dimer ions were observed. These
ions might still have been formed; however, the B2

2+, B2
4+,

and B2
6+ ions cannot be distinguished from the B+, B2+, and

B3+ ions, B3
3+, B3

6+, and B3
9+ ions, and B44+, B4

8+, and B4
12+

ions, respectively, to which some of the peaks have been
assigned. However, not all of the ions that are predicted to
form (Figure 7E) were detected. This was either due to them
being present in very low abundance or due to them/z ratio
of the ion being beyond the upperm/z range of the
instrument, 4000, as discussed above. These results are
consistent with those observed previously when the B5

complex was thermally decomposed by blackbody infrared
radiative dissociation (BIRD) within the cell of a Fourier
transform ion cyclotron resonance (FT-ICR) mass spectrom-
eter (50). Furthermore, the MS/MS data obtained in our study
correlate well with, and extend, our in-source CID analysis
(Figure 6), again indicating that SLTx B pentamer dissocia-
tion occurs via the sequential loss of a single B subunit.

Triple-Quadrupole Pseudo-MS/MS/MS for B4 and B3 Ions.
Previous results indicated that B4 ions resulting from the loss
of a single subunit were resistant to further dissociation over
the temperature range that was studied (50). The B4

9+, B3
6+,

and B3
7+ ions, formed from in-source CID, were therefore

subjected to CID in the collision cell in an effort to
investigate their fragmentation under these conditions. The
mass spectrum obtained in the absence of the collision gas
(Figure 8A) shows that the B49+ ion does not undergo further
dissociation between ion guide RF lens 2 and the detector
prior to CID within the collision cell. With a collision gas
in the cell and ion collision energies of 5 and 15 eV, two
sets of products were formed (Figure 8A). These products
represent monomer ion B3+ together with trimer ion B36+

and the momomer B4+ ion, which is presumably ac-
companied by the B35+ trimer ion which is not observed as
its m/z ratio of 4614 is outside the range of the instrument
(Figure 8B). At the higher collision energy, the precursor
ion is no longer observed, suggesting complete dissociation
of the B4

9+ ion.
The B3

6+ ion was shown not to undergo further dissocia-
tion when passed through the collision cell in the absence
of a collision gas (Figure 8C), but when a collision gas was
introduced, the main product observed was the B3+ ion with
a small amount of the B4+ ion being formed at higher
collision energies (Figure 8C). The other products which are
expected to accompany these two products are the B2

3+ and
B2

2+ ions, both of which lie outside them/z range of the
instrument and are therefore not observed as indicated in
the dissociation scheme (Figure 8D).

The CID mass spectrum of trimer ion B3
7+ obtained at

two collision energies indicates that this ion can further
dissociate (Figure 8E). The major products that are observed
are the B2+ and B3+ ions, together with the B25+ ion observed
at low abundance at the higher collision energy and the B2

4+

ion which presumably contributes to the peak labeled B2+,
shown in the dissociation scheme (Figure 8F).

Previous results (50) obtained via BIRD in an FTICR mass
spectrometer concluded that the B4 ions were resistant to
further dissociation over the temperature range that was
studied. Our data obtained by pseudo-MS/MS/MS experi-
ments on the B49+, B3

6+, and B3
7+ ions show that these ions

do undergo further dissociation, forming product ions which
suggest the loss of a further B subunit. This sequential loss

FIGURE 5: ESI triple-quadrupole mass spectrum of the noncovalent
complex of SLT-B5 and an inset showing the Maximum Entropy
deconvoluted spectrum of the monomer subunit.
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of individual subunits from the pentamer, tetramer, and trimer
ions indicates that the noncovalent interactions maintaining

the quaternary structure of the B pentamer are extremely
strong. It has been suggested that instability of the complex

FIGURE 6: ESI triple-quadrupole in-source CID mass spectra of the noncovalent complex of SLT-B5. Shown is the dissociation obtained
at voltages of 50 (A) and 60 V (B).

FIGURE 7: ESI triple-quadrupole MS/MS mass spectra of the noncovalent complex of SLT-B5. Shown is the dissociation obtained at a
collision energy of 15 (A) or 25 eV (B) for the precursor B5

14+ ion and also the dissociation obtained at a collision energy of 15 (C) or 18
eV (D) for the precursor B513+ ion. Shown also is the possible dissociation pathway for the B5

14+ and B5
13+ ions (E).

Noncovalent Interaction of SLTx Biochemistry, Vol. 44, No. 23, 20058287



should result upon exposure of the interchain protein surface
to solvent, a condition induced in our study by the dissocia-
tion of the B5 parent ion resulting in the loss of a subunit
(49). However, in the gas phase, intact ions that represented
both trimer and tetramer species of the B chain were
observed, again indicating the strong nature of the noncovlent
interaction in the protein complex. Our findings extend and
confirm those of previous reports which suggest that the
intersubunit noncovalent interactions of the SLTx B pentamer
confer a high degree of stability to the protein complex (49,
50).

CONCLUSIONS

It should be noted that the dissociation of the SLTx
complexes is performed in the gas phase, whereas normally
the proteins function within an aqueous environment. How-
ever, we believe that the data that were obtained are highly
relevant, especially due to the near-physiological pH condi-
tions used in this study. Furthermore, clear consistent data
were obtained over a range of pH conditions, implying that
the noncovalent interactions in the holotoxin are maintained,
and observable, under both acidic and neutral conditions.
This pH range correlates well with the route of bacterial
infection in the host and the striking pH stability of the toxin
within the intestinal lumen (51, 52).

In summary, our data for both the SLTx-AB5 holotoxin
and the B5 pentamer demonstrate that the noncovalent
interactions present within this toxin can be rapidly analyzed
with the techniques reported here. Since the initial stages of
both SLTx-mediated cytotoxicity and cellular signaling are
dependent on receptor oligomerization following toxin bind-
ing, a rapid technique for examining the oligomeric status
of both native and any genetically engineered protein variants
will be highly beneficial in further research performed on
this toxin.
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