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ABSTRACT: A systematic investigation into the assembly and stability of native and modified subunits of the
Shiga toxins (Stx) in vitro is described. Analysis of the assembly of native and modified B subunits of Stx1 and
Stx2 in solution, carried out using electrospray ionization mass spectrometry (ES-MS), suggests that the lower
thermodynamic stability of the B subunit homopentamer of Stx2, compared to that of Stxl, is due to the
presence of a repulsive interaction involving Asp70 of the Stx2 B subunit. In Stx1 B, the corresponding
(spatially) residue is Arg. Using temperature-controlled ES-MS, it is shown that the Stx1 and Stx2 holotoxins
exhibit differences in their resistance to temperature- and acid-induced dissociation. However, both Stx1 and
Stx2 are fully assembled at pH >3.5 and 37 °C. This finding has several important biological implications.
First, it argues against the likelihood that the difference in Stx1 and Stx2 toxicity arises from differential
dissociation of the toxins during the intracellular trafficking steps of the cellular intoxication process. Second,
it implies that the activation of the A subunits of Stx1 and Stx2 by enzymatic cleavage must occur while the A
subunit is assembled with the B subunit homopentamer. It is, therefore, proposed that the differential
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toxicities of Stx1 and Stx2 reflect the relative efficiencies of intracellular activation of the A subunits.

The Shiga toxins (Stx)' 1 and 2 are bacterial enterotoxins
produced by the enterohemorrhagic group of enterovirulant
Escherichia coli (EHEC) (I). These organisms represent a sub-
group of the shigatoxigenic or verotoxigenic E. coli (STEC or
VTEC) and are isolated from human subjects experiencing
hemorrhagic colitis and, occasionally, the hemolytic—uremic
syndrome (HUS). Although numerous EHEC serotypes have
been isolated from subjects experiencing hemorrhagic colitis,
E. coli O157:HT7 represents the predominant serotype in North
America, Japan, and Europe. The Shiga toxins display classical
ABs structures, in which a single A subunit (~32 kDa) is
associated with five identical B subunits (~8 kDa) (2, 3). The
amino acid sequences of the A and B subunits of Stx1 and Stx2
are 52% and 60% identical, respectively (4, 5). The A subunit is
responsible for toxicity and acts by shutting down protein
biosynthesis in target cells. The five B subunits assemble into a
doughnut-shaped structure in which the central pore of this
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assembly hosts the C-terminus of the A subunit (2, 3). The Bs
homopentamers contain multiple binding sites for a glycolipid
(Galal—4Galp1—4glucosylceramide, Gb3), the natural Stx re-
ceptor located on the surface of target cells (6). Stx binding to the
Gb3 receptor sequences initiates a chain of events leading
ultimately to its internalization by endocytosis into the host
cell (7). While multiple intracellular trafficking pathways may
operate, the toxins are thought to move from the plasma
membrane through the Golgi and endoplasmic reticulum (ER)
to the cytosol. In the ER, the A subunit is cleaved into the A1l and
A2 fragments (which remain bound through a disulfide bond) by
proteases. Upon reduction, the A1 fragment is transported to the
cytosol, where it acts on the 60S ribosomal subunit, blocking
protein synthesis and causing cell death (8, 9).

Despite the structural similarities suggested by X-ray analysis,
Stx1 and Stx2 exhibit marked differences in biological activity;
Stx2 being more potent than Stx1 in vivo and more closely
associated with the most severe consequences of EHEC infections
in humans whereas the opposite is true of their in vitro activities
(6, 10). The origin of the differential toxicities of Stx1 and Stx2 is
not fully known but may arise from differences in receptor
recognition (/1), differences in their structure and stability which
are not apparent in the X-ray crystal structures, or differences
in their enzymatic activity. A recent comparative binding study
showed that Stxl and Stx2 exhibit similar affinities for the
a-p-Galp(1—4)-5-p-Galp(1—4)-5-p-Glep carbohydrate motif of
Gb3 (12). Although not definitive, these results argue against
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differential host cell recognition as underlying the differences in
Stx1 and Stx2 biological activities. The results of a cell-free rabbit
reticulocyte lysate assay failed to detect any differences in activity
of the A subunits of Stxl and Stx2 (10, 13), suggesting that
differential enzyme activity is not responsible for the toxicity
differences. Recently, our laboratories undertook the first com-
parative study of the assembly of the Stxl and Stx2 B sub-
units (/4). The assembly of the B subunits of Stx1 and Stx2 under
a variety of solution conditions was investigated using electro-
spray ionization mass spectrometry (ES-MS), a technique that is
now widely used to probe the stoichiometry, stability, and
dynamics of multiprotein complexes (/5—21). Notably, this study
revealed that the homopentamer of the Stxl1 B subunit is
thermodynamically more stable than the Stx2 B pentamer, under
all conditions investigated, and raised the possibility that the
differences in toxicity of Stxl and Stx2 may be related to the
differences in the stability of the holotoxins or the corresponding
B subunit homopentamers (/4).

Here, we describe the results of the first direct comparative
study of the assembly and stability of native and modified
subunits of the Shiga toxins (Stx) in vitro. Using ES-MS, the
assembly and stabilities of the Stxl and Stx2 holotoxins were
investigated under a variety of solution conditions. Additionally,
ES-MS measurements performed on a series of mutants of the
Stx] and Stx2 B subunits allowed the critical intersubunit
interactions within the Stx Bs homopentamers to be identified.

EXPERIMENTAL PROCEDURES

Toxins. Stx1 and Stx2 holotoxins were affinity purified using
Synsorb-Pk as described previously (22, 23). Reassembly of
the holotoxins from their recombinant or purified subunits
was accomplished according to the procedure described by
Head et al.(11).

The coding sequences of the Stx1 and Stx2 B subunit genes
were altered to introduce single and double point mutations. The
following are the mutations introduced into the B subunits
of Stx1 and Stx2: Stx1 B mutant 1 (Lys13Ala), Stx] B mutant
2 -(Arg33Ala), Stxl B mutant 3 (Arg69Ala), Stx1 B mutant 4 -
(Lys13Asp), StxI B mutant 5 (Arg33Asp), StxI B mutant 6 -
(Arg69Asp), Stxl B mutant 7 (LysO8Ala), Stx]1 B mutant 8 -
(Asn35Ala), StxI B mutant 9 (Phe68Ala), StxI B mutant 10 -
(LysO8Ala/Arg69Ala); Stx2 B mutant 11 (Glu09Ala), Stx2 B
mutant 12 (Asp70Ala), Stx2 B mutant 13 (Glu09Arg), Stx2 B
mutant 14 (Asp70Arg).

The mutated Stx1 B genes were cloned into pVERO (25). The
plasmids containing the mutated Stx1 B subunit gene sequences
were transformed into the BL21-Al E. coli expression strain
according to the QTAGEN transformation protocol. Next, single
colonies of mutants 1-3 and 6—10 were grown, with shaking
(200 rpm), in 20 mL of LBcyp100 overnight at 37 °C. These
cultures were then diluted into 1 L of LB ,1100 and incubated at
37 °C, with shaking (200 rpm), until an ODg of between 0.6 and
0.9 was reached. The expression of the mutant Stx1 B subunits
was induced by adding 0.2% v-arabinose to the cultures for 3 h.
The cultures were next treated with 0.1 mg/mL polymyxin B
sulfate for 30 min at 37 °C. These polymyxin-treated cultures
were centrifuged at 7000 rpm for 10 min at 4 °C, and the mutated
Stx1 B subunits were affinity purified from the resulting cell-free
culture supernatant solutions using Synsorb-Pk. Mutant 5 was
purified by a combination of ultrafiltration and size exclusion
chromatography while mutant 4 could not be isolated. By
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contrast, the Stx2 B subunit mutants 11—14 were cloned into
the pBAD/His vector (Invitrogen Canada Inc., Burlington,
Ontario). The plasmids were subsequently transformed into the
LMGI19%4 E. coli expression strain according to the QIAGEN
transformation protocol. Next, single colonies of each transfor-
mant were grown, with shaking (200 rpm), in 20 mL of LB, 100
overnight at 37 °C. These cultures were then diluted into 1 L of
LB umpi0o and incubated at 37 °C, with shaking (200 rpm), until
an ODg of between 0.6 and 0.9 was reached. The expression of
the mutant Stx2 B subunits was induced by adding 0.0002%
L-arabinose to the cultures for 3 h. The mutant Stx2 B subunits
were polymyxin-treated and purified using Synsorb-Pk as de-
scribed for the mutant Stx1 B subunits. All purified mutant
subunits were dialyzed against 50 or 100 mM ammonium acetate
(pH 7) and stored at —20 °C.

Carbohydrates. The trisaccharide aTal[aAbelaMan (M)
and the trivalent Pk analogue (L), a specific ligand for Stx1 and
Stx2, were donated by Prof. D. R. Bundle (University of
Alberta). Aqueous stock solutions of M, and of L were
prepared at concentrations of 1 mM.

Mass Spectrometry. All MS measurements were performed
using a modified Apex I1 9.4 T FT-ICR/MS (Bruker, Billerica,
MA) equipped with a temperature-controlled nanoflow ES
(nanoES) device (26) that allows the solution temperature to be
varied from 0 to 60 °C. The ES solutions were prepared by
thawing the stock solutions at room temperature and diluting an
aliquot of the B subunit to a final concentration of 50 uM with
aqueous ammonium acetate. The ES solutions were allowed to
stand for at least 10 min prior to acquiring mass spectra in order
to establish an equilibrium distribution of the different multi-
meric states of the A and B subunits. Mass spectra measured at
longer times were found to be indistinguishable from those
measured at ~10 min. NanoES tips, with an outer diameter of
~5 um, were pulled from aluminosilicate or borosilicate tubes
(Immo.d.,0.68 mmi.d.) using a P-2000 micropipet puller (Sutter
Instruments, Novato, CA). A platinum wire, inserted into the
other end of the nanoES tip, was used to establish electrical
contact with the nanoES solution. A potential of £(600—800) V
was applied to the platinum wire in the nanoES tip in order to
spray the solution. The tip was positioned 1-2 mm from a
stainless steel sampling capillary using a microelectrode holder.
Typical solution flow rates were ~20 nL/min. Charged droplets
and ions emitted by the nanoES tip were introduced into the
vacuum chamber of the mass spectrometer through a heated
stainless steel sampling capillary (0.43 mm i.d.) maintained at an
external temperature of 66 °C. The gaseous ions sampled by the
capillary (£48 V) were transmitted through a skimmer (+4 V)
and accumulated for 2—5 s in an rf hexapole (£600 V p-p). The
ions were subsequently ejected from the hexapole and injected at
£2700 V into the bore of the superconducting magnet, deceler-
ated, and introduced into the ion cell. The typical base pressure
for the instrument was ~5 x 10~' mbar. Data acquisition was
performed using the XMASS software (version 5.0). The time-
domain signal consisted of the sum of 50—100 transients contain-
ing 128 K data points per transient.

RESULTS AND DISCUSSION

Assembly of Stx B Subunits. A previous ES-MS study of
the assembly of the B subunits of Stx1 and Stx2 in vitro revealed
significant differences in the stability of the Bs homopentamers of
the two toxins (/4). These differences are illustrated in Figure 1,



Article

a 5
By
+11

Bs

L
T T T T T T T T T
C

B*S
1000 2000 3000 4000 miz

Biochemistry, Vol. 48, No. 23, 2009 5367

12
b B,

T T T
1000 3000 4000 miz

FiGure 1: NanoES mass spectra acquired in positive and negative ion modes for aqueous solutions of (a, b) Stx1 B and (c, d) Stx2 B, at a subunit
concentration of 50 uM. All solutions contained 20 mM ammonium acetate (pH 7) at 25 °C.

where ES mass spectra obtained in both positive and negative ion
mode for solutions of B subunits of Stx1 (MW 7686 Da for
monomer) and Stx2 (MW 7815 for monomer) at a concentration
of 50 uM in 20 mM ammonium acetate are shown. According to
the MS data, the fraction of homopentamer in solution differs
considerably for the two B subunits under these conditions: the B
subunit of Stx1 exists exclusively as the homopentamer, while the
B subunit of Stx2 exists simultaneously as monomer (B), dimer
(B,), trimer (Bs), tetramer (By), and pentamer (Bs). Due to
possible differences in the ES-MS response factors (ionization
and detection efficiencies), the relative abundance of the Stx2 B
subunit multimers detected by ES-MS may not accurately reflect
solution composition. Furthermore, in-source (gas phase) dis-
sociation of the B subunit multimer ions and nonspecific self-
association of monomers and multimers during the ES process
may influence the relative abundance of the Stx2 B subunit
monomer and multimers reflected in the mass spectra. It was
previously suggested that in-source dissociation of the Stx2 B
subunit multimer ions does not occur appreciably in ES-MS
analysis (/4). To further test whether the Stx2 B subunit multimer
ions are kinetically stable during ES-MS analysis, mass spectra
were acquired for a solution of Stx2 B subunits containing 5 mM
imidazole. The presence of imidazole has been shown to minimize
the occurrence of in-source dissociation for noncovalent protein
complexes (27). Notably, the addition of imidazole did not
significantly alter the relative abundance of monomer and multi-
mer ions (data not shown). This result argues against the
occurrence of in-source dissociation during ES-MS analysis of
the Stx2 B pentamer.

To test whether nonspecific self-association of Stx2 B subunits
occurs during the ES process, the reporter molecule method was
used (28). Briefly, a reporter molecule (M) is added to the
solution at elevated concentration, and the distribution of M,
molecules bound nonspecifically to the protein ions is compared.
Because nonspecific protein complexes are formed later in the ES
process (from older, more concentrated droplets), they undergo
greater nonspecific binding with M., compared to monomer and
specific multimers (28). Shown in Figure 2a is an illustrative ES
mass spectrum acquired for solutions of the Stx2 B subunit
(50 uM) and trisaccharide aTal[ocAbe]JoMan (100 uM), which
served as M,,,. lons corresponding to the nonspecific attachment
of one or more molecules of M., to monomer, dimer, and trimer
ions of the B subunit are identified in the mass spectrum. Shown
in Figure 2b are the normalized distributions of bound M, to
monomer, dimer, and trimer ions, as determined from the mass

spectrum. Importantly, the distributions of M., bound non-
specifically to monomer and trimer are similar but distinct from
the distribution determined for dimer, which undergoes more
extensive nonspecific binding with M,,,. These results imply that
the trimer ions arise predominantly from solution, while non-
specific association of monomer contributes appreciably to the
signal for the dimer ions (at the concentration investigated).
Because of the suppression of the tetramer and pentamer ions by
M,¢p, an unexpected finding, it was not possible to establish
whether nonspecific subunit association contributes appreciably
to the tetramer and pentamer ion signal under these conditions.
While it may not be possible to quantify the distribution of Stx2 B
subunit monomer and multimers in solution due to nonspecific
subunit association and, presumably, differences in response
factors, the ES-MS data do, nevertheless, provide clear evidence
that the B subunit homopentamer of Stx2 is thermodynamically
less stable than that of Stx1 under the conditions investigated.
Assembly of Mutant Stx B Subunits. Analysis of the
crystal structures of Stx1 (2) and Stx2 (3) reveals two common
inter-B subunit salt bridges: Glu65-Lys13 and Arg33-Aspl8
(Stx1); Glu64-Lys12 and Arg32-Aspl7 (Stx2). A third putative
ionic interaction can be identified for both homopentamers: a
stabilizing salt bridge Glul0-Arg69 (Stx1) and a repulsive
(destabilizing) ionic interaction Asp70-Glu09 (Stx2). It was
suggested in an earlier study that the difference in the nature of
the third ionic interaction is, at least in part, responsible for the
difference in thermodynamic stability of the Bs homopentamers
of Stx1 and Stx2 (/4). Differences in intersubunit hydrogen bonds
and hydrophobic forces may also contribute to the difference in
stability of the Bs homopentamers. A mutagenesis study was
carried out to probe more directly the role of specific intersubunit
interactions in stabilizing (or destabilizing) the Bs homopenta-
mers of Stx1 and Stx2. A series of mutants of the B subunits of
Stx1 and Stx2 were produced, and their tendency to assemble into
pentamers was evaluated by ES-MS. To assess the importance of
the salt bridges in the assembly of Stx1 Bs, six mutants (1—6), in
which the basic residues of the three putative salt bridges were
replaced with Ala or Asp, were prepared. Shown in Figure 3 are
ES mass spectra, acquired in both positive and negative ion
mode, for mutants 1-3 and 6 at a subunit concentration of
50 uM (at 25 °C). Neither the replacement of Lys13 (1) nor Arg69
(3) with Ala resulted in the appearance of ions other than the Bs
homopentamer ions (Figure 3a,b,e,f). Taken on their own, these
results suggest that neither residue (nor the putative ionic
interactions) is critical for homopentamer formation under the
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FIGURE 2: (a) NanoES mass spectrum for an aqueous solution of Stx2 B (50 uM) and M,,, (100 M), with 20 mM ammonium acetate (pH 7)
at 25 °C. (b) Distribution of M., bound nonspecifically to B"", B,"", and By"" ions, as determined from the mass spectrum in (a).
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F1GURE 3: NanoES mass spectra obtained positive and negative ions modes for aqueous solutions of mutants of the Stx1 B subunit at a subunit
concentration of 50 uM: (a, b) Lys13Ala (1); (c, d) Arg33Ala (2); (e, f) Arg69Ala (3); (g, h) Arg69Asp (6). All solutions contained 20 mM

ammonium acetate (pH 7) at 25 °C.

solution conditions investigated. In contrast, replacement of
Arg33 in the Stx1 B subunit with Ala (2) significantly destabilized
the homopentamer and resulted in the appearance of B, B,, and
B, ions in the mass spectra (Figure 3c,d). Interestingly, the
distribution of B subunit species for this mutant depended
significantly on the polarity of the measurement, with a much
higher fraction of pentamer observed in negative ion mode. The
difference in the distributions observed in positive and negative
ion modes likely reflects differences in their relative ionization
efficiencies. Mass spectra obtained for mutant 4, where Lys13
was replaced with Asp, showed only the presence of monomer
(data not shown). This result is consistent with the observation
that this mutant could not be isolated by affinity chromatogra-
phy since the monomeric form of the B subunit is not expected to

be efficiently retained by the affinity column. Similarly, mutant 5
could not be isolated by affinity chromatography, suggesting that
replacement of Arg33 with aspartic acid results in the failure of
these mutated B subunits to self-assemble into multimers. While
it is likely that introducing a repulsive ionic interaction (Glu65-
Aspl13 or Asp33-Aspl8) significantly destabilizes the homopen-
tamer making affinity purification impossible, there is also the
possibility that the mutations perturb binding between the B
subunits and the Pk trisaccharide. Replacement of Arg69 with
Asp (mutant 6) destabilizes the pentamer, resulting in the
appearance of B, B,, and B, ions in the mass spectra, although
the Bs ions are the dominant ions detected (Figure 3g,h). It is
worth noting that the mass spectra obtained for mutant 6,
particularly in negative ion mode, are similar to those obtained
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FIGURE 4: NanoES mass spectra obtained for aqueous solutions of Stx1 B mutants at a subunit concentration 50 uM: (a, b) Lys08Ala (7); (c, d)
Asn35Ala (8); (e, f) Phe68Ala (9); (g, h) Arg69Ala, Lys08Ala (10). All solutions contained 20 mM ammonium acetate (pH 7) at 25 °C. Impurities

are indicated by *.

for the native Stx2 B subunit under similar solution conditions.
This finding supports the hypothesis that the different stabilities
of the Bs assemblies of Stx1 and Stx2 arise from the difference in a
single ionic intersubunit interaction.

To assess the role of hydrogen bonds in stabilizing the
pentamer, single point mutations at Lys08, Asn35, and Phe68
with Ala (7-9) were prepared. A double point mutant (10), in
which both Lys08 and Arg69 were replaced with Ala, was also
prepared. According to the crystal structure of Stx1 Bs (2), Lys08,
Asn35, and Phe68 engage in intra- and intersubunit H-bonds.
The side chain of Lys08 is buried within the subunit and may
form hydrogen bonds with Thr49, Val09, and Gly47 located in
the same subunit. The side chain of Asn35 interacts with Tyr14
on an adjacent subunit, while Phe68 interacts with Thr12 and
GInd4 on a neighboring subunit. Shown in Figure 4 are illus-
trative ES mass spectra acquired in positive and negative ion
mode for these four mutants. According to the mass spectra,
mutants 7 and 8 exist almost entirely as homopentamers under
the solution conditions investigated (Figure 4a—d). These results
suggest that neither Lys08 nor Asn35 is involved in H-bonds
critical for assembly. In contrast, mutation at Phe68 (mutant 9)
results in a significant loss in the stability of the homopentamer
(Figure 4e,f), which suggests that the putative H-bonds identified
for this residue in the crystal structure are important for
assembly. Interestingly, while the individual mutation of Arg69
or Lys0O8 to Ala did not result in any detectable decomposi-
tion of the corresponding pentamers, the double mutation

Arg69Ala/Lys08Ala (10) led to a noticeable decrease in stability
(Figure 4g,h). This likely reflects the cumulative destabilizing
effect of the two mutations.

According to the crystal structures, the residues Lys07, Lys12,
Arg32, Asn34, and Phe67 of Stx2 B are the counterparts of
residues Lys08, Lys13, Arg33, Asn35, and Phe68 in Stx1 B. The
spatial location of these residues within the subunits and their
intra- and intermolecular contacts are very similar. Conse-
quently, these residues are expected to play similar roles in
stabilizing the homopentamers of Stxl and Stx2. A notable
difference in the primary structure of Stx1 and Stx2 B subunits
is in the residues at position 69 of Stx1 and 70 of Stx2. In Stx1 B,
residue 69 is Arg, while in Stx2 B the corresponding (spatially)
residue is Asp. As discussed above, it is possible that the
difference in stability of the B subunit homopentamers of Stx1
and Stx2 is due, at least in part, to the presence of the repulsive
ionic interaction between Asp70 and GIu09 in the Stx2 B subunit.
To further test this hypothesis, a series of single point mutants of
the Stx2 B subunit, in which residues Glu09 and Asp70 were
substituted with Ala (11, 12) or Arg (13, 14) were prepared.
Shown in Figure 5 are illustrative ES mass spectra acquired in
positive ion mode for the four Stx2 B mutants. Deletion of the
putative repulsive interaction through mutation of Asp70 to Ala
(12) or Arg (14) resulted in a measurable increase in the relative
abundance of homopentamer (Figure 5a,b), compared to the
native B subunit. Notably, mutant 14 is detected almost exclu-
sively as the homopentamer, behavior that is more consistent
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with Stx1 B than Stx2 B. In contrast, replacement of residue
Glu09 with Ala (11) did not lead to any appreciable increase in
the relative abundance of homopentamer (compared to that
observed for Stx2 B), while replacement with Arg (13) led to a
profound decrease in the relative abundance of the homopenta-
mer. Taken together, the ES-MS data obtained for the native and
mutant B subunits of Stx]1 and Stx2 strongly suggest that a
repulsive interaction involving Asp70 destabilizes the homopen-
tamer of Stx2 B. However, Glu09 does not appear to be involved
in this destabilizing interaction.

Exchange of Stx B Subunits. ES-MS was also used to
evaluate the extent to which the B subunits of Stx1 and Stx2, as
well as the mutant B subunits, can assemble into heterocom-
plexes. Shown in Figure 6 are ES mass spectra acquired in
positive ion mode for solutions containing B subunits of both
Stx1 and Stx2 at molar ratios 4.5:5.5 and 4:1. The mass spectra
acquired for mixtures of the two subunits reveal the presence
of mixed pentamers. This result indicates that subunit
exchange readily occurs on the time scale of the measurements
(~5—10 min). Importantly, the relative distribution of homo-
and heteropentamers at equilibrium closely reflects the relative
molar concentrations of the Stx1 and Stx2 B subunits in solution.
For example, at a molar ratio of 4:1 the dominant heteropenta-
mer ions detected correspond to (Bsy)4(Bsi2). The occurrence
of subunit exchange is not unexpected given that, according to
crystallographic data, the B subunits of Stx1 and Stx2 have nearly
identical higher order structures. However, the enhancement in
the stability of heteropentamers, compared to Stx2 Bs, was
surprising. The greater stability of the heteropentamer is con-
sistent with the replacement of the repulsive ionic interaction
involving Asp70 (which is present in Stx2 Bs) with a stabilizing
ionic interaction between Arg69 in Stx] B and an unidentified
residue in the neighboring Stx2 B subunit. Interestingly, the
mutant Stx1 B subunits were also found to readily assemble with
native the Stx1 B subunit to form stable heteropentamers (data
not shown). This finding suggests that the high order structure of
the Stx1 B subunit was not significantly disturbed by the selected
mutations.

Assembly of Stxl and Stx2 Holotoxins. Temperature-
controlled ES-MS was used to carry out the first direct compara-
tive study of the stabilities of the Stx holotoxins at different
solution temperatures and pH. Shown in Figure 7 are represen-
tative ES mass spectra obtained in positive ion mode for solutions

of native Stx1 or Stx2 at nominal ABs concentrations of 4 uM at
35°Cand pH 7,4, and 3. At pH 7, only ions corresponding to the
intact holotoxin, i.e., ABs"", were detected for the solution of
Stx2 (MW 72230 Da) (Figure 7b). Abundant Bs (MW 38430 Da)
and ABs (MW 70622 Da) ions were detected for the solution of
Stx1; By ions were also detected, albeit at low abundance
(Figure 7a). The By ions likely result from nonspecific associa-
tion of two Bs complexes during the ES process, although this
remains to be confirmed. It is interesting to note that in a recent
ES-MS study of Stx1 at pH 7, in addition to ABs ions, abundant
B and Bs ions were also detected (29). The origin of the B and Bs
ions, however, was not discussed. Importantly, ions correspond-
ing to free A subunit (i.e, A™") were not detected in either the
present or the previous study, suggesting that the Bs ions do not
originate from the dissociation of the ABs holotoxin in the stock
or ES solutions nor in the gas phase (in-source dissociation).
Rather, partial dissociation of the Stx1 ABs assembly in cell-free
culture supernatant solution may occur prior to affinity purifica-
tion. As described above, the B subunit of Stx1 readily assembles
into homopentamer in solution, and it is known to bind strongly
to the Synsorb-Pk affinity column (22). It is also possible that the
Stx1 B subunit gene is overexpressed in E. coli and it is copurified
with holotoxin. The absence of free B subunits in the mass
spectrum obtained for Stx2 does not, in itself, preclude the
possibility that the Stx2 B subunit gene is similarly overexpressed
in E. coli or that the ABs complex is similarly prone to partial
dissociation at low concentrations. As shown above and else-
where (/4), at low concentrations, the Stx2 B subunits exist
preferentially as monomer and dimer, which are not efficiently
retained on the affinity column.

At pH 4, ABs ions were detected for both Stxl and Stx2
(Figure 7b,e). In the case of Stx2, these are the only protein ions
present, indicating that the holotoxin is stable at this pH and
temperature. For Stx1, B and B, ions, in addition to ABs and Bs
ions, are detected. However, the absence of A ions indicates that
the holotoxin is stable at this pH and temperature and that the B
and B, ions originate from the disassembly of the Bs homo-
pentamer, which was shown to dissociate at pH ~4 and less (30).

At pH ~3 (Figure 7c,f), ABs ions of Stx1 and Stx2 were either
present in low abundance or completely absent in the mass
spectra. In the case of Stx1, B, B,, and Bs ions, along with free A
ions, were detected. The appearance of B; ion at pH ~3
(compared to pH 4 where these ions are largely absent) is
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attributed to the increased B subunit concentration resulting
from the disassembly of the holotoxin. For Stx2, only B and A
ions were detected, in addition to assembled ABs ions. The
absence of multimeric B subunits is consistent with the results of a
previous study that showed that the B subunit exists exclusively
as monomer at pH <4 (/4). Notably, complexes of the A subunit
bound to B subunit multimers smaller than pentamer were not
observed. This indicates that dissociation of the ABs assembly
proceeds only by the loss of the A subunit whereas tight binding
of individual B subunits to adjacent subunits prevents their
dissociation from the complex. Interestingly, narrow charge state
distributions (charge states + 10 to +13) were observed for the
free A subunits of Stx1 and Stx2, indicating that the A subunits
are lost from the holotoxins in their native form, or at least as a
compact structure, at this pH (3/). Additionally, the charge state

distributions of the ABs ions of Stx1 and Stx2 were found to be
relatively insensitive to pH (over the range investigated), con-
sistent with the preservation of their native structure under the
solution conditions investigated. Based on these results, a two-
step acid-induced dissociation mechanism for the Stx1 and Stx2
holotoxins is proposed: the loss of the folded A subunit, followed
by the dissociation of the homopentamer.

The influence of pH on the stability of Stxl and Stx2
holotoxins was investigated in more detail over a range of
solution temperatures (20—60 °C). A series of solutions of Stx1
or Stx2, where the pH varied from 7 to 2.6, were assayed at
different temperatures using ES-MS. The appearance of signal in
the mass spectra corresponding to free A subunit served to
identify the onset of holotoxin dissociation at a given tempera-
ture. Notably, this onset was found to occur within a narrow pH
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range, ~0.1. The average values of pH where the onset of
dissociation of a given holotoxin was observed (pHg;s) are
plotted versus temperature in Figure 8. At pH >4, no dissocia-
tion of either holotoxin was detected at solution temperatures up
to 60 °C. For Stxl, the value of pHg showed very little
temperature dependence and was centered at ~3.2. In contrast,
pHgiss for Stx2 varied significantly with temperature. At tem-
peratures <30 °C, the value of pHg was ~2.6; at >30 °C,
pHaiss increased nearly linearly with temperature. These results
reveal for the first time that the forces responsible for the
assembly of the Stx1 and Stx2 holotoxins are different under
the solution conditions investigated. Curiously though, Stx1 and
Stx2 exhibit approximately the same pH 4;ss value at physiological
temperature.

It should be noted that the results of the pH—temperature
study do not fully agree with the results of a previous study by
Tesh et al. (10) that suggested Stx2 is more heat and pH stable
than Stx1. In that earlier study, the stability of the holotoxins was
assessed from changes in verocytoxicity of the toxins following
incubation at different temperatures and pH. Importantly, prior
to performing the assays, the toxin solutions were chilled and
neutralized (pH 7.5). The reason for the discrepancy between the
findings of this earlier study and the present work is not fully
understood but may be related in part to the differential ability of
the A and the B subunits of Stx1 and Stx2 to reassemble prior to
the cytotoxicity assay. Regardless, the results of the ES-MS assay,
which provide direct insight into the assembly of the holotoxins
under a given set of conditions, would seem to offer more reliable
insight into the relative stabilities of the toxins.

A significant finding of the pH—temperature study is that both
Stx1 and Stx2 are fully assembled at pH >3.5 and 37 °C. It
follows that both Stx1 and Stx2 are stable under the weakly acidic
conditions experienced in the endosomes (early endosomal pH
is ~6; late endosomal pH is ~ 5 (32)). Consequently, it is unlikely
that the difference in Stx1 and Stx2 toxicity arises from differ-
ential dissociation of the toxins during the intracellular traffick-
ing steps of the cellular intoxication process. This finding has
important implications for the mechanism of activation of the A
subunits. It is concluded that the activation of the A subunits of
Stx1 and Stx2 by enzymatic cleavage must occur while the A
subunit is assembled with the B subunit homopentamer. It is,
therefore, possible that the differential toxicities of Stx1 and Stx2
reflect the relative efficiencies of activation of the A subunits. Our
laboratory is currently investigating this possibility.

Composition of Stx1 Preparations. Regardless of its origin,
the presence of excess B subunit in the Stx1 preparations has

Kitova et al.

potential implications for comparative toxicity studies employing
Stx1 and Stx2 and might also explain the lower toxicity of Stx1 in
E. coli O157:H7 infections. To our knowledge, the relative
abundance of ABs and Bs present within a given Stx1 sample
has not heretofore been investigated. Because the response
factors for the ABs and Bs ions may be very different, vide infra,
their relative abundance in the Stx1 preparations can not be
reliably determined directly from the ES mass spectrum. Instead,
an indirect method, based on specific ligand binding to Stx1 ABs
and Bs, was used to establish their relative abundance. Briefly, to
establish the total concentration of a given protein in solution
([Plo), a ligand with known affinity (K,) is added at a known
concentration ([L],). The concentration ratio of bound to un-
bound protein at equilibrium ([PL]/[P] = R) is taken to be equal
to the intensity (/) ratio of the corresponding bound and unbound
protein ions (R = Ipy/lp), as determined from the ES mass
spectrum (33). From the known [L],, K,, and R values, it is
possible to calculate [P], using eq 1 (33):

(1 +R)([L,K, —R)

Pl = m

The specific ligand chosen for the present analysis was a
trivalent Pk analogue (L) which has an affinity for the Stx1 B
pentamer of 1.1 x 10> M™" (/2). The structure of L is given in
Figure 9a, along with an illustrative mass spectrum acquired for a
solution of Stxl (0.8 mg/mL) and L (6 uM) at 25 °C. Ions
corresponding to both unbound Bs and ABs and Bs and ABs
bound to a single molecule of L were detected. The fractions of
bound Bs and ABs are identical (Figure 9b), consistent with
identical affinities for L. From the measured R value and the
known K, and [L], values, [P], was determined. Because both Bs
and ABs bind to L, [P], represents the total concentration of
binding sites for L, which is related to the initial concentrations,
[Bs], and [ABs],, by the expression:

[P, = (mps/Mys +maps/Mags)/V (2)

where mps and maps are the masses of dissolved Bs and ABs,
respectively, Mps and M aps are the molar masses of Bs and ABs,
respectively, and V' is the solution volume. From [P], and the
known total mass (m) of dissolved protein (where m = mps +
mags), the mass (and concentration) of the Bs and ABjs species
can be calculated. Following this procedure, Bs was found to
make up approximately 5% of the Stx1 sample by weight. The
error in the holotoxin molar concentration caused by the
presence of the B subunit therefore corresponds to ~10%, too
small an amount, within experimental error, to explain the lower
toxicity of Stx1 holotoxin preparations in mouse challenge
experiments, vide infra. This result also indicates that, under
the experimental conditions used for the binding measurements,
the response factors for the Bs ions are approximately 5 times
larger than for the ABs ions.

Efforts to remove the B subunit from the Stx1 samples using
gel filtration or membrane filters were found to be generally
ineffective. It was, however, possible to minimize the amount of
free B pentamer in the preparations by recombining free A and B
subunits, which were initially separated and purified, at the
appropriate molar ratios. Shown in Figure 10 are mass spectra
acquired for solutions of recombined Stx1 and Stx2 at pH 7 and
25°C. Notably, for both toxins, the ABs ions are the only protein
ions detected at pH 7. These results indicate that recombining the
A and B subunits of Stxl is an effective way to reduce the
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FiGure 10: NanoES mass spectra of solutions of recombined (a) Stx1 and (b) Stx2, at pH 7 and 25 °C.

presence of free B pentamer in Stx1 holotoxin preparations. It
should be noted, however, that the recombined holotoxins were
found to be somewhat less resistant to acid-induced dissociation
compared to native StxI and Stx2. The pHg; values for
recombined Stx1 and Stx2 were found to be ~4.0 at 37 °C (data
not shown). The reason(s) for the lower resistance to acid-
induced dissociation of recombined holotoxins is (are) not
currently known.

CONCLUSIONS

In summary, the results of the present study provide new
insights into the biochemical properties of the Shiga toxins.
Direct ES-MS measurements revealed that Stx1 and Stx2 exhibit
differences in their resistance to temperature- and acid-induced

dissociation. However, both Stx1 and Stx2 are fully assembled at
pH >3.5 and 37 °C. This finding indicates that enzymatic
activation of the A subunits of Stx1 and Stx2 involves the intact
holotoxins and suggests that the differential toxicities of Stx1 and
Stx2 may reflect the relative efficiencies of intracellular activation
of the A subunits. Finally, the application of the ES-MS assay to a
series of single and double point mutants of the B subunits of Stx1
and Stx2 revealed that the differential stability of their respective
homopentamers in solution at pH 7 is due to the presence of a
repulsive interaction involving Asp70 of the Stx2 B subunit.
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