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Ordered assembly of monomeric human pg,-micro-
globulin (B,m) into amyloid fibrils is associated with the
disorder hemodialysis-related amyloidosis. Previously,
we have shown that under acidic conditions (pH <5.0 at
37°C), wild-type B,m assembles spontaneously into
fibrils with different morphologies. Under these condi-
tions, B,m populates a number of different conforma-
tional states in vitro. However, this equilibrium mixture
of conformationally different species is difficult to re-
solve using ensemble techniques such as nuclear mag-
netic resonance or circular dichroism. Here we use elec-
trospray ionization mass spectrometry to resolve
different species of B,m populated between pH 6.0 and
2.0. We show that by linear deconvolution of the charge
state distributions, the extent to which each conforma-
tional ensemble is populated throughout the pH range
can be determined and quantified. Thus, at pH 3.6, con-
ditions under which short fibrils are produced, the con-
formational ensemble is dominated by a charge state
distribution centered on the 9+ ions. By contrast, under
more acidic conditions (pH 2.6), where long straight
fibrils are formed, the charge state distribution is dom-
inated by the 10+ and 11+ ions. The data are reinforced
by investigations on two variants of ,m (V9A and F30A)
that have reduced stability to pH denaturation and
show changes in the pH dependence of the charge state
distribution that correlate with the decrease in stability
measured by tryptophan fluorescence. The data high-
light the potential of electrospray ionization mass spec-
trometry to resolve and quantify complex mixtures of
different conformational species, one or more of which
may be important in the formation of amyloid.

Bo-microglobulin (B,m)! is one of a number of proteins known
to aggregate into insoluble amyloid deposits in vivo (1-3).
These amyloid deposits have been linked to various human
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maladies such as Alzheimer’s disease (4), Huntington’s chorea
(5), and senile systemic amyloidosis (6). However, for the ma-
jority of the ~20 known amyloid-related proteins, the struc-
tural mechanism of amyloid formation is still unclear, and, for
several proteins, the role that different aggregated states play
in the manifestation of the disease symptoms remains unre-
solved (7).

B.m is a small (11,860-dalton) extracellular protein that
forms the nonpolymorphic light chain component of the major
histocompatibility class I complex. The physiological role of
Bom has been likened to a chaperone in that it is required for
the heavy chain of the major histocompatibility class I complex
to fold into a stable secreted entity (8, 9). B,m is an all B-sheet
protein, with a seven-stranded B-sandwich structure and a
single disulfide bond linking Cys-25 and Cys-80 in the B and F
strands (10) (Fig. 1). In healthy individuals, the serum concen-
tration of circulating free S,m is ~3 mgliter ! (11), and the
protein is removed from the serum by renal catabolism (12). In
individuals undergoing renal dialysis, the serum concentration
of B,m can rise to around 50 times the levels in healthy indi-
viduals (13, 14). In these patients, the deposition of predomi-
nantly full-length wild-type B,m into amyloid fibrils is inevita-
ble, with all patients who undergo long term hemodialysis
eventually developing the systemic condition, dialysis-related
amyloidosis (13).

Partial unfolding of monomeric B,m has been shown to be
required in vitro for fibrillogenesis to proceed on an experimen-
tally tractable time scale. This can be accomplished by acidifi-
cation of the solution (15), truncation of six amino acids from
the N terminus (16), or the addition of Cu®" ions (17). Depend-
ing on the denaturing conditions used, a number of different
fibril morphologies are formed in vitro (18, 19). For example,
short curved fibrils (~200 nm) are formed at pH ~3.6 at high
ionic strength (0.4 M), whereas under more acidic conditions
(pH ~2.5) and low ionic strength (=50 mm), longer (~1 um) and
straighter amyloid-like fibrils are formed. Both fibril types give
rise to x-ray fiber diffraction patterns typical of a cross-g struc-
ture and bind the histopathological dyes thioflavin-T and
Congo red (20).

At pH ~3.6, B,m adopts a partially folded state, as indicated
by a number of techniques including CD and the fluorescence of
1-anilinonaphthalene-8-sulfonic acid (15). This species is also
weakly protected from hydrogen exchange and gives rise to
broad resonances in NMR spectra (21). Thus, it displays the
hallmarks of a partially folded or molten globule state. At more
acidic pH (pH 2.5), monomeric B,m is also weakly protected
from hydrogen exchange, and, although it retains some resid-
ual structure, it is largely disordered, as determined by NMR
(22). It has been suggested that the observed differences in the
fibril morphologies formed from B,m at pH 3.6 and pH 2.5 could
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reflect the different conformational states of the monomeric
protein under each condition, although other models, including
a kinetic rather than a structural dependence of fibril morphol-
ogy on pH, are also consistent with the current experimental
data (18, 21). A major problem in identifying which of these
models is correct is that quantification of the relative concen-
trations of native, partially folded, and acid-unfolded states,
which may be co-populated under conditions in which the pro-
tein is fibrillogenic, cannot be obtained using spectroscopic
methods. This is because these techniques provide only the
population-weight average property under each condition.
Electrospray ionization mass spectrometry (ESI-MS), however,
has the unique capability of resolving multiple species that are
co-populated in solution, provided that these species give rise to
different charge state distributions (23-26). Several models
have been proposed to rationalize the observed differences in
the charge state distributions of native and nonnative states.
Differences in the solvent accessibility of ionizable groups (23,
27), heightened Coulomb energies of folded compared with
unfolded polyprotonated conformations (28, 29), or the in-
creased protection against charge neutralization offered by na-
tive protein conformations (30) have all been offered as plausi-
ble explanations. Whichever mechanism or combination of
processes governs this phenomenon, the net result is that con-
formational species with more open structures carry, on aver-
age, more charges and produce broader ion envelopes centered
on higher charge states than their more compact native coun-
terparts (31).

Here we describe the use of ESI-MS, combined with quanti-
tative analysis of the charge state distributions generated, to
investigate the population of native, partially folded, and acid-
unfolded conformers of B,m as a function of pH. Using this
approach, we show that the population of different species can
be quantified using ESI-MS and compared with denaturation
of the protein followed by intrinsic tryptophan fluorescence.
The data are reinforced by similar analyses of two destabilized
Bom mutants, VOA and F30A (20, 32) (Fig. 1). These proteins
adopt native-like structures at neutral pH but are significantly
destabilized at lower pH. Thus, the pH at which the partially
folded state first becomes significantly (>5%) populated
(named herein as the N-I transition point) occurs at pH 4.8, 5.6,
and 5.3 for wild-type, V9A, and F30A B,m, respectively. Simi-
larly, titration with urea results in midpoints of 4.7, 1.6, and
2.9 M urea for wild-type, V9A, and F30A B,m, respectively (20,
32). Importantly, and by contrast with wild-type and F30A
Bom, VIA forms amyloid-like fibrils at neutral pH (i.e. under
conditions where the protein is natively folded) (32). Both vari-
ants were carefully selected from a series of mutants previously
constructed as part of a systematic study on the role of global
stability in Bom fibrillogenesis (20, 32) on the premise that they
should possess pH stabilities significantly different from that of
wild-type B,m, without dramatic perturbation of their overall
gas phase proton affinities or the upper limit of charges attain-
able. Thus, they provide ideal controls for systematic deconvo-
lution of the charge state distribution as a function of pH.

EXPERIMENTAL PROCEDURES

Reagents—All reagents were purchased from Sigma. To minimize
contamination from salts, buffers were prepared in water suitable for
trace inorganic analysis (Fluka, Gillingham, Dorset, UK) and acidified
with volumetric standard HCI, 1.0 N (Sigma).

Buffers—Careful consideration of the buffering system used was
required in order to optimize the spread of the charge state distribution
of B,m and hence the resolution of the different protein conformers
while maintaining ESI-MS-compatible conditions. Thus, all ESI-MS
experiments were carried out in a composite buffer containing 5 mm
ammonium formate and 5 mM ammonium acetate. HCI rather than a
volatile organic acid was used to adjust the pH to the desired value
throughout the pH range, because this was found to generate the widest
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Fic. 1. Ribbon diagram of human B,m taken from the crystal
structure of the protein bound to the heavy chain of the major
histocompatibility class I complex (Protein Data Bank number
1DUZ) (46). Residues Val-9 and Phe-30, which were changed to alanine
in the mutants V9A and F30A, and the disulfide bond are shown as ball
and stick. The figure was drawn using MOLSCRIPT (47).

charge state distribution of B,m under the denaturing conditions used.
In addition, salt concentrations of >10 mM were avoided, since the
number of observed charge states decreased at higher ionic strengths,
resulting in the loss of the high m/z ions. Fluorescence experiments and
fibril growth experiments were also conducted using this buffer system
as well as a higher ionic strength buffer containing 25 mM ammonium
formate and 25 mM ammonium acetate. The two buffer systems are
referred to as “low salt” (5 mM ammonium formate and 5 mmMm ammo-
nium acetate) and “high salt” (25 mM ammonium formate and 25 mm
ammonium acetate) throughout.

ESI-MS—AII experiments were performed on a Platform II ESI-MS
mass spectrometer (Micromass UK Ltd./Waters Ltd. (Manchester, UK))
operated under MassLynx software control. The source temperature
was maintained at 37 °C with capillary and cone voltages of 3.5 kV and
50 V, respectively. Samples were infused using a syringe pump (Har-
vard Apparatus, Holliston, MA) at a flow rate of 20 pl'min*. Recom-
binant B,m was overexpressed and purified as described previously
(18). Protein was dissolved in Purite deionized water (Purite Analyst
HP 25, Purite Ltd., Thame, Oxfordshire, UK) at a concentration of 200
uM, syringe-filtered (0.2 um) to remove any potential preaggregated
states (18), and dialyzed extensively overnight in a 3500 molecular
weight cut-off Slide-a-lyser (Pierce) with 5 liters of Purite water at 4 °C.
Next, samples were diluted 1:10 (v/v) with the appropriate buffer and
then equilibrated at 37 °C for ~30 min before injection. No significant
differences were observed in the charge state distributions of samples
infused after an incubation for several hours with the instrumental
conditions used. The capillary was pre-equilibrated with 100 ul of
buffer at the appropriate pH prior to sample injection. Ten 10-s spectra
were acquired in multichannel analysis mode for each sample. Instru-
ment calibration was achieved with a separate introduction of horse
heart myoglobin to ensure a mass accuracy to within +0.01%.

Deconvolution of ESI-MS Spectra—All the m/z spectra were pro-
cessed using a two-point smooth with a Savitsky-Golay algorithm (sup-
plied with the MassLynx software) using a measured 1.0-dalton peak
width at half height. These smoothed m/z spectra are shown in Fig. A in
the Supplementary Material. Next, each of these spectra was subjected
to a centroiding process, which created a centroided (or “stick”) spec-
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trum by measuring the peak area of the top 90% of each peak in the
spectrum. Each spectrum showed evidence for the protein primarily as
protonated molecular ions with a varying number of charges (i.e. m/z =
(M + ng)**/,). There were also minor signals originating from salt
adducts, in particular potassium. In order to account for this, the total
ion current between each protonated molecular ion charge state and its
corresponding dipotassium adduct ions were summed together (Fig. Aii
in Supplementary Material). These new values were normalized to the
base peak intensity and expressed in terms of percentage of base peak
intensities (BPI). This procedure resulted in a significant improvement
in the agreement between the ion currents of observed quasimolecular
ions with replicate analysis. This process assumes equivalence in the
capacity of different protein conformers to acquire these adducts. To fit
the resulting spectra to a series of gaussian distributions, a method
similar to that of Dobo and Kaltashov was used (33). This method
assumes that the total ion current in any given ESI-MS spectrum can
be described by a linear combination of a limited number of gaussian
functions, each one arising from a different conformational ensemble of
the protein at equilibrium.

Each charge state was plotted in ASCII-XY format against its recal-
culated percentage of BPI (above), and the S.D., mean, and amplitude of
a limited number of gaussian distributions were allowed to vary freely
using PeakSolve (Thermo Electron Corp., Altrincham, UK) so that the
residual error between the combined linear contribution of these gaus-
sian functions and the experimental data was minimized. Any remain-
ing error between the experimental data and the gaussian functions
was reduced using least squares regression using Solver (Microsoft
Corp.) to minimize the squared error between the sum of the gaussian
amplitudes at each charge state and the corresponding charge state
percentage of BPI by subtle adjustment of the S.D., mean, and ampli-
tude of each gaussian function.

The precision of each local fit was continually assessed globally
during the deconvolution process. This was necessary because of the
limited number of experimental observations arising from this tech-
nique (single integer values from the charge states 5+ to 15+) as well
as the restricted resolution between the charge state distributions of
the partially folded and acid-unfolded states of B,m, which, in some
instances, resulted in more than one possible local minimized fit when
both of these populations were present. The fitting process assumed
that the envelope of peaks observed in each ESI-MS spectrum is made
up of several ion abundance patterns I,,, each one representing one or
more different protein conformers coexisting at equilibrium, and it is
possible to explain each of these by normalized gaussian distribution

functions,
1 _ 2
I - 6,1,2( X u)

_0'\/2717 a

(Eq. 1)

where p and o represent the mean and the S.D. of the distribution of
charges of each of the protein conformers. These values were assumed
not to vary significantly for each population throughout the pH titra-
tion. By contrast, the relative intensity (amplitude) of each function will
vary depending on the extent to which each conformational ensemble is
populated at each pH. Furthermore, a relationship was assumed to
exist between the width of the charge state distribution (i.e. the gaus-
sian standard deviation of each ion abundance pattern) and each con-
formational state, such that o increases in the order native < partially
folded < acid-unfolded. Then the population of each conformer was
calculated by summation of the height, I, of every integer value
(charge state) under each gaussian function found in each spectrum.
Finally, these values were normalized as a percentage contribution of
each conformer to the total ion current.

Acid Denaturation of B,m Followed by Tryptophan Fluorescence—
Fluorescence experiments were performed on a C-61 spectrofluorimeter
(Photon Technology International Inc., Ford, West Sussex, UK) with
excitation and emission wavelengths of 280 and 327 nm, respectively.
Lyophilized protein samples were dissolved in Purite water, filtered
(0.2 um), and then diluted into Purite water to a final protein concen-
tration of 40 uM. Samples were then diluted 1:10 (v/v) into the appro-
priate low salt buffer and allowed to equilibrate in a 10-mm quartz
cuvette (Hellma UK Ltd., Southend on Sea, Essex, UK) contained in a
heated Peltier unit at 37 °C for 6 min prior to data acquisition. Under
these conditions, the fluorescence signal was constant over the acqui-
sition time. Further, both wild-type and F30A B,m showed no time-de-
pendent signal changes over the total incubation time under these
conditions. Fluorescence intensities were measured between pH 6.2 and
2.0 for 60 s and averaged for each sample; then each denaturation curve
was normalized to its fluorescence intensity at pH 6.2.
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Comparison of Acid Denaturation Monitored by Fluorescence and
ESI-MS—To compare the pH denaturation profiles of B,m measured by
ESI-MS and fluorescence, the fluorescence emission of the protein at
327 nm (A excitation 280 nm) was measured as a function of pH and
compared with data computed directly from the known relative popu-
lations of native, partially folded, and acid-unfolded B,m determined by
ESI-MS. This process assumes that each conformer has a different
fluorescence intensity at pH 6.0 and that each signal varies linearly
with pH. In addition, when comparing wild-type and F30A B,m, it was
assumed that the fluorescence intensities of the partially folded and
acid-unfolded states are identical in the two proteins, although the
fluorescence signal of the native state of F30A is greater than that of
wild-type B,m (>5% increase in fluorescence signal intensity at pH 6.0)
(20).

The fluorescence value at each pH was calculated according to Equa-
tion 2,

F.= (IN]Fly) + (1] FI}) + ([A}F1,) (Eq. 2)

where [N], [I], and [A] correspond to the relative populations of native,
partially folded, and acid-unfolded species at each pH value determined
from deconvolution of the ESI-MS m/z spectra, and Fl,, Fl,, and FI,
represent the fluorescence signals of these states at each pH value. The
pH dependence of the fluorescence signal of the partially folded and
acid-unfolded conformations was allowed to vary in order to achieve the
best fit. Since it was possible to measure directly the fluorescence
intensity of the native state of wild-type B,m and F30A B,m over the pH
ranges of 6.2 to 5.0 and 6.2 to 5.6, respectively, the pH dependence of the
fluorescence signal of this state was determined experimentally for
these proteins and held as a constant throughout the fitting procedure.
The fluorescence signals for the partially folded and acid-unfolded
states were 0.57 and 0.80 at pH 6.0 (normalized to the fluorescence
intensity of the native state at pH 6.2) with pH dependences of 0.05 and
0.08 units per pH value, respectively. The native state fluorescence
signals at pH 6.0 were 0.99 and 0.98 for wild-type and F30A B,m,
respectively, with corresponding pH dependences of 0.06 and 0.01 units
per pH value. The fitting process was carried out using least squares
regression between the experimentally derived equilibrium denatur-
ation data and F,, which was achieved using Solver (Microsoft).

Fibril Formation from Wild-type B;m—Recombinant wild-type Bo,m
was dissolved in Purite water, syringe-filtered (0.2 um), and then dis-
solved 1:10 (v/v) into the appropriate buffer to give a final protein
concentration of 0.2 mg'ml *. A 0.75-ml aliquot of each solution was
then placed in a 1.5-ml Eppendorf tube. Each sample was incubated at
37 °C in a shaking incubator for 6 weeks at 200 rpm. Samples were
removed and visualized by electron microscopy.

Electron Microscopy (EM)—Formvar carbon-coated copper EM grids
were prepared and coated with protein samples as described previously
(18). All images were taken using a CM10 electron microscope (FEI,
Eindhoven, Holland) operating at 100 keV.

RESULTS

Bsm Fibrillogenesis—In order to determine whether B,m
forms amyloid-like fibrils in the volatile buffers required for
ESI-MS analysis, the protein was incubated for 6 weeks at 0.2
mgml ! in both the low salt and high salt buffers at pH 2.6 and
3.6 (see “Experimental Procedures”). After this time, an aliquot
of each sample was taken and analyzed by negative stain EM.
At pH 2.6, fibrils of Bom had formed in both the low salt and
high salt buffers (Fig. 2, a and b). In the low salt buffer (Fig.
2a), the fibrils were generally longer (~5 um) than those
formed under high salt conditions (~1 um) (Fig. 2b). Further,
in low salt buffers at pH 2.6, the majority of the fibrils observed
showed distinct periodicity, whereas in high salt buffers a
mixture of single protofilaments and slightly thicker fibrils
with some periodicity were observed. The latter resemble type
I fibrils previously identified (18) in which paired protofila-
ments twist around each other. At pH 3.6 (Fig. 2, ¢ and d) the
yield of fibrils was greater than at pH 2.6. In low salt buffer at
pH 3.6 (Fig. 2¢), the fibrils exhibited various degrees of lateral
association. On average, these fibrils were longer than the
fibrils formed at pH 2.6 in high salt buffers yet were shorter
than those formed in low salt buffer at pH 2.6. At pH 3.6 under
high salt conditions, a mass of aggregated material was ob-



FiG. 2. Negative stain EM images of wild-type B,m fibrils. Scale
bar, 500 nm. Fibrils were formed at a protein concentration of 0.2
mgml~ ! in a shaking incubator at 37 °C (see “Experimental Proce-
dures”). @ and b, fibrils formed at pH 2.6 in low and high salt buffers,
respectively. ¢ and d, fibrils formed at pH 3.6 in low and high salt
buffers, respectively. a and ¢, images taken after 6 weeks of incubation.
d, image taken after 10-day incubation time.

served after 6 weeks (data not shown). However, after an
incubation time of 10 days under these conditions, many short
fibrils were observed (Fig. 2d). Thus, under the buffer condi-
tions required for ESI-MS, in vitro fibrillogenesis of Bom occurs,
producing fibrils with morphologies that generally resemble
those observed previously using nonvolatile buffers at low ionic
strengths (15, 18, 19, 32).

ESI Mass Spectra of Wild-type Bsm at Different pH—Previ-
ous experiments using far UV CD have shown that acid dena-
turation of B,m results in the formation of at least two distinct
nonnative states (15). In order to quantify these states and to
determine whether additional species are populated during
acid denaturation of Bom, ESI-MS m/z spectra of the protein
were obtained at 21 different pH values ranging from pH 6.0 to
2.0. Selected m/z spectra for wild-type B,m are shown in Fig.
3a. At pH 5.0 and above, the ESI-MS m/z spectra of wild-type
Bom are dominated by the 7+ ions. Below pH 5.0, a second
envelope emerges, incorporating the 9+ to 11+ charge states.
The relative intensity of the ion groups centered on the 7+ and
9+ charge states varies as the pH is reduced, to the extent that
the base peak is centered on the 9+ charge state at pH ~4.0.
With continued acidification, a third series of more highly
charged states, which includes the 12+ to 14+ ions, is observed
in the spectra. This third series has a maximal abundance at
around pH 2.6 (Fig. 3a). Below this pH, the magnitude of this
third ion abundance pattern declines with a concomitant slight
increase in the peaks centered on the 9+ charge state. Presum-
ably, this corresponds to counter ion-mediated refolding of the
acid-unfolded state by the continued addition of acid to the fully
charged protein (34). These data were highly reproducible. In
any given experiment, a ~5% deviation from the mean value
for each charge state was observed at pH 3.6 and 2.6 (n = 7,
data not shown).

These data suggest that at least three different conforma-
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tional states of Bym are populated depending on the pH of the
solution: a native state centered on the 7+ ions, a partially
folded ensemble centered on or around the 9+ charge state, and
a third, more expanded, acid-unfolded state emerging at higher
charge states. Thus, the data agree with previous analyses
using far UV CD, which suggested that partially folded B,m
predominates at pH 3.6, whereas more acid-unfolded conform-
ers are preferentially stabilized at lower pH values (15).

Linear Deconvolution of the ESI-MS Spectra of Wild-type
Bsm—The complex, multimodal nature of the ESI-MS m/z spec-
tra of wild-type B,m over the pH range investigated demon-
strates that the partially folded ensemble, analyzed previously
at pH 3.6 (15, 21), and the acid-unfolded state, analyzed pre-
viously at pH 2.5 (22), involve the co-population of a number of
distinct conformational states. Thus, at pH 3.6 the charge state
distribution shows a spread of ions incorporating the 6+ to 12+
ions, suggesting co-population of the partially folded and native
conformations (Fig. 3a). By contrast, the partially folded and
acid-unfolded states are co-populated at pH 2.6. The relative
proportion of each conformational state in each ensemble var-
ies according to the pH. In order to quantify the relative con-
tribution of each state to the total ion signal, a system of linear
deconvolution was applied to each ESI-MS m/z spectrum over
the pH range investigated (see “Experimental Procedures”).

At pH 5.0 and above, the charge state distribution of wild-
type B,m is described well by a single gaussian distribution
representing the native state of the protein (Fig. 4). Below this
pH value, however, this function does not adequately describe
the data, and a second gaussian function is required to fit the
charge state distribution. The second function represents the
partially folded state of B,m and is broader than the gaussian
function of the native state, presumably arising from increased
conformational heterogeneity and/or decreased structural com-
pactness of this ensemble relative to the native protein. Be-
tween pH 4.8 and 3.8, the ESI-MS m/z spectra of B,m can be
fitted successfully to the sum of these two gaussian distribu-
tions. Further, the S.D. (population width) and mean (popula-
tion central) of these distributions show little variation over
this pH range (Fig. 5, @ and b), whereas the amplitudes of both
gaussian distributions vary, suggesting a two-state equilib-
rium between the native and partially folded states over this
pH range (Fig. 5¢). Below pH 3.8, the ESI-MS m/z spectra of
wild-type B,m can no longer be fitted to two gaussian distribu-
tions (Fig. 4c). This was highlighted by the deterioration of the
fits below this pH value and by loss of continuity in the S.D.
and mean of the gaussian function describing the partially
folded state, which became broader and centered on higher
charge states at lower pH (data not shown). These data suggest
that a third conformational state is in equilibrium with native
and partially folded B,m below pH 3.6 and is characterized by
a greater number of charges than the partially folded state.
However, these data are also consistent with a two-state sys-
tem where a marked increase in the structural heterogeneity of
the partially folded state occurs below pH 3.8, giving rise to a
broadening of the gaussian function describing this state. In
either case, the data demonstrate the formation of more ex-
panded protein conformers at lower pH values.

To reduce the residual error and also to maintain the level of
global agreement between the S.D. and mean of the gaussian
function corresponding to the partially folded state across the
entire pH range studied, a third function was introduced
within each fit. To demonstrate the requirement of a third
distribution to fit the data and to quantify the contribution of
this species to the equilibrium ensemble, it was assumed that
the 13+ and 14+ charge states, which are not present in the
ESI-MS m/z spectra above pH 3.4, uniquely reflect the popula-
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tion of the acid-unfolded ensemble. By contrast, the 12+ ions
contain contributions from both the partially folded and acid-
unfolded states. In addition, the S.D. and the mean of the
gaussian function representing the partially folded state were
held constant initially with values measured at pH values
where the acid-unfolded state is not populated (i.e. above pH
3.6). The error introduced by applying such restraints was then
reduced by the inclusion of the third gaussian function repre-
senting the acid-unfolded conformation. Finally, fine tuning of
any remaining error was accomplished by least squares regres-
sion using Solver (Microsoft), which was performed without
any restraint of any of the parameters for all three gaussian
functions (see “Experimental Procedures”). In this manner, an
excellent agreement between the experimental data and the
gaussian fits was obtained over the entire pH range studied.
The relative populations of the native, partially folded, and
acid-unfolded states of B,m, calculated from the deconvoluted
ESI-MS m/z spectra across the pH range investigated, are
shown in Fig. 5¢. The data show that only the native protein is
populated above pH 5.0. The spectra showed no evidence of a
small population (~15%) of a slowly converting nonnative spe-

cies at physiological pH previously detected by stopped flow
fluorescence and capillary electrophoresis (35, 36). This could
reflect differences in the buffer conditions used or would result
if the partially folded and the nonnative states have similar
charge state distributions. Below this pH, the native state
denatures cooperatively, and the partially folded state is
formed in an apparent two-state transition. At pH 3.4, the
population of the partially folded state is maximal. Below pH
3.4, the partially folded state is destabilized relative to the
acid-unfolded state. Thus, whereas at pH 3.4 the partially
folded state predominates, the ensemble contains significant
contributions from both native-like and acid-unfolded mole-
cules (~30, 65, and 5% for native, partially folded, and acid-
unfolded B,m, respectively) (Fig. 5¢). Similarly, at pH 2.6, the
equilibrium mixture contains ~10, 55, and 35% native, par-
tially folded, and acid-unfolded molecules, respectively. The
residual population of the charge state distributions centered
on the 7+ ions at pH 2.6 is surprising. Interestingly, however,
these species were lost upon reduction of the disulfide bond
(data not shown), demonstrating that the disulfide bond is
responsible for the survival of these compact species even un-
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Fic. 5. Global control charts used to monitor the variation in
the gaussian S.D. values (a); the gaussian mean of the native (o),
partially folded (V), and acid-unfolded (M) states of wild-type
B.m during acid titration (b); and percentage contribution of
each state to the total ion current with varying pH (c). The
conformer-specific contribution of each state shows that the denatured
ensembles at pH 2.6 and 3.6 are mixtures of different conformational
states. Variations in the observed mean and S.D. of the gaussian func-
tions representative of the native, partially folded, and acid-unfolded
states of B,m throughout the titration result from the fitting process as
each ESI-MS m/z spectrum was minimized locally at each pH value
rather than globally. The average error squared of each local pH fit for
wild-type B,m throughout the whole titration is 1.98%.

der highly denaturing acidic conditions. Furthermore, the pres-
ence of the disulfide bond accounts for the limited resolution
between the partially folded and acid-unfolded states in the
ESI-MS m/z spectra of B,m, since species with charge states up
to 19+ were observed in the spectrum of the reduced protein at
pH 2.6.

Comparison of the Mutants V9A and F30A with Wild-type
Bsm—To confirm the validity of the deconvolution process, the
charge state distributions of two well characterized mutants of
Bom, VIA and F30A (20, 32), were analyzed as a function of pH
using an identical procedure to that applied to the wild-type
protein. Both phenylalanine 30 and valine 9 are buried in the
hydrophobic core of B,m (Fig. 1) (10), and their mutation dis-
rupts the global stability of the protein. Analysis of these vari-
ants by fluorescence, near UV CD, and far UV CD has shown
that both proteins have native-like structures at neutral pH
but are significantly destabilized compared with wild-type
Bom. Thus, whereas significant denaturation (>5%) occurs be-
low pH 4.8 for wild-type Bom, this occurs at higher pH values
(pH 5.6 and pH 5.3) for the VOA and F30A B,m variants,
respectively (20, 32).

ESI-MS m/z spectra of V9A and F30A B,m as a function of
pH are shown in Fig. 3, b and c. As expected from their native-
like structure, the charge state distributions of both proteins
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Fic. 6. Difference plots contrasting the variation in ion inten-
sities of VYA (a) and F30A (b) with wild-type B,m. The plots were
drawn by subtraction of the percentage of BPI of each charge state (5+
to 15+) for wild-type B,m from the corresponding spectra of the two
variants. The graphs highlight two ion clusters in each mutant that
differ significantly from wild-type B,m centered on or around the 9+ (e )
and 11+ ions (M). The higher ion charge cluster (M) is ~15% more
intense for each mutant than wild-type B,m below pH 3.0. The 9+ ion
charge cluster (e) is significantly greater in intensity in the spectra of
both variants compared with wild-type B,m (~40% at pH 4.6 V9A (a)
and ~60% at pH 4.8 F30A (b)).

are narrow and centered on the 7+ charge state at pH 6.0 (Fig.
3, b and c¢). By contrast with wild-type B,m, the pH at which
ions with charges of >8+ are formed significantly is higher.
Thus, ions with charges of >8+ are first observed in the
ESI-MS m/z spectra at pH 4.8, 5.8, and 5.4 for wild-type, V9A,
and F30A B,m, respectively. Furthermore, minor but signifi-
cant differences in the intensities of the 12+ to 14+ ions are
also observed in spectra of the mutant proteins compared with
wild-type Bom, particularly at pH 2.6 (Fig. 6, a and b). The
results indicate that the pH of the N-I transition point meas-
ured by ESI-MS correlates closely with the results obtained
previously using far UV CD (20, 32). Furthermore, the data
indicate that the acid-unfolded state is more extensively pop-
ulated in the variant proteins below pH 3.2, as shown by the
small but significant (~15%) increase in the intensity of the
12+ to 14+ charge states for the variant proteins at this pH
(Fig. 6, a and b).

Deconvolution of the ESI-MS m/z spectra of VOA and F30A
B,m was carried out as described above for wild-type B;m. The
ESI-MS m/z spectra of both variants could also be fitted to a
maximum of three gaussian functions over the entire pH range
studied. The percentage of conformer-specific ion signal to-
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Fic. 7. Global control charts used to
monitor the variation in the gaussian
mean and S.D. values of the native (o),
partially folded (V), and acid-unfolded (H)
states of VOA (a and ¢) and F30A (b and d)
Bom during acid titration. The percentage
contribution of each state to the total ion
current of both proteins at each pH is
shown in e-f.
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gether with the global control charts used to monitor the peak
S.D. and mean of each gaussian function with varying pH is
shown in Fig. 7 (a—f). The data show that the partially folded
state of each variant is formed at a higher pH than observed for
wild-type Bom. This state is maximally populated at pH 3.6 and
3.8 for V9A and F30A, respectively, compared with pH 3.4 for
wild-type B,m (Figs. 5¢ and 7, e and f). Furthermore, the
maximal population of the partially folded state at these pH
values also differs significantly in the three proteins (~75% for
wild-type and F30A B,m compared with ~60% for VOA B,m)
(Figs. 5¢ and 7, e and f). The acid-unfolded state is also popu-
lated significantly at pH ~3.8 for both variants and has a
maximum ion contribution at pH 2.6. Interestingly, the maxi-
mal population of the acid-unfolded state also varies signifi-
cantly in the three proteins (~70% for VOA and F30A compared
with ~45% for wild-type Bom).

Comparison of ESI-MS Data with Fluorescence Denaturation
Curves—The data presented above show an excellent correla-
tion between the pH at which denaturation commences for
wild-type, VOA, and F30A B,m determined using ESI-MS with
previous data obtained using far UV CD (20, 32). To test this
correlation further, pH-induced denaturation of B,m was meas-
ured using far UV CD under the low salt buffers used for the
ESI-MS experiments. Significantly, analysis of the pH depend-
ence of B,m stability by far UV CD at low concentration (0.4
mgml 1) and in the low salt ESI-MS buffers shows that
changes in signal between the partially folded and acid-un-
folded states are too small to measure accurately (data not
shown). By contrast, at higher protein concentrations and in-
creased ionic strength, the CD signal monitors aggregation
from rapid oligomerization of the partially folded state rather
than intramolecular conformational changes under the condi-
tions used (data not shown) (37). In order to test the results of

100
(e) ()
75
50
25
0 -
2 3 4 5 6 2 3 4 5 6

pH pH

the ESI-MS analysis further, wild-type B,m and the variant
F30A were titrated with acid, and denaturation was monitored
using fluorescence of the two tryptophan residues (Trp-60 and
Trp-95) in each protein. In each experiment, the conditions
used were identical to those employed in the ESI-MS analysis
and showed no evidence for intermolecular association events.
The resulting data (Fig. 8a) show that the fluorescence signal of
each protein decreases with pH in a sigmoidal manner, consist-
ent with cooperative denaturation of the proteins at acidic pH.
As expected from previous results (20) and the data presented
above, F30A is less stable than its wild-type counterpart, de-
naturation commencing at pH 5.4 for F30A compared with pH
4.8 for wild-type B,m (Fig. 8a). As shown by the ESI-MS results
above, acid denaturation of both F30A and wild-type B,m in-
volves a complex transition that involves at least three distinct
states. To determine whether these results are consistent with
the fluorescence data, the fluorescence denaturation curve of
wild-type B,m was computed from the known concentrations of
native, partially folded and acid-unfolded states at each pH
determined using ESI-MS. It was assumed that the fluores-
cence signals of native, partially folded, and acid-unfolded B,m
are distinct, and each varies linearly with pH (see “Experimen-
tal Procedures”). The resulting curve (Fig. 8b) shows a good
correspondence of the computed fluorescence curve with that
observed experimentally. Similarly, an excellent fit to the flu-
orescence denaturation curve of F30A B,m was obtained using
the populations determined by ESI-MS for this protein and
using identical pH-dependent fluorescence values for the par-
tially folded and acid-unfolded states (Fig. 8c). The fluorescence
signal of the native states of wild-type and F30A B,m and the
pH dependence of these parameters were determined directly
from each fluorescence denaturation curve (see “Experimental
Procedures”). The fact that a good fit to the observed fluores-
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FiG. 8. a, equilibrium denaturation of wild-type (V) and F30A ()
Bom determined using tryptophan fluorescence. Fluorescence intensi-
ties were normalized to the signal of each protein at pH 6.2. b and ¢,
comparison of the denaturation curves monitored by fluorescence (open
symbols) with fluorescence curves computed from the ESI-MS-deter-
mined populations of native, partially folded, and acid-unfolded B,m
(closed symbols) for wild-type (b) and F30A B,m (c), respectively.

cence data could be obtained for both proteins from the derived
ESI-MS populations (squared error values of 0.003 and 0.004
for wild-type and F30A B,m, respectively), using the same
pH-dependent fluorescence signals for the partially folded and
acid-unfolded states, further supports the validity of the decon-
volution method used for the ESI-MS analysis.

DISCUSSION

Emerging data from ESI-MS have demonstrated the tech-
nique to be a powerful analytical tool, not simply for determin-
ing molecular masses but also in analysis of protein dynamics
and the resolution of complex mixtures of different conforma-
tional species (38). Furthermore, the gentle nature of the trans-
fer of proteins from the electrospray droplet to the gas phase
means that perturbation of the solution structure of a protein is
minimal (39), and there is now significant evidence to suggest
that the correlation between the solution and gas phase prop-
erties of a protein is significant (27, 40, 41). An impressive and
increasing number of ESI-MS-based approaches now exist with
regard to the characterization of the conformational dynamics
of proteins (38). Here we have demonstrated the power of
ESI-MS to resolve complex mixtures of protein conformers that
rely on differences in the net positive charge between native
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and nonnative conformations. Such differences may originate
from the diminished capacity of native proteins to stabilize
charges opposite to those of the ionization mode from neutral-
ization upon their unfolding (30), although several other mod-
els have been proposed (23, 27-29). The strength of ESI-MS,
compared with other spectroscopic methods, is that each
conformational ensemble of a protein can be visualized inde-
pendently in the ESI m/z spectrum, provided that each state
has a unique and resolved charge state distribution. Although
it is feasible that conditions within the ion source during ioni-
zation and desorption could perturb the relationship between
the solution and gas phase states on account of reduced pH
at the capillary tip and the destabilizing effect of polyprotona-
tion, the analysis of ESI-MS charge state distributions has
been shown to be both conformationally specific (42) and insen-
sitive to secondary solution effects (43).

Consistent with previous reports (15), our data indicate that
B,m populates three distinct states with varying pH. However,
our results are also consistent with a two-state model in which
the partially folded ensemble becomes increasingly broad with
continued acidification, the partially folded and acid-unfolded
states forming a continuum rather than a distinct two-state
equilibrium separated by a significant free energy barrier. This
is an important point, since equilibrium denaturation, moni-
tored by fluorescence, for example, shows no evidence for a
multistate system. Similarly, measurements of acid denatur-
ation of B,m using far UV CD at low concentration (0.4
mgml 1) and in volatile buffers also show no evidence for a
multistate system. Here we interpret the emergence of the 12+
to 14+ charge states (which occurs at pH <3.8 for wild-type
Bom) in terms of the population of a distinct third species of
acid-unfolded molecules that are conformationally distinct rel-
ative to the partially unfolded state. In accord with this, protein
conformers have been shown to have little change in their
charge state distributions over wide pH ranges if their struc-
ture is known not to change over this pH range (44). In addi-
tion, NMR data suggest that by contrast with partially un-
folded Bym, the conformational ensemble of B,m formed at pH
2.5 contains largely unfolded molecules with residual structure
involving residues in the B, E, and F strands (21, 45).

Under native conditions, the V9A mutant of B,m is particu-
larly interesting in that this protein assembles spontaneously
into amyloid-like fibrils with a distinct morphology (32). The
ESI-MS data demonstrate that the charge state distribution of
the V9A variant at pH 6.0 resembles that of wild-type Bom,
with no evidence for a significant population of nonnative
states that exhibit distinct charge state distributions. The amy-
loidogenic precursors of VOA at this pH may therefore possess
tertiary structures similar to that of native 8,m or may involve
relatively minor perturbations in secondary structure, possibly
involving increased local dynamics of the A-strand that are not
detected by ESI-MS (32). Alternatively, the concentration of
amyloidogenic states of VA B,m at pH 6.0 may simply be too
low to detect by ESI-MS.

One of the most powerful aspects of analyzing the charge
state distribution of a protein is its capacity to resolve and
quantify different species that are co-populated in solution. In
addition, the technique may be of particular importance when
dealing with proteins that are prone to aggregation under
certain conditions. This importance is highlighted with the S,m
variant V9A, since it proved impossible to acquire equilibrium
denaturation curves using either far UV CD or fluorescence
because of time-dependent signal changes that reflect rapid
protein aggregation in the volatile buffers used. However, this
phenomenon does not represent a challenge for ESI-MS, be-
cause alterations in instrumental conditions, such as the cone
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voltage, can be used to disassemble solution phase aggregates
(40). In addition, oligomers can be visualized in the ESI-MS m/z
spectra and analyzed separately. For V9A B,m, for example,
minor peaks (~5% BPI) corresponding to protein dimers were
visible in the ESI-MS m/z spectra above pH 4.0. However,
because these peaks are resolved from those of monomers, they
could be specifically excluded from the analysis of the proper-
ties of the monomeric protein.

The ESI-MS m/z spectra of wild-type Bym, together with the
B.m mutants V9A and F30A, show transitions between the
native and partially folded states that commence at pH 4.8, 5.6,
and 5.4, respectively. These data are in excellent agreement
with previous results obtained by far UV CD (20, 32). In addi-
tion, a close correspondence between the observed fluorescence
denaturation curves and those computed from the ESI-MS-
determined populations of each state is obtained. These data
demonstrate the accuracy of quantification of ESI-MS m/z spec-
tra by linear deconvolution of the charge state distributions.
Moreover, the data show that even when the resolution be-
tween different charge state distributions is limited, as ob-
served for the partially folded and acid-unfolded states of B,m,
ion envelopes can be assigned to different protein conforma-
tions and fitted accurately by global analysis of a series of
spectra obtained using a detailed pH titration.

With regard to B,m amyloidosis, our results indicate that the
pH 2.6 and 3.6 ensembles are complex mixtures involving two
or more distinct conformational states, consistent with line
broadening seen in NMR spectra of these states (15, 21, 22).
The ability to resolve the relative proportions of each confor-
mation of By,m populated under different conditions using
ESI-MS should now pave the way toward the identification of
the role of each species in the generation of amyloid fibrils. The
data also provide the foundations for detailed investigations
into the mechanism of action of potential inhibitors of B,m
fibrillogenesis, since even minor perturbations in the confor-
mational equilibrium between different species can be detected
and quantified.
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