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SUMMARY

We report structural models for the most abundant
oligomers populated by the polydisperse molecular
chaperone aB-crystallin. Subunit connectivity is de-
termined by using restraints obtained from nuclear
magnetic resonance spectroscopy and mass spec-
trometry measurements, enabling the construction
of various oligomeric models. These candidate
structures are filtered according to their correspon-
dence with ion-mobility spectrometry data and
cross-validated by using electron microscopy. The
ensuing best-fit structures reveal the polyhedral
architecture of aB-crystallin oligomers, and provide
a rationale for their polydispersity and facile inter-
conversion.
INTRODUCTION

Traditional structural biology approaches typically involve mea-

surements that average over all species in solution. Elucidating

the properties of the individual states within heterogeneous

and dynamic protein assemblies therefore represents a sig-

nificant challenge (Russel et al., 2009). For this reason, structural

studies of the molecular chaperone aB-crystallin, which popu-

lates an ensemble of interconverting oligomeric states (Fig-

ure 1A), have met with considerable difficulties (Horwitz, 2009).

The emergence of ‘‘hybrid’’ methods, which combine informa-

tion from multiple sources, has provided new impetus to eluci-

dating the structure and dynamics of molecular systems resis-

tant to characterization by any single technique (Cowieson

et al., 2008; Robinson et al., 2007). Here we demonstrate a

strategy based on a combination of mass spectrometry (MS),

solution-state nuclear magnetic resonance spectroscopy

(NMR), ion-mobility spectrometry (IM), and electron microscopy

(EM), together with prior X-ray crystallography data, to determine
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the architecture of the individual oligomeric states comprising

the heterogeneous aB-crystallin ensemble.

aB-crystallin is a mammalian member of the small heat shock

proteins (sHSPs), a family of molecular chaperones found in

organisms spanning all biological kingdoms (Haslbeck et al.,

2005;McHaourab et al., 2009; vanMontfort et al., 2001a). sHSPs

are an integral part of the cellular proteostasis network (Balch

et al., 2008), binding unfolding proteins and preventing their

accumulation into potentially pathogenic (Dobson, 2003) or

thermodynamically stable (Baldwin et al., 2011c) aggregates.

aB-crystallin performs its protective role throughout the body,

and its malfunction is consequently associated with a range

of protein deposition maladies from cataract to Alzheimer’s

disease (Arrigo et al., 2007; Ecroyd and Carver, 2009; Sun and

MacRae, 2005). Crystallographic and NMR studies of truncated

forms have revealed both aB-crystallin and the eye-lens-specific

isoform aA to be composed of a dimeric b sheet domain

(Bagnéris et al., 2009; Clark et al., 2011; Jehle et al., 2009;

Laganowsky et al., 2010; Laganowsky and Eisenberg, 2010),

an arrangement also found within the wild-type oligomers

(Alexander et al., 2008; Jehle et al., 2010).

Although the structure of the dimers that serve as the building

block of the polydisperse aB-crystallin ensemble has recently

been elucidated, how they assemble into the various oligomers

remains unclear. Here we combine and correlate information

fromNMR,MS, IM, and EM experiments to interrogate the oligo-

meric distribution populated by aB-crystallin. Specifically, the

combination ofMS andNMRexperiments allows us to determine

regions responsible for intersubunit connectivity, enabling the

construction of oligomeric models. These candidate structures

are assessed according to their correspondence with sizes of

individual oligomers determined from IM-MS. The results are

then cross-validated with EM data, and reveal that aB-crystallin

exists not only in a range of stoichiometries but also a wide diver-

sity of sizes. Moreover, by correspondence of our models with

our IM-MSdata,we isolate the likely architectures of highly popu-

lated oligomers of the protein. Notably, these structures provide

an immediate rationale as to how thisprotein populates apolydis-

perse and interconverting ensemble of oligomers at equilibrium.
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Figure 1. Polydispersity and Dynamics of aB-Crys-

tallin as Probed by MS and NMR

MS can report on the oligomeric ensemble, whereas the

NMR approach provides information about the tertiary

structure of individual monomeric constituents. MS

experiments show that this protein exists as a range of

oligomeric forms containing between approximately 10

and 40 subunits (A) (Baldwin et al., 2011a). Methyl-TROSY

NMR spectra show a single peak for each of the nine

isoleucine residues, revealing that the monomers exist in

a single conformation (B). The peaks corresponding to

I159/161 in the C-terminal IXI motif undergo millisecond

dynamics as measured by NMR relaxation dispersion

experiments (Baldwin et al., 2011b). When the exchange

rates are interpreted in terms of two coincident transitions

that break intersubunit interactions involving C termini, the

rates are in extremely good agreement with the global

subunit exchange rate as measured by MS (C) (Baldwin

et al., 2011b). Oligomers are assembled such that each

monomer donates and receives a C terminus from

neighboring monomers. The correlation shown in (C)

demonstrates that the dissociation (green) of a monomer

from any oligomer proceeds via an intermediate that has

only one of the two C termini (red) firmly attached (D). A

number of types of aB-crystallin oligomer models can be

envisioned that meet these connectivity requirements. For

a 24-mer, polyhedra of degree 3 (cube), 4 (octahedron),

and mixed-degree (elongated triangular pyramid, degree

3.4) and single (1 ring of 12 dimers), double (2 3 6), triple

(33 4), and quadruple (43 3) ring structures are illustrated

(E). It should be noted that the double ring can be

considered as a hexagonal prism, missing the edges

connecting the two hexagonal faces together. See also

Figure S1. Error bars in (C) were estimated by taking the

standard error of the mean from repeated measurements

and from the error in the fitting parameters from the

appropriate c2 surfaces (Baldwin et al., 2011a, 2011b).
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RESULTS AND DISCUSSION

Equivalent aB-CrystallinMonomersEstablish aDynamic
Polydisperse Ensemble of Oligomers
MS is a well-established means for elucidating the stoichiometry

of protein assemblies (Benesch et al., 2007; Heck, 2008; Sharon

and Robinson, 2007), with the high resolution of separation

allowing both the identification of individual components com-

prising a polydisperse ensemble and the quantification of their

relative proportions (Benesch and Ruotolo, 2011). Our measure-

ments of full-length aB-crystallin reveal a broad oligomeric distri-

bution spanning 10- to 40-mers, in which monomers are free to

‘‘hop’’ between oligomers (Figure 1A). Monomers assemble into

oligomers via both inter- and intradimer interactions, the ener-

getics and kinetics of which have been shown to be independent

of stoichiometry (Baldwin et al., 2011a). The equivalence of each

monomer within the oligomers is further supported by solid-state
1856 Structure 19, 1855–1863, December 7, 2011 ª2011 Elsevier Ltd All rights reserve
NMR experiments that show a single resonance

for each probe in the protein core (Jehle et al.,

2010) and Ile methyl-TROSY NMR experiments

conducted in solution at physiological tem-

peratures, where the number of cross-peaks
matches the number of Ile residues in the protein (Figure 1B)

(Baldwin et al., 2011b).

Breaking of C-Terminal Interactions Is Rate Limiting
in Subunit Exchange
Paramagnetic relaxation enhancement NMR experiments estab-

lish that the C terminus of each monomer makes interdimer

contacts within the oligomer, and relaxation dispersion NMR

measurements identify that the C terminus transitions between

a pair of conformations on a millisecond timescale (Baldwin

et al., 2011b).

The rate of subunit exchange, as determined with MS, and

the rate of interconversion between C-terminal conformations,

established by NMR, are in good agreement when the NMR

data are interpreted in terms of a model in which the dissociation

of a monomer from the oligomer occurs at the same rate as coin-

cident transitions of two C termini (Figure 1C) (Baldwin et al.,
d
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Figure 2. Combined Tandem-MS and IM-MS

Approach to Interrogate the Polydisperse aB-Crys-

tallin Ensemble

Candidate models are constructed by combining high-

resolution structures of the dimeric building block with

polyhedral scaffolds, shown here for an octahedron (A).

This allows the construction of a database of putative

structures of a given number of subunits and calculated

CCS (B). To a good approximation, the CCS varies linearly

with the number of monomers when degree is held

constant. An IM-MS spectrum of aB-crystallin obtained at

a traveling-wave height of 12.5 V (C), and the corre-

sponding summed mass spectrum (D), is characteristic of

a broad range of oligomeric masses and sizes. The ATD of

the peak at 10,100m/z can be extracted (E) and the identity

and relative abundances of the underlying oligomers

determined from tandem-MS (F). The arrival times for the

individual oligomers within this range can be calculated (G)

from the CCSs of the various models (B), and by combi-

nation with their relative abundances (F) converted into

theoretical ATDs (H). Comparison between the experi-

mental (E) and calculated data (H) allows the determination

of the best fit of candidate structures to the IM-MS data.

Clearly, the ATD calculated assuming oligomers based on

rings (black symbols in G) or degree 3 polyhedra (green) fit

poorly, whereas those based on degree 4 polyhedra (blue)

provide a reasonable approximation. The best fit between

calculated and experimental ATDs was obtained by

assuming a linear relation between CCS and the number of

monomers (H, purple). This comparison is shown here for

12.5 V, but is performed globally over nine different trav-

eling-wave heights (Figure S2B). The best-fitting parame-

ters and corresponding uncertainties were derived from

a Bayesian probability surface (G, purple shading; further

details are in Figure 3). Throughout the figure, black and

orange borders denote experimental and theoretical data,

respectively. See also Figure S2.
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2011b). This correlation of quaternary and tertiary dynamics

reveals that the rate-limiting step of monomer dissociation

from a parent oligomer is the concurrent breaking of two inter-

dimer C-terminal interactions (Figure 1D). It should be noted

that our comparison is based purely on kinetics and does not

rule out that other interactions, such as those arising from the

N terminus (Jehle et al., 2011), contribute to the overall thermo-

dynamic stability of the oligomers.

Candidate Oligomer Structures Can Be Constructed
Using Restraints Derived from Correlated Protein
Dynamics
The results of our NMR and MS measurements provide strong

structural restraints on oligomeric connectivity, motivating the

construction of candidate aB-crystallin oligomer structures.

These are based on the high-resolution structures of the

protomeric dimer (Bagnéris et al., 2009; Clark et al., 2011; Jehle

et al., 2010; Laganowsky et al., 2010; Laganowsky and Eisen-

berg, 2010), and satisfy the following three criteria derived from

our combined data set (Baldwin et al., 2011a, 2011b): (1) all

monomers must be in essentially equivalent environments; (2)

oligomers are built up from dimeric building blocks; and (3)

each monomer is constrained by a pair of C-terminal ‘‘cross-

linking’’ interactions. This picture is consistent with the mode

of oligomerization seen for some sHSPs from other organisms
Structure 19, 1855–18
(Kim et al., 1998; van Montfort et al., 2001b) and with spec-

troscopic experiments on wild-type aB-crystallin showing

interdimer C-terminal contacts (Jehle et al., 2010; Pasta et al.,

2004).

Examination of the organization of other oligomeric sHSPs

suggests they can be represented as regular convex polyhedra

or rings, with dimers comprising the edges, N termini seques-

tered inside, and C termini binding to adjacent subunits at the

vertices (see Figure S1 available online). Such forms therefore

represent an attractive scaffold for modeling sHSP structures

(Figure 1E), with each polyhedral arrangement associated with

two parameters: the number of edges and the average number

of edges that converge at each vertex (the ‘‘degree’’). Similarly,

ring-based structures are defined by the number of edges in

each ring and the number of rings. By placing structures of the

dimeric aB-crystallin core along the edges of these scaffolds,

candidate structures were constructed (e.g., the 24-mer octahe-

dron; Figure 2A). All such models are consistent with cryo-EM

studies of the heterogeneous aB-crystallin ensemble, which

loosely resembles a spherewith reduced central electron density

(Haley et al., 1998, 1999). The sizes of our models were assessed

in silico in terms of a rotationally averaged collisional cross-

section (CCS), a property found to increase substantially and

predictably with both the number of edges and decreasing

degree (Figure 2B; Table S2).
63, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1857
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Figure 3. Size Distribution of aB-Crystallin Oligomers

A linear trend of CCS with oligomeric stoichiometry results in excellent agreement between experimental and calculated ATDs for the peak at 10,100 m/z (see

Figure 2). The optimal gradient and intercept, and associated error surface, were determined from a global analysis (Figures S2B–S2E) and reveal a clear increase

in CCS as a function of the number of subunits (A, purple shading). The CCS of each oligomeric state was determined to a precision of 3%. The structures that lie

within these error bounds are indicated, and discussed in Figure 5. The linear trend observed was extrapolated across the entire range of oligomeric states

observed in MS data, �10–40 subunits (purple line), and an IM-MS spectrum based on this trend was calculated (B, purple). The agreement between this

spectrum and the experimental data (B, black) was excellent, suggesting that aB-crystallin adopts a wide range of oligomeric sizes. Alternatively, assuming that

aB-crystallin oligomers adopt structures of equal approximate radius, 7.4 nm (Jehle et al., 2011; Peschek et al., 2009) (A, orange line), results in a back calculated

IM-MS spectrum based in very poor agreement with our data (B, orange). It is apparent therefore that the oligomeric states populated by aB-crystallin at

equilibrium adopt a diverse range of sizes.
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Discriminating between Models by Combined
Tandem-MS and IM-MS
In order to distinguish between the candidate models for each

oligomeric state, we employed IM-MS. This technique separates

oligomers in the gas phase according to not only mass-to-

charge (m/z) ratio but also on their ability to traverse a cell of inert

gas under the influence of a weak electric field (Ruotolo et al.,

2008). The ensuing arrival-time distribution (ATD) is directly

related to the CCS of the oligomers. An IM-MS spectrum of

aB-crystallin reveals a band of signal spanning arrival times of

5 to 25 ms and 7,000–13,000m/z (Figure 2C). The line projection

of the m/z dimension does not display multiple distinct charge-

state series but rather unresolved signal stemming from the

broad distribution of oligomers comprising the aB-crystallin

ensemble (Figure 2D) (Aquilina et al., 2003). As a result of these

overlapping charge states, we cannot obtain CCSs for the indi-

vidual oligomers directly from this spectrum.

To overcome the challenge posed by this heterogeneity, we

developed a combined IM-MS and tandem-MS strategy. In our

experiment, we obtain an ATD for the protein assemblies in an

m/z range of interest, and in parallel identify the oligomers and

their relative populations via tandem-MS. Specifically, we inter-

rogated the peak centered at 10,100 m/z and 11.5 ms, which

arises from a subset of oligomers, each carrying twice as many

charges as subunits (Figure 2E). Tandem-MS of this peak, per-

formed as described previously (Aquilina et al., 2003), reveals

that the underlying subpopulation of oligomers consists largely

of 24-mers, 26-mers, and 28-mers (Figure 2F).

In parallel to these experiments, we calculated the expected

arrival times of our polyhedral models in silico based on their

CCSs (Figure 2G). This allows a direct comparison of the exper-

imental ATD of our selected subpopulation of aB-crystallin olig-

omers (Figure 2E) to ATDs calculated from specified CCS values,

weighted according to the relative ratios of each oligomer within

the selection (Figure 2H). The family of models based on degree

3 polyhedra (green) correspond very poorly to the experimental
1858 Structure 19, 1855–1863, December 7, 2011 ª2011 Elsevier Ltd
data (black). By contrast, those based on degree 4 (blue) were

found to be in reasonable agreement, suggesting that aB-crys-

tallin has a tendency to adopt oligomeric architectures in which

four dimers meet at each vertex. We have also calculated the

best fit of the experimental ATDdata to amodel assuming a linear

correlation of CCS with stoichiometry (Figure 2G, purple). This

comparison is performed for the complete data set, obtained

at nine different traveling-wave heights, and the data fitted glob-

ally (Figure S2B), and provides excellent agreement (Figure 2H).

From our fit of experimental and calculated ATDs, we obtain

the optimal linear trend of CCS with the number of subunits (Fig-

ure 3A, purple band), with estimates of individual oligomer sizes

extractable with uncertainties in CCSs of under 3% (Figures

S2C–S2E). This relationship can be extrapolated across the

entire range of oligomeric states observed in our MS data (Fig-

ure 1A), suggesting that oligomers range in CCSs between 50

and 250 nm2 (Figure 3A, purple line). To validate our fit, we

used this extrapolation, in combination with our knowledge of

the oligomeric distribution (Figure 1A), to back-calculate an

IM-MS spectrum for the entire range of oligomers (Figure 3B,

purple). This matches the experimental spectrum (Figure 3B,

black) very well. For comparison, we calculated an IM-MS spec-

trum if there were no trend in CCS with the number of subunits

but rather all oligomers were of the same approximate size (Fig-

ure 3B, orange). In this case, the signal in the IM-MS spectrum is

skewed such that oligomers at lower m/z have much longer

arrival times than those at highm/z, and is a very poor reproduc-

tion of our data. Combined, our IM-MS results demonstrate that

the oligomeric states aB-crystallin populates span a wide range

of sizes at equilibrium.

Cross-Validation of the Oligomeric Size Distribution
by Means of EM
Some previous studies have been interpreted in terms of a single

stoichiometry or with a very narrow size distribution (Jehle et al.,

2011; Peschek et al., 2009). In contrast, here we not only find
All rights reserved
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Negative-stain EM analysis was performed on aB-crystallin, with 20 particle

images that represent the observed heterogeneity shown (A). Averages from

classification into 200 classes reveal the diverse range of particle sizes,

shapes, and symmetries present in the data (B, 20 classes shown, ordered by

increasing area, clockwise from upper left). The scale bars represent 10 nm.

A histogram of the EM class average areas was determined (C, green), and an

equivalent histogram was calculated from the CCS values (C, purple), deter-

mined from the IM data (using best-fit values m and c; see Figure 3A) and

knowledge of the full oligomeric distribution (Figure 1A). These are in

remarkably good agreement, demonstrating that the heterogeneity in size

observed by IM is independently confirmed by the diversity in the sizes of

particles observed by EM. See also Figure S3.
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Figure 5. Oligomeric Structures of aB-Crystallin

The experimentally determinedCCSmeasurements indicate unique structures

for the 24-mer, 26-mer, and 28-mer (A). These structures are based on an

octahedron, augmented triangular prism, and gyrobifastigium, respectively,

which can interconvert simply by the insertion or removal of a single ‘‘dimeric’’

edge (B). The corresponding structures for the 23-mer, 25-mer, and 27-mer

can be obtained by removing any one monomer. As the models were

assembled from structures of a truncated aB-crystallin dimer, terminal regions

are necessarily missing. As such, the central cavity is likely to be at least partly

occupied, a consideration that does not substantially affect the CCS calcu-

lations from which the models are derived (Figure S1C).
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a range of oligomeric states but also a clear tendency for these

to increase in size with the number of subunits, with the CCS

of the 28-mer 20% larger than that of the 24-mer (Figure 3A).

In order to cross-validate the findings from our gas-phase

measurements to those obtained from more conventional

means, we have compared our IM-derived size distribution

with EM data (Figure 4). Over 3,000 negatively stained aB-crys-

tallin particles were picked, and were found to display a range of

apparent sizes (Figure 4A). Classification of these particles into

200 classes emphasizes the diversity of sizes and also reveals

multiple symmetries (Figure 4B). To quantify the size of these

particles, we determined the projected area of each class and

compared the ensuing area distribution with that obtained by

means of IM-MS (Figure 4C). This independently obtained distri-

bution of particle size matches the overall CCS distribution very

well, demonstrating that the gas-phase IM-MS measurements

faithfully describe the solution-phase oligomers. Furthermore,

the mean of our size distribution, which stems from a 28-mer

under these conditions (Figure 1A), is in good agreement with
Structure 19, 1855–18
that observed in other EM (Haley et al., 1998; Jehle et al.,

2011; Peschek et al., 2009) and solution-phase scattering ex-

periments (Jehle et al., 2010; Jehle et al., 2011; Peschek et al.,

2009). Notably, classification of the aB-crystallin particles into

fewer classes results in nearly identical copies of one ‘‘view’’ of

the data in a much narrower size distribution, inconsistent with

the diversity observed in the particles (Figure S3). In contrast

to previous reports (Jehle et al., 2011; Peschek et al., 2009),

these correlated IM and EM findings therefore demonstrate

that the aB-crystallin oligomer ensemble is heterogeneous in

terms of both mass and size.

Structural Basis of aB-Crystallin Heterogeneity
and Quaternary Dynamics
Examination of the models whose CCSs best match our IM-MS

data reveals likely architectures for the 24-mer, 26-mer, and

28-mer (Figure 3A). The best correspondence is obtained for

the structures based on an octahedron, augmented triangular

prism, and gyrobifastigium, respectively (Figure 5A). Examina-

tion of these polyhedral geometries provides a structural ratio-

nale for the facile interconversion of oligomers via the loss

and addition of subunits. Opening one of the vertices of the

octahedron and inserting an additional edge directly yields an

augmented triangular prism (Figure 5B). Performing the same

operation on the opposite vertex results in a gyrobifastigium. It

is striking how the rearrangements required to achieve this are

minimal, and that the environments of the subunits are very

similar in all three structures. The only changes on the dimer level

required to enable this are slight modifications in the angle

made between the C terminus and the core domain, in a flexible

region termed the ‘‘hinge loop’’ (Laganowsky et al., 2010). As

such, these structures provide a clear means for understanding

how aB-crystallin populates a range of oligomeric states at

equilibrium.
63, December 7, 2011 ª2011 Elsevier Ltd All rights reserved 1859
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Implications for the Structural Biology of Polydisperse
Proteins
In conclusion, we have made use of a hybrid approach com-

bining NMR and MS measurements to obtain a set of restraints

that can be used to build models of aB-crystallin oligomers. IM

data are used to derive the area distribution of oligomers, which

is cross-validated by means of EM, and allow us to extract the

sizes of the most populated stoichiometries. Comparison of

the IM-MS data with our models of aB-crystallin reveals a set

of candidate structures, which in themselves provide a rationale

for how this important protein can interconvert between oligo-

meric states via only relatively minor structural rearrangements.

Critical to the process is the very high two-dimensional sep-

aration, in terms of size and mass, afforded by combining

tandem-MS with IM-MS. The methodology presented can

readily be applied to the structure determination of other polydis-

perse proteins, which are among the most challenging targets

for structural biology.
EXPERIMENTAL PROCEDURES

aB-crystallin was expressed in Escherichia coli and purified using standard

methods (Meehan et al., 2007). Samples of the protein were analyzed using

a combination of NMR (Sprangers et al., 2007), nanoelectrospray MS (Hernán-

dez and Robinson, 2007), and IM-MS (Ruotolo et al., 2008) approaches devel-

oped to enable the study of large protein assemblies.
MS and NMR Correlation

To obtain the determinants of oligomeric assembly, we probed the quaternary

and tertiary dynamics of aB-crystallin using a combination of MS and NMR.

MS experiments were performed at a range of temperatures and pHs in

200 mM ammonium acetate and at a total monomer concentration of 50 mM.

Equilibrium oligomer distributions were obtained by means of a collision-

induced dissociation MS (MSe) approach, performed and analyzed as

described previously (Baldwin et al., 2011a) (Figure 1A). In order to determine

the kinetics of subunit exchange, aB-crystallin was incubated with its isoform

aA-crystallin, and the time dependence of the MSe spectra was monitored

(Aquilina et al., 2005). These time courses were interpreted in terms of indi-

vidual monomers mediating subunit exchange, allowing the extraction of the

global subunit exchange rates (Baldwin et al., 2011a) (Figure 1C). NMR
13C-1H correlation spectra of Ile methyl-labeled (13CH3- and otherwise
12C/2H-labeled) aB-crystallin were acquired as described previously (Baldwin

et al., 2011c) (Figure 1B), with the intense correlations localized to the

C-terminal IXI motif by mutagenesis. To probe and determine the rate constant

for a transition between a ground and excited state, single-quantum carbon

relaxation dispersion profiles were acquired (Lundström et al., 2007) and

analyzed according to a two-state model as described previously (Baldwin

et al., 2011c).
IM-MS Measurements

To interrogate the structure of aB-crystallin oligomers, we performed IM-MS

measurements to obtain ATDs, and thereby CCSs, which can be used as

restraints in topological modeling of protein assemblies (Politis et al., 2010;

Pukala et al., 2009). IM-MS measurements were obtained at pH 7, 200 mM

ammonium acetate, and a total monomer concentration of 50 mM, using a Syn-

apt G1 high-definition MS (HDMS) system (Waters UK) (Pringle et al., 2007),

which effects IM separation with traveling direct current waves (Giles et al.,

2004). The instrument parameters used were: nanoelectrospray capillary

1.5 kV; sample cone 15 V; extractor cone 0.6 V; trap collision ‘‘energy’’ 15 V;

source backing pressure 5.1 mbar; trap pressure 3.4 3 10�2 mbar (argon);

time-of-flight (ToF) pressure 8.5 3 10�7 mbar; IM cell 0.43 mbar (nitrogen).

Data were obtained at nine different wave heights from 10.5 to 14.5 V, with

the wave velocity kept constant at 300 m/s.
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CCS Calibration

To convert between the experimentally determined arrival time ta and CCS for

ions of charge Z in a traveling-wave instrument, the following relationship was

used (Ruotolo et al., 2008):

CCSðtdÞ= a+Zbtcd ;

where td, the drift time, is given by ta � t0, ta is the arrival time, and t0, the time

spent between the IM cell and ToF analyzer, was 0.0008 3 O(m/z) for our

experiments. The variables a, b, c were determined from measurements of

calibrant protein complexes at each wave height (Table S1). Two monodis-

perse sHSPs, MjHSP16.5 (Kim et al., 1998) and TaHSP16.9 (van Montfort

et al., 2001b), were chosen as reference proteins, as not only are they large

protein assemblies of comparable mobility to aB-crystallin (Shvartsburg and

Smith, 2008) but also, by having high sequence and structure homology to

aB-crystallin, have similar propensity for any structural rearrangement upon

gas-phase activation (Benesch, 2009; Benesch et al., 2006). Reference

measurements for MjHSP16.5 and TaHSP16.9 were obtained on a separate

Synapt G1 HDMS system equipped with a linear drift tube, which allows

CCSdetermination without the need for calibration and has enabled the gener-

ation of a database for a range of protein assemblies (Bush et al., 2010).

Model Building

Our candidate models for even stoichiometries were constructed using home-

built python code according to a set of four criteria based on our combined

NMR and MS results (Baldwin et al., 2011a, 2011b) and the literature: (1) all

monomers must be in essentially equivalent environments; (2) oligomers are

built up from dimeric building blocks; (3) each monomer is held in place by

a pair of C-terminal interactions; and (4) the oligomers have ring-like or polyhe-

dral topology. As such, we have constructed a set of models based on

combining the aB-crystallin dimer Protein Data Bank (PDB) ID code 2WJ7

(Bagnéris et al., 2009) with a database of different topological scaffolds (Table

S2). The database of structural models comprised 64 regular polyhedra and

rings ranging from 6 to 25 edges. Alternative dimer structures, or rotations

thereof, make little difference to the CCS of the models (Table S3). Similarly,

despite the models being constructed from dimers missing the terminal

regions of sequence, this does not affect the CCS of the oligomers significantly

(Figure S1C).

To construct the oligomer, initially a cuboidal box is generated with dimen-

sions such that it encloses the aB-crystallin dimer. Equivalent boxes are

placed on each edge of the candidate polyhedron, with the long edges of

the box collinear to the edge of the polyhedron (Figure 2A). The resultingmodel

is then adjusted such that the dimeric subunits in each box are within 2 Å of

touching. Such an arrangement naturally allows the C-terminal interactions

to form via association of adjacent monomers at the vertices of the polyhe-

dron. The output that is generated is a PDB file whose CCS can be calculated

in silico (see below) for comparison with experimental measurements. Struc-

tures of odd stoichiometries can be obtained by removing any monomer

from the corresponding oligomer with one additional subunit.

CCS Calculation

CCS values from PDB files were calculated using CCSCalc (Williams et al.,

2009) (Waters UK), which employs a projection approximation (PA) algorithm

(Mack, 1925; von Helden et al., 1993). Although such CCSPA values derived

from crystal structures are known to slightly underestimate the measured

CCS of protein assemblies (CCSExp) (Uetrecht et al., 2010), they are very

well correlated according to CCSExp = (1.16 ± 0.02)3 CCSPA under the condi-

tions employed here (Figure S3A). As such, through simple scaling, we can

make direct comparisons between CCSs determined from our models and

our measurements (Benesch and Ruotolo, 2011).

Arrival-Time Comparison

The shape of the drift time distribution for a single species is dictated by

several factors that lead to an essentially Gaussian peak whose full width at

half maximum (FWHM) height, Dtd, scales linearly with drift time, td, for ions

of similar mobility (Shvartsburg and Smith, 2008). This can be interpreted in

terms of CCS using the calibration equation described above, and the quantity

CCS0/DCCSFWHM therefore scales with charge, Z, and drift time according to
All rights reserved
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CCS0

DCCSFWHM

=

a

Zbtcd
+ 1�

1+
1

2k

�c

�
�
1� 1

2k

�c = kCCSðtdÞ;

where the resolving power k= td=Dtd . When a distribution of N types of ions of

relative abundance Ai is studied, the distribution D(td) of drift times is therefore

given by

DðtdÞ=
XN
i =0

Ai exp

 
� 4 lnð2Þk2CCS

ðCCSðtdÞ � CCSiÞ2
CCS2

i

!
;

where CCSi is the CCS of species i. To a first approximation, we assume that

the CCS varies linearly with oligomer size according toCCS =mN + c, whereN

is the number of monomers in an oligomer and m and c are free parameters.

This is in part justified by the observation that linear relationships between

CCS and the number of monomers arise when degree is held constant (Fig-

ure 2B), and allows ATDs to be calculated at a given wave height as a function

of the three parameters m, c, and k. By minimizing the least square residual

between the experimental and calculated ATDs simultaneously at nine

different wave heights, the best-fitting values of m, c, and k were determined.

In this way, individual oligomer CCS values could be derived, with their corre-

sponding uncertainties (Figure 2G, purple; Figure S2). Home-written c++ code

using a Levenberg-Marquardt algorithm was found to reliably perform this

minimization, and is available on request. The experimentally measured CCS

values were compared to those calculated from structural models (Figure 2G;

Table S2) in order to determine which models best represent the structures of

aB-crystallin oligomers (Figure 2I).
Calculation of IM-MS Spectra

Simulation of IM-MS spectra was based on an approach described previously

(Sobott et al., 2002), as follows. Each oligomer was converted into a charge

state series of Gaussian shape in charge space. Each such Gaussian was

centered on an average charge state ZAV given by ZAV = 0.0467M0.533, where

M is the mass of the oligomer (Stengel et al., 2010), with the FWHM of each

Gaussian given a value of 3.3 (Sobott et al., 2002) and a height proportional

to its relative abundance in the distribution of oligomers (Figure 1A). This rela-

tion therefore provides a means to evaluate the relative contribution of each

charge state to the final spectrum. Individual peaks were modeled as a two-

dimensional Gaussian function, centered on M/ZAV, and the arrival time given

by the CCS (Figure S2F) converted into an arrival time as described above.
Negative-Stain Electron Microscopy

aB-crystallin at a concentration of 5 mM (monomer) was stained with 2% uranyl

acetate as described previously (Rubinstein and Walker, 2002), but without

a second application of methylamine tungstate. Images were recorded using

a Tecnai F20 microscope (FEI) equipped with a field emission gun and oper-

ated at 200 kV, 50,0003 magnification, and nominal defoci between 0.3 and

1 mm. SO-163 electron film (Kodak Canada) was used as the recording

medium, and films were developed for 12 min in full-strength Kodak D19.

Micrographs were digitized with an Intergraph PhotoScan densitometer using

a 7 mm step size. Images were averaged 23 2 to give a final pixel size of 2.8 Å.

Individual particles (3,422) were selected and windowed in 128 3 128 pixel

boxes with MRC image analysis software (Crowther et al., 1996). Images

were band-pass filtered between 700 and either 20 or 12 Å, as described

below, before alignment and classification with SPIDER (Frank et al., 1996).

Preliminary single-particle analysis using a small number of class averages

(ca. 20–30) filtered to 12 Å before alignment and classification (Jehle et al.,

2011; Peschek et al., 2009) produced an apparently homogeneous data set

(Figure S3), inconsistent with the heterogeneity observed in the particles.

This behavior was reduced by separation of the data set into a larger number

of classes, up to a limit of �300, whereupon the number of particle images

constrained the improvement in signal-to-noise ratio obtained through aver-

aging. As a result, 200 class averages were generated, as this number dis-

played the heterogeneity observed in the raw images andmaintained sufficient

signal-to-noise ratios for analysis. Alignment was found to be improved when

images were band-pass filtered to 20 Å. In these classes, a range of particle

sizes, symmetries, and shapes were observed.
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To quantify the heterogeneity in particle size observed in the data set, the

area of each class average was estimated by counting the number of pixels

above a threshold corresponding to 30% of the maximum image intensity,

a value sufficient to reliably exclude background pixels. This method requires

no assumptions about the shape, symmetry, or internal features of each class

average. To scale this area to one that can be compared to other techniques,

where internal features or different dimensions are less easily observed, the

rotationally averaged radius of each class average was measured. The

average radius was found to be 72 Å (an estimate for the uncertainty on

each radius measurement was ±4 Å), a value in excellent agreement with

previous EM studies (Haley et al., 1998; Jehle et al., 2011; Peschek et al.,

2009) as well as solution-phase scattering measurements (Jehle et al., 2010,

2011; Peschek et al., 2009).
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