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The inherent heterogeneity of many protein assemblies complicates
characterization of their structure and dynamics, as most biophysical
techniques require homogeneous preparations of isolated components. For
this reason, quantitative studies of the molecular chaperone αB-crystallin,
which populates a range of interconverting oligomeric states, have been
difficult, and the physicochemical basis for its polydispersity has remained
unknown. Here, we perform mass spectrometry experiments to study αB-
crystallin and extract detailed information as to its oligomeric distribution
and exchange of subunits under a range of conditions. This allows a
determination of the thermodynamic and kinetic parameters that govern
the polydisperse ensemble and enables the construction of a simple energy
profile for oligomerization. We find that the quaternary structure and
dynamics of the protein can be explained using a simple model with just
two oligomer-independent interactions (i.e., interactions that are energet-
ically identical in all oligomers from 10mers to 40mers) between constituent
monomers. As such, the distribution of oligomers is governed purely by the
dynamics of individual monomers. This provides a new means for
understanding the polydispersity of αB-crystallin and a framework for
interrogating other heterogeneous protein assemblies.
© 2011 Published by Elsevier Ltd.
Introduction

The vast majority of proteins perform their cellular
functions as multimeric assemblies,1 with interac-
tions ranging from the robust to the fleetingly
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transient.2 The preponderance of these protein
assemblies is currently thought to exist in one
principal oligomeric state, reflective of a defined
structure having evolved to perform a particular
cellular function.3 Seemingly contrary to this para-
digm, however, some proteins instead populate an
ensemble of stoichiometries at equilibrium.
Perhaps the most famous example of such poly-

dispersity is the vertebrate small heat shock protein
(sHSP) α-crystallin, which exists in two isoforms
(αA and αB) of high sequence similarly.4 The α-
crystallins populate all possible oligomers from
between 10 and 40 subunits,5 a remarkable hetero-
geneity that has impeded high-resolution structural
analysis.6 Nevertheless, structures of α-crystallin
dimers, generated by removal of approximately
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(a) Inter-dimer
(‘edge’)

Intra-dimer
(‘dimer’)

(b) Fig. 1. The oligomeric organiza-
tion of the sHSPs. (a) The proto-
meric dimers of αB-crystallin can be
represented as ellipsoids, are stabi-
lized by an intra-dimer interface,
and assemble into oligomers via
inter-dimer interactions. In the
model described in this work,
these interfaces are termed dimer
and edge interactions, respectively,
with their strengths described by

the corresponding free energies ΔGd and ΔGe. (b) These dimers assemble into an ensemble of globular oligomers
spanning at least 30 subunits at equilibrium and of unknown structure.
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70 N- and 15 C-terminal residues, have been
reported.7–10 These dimers therefore represent the
building block of the oligomers11 and assemble into
an ensemble of globular particles.6,12–14 α-Crystallin
structures are therefore stabilized by both intra- and
inter-dimer interactions (Fig. 1a).
Despite these structural insights, the origins of the

variable stoichiometry of the α-crystallins, vital to
the role of this protein in the eye lens,15,16 are not
understood. In addition, the oligomers are known to
be very dynamic, with oligomers readily exchanging
subunits17,18 in a process associated with their
protective function.19,20 αB-crystallin is found in
many tissues,15 where, along with other sHSPs, it is
central to the maintenance of protein homeostasis.21

Its molecular chaperone function is to bind and
maintain the solubility of unfolded proteins,22,23

thereby preventing their accumulation into poten-
tially pathogenic aggregates.24 αB-crystallin mal-
function is consequently associated with a range of
protein deposition diseases, from cataract formation
to Alzheimer's disease.25 For an appreciation of the
mechanism by which αB-crystallin functions as a
chaperone, a quantitative understanding of the
origins of both the quaternary dynamics and
heterogeneity is required.
Nanoelectrospray mass spectrometry (MS) is an

emerging structural biology approach, reliably
determining the stoichiometries of protein assem-
blies with unrivalled accuracy.26–28 Furthermore,
through benefiting from very high separation effi-
ciency, it is particularly valuable in the study of
polydisperse proteins, allowing the assessment of
the oligomers they populate.29 Though performed in
the gas phase, such quantification directly reflects
the distribution observed in solution, but with
dramatically improved mass resolution.30–32 This
approach has resulted in the quantification of the
relative populations of the different oligomers
comprising the polydisperse ensemble of the α-
crystallins.5,30,31 Furthermore, the large amount of
data obtainable by means of MS in real timemakes it
well suited to investigating the quaternary dynamics
of oligomeric proteins, 33 such as the subunit
exchange of the α-crystallins.31
Here, we use MS to obtain oligomeric distribu-
tions and subunit exchange kinetics of αB-crystallin
over a wide range of pH values and temperatures to
describe fully the thermodynamic and kinetic basis
for its polydispersity. We show that, remarkably,
this property can be understood in terms of just two
monomer-level interactions, intra- and inter-dimer,
which are independent of oligomer size. Further-
more, we demonstrate within the context of this
model that formation of α-crystallin oligomer
distributions can be explained by the quaternary
dynamics associated with single monomers “hop-
ping” between oligomers. As such, the seemingly
complex organization of this protein can be ratio-
nalized in terms of very simple physical principles,
shedding light on how other polydisperse proteins
might assemble.
Results

Determining oligomeric distributions and
dynamics by means of MS

MS approaches have proven very useful for
interrogating the polydisperse αB-crystallin en-
semble.5,30,31,34 A nanoelectrospray mass spectrum
of αB-crystallin at pH 7, under conditions optimized
for the ionization and transmission of intact protein
assemblies, reveals a broad region of signal between
8,000 and 14,000 m/z (Fig. 2a), as is typical for this
protein.5,30,31,34 The extensive overlap of charge
states, stemming from the wide range of co-
populated stoichiometries, renders the spectrum
essentially uninterpretable. To improve the identifi-
cation of the individual species that comprise the
oligomeric ensemble, we employed collision-
induced dissociation (CID).35,36 In this experiment,
all ions are accelerated into an argon-filled cell to
effect their activation. A spectrum obtained at a high
acceleration voltage shows a compact series of peaks
at low m/z and a multitude of peaks at 16,000 m/z
and above (Fig. 2b). These correspond to monomers
and complementary “stripped” oligomers, that is,
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Fig. 2. Nanoelectrospray MS of αB-crystallin. (a) The mass spectrum of αB-crystallin is typical of what is observed for a
heterogeneous protein ensemble, with the peaks corresponding not to individual charge states but, rather, resulting from
the accumulation of a number of charge states from many different species [αBi]

p+. (b) A mass spectrum as in (a) but
obtained under activating conditions in which all ions are submitted to energetic collisions with argon atoms. Peaks are
observed at both low and high m/z corresponding to highly charged monomers, [αB]r+ and [αB]q+, and complementary
stripped oligomers, respectively. This is in agreement with the general mechanism of gas-phase protein complex
dissociation. The area between ∼18,000 and 25,000 m/z corresponds to αB-crystallin oligomers stripped of two
monomers, [αBi− 2]

(p-q-r)+ and has resolution sufficient to allow the identification and relative quantification of the
individual species (c). Note that even values of i are shown above selected peaks; the peaks corresponding to oligomers
with an odd number of subunits are located between these (black dots). From this, the complete oligomeric distribution of
αB-crystallin can be derived. Spectra are shown for pH 7 (black) and pH 5 (red), with the odd oligomers being
significantly more prevalent at pH 5. (d) The peak at∼21,500m/z (black) corresponds to all αB-crystallin doubly stripped
oligomers carrying as many charges as subunits [αBi− 2]

(i− 2)+. The equivalent peak for αA-crystallin appears at ∼19,800
(red), whereas a fully equilibrated mixture of the two isoforms gives a broader peak between the two, representing the
distribution of hetero-oligomers.31
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αB-crystallin oligomers having lost one or more
monomers, respectively.5 This sequential removal of
highly charged monomers leads to an effective
charge reduction of the parent ions, such that
individual oligomeric stoichiometries can be identi-
fied unambiguously (Fig. 2c).35 In this way, a range
of oligomeric states of αB-crystallin is observed at
pH 7 (Fig. 2c, black), centered on a 28mer. Moreover,
from the intensities of the peaks, the relative
abundance of each species can be extracted, provid-
ing a basis for the quantification of the thermody-
namics of the αB-crystallin ensemble, as described
below. It is notable that, at pH 7, oligomers with an
even number of subunits are considerably more
abundant than those with an odd number.30 An
equivalent spectrum obtained at pH 5 shows a
remarkable difference (Fig. 2c, red), namely, this
preference for even oligomers is dramatically re-
duced, revealing that the strength of the intra-dimer
interface is pH sensitive, as described in detail below.
The peak at ∼20,150 m/z (Fig. 2d, black) corre-

sponds to αB-crystallin oligomers stripped of two
monomers, each carrying as many charges as sub-
units, and therefore, it contains a contribution from
all oligomers within the ensemble.5 The equivalent
peak, obtained from identical experiments, for αA-
crystallin appears at ∼19,800 m/z (Fig. 2d, red), due
to the slightly lower molecular mass at the sequence
level. Incubation of the two proteins results in
subunit exchange, manifested in the mass spectrum
by the coalescence of the peaks corresponding to the
homo-oligomers into a broad peak centered on their
midpoint (purple).31 By obtaining of spectra at
different time points, the course of subunit exchange
can be monitored, discussed in detail below, allow-
ing a detailed quantitative analysis of the quaternary
dynamics of this protein.

APoissondistributiondescribes theheterogeneity
of αB-crystallin at low pH

MS measurements reveal broad oligomeric distri-
butions that are highly pH sensitive (Fig. 2c; Fig. 3a,
red). At low pH, the distribution is smooth, while at
higher pH, it becomes more uneven, with a
preference for oligomers comprising an even num-
ber of subunits. By contrast, the distribution does
not vary appreciably with temperature.37 The fact
that both odd and even oligomers are observed in all
distribution profiles means that the exchange must,
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Fig. 3. Oligomeric distributions of αB-crystallin as a
function of pH. (a) Distributions were obtained for pH 5–9
at 37 °C and are normalized to the total protein
concentration. Experimental data are shown in red, and
the calculated distributions are in blue, where [Pi] is the
concentration of an oligomer consisting of i monomers.
Calculated distributions (blue) were obtained using Eqs.
(5)–(7.2) to produce ΔGe and ΔGe +d values shown in Fig.
4 (see Methods). (b) The ratio [Pi− 1]/[Pi] as a function of
oligomer size at pH 5 (red) and pH 9 (blue). The ratio
depends linearly on i at pH 5 (red line), from which it
follows that the size distribution at this pH obeys Poisson
statistics. The Pearson R2 correlation coefficient for the
ratio at pH 5 and subunit size is 0.99.
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at least in part, be mediated by the movement of
monomers. In fact, we show immediately below that
the equilibrium distributions observed can be well
described as arising from the exchange of individual
subunits between parent oligomers, an assumption
that is further validated through NMR studies.38

A simple exchange scheme can be constructed
that can explain the experimental results by
considering the successive accumulation of mono-
mers to form oligomers (monomer exchange),39
P1+P1±
kþ2

k −
2

P2;P1+P2±
kþ3

k −
3

P3; N P1+Pi−1±
kþi

k −
i

Pi

( )
,whereP1

is a free subunit in solution, Pi is an oligomer of i
subunits, and kj

-/kj
+{j ∈ (2,…,i)} are dissociation/

association rate constants. An association equilibrium

constant,KA
j =

Pj½ �
Pj − 1½ � P1½ �,canbeascribedtoeachbinding

step involving the formation of oligomer j above.
Within this scheme, the general rate equations for the
timedependenceof theconcentrationofeacholigomer
Pi (i≠1) and freemonomer P1 are:

d Pi½ �
dt

= − k −
i Pi½ � + kþi Pi−1½ � P1½ � − kþi + 1 Pi½ � P1½ �

+ k −
i + 1 Pi + 1½ �

ð1Þ

d P1½ �
dt

=
Xn

2

k −
i Pi½ � + k −

2 P2½ � −
Xn

2

kþi P1½ � Pi−1½ � −kþ2 P1½ �2

ð2Þ

Both equations are satisfied at equilibrium if
Pi½ � = kþi

k −
i

P1½ � Pi−1½ �, from which it follows that

KA
i = kþi

k −
i
. Therefore, the concentration of an oligo-

mer at equilibrium can be calculated if the total
protein concentration and the rates ki

+ and ki
- are

known for all sizes of interest using the relation

Pi½ � = P1½ �i Qi
j=2

kþj
k −
j

� �
, iN1. In the case of αB-crystallin

at pH 5, the ratio Pi − 1½ �
Pi½ � was found experimentally to

vary linearly with i such that Pi − 1½ �
Pi½ � = i

MA
, whereMA is

a constant (Fig. 3b, red points). From the definition
above of the association equilibrium constant, it
follows that Pi − 1½ �

Pi½ � = k −
i

kþi Pi½ �, so that at pH 5

i
MA

=
k −
i

kþi P1½ � ð3Þ

and the ratio of the dissociation and association rates
varies linearly with increasing oligomer size. It can be
shown that, in this case, the oligomer distribution
must follow a discrete Poisson distribution, a special
case of a Gaussian distribution, where the mean and
the variance are equal,31 Pi½ �~ 1

i! MAð Þi. A conse-
quence of the Poisson distribution is that the constant
MA is equal to both the mean oligomer size and the
variance of the distribution. In other words, the
heterogeneity and the average size of αB-crystallin
are intrinsically linked.
The simplest kinetic model is obtained by setting

the dissociation rate of a given oligomer to be
proportional to the number of component subunits
such that ki

-= ik -, with the association rate indepen-
dent of oligomer size, ki

+=k+. Such a situation arises
when (i) the environments of all monomers are
essentially the same in all oligomers, as supported
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by the NMR spectra of αB-crystallin showing a
single cross peak for each probe;11,38 (ii) each
monomer is equally likely to dissociate from its
parent oligomer at any time; and (iii) there is
effectively a single binding (association) site on the
oligomer, independent of its size. Physically, the
condition ki

+=k+ can arise if the rate-limiting step of
association reflects the initial binding of a free
monomer to the oligomer, with subsequent internal
rearrangements occurring significantlymore rapidly.
From Eq. (3) and the assumption ki

-= ik -, ki
+=k+,

it follows directly that MA = kþ P1½ �
k − . Thus, within

the framework of our model, monomers exchange
between oligomers at low pH with microscopic
association (k+) and dissociation rate constants (k−)
that are independent of the size of the exchanging
partners. This model completely reproduces the
low-pH MS data [Fig. 3a and b, red].
In a companion paper,38 we show that the

proposed kinetic model can also explain relaxation
dispersion NMR data, providing additional support
but not proof of our kinetic scheme. We have
explored a range of additional monomer exchange
models including helical and linear polymerization
schemes,40,41 which cannot explain our experimen-
tal data (Fig. S1). Further, more elaborate schemes
involving the exchange of fragments larger than
single monomers have also been considered. With
similar simplifying assumptions such as ki

-=k-,
ki
+=k+ and ki

- = ik -, ki
+=k+, such models do not

yield equilibrium distributions that resemble the
experimental data (Fig. S1). Finally, it is worth
noting that our model can be contrasted with the
case of the sequential dissociation/association of a
ligand from a macromolecule containing n equiva-

lent binding sites, PLi−1 + L±
kþi

k −
i

PLi, where the

oligomeric association and dissociation rates are
given by ki

- = ik - and ki
+=(n-i+1)k+, respectively.42

The dimer interface is strengthened at higher pH

As the pH is increased, the observed size distribu-
tions becomeuneven,with a preference for oligomers
composed of an even number of subunits (Fig. 3a),
and thus no longer follow Poisson statistics (Fig. 3b,
blue). The model described above must therefore be
expanded slightly to take this into account.
A slight preference for αB-crystallin to populate

“even-numbered” stoichiometries indicates the
presence of some dimeric substructure within the
oligomers.11,30 This is consistent with atomic-
resolution structural data that have revealed that
monomers of αB-crystallin assemble into dimers by
sharing an interface between extended β-strands7,9

and that this interface is very labile (Fig. 1a).8,43 In
order to assemble into oligomers, these intra-dimer
interactions must be complemented by inter-dimer
interactions (Fig. 1a). In what follows, we refer to
these two classes of contacts as “dimer” (intra-dimer)
and “edge” (inter-dimer) interactions, respectively.
It is important to stress thatwemake no assumptions
as to the structural origins of these edge interactions
and, in principle, they could involve several contacts.
In our model, we assume that all monomers

within an oligomer make the maximum allowed
number of such interactions in order to minimize
each monomer free energy. Thus, in the case of an
oligomer consisting of an even number of mono-
mers, all dimer and edge interactions are satisfied,
while for an odd-numbered oligomer, a single
monomer lacks dimer contacts (referred to as an
unpaired monomer). When dimer contacts are much
less significant than edge interactions, it is expected
that the kinetic rates describing the addition/
subtraction of a monomer would be essentially the
same, irrespective of whether the binding event
involves an even- or odd-numbered oligomer. This
assumes that the nature of the edge contacts is
unchanged in the odd/even cases. Such a situation
emerges at low pH, where edge interactions
dominate and where the dissociation kinetics are
well described by a single microscopic rate, k−. As
the contribution to the stability of the oligomer from
dimer contacts increases, however, it is expected
that microscopic dissociation rates would not be the
same for unpaired and paired monomers (Fig. 4a).
This is because an unpaired monomer would be
attached more weakly than all of the other mono-
mers so that its dissociating rate, ke

−, would be
greater than the corresponding value for removal of
a “paired” monomer from the oligomer ke +d

- . Thus,
Eq. (1) is modified according to

P1+Pi−1±
kþ

ik −
e +d

Pi;
d Pi½ �
dt

= − ik −
e + d Pi½ � + kþ Pi−1½ � P1½ �

− kþ Pi½ � P1½ � + ik −
e + d + k −

e

� �
� Pi + 1½ �; i = even

ð4:1Þ
and

P1 + Pi−1
�Yp�

kþ

i−1ð Þk −
e + d+ k

−
e

Pi;
d Pi½ �
dt

= − i − 1ð Þk −
e + d + k −

e

� �
Pi½ � + kþ Pi−1½ � P1½ �

− kþ Pi½ � P1½ � + i + 1ð Þk −
e + d Pi + 1½ �; i = odd

ð4:2Þ

where explicit use has been made of our assumption
ki
-= ik -, ki

+=k+ (see above). Note that the factor
ik −

e +d+ke
- preceding [Pi+1] in Eq (4.1) derives from

the fact that, in a particle consisting of i+1
monomers (i is even), there are i paired monomers
and one that is unpaired. Thus, for each of the i paired
interactions, dissociation must proceed through
breaking edge and dimer interactions (ke+d

- ), while
for the unpaired contact, only the edge interactions



Fig. 4. Thermodynamics of the oligomeric distribution
of aB-crystallin. (a) Schematic showing the association and
dissociation pathways for a 23mer structure (based on an
octahedron, with dimers placed on each of the edges). As
in Fig. 1, each dimer is represented by a white ellipsoid,
with the dimer interface denoted by a red collar, while the
single monomer is indicated by half an ellipsoid.
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must be released (ke
−). This situation is illustrated

schematically for the case of a 23mer in Fig. 4a. It
follows directly from Eqs. (4.1) and (4.2) that the
concentration of each oligomer is given by

Pi½ �even =
kþ P1½ �
ik −
e + d

Pi−1½ � = MA

i
Pi−1½ � ð5Þ

Pi½ �odd =
kþ P1½ �

i − 1ð Þk −
e + d + k −

e
Pi−1½ � = MA

i − 1 + n
Pi−1½ �

ð6Þ
where ke

-=nk −
e+d, n is a multiplier greater than or

equal to 1, and as before MA = kþ P1½ �
k −
e + d

. In the limit
where n=1, ke

-=k −
e+d=k

- and a Poisson distribution
is obtained, as discussed above. The relative free-
energy difference between a given oligomer of size i
and the corresponding oligomer of size i−1, created
through the loss of a monomer from a single, specific
site as depicted in Fig. 4b, is given by

DGe+d = Gi;e+d−Gi−1;e+d = − RTln
P1½ �kþ
k −
e+d

= − RTln MAð Þ
ð7:1Þ
ΔG
 (

kJ
m

ol
-1

)
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depending on whether i is even (ΔGe+d, added
monomer is paired) or odd (ΔGe, added monomer is
unpaired). It follows that the stability of the dimer
interface is given by

DGd = DGe + d − DGe = − RTlnn ð7:3Þ
Note that all three quantities ΔGe +d, ΔGe, and

ΔGd are independent of i, the number of subunits
within the oligomer. This model therefore allows
fitting of the experimental size distributions
obtained fromMS at all pH values and temperatures
with ΔGe and ΔGd as free parameters. The fits
reproduce the experimental data extremely well
(Fig. 3a and Fig. S2), demonstrating that our model
Dissociation may take place through the loss of a paired
monomer with rate ke+d

- (yellow arrow) or an unpaired
monomer with rate ke

- (blue arrow). In the case of the
23mer, the rate of loss through dissociation is 22ke+d

- +ke
-

(contributions from 22 paired monomers and 1 unpaired
monomer). Each of the 22 paired monomers is equally
likely to dissociate in any given time period. Association
of a monomer with a 23mer to form a 24mer is
independent of the number of oligomers and occurs
with a rate of k+[P1][P23]. In the limit where the dimer
interface is relatively strong (ke

- Nke +d
- ), unpaired mono-

mers are easily lost and even oligomers are favored, as
observed at high pH. In the limit where the dimer interface
is relatively weak (ke

-≈ke+d
- ), the equilibrium profile is

well approximated by a smooth Poisson distribution, as
observed at low pH. (b) Schematic showing the physical
origin of the two free-energy parameters required to fit the
MS distribution data. The sphere represents an oligomer,
with interactions between groups of dimers within the
oligomer indicated. (i) Free-energy change on adding a
single “unpaired” monomer, ΔGe, to an even-numbered
oligomer where only the edge interactions are formed,
along with the microscopic rate constants describing rates
of association with and dissociation from a specific site.
The dissociation rate of the unpaired monomer is faster
than that of a paired monomer (ke

- Nke+d
- ). (ii) Free-energy

change on adding a single “paired” monomer to an odd
oligomer, ΔGe+d=ΔGe +ΔGd. Note that the dissociation
rate from each site is ke +d

- so that the net rate of monomer
release for an oligomer with i paired monomers is ike +d

- .
Values of ΔGe +d, ΔGe, ke

- and ke +d
- are independent of

oligomer size. (c) Variation in ΔGe +d, ΔGd, and ΔGe as a
function of pH, 37 °C, demonstrates that the dimeric
interface is weakened at low pH, while the inter-dimer
edge interaction is strengthened.
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provides a good description of the oligomerization
of αB-crystallin (Fig. 3a, blue) and allowing an
estimation of the strength of the inter- and intra-
dimer interactions. The variation of ΔG with pH
establishes that, at low pH, the edge interactions
dominate those at the dimer interface (Fig. 4c). By
contrast, at high pH, the importance of these
contributions is reversed, leading to a preponder-
ance of even-numbered oligomers. Notably, the
free-energy ΔGe +d, which dictates the average
oligomer size, varies little with pH. It is worth
noting that, even for pH values≥6, where the
distribution clearly favors even-numbered oligo-
mers, the profiles are well explained by a model that
assumes monomer exchange exclusively. In the
companion paper to this article, it is shown, further,
that the timescale for dimer exchange is inconsistent
with the rate of subunit exchange measured byMS38

(see below).
It is interesting to note that oligomer size

distributions are observed to be independent of
total protein concentration over 3 orders of magni-
tude, implying that [P1] is invariant (buffered) over
this range.4 Such behavior is anticipated by our
model, and it is possible to show that d P1½ �

d PTotal½ �c0 in
the experimentally accessible concentration regime.
when analyzing two-dimensional data of the type shown in (b
pH 5 (continuous lines) and pH 9 (dotted lines). Only these t
thermodynamics of oligomer formation and size distribution.
This is similar to what is found at equilibrium in
linear and helical polymerization assembly
models.41,44

The quaternary dynamics vary in a marked
fashion with both pH and temperature

The thermodynamic parameters obtained by
fitting equilibrium population distributions do not
provide unique rates of oligomer assembly and
dissociation. To obtain complementary kinetic in-
formation, we have performed time-resolved MS
experiments to monitor the exchange of subunits
between oligomers of αB- and αA-crystallins (Fig.
5a). The m/z range monitored represents all
oligomeric species within the ensemble, with αA-
and αB-crystallin homo-oligomers giving rise to
peaks at ∼19,800 and ∼21,500 m/z, respectively
(Fig. 2d). Initially, these two distinct populations are
observed, but upon incubation, they coalesce to
produce an equilibrium distribution of hetero-
oligomers containing both isoforms (Fig. 5a).31 At
37 °C, pH 5, this process is complete within 1 min,
whereas, at the same temperature but at pH 9, full
exchange is only reached after approximately 5 h,
consistent with previous studies.18 In order to
Fig. 5. Kinetics of α-crystallin
subunit exchange. (a) Subunit ex-
change time course at 37 °C, pH 5
(upper) and pH 9 (lower), moni-
tored by using MS, c.f. Fig. 2d,
shows the coalescence of the two
homo-oligomer peaks into a single
peak representing the distribution
of hetero-oligomers. This m/z range
corresponds to doubly stripped
oligomers carrying the same number
of charges as subunits [αBi− 2]

(i− 2)+,
meaning that, in this range, m/z is
equivalent to the average mass of
the subunits comprising the oligo-
mer in question. (b) Alternative
“top-down” view of the data (left),
compared to the simulated time
courses that best fit the experiment
(right). (c) One-dimensional “slices”
of (b), demonstrating the loss of
homo-oligomers (red) and the gain
of hetero-oligomers (black) along
with the simulation that best
matches the experiment at pH 5
(continuous lines) and pH 9 (dotted
lines). The high precision of the
experimentally determined rate
constants (Fig. S2b) arises from the
accuracy with which the point of
coalescence can be determined

). (d) Variation in ke
-, ke+d

- , and k+[P1] with temperature at
hree parameters are necessary to explain the kinetics and
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quantify the time dependence of this mixing process
in terms of the pseudo-first-order association rate
k+[P1] and dissociation rate constants for paired
(ke +d

- ) and unpaired (ke
-) monomers, we performed

simulations to reproduce the experimental data (Fig.
5b and c). Best-fit values of k+[P1], ke +d

- , and ke
- were

therefore obtained as a function of temperature, in
the range 24–50 °C, at both pH 5 and pH 9. Under
the conditions examined, rate constants were deter-
mined to a precision of ±5% on average (Fig. S2) and
vary by 4 orders of magnitude, with rates increasing
at higher temperature and lower pH (Fig. 5d). The
data were found to show Arrhenius behavior,
allowing activation parameters ΔH⁎ and ΔS⁎ to be
calculated (Table S1), following transition state
theory (see Methods).
Under all conditions, the concentration of free

monomer (and oligomer concentrations for sizes less
than approximately 10 monomers, Fig. 3a) was too
small to detect, and hence, the first-order rate
constant k+ could not be obtained (only the
pseudo-first-order rate, k+[P1]). Nonetheless, limits
can be placed on the free monomer concentration
and, hence, on the association rate k+. First, an
estimate for the upper limit of [P1] can be made by
considering the noise level in measured MS data
sets. The lower limit of monomer detection is ca
10 nM (upper bound for [P1]), 3 orders of magnitude
lower than the concentration of the 24mer (40 μM
total sample concentration). With such an estimate,
the microscopic association rate constant k+ varies
between ≈105 M−1 s−1 (pH 5, 30 °C; pH 9, 40 °C)
and ≈107 M−1 s−1 (pH 5, 40 °C; pH 9, 50 °C). Note
that association rates on the order of 107 M−1 s−1 are
close to the diffusion limit,45 indicating that associ-
ation is rapid. A lower limit for [P1] can be obtained
by assuming that the association rate is at the
diffusion limit (≈107 M−1 s−1). Under this assump-
tion, [P1] varies between≈0.1 nM (pH 5, 30 °C; pH 9,
40 °C) and ≈10 nM (pH 5, 40 °C; pH 9, 50 °C). Thus,
an approximate concentration range for free mono-
mer in solution is 0.1 nM≤ [P1]≤10 nM under the
experimental conditions employed.
Discussion

The distribution and subunit exchange experi-
ments we have described here have provided a
detailed picture of αB-crystallin quaternary dynam-
ics and organization in terms of the thermodynamic
and kinetic properties that relate to the association
and dissociation of individual monomers. We have
shown that the complex polydisperse ensemble and
the underlying quaternary dynamics can be
explained purely by the movement of monomers
(see also our companion paper38) and in terms of
three oligomer-size-independent parameters, k+[P1],
ke
-, and ke +d

- . The stability increase accompanying
binding of monomer to a growing oligomer favors
particles of increasing size. This tendency, in turn, is
balanced by a net dissociation rate that grows
linearly with oligomer stoichiometry, leading natu-
rally to a maximum in the distribution profile, as
observed in the MS data. The kinetic parameters
extracted here depend strongly on pH and temper-
ature, with the unimolecular process of subunit loss
rate limiting. As such, we have presented a means
for understanding the underlying physical basis by
which αB-crystallin populates a polydisperse en-
semble at equilibrium.
Our data show a clear pH dependence to the

strength of both the intra- and the inter-dimer
interactions. At low pH, the dimer interface is
weakened considerably, in agreement with studies
performed on a stabilized α-crystallin dimer,43 and
can be understood in terms of the network of charged
interactions at the interface.46 The pH variation in
ΔGd is compensated by that of ΔGe, with the edge
interface becoming stronger with decreasing pH
(Fig. 4c). This remarkable self-compensatory behav-
ior ensures that, in essence, the sum of the two free
energies, a quantity that is directly related to both the
average oligomer size and polydispersity [Eq. (7.1)],
is conserved. It therefore appears that αB-crystallin
has evolved to maintain a constant average oligo-
meric size that is resistant to variations over an
exceedingly broad range of pH (5–9) and tempera-
ture (20–50 °C). This can be understood in terms of
the role of α-crystallin in maintaining eye lens
transparency while avoiding crystallization.16 En-
tropy and enthalpy compensation is a well-known
phenomenon in biophysics47 and underlies the
workings of many allosteric protein machineries.48

Recent studies of αB-crystallin dimers provide an
interesting clue as to the structural origins of this
compensation, namely, changes in the curvature of
and loop orientations within the dimeric building
blocks as a function of either pH or mutation of
interface residues.8,11 Such changes in conformation
of the dimer would be expected to relax or strain the
inter-dimer interactions.
In the case of a homogeneous, monodisperse

oligomeric assembly, specific interactions lead to
one oligomeric form becoming overwhelmingly
dominant within the ensemble,49 as is the case for
the crystallized sHSP oligomers.50,51 However, for
αB-crystallin, the specificity of these interactions is
relaxed, as the polydispersity stems from relatively
promiscuous quaternary dynamics that allow a
monomer to recombine with any sized oligomer.
The question arises as to the functional role of this
polydispersity. It has been postulated that, through
hampering of crystallization despite the extremely
high protein concentrations, polydispersity is im-
portant for maintaining transparency of the eye
lens.16 However, it is important to consider that
αB-crystallin is still polydisperse at the lower
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concentrations in which it is found in other tissues,4

as indeed are other human sHSPs such as HSP27.52

Furthermore, we have recently shown that a plant
sHSP undergoes a monodisperse-to-polydisperse
transition upon activation, leading to formation of
a broad range of stoichiometries between the sHSP
and the client protein.53 Taken together, this
suggests that the polydispersity and quaternary
dynamics play an important role in cellular sHSP
chaperone function.
Our results also have implications for the molec-

ular mechanism by which αB-crystallin prevents
aggregation of target proteins. It has been postulat-
ed that activity results from the encounter between
sub-oligomeric forms of the sHSP with unfolding
protein, with oligomer dissociation amounting to an
activation of the chaperone.19,20,54 Interestingly,
however, αB-crystallin is able to curtail the precip-
itation of insulin at 25 °C, pH 7, on a timescale of
approximately 1 h.55 Under these conditions, the
rate of monomer dissociation is 5.3×10−6 s−1,
equivalent to a subunit exchange timescale of over
50 h . At least in this case, it is likely that the primary
event for chaperone activity is not the encounter
between target protein and free αB-crystallin mono-
mer but, rather, with an oligomeric form of the
chaperone. This is consistent with a cross-linking
study on α-crystallin,56 previous work on the
dynamics of αA-crystallin,18 and our investigation
of a truncated form of the same protein that
displayed a reduced subunit exchange rate but no
decrease in suppression of aggregation in vitro.31

Through comparative kinetic measurements, the
quantitative approach we have developed here
provides a means for addressing this aspect of
sHSP chaperone action in future studies.
An alternative activation mechanism, based upon

changes in oligomerization from single stoichiome-
try to polydisperse ensemble, has been observed for
HSP18.1 from pea.53 Such a scenario may be
relevant here. As we observe no change in the
oligomeric distribution of αB-crystallin with tem-
perature, it would appear that the ensemble of
oligomeric states that have been characterized in the
present study represents the active chaperone state
of αB-crystallin. The dramatic differences in inter-
face strengths and kinetics we observe as a function
of pH might act to regulate the chaperone activity of
this protein. Indeed, differences in chaperone
activity have been noted in vitro as a function of
pH.57–59 This is pertinent to two tissues where αB-
crystallin is known to perform a protective chaper-
one role: the eye lens and cardiac muscle. In the
former, there is a pH gradient across the lens, with
the center of the lens, populated by the oldest, most
posttranslationally modified, and hence aggrega-
tion-prone lens proteins, being considerably more
acidic than the periphery.60,61 Similarly, during an
ischemic episode, the pH of the cardiac cell cytosol is
known to drop.62 Both of these circumstances
provide clear examples where pH regulation of
αB-crystallin activity would act to protect the cell
from the deleterious consequences of protein aggre-
gation and deposition.
Previous studies have shown that mimicking

phosphorylation results in a loss of a preference
for αB-crystallin oligomers with an even number of
subunits.30,63 Interpreted in the context of the model
described here, this observation implies a weaken-
ing of the dimeric interface, similar to what we have
shown here with wild-type protein upon acidifica-
tion. Applying the quantitative approach described
in the present work has enabled us to extract the
thermodynamic consequences of this phospho-
mimicking (Fig. S3). Consistent with our previous
study,30 we find that, at 37 °C and pH 7, the
mutation S19D gives a distribution identical to that
of the wild-type protein and the double mutant
S19/45D results in a dramatic increase in ΔGd (from
−7.7 to −4.3 kJ/mol) with a compensatory decrease
inΔGe (from −1.5 to −3.9 kJ/mol). The triple mutant
S19/45/59D results in a further destabilisation of
the dimer interface, with a change in ΔGd to
−0.79 kJ/mol and a compensatory effect on ΔGe
(−7.43 kJ/mol). Strikingly, the double mutant is
therefore approximately equivalent to making the
protein behave at pH 7 as the wild-type does at
pH 6, and the triple mutant makes the protein
behave at pH 7 as the wild type does at pH 5. While
the specifics of how these variations in interface
strengths control chaperone activity in vivo remain
to be elucidated, this provides evidence for different
regulatory mechanisms for αB-crystallin operating
via a common pathway.
Thiswork has shown the inherent link between the

movement of single αB-crystallin subunits between
different oligomeric forms and the resultant large
particle size distributions. The ability to adopt a
range of oligomeric forms and to do so on the
timescale of minutes likely underpins the promiscu-
ous and versatile interactions that this protein can
make. Furthermore, our demonstration that the
complex oligomerization behavior of αB-crystallin
can be explained in terms of two monomer-level
interactions provides a template for similar under-
standing of other polydisperse proteins.
Methods

Obtaining oligomeric distributions

αB- and αA-crystallins were expressed in Escherichia coli
and purified using standard approaches.64 To investigate
the distribution of oligomeric stoichiometries populated
by αB-crystallin, we employed nanoelectrospray MS
under solution and instrument conditions optimized for
the preservation of non-covalent interactions.65 No
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monomers or oligomers containing fewer than 10 subunits
are observed in the spectra, demonstrating that there is no
dissociation of the oligomers during transfer into the gas
phase. Solutions of αB-crystallin were prepared at a
monomeric concentration of 50 μM in 200mM ammonium
acetate, at the specified pH. Samples were analyzed on a
Q-ToF 2 mass spectrometer (Waters UK Ltd.), modified
for the study of large protein assemblies,66 using
previously described instrument settings.5

CID was performed by accelerating all species, without
selection in the quadrupole analyzer, into a collision cell
pressurized with 35 μbar of argon.5 The resulting doubly
stripped oligomers, those derived from the removal of two
successive highly charged monomers, are spread over a
wide m/z range and can thereby be identified unambig-
uously and, due to charge conservation, can be related
directly to their parent oligomer.5,35 Moreover, as no other
dissociation pathways are operative, during either ioni-
zation or activation, the relative abundances can be
quantified from the intensity of the peaks corresponding
to the all charge states observed for each of the doubly
stripped oligomers, as described previously5 and as
illustrated in Fig. 2. It is important to note that the
reproducibility of these experiments is very high, with the
relative abundances of oligomers varying by less than
±5% between replicate experiments,53 a value comparable
to the uncertainties in the quantities back calculated using
the model (Fig. S2).
Optimum values of MA and n and hence values of

ΔGe+d,ΔGe, andΔGd [see Eqs. (7.1)–(7.3) in the text] were
obtained as follows. The total concentration of monomers

in the system is given by P½ �Total =
PN
i=1

i Pi½ �, with the

concentration of a given oligomer expressed as

Pi½ � = P1½ �i
Yi
j=2

kþj
k −
j

 !
; i N 1 ð8Þ

Rearranging Eq. (8) so that

Pi½ � = P1½ �
Yi
j=2

P1½ �kþj
k −
j

; i N 1 ð9Þ

it follows that

P½ �Total = P1½ � + P1½ �
XN
i=2

i
Yi
j=2

P1½ �kþj
k −
j

ð10Þ

where from Eqs. (5) and (6) of the text

kþj P1½ �
k −
j

=
kþ P1½ �
jk −

e + d
=

MA

j
; even j

kþj P1½ �
k −
j

=
kþ P1½ �

j − 1ð Þk −
e + d + k −

e
=

MA

j − 1 + nð Þ ; odd j

ð11Þ

The total monomer concentration was determined by
measuring the absorbance of the solution at 280 nm using
an extinction coefficient of 13,980 M−1 cm−1. Our limit of
detection is determined from the signal-to-noise ratio in
the spectrum, taking into account the m/z dependence of
multichannel plate sensitivity.67 For a given choice of MA
and n, Eq. (10) is solved for [P1] fromwhich [Pi] is obtained
via Eq. (9). Consequently, each oligomer concentration
depends only on [P]Total, MA, and n. Values of MA and n
are, in turn, obtained via minimization of the χ2 target

function
PN
i=1

Pi½ �exp− Pi½ �calc
� 	2

.

Quantifying the kinetics of subunit exchange

We probed the quaternary dynamics of αB-crystallin
by mixing it with its lighter isoform, αA-crystallin. The
rate of subunit exchange is known to be isoform
independent68 and is very low at reduced temperature.18

After incubation of the reaction mixture for various
times, quenching of a given aliquot was achieved by
chilling on ice, allowing off-line analysis by means of
nanoelectrospray MS as described above. Mass spectra
were obtained under CID conditions, with the doubly
stripped oligomer region examined for quantitative
analysis. By monitoring the peaks corresponding to
those doubly stripped oligomers carrying as many
charges as subunits, we obtained the time dependence
of the disappearance of homo-oligomers and the con-
comitant appearance of hetero-oligomers, as described
previously.31,32
The time courses are then analyzed in detail by fitting

the experimental data to the general rate equations
describing the time evolution of the concentration of an
oligomer containing i and j monomers of type I (αB) and
type II (αA) during an equilibration period,

d Pi;j

 �
dt

=
−ik −

e+d Pi;j

 �

+kþ Pi−1;j

 �

P1;0

 �

−kþ Pi;j

 �

P1;0

 �

+ ik −
e+d+k

−
e

� �
Pi+1;j

 �

−jk −
e+d Pi;j

 �

+kþ Pi;j−1

 �

P0;1

 �

−kþ Pi;j

 �

P0;1

 �

+ jk −
e+d+k

−
e

� �
Pi;j+1

 �

ð12Þ

where (i,j) are even. Similar equations can be written for
the remaining three cases corresponding to (i odd, j
odd), (i even, j odd), and (i odd, j even). The time
dependence of monomer exchange was simulated using
Eq. (12), keeping ΔGe and ΔGd fixed to the values
obtained from fits of αB-crystallin size distributions,
under the assumption that, at t=0, the only nonzero
oligomer concentrations are those of Pi,0 and P0,j. These
values, in turn, can be obtained from distributions
generated from MS data, as described above. The best
fit of the experimental data to the time course predicted
by Eq. (12) subject to the constraints of the size
distribution equilibrium data gives k+[P1], ke +d

- , ke
-that

are reported in the text.
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