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The majority of proteins exist in vivo within macromolecular assemblies
whose functions are dependent on dynamical processes spanning a wide
range of time scales. One such assembly is formed by the molecular
chaperone αB-crystallin that exists in a variety of exchanging oligomeric
states, centred on a mass of approximately 560 kDa. For many
macromolecular assemblies, including αB-crystallin, the inherent dynamics,
heterogeneity and high mass contribute to difficulties in quantitative
studies. Here, we demonstrate a strategy based on correlating solution-state
nuclear magnetic resonance spectroscopy and mass spectrometry data to
characterize simultaneously the organization and dynamics of the
polydisperse αB-crystallin ensemble. We show that protomeric dimers
assemble into oligomers via the binding of extended C-termini, with each
monomer donating and receiving one terminus. Moreover, we establish that
the C-termini undergo millisecond fluctuations that regulate the intercon-
version of oligomeric forms. The combined biophysical approach allows
construction of an energy profile for a single monomer that completely
describes the equilibrium dynamics of the ensemble. It also facilitates an
analysis of dynamics spanning the millisecond to hour time scales and
secondary to quaternary structural levels, and provides an approach for,
obtaining simultaneously detailed structural, thermodynamic and kinetic
information on a heterogeneous protein assembly.
© 2011 Published by Elsevier Ltd.
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Introduction

Proteins undergo structural fluctuations that span
a wide range of scales in time and space that are
often crucial for their cellular function. 1 The
majority of cellular proteins assemble into multi-
meric complexes that dissociate, recombine, and
interact with other cellular components.2 An appre-
ciation of the quaternary structures and dynamics of
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these complexes is therefore essential for under-
standing their cellular biological function.3

Solution-state nuclear magnetic resonance spec-
troscopy (NMR) is particularly well suited to the
study of the dynamics of proteins on a wide range
of time scales.4–6 Performing such experiments on
large macromolecular complexes has, however,
long proven a challenge due to their high mass
and, hence, slow tumbling rates.7 Nevertheless, by
deuterating the protein, labelling only specified
methyl groups with NMR active spin labels, and
using optimised pulse sequences that preserve
NMR signal, it is possible to study the structural
and dynamical properties of even large macromo-
lecular complexes with molecular masses in the
hundreds of kilodaltons.8

Complementary to the residue-specific informa-
tion available from NMR experiments, mass spec-
trometry (MS) data are capable of providing
detailed information regarding the quaternary
organization and dynamics of macromolecular
assemblies.9–11 Protein complexes can be transferred
intact into the gas phase and, through capitalising
on the high resolution of separation, the coexisting
stoichiometries detected and their relative abun-
dances assessed.12 This, combined with a speed of
analysis in real time starting on the seconds time
scale, makes MS well suited for the study of the
dynamics of heterogeneous protein complexes.13–15

Here, we present a hybrid NMR and MS approach
that combines the strengths of both techniques to
study in detail the equilibrium fluctuations of a
polydisperse molecular chaperone, αB-crystallin, so
that site-specific motional information (from NMR)
can be related to quaternary dynamics (from MS).
αB-crystallin is a mammalian member of the

small heat shock proteins (sHSPs), a protein
superfamily found in organisms spanning all
biological kingdoms.16 The sHSPs act to bind
proteins destabilised during cellular stress and
retain them in a folding competent form.16–18

This prevents the aggregation and deposition of
the unfolding proteins and instead ensures that
they can be recovered by ATP-dependent
chaperones.16–18 This role of the sHSPs is central
to the cellular protein homeostasis network,19 and
their malfunction is therefore implicated in a
number of maladies that occur as a consequence
of protein aggregation and accumulation.20

sHSPs are structurally composed of a dimeric
β-sheet ‘α-crystallin’ core that spontaneously assem-
bles into large oligomers via terminal interactions.16–18

Specifically, X-ray structures of monodisperse sHSP
oligomers, HSP16.9 from Triticum aestivum21 and
HSP16.5 from Methanocaldococcus jannaschii,22 have
revealed that a conserved IXI/V motif on the C-
terminus of one monomer binds into a hydrophobic
groove on the surface of an adjacent monomer such
that two C-termini hold each monomer in place.
Although X-ray crystallography derived structures are
not available for αB-crystallin oligomers, the presence
of similar interactions that stabilize the oligomeric
structure is suggested by studies of truncated forms of
the protein. Removal of the N- and C-terminal regions
leads to the formation of predominantly dimeric
species.23–25 In cases where only the immediate C-
terminal residues are removed, leading to a fragment
extending from Met68 to Thr162, so that the IXI/V
motif is still present, the crystal structure reveals
dimers that polymerise by both donation and accep-
tance of the IPI residues.26 Moreover, an NMR
structure of αB-crystallin in the solid state indicates
that these interactions are also present in the full-length
protein.27 Residues downstream of the IPI, a region
known as the C-terminal extension (E164 to K175), are
sufficiently flexible to be visible in fully protonated
samples by means of solution-state NMR.28,29

αB-crystallin has proven a difficult target for
structural biologists30 due to a variable quaternary
structure, populating oligomers containing between
10 and 40 subunits.31,32 Furthermore, oligomers can
interconvert freely, including with the αA-crystallin
isoform and other sHSPs.33 This capability for
subunit exchange is putatively associated with
chaperone activity.16–18 In a companion paper, we
have shown, from a quantitative analysis of the αB-
crystallin population distributions obtained over a
wide range of solution conditions, that this complex
polydisperse ensemble can be explained in terms of
just two types of interactions (intra- and interdimer)
that are completely independent of oligomer
stoichiometry.34

Here, we build on this work by examining αB-
crystallin by means of solution-state NMR. We have
measured 13C–1H methyl correlation TROSY (trans-
verse relaxation optimized spectroscopy) spectra35

showing one resonance for each of the nine Ile
residues within the primary αB-crystallin sequence,
confirming that there is one major conformational
ensemble for all αB-crystallin monomers within the
oligomers in solution.34 In contrast to previous
studies,26,27 we demonstrate that, in solution, the C-
terminal IPI is at most interacting only transiently
with adjacent dimers. Moreover, using Carr–Pur-
cell–Meiboom–Gill (CPMG) relaxation dispersion
measurements,36 we show that IPI undergoes a
transition between ground and excited states on the
millisecond time scale. The rates of exchange
obtained from the NMR measurements can be
correlated with those derived from MS measure-
ments for the dissociation of monomers from the
oligomers, using a suitable model in which a pair of
C-terminal interactions are required for holding
each monomer in position. This is in agreement with
previous structural studies on αB-crystallin26 and
other sHSPs.21,22,27 The subunit exchange process is
thus limited by the simultaneous breaking of these
interactions. Overall, our data support a model in
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which the millisecond dynamics of the C-terminus
underpin the quaternary dynamics of αB-crystallin
that occur on the minute time scale and which, in
turn, dictate the oligomeric distribution that is
observed at equilibrium.

Results

Monomers within αB-crystallin oligomers occupy
a single conformational ensemble in solution

Perdeuterated αB-crystallin containing 13CH3
labels only at the isoleucine δ1 position was
0.0  

0.1

0.2

0.3

0  40  80

Ile161
Ile159

Ile161
Ile159

0.4

0.6

0.8

1.0

0  40  80
2 -1H  (ppm)ω

Ile159δ

Ile161δ

3

4 5
6

7

8

9

R
H

 (
nm

)
ef

f

(b)(a)

(c)

(d)

 0

 2

 4

 6

 60  100 140 180
Residues

2 
-1

3 C
  (

pp
m

)
ω

~
1.1 1.0 0.9 0.8 0.7 0.615

14

13

12

11

Delay (ms)

Delay (ms)

| I
a/

I b
 |

I/I
0

Fig. 1. I159/I161 ofαB-crystallin are highly dynamic. (a)
Methyl-TROSY spectrum of U-2H,Ile-[13CH3-δ1]αB-crys-
tallin, 18.8 T, 50 °C, pH 7. A 1Dprojection of the 2D data set
is shown above the spectrum. The nine expected reso-
nances are indicated (there are nine Ile permonomer), with
the two especially sharp resonances assigned to positions
159 and 161 highlighted. (b) Hydrodynamic radii of a
range of proteins measured using pulsed field gradient
NMR. The hydrodynamic radius of a folded protein is
expected to scalewith the number of residues,N, according
to RH

eff∝N0.23 (continuous line).38 The value measured for
oligomeric αB-crystallin (blue) is 2.16 times larger than
expected for a monomer of 175 residues, consistent with a
complex composed of approximately 30 subunits. The
globular, monomeric proteins used as calibrants were
ABP1P-SH3 (80 residues), cytochrome C (104 residues),
lysozyme (129 residues), calmodulin (148 residues) and
myoglobin (153 residues). (c) Time dependencies of sums
(Ib) and differences (Ia) of magnetization derived from
methyl 1H single-quantum transitions from which the
product Saxis

2 τC can be determined.39 A value of 3.5 ns was
obtained for both Ile159 and 161, consistent with their
location in an unstructured region. (d) The decay of slowly
relaxing proton magnetisation at 30 °C, pH 7, from which
the transverse proton relaxation rate, R2, can be
determined.40 The relaxation rates for Ile159 and 161
were found to be 6 s−1.
prepared, and 13C–1H heteronuclear multiple-
quantum correlation (HMQC) spectra were
recorded, exploiting a methyl-TROSY effect to
enhance sensitivity.37 Nine resonances are ob-
served (Fig. 1a), as expected from the amino acid
sequence of the monomer. In order to ensure that
all of the nine cross-peaks in the spectrum are
from Ile residues attached to the αB-crystallin
oligomers and do not derive from smaller parti-
cles, such as monomers, we performed transla-
tional diffusion measurements.41 The diffusion
coefficients obtained by analysis of data from
each of the nine peaks separately were the same
and correspond to a particle with a hydrodynamic
radius, RH

eff, of ca 6 nm (Fig. 1b) This is similar to
values published elsewhere42 and is consistent
with a species expected to diffuse as an approx-
imate 30-mer (RH

eff∝N0.23, where N is the number
of residues). 38 This is in line with our MS
measurements, which reveal a distribution of
oligomers centred on a 28-mer.34

Together, this suggests that all monomers in
solution possess the same basic structure regardless
of the oligomer they transiently occupy. Moreover,
peak positions change very little with temperature
over a range from 20 to 50 °C (Fig. S1), demonstrat-
ing that temperature does not induce a substantial
conformational rearrangement of the basic mono-
mer structure.

The C-terminal IPI is unbound in solution at
ambient temperature

The 13C–1H HMQC spectrum clearly shows that
two of the nine Ile methyl-δ1 correlations are
significantly more intense than the others (Fig. 1a);
these can be assigned to I159/161 of theC-terminal IPI
motif on the basis of mutagenesis experiments. Other
experiments confirm that these Ile residues are highly
dynamic. Firstly, 1H spin relaxation experiments that
probe the differential relaxation of methyl 1H single-
quantum transitions have been recorded (Fig. 1c).
From these, the product Saxis

2 τC is calculated,39 where
0≤Saxis≤1 is an order parameter that quantifies the
amplitude of motions of the methyl axis, while τC is
the assumed isotropic tumbling time for the particle.
A value of Saxis

2 τC=3.5 ns (30 °C) is obtained for both
Ilemethyl groups. Assuming τC≥150 ns, aswould be
expected for a complex where the ‘average’ αB-
crystallin particle size in solution is 30 monomers,43

one obtains an upper bound for Saxis
2 =0.02. This is

significantly lower than the average Saxis
2 value, ≈0.5,

that is measured for the Ile Cδ1–Cγ1 axis in NMR spin
relaxation studies on a series of folded proteins.44 In
addition, decay rates of the slowly relaxing methyl
proton magnetization component40 of the I159/I161
δ1-methyl groups have been measured, and the
transverse relaxation rates obtained, R2=6 s−1, are
also consistent with high mobility (Fig. 1d). Finally,
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Fig. 2. Paramagnetic probes of I159, I161 interactions.
(a) Decay curves of the slowly relaxing 1H methyl signal
intensity as a function of time40 fitted to an equation of the
form, I= I0 exp(−R2t), where R2 is the 1H transverse
relaxation rate, t is an experimental delay during which
magnetization decays, I is the signal intensity at time t,
and I0 is the signal intensity at t=0. Data were recorded at
30 °C, pH 7.0, either in the presence (+MTSL, rapid signal
decay, continuous lines) or absence (−MTSL, slow signal
decay, continuous lines) of MTSL spin label attached to
position 135. In addition, experiments were performed on
samples generated by mixing U-2H,Ile-[13CH3-δ1], Leu,
Val-[13CH3,

12CD3]αB-crystallin+MTSL with αB-crystallin
that is neither methyl, nor MTSL-labelled (dotted lines,
with a mixture of MTS-labelled to MTS-unlabelled of 1:1).
Data are shown for MTSL attached at position 135 as
probed by Ile159 and 161. (b) An illustration of the relative
positions of the two C-terminal isoleucines (shown in
black) as well as the positions of MTS label, 135 (red) and
146 (yellow), in the structure of a truncated αB-crystallin
construct, 68–162.26 The black shading corresponds to the
surface of the IPI motif (159–161). (c) Ratio of the PRE
effect as a function of mixing with unlabelled protein.
Measurements were made at two mixing ratios—1:1 (MTS
at position 135) and 1:6 (MTS at position 146)—and data at
both ratios were found to closely follow the trend expected
for the case where the interaction between the methyl
group of interest and the spin label is intermolecular.
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the carbon chemical shift of these peaks fall within
12.9±1 ppm, the characteristic ‘random-coil’ region of
isoleucine residues.45

The remaining seven correlations derive from
residues originating from both the structured core of
the protein and the N-terminus and are very broad
under the solution conditions used in the present set
of experiments. Their broadness likely stems from
the oligomeric polydispersity and makes them
unsuitable for the quantitative relaxation measure-
ments described in this study, and they are therefore
not considered in what follows.
To further probe the interactions formed by

I159/I161 in αB-crystallin, we performed para-
magnetic relaxation enhancement (PRE) NMR
experiments. Paramagnetic labels lead to attenu-
ation of NMR signals that derive from nearby
nuclei, 46 and the resultant PRE values are
quantified as the difference in proton transverse
relaxation rates (R2) in the presence and absence
of paramagnetic label, in this case [1-oxyl-2,2,5,5-
tetramethyl-3-pyrroline-3-methyl]-methanethiosul-
fonate label (MTSL), Γ =R2

+ MTSL −R2
−MTSL

(Fig. 2a). PRE values vary as 〈1/r6〉, where r is
the distance between the unpaired electron of the
paramagnet, and the NMR probe and the
angular brackets denote averaging.46 Therefore,
at the very least, these measurements can
provide qualitative measures of distance.
We have used the distance information obtained

from PRE measurements to address whether the IXI
interdimer interactions observed in X-ray structures
of sHSPs MjHSP16.5 and TaHSP16.921,22 and in
solid-state NMR studies of αB-crystallin24 are also
present in αB-crystallin oligomers in solution. MTSL
was added to 13CH3-labelled protein that had a
mutation to cysteine at either position 135 or
position 146 (only one position at a time; Fig. S2).
Figure 2b illustrates the positions of the spin labels
with respect to the I159/I161 probes in an X-ray
structure of a truncated αB-crystallin construct26

and reveals that both are within 10 Å of the
hydrophobic groove that binds the C-terminus.
PRE values between 10 and 41 s−1 were measured,
depending on the position of the MTSL and the Ile
residue (Table S1). If indeed these residues were
fixed in solution, as suggested by the X-ray or solid-
state NMR structure (Fig. 2a),26,27 then the spin-label
methyl–probe distances would range from 5 to 12 Å,
giving rise to PRE values in excess of 2500 s−1 and
resulting in the complete elimination of the I159/
I161 peaks. The smaller than expected values are
consistent, however, with the picture that emerges
from the measured relaxation rates where these side
chains are highly dynamic, sampling many confor-
mations but still sufficiently restrained by an
upstream ‘tethering point’ contact29 that restrains
these amino acids to a region around the hydropho-
bic groove on an adjacent dimer (Fig. 2b).
The C-terminus of αB-crystallin forms interdimer
contacts despite the fact that IPI is unbound

After PRE valueswere recorded, theNMR samples
were subsequently mixed with αB-crystallin con-
taining neither MTSL nor CH3 labels and allowed
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to equilibrate prior to the measurement of PREs in
the mixed system (Fig. 2c and Table S1). In the
simplest scenario, if intramolecular binding of the
C-terminus occurs, then the magnitude of the PRE
would not be expected to change significantly upon
incubation. In contrast, if the interaction is inter-
molecular, then the magnitude of the PRE effect
would be expected to decrease stoichiometrically
according to Cmix

C0
= 1

1 + x ; where the mixing ratio,
[unlabelled protein]/[labelled protein]=x, Γmix and
Γo are PRE rates measured on samples of αB-
crystallin prepared as a mixture of MTS-labelled
and MTS-unlabelled protein (Γmix) or as fully MTS-
labelled (Γo). The data are in excellent agreement
with the scaling expected for intermolecular in-
teractions. Furthermore, within the dimer that
forms the fundamental building block of the αB-
crystallin oligomeric structure,27 the IPI motif from
one monomer cannot extend to the hydrophobic
binding element of the second.26 Together, this
provides very strong evidence for interdimer
contacts mediated by C-termini (Fig. 2c). While
such interactions are also observed in all the high-
resolution structures of sHSPs,21,22,26,27 our PRE
measurements have shown that these occur in αB-
crystallin in solution.
Our NMR experiments indicate therefore that

αB-crystallin dimers within an oligomer are
‘cross-linked’ via interactions involving C-terminal
residues. However, the results presented here
establish unequivocally that, unlike in the solid
state, I159 and I161 are predominantly unbound
in solution. This implies that the primary in-
teractions between monomers on adjacent dimers
involve residues that are upstream of positions
159/161.26,29 Removal of a monomer from an
oligomer must clearly involve breaking these C-
terminal interactions.
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The IPI region in the C-terminus undergoes
dynamics on the millisecond time scale

In order to gain insight into the process by which
these intra-oligomer C-terminal interactions are
broken, we have recorded CPMG relaxation disper-
sion NMR experiments. 4 Unlike the other Ile
residues in the structure, resonances from I159 and
I161 decrease with increasing temperature, consis-
tent with their involvement in a conformational
exchange process on the millisecond time scale. This
was confirmed by recording 13C single-quantum
CPMG dispersion profiles47 for I159/I161 in the
temperature range 30–50 °C at pH 5 and 9 (Fig. 3a).
The profiles are well fit assuming amodel of two-site
chemical exchange involving a ‘ground’ NMR-
observable state (G) and a second ‘excited’ confor-
mation that is less stable andNMR unobservable (E),
G⇄

kEG

kGE E (Fig. 3a and Fig. S3). Data acquired at each
pH were analysed globally to give values for the
exchange rate, kex=kGE+kEG, the fractional population
of the excited state, pE = 1 − pG = kGE

kex
= E½ �

E½ � + G½ � ; as
well as residue-specific chemical shift differences
between the two states (Fig. 3b and Table S2). The
population of the excited state increases with temper-
ature and is ca 1.5% at both 40 °C (pH 5) and 50 °C
(pH9). The 13Cδ1 chemical shifts of the excited state for
both I159 and I161 are indicative of a more ordered
structure than in the ground state.45

C-terminal millisecond dynamics are the basis
of subunit exchange

Initially, one might assume that the NMR process
reflects the dissociation of a monomer from an
oligomer (ke

−, see our companion paper)34 so that the
excited state, E, corresponds to a free monomer in
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solution. If this were the case, then ke
−, as measured

by MS, would be equal to kGE= kexpE. NMR
measurements at 40 °C (pH 9) indicate that kGE is
on the order of 10 s−1, while dissociation rates
measured by MS are less than ≈0.1 s−1. The minor
conformer is therefore clearly not the free mono-
meric state, and the exchange process observed by
NMR cannot be attributed directly to monomer
dissociation.
A second model is motivated by our finding that

the C-termini of αB-crystallin link subunits together
in solution (see above). In the high-resolution
structures of sHSPs, similar interactions are found,
with each of the monomers attached to an oligomer
by a pair of such interdimer C-terminal ‘flap’
interactions: one interaction extending from a
monomer to an adjacent binding site on a neigh-
bouring dimer, a second involving the binding of a
flap to the monomer in question.21,22 Assuming that
Fig. 4. Subunit exchange is controlled by the millisec-
ond dynamics observed in the C-terminus. (a) NMR
relaxation dispersion data from I159 and I161 obtained at
three static magnetic field strengths (corresponding to 1H
resonance frequencies of 500, 600 and 800 MHz) were
measured over a range of temperatures at both pH 5 and
pH 9. These data were well described by a two-site model
of chemical exchange, from which the ground-to-excited
and excited-to-ground exchange rates kGE and kEG,
respectively, were obtained. The subunit exchange rate
of a single unpaired monomer as determined by MS (ke

−) is
in excellent agreement with the rate obtained from the
NMR relaxation dispersion data using the model de-
scribed in the text whereby kGE (kEG) corresponds to the
rate of breaking(forming) an interdimer C-terminal flap
interaction kflap

− (kflap
+ ). The rate for breaking a pair of flaps

k2flap
− can be calculated directly from kflap

− , kflap
+ (see the text

and the Supporting Information). K2flap
− (NMR)=ke

− (MS)
over a wide range of solution conditions, as expected for a
model in which a pair of flap interactions must be broken
prior to removal of a monomer from a given oligomer. (b)
Energy profile of monomer dissociation from an αB-
crystallin oligomer of arbitrary size, pH 9 at 50 °C. An
oligomer is represented by the spherical particle, with
interactions between a group of dimers within a given
oligomer explicitly indicated. Each dimer in turn is
represented by a white ellipsoid, with the dimer interface
denoted by a red collar and internal monomers are
denoted by half ellipsoids. Subunit exchange proceeds
via the following pathway (left to right). A monomer
(green) collides with an oligomer and forms a high-
energy, sparsely populated intermediate state in which the
monomer is held in place by only one of its two possible
intermolecular C-terminal interactions (red). The second
intermolecular C-terminal interaction is then formed
rapidly. Such a mechanism supports rapid internal
rearrangement allowing individual monomers within an
oligomer to pair up, resulting in an optimally stable
arrangement. The overall equilibrium size distribution
and the quaternary dynamics of the system follow directly
from such a scheme. Mathematical details are provided in
the Supporting Information.
the process quantified by NMR is the removal of a
single C-terminal flap, and that removal of adjacent
C-termini are independent, then the rate for removal
of two C-termini that would be required for
dissociation of a monomer is calculated (see SI) to be

k −
2flap =

k −
flapk

−
flap

k −
flap + kþflap

= kexp2E ð1Þ

where kGE=kflap
− (the rate of removal of a single flap)

and kEG=kflap
+ (the rate of flap association). Remark-

ably, the agreement between k2flap
− and ke

− (unpaired
dissociation rate from MS, see companion paper)34

is excellent over a temperature range of 30 °C and at
both pH 5 and 9 (Fig. 4a).
Yet a third model is one that might be operative in

the limit where the dimer interface is sufficiently
strong such that exchange proceeds via dimer rather
than monomer ‘hopping’. Our model predicts that
each dimer is held by four C-terminal interactions
(two per monomer), with the rate for dimer
dissociation given by

k −
4flap = k −

2e =
k−flap

� �3

k−flap + kþflap
� �2 = kexp3E ð2Þ

that follows directly from arguments given in the
Supporting Information. The ratio

k −
4flap

k −
2flap

= k −
2e
k −
e

= pE at

its maximum is equal to 0.02 (pH 9, 50 °C) in the
case of αB-crystallin. Thus, dimer hopping is 2
k2flap (NMR)
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orders of magnitude slower than the corresponding
rates for unpaired monomer exchange and is
essentially inoperative in this system. It is worth
emphasizing, moreover, that dimer exchange ex-
clusively is not consistent with the size distribution
profiles generated by MS, since particles with both
odd and even numbers of monomers are
observed.34 Interestingly, in other sHSP systems
that have been studied, dimer exchange is
prevalent,13 indicating that ke+d

− , the dissociation
rate of a monomer involving breaking of both
dimer and edge interactions,34 is much less than k2e

−

due to a strong dimer interface in these cases.

A single-monomer free-energy profile
determines the quaternary structure and
the dynamics of the system

By combining results from the MS and NMR
measurements, it is possible to determine the shape
of the free-energy surface controlling monomer
association and dissociation (Fig. 4b and Supporting
Information). In our model, dissociation proceeds
from a bound, paired monomer through the rapid
breaking of the dimeric interface, followed by
breaking of the first C-terminal flap interaction to
form an intermediate, and then finally removal of
the second C-terminal flap. As the chemical shifts of
the IPI residues in the excited state are consistent
with a more ordered structure than in the ground
state, it may be that the IPI residues form intramo-
lecular contacts during the subunit dissociation
process. The relative barrier heights and the stability
of the intermediate strongly depend on both
temperature and pH (Fig. S3); the profile in Fig. 4b
pertains to pH 9, 50 °C.
Discussion

Analysis of profiles of the distribution of αB-
crystallin stoichiometries as a function of pH and
temperature reveals that their apparent complex,
polydisperse nature can be well understood in terms
of just two ‘macroscopic’ oligomer-independent
interactions: the strength of the dimer interface
and the strength of interdimer contacts.34 Consistent
with this finding, 13C–1H HMQC spectra of highly
deuterated, methyl-protonated αB-crystallin protein
samples establish that all monomers occupy essen-
tially one conformational ensemble over a wide
range of pH and temperature values. Similar
observations have been made on plant sHSPs.14,48

In contrast to a recent study of intact αB-crystallin
using solid-state NMR27 and previous crystallo-
graphic studies of truncated constructs,26 showing
that the C-terminal Ile residues (I159/I161) are
tightly bound to a hydrophobic groove on an
adjacent dimer in solution, the NMR results
reported here show that, in solution, the IXI/V
motif is highly dynamic and not rigidly attached to
the protein scaffold. 1H transverse relaxation rates
of I159/I161 δ1-methyl probes, measured order
parameters and random-coil 13Cδ1 chemical shifts
are consistent with the IPI moiety being entirely
unstructured. Further, addition of a spin label to the
hydrophobic groove does not eliminate the I159/
I161 cross-peaks in HMQC spectra, although some
attenuation is noted. These peaks would be
completely suppressed if, however, the IPI unit
were tightly bound to the groove, implying that, in
solution, these residues interact transiently, at most,
with the hydrophobic groove. The PREs measured
for these residues decrease in a stoichiometric
manner with addition of unlabelled protein, indi-
cating that they derive from an intermolecular
interaction. Together with measurements of the
flexibility of the C-terminal extension,28 these results
establish that contrary to results in the solid
state,27,47 in the solution state the C-terminal region,
including the IPI motif, is largely unstructured.
While the IPI sequence is proximal to the hydro-
phobic groove on an adjacent dimer, these residues
cannot be responsible for the contacts that contrib-
ute significantly to holding adjacent dimers together
within an oligomer. It appears therefore that
residues that are N-terminal to the IPI motif play
this role.29

The Ile residues of the IPI sequence exchange
between conformations on the millisecond time
scale, an interconversion that can be studied directly
by using CPMG relaxation dispersion measure-
ments. Global fitting of the resulting dispersion
profiles suggests a two-state process over a very
wide range of pH and temperature values, and that
the scaling of the rates with temperature at a given
pH is well described by an Arrhenius relation.
Remarkably, excellent agreement is obtained be-
tween the subunit exchange rates measured by
means of MS, and those derived from NMR
assuming that subunit exchange is caused by the
breaking of a pair of C-terminal interactions. These
interactions, rate limiting for subunit exchange in
αB-crystallin, are observed in X-ray structures of
monodisperse sHSPs21,22 and in structures of the
αB-crystallin protomers.26 It is important to point
out that the results of our kinetic analysis do not
preclude additional contributions to the stability of
the complex from other regions of the protein. The
13Cδ1 chemical shifts of the Ile probes in the
transiently populated excited state are consistent
with the IPI motif adopting amore ordered structure
than the relatively disordered ground state, which
may play a role in facilitating subunit exchange.
Correspondingly, the NMR results predict dimer

exchange rates that are approximately 2 orders of
magnitude slower than the dissociation kinetics
quantified bymeans of MS. The NMR andMS results
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are fully consistentwith amodel in whichmonomers,
rather than dimers, or higher-order stoichiometries,
are the exchanging units in the αB-crystallin system.
This is in contrast to what is observed for other sHSP
systems where dimer exchange is prevalent due to
strong dimer interfaces.13

In a companion paper, we have discussed that
chaperone activity can occur on a much faster time
scale than that of subunit exchange reported by our
MS experiments, implying that oligomer dissocia-
tion is not a prerequisite for the chaperone action of
αB-crystallin.34,49,50 This is consistent with results
from studies on α-crystallin,49 αA-crystallin51 and
HSP26 from Saccharomyces cerevisiae.52 The latter
protein has been shown to undergo a conformation-
al rearrangement of its ‘middle domain’ at heat
shock temperatures.53 Such an activation mecha-
nism is not the case for αB-crystallin because it lacks
this domain, but also MS and NMR measurements
indicate the presence of a single monomer confor-
mation over the temperature range examined,
15–50 °C.
An alternative mechanism of regulating αB-

crystallin chaperone activity has been postulated
to involve the C-terminal IPI blocking substrate
binding surfaces through its strong association
with hydrophobic grooves on adjacent monomers,
such that oligomerization is autoinhibitory of
substrate binding.21,27 Mutations in this region
have been demonstrated to have aberrant behav-
iour in vitro and in cells,54–56 giving rise to
cataract formation and myopathy.57–59 In this
study, we have shown that the IXI/V motif of
αB-crystallin is not tightly bound to hydrophobic
grooves on neighbouring monomers, so chaperone
function cannot be linked to the direct binding of
these residues. They are, however, in relatively
close proximity to the groove, suggesting that
they may still act to shield this region from
substrates. In this regard the fluctuations of the C-
terminus that enable individual monomers to
rearrange within the context of the oligomeric
ensemble may well be important for substrate
binding.
In summary, the present study demonstrates

that a combined MS and NMR approach can be
very beneficial for the analysis of complex macro-
molecular assemblies. MS provides a highly
detailed view of ‘macroscopic’ quaternary struc-
ture and dynamics, whereas NMR gives comple-
mentary ‘microscopic’ secondary and tertiary
structural information. Taken together, a compre-
hensive picture of αB-crystallin emerges in which
quaternary dynamics on the minutes time scale are
predicated by structural fluctuations on the milli-
second time scale involving individual monomers.
We envision that the type of methodology used
herein will be applicable to the analysis of a wide
range of large and complex macromolecular
assemblies that have proven recalcitrant to more
conventional biophysical characterization.
Methods

Protein production and purification

αB-crystallin was prepared by overexpression in
Escherichia coli BL21(DE3) cells, with protein over-
expression (IPTG induction) carried out overnight at
37 °C. Cells were harvested and lysed in 20 mM Tris
(pH 8) buffer in the presence of a protease inhibitor
cocktail (Roche) and passed down a Q column,
eluting at 100 mM NaCl.42 The fractions containing
αB-crystallin were pooled, concentrated and passed
down a 120-ml S200 gel-filtration column in 150 mM
NaCl and50mMTris (pH8.0)where theprotein eluted
at 60ml. U-2H,Ile-[13CH3-δ1] protein was prepared by
growing in D2O and M9 media with [12C,2H]glucose
as the sole carbon source and the precursor sodium
α-ketobutyrate [13CH3CD2COCO2Na] (60 mg/L)
added 1 h prior to induction.60 U-2H,Ile-[13CH3-δ1],
Leu,Val-[13CH3,

12CD3] αB-crystallin was generated
as for Ile-labelled protein, with the addition of α-
ketoisovalerate [13CH3CD3CDCOCO2Na] (80 mg/L)
as described previously.60

NMR measurements

13C–1H correlation spectra were acquired using
VarianNMRspectrometers operating at field strengths
of 11.7, 14.0 and 18.8 T over a range of pHs (5–9) and
temperatures (24–50 °C) using experiments optimised
for large-molecular-weight proteins.8,37,39,43,61 Trans-
lational diffusion coefficients were quantified for each
resonance in the two-dimensional (2D) spectrumusing
a 2D 13C–1H correlation experiment that is based on a
15N–1HN pulse scheme41 with a diffusion delay of
200 ms. To determine the mobility of individual
methyl groups, we obtained proton R2 relaxation
rates as described previously.40 In addition, values of
the product Saxis

2 τCweremeasured using the approach
of Tugarinov et al. in which the time dependencies of
sums (Ib) and differences (Ia) of magnetization derived
from methyl 1H single-quantum transitions are
quantified.39 The methyl resonances originating from
I159, I161 and V169 were identified by producing a
I159V/I161V U-2H,Ile-[13CH3-δ1]-labelled sample
and a I161A/V169S U-2H,Ile-[13CH3-δ1], Leu,Val-
[13CH3,

12CD3]-labelled sample and observing which
resonances were lost from the spectrum.

PRE measurements

U-2H,Ile-[ 13CH3-δ1],Leu,Val-[
13CH3,

12CD3]-la-
belled cysteine mutants S135C and N146C of αB-
crystallinwere prepared byQuikChange site-directed
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mutagenesis (Stratagene) and expressed and puri-
fied as above, with 5 mM DTT in all purification
buffers. The buffer was exchanged to 100 mM KCl
(pH 7) by successive rounds of centrifugation with
centricon concentrators and incubated with 10-fold
MTSL label (Toronto Research Chemicals) over-
night before exchange into NMR buffer. Proton
transverse relaxation rates, as described above, were
determined in the presence (R2

+MTSL) and absence of
MTSL (R2

−MTSL) so that the PRE could be quantified
according to Γ=R2

+MTSL−R2
−MTSL.46

CPMG relaxation dispersion measurements

A set of constant-time single-quantum CPMG
relaxation dispersion data sets were recorded47 with
Trelax=40 ms using a 1 mM αB-crystallin sample in
50 mM NaPi D2O at both pH 9 and pH 5 (corrected
using pH=pH(measured)+0.4) in the temperature
range 30–50 °C. Seventeen CPMG frequencies
between 25 and 2000 Hz were measured for each
data set along with one reference where the
constant-time CPMG element was removed. Data
sets were obtained at three magnetic field strengths,
11.7, 14.0 and 18.8 T, with each spectrometer
equipped with a room temperature (11.7, 18.8 T)
or cryogenically cooled (14.0 T) probe. Eight scans
per FID (free induction decay) were recorded, along
with relaxation delays between scans of 2.5 s so that
complete data sets (18 2D spectra) were generated in
between 9 and 14 h (depending on the static
magnetic field at which the data were recorded).
Dispersion data were processed and analysed with
the program NMRPipe62 and signal intensities were
quantified by using the program FuDA†. Relaxation
dispersion data were interpreted by using a two-
state exchange model and fitted using in-house
software† following protocols described in detail
previously.63 Dispersion profiles at each pH were
analysed for all residues together to extract global
exchange parameters as well as residue specific
chemical shift differences between ground and
excited states and intrinsic relaxation rates.
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