
The N‑Terminal Extension of βB1-Crystallin Chaperones β‑Crystallin
Folding and Cooperates with αA-Crystallin
Xiao-Yao Leng,# Sha Wang,# Ni-Qian Cao, Liang-Bo Qi, and Yong-Bin Yan*

State Key Laboratory of Biomembrane and Membrane Biotechnology, School of Life Sciences, Tsinghua University, Beijing 100084,
China

ABSTRACT: β/γ-Crystallins are the major structural proteins in mammalian lens. The N-terminal
truncation of βB1-crystallin has been associated with the regulation of β-crystallin size distributions
in human lens. Herein we studied the roles of βB1 N-terminal extension in protein structure and
folding by constructing five N-terminal truncated forms. The truncations did not affect the secondary
and tertiary structures of the main body as well as stability against denaturation. Truncations with
more than 28 residues off the N-terminus promoted the dissociation of the dimeric βB1 into
monomers in diluted solutions. Interestingly, the N-terminal extension facilitated βB1 to adopt the
correct folding pathway, while truncated proteins were prone to undergo the misfolding/aggregation
pathway during kinetic refolding. The N-terminal extension of βB1 acted as an intramolecular
chaperone (IMC) to regulate the kinetic partitioning between folding and misfolding. The IMC
function of the N-terminal extension was also critical to the correct refolding of β-crystallin heteromer and the action of the lens-
specific molecular chaperone αA-crystallin. The cooperation between IMC and molecular chaperones produced a much stronger
chaperoning effect than if they acted separately. To our knowledge, this is the first report showing the cooperation between IMC
and molecular chaperones.

In mature mammalian lens fiber cells, the intracellular
organelles are degraded in an apoptotic-like manner to

minimize light scattering during the transmission of visible light
through the lens.1 As a result, there is little or no protein
turnover in mature lens fiber cells, and the lens proteins are
required to maintain stability across an individual’s lifespan.2−4

Crystallins, which are the dominant structural proteins in
mammalian lens, are believed to be responsible for the
maintenance of the transparency and refractive index of the
lens.5,6 Aggregation of crystallins and/or their proteolytic
fragments caused by aging or inherited mutations has been
linked to the onset of cataract, which is the opacification of the
lens leading to loss of vision.7,8 The importance of crystallins in
lens transparency has been evidenced by the discovery of
numerous inherited mutations associated with autosomal
dominant congenital cataract.9

The mammalian crystallins are categorized into three classes
(α, β, and γ) based on their elution positions on the size-
exclusion chromatography (SEC) profile. In diluted solutions,
they are distinct in their oligomerization states: α-crystallin with
an average of ∼24 subunits, β-crystallin with 2−8 subunits, and
γ-crystallin existing as a monomer.2,3 The β- and γ-crystallins,
which form the β/γ-crystallin family, share a conserved tertiary
structure with four Greek-key motifs divided into two domains
(Figure 1).3 There are seven members in human β-crystallins:
four acidic (βA1, βA2, βA3, βA4) and three basic forms (βB1,
βB2, and βB3). β-Crystallins can exist as homomers or
heteromers in the lens, and heteromers are generally formed
between acidic and basic β-crystallins.10,11 The structural basis
for the oligomerization-prone property of β-crystallins remains
elusive, although many previous papers have addressed this
problem in the last ∼30 years.10−23 Nonetheless, it is clear that

the extra N- and C-terminal extensions of β-crystallins play an
important role in the homo- and hetero-oligomerization of β-
crystallins.11,13,14,17,21,24−28 Among the seven β-crystallins, βB1
is unique for the longest N- and C-terminal extensions (Figure
1A). NMR and biophysical studies have shown that the N-
terminal extension of βB1 is dominated by unordered
structures,18,26,29 and residues 29−47 are proposed to form
helical structures adjacent to the main body of the molecule.26

The loop from residues 48 to 56 is thought to be crucial to the
homo- and hetero-oligomerization of βB1.19,26,27

During lens development and aging, β-crystallins are found
to have various post-translational modifications including the
truncations of the N- and C-terminal extensions.4,16,30−33

Extensive fragmentation and proteolysis of crystallins are
associated with age-related cataract4,32,33 and congenital
cataract.34 However, the truncations of the N-terminal
extensions of βB1 and βA3 may occur early during lens
development since the truncated forms are detected even in
newborns.30,31 This suggests that the N-terminal extensions of
these two proteins may play a role in lens development,
although the underlying mechanism is unclear. The length of
βB1 N-terminal extension is found to correlate with the size
distribution of β-crystallin oligomers in the lens.16 However, the
N-terminal truncations ranging from 15 to 41 residues have
been identified in the soluble fraction of normal human
lens.16,30,31,35 Consistently, the truncations with the removal of
41 or 47 residues at the N-terminus are found to have no
impact on βB1 stability against thermal aggregation or urea-
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induced denaturation.29,36 Thus, it remains to be elucidated as
to why βB1 has an evolutionary conserved long N-terminal
extension that is cleaved after translation. To further investigate
the role of the N-terminal extension of βB1, we studied the
properties of mutants with the removal of 16, 28, 41, 47, or 50
residues off the N-terminus (βB1Δ16, βB1Δ28, βB1Δ41,
βB1Δ47, and βB1Δ50, respectively), which mimicks the
proteolytic sites either in human lens or in vitro and the
disruption of the critical region for homo- or hetero-
oligomerization identified previously. A detailed comparison
of the biophysical properties confirmed previous findings that
the N-terminal extension contributed little to the stability of the
homomers and heteromers. The N-terminal extension sig-
nificantly affected the kinetic partitioning between the correct
refolding and misfolding/aggregation pathways. We proposed
that the N-terminal extension acted as an intramolecular
chaperone (IMC) to facilitate the folding and assembly of βB1-
crystallin. More importantly, we found that there is cooperation
between the actions of IMC and the molecular chaperone αA,
which might be important to the understanding of the quality
control mechanisms in the cells.

■ MATERIALS AND METHODS

Reagents. The Taq polymerase and the restriction
endonucleases BamHI and HindIII were from Takara. Ultra-
pure guanidine hydrochloride (GdnHCl), isopropyl-1-thio-β-D-
galactopyranoside (IPTG), sodium dodecyl sulfate (SDS), 1-
anilinonaphtalene-8-sulfonate (ANS), dithiothreitol (DTT),
acrylamide and bovine serum albumin were obtained from
Sigma. Kanamycin was purchased from Amresco. All other
reagents were local products of analytical grade.

Preparation of Protein Samples. The cloning of the
genes of the wild type (WT) αA, βB1, and βA3 has been
described previously.37,38 The mutants βB1Δ16, βB1Δ28,
βB1Δ41, βB1Δ47, and βB1Δ50 (amino acid residues are
numbered starting at Met1) were obtained by the standard site-
directed mutagenesis procedures using the following forward
primers: βB1Δ16-F: 5′-CGGGATCCATGCCAGGGCCT-
GACACC-3′, βB1Δ28-F: 5′-CGGGATCCATGGCAGGAAC-
ATCCCCTA-3′, βB1Δ41-F: 5′-CGGGATCCATGAGC-
GCCAAGGCGGCG-3′, βB1Δ47-F: 5′- CGGGATCCAT-
GAGCGCCAAGGCGGCG-3 ′ and βB1Δ50-F: 5 ′ -
CGGGATCCATGGCGGCGGAACTGCCT-3′. The reverse
primer for the five mutants was 5′-CCCAAGCTTTCACTT-
GGGGGGCTCTGTG-3′. The recombinant WT and mutated
β-crystallin proteins were overexpressed in Escherichia coli
Rosetta and purified by Ni-NTA affinity column followed by gel
filtration chromatography using the same protocol as those
described elsewhere.38 We also prepared βB1Δ50 by removing
the His-tag and the first 50 residues by the digestion of trypsin.
A comparison between the proteins with and without His-tag
indicated that the existence of His-tag did not affect the
biophysical properties and refolding behavior of β-crystallins
(data not shown). The purification of the recombinant αA-
crystallin was performed as described previously.39 The final
protein products were homogeneous on 12.5% SDS-PAGE and
eluted as a single peak in the size-exclusion chromatography
(SEC) profile. The SEC analysis of the samples was carried out
on a Superdex 75 HR 10/30 column equipped on an ÄKTA
FPLC (Amersham Pharmacia Biotech, Sweden) as described
previously.38 The protein concentration was determined
according to the Bradford method.40 The βB1/βA3 heteromer
was prepared by incubating an equivalent molar amount of βB1
and βA3 at 37 °C for 4 h and checking by SEC analysis. All
protein samples were prepared in buffer A containing 20 mM
sodium phosphate, 150 mM NaCl, 1 mM EDTA, and 1 mM
DTT. For simplicity, the protein molar concentration was
calculated by assuming that all proteins were in the monomeric
states (the molar concentration of the subunits).

Spectroscopic Experiments. Details regarding the spec-
troscopic experiments were the same as those described
elsewhere.23,34 In brief, the spectroscopic experiments were
performed at 25 °C using samples with a protein concentration
of 6.9 μM in buffer A unless mentioned otherwise. The
fluorescence emission spectra were measured on a Hitachi F-
2500 spectrofluorimeter using a 200 μL curvette and a
resolution of 0.5 nm. The intrinsic Trp fluorescence was
excited at 295 nm, while the ANS extrinsic fluorescence was
excited at 380 nm. Parameter A, which is a sensitive monitor of
the shape and position of the Trp fluorescence spectrum, was
obtained by dividing the fluorescence intensity at 320 nm by
that at 365 nm.41 Resonance light scattering, which can detect
small aggregates that are invisible by turbidity measurements,
was performed using the same method as described previously

Figure 1. Sequence alignment of β/γ-crystallins and crystal structure
of truncated βB1. (A) Sequence alignment of the N- and C-termini of
human β/γ-crystallins. The positions of the sites for various truncated
mutants constructed in this research are indicated by arrows. (B)
Crystal structure of the truncated βB1 (PDB ID: 1OKI). The residues
at the N- and C-termini are labeled. The residues are numbered by
taking Met as 1. The two subunits of the dimeric βB1 are colored in
red and cyan, respectively.
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by exciting at 295 nm and recording at 90° on a Hitachi F-2500
spectrofluorimeter.42 The circular dichroism (CD) spectra were
recorded on a Jasco-715 spectrophotometer. Far-UV CD was
measured using a 0.1 cm-path length cell and a protein
concentration of 3.45 μM, while the near-UV CD was
measured using a 1-cm path length cell and a protein
concentration of 34.5 μM. Static light scattering (SLS)
experiments were performed by separating the proteins with
a concentration of 34.5 μM using a size exclusion
chromatography column for multi-angle light scattering
purchased from Wyatt Technology (WTC-030S5). Fluores-
cence quenching by acrylamide was performed using the same
procedure as that described elsewhere.43 In brief, the proteins
were incubated for 2 h in buffer A with or without the addition
of 0.1, 0.3, or 0.5 M acrylamide at room temperature. The
quenching effect of acrylamide (F0/F) was obtained by dividing
the Trp fluorescence intensity at 340 nm of the sample in the
absence of acrylamide (F0) by that of the sample with the
addition of acrylamide (F).
Protein Stability. The thermal stability of the proteins was

evaluated by heating the protein samples continuously with the
temperature increased from 30 to 86 °C. The temperature was
controlled by a water bath. The far-UV CD, Trp fluorescence,
light scattering, or turbidity data were recorded every 2 °C after
2 min equilibration. The stability against chemical denaturants
GdnHCl was measured by denaturing the proteins in the
buffers containing various concentrations of GdnHCl ranging
from 0 to 6 M. After denaturation overnight (12−16 h), the
samples were used for far-UV CD, Trp fluorescence, or

turbidity experiments. The protein concentration was 0.2 mg/
mL (∼6.9 μM).

Protein Thermal Aggregation. Protein aggregation was
monitored by turbidity (absorbance at 400 nm) recorded on an
Ultraspec 4300 pro UV/visible spectrophotometer from
Amersham Pharmacia Biotech (Uppsala, Sweden). The
temperature dependence of aggregation was measured after
the samples were equilibrated at a given temperature for 2 min.
The thermal aggregation kinetics was determined by recording
the turbidity immediately after the proteins were heated at 75
°C. The final protein concentration was 0.2 mg/mL for protein
thermal aggregation experiments.

Protein Aggregation during Refolding. The proteins
were fully denatured in 4 M GdnHCl at 25 °C for 4 h. The
refolding was initiated by a 1:40 manual fast dilution of the
GdnHCl-denatured proteins in the refolding buffer (buffer A
containing 20 mM sodium phosphate, 150 mM NaCl, 1 mM
EDTA, and 1 mM DTT). The final protein concentration for
the refolding experiments was 3.45 μM. The effects of β- and
αA-crystallins were evaluated by refolding the denatured
proteins in buffer A with the addition of equal molar amount
of native β- or αA-crystallins. The co-refolding of βA3/βB1 was
performed by kinetic refolding of the denatured βA3/βB1
heteromer as described previously.23 The effect of the synthetic
peptide corresponding to first 50 residues of βB1 was evaluated
by refolding of the denatured β-crystallins in buffer A in the
presence or absence of the synthetic peptide with a molar ratio
of [protein]/[peptide] = 1:60. The time-course aggregation
during refolding was monitored by turbidity, and the data were

Figure 2. Effects of the N-terminal truncations on βB1 structure and assembly. (A) Far-UV CD. (B) Near-UV CD. (C) Intrinsic Trp fluorescence
with an excitation wavelength of 295 nm. (D) Extrinsic ANS fluorescence with an excitation wavelength of 380 nm. (E) Trp fluorescence quenching
by acryamide. (F) SEC analysis. The inset of panel F shows the SLS analysis of βB1 and βB1Δ50. The behavior of βB1Δ16 was the same as that of
βB1, while those of βB1Δ28, βB1Δ41, and βB1Δ47 were the same as that of βB1Δ50 (data not shown). The protein samples were prepared in
buffer A containing 20 mM sodium phosphate, 150 mM NaCl, 1 mM EDTA, and 1 mM DTT. The presented spectra were obtained by subtracting
the original spectra by that of the control. The control spectra of CD and Trp fluorescence were measured using buffer A, while that of ANS
fluorescence was measured using buffer A with the addition of 75 mM ANS. The protein concentration was 6.9 μM for far-UV CD, Trp and ANS
fluorescence measurements and 34.5 μM for near-UV CD and SLS analysis.
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recorded every 2 s for 10−20 min. After refolding for 60 min,
the samples were centrifuged at 12 000 rpm for 8 min to
separate the soluble and insoluble fractions. The insoluble
precipitations were washed twice using the refolding buffer, and
the precipitations were resuspended in 400 μL of refolding
buffer. Then the soluble and insoluble fractions were analyzed
by 12.5% SDS-PAGE.

■ RESULTS
Effects of the N-Terminal Truncation on βB1-

Crystallin Structure and Assembly. Previous studies have
shown that the removal of 56 or 59 residues off the N-terminus
results in completely insoluble overexpression of βB1 in E. coli
BL21 cells.26,27 In this research, the overexpressed recombinant
proteins of shorter truncations (βB1Δ16, βB1Δ28, βB1Δ41,
βB1Δ47, and βB1Δ50) were found to exist in both the soluble
and insoluble fractions. The structural features of the purified
proteins were investigated via biophysical methods. As shown
in Figure 2A, the CD spectrum of βB1 contained a negative
peak centered at ∼213 nm and an obvious shoulder at around
207 nm, which is consistent with the previous observa-
tions.26,27,36,38 The N-terminal truncations altered the shape
of the CD spectrum of βB1 with a significant decrease of the
shoulder peak at ∼206 nm. Thus, the truncated mutants
contained more ordered β-sheet components, which coincided
with the proposal that the N-terminal extension of βB1 is
dominated by unordered flexible structures as well as potential
helical structures18,26,29 and the crystal structure of the
truncated βB1 (Figure 1B). No significant changes were
observed for the tertiary structure of βB1 by the truncations as
reflected by the almost superimposed data of near-UV CD
(Figure 2B), the emission maximum wavelength (Emax) of the
Trp fluorescence (Figure 2C), the ANS fluorescence (Figure
2D), and the fluorescence quenching by acrylamide (Figure
2E). A slight increase (∼25%) could be seen for βB1Δ50,
which might be caused by the exposure of adjacent hydro-
phobic sites around Arg50 since neither the core structure
(Figure 2C,E) nor the stability (see below) was altered by the
truncation.
The alteration in βB1 quaternary structure was studied by the

SEC method for three truncated mutants, βB1Δ16, βB1Δ47,
and βB1Δ50 (Figure 2F). Consistent with the previous
observations,10 βB1 eluted at a position between the
monomeric and dimeric molecules. When separated by the
column used for SLS at a protein concentration of 34.5 μM (1
mg/mL), βB1 contained two almost identical peaks corre-
sponding to the dimeric and monomeric forms (inset of Figure
2F). At a higher concentration of 5 mg/mL, the dimeric peak
was the dominant one.38 These observations were consistent
with the previous studies showing that that β-crystallins exist in
a dimer−monomer equilibrium at low protein concentra-
tions.10,21,34,44 The behavior of βB1Δ16 in SLS analysis was
similar to βB1 (data not shown) and had a 0.4 mL larger
elution volume in the SEC profile, which might be caused by
the smaller molecular weight and the lack of the flexible N-
terminus. However, βB1Δ47 and βB1Δ50 were eluted at a
position close to the molecular weight of monomers. SLS
analysis indicated that βB1Δ28, βB1Δ41, βB1Δ47, and
βB1Δ50 mainly existed in the monomeric state with a small
fraction of dimer, which is consistent with the previous
observation of the truncated βB1 with the removal of 47
residues off the N-terminus and five residues off the C-
terminus.44 Although the removal of 47 or 50 residues from the

N-terminus significantly shifted the dimer−monomer equili-
brium of βB1, it did not affect the association of βB1 with βA3
as evidenced by the single peak in the SEC elution profiles and
dynamic light scattering measurements of the heteromers (data
not shown).

The N-Terminal Extension Contributes Little to βB1-
Crystallin Stability. Early studies have shown that the
removal of 41 residues from the N-terminus does not affect
βB1 stability against urea-induced unfolding,36 and the
truncated form generated by calpain cleavage has thermal
aggregation properties similar to the WT protein.29 We
performed a comprehensive comparison of the stabilities
against heat and GdnHCl between the WT βB1 and the
truncated mutants βB1Δ16, βB1Δ47, and βB1Δ50 via
biospectroscopic techniques. A summary of the midpoints of
the transitions (Tm) probed by various methods is shown in
Figure 3A. Our results showed that truncations up to 50
residues off the N-terminus did not affect the thermal
denaturation of βB1 when monitored by CD (secondary
structure), Trp fluorescence (tertiary structure), light scattering
(oligomerization and aggregation), or turbidity (amorphous
aggregation). The truncated mutants had almost superimposed
transition curves during GdnHCl-induced denaturation (Figure
3B). Similarly, no significant effects of the truncations were
observed for the thermal denaturation of the βA3/βB1
heteromers (data not shown).

The N-Terminal Extension Is Crucial to βB1-Crystallin
Refolding. The aggregation kinetics during refolding was
monitored immediately after the fast manual mixing of the
GdnHCl-denatured proteins with the refolding buffer (Figure
4). As the controls, βB1 did not aggregate during kinetic
refolding, while βA3 aggregated immediately after mixing,
consistent with our previous observations although different
refolding conditions were applied.23 The behavior of βB1Δ16
was the same as that of the WT protein, while longer
truncations significantly promoted βB1 aggregation during
refolding. SDS-PAGE analysis of the samples refolded for 1 h
after mixing indicated that unlike the fully reversible refolding
of βB1 and βB1Δ16, almost all of the βB1Δ28, βB1Δ41,
βB1Δ47, and βB1Δ50 molecules were found in the
precipitations. A small fraction of βB1Δ28 could also be
detected in the soluble fraction in the SDS-PAGE gel. It is
worth noting that the maximum value of the turbidity was not
always linearly correlated to the amounts of aggregates
characterized by SDS-PAGE, which might be caused by the
different incubation times and/or the fact that turbidity reflects
both the amount and size of the aggregates.45,46 Nonetheless,
these observations suggested that the existence of the N-
terminal extension from residues 17 to 28 could successfully
prevent βB1 being trapped in the misfolding and aggregation
pathway, while the kinetic partitioning between folding and
misfolding could be altered to favor misfolding by the removal
of ≥28 residues off the N-terminus.

The N-terminal Extension of βB1-Crystallin Is Neces-
sary for Assisting βA3-Crystallin Refolding. The folding of
βA3 has been shown to be irreversible and is prone to undergo
the misfolding/aggregation pathway during refolding, while
βB1 can assist βA3 folding by the formation of heteromers
during co-refolding.23 Although the N-terminal truncations
affected βB1 quaternary structure, the mutants still possessed
the ability to form stable heteromers with βA3 (Figure 2F).
The existence of native βB1 and various mutants in the
refolding buffer has no impact on the refolding of βA3 (Figure
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5A), which might be caused by the rate of aggregation during
kinetic refolding is much faster than the subunit exchange rate.
In the lens, α-crystallins act as molecular chaperones to assist
protein folding and avoid the occurrence of off-pathway
aggregates.47 However, the protecting effect of αA on βA3 is
very weak since only a small portion of βA3 was found in the
soluble fractions of the refolded samples, and some αA
molecules were also codeposited into the insoluble fraction
(Figure 5B). On the contrary, the aggregation of βA3 could be
successfully suppressed by βB1 during co-refolding (the line
and lane for βA3/βB1 in Figure 6A). The removal of 16
residues weakened, while the removal of ≥28 residues almost
completely diminished, the ability of βB1 to protect βA3 during
co-refolding (blue dashed lines in Figure 6).
The N-Terminal Extension Amplifies the Chaperone

Function of αA-Crystallin. Although the full-length βB1

could protect βA3 against aggregation during co-refolding,
there were considerable amounts of heteromers in the insoluble
fractions even at a low concentration of 3.45 μM βA3/βB1
(1.725 μM βA3 + 1.725 μM βB1). Considering that the
protecting effect of αA on βA3 is very weak, βA3 was a “bad”
substrate for αA. On the contrary, the βA3/βB1 heteromer was
a “good” substrate for αA as revealed by the complete
suppression of the aggregation pathway during refolding by an
equal molar amount of αA in the refolding buffer (Figure 6A).
The truncated mutants behaved dissimilarly in response to the
action of αA. That is, βA3/βB1Δ16 was a good substrate for
αA as revealed by the efficient blocking of the aggregation
pathway of βA3/βB1Δ16 by αA (Figure 6B). However,
βB1Δ41, βA3/βB1Δ41 (Figure 6D), βB1Δ47, βA3/βB1Δ47,
βB1Δ50, and βA3/βB1Δ50 (data not shown) were bad
substrates reflected by the low efficiency of αA in preventing
β-crystallin heteromer aggregation and the tethering of some of
the αA molecules codeposited in the precipitation fractions.
The behaviors of βB1Δ28 and βA3/βB1Δ28 were between
proteins containing βB1Δ16 and βB1Δ41 as revealed by the
partial aggregation-inhibiting effect of αA (Figure 6C).

Figure 3. Effect of the N-terminal truncations on βB1 stability against
heat- and GdnHCl-induced denaturation. (A) The midpoints of βB1
thermal transitions (Tm) measured by the ellipticity at 215 nm of the
CD spectra, the emission maximum wavelength of the Trp
fluorescence (Emax), parameter A obtained by dividing the Trp
fluorescence intensity at 320 nm by that at 365 nm, Rayleigh
resonance light scattering excited at 295 nm and turbidity determined
by the absorbance at 400 nm, from left to right, respectively. (B) The
transition curves of the proteins during GdnHCl-induced denaturation
reflected by parameter A.

Figure 4. Effect of the N-terminal truncations on the kinetic
partitioning between folding and misfolding/aggregation pathways of
βB1 during refolding from the GdnHCl-denatured states. (A)
Aggregation kinetics during refolding measured by the time-course
changes of the turbidity. The proteins were denatured in 4 M GdnHCl
for 4 h at 25 °C. The turbidity data were recorded every 2 s after the
denatured proteins were diluted into buffer A with a ratio of 1:40 by
fast manual mixing. (B) SDS-PAGE analysis of the samples after 60
min incubation in the refolding buffer. The supernatant (S) and
precipitation (P) were separated by centrifugation. The pellets were
washed twice by buffer A. The data of βA3 were also shown as a
control. M is the marker and the molecular weights are 55, 43, 34, 26
kDa, from top to bottom, respectively.
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Moreover, the existence of native βA3 in the refolding buffer
did not affect the aggregation behavior of the WT and
truncated βB1 proteins. A close inspection of the results in
Figures 4 and 6 could assign the key regions for the self-
refolding of βB1 and βA3/βB1 as well as the action of αA by
observing the shortest and longest N-terminal extension in βB1
that required for efficient kinetic refolding. Surprisingly, it
seems that the key regions were partially overlapping but
distinct: residues 17−28 for self-refolding of βB1, residues 1−
28 for self-refolding of βA3/βB1, and residues 17−41 for the
chaperone function of αA.
The peptide corresponding to the first 50 residues of βB1

was synthesized to further characterize the properties of the N-
terminal extension of βB1. As can be seen from Figure 7, no
significant effect was observed for βB1Δ50 and βA3/βB1Δ50
aggregation when the peptide was added to the refolding buffer.
The peptide could partially retard βA3 aggregation. The
differential effect of the peptide on βB1Δ50 and βA3 refolding
might be caused by the dissimilar roles of βB1 N-terminal
extension in the oligomerization of βB1 homomer and βA3/
βB1 heteromer (Figure 2F). When the proteins were refolded
in buffer with both the synthetic peptide and αA, the
aggregation of the proteins was more serious than those in
buffer with αA. At present, it is difficult to distinguish whether

the antichaperone effect of the synthetic peptide on αA
function was caused by the opposing effect of the covalently
linked N-terminal extension of βB1 or the interference of αA
function by nonspecific binding.

■ DISCUSSION
The terminal extensions have been known to be critical for the
assembly of β-crystallins for many years (reviewed in refs 3 and
48). Truncations of less than 47 residues have been identified in
the soluble fraction of the normal lens16,30,31,35 and do not
affect βB1 stability against thermal aggregation and urea
denaturation.29,36 In this research, we investigated the roles of
the N-terminal extension of βB1 in protein folding. We found
that truncations up to 50 residues off the N-terminus did not
affect βB1 stability but significantly affected the kinetic
partitioning between the folding and misfolding pathways
during βB1 refolding from the denatured state. Our
observations strongly suggested that the N-terminal extension
of βB1 might act as an intramolecular chaperone (IMC) to
facilitate the correct folding and avoid the misfolding/
aggregation pathway (Figure 8). From the dissimilarities in
the behaviors of various truncated mutants, the key IMC
regions could be assigned for the self-refolding of βB1 (residues
17−28) and βA3/βB1 (residues 1−28) as well as the
cooperation with αA (residues 17−41). Thus, the segment
between residues 17 and 28 was the most important, while the
whole N-terminal extension was essential to achieve successful
refolding for both homomers and heteromers (Figure 8A).
Distinct from the well-known molecular chaperone, IMC is a

specific region within a polypeptide to assist the folding and
assembly of the corresponding protein.49 The bulk of IMCs are
identified to be the propeptides usually located at the N- or C-
terminus of the preproproteins,49,50 while several uncleaved
regions have also been identified to be IMCs recently.51−57

There are two types of IMCs: type I is located at the N-
terminus and catalyzes the folding reaction, while type II is
usually located at the C-terminus and assists the assembly of
the quaternary structure.49 On the basis of our results and those
in the literature, the long N-terminal extension of βB1 seems to
possess the properties of both type I and type II IMCs: (i)
avoidance of the misfolding/aggregation of the homomers
(Figure 4); (ii) facilitation of the corefolding of the heteromers
(Figure 6); (iii) cooperation with the action of molecular
chaperones (Figure 6); (iv) little or no contributions to the
stability of both homomers and heteromers (Figure 3 and29,36);
(v) regulation of the size distribution of homomers and
heteromers both in vitro (Figure 2) and in vivo;16 (vi) existence
of both uncleaved and various truncated forms in vivo.16,30,31,35

Thus, it seems that the N-terminal extension of βB1 is evolved
to play diverse functions of IMCs to facilitate the correct
folding and assembly of β-crystallins in the highly crowded
human lens. At present, it is unclear whether the other
members in the β/γ-crystallin family also possess a segment
with the IMC function. Considering that βB1 is the most
efficient one to fold correctly during kinetic refolding,23,58,59 the
IMC function of βB1 N-terminal extension might be the
strongest even if the other members possess an IMC region.
There are two possible mechanisms for the IMC action of

βB1 N-terminal extension. One is via the weak binding of the
N-terminal extension with the main body of βB1 to stabilize the
native state, while the other is through the binding of the N-
terminal extension with the exposed hydrophobic interior of
the intermediate to avoid misfolding. The weak binding

Figure 5. Effect of the well-folded βB1 and αA on βA3 aggregation
during refolding. (A) SDS-PAGE analysis of βA3 aggregation during
refolding in the presence or absence of the well-folded WT or
truncated βB1 proteins. The positions of βA3 in the gel are indicated
by the dotted line. (B) SDS-PAGE analysis of the partitioning between
the folding and misfolding pathways of βA3 in the presence or absence
of αA in the refolding buffer. βA3 refolding was initiated by a fast
manual mixing of the 4 M GdnHCl-denatured βA3 with buffer A in
the presence or absence of an equal molar amount of βB1 or αA. The
experimental conditions were the same as those described in Figure
4B.
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between the N-terminal extension and βB1 main body has been
proposed from the biophysical results in the literature.26,27 It
seems that the N-terminal extension possesses sites of
homomer stabilization since the effect of truncations on
quaternary structure was much greater than that on secondary
or tertiary structures (Figure 2). The binding of the N-terminal
extension with extra sites in the intermediate state could not be
proved directly. Indirect evidence could be obtained from the
fact that heteromers could be formed after the equilibration of
the native βB1 truncated forms and βA3 (Figure 2D), whereas

the truncated forms of βB1 could not assist βA3 during co-
refolding (Figure 5A). Moreover, a longer IMC region was
required for βA3/βB1 refolding when compared to βB1
homomer, although this IMC region is not essential for the
formation of heteromers. These observations suggested that the
N-terminal extension of βB1 might interact with extra sites,
which were exposed in the intermediates but got buried in the
native state of βB1 and βA3/βB1. Actually, the N-terminal
extension of βB1 is a Pro/Ala-rich region and thus has the
potency to bind with the intermediate via hydrophobic

Figure 6. Effect of αA on the partitioning between folding and misfolding/aggregation pathways of βB1 and βA3/βB1 during kinetic refolding. (A)
βB1, (B) βB1Δ16, (C) βB1Δ28, (D) βB1Δ41. The experimental conditions were the same as those described in Figure 4 except that the homomers
or heteromers were refolded in the presence or absence of an equal molar amount of βA3 or αA. βB1Δ28 has a molecular weight similar to βA3, and
thus these two proteins are undistinguishable when analyzed by SDS-PAGE. The behavior of βB1Δ47 and βB1Δ50 was the same as that of βB1Δ41
(data not shown). Top panel: aggregation kinetics measured by turbidity. Bottom panel: SDS analysis of the supernatant (S) and precipitation (P)
fractions of samples refolded for 60 min. The label βB1 + βA3 or βB1 + αA represents the refolding of βB1 in buffers in the presence of native βA3
or αA, while βA3/βB1 is the refolding of the heteromer (co-refolding). The changes of βB1 and βA3/βB1 aggregation induced by the addition of αA
are indicated by red and blue arrows, respectively.
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interactions and thus enclose the hydrophobic exposure of the
intermediate. A similar mechanism also has been revealed for
IMC in preproproteins.50 Interestingly, a recent report has
shown that the Pro-rich domain is important to the chaperone
function of AIPL1.60 The key region for the cooperation with
αA is also Pro-rich, while the flanked region at the N-terminus
is not (Figure 8A). Thus, it is also possible that the N-terminal
extension share a similar mechanism when cooperated with
molecular chaperones. However, at present it is difficult to
distinguish which mechanism dominates the IMC action of βB1
N-terminal extension since the binding of the N-terminal
extension with the main body or intermediate should be weak
or transient to facilitate the releasing process, similar to the
other identified IMCs.49,50 Further research is necessary to
elucidate the underlying mechanism.
The N-terminal extension is not only critical to the avoidance

of the misfolding/aggregation pathway of βB1 and βA3/βB1

but also to the function of the lens-specific molecular
chaperone αA. The combined action was much more effective
than the individual functions of the N-terminal extension and
αA. The N-terminal extension could assist the action of αA via
binding with αA directly or facilitating βB1 folding after
captured by αA. Both mechanisms seem to play a role since all
the truncated mutants could be captured by αA, and the key
regions were found to be partially overlapping but distinct for
β-crystallin self-refolding and refolding assisted by αA. The
partially overlapping but distinct key IMC regions provided the
basis of the amplification of the chaperone functions through
cooperation between IMC and αA. The key to determine a
good or bad substrate is whether the αA-bound molecules
could be refolded and released or not. The aggregation of βA3/
βB1 and βA3/βB1Δ16 could be fully suppressed by equal
molar amounts of αA (Figure 6A,B). The existence of part of
the N-terminal extension in βB1Δ28 or βA3/βB1Δ28 also
facilitated the action of αA, although the partial region had very
limited IMC functions. For truncations ≥28 residues, αA was

Figure 7. Effect of the synthetic peptide corresponding to the first 50
residues of βB1 on the aggregation of βB1Δ50 (A), βA3 (B), and
βA3/βB1Δ50 (C) during kinetic refolding in the presence or absence
of αA. The molar ratio between the proteins and the synthetic peptide
was 1:60. The experimental conditions were the same as those
described in Figure 4A.

Figure 8. Working models of the IMC functions of the N-terminal
extension of βB1. (A) A summary of the key IMC regions required for
the self-refolding of β-crystallins and the cooperation with αA. (B) A
proposed working model of the combined action of the N-terminal
extension of βB1 (intramolecular chaperone) and αA (molecular
chaperone). The IMC function of the intact N-terminal extension
catalyzes the correct folding of βB1 during kinetic refolding. N-
terminal truncations disrupt the IMC function, and the truncated βB1
is more prone to undergo the misfolding/aggregation pathway. βB1
can assist the aggregation-prone βA3 during corefolding, and the
combined actions of IMC and molecular chaperone αA facilitate the
correct folding of βA3/βB1 heteromer. The disruption of the IMC
function of βB1 N-terminal extension retards the folding and releasing
processes of αA-trapped β-crystallins and αA is codeposited with the
truncated β-crystallins in the precipitation.
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codeposited with the truncated homomers or heteromers.
These observations suggested that the hydrophobicity of the
intermediate determined the recognition by αA, while the N-
terminal extension facilitated the refolding, assembly, and
release of β-crystallins. The mutants with intact IMC region
could accomplish the correct folding via the help of the N-
terminal extension and be released from αA thereafter, while
those without the IMC region could not be released and
coaggregate with αA (Figure 8B).
In summary, our results indicated that the N-terminal

extension acted as an IMC to facilitate the correct folding of
βB1 or βA3/βB1. The most interesting finding was that IMC
could cooperate with molecular chaperones in protein quality
control. In the lens, various crystallins are produced in
considerably high concentrations. The combined action of
IMCs and molecular chaperones provide an effective
mechanism to ensure crystallins to achieve their native
structures and to minimize the possibility of the misfolding/
aggregation pathway. Thus, our findings provide a novel
mechanism to understand the functions of the conserved long
N-terminal extension of βB1 and the folding mechanism of
crystallins in the lens. Our observations also support the idea
proposed recently that the flexible termini of proteins are key
players in regulating protein folding and functions.61 To our
knowledge, this is the first report to characterize the
cooperation between IMCs and molecular chaperones, which
might be important to the understanding of the intracellular
quality control mechanisms.
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