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ABSTRACT The effects of pantethine, glutathione, and
selected chemical reagents on the anti-aggregation activity of
a-crystallin was evaluated. Protein aggregation was moni-
tored by light scattering of solutions of denatured bL-
crystallin or alcohol dehydrogenase (ADH). The ratios of
bL-crystallinya-crystallin and ADHya-crystallin were ad-
justed so that partial inhibition of protein aggregation at 60&C
or 37&C, respectively, was observed and modulation of the
chaperone action ofa-crystallin could be evaluated easily with
selected endogenous metabolites. Enhancement of the anti-
aggregation activity in the bL-crystallin assay was strongest
with pantethine, which appeared to interact with a-crystallin.
Enhancement of the anti-aggregation activity in the ADH
assay was strongest with glutathione which appeared to
interact with ADH. The results indicated that the products of
commonmetabolic pathways can modulate the chaperone-like
effects of a-crystallin on protein aggregation.

a-Crystallin, which can account for as much as 35% of the
proteins in lens cytoplasm, has been identified as a small heat
shock protein having chaperone-like activity (1–8). a-Crystal-
lin has been found in a variety of non-lens cells and tissues
including kidney, heart, skeletal muscle, brain, placenta, and
lung, and may be up-regulated in response to physiological or
pathological stress associated with multiple sclerosis and neu-
rodegenerative diseases (9–24). The protective chaperone
activity of a-crystallin and other molecular chaperones has
been evaluated in vitro using optical density as a measure of
protein aggregation that occurs following heat or urea induced
denaturation (1–4). The first step in the protective action of a
molecular chaperone is thought to involve interaction with the
denatured unfolded protein to provide an environment that
favors normal refolding or inhibits the formation of large
protein aggregates that scatter light (2, 3, 5, 25). In the absence
of a-crystallin the temporal progress of aggregation of crys-
tallins and various enzymes is characterized by an initial period
of low light scattering before a steep increase in scattering that
slows as the aggregation process is saturated (1–5). The rate of
aggregation and the protection provided by molecular chap-
erones varies with protein concentration, temperature, en-
zyme cofactors, or posttranslational modification (1, 2, 4,
26–28). Approximately one a-crystallin monomer is thought to
interact with one target protein to protect against aggregation
(1, 2, 4, 5). Proteins are found at very high concentrations in
lens cytoplasm. It might be expected that rather high a-crys-
tallin concentrations are crucial for protection against aggre-
gation unless chaperone activity was enhanced by endogenous
cellular constituents and metabolic products. In this study, the
effects of two well known cellular metabolites, pantethine and
glutathione, were studied on the chaperone-like activity of
a-crystallin in vitro.
Previous studies of the protective effects of a-crystallin used

bL-crystallin, a major cytoplasmic constituent of lens cells that

has a tertiary structure formed largely by b-sheet. bL-crystallin
formed by denatures and aggregates at temperatures near 608C
(1–5). While previous studies emphasized the thermal stability
of a-crystallin (29–31), recent reports suggested a-crystallin
structure was altered at nonphysiological temperatures above
378C, which complicated the interpretation of its chaperone
effects on bL-crystallin at 608C (32–34). In contrast to bL-
crystallin, denaturation and aggregation of alcohol dehydro-
genase (ADH) occurs at 378C in the presence of EDTA, which
chelates Zn, a stabilizer of the structure of ADH. ADH is
'60% a-helix and may resemble z-crystallin found in guinea
pig lenses (39). a-Crystallin protects against aggregation of
ADH (1, 25, 28), and most studies in this report were con-
ducted using the ADH plus a-crystallin at 378C to avoid
alterations of a-crystallin at high temperatures.

METHODS

The standard methods used to evaluate chaperone-like activity
of a-crystallin are summarized as follows. Aggregation of the
bL-crystallin was measured spectroscopically as apparent op-
tical density, OD, at 608C and the aggregation of ADH was
measured spectroscopically at 378C for up to 60 min. The
apparent OD, which is proportional to turbidity, was measured
at 360 nm using a Beckman model DU 70, multisample
UVyVis spectrometer fitted with a Peltier temperature regu-
lator (MJ Research, Watertown, MA). All experiments used
standard 1.0 cm path length cuvettes. The temperature of the
samples was monitored by using a bead thermistor installed in
a cuvette within the sample chamber. The apparent OD was
recorded approximately every 20 sec. To compare the effects
of selected reagents on aggregation, the background was first
subtracted from each value of OD recorded using the spec-
trophotometer. Next, the values of OD for each sample were
normalized using the expression: (ODt 2 ODmin)y(ODmax 2
ODmin), where ODt 5 the OD for a sample at each timepoint,
ODmin 5 minimum OD, and ODmax 5 maximum OD of the
standards for each sample. The normalized values of the OD
were used in all figures and tables. The a-crystallin ('8 3 105
kDa molecular weight) and the bL-crystallins ('6 3 104 kDa)
were prepared from fresh bovine eyes obtained from a local
slaughterhouse as described (1). Equine liver ADH (8 3 104
kDa) was obtained from Sigma. All test reagents were ob-
tained from Sigma, and all solutions were prepared using 150
mM PBS of the following composition: 50 mM sodium phos-
phate buffer, pH 7.0 in 0.1 M NaCl, except for experiments
with ADH, which included 2 mM EDTA. Stock solutions were
stored on ice until they were mixed at room temperature and
quickly placed in the temperature-controlled sample chamber
of the spectrophotometer. For experiments with added re-
agents, the ratio of bLya was approximately 20:1 by weight and
ADHya was approximately 2:1 by weight. Final concentrations
of modulating reagents in the test solutions are listed in the
legends of the figures and tables.
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RESULTS

The apparent optical density, OD, was a direct measure of the
aggregation of bL-crystallin or ADHover 60min (Fig. 1). After
placing a sample in the spectrophotometer at 608C, the OD of
the solution remained at a minimum value for 5–8 min before
increasing steeply over the next 30–50 min and slowing to a
maximum OD at 60 min. In solutions of bL-crystallin, the OD
often decreased after reaching a maximum because of the
formation of huge protein aggregates that fell out of solution
and formed a white layer of precipitate at the bottom of the
sample cuvette. The aggregation of ADH at 378C resulted in
a similar plot of OD versus time, although the decrease in OD
due to formation of extremely large aggregates was not
observed (Fig. 1).
The addition of a-crystallin suppressed completely the

aggregation at ratios of approximately 3.3:1 (bLya) and 1:2
(ADHya) by weight (Fig. 1). At these high levels, the effect
of the a-crystallin was so strong that any modulating effect
of added reagents was overwhelmed and difficult to detect.
At lower levels of a-crystallin [20:1 (bLya) and 2:1 (ADHya)
by weight], partial inhibition of the aggregation of bL-
crystallin or ADH was observed and the modulating effects
of pantethine, glutathione, and other reagents on the anti-
aggregation activity of a-crystallin were evaluated using
these conditions.
The addition of 1.0 mM and 10mMpantethine enhanced the

inhibitory action of a-crystallin on aggregation of bL-crystallin
at 608C (Fig. 2A). In the presence of 1.0 mM pantethine, the
OD was only 0.1 when the standard without pantethine
increased to 0.6. At 60 min, when the OD of the standard
reached the maximum value of 1.0, the OD of the 1.0 mM
pantethine sample was only about 0.5. In the presence of 10
mM pantethine, the OD remained below 0.2 at 60 min when
the OD of the standard reached the maximum. In contrast, the
addition of 1.0 mM and 10 mM glutathione resulted in a small
enhancement of the chaperone effect of a-crystallin. The

maximum OD for samples containing glutathione was slightly
below the maximum OD without glutathione (Fig. 2A). The
effects of the pantethine and glutathione on bL-crystallin at
608C in the absence of a-crystallin are presented in Fig. 2B.
At concentrations as high as 20 mM pantethine, the aggre-
gation of bL-crystallin was similar to the aggregation without
pantethine. In contrast, the addition of 10 mM and 20 mM
glutathione accelerated the aggregation of bL-crystallin.
With 10 mM glutathione the OD increased to nearly 0.7 in
the first 15 min, when the OD of the bL-crystallin alone was
only about 0.1. The effect of the 20 mM glutathione on
aggregation was even stronger, and at 10 min the OD of the
bL-crystallin with glutathione reached a maximum of 1.9,
nearly twice the maximum OD observed in a solution of
bL-crystallin alone.
To evaluate the chaperone effects of a-crystallin at a

physiological temperature of 378C, experiments were con-
ducted using ADH, which aggregates at 378C (Fig. 3). The
glutathione had a stronger effect than pantethine on aggre-
gation of ADH plus a-crystallin. At a concentration of 20 mM
pantethine, the OD reached a maximum of nearly 0.4 at 60 min
when the OD of the ADH plus a-crystallin was 1.0 (Fig. 3A).
In contrast, the OD in the presence of 10 mM glutathione was
only 0.1 after 60 min, and 20 mM glutathione completely
suppressed the aggregation (Fig. 3A). The effects of glutathi-
one and pantethine were evaluated on the aggregation of ADH
in the absence of a-crystallin (Fig. 3B). When the OD of ADH
alone was 0.8, the ODwith 20 mMpantethine was only 0.1, and
then the OD increased rapidly to a maximum of 0.97. The
addition of 10 mM pantethine also delayed the initiation of
aggregation, but then the OD increased sharply to a maximum
of 1.2 at 60 min, which exceeded the maximum of the ADH
alone. The 10 mM and 20 mM concentrations of glutathione
were strong inhibitors of the aggregation of ADH, and the 20
mM glutathione provided nearly complete inhibition of ag-
gregation of ADH alone at 378C (Fig. 3B).
Pantethine is composed of pantothenic acid, pantoic acid

plus b-alanine, and cystamine, and glutathione is a tripeptide

FIG. 1. Action of a-crystallin on the aggregation of bL-crystallin or
ADH. At 608C, the apparent OD of a solution of 0.05 mg bL-crystallin
(F) increased rapidly to a maximum before decreasing as a result of the
formation of very large high molecular weight aggregates. At 378C, the
OD of 0.5 mg ADH (m) increased rapidly to a maximum. Addition of
0.015 mg a-crystallin to the solution of bL-crystallin (E) or to 1.0 mg
a-crystallin to the solution of ADH (M) completely suppressed protein
aggregation and the increase in OD. Thus complete suppression of
aggregation occurred in solutions of 0.05 mg bL containing 0.015 mg
a-crystallin (3.3:1, bLya) and 0.5 mg ADH containing 1.0 mg a-crys-
tallin (1:2, ADHya). All solutions were in 150 mM PBS (pH 7.0), at
a final volume of 0.4 ml. The OD was normalized as described.

FIG. 2. Effect of pantethine (P) and glutathione (G) on chaperone-
like activity of a-crystallin on the aggregation of bL-crystallins at 608C.
(A) Protein concentrations of bL- and a-crystallin were adjusted to
approximately 20:1 (bLya) to provide partial protection against ag-
gregation and to permit observation of the effects of the added
reagents. E, bL plus a standard without additions; M, plus 1.0 mM
pantethine; Ç, plus 10 mM pantethine; F, plus 1.0 mM glutathione; å,
plus 10 mM glutathione. In the presence of a-crystallin, pantethine
had a stronger protective effect than glutathione on aggregation of
bL-crystallin. (B) Effect of pantethine and glutathione on bL-crystallin
alone. E, bL standard without additives; M, plus 10 mM pantethine; Ç,
plus 20 mM pantethine; F, plus 10 mM glutathione; å, plus 20 mM
glutathione. In the absence of a-crystallin, pantethine had a weak
effect on aggregation of bL-crystallin and glutathione increased ag-
gregation of bL-crystallin. All solutions were in 150 mM PBS (pH 7.0),
at a final volume of 0.4 ml. The OD was normalized as described.
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consisting of cystine, glutamate, and glycine (Fig. 4). The
effects of selected chemical constituents of pantethine and
glutathione were tested on the a-crystallin chaperone assays,
and the results are listed in Tables 1 and 2. In each table each
test reagent is listed in column 1. In each row, the OD value
of the test solution in the presence of each experimental
reagent is listed for comparison with the corresponding OD of
the standard reaction in the absence of the reagent (top row).
In Table 1, it is interesting to note that the effect of 1 mM

b-alanine, a constituent of pantethine, was nearly as strong as
the effect of 1 mM pantethine. In the presence of 1 mM
cystamine and 1 mM pantothenic acid the OD increased to
levels as high as the standard. The OD in the presence of 1 mM
and 10 mM oxidized glutathione was similar to that of the
standard. To evaluate the possible effect of sulfhydryl reduc-

FIG. 4. Chemical constituents of pantethine and glutathione. The
pantethine consists of a dimer of pantothenic acid linked through a
disulfide cystamine. Glutathione is a dimer of the tripeptide glycine,
glutamate, and cysteine linked through the disulfide cystine.

Table 1. Effect of selected constituents of pantethine and glutathione on the aggregation of bL
crystallin in the presence of a crystallin

Standard (bL 1 a)

OD(apparent)

0.1 0.5 0.9 Max 5 1.0

11 mM pantethine 0.04 0.12 0.32 0.48
110 mM pathethine 0.01 0.02 0.04 0.18
11 mM glutathione 0.10 0.50 0.81 0.95
110 mM glutathione 0.18 0.63 0.81 0.82

11 mM pantothenic acid 0.16 0.64 1.00 1.00
11 mM cystamine 0.41 0.75 0.93 0.92
11 mM b-alanine 0.06 0.21 0.50 0.63

120 mM GSH 0.29 0.67 1.00 1.14
120 mM cysteine (-SH) 0.81 1.21 1.43 1.62
120 mM cysteamine (-SH) 0.26 0.55 0.93 1.10
120 mM cysteamine (-SPO4) 0.29 0.55 1.00 1.14
120 mM DTT 0.17 0.57 1.00 2.00

In row 1, the values for the OD during opacification of a standard solution of bL plus a-crystallin at
608C without added reagents are listed. Pantothenic acid (1.0 mM) had a weak negative effect and the
OD values were higher than the standard. The disulfide cystamine had a very weak positive effect at a
concentration of 1.0 mM. The effect of 1.0 mM b-alanine was quite strong, decreasing the OD values at
each part of the opacification curve. In comparison with pantethine, 1.0 mM of the disulfide glutathione
had weak activity and the OD values were higher than with pantethine. The reduced form of glutathione
(GSH) was not protective against aggregation. Tests of several other sulfur compounds, including cysteine,
cysteamine, cysteamine-PO4, and dithiothreitol (DTT), demonstrated that the2SH form of the reagents
increased aggregation resulting in OD values that were higher than the standard. All of the studies above
were conducted at 608C. The OD was normalized as described.

FIG. 3. Effect of pantethine (P) and glutathione (G) on chaperone-
like activity of a-crystallin on the aggregation of ADH at 378C. (A)
Protein concentrations of ADH and a-crystallin were adjusted to
approximately 2:1 (ADHya) to provide partial protection against
aggregation and permit observation of the effects of the added
reagents. E, ADH plus a-crystallin standard; M, plus 10 mM pan-
tethine; Ç, plus 20 mM pantethine; F, plus 10 mM glutathione; å, plus
20 mM glutathione. In the presence of a-crystallin, glutathione had a
stronger effect on aggregation of ADH than pantethine. (B) Effect of
pantethine and glutathione onADHonly.E, ADHonly;M, plus 10mM
pantethine; Ç, plus 20 mM pantethine; F, plus 10 mM glutathione; å,
plus 20 mM glutathione. In the absence of a-crystallin, glutathione had
a stronger effect on aggregation of ADH than pantethine. All solutions
were in 150 mM PBS and 2 mM EDTA (pH 7.0), at a final volume of
0.4 ml. The OD was normalized as described.
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tion, reduced glutathione (GSH), cysteine, cysteamine, DTT,
as well as the thiophosphate, cysteamine phosphate, were
tested. In the presence of 20 mM GSH the OD increased to
1.14, and addition of the reducing agents cysteine, cysteamine,
cysteamine phosphate, and DTT at 20 mM concentrations also
resulted in OD values greater than those of the standard bL
plus a-crystallin solution.
Table 2 summarizes the effects of selected reagents on the

ADH plus a-crystallin system conducted at 378C. Under these
conditions, the addition of oxidized glutathione had a stronger
effect than pantethine on aggregation in the ADH plus a-crys-
tallin solution. A study of cystamine and cystine found the -SS-
forms decreased the OD to 0.33 and 0.44, respectively, while
the addition of cysteamine (-SH) decreased the OD to 0.94
only, and the addition of cysteine (-SH) increased the OD to
1.40. The thiophosphate, cysteamine phosphate, was observed
to enhance the activity of a-crystallin in the ADH assay much
more than in the bL-crystallin assay. As observed in the study
using bL-crystallin, the action of the b-alanine constituent of
pantethine resembled the effect of the pantethine. These
preliminary results may suggest that the action of the pan-
tethine was due, in large part, to the b-alanine, while the action
of the glutathione may be due to the cystine. In separate
experiments, the effect of delayed addition of glutathione to
the ADH plus a-crystallin was evaluated. Addition of gluta-
thione at times up to 10 min after placing the ADH plus
a-crystallin solution at 378C to start the aggregation resulted
in a delay in the increase in the OD and the maximum was not
reached at 60 min. When glutathione was added at times later
than 10 min, the glutathione had no effect on the increase in
OD (data not shown).
In the lower part of Table 2 the effects of selected reagents

on aggregation of ADH alone were compared at 20 mM

concentrations. Even in the absence of a-crystallin, 20 mM
oxidized glutathione was most effective in protecting against
aggregation of ADH. Pantethine delayed the increase in OD
slightly, although the maximum OD was similar to the maxi-
mum without pantethine. The effect of cysteamine phosphate
was similar to the effect of pantethine. In the presence of the
thiol reagents, reduced glutathione and cysteine, the OD
increased faster and to a higher maximum than the ADH
alone. At 20 mM concentrations, cysteamine had no observed
effect on aggregation of ADH alone.

DISCUSSION

The results demonstrated that common metabolites, including
pantethine and glutathione, can influence the protective action
of a-crystallin on protein aggregation. The glutathione ap-
peared to act directly on the aggregating target proteins,
bL-crystallin and ADH, while the action of the pantethine
required the presence of a-crystallin. Previous studies indi-
cated that the metabolite, NADPH, stabilized z-crystallin
against aggregation (2), while posttranslational modification
by oxidants and glycating agents decreased the protective
activity of a-crystallin (2, 5, 26, 27). The effects of chemical
constituents of pantethine and glutathione indicated that the
b-alanine constituent of the pantethine resembled and ac-
counts for much of the action of the pantethine, while the
cystine constituent resembled the action of the glutathione on
chaperone assay. The results suggested that the pantethine and
glutathione may act at different molecular sites to modulate
the chaperone effect. The studies of the oxidized and reduced
sulfhydryl reagents suggested that the reduced (-SH) forms
had a lesser effect than the oxidized (-SS-) forms on aggre-
gation of bL plus a or ADH plus a and under some conditions

Table 2. Effect of selected constituents of pantethine and glutathione on the aggregation of ADH
in the presence and absence of a crystallin.

Standard (ADH 1 a)

OD(apparent)

0.1 0.5 0.9 Max 5 1.0

110 mM pantethine 0.08 0.13 0.54 0.72
110 mM glutathione 0.00 0.03 0.12 0.18
120 mM cystamine (-SS-) 0.02 0.05 0.18 0.33
120 mM cysteamine (-SH-) 0.07 0.44 0.85 0.94
120 mM cystine (-SS-) 0.03 0.09 0.26 0.44
120 mM cysteine (-SH-) 0.19 0.86 1.26 1.40
120 mM cysteamine (-SPO4) 0.04 0.09 0.28 0.50
120 mM b-alanine 0.07 0.38 0.62 0.66
120 mM glycine 0.09 0.45 0.76 0.83
120 mM pantothenate 0.08 0.51 1.00 1.10
120 mM glutamate 0.14 0.62 1.03 1.14

Standard (ADH alone)
120 mM pantethine 0.02 0.03 0.59 0.97
120 mM glutathione 0.01 0.02 0.07 0.26
120 mM GSH 0.15 0.61 1.25 1.43
120 mM cysteine (-SH) 1.61 1.72 1.89 1.89
120 mM cysteamine (-SH) 0.10 0.50 0.93 1.03
120 mM cysteamine (-SPO4) 0.01 0.02 0.34 0.84

We were most interested in the action of the test reagents at physiological temperatures, and further
studies were conducted using ADH which undergoes aggregation and opacification at physiological
temperatures of 378C. The OD values for the standard solution of ADH plus a-crystallin without added
reagents are listed in row 1 (standard). In the ADH plus a-crystallin assay, glutathione had a much
stronger effect than the pantethine. The effects of the constituent molecules, glycine and b-alanine,
glutamate and pantothenate, cystine and cystamine were analyzed. With the exception of the acids,
glutamate and pantothenate, the constituent molecules of glutathione and pantethine enhanced the action
of the a-crystallin. The strongest effects were observed with sulfur containing peptides. A study of selected
-SH and -SS- forms of cystamine and cystine found that the oxidized -SS- forms were more protective
than the reduced -SH forms and resulted in lower values for OD. The effects of selected reagents on
aggregation of ADH without a-crystallin were evaluated. Both pantethine and glutathione inhibited
aggregation of ADH alone although the effect of the glutathione was much stronger than the pantethine.
The sulfhydryl reducing agents increased OD and aggregation of ADH alone. The OD was normalized
as described.
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may favor aggregation. Clearly the action of -SH and -SS-
reagents on a-crystallin and on the target proteins is complex.
This study is preliminary, and a systematic and thorough
investigation is needed. These results lend additional support
to the concept that the physiological action of common
metabolic products in lens cells such as pantethine and glu-
tathione have direct effects on protein interactions that are
important for maintenance of transparent lens cell structure.
Reagents acting on molecular interactions between lens pro-
teins to inhibit protein aggregation and maintain transparent
lens cell microstructure (35, 36) may modulate the chaperone-
like activity of a-crystallin. To understand the molecular basis
for the action of cellular metabolites on lens cell transparency
it will be necessary to characterize the chemical nature of the
interactions with the crystallins.
Models for the effects of chaperone proteins on protein

aggregation and protein folding include numerous interme-
diates, I, in the action on an unfolded peptide chain, U, which
can aggregate, A, or fold to its functional native conforma-
tion, N: A7I U7I N (37). Our results are consistent with
previous studies which demonstrated that the plot of aggre-
gation versus time is an S-shaped curve (1–5). In a lens cell, the
a-crystallin may form soluble complexes with partially un-
folded proteins to stabilize the cytoplasmic structure in the
transparent state (2, 3, 32, 38). The action of modulating
reagents on either the partially denatured proteins or the
molecular chaperone itself can enhance the protective effect of
a-crystallin against aggregation. Different reagents have dif-
ferent activities, and some may delay the initiation of aggre-
gation, others may inhibit the rate of aggregation, and others
may inhibit the maximum size of the aggregates. While com-
plicated models can describe the chaperone-like activity of
a-crystallin (5), new and simpler models are needed to de-
scribe the kinetic, thermodynamic, and molecular parameters
important for modulation of the aggregation process by pan-
tethine and glutathione.
It is difficult to relate the effects of the various test reagents

on aggregation in vitrowith their effects on protein aggregation
and opacification in vivo. It is of interest that the oxidized
forms of the pantethine and glutathione were effective inhib-
itors of lens opacification in the selenite and other animal
models for lens opacification (35, 36). In the selenite model,
protection against protein aggregation was limited to the
earliest stages of opacification process in vivo and the effec-
tiveness of modulators of the chaperone-like activity of a-crys-
tallin was limited to the early stages of the aggregation process
in vitro. Further characterization of the chemical basis for the
action of the endogenous metabolites and other modulating
reagents on the molecular interactions between a-crystallin
and other proteins in vitro will contribute to understanding the
importance of chaperone activity in the maintenance of lens
cell transparency.

CONCLUSIONS

Studies of the anti-aggregation activity of a-crystallin found
that the action of pantethine was on a-crystallin and the action
of glutathione was on the target proteins, bL or ADH. b-Ala-
nine may be the active element of the pantethine and cystine
the active element of glutathione. The enhancement observed
with these common cellular metabolites in the aggregation
assays may resemble their action on protein aggregations
during cataract formation in vivo.
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