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A small heat shock/a-crystallin
protein from encysted Artemia
embryos suppresses tubulin
denaturation

Rossalyn M. Day, Jagdish S. Gupta, and Thomas H. MacRae

Department of Biology, Dalhousie University, Halifax, Nova Scotia, Canada B3H 4J1

Abstract Small heat shock/a-crystallin proteins function as molecular chaperones, protecting other proteins from ir-
reversible denaturation by an energy-independent process. The brine shrimp, Artemia franciscana, produces a small
heat shock/a-crystallin protein termed p26, found in embryos undergoing encystment, diapause, and metabolic arrest.
These embryos withstand long-term anoxia and other stresses normally expected to cause death, a property likely
dependent on molecular chaperone activity. The association of p26 with tubulin in unfractionated cell-free extracts of
Artemia embryos was established by affinity chromatography, suggesting that p26 chaperones tubulin during encyst-
ment. To test this possibility, both proteins were purified by modifying published protocols, thereby simplifying the
procedures, enhancing p26 yield about 2-fold, and recovering less tubulin than before. The denaturation of purified
tubulin as it “aged” and exposed hydrophobic sites during incubation at 35°C was greatly reduced when p26 was
present; however, tubulin polymerization into microtubules was reduced. On incubation at 35°C, centrifugation in su-
crose density gradients demonstrated the association of purified p26 with tubulin. This is the first study where the
relationship between a small heat shock/a-crystallin protein and tubulin from the same physiologically stressed organ-
ism was examined. The results support the proposal that p26 binds tubulin and prevents its denaturation, thereby
increasing the resistance of encysted Artemia embryos to stress. Additional factors are apparently required for release
of tubulin from p26 and restoration of efficient assembly, events that would occur as embryos resume development
and the need for microtubules is established.

INTRODUCTION

The small heat shock/a-crystallin proteins, discovered as
heat-inducible proteins in Drosophila larvae and now
known to be widely distributed phylogenetically, share a
conserved sequence called the a-crystallin domain
(MacRae 2000; Scharf et al 2001; Narberhaus 2002). The
small heat shock/a-crystallin proteins function as molec-
ular chaperones, preventing heat-induced aggregation of
substrates in vitro by an adenosine triphosphate (ATP)-
independent mechanism that involves recognition of pro-
teins exhibiting aggregation-prone molten globule struc-
ture (Ehrnsperger et al 1997; Wang and Spector 2000;
Goenka et al 2001; Carver et al 2002). Although substrate
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denaturation is prevented in the absence of ATP, the nu-
cleotide may influence chaperone activity, and additional
molecular chaperones are usually required in concert
with an energy source for regeneration of protein activity
(Lee and Vierling 2000; Wang and Spector 2001; Valdez
et al 2002). This is true for citrate synthase and luciferase
when inactivated in the company of a-crystallin (Ehrn-
sperger et al 1997, Wang and Spector 2000, 2001) and
prevails for remobilization of luciferase in the presence of
Pisum sativum Hsp18.1 (Lee et al 1997). Thus, the primary
function of small heat shock/a-crystallin proteins in the
context of molecular chaperoning is to bind denaturing
proteins at hydrophobic sites and to maintain them in a
folding competent state until other chaperones act (Ehrn-
sperger et al 1997; Lee and Vierling 2000; Shroff et al
2001; Van Montfort et al 2001), although Synechocystis
HSP17 also stabilizes heat-stressed membranes (T6rok et
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al 2001). The small heat shock/a-crystallin proteins con-
fer thermotolerance on cells (Liang and MacRae 1999;
Crack et al 2002; Valdez et al 2002), inhibit apoptotic
death (Kamradt et al 2001; Mao et al 2001; Samali et al
2001; Andley et al 2002; Merendino et al 2002; Paul et al
2002), and generally protect organisms from physiologi-
cal stress (MacRae 2000; Narberhaus 2002).

Oviparously developing embryos of Artemia franciscana
cease development and are released from females as en-
cysted gastrulae, or cysts, enclosed in protective shells
(Clegg et al 1999; Liang and MacRae 1999). Cysts enter a
reversible state of dormancy termed diapause (MacRae
2001), wherein metabolic activity is extremely low (Clegg
and Jackson 1998; Warner and Clegg 2001). The tolerance
of encysted Artemia embryos to stress is remarkable, in-
cluding resistance to complete desiccation (Drinkwater
and Clegg 1991) and survival under anoxia for several
years, even when fully hydrated at physiological temper-
ature (Clegg and Jackson 1998; Clegg et al 1999, 2000).
Encysted embryos contain abundant quantities of p26, a
small heat shock/a-crystallin protein not produced in
embryos that develop directly into nauplii (Clegg et al
1995, 1999; Liang et al 1997a, 1997b; Liang and MacRae
1999). This protein has a molecular mass of 20.7 kDa and
possesses an a-crystallin domain but differs from other
small heat shock/a-crystallin proteins in its amino- and
carboxy-terminal sequences. p26 forms oligomers of ap-
proximately 700 kDa and acts as a molecular chaperone,
entering nuclei during stress (Willsie and Clegg 2002),
endowing transformed bacteria with thermotolerance
(Liang and MacRae 1999; Crack et al 2002), and prevent-
ing aggregation of citrate synthase on heating in vitro
(Liang et al 1997a).

As a small heat shock/a-crystallin protein, p26 may
associate with denaturing proteins in encysted embryos
during diapause and anoxia. To test this possibility, the
relationship between p26 and tubulin, a major structural
protein of eukaryotic cells, was examined. Tubulin most
commonly exists as a heterodimer of a- and B-tubulin,
although there are at least 7 different isotypes within the
superfamily, producing a multitude of isotubulins as a
consequence of differential gene expression and post-
translational processing (MacRae 1997; Nogales 2000;
Dutcher 2001). Tubulin depends on molecular chaperones
such as prefoldin and chaperonin (CCT/Tric) and post-
chaperonin proteins (cofactors) for proper folding and di-
merization during synthesis (Llorca et al 2001; Lopez-
Fanarraga et al 2001), and it interacts with Hsp70 and
Hsp90 (Liang and MacRae 1997; Williams and Nelsen
1997; Garnier et al 1998; Agueli et al 2001).

Tubulin dimers polymerize into microtubules, dynam-
ic cytoskeletal elements with a role in chromosome seg-
regation and cytoplasmic organization, activities depen-
dent on microtubule-associated proteins (Wittmann et al

Cell Stress & Chaperones (2003) 8 (2), 183—-193

2001; Cassimeris 2002). It is noteworthy that tubulin, a
protein reported to possess chaperone-like activity (Man-
na et al 2001; Sarkar et al 2001), undergoes biphasic un-
folding and exposes hydrophobic regions as it “‘ages”
(Sarkar et al 1995; Guha and Bhattacharyya 1997; Roy-
chowdhury et al 2000), providing reactive sites recogniz-
able by small heat shock/a-crystallin proteins. An asso-
ciation between p26 and tubulin that limits denaturation
on heating in vitro was demonstrated in this study, but
assembly competence was nonetheless reduced. It is
therefore possible that p26 binds partially denatured tu-
bulin in vivo, perhaps in a molten globule state, thereby
contributing to the ability of Artemia embryos to with-
stand stress during encystment and diapause. The re-
sumption of assembly would depend on tubulin libera-
tion from p26 and regeneration of native structure, sub-
jects for future study.

MATERIALS AND METHODS
Preparation of cell-free extract from Artemia embryos

Cell-free extract was prepared from encysted Artemia em-
bryos (Sanders Brine Shrimp Co., Ogden, UT, USA) hy-
drated overnight at 4°C in distilled water, collected under
suction on a Buchner funnel, washed twice with cold dis-
tilled water followed by 2 washes with Pipes buffer (100
mM piperazine-N,N’-bis(2-ethanesulfonic acid) [Pipes], 1
mM MgCl,, 1 mM ethylene glycol-bis(aminoethylether)-
tetraacetic acid, pH 6.5), and then homogenized in Pipes
buffer with a Retsch motorized mortar and pestle (Brink-
man Instruments Canada, Rexdale, Ontario, Canada). The
homogenate was stirred at 4°C for 15 minutes, centri-
fuged at 16 000 X g for 10 minutes at 4°C, and the re-
sulting supernatant filtered through 2 layers of Calbi-
ochem Miracloth (Cedarlane Laboratories Ltd, Hornby,
Ontario, Canada) before centrifugation at 40 000 X g for
30 minutes at 4°C. The upper 80% of the supernatant was
recovered and centrifuged for 20 minutes under the same
conditions. The upper 80% of this supernatant, termed
the cell-free extract, was removed and either used im-
mediately or stored at —70°C. Protein concentrations for
this and other preparations were determined using bo-
vine serum albumin (BSA) as a standard (Lowry et al
1951).

Association of p26 and tubulin in cell-free extract from
encysted Artemia embryos

Interaction between p26 and tubulin in cell-free extract
from encysted Artemia embryos was examined by affinity
chromatography. Specifically, immunoglobulin (IgG) was
purified by individually mixing preimmune and immune
(anti-p26) rabbit serum with Protein A Sepharose (Amer-



sham Pharmacia Biotech, Baie d’Urfé, Quebec, Canada),
washing with 20 mM Na,HPO,, pH 7.4, and eluting with
0.1 M sodium citrate, pH 2.5, into tubes containing 0.1
volume of 1.0 M Tris-HC1, pH 8.0 (Harlow and Lane
1999). The eluate was dialyzed overnight against 40 mM
3-(N-morpholino)propane-sulfonic acid (MOPS), 10 mM
C,H,O,Na, 2 mM ethylenediamine-tetraacetic acid, pH
7.5 (MOPS buffer), at 4°C. IgG fractions were then at-
tached covalently to either Protein A Sepharose (Harlow
and Lane 1999) or Affi-Gel 10 (manufacturer’s instruc-
tions). In the former case, 8 mg of purified IgG was mixed
with 100 mg of Protein A Sepharose for 1 hour at room
temperature, centrifuged, and the supernatant discarded.
The affinity matrix was washed once with 0.2 M NaB,O,,
pH 8.0, incubated in 2 volumes of 0.2 M NaB,O, contain-
ing 20 mM di-methylpimelimidate for 30 minutes at room
temperature, washed once with NaB,O;, and then incu-
bated for 2 hours at room temperature in 2 volumes of
0.2 M NaB,0O, containing 0.2 M ethanolamine. The affin-
ity matrix was washed exhaustively with phosphate-buff-
ered saline (PBS), 140 mM NaCl, 2.7 mM KCl, 10 mM
Na,HPO,, 1.8 mM KH,PO,, pH 7.4. A sample from the
final wash was electrophoresed in a sodium dodecyl sul-
fate (SDS)—polyacrylamide gel, followed either by stain-
ing with Coomassie blue or by blotting to nitrocellulose
and reacting with anti-rabbit IgG antibody (described lat-
er) to ensure that all free IgG was gone. Affi-Gel 10 affin-
ity columns were prepared by incubating IgG and Affi-
Gel 10, in amounts equivalent to those used for prepa-
ration of the IgG-Protein A Sepharose affinity matrix, in
MOPS butffer at 4°C, with gentle agitation for 4 hours, and
then draining and washing with MOPS buffer followed
by Pipes buffer. The affinity matrix was washed with 0.1
M glycine, pH 2.5, until no IgG was released (see above),
equilibrated in MOPS buffer, and stored at 4°C.

To absorb p26 and associated proteins, 100 mg of each
affinity matrix, containing either immune or preimmune
IgG, was incubated with 0.5 mL of cell-free extract con-
taining 16 mg of protein for 30 minutes at 4°C and then
washed with 20 mL of PBS. One hundred microliters of
gel sample buffer was added to half of the affinity matrix;
the mixture was heated in a boiling water bath for 3 min-
utes and then centrifuged before 20 wL was removed for
electrophoresis in 7-14% SDS polyacrylamide gradient
gels. As an additional control, each affinity matrix was
incubated with Pipes buffer rather than with cell-free ex-
tract, followed by heating in treatment buffer and electro-
phoresis in SDS polyacrylamide gradient gels. The gels
were either stained with Coomassie blue or blotted to
nitrocellulose and probed, as described later, using the
antibodies indicated in the figure legends.

Preparation of p26 and tubulin from Artemia

p26 and tubulin were prepared from Artemia embryos by
initially applying 40 mL of cell-free extract to diethylam-
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Fig 1. Flow chart representing the simplified purification procedure

for p26 and tubulin from encysted Artemia embryos.

inoethyl (DE52) cellulose (Whatman, Mandel Scientific
Co. Ltd, Guelph, Ontario, Canada) columns (2.5 X 18 cm)
previously washed with 0.5X Pipes buffer containing 1
M NaCl and equilibrated with Pipes buffer (Fig 1). Col-
umns were washed with Pipes buffer after application of
cell-free extract, and adhering proteins were removed by
sequential washes with Pipes buffer containing 0.2 M and
0.3 M NaCl. Flow-through and 0.3 M NaCl protein frac-
tions from DE52 columns were retained, whereas the 0.2
M NaCl fraction was discarded.

For purification of p26, powdered (NH,),SO, was add-
ed with stirring to the DE52 flow-through fraction to a
final concentration of 40% (22 g/100 mL at 4°C); the mix-
ture was stirred for 15 minutes and then centrifuged at
12000 X g for 10 minutes at 4°C. The precipitate was
resuspended in 8 mL of Pipes buffer and stored at —70°C
in 1-mL aliquots. Approximately 70 mg of an IgG fraction
obtained by the use of Protein A Sepharose from anti-p26
rabbit serum (Liang and MacRae 1999) was incubated in
MOPS buffer with 2 mL of Affi-Gel 10 to prepare an af-
finity column, which was washed with 0.1 M glycine, pH
2.5, equilibrated in PBS, and stored at 4°C. Two milliliters
of 40% (NH,),SO, fraction and 2 mL of PBS were added
to affinity matrices before incubation, with gentle agita-
tion for 1 hour at 4°C. Matrices were drained and washed
twice with PBS, followed by PBS containing 0.25 M NaCl
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and 0.1 M Tris-glycine, pH 7.4. p26 was eluted from the
matrix with 0.1 M glycine, pH 2.5, into tubes containing
0.1 volume of 1.0 M Tris, pH 8.0.

Discontinuous 9-mL sucrose gradients for analysis of
P26 oligomerization were generated by layering equal
volumes of 50%, 30%, and 10% sucrose dissolved in 0.1
M Tris-glycine buffer, pH 7.4, and centrifuging at 200 000
X g for 3 hours at 4°C. Affinity-purified p26 was applied
to gradients and centrifuged at 200 000 X g for 21 hours
at 4°C in a Beckman SW41TI rotor. Fractions of 0.8 mL
were collected through tube bottoms punctured with an
18-gauge needle, after which p26 was detected by elec-
trophoresis in SDS polyacrylamide gels, blotting to nitro-
cellulose, and immunoprobing.

Tubulin was prepared from 0.3 M NaCl DE52 cellulose
fractions by addition of (NH,),SO, to 50% saturation (29.1
g/100 mL at 4°C), by overnight dialysis against Pipes
buffer containing 1.8 mM guanosine triphosphate (GTP)
and 8 M glycerol, and by assembly/disassembly, all as
described previously, with the exception that chromatog-
raphy on phosphocellulose was omitted (MacRae and Lu-
duena 1984). Purified Artemia tubulin at a final concen-
tration of 1.0 mg/mL was assembled by incubation at
37°C for 30 minutes in Pipes buffer containing 1.8 mM
GTP, after which 5 pL of the sample was placed on car-
bon-stabilized, formvar-coated copper grids, negatively
stained with 1% uranyl acetate, and examined under a
Philips 201 electron microscope.

Chaperoning of tubulin by p26 in vitro

Tubulin at a final concentration of 1.1 mg/mL was in-
cubated either in the absence or in the presence of p26
for 8 hours at 35-37°C in covered 96-well microplates
(Castor, Fisher Scientific Ltd, Whitby, Ontario, Canada),
using a SPECTRA max PLUS** Microplate Spectropho-
tometer. BSA was added as a negative control to dem-
onstrate that p26 effects on turbidity development were
specific and not merely due to the presence of a protein
other than tubulin in the assay mixture. Solution turbidity
was measured at 350 nm every 5 minutes after agitation
for 3 seconds. Five-microliter samples were removed after
6 hours of incubation and examined under an electron
microscope to ensure that turbidity increase was not due
to tubulin assembly. Reaction mixtures containing tubu-
lin and p26 were also examined for association of these
proteins, wherein entire reaction mixtures of 250 pL were
applied to 10 mL of 17-40% continuous sucrose gradients
in 0.1 M Tris-glycine buffer, pH 7.4, and centrifuged at
200 000 X g for either 21 or 3 hours at 4°C in a Beckman
SWTi40 rotor. Gradients were fractionated by collecting
samples of approximately 0.7 mL after tube bottoms were
punctured with an 18-gauge needle. Tubulin and p26
were localized by electrophoresis of samples from each
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gradient fraction in 12% SDS polyacrylamide gels, blot-
ting to nitrocellulose, and probing with antibodies. Mo-
lecular mass markers, 29 kDa (carbonic anhydrase), 66
kDa (BSA), 150 kDa (alcohol dehydrogenase), 200 kDa
(B-amylase), 443 kDa (apoferritin), and 669 kDa (thyro-
globulin) (Sigma, St Louis, MO, USA), were centrifuged
in separate gradients and their positions determined by
reading the absorbance at 280 nm for each sample ob-
tained on gradient fractionation.

Electrophoresis, Western blotting, and protein
immunodetection

Electrophoresis was done in 12.5%, 10%, or 7-14% gra-
dient SDS polyacrylamide gels, followed by staining with
Coomassie blue. Molecular weight standards were from
BioRad Laboratories Ltd. Proteins were also transferred
to Protram® nitrocellulose membranes (Mandel Scientific
Co. Ltd) after electrophoresis (Towbin et al 1979). Blots
were stained with Ponceau S (Sigma) to ensure efficient
protein transfer, destained, and probed. Primary antibod-
ies to p26 (Liang and MacRae 1999) and «/B-tubulin
(Day et al 2000) were raised in rabbit, whereas the mono-
clonal anti—a-tubulin antibody, DM 1A (Sigma), was from
mouse. All antibodies were diluted in 10 mM Tris-HC],
140 mM NaCl, 0.1% (v/v) Tween 20, pH 7.4 (TBS-
Tween), and incubated with blots for 15 minutes at room
temperature with vigorous agitation. Membranes were
washed and then incubated for 15 minutes at room tem-
perature, with peroxidase-conjugated secondary antibod-
ies diluted in 10 mM Tris-HCI, 1 M NaCl, 0.5% (v/v)
Tween 20, pH 7.4 (HST), including goat anti-rabbit IgG
(Bio/Can Scientific, Mississauga, Ontario, Canada), goat
anti-mouse IgG (Sigma) and mouse anti-rabbit IgG, and
v-chain-specific clone RG-96 (Sigma), which recognizes
only the heavy chain of IgG. Blots were washed after sec-
ondary antibody exposure, and immunoreactive proteins
were revealed by use of the enhanced chemiluminescence
technique (Renaissance®, NEM®, Life Science Products
Inc, Boston, MA, USA) and exposure to autoradiography
film (Labscientific, Livingston, NJ, USA).

RESULTS

Association of tubulin and p26 in cell-free extracts of
encysted Artemia embryos

Incubation of cell-free extracts from Artemia embryos
with anti-p26 antibody covalently linked to Protein A Se-
pharose, followed by electrophoresis in SDS polyacryl-
amide gels and Coomassie blue staining yielded protein
bands of the size expected for tubulin and p26 (Fig 2A,
lane 2), in addition to other lighter-staining bands. In con-
trast, when preimmune IgG was used to construct affinity
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Fig 2. Association of tubulin and p26 in cell-free extracts of encysted Artemia embryos. (A) Affinity matrices were constructed by coupling
Protein A Sepharose (lanes 2—4) and Affi-Gel 10 (lanes 5-7) with anti-p26 immunoglobulin (IgG) (lanes 2, 4, 5, 7) and preimmune IgG (lanes
3, 6). The affinity matrices were incubated with either Artemia cell-free extract (lanes 2, 3, 5, 6) or Pipes buffer (lanes 4, 7), harvested, heated
in treatment buffer, electrophoresed in sodium dodecyl sulfate (SDS) polyacrylamide gels, and stained with Coomassie blue. Lane 1: 60 pg
of Artemia cell-free extract protein. The positions of tubulin and p26 are indicated by labeled arrowheads. Molecular weight markers (X10-3)
are on the left side of the figure. (B) Affinity matrices were constructed with Protein A Sepharose (lanes 2—4) and Affi-Gel 10 (lanes 5-7)
coupled to anti-p26 IgG (lanes 2, 5), preimmune IgG (lanes 3, 6), and no IgG (lanes 4, 7). These affinity matrices were incubated with Artemia
cell-free extracts, harvested, heated in treatment buffer, electrophoresed in SDS polyacrylamide gels, blotted to nitrocellulose, and probed
with DM 1A followed by peroxidase-conjugated goat anti-mouse 1gG secondary antibody. Lane 1: 30 ng of Artemia cell-free extract. (C) The
same as panel B except that the membrane was probed with anti-p26 antibody followed by peroxidase-conjugated anti-rabbit IgG heavy-

chain (a-chain specific, clone RG-96) secondary antibody.

matrices, no proteins were observed in Commassie blue-
stained gels (Fig 2A, lane 3), as was true when affinity
matrices were incubated with Pipes buffer rather than
with cell-free extract (Fig 2A, lane 4). Similar results were
obtained when Affi-Gel 10 was substituted for Protein A
Sepharose (Fig 2A, lanes 5-7). To determine whether the
major gel bands at approximately 55 kDa and 26 kDa
represented tubulin and p26, respectively, samples were
blotted to nitrocellulose and probed with polyclonal an-
tibodies to p26 raised in rabbit (Liang and MacRae 1999)
and tubulin (Day et al 2000), followed by peroxidase-con-
jugated goat anti-rabbit IgG secondary antibody. Al-
though reactive polypeptides of the appropriate size were
obtained, Western blots incubated with PBS lacking pri-
mary antibody also produced bands of the same molec-
ular mass, indicating release of IgG from affinity matrices
(not shown). In light of this observation, DM 1A, a mono-
clonal antibody raised in mouse, was used with goat anti-
mouse IgG secondary antibody, shown in preliminary
studies not to recognize rabbit IgG, to determine the lo-
cation of tubulin on blots. Additionally, anti-rabbit IgG
high-molecular weight chain (y-chain specific, clone RG-
96) secondary antibody was used with polyclonal anti-
P26 antibody to detect p26. The anti-rabbit IgG high—-mo-
lecular weight y-chain-specific secondary antibody react-
ed with high— but not low—molecular weight polypep-

tides of the anti-p26 antibody used in the affinity
columns. By using the antibodies just described, both
types of affinity matrices constructed with anti-p26 IgG
were shown to capture p26 and tubulin, whereas neither
matrix containing preimmune IgG yielded these proteins
(Figs 2 B,C). These results indicate that tubulin and p26
were associated with one another in cell-free extracts of
encysted Artemia embryos.

Preparation of tubulin and p26

Established procedures for purification of p26 (Liang et
al 1997a) and tubulin (MacRae and Luduefia 1984) from
Artemia were modified such that the proteins were ob-
tained from the same cell-free extract (Fig 1). Specifically,
40% (NH,),SO, samples prepared from DE52 cellulose
column flow-through fractions were applied to p26 affin-
ity columns, and adhering proteins were eluted with low-
pH citrate buffer, yielding a major low-molecular weight
protein with minor amounts of high-molecular weight
contaminants in some preparations (Fig 3A). The low-
molecular weight protein reacted strongly with antibody
to p26, confirming its identity (Fig 3B), and approximate-
ly 11 mg of p26 representing 0.7% of starting protein was
recovered (Table 1). Purified p26 consisted of a hetero-
geneous oligomer population that varied in composition
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Fig 3. Purification and oligomerization of p26. Protein fractions ob-
tained during p26 purification from encysted Artemia embryos were
electrophoresed in sodium dodecyl sulfate (SDS) polyacrylamide
gels and either stained with Coomassie blue (A) or transferred to
nitrocellulose and probed with antibody to p26 (B). Lane 1: cell-free
extract, 100 ng in A and 25 pg in B; lane 2: flow-through fraction
from diethylaminoethyl cellulose, 80 pg in A and 20 p.g in B; lane 3:
ammonium sulfate fraction, 80 pg in A and 20 pg in B; lane 4: pu-
rified p26, 3.5 pg in A and 0.9 ng in B. (C) Purified p26 was centri-
fuged in discontinuous 10-50% sucrose gradients, after which sam-
ples from gradient fractions were electrophoresed in SDS polyacryl-
amide gels, blotted to nitrocellulose, and probed with anti-p26
antibody. The top of the gradient is to the left, and positions of mo-
lecular weight markers (X10-3) are indicated at the bottom and left
of the figure. Labeled arrowhead, p26.

between preparations (Fig 3C). Maximum oligomer mass
was 669 kDa, but most of the p26 mass was in the range
of 150-443 kDa. For a monomer mass of 20.7 kDa (Liang
et al 1997a), oligomers were composed of 7-21 subunits,
although monomers and larger assemblages were pre-
sent.

Much of the protein applied to DE52 cellulose columns
either eluted in the loading buffer, there being remarkably
little difference between the protein composition of cell-
free extract and DE52 cellulose flow-through fractions, or
was removed with Pipes buffer containing 0.2 M Na(l,
after which tubulin was recovered in Pipes buffer sup-
plemented with 0.3 M NaCl (Fig 4A). Tubulin was pre-
cipitated with 50% (NH,),SO,, dialyzed overnight at 4°C
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Table 1 Purification of p26

Volume  Concentration Amount Yield

(mL) (mg/mL) (mg) (%)

S1 40.0 40.0 1600.0 100.0
DE52 140.0 7.9 1106.0 69.1
ASF 10.5 27.2 285.6 17.9
p26 155 0.7 10.9 0.7

Homogenization of hydrated Artemia cysts produced 40 mL of cell
free extract, sufficient for preparation of 5 p26 samples from the
ammonium sulphate fraction by affinity chromatography. Values rep-
resent the combined yield from 5 affinity columns. S1, Artemia cell
free extract; DE52, flow-through fraction from the DE52 cellulose
column; ASF, 0-40% (NH,),SO, fraction; p26, purified p26.
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Fig 4. Purification of Artemia tubulin. Protein fractions obtained
during purification of Artemia tubulin were electrophoresed in sodium
dodecyl sulfate polyacrylamide gels and either stained with Coom-
assie blue (A) or blotted to nitrocellulose and reacted with DM 1A
(B). Lane 1: cell-free extract, 65 pg in A and 30 pg in B; lane 2: 0.3
M NacCl fraction from DE52 cellulose, 5 pg in A and 2.5 pg in B;
lane 3: purified tubulin, 9 pg in A and 2 pg in B. Labeled arrowheads,
a- and B-tubulins; molecular weight markers (X10-3), left side of
diagram. (C) Purified Artemia tubulin at 1.0 pg/pL was incubated at
37°C for 30 minutes in the presence of guanosine triphosphate,
placed on carbon-coated, formvar-covered grids, negatively stained
with uranyl acetate, and examined by transmission electron micros-
copy. The bar represents 0.2 pm.



Table 2 Purification of tubulin
Concentra-
Volume tion Amount Yield
(mL) (mg/mL) (mg) (%)
S1 40.1 = 3.9 32.1 +3.8 1287.2 = 1735 100.0
DE52 500 64 04 =0.1 20.0 + 4.2 1.6 = 0.2
Tubulin 03+01 31=*27 0.9 +0.8 0.1+0.1

The values shown are the average of 8 preparations * standard
deviation. S1, Artemia cell free extract; DE52, 0.3 M NacCl fraction
from the DE52 cellulose column; tubulin, purified tubulin after as-
sembly/disassembly.
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Fig 5. Chaperoning of Artemia tubulin by p26. Purified Artemiatu-
bulin at 1.1 pg/pL was incubated at 35°C for 8 hours in the presence
or absence of p26, with solution turbidity measured every 5 minutes
at 350 nm. Reaction mixtures contained 1, tubulin only; 2, tubulin
and 0.25 pg/pL bovine serum albumin; 3, tubulin and purified p26
at 0.25 pg/plL; 4, p26 only at 0.25 pg/pL. Five-microliter samples
were removed at 6 hours, resulting in inflection of the curves.

against Pipes buffer containing 8 M glycerol, diluted 1:1
with Pipes buffer, and assembled/disassembled to re-
move contaminants. Purified tubulin consisted of 2 poly-
peptides, and reaction with DM 1A identified a-tubulin
(Fig 4 A,B). Approximately 1300 mg of cell-free extract
protein gave 0.9 mg of tubulin, equivalent to about 0.1%
of starting protein (Table 2). Purified tubulin assembled
into morphologically normal microtubules, as shown by
uranyl acetate staining and examination by transmission
electron microscopy (Fig 4C).

Chaperoning of Artemia tubulin by p26

The turbidity of purified Artemia tubulin solutions re-
mained low for approximately 2 hours when incubated
at 35°C and then increased rapidly for 3 hours before
reaching an A, of approximately 0.4 after 8 hours (Fig
5, curve 1). The inflections in this and other curves at 6
hours occurred on removal of 5-pL samples to check for
tubulin assembly. Addition of p26 to reaction mixtures
delayed turbidity development, and final absorbance was
reduced substantially in the presence of p26 (Fig 5, curve
3). BSA lowered final turbidity slightly on heating but to
a much lesser extent than p26 (Fig 5, curve 2). The tur-
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bidity of solutions containing only p26 (Fig 5, curve 4) or
BSA (not shown) changed little on heating. Doubling the
concentration of p26 yielded an even greater reduction in
turbidity, an effect that persisted for as long as 22 hours
(not shown), although this phenomenon has not been
studied in detail. Tubulin incubated at 35°C for several
hours assembled poorly in comparison with unheated tu-
bulin (Fig 6 A,B), but microtubules were morphologically
normal in both cases. Unheated tubulin mixed with p26
polymerized readily, but after exposure to 35°C for 6
hours, assembly was reduced (Fig 6 C,D), even though
turbidity measurements indicated only limited tubulin
denaturation. Tubulin heated in the presence of p26 ad-
vanced further down sucrose density gradients on cen-
trifugation than did tubulin heated in Pipes buffer in the
absence of p26 (Fig 7). Tubulin was also incubated in the
absence of p26 in 0.1 M Tris-glycine buffer, pH 7.4, before
centrifugation on sucrose gradients, with the same result
(not shown). p26 comigrated with tubulin and moved a
greater distance down sucrose gradients than was ex-
pected on the basis of oligomer size of the purified pro-
tein. The results indicate complex formation between tu-
bulin and p26, perhaps causing the reduction in tubulin
assembly observed after heating at 35°C.

DISCUSSION

The adsorption of cell-free extracts from encysted Artemia
embryos to affinity matrices containing anti-p26 IgG re-
vealed association of tubulin with p26, presumably to
protect tubulin in vivo from irreversible denaturation
during encystment and diapause. During these studies it
was noted that incubation of cyst cell-free extract with
affinity matrices containing anti-p26 IgG caused release
of antibody even though the matrices were washed thor-
oughly before extract addition. In contrast, IgG was not
released when cyst cell-free extract was mixed with ma-
trices constructed with preimmune IgG. Apart from rep-
resenting technical difficulties overcome with the use of
appropriate primary and secondary antibodies, the ob-
servations may be instructive of p26 function. For exam-
ple, it is intriguing that antibody was released from ma-
trices constructed with immune IgG each time p26 was
captured from cell-free extract, but matrices containing
preimmune IgG did not lose antibodies under the same
conditions. Seemingly, the interaction of p26 with IgG
caused a change in the latter that permitted release, and
resolution of this process may reveal mechanisms related
to the function of p26 and other small heat shock/a-crys-
tallin proteins.

Published protocols for purification of tubulin (MacRae
and Luduena 1984) and p26 (Liang et al 1997a) were
combined by eliminating Phosphocellulose P-11 chroma-
tography. As before, purified tubulin appeared homoge-
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Fig 6. Assembly of Artemia tubulin after incubation at 35°C. Artemia tubulin was assembled before (A, C) and after (B, D) incubation for 6
hours at 35°C in the absence (A, B) or presence (C, D) of p26. Magnification is the same for all panels, and the bar in D represents 2 pm.
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Fig 7. Association of purified tubulin and p26. Purified Artemia tu-
bulin at 1.2 ng/pL was incubated at 35°C for 7 hours in the presence
(A, B) or absence (C) of p26 in Pipes buffer. Solutions were centri-
fuged at 200 000 X g for 3 (A, B) or 22 hours (C) in 17-40% con-
tinuous sucrose gradients and fractionated, and samples from each
fraction were electrophoresed in sodium dodecyl sulfate polyacylam-
ide gels before blotting to nitrocellulose and immunostaining. The
membranes were probed with DM 1A (A), anti-p26 (B), and o/B-
tubulin (C). The top of each gradient is to the left.
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neous, but lower returns pertained, even though the pro-
cedure was quicker. Reduced yields may either reflect the
use of different cysts or result from lingering contami-
nants normally removed by Phosphocellulose P-11 and
that affect tubulin polymerization after dialysis. On the
other hand, elimination of Phosphocellulose P-11 chro-
matography doubled p26 recoveries compared with those
reported previously from this laboratory (Liang et al
1997a), facilitated purification of the protein (Liang et al
1997a; Viner and Clegg 2001), and generated adequate
P26 and tubulin for testing of chaperone activity in vitro.

This report represents the first time small heat shock/
a-crystallin protein chaperoning of tubulin has been
studied in a homogeneous system subject to physiological
stress and where potentially important interactions be-
tween these proteins were known to occur. In other work,
drug-induced microtubule disassembly in C6 glioma cells
enhanced accumulation of aB crystallin but not Hsp27
(Kato et al 1996). Additionally, the overexpression of aB
crystallin, but not Hsp27, improved microtubule preser-
vation in rat cardiac myocytes exposed to simulated is-
chemia (Bluhm et al 1998). However, in neither case was
recognition of tubulin by small heat shock/a-crystallin
proteins demonstrated. Arai and Atomi (1997) reported
association of aB-crystallin with tubulin in extracts of
nonstressed L6 cells and that bovine aB-crystallin com-



plexed with porcine brain tubulin when heated at 37°C.
Unexpectedly, aB-crystallin was more effective at 0.05
mg/mL than at higher concentrations in preventing tu-
bulin aggregation in vitro. Hsp27 colocalized with mitotic
but not interphase microtubules in immunofluorescently
stained HeLa cells (Hino et al 2000). Reaction between
Hsp27 and tubulin or microtubules was shown by anti-
body “pull down”” experiments in the same study and by
cosedimentation of Hsp27 with taxol-induced microtu-
bules from mitotic and interphase HeLa cells. Stressed
cells and purified proteins were not examined in these
experiments.

The turbidity of Artemia tubulin solutions increased
when incubated at 35°C, but this was almost completely
suppressed for 8 hours by approximately equimolar
amounts of p26 monomers, a chaperone:substrate ratio
of 1:4 (w/w). If the average molecular mass of oligomers
is taken as 200 kDa (Fig 3), then the molar ratio of p26
to tubulin when almost complete inhibition of turbidity
increase is achieved was 1:4. Monomers and small oligo-
mers of bovine aB-crystallin suppressed porcine tubulin
aggregation for 6 hours at 37°C; however, an aB-crystal-
lin: tubulin ratio of 1:30 (w/w) was more effective than
ratios of 1:15, 1:7.5, and 1:5 (Arai and Atomi 1997). Al-
though p26 suppressed tubulin aggregation, the chaper-
one:substrate molar ratio and hence the role of oligo-
merization in chaperoning can only be estimated, given
the heterogeneity of p26 quaternary structure. It has been
proposed that proteins associate with the exteriors of
small heat shock/a-crystallin protein oligomers and be-
cause of steric hindrance the numbers that are bound de-
pend on substrate size (Leroux et al 1997; Kumar and Rao
2000), but several reports run counter to this proposal
(Marini et al 2000; Feil et al 2001; Sreelakshmi and Shar-
ma 2001; Crack et al 2002). In other models, oligomers
are storage forms of small heat shock/a-crystallin pro-
teins with chaperone function dependent on multimer
disassembly and subunit exchange (Van Montfort et al
2001; Bera and Abraham 2002; Cobb and Petrash 2002;
Gu et al 2002), but again not all reports support this idea
(Borrelli et al 2002).

The defining activity of o/p-tubulin is the ability to
assemble into microtubules. Qualitative analysis of neg-
atively stained samples by transmission electron micros-
copy demonstrated that tubulin incubated for 6 hours at
35°C assembled poorly as compared with nonincubated
samples, regardless of reduced protein denaturation in
the presence of p26. It would be instructive, pending
availability of sufficient tubulin and p26, to quantitate tu-
bulin polymerization, but this may add little to the key
observation that assembly is reduced by heating whether
or not p26 is present. In comparison, a-crystallin, murine
Hsp25, and human Hsp27 fail to alter inactivation kinet-
ics of denaturing enzymes, although turbidity develop-
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ment is prevented in stressed solutions (Rao et al 1993;
Ehrnsperger et al 1997, Wang and Spector 2000). Excep-
tions to this observation include protection of lens sorbitol
dehydrogenase and glucose-6-phosphate activity by a-
crystallin (Marini et al 2000; Reddy et al 2001). Rajara-
man et al (2001) also showed that transient recognition
of citrate synthase by a-crystallin reduces inactivation of
the former, but this mechanism is not applicable to all
enzymes. The interplay between suppression of denatur-
ation and protein functional inactivation may depend on
the nature of the substrate, as suggested by Kitagawa et
al (2002) in their study of IbpA and IbpB from Escherichia
coli. Moreover, ATP and other molecular chaperones are
usually required to regenerate enzyme activity after
stress but do so only when denaturation occurs in the
presence of small heat shock/a-crystallin proteins (Ehrn-
sperger et al 1997; Lee and Vierling 2000; Torok et al
2001; Wang and Spector 2001). p26 could therefore func-
tion as a protein scaffold, binding tubulin and preventing
irreversible aggregation. Demonstration of complex for-
mation between tubulin and p26 supports the “scaffold
hypothesis,” a possibility even more plausible given that
tubulin exposes hydrophobic regions on denaturation
(Sarkar et al 1995; Guha and Bhattacharyya 1997; Roy-
chowdhury et al 2000).

To conclude, a small heat shock/a-crystallin protein
from encysted Artemia embryos was shown to chaperone
tubulin, a substrate protein from the same physiologically
stressed organism. Although purified p26 prevented
heat-induced denaturation of tubulin for several hours,
assembly competence was reduced, possibly because of
complex formation between the molecules. This may
mimic the function of p26 in vivo, wherein proteins of
encysting or diapause embryos bind p26 and are pro-
tected until resumption of metabolism and development.
At this time, p26 releases substrate proteins, native con-
formations are restored either spontaneously or with the
help of other chaperones, and proteins regain their func-
tions, which in the case of tubulin is polymerization into
microtubules.
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