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Small Heat Shock Protein p26 Associates With Nuclear
Lamins and HSP70 in Nuclei and Nuclear Matrix
Fractions From Stressed Cells

Julia K. Willsie and James S. Clegg*

Section of Molecular and Cellular Biology, Bodega Marine Laboratory, University of California (Davis),
California

Abstract The small heat shock/a-crystallin protein p26 undergoes nuclear translocation in response to stress in
encysted embryos of the brine shrimp Artemia franciscana. About 50% of total p26 translocates to nuclei in embryos
treated with heat shock or anoxia, and in embryo homogenates incubated at low pH. Nuclear fractionation shows that
the majority of nuclear p26 and a nuclear lamin are associated with the nuclear matrix fraction. To further explore the
roles of p26 and other HSPs in stabilizing nuclear matrix proteins (NMPs), nuclear matrices from control, and heat-
shocked embryos were disassembled in urea and evaluated by one and two-dimensional (2-D) gel electrophoresis and
Western immunoblotting after reassembling. Nuclear lamins were present only in reassembled fractions and, in the case
of heat shock, p26 and HSP70 were also present. HSP90 was not detected in any nuclear fraction. Confocal microscopy
on isolated nuclei and nuclear matrix preparations from control and heat-shocked embryos showed that the majority of
p26 and a nuclear lamin share similar nuclear distributions. The combination of microscopy and fractionation results
suggests that p26 and HSP70 play a role in the protection of nuclear lamins within the nuclear matrix. J. Cell. Biochem.
84: 601±614, 2002. ß 2001 Wiley-Liss, Inc.
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The small heat shock/a-crystallin proteins
are a family of molecular chaperones sometimes
referred to as a-HSPs [de Jong et al., 1998].
These a-HSP proteins range in size from about
10 to 40 kDa monomer molecular mass but
oligomerize into particles ranging from 400±
800 kDa [Vanhoudt et al., 1998; Ehrnsperger
et al., 1999; reviewed in MacRae, 2000]. As with
many other heat shock proteins, a-HSPs protect
cells during stress by preventing aggregation of
unfolded proteins [Horwitz, 1992; Horwitz et al.,
1998; Lindner et al., 1998], in some cases
assisting in their renaturation [Jakob et al.,
1993; Liang et al., 1997; Ganea and Harding,
2000; Viner and Clegg, 2001], and undergoing
nuclear translocation [Arrigo et al., 1988; van de

Klundert et al., 1998; van de Klundert and de
Jong, 1999].

Encysted embryos of the primitive crustacean
Artemia franciscana contain very large amo-
unts of the a-HSP known as p26 (12±15% of
total non-yolk protein). The genus Artemia is
found in hypersaline environments world-wide,
and its biology is well known [Persoone et al.,
1980; Decleir et al., 1987; MacRae et al., 1989;
Warner et al., 1989; Browne et al., 1991].
Reproduction occurs along two different path-
ways: fertilized eggs either develop directly and
are released from females as free-swimming
nauplii, or development stops at the gastrula
stage (about 4,000 nuclei) and the embryos,
surrounded by a complex shell, are released into
the environment. These ``encysted embryos''
enter diapause [Drinkwater and Clegg, 1991],
a condition of obligate developmental and
metabolic arrest [Clegg et al., 1996]. It is only
in these diapause-destined embryos that p26 is
expressed. Synthesis is developmentally regu-
lated and about 50% of p26 enters nuclei during
diapause, exiting back into the cytoplasm when
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diapause is terminated [Jackson and Clegg,
1996; Liang and MacRae, 1999]. These embryos
are among the most resistant of all multicellular
eukaryotes to environmental insults, surviving
years of continuous anoxia [Clegg, 1997; Clegg
et al., 1999; Clegg et al., 2000], temperature
extremes [Clegg and Conte, 1980; Clegg and
Jackson, 1992; Clegg et al., 1999], exposure to
various forms of radiation [see Persoone et al.,
1980; Decleir et al., 1987], dehydration/re-
hydration cycles [Morris, 1971], and virtually
complete desiccation [Clegg and Drost-Hansen,
1990; Crowe et al., 1992; Crowe et al., 1997]. p26
is one essential component of the adaptive
mechanisms underlying these impressive abil-
ities, but its role in nuclei of diapause and
stressed embryos remains unclear.

Previous work revealed that after diapause
ends, about 50% of the total p26 translocated
back into nuclei in response to stresses such
as heat shock and anoxia in vivo, and low pH
in vitro [Clegg et al., 1994; Clegg et al., 1995;
Clegg et al., 1999; Willsie and Clegg, 2001].
a-HSPs are involved in the stabilization of
proteins that can be reactivated later by other
chaperones [Rao et al., 1993; Ehrnsperger et al.,
1997;Lee andVierling,2000;Wang andSpector,
2000], and recent studies show that they play a
role in the regulation and protection of the
cytoskeleton [Nicholl and Quinlan, 1994; Dja-
bali et al., 1997; Muchowski et al., 1999; Perng
et al., 1999; Head et al., 2000]. Much less is
known about speci®c targets in the nucleus. One
potential target is the nuclear matrix (NM), a
thermally labile structure [Kampinga et al.,
1985; Fisher et al., 1989; Roti Roti et al., 1998;
Lepock et al., 2001; see also Berezney and Jeon,
1995] containing lamins, a type of intermediate
®lament (IF) protein [Nakayasu and Berezney,
1991; reviewed in Moir et al., 1995; Stuurman
et al., 1998]. HSP70 has been associated with
the nuclear matrix (NM) [Pouchelet et al., 1983;
Kampinga et al., 1993; Xu et al., 1998] and with
speci®c nuclear matrix proteins (NMPs) includ-
ing lamins [Gerner et al., 1999]. These ®ndings
led us to explore interactions between p26,
HSP70, and NMPs in encysted A. franciscana
embryos. Nuclear fractionation showed that the
majority of nuclear p26 in embryos treated with
heat shock or anoxia, and in homogenates
incubated at low pH, was present in the NM
fraction, as was nuclear lamin. We next exam-
ined the involvement of p26, HSP70, and HSP90
in the reassembly of NMPs in vitro, ®nding that

both p26 and one molecular weight isoform of
HSP70 associated with the fraction containing
reassembled lamin complexes. 2-D gel electro-
phoresis showed that all detectable isoforms of
nuclear p26 and HSP70 were present in these
reassembled fractions. Finally, nuclei and nu-
clear matrices were double-labeled for confocal
microscopy which supported co-localization of
nuclear p26 and lamin.

MATERIALS AND METHODS

Sources of A. franciscana Embryos
and Their Decapsulation

A. franciscana from salterns in the San
Francisco Bay (SFB) were purchased from San
Francisco Bay Brand, Hayward, California, as
dried (activated) embryos, and stored at about
ÿ108C under 100% N2. Embryos were placed at
room temperature for 5 days before use and
had a ®nal hatching percentage of 87%. Dried
embryos were hydrated in seawater overnight
at 28C to suppress metabolism, and the outer
shell removed (decapsulation) prior to heat
shock, anoxia, or homogenizing. Brie¯y, 5 g
hydrated embryos were washed well with ice-
cold distilled deionized (dd) H2O, blotted, and
placed in 200 ml of antiformin (7% NaOH, 3%
Na2CO3, and 1% NaCl in 50% v/v CloroxTM

bleach) on ice for 20 min, with frequent stirring.
When the outer shell dissolved and embryos
appeared orange, 200 ml of ddH2O were added
to dilute the antiformin which was decanted.
These embryos were washed twice with 400 ml
ice-cold 0.5 M NaCl, followed by 5 min of gentle
stirring in 300 ml 1% sodium thiosulfate,
rinsing with ddH2O, then 5 min of gentle stirr-
ing in 300 ml 0.1 M HCl, and a ®nal wash in
ddH2O. These steps neutralized and removed
adsorbed hypochlorite. Decapsulated embryos
were used immediately or stored at 28C in 0.5 M
NaCl overnight and then used. Hatching was
monitored after each decapsulation to ensure
that hatch level was not affected.

Hatching Assays

Groups of at least 200 embryos were placed
into 20-welled plastic depression plates, each
well containing 10±20 embryos in 400 ml 0.2 mm-
®ltered seawater. The plates were covered,
sealed with tape to prevent evaporation, and
incubated in constant light at 21±248C until
hatching was complete. Adequate O2 is pre-
sent in these sealed plates since controls
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(activated embryos) exhibited 87% hatching
within 2 days.

Nuclear Translocation of p26

Three treatments were used to transfer p26
into nuclei of activated embryos: heat shock,
anoxia in vivo, and acidic pH in vitro [Clegg
et al., 1994; Clegg et al., 1995; Clegg et al., 1999].
For heat shock, embryos were heated in aerated
seawater in a Lauda RM40 waterbath (accurate
to� 0.058C), at a rate of 0.78C/min, from 228C to
508C, then used for nuclear isolation immedi-
ately. The temperature of 508C was selected
because this translocates the maximum amount
of p26 into nuclei without killing any embryos
[Clegg et al., 1999]. Embryos were made anoxic
using 100% N2 [Clegg, 1997] and subjected to
2 weeks of anoxia. Acid pH also acts as a
translocation ``switch'' for p26, and was used to
move p26 into nuclei in vitro [Clegg et al., 1995].
Control embryos were homogenized in buffer K
(5 mM MgSO4, 5 mM NaH2PO4, 40 mM HEPES,
70 mM potassium gluconate, and 150 mM
sorbitol, pH 6.5), incubated at 228C for 15 min,
and the homogenates were then used for
nuclear isolation.

Nuclear Preparations and Immunoblotting

Nuclei were isolated essentially according to
the methodology of van Breukelen et al. [2000].
Decapsulated embryos were rinsed with ddH2O
on a cloth ®lter, drained and blotted, then
homogenized in a Dounce homogenizer (loose
pestle) on ice at 100 mg/ml in homogenizing
medium (10 mM Tris-HCl buffer, pH 7.5, 10 mM
MgCl2, 10 mM NaCl, and 0.1% Nonidet P-40)
and ®ltered through a single layer of Dura-
wipe1 (Johnson and Johnson). Filtrates were
centrifuged at 800g for 10 min at 48C, super-
natants discarded, and carotenoids wiped from
the tube walls. Pellets were resuspended in
2.2 ml buffer K (pH 8.0 for control, pH 6.5 for
anoxia and heat shock) with a chilled glass rod.
The resuspended pellet was layered onto a 75%
(v/v) Percoll solution (9 ml Percoll; 3 ml 4�
buffer K, pH 8.0 or 6.5) and centrifuged
(15,000g, 15 min, 48C). This centrifugation
pelleted most yolk platelets, while the nuclei
formed a buff-colored layer at the Percoll/buffer
K interface where they were collected and
washed with buffer K (850g, 10 min, 48C). The
buff-colored nuclear pellet was resuspended in
1.5 ml buffer K and an aliquot stained with 0.1%
bromophenol blue in buffer K for counting on a

hemocytometer. Nuclear preparations consis-
tently contained small to moderate numbers of
yolk platelets. Nuclei were spun down (75 s at
2,000g) and resuspended at a concentration of
2� 108/ml in the appropriate pH buffer K and
used immediately for nuclear fractionation, NM
preparation or confocal microscopy.

For SDS±polyacrylamide gel electrophoresis
(PAGE) and immunoblotting, a known number
of nuclei was resuspended in a small volume of
buffer K, followed by addition of an equal
volume of 2� sample buffer [Laemmli, 1970].
The suspension of nuclei was vortexed and
heated at 1008C for 5 min. Supernatants were
electrophoresed in 12% polyacrylamide gels,
and proteins detected by Coomassie blue-G.
Proteins from SDS±PAGE were also trans-
ferred to nitrocellulose sheets and prepared for
immunodetection using a polyclonal anti-p26
(1:10,000; 1 h) [Clegg et al., 1994] or polyclonal
anti-lamin (1:500; 12 h) [Dessev and Goldman,
1988] as the primary antibody, and horseradish
peroxidase conjugated anti-rabbit IgG (1:5,000;
1 h) as secondary. The lamin antibody (rabbit
anti-Spisula (clam)) was a gift from A.E. Gold-
man. For detection of HSP70 and HSP90, pri-
mary antibodies were purchased from Af®nity
BioReagents, Inc. (HSP70 MA3-001; 1:1,250;
2 h) and Stressgen, Inc. (anti-HSP90 SPA 840;
1:5,000; 1 h) and the secondary used was
horseradish peroxidase conjugated anti-rat
IgG (1:5,000; 1 h). Chemiluminescence was
detected on X-ray ®lm with Super Signal1 West
Pico (Pierce, Rockford, Illinois).

Nuclear Fractionation and Nuclear
Matrix Isolation

Nuclear fractionation was carried out as
follows [modi®ed from Fisher, 1998 and Fey
et al., 1984]. Approximately 2� 108 nuclei (from
control, heat-shocked or anoxic embryos, or
homogenates incubated at pH 6.5) were trans-
ferred to 1.5 ml Eppendorf tubes and spun 75 s
at 2,000g at 48C. The supernatant was removed
and the nuclei resuspended in 1 ml permeabi-
lization buffer (100 mM NaCl, 300 mM sucrose,
10 mM PIPES (pH 6.8), 3 mM MgCl2, 0.5%
Triton X-100, and 1.2 mM phenylmethyl sulfo-
nyl¯uoride (PMSF)). Nuclei were incubated for
10 min at 08C and spun 5 min at 2,000g at 48C.
Supernatants were removed and labeled ``solu-
ble fractions'' (S). Pellets were resuspended in
1 ml nuclease digestion buffer (50 mM NaCl,
300 mM sucrose, 10 mM PIPES (pH 6.8), 3 mM

HSPs and Lamins in Nuclei 603



MgCl2, 0.5% Triton X-100, and 1.2 mM PMSF).
RNase A (8 mg/ml) was added and the tube
vortexed, and then DNase I (10 mg/ml) was
added and the tube mixed by gentle inversion.
Digestion was carried out at 238C for 20 min and
the samples spun at 10,000g for 10 min at 48C.
Supernatants were removed and labeled ``nucle-
ase digest'' (ND). Pellets were extracted in 1 ml
extraction buffer (250 mM ammonium sulfate,
300 mM sucrose, 10 mM PIPES (pH 6.8), 3 mM
MgCl2, 0.5% Triton X-100, and, 1.2 mM PMSF)
for 10 min at 08C then spun 5 min at 2,000g at
48C. Supernatants contained material extrac-
table by ``ammonium sulfate'' (AS) and pellets
were the ``nuclear matrix'' (NM) fraction. The S,
ND, AS, and NM protein fractions were pre-
pared for SDS±PAGE and immunoblotting as
described above. Immunoblots were scanned
and analyzed by Scion Image (www.scioncorp.-
com) to calculate pixel intensity and area of p26
bands. Calculations were repeated three times
and the means were used to determine the
relative % p26 present in each fraction.

Further study of NM fractions was carried out
using the NM isolation method of Gerner et al.
[1998] with modi®cations. This method was
developed and optimized for the preparation of
intact nuclear matrices as opposed to the pre-
paration of sequential nuclear fractions des-
cribed previously. All steps were performed at
08C or 48C, and all buffers contained a protease
inhibitor cocktail (CompleteTM, Mini, Boehrin-
ger Mannheim). Isolated nuclei were suspended
in 2 mM vanadyl ribonucleoside complex (VRC)
with 1 M sucrose in buffer B (50 mM HEPES/
NaOH, pH 7.4, 50 mM NaCl, 5 mM MgCl2, 1 mM
EGTA), incubated 3 min on ice and centrifuged
700g, 5 min, 48C. Nuclei were resuspended in
0.2% Na-deoxycholate and 0.4% Tween, 2 mM
VRC and 3 mM MgCl2 in buffer A (10 mM
HEPES/NaOH, pH 7.4, 10 mM NaCl, 1 mM
EGTA) and incubated for 5 min on ice. Nuclei
were collected by centrifugation (400g, 5 min)
through a 300 mM sucrose cushion in buffer B.
The pelleted nuclei were resuspended in 1.6 M
sucrose in buffer B and sheared in a tightly
®tting glass-Te¯on Potter homogenizer. The
suspension was placed on top of a sucrose
step gradient (2.0/2.3/2.5 M sucrose in buffer
B) and centrifuged in a swingout rotor at
77,000g at 48C for 1 h. The pellet was carefully
resuspended (gently using glass pipettes) in 1 M
sucrose in buffer B and the nuclei pelleted
(400g, 5 min, 48C).

Nuclei were suspended in buffer C with 100 U/
ml deoxyribonuclease I (DNase I from bovine
pancreas, EC 3.1.21.1: Sigma) and incubated on
a slowly tilting rotator at 228C for 30 min. After
centrifugation (400g, 5 min, 48C), the residual
nuclear pellet was resuspended in 250 mM
ammonium sulfate in buffer C and incubated
at 48C for 5 min. The pelleted NM fraction
was washed with 3 mM MgCl2 in buffer A
and used for reassembly assays or confocal
microscopy.

Reassembly of NMPs

NMPs were dissolved in 8 M urea, 20 mM
4-morpholineethanesulfonicacid (pH6.6),1mM
EGTA, 0.1 mM MgCl2, 1 mM PMSF, and 1%
2-mercaptoethanol (disassembly buffer) and
separated from insoluble material by centrifu-
gation for 2.5 h at 48C and 111,000g. The
supernatant was dialyzed for 12 h at 258C
against 2,000±4,000 volumes of 0.15 M KCl,
25 mM imidazole.HCl (pH 7.1), 5 mM MgSO4,
2 mM DTT, 125 mM EGTA, and 0.2 mM PMSF
(reassembly buffer). Reassembled (insoluble)
proteins were pelleted by centrifugation at
111,000g for 2.5 h at 258C while proteins
remaining soluble (unassembled) were acetone
precipitated (0.2% HCl in acetone,ÿ208C, over-
night). All samples were then prepared for 1-D
or 2-D gel electrophoresis.

2-D PAGE

IEF of NMPs used 7 cm non-linear pH
gradient (3±10, 5±7 expanded) IPG strips on a
Multiphor II apparatus (Amersham Pharmacia
Biotech, Uppsala, Sweden) according to the
manufacturer's instructions. NMPs were solu-
bilized in rehydration buffer (8M urea, 2%
CHAPS, 20 mM DTT, 2% IPG Buffer, trace
amounts of bromophenol blue) and incubated
for 1 h at room temperature, then centrifuged at
5,000g for 15 min prior to loading. IPG strips
were rehydrated overnight in a reswelling
cassette with 130 ml of sample. The protocol
for IEF was as follows: 200 V for 1 min, rising
from 200 V to 3,500 V over the next 90 min and
3,500 V for 90 min for a total of 8,000 V-h.
Following IEF, the strips were loaded with SDS
in two 15 min equilibration steps at room
temperature with continuous shaking then
loaded onto the second dimension 12% poly-
acrylamide gels and sealed in place with 1%
Agar. SDS±PAGE and Western immunoblot-
ting were carried out as for 1-D gels.
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Confocal Microscopy

Isolated nuclei and nuclear matrices were
placed on poly-L-lysine coated slides (3 slides/
isolate, 2 isolates/treatment) and ®xed in 2%
paraformaldehyde in 0.22 mm-®ltered phos-
phate-buffered saline, pH 7.4 (PBS) for 30 min.
After three 10 min washes in PBS, samples were
permeabilized in 0.5% Triton X-100 in PBS for
2� 15 min, washed 3� 5 min in PBS, blocked in
0.1% Tween-20 in PBS for 2� 15 min, washed
3� 5 min in PBS, incubated in anti-p26
(polyclonal, goat, 1:500 in PBS) for 1 h, washed
3� 5 min in PBS, blocked in normal goat serum
(1:50 in PBS) for 30 min, incubated in Texas Red
goat anti-rabbit (1:80 in PBS, Molecular Probes,
Inc., Eugene, OR) for 50 min, and washed 3�
5 min in PBS. Nuclear lamin was visualized by
repeating the incubation procedure just des-
cribed, but with a monoclonal rat anti-Spisula
lamin (nwr2, 1:200, 12 h; gift from A.E. Gold-
man) as the primary and goat-anti-rat Alexa
FluorTM 488 (1:500, 1 h, gift from A.E. Goldman)
as the secondary. The rat monoclonal lamin
antibody was prepared by cutting out the 67 kDa
band from a polyacrylamide gel and injecting
the incomplete adjuvent into rats [A.E. Gold-
man, personal communication]. Slides were
either stored at ÿ208C or cover-slipped with
anti-fade medium (90% glycerol, 10% PBS, 0.2%
n-propyl galate), sealed, and viewed on a BioRad
MRC 600 scanning confocal microscope
equipped with a krypton/argon laser. Dual
channel 568/488 excitations used a 568 nm ®lter
block with < 600 nm cut-off to ensure no signal
bleed-through occurred from the 488 channel
and this was regularly checked at a gain level
10� above that used to collect images. Second-
ary antibody controls were carried out, con®rm-
ing that no signal was present in the absence of
primary antibodies (negative controls not
shown). Fifteen ®elds of view were examined
per slide (20�) of isolated nuclei, with the
number of nuclei per ®eld of view ranging from
20±200. Images were collected at 60�, pseudo-
color added in Adobe Photoshop 5.0 and the
``difference'' function used to overlay signals.

RESULTS

Fractionation of Nuclei From
Control and Stressed Embryos

Nuclei were isolated from control, heat-
shocked or anoxic embryos, and from embryo

homogenates incubated at low pH. Sequential
fractionation of nuclei resulted in four fractions:
soluble material (S), material released by
nuclease digestion (ND), material extracted by
ammonium sulfate (AS), and the insoluble NM
fraction (NM). Fractions were analyzed by
SDS±PAGE and Western immunoblotting with
700,000 nuclei (or fraction equivalents) loaded
per lane. Figure 1A±D shows gels stained with
Coomassie blue-G, and panels E±H show the
corresponding Western immunoblots probed for
p26 and nuclear lamin. Little p26 is present in
control nuclei (Fig. 1A,E), and what is detected
is limited to a small percentage of embryos that
appear to remain in diapause [Willsie and
Clegg, 2001]. In all treatments other than con-
trols, nuclear p26 is present in signi®cant
amounts and found predominantly in NM frac-
tions (Fig. 1B±D,F±H; lane NM). Nuclei from
heat-shocked embryos (Fig. 1B,F) contain a
trace of soluble p26 (lane S), and also some
p26 that is extractable by ammonium sulfate
(lane AS), but 72% of nuclear p26 is associated
with the NM fraction (Fig. 1, lane NM; Table I).
The effects of anoxia are similar to those of
heat shock, with 69% of nuclear p26 in the
NM fraction, but no soluble p26 is detectable
(Fig. 1G; Table I). Anoxic samples had to be
prepared on a different day than C, HS, and pH
samples, but otherwise were treated identically.
Nuclei isolated from embryo homogenates incu-
bated at pH 6.5 contain p26 in all fractions

Fig. 1. Fractionation of nuclei from control and treated
embryos. Nuclei were isolated from control, heat-shocked,
and anoxic embryos, and embryos homogenized and incubated
at pH 6.5. Isolated nuclei (N) were processed into soluble (S),
nuclease-digested (ND), ammonium sulfate-extracted (AS), and
nuclear matrix (NM) fractions. These fractions were analyzed by
SDS±PAGE and Coomassie blue-G staining (A±D) and by
Western immunoblotting (E±H). Arrows indicate p26 and
asterisks indicate nuclear lamin.
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(Fig. 1H). This difference in p26 distribution
may be related to the in vitro technique used to
translocate p26 into nuclei (homogenization
and incubation at low pH at 228C). However,
most nuclear p26 (50%) is still associated with
the NM fraction (Fig. 1D,H; Table I). The lamin
antibody appears to recognize two proteins
other than lamins around 50 and 90 kDa
(Fig. 1B±D). This antibody normally detects
two bands close to 67 kDa in Spisula [A.E.
Goldman, personal communication] indicating
our additional bands are probably A. francis-
cana non-lamin proteins with epitopes similar
to Spisula lamin. P26 bands from nuclear
fractions in Figure 1F±H were analyzed by
Scion Image (www.scioncorp.com) to determine
the relative % nuclear p26 associated with each
fraction (Table I). Nuclei from all three treat-
ments contain 26±30% of p26 in AS fractions.
Anoxic and heat-shocked embryos have the
remaining approximately 70% in the NM frac-
tion, while nuclei from homogenates incubated
at low pH contain only 50% in the NM fraction
with the remaining 20% present in the S frac-
tion. Small amounts (1±2%) of p26 were also
detected in the heat shock S and pH 6.5 ND
fractions (Table I).

Reassembly of NMPs and Chaperones

To further explore the interaction of p26 and
lamin in the NM, the protocol of Gerner et al.
[1999] was used (Materials and Methods).
NMPs from control (C) and heat-shocked (HS)
embryos were dissolved in disassembly buffer
containing urea, and insoluble aggregated
material was removed by centrifugation. The
supernatant was dialyzed overnight in reas-
sembly buffer, allowing NM proteins to reas-
semble. Reassembled protein complexes were
spun down by centrifugation (INSOL) and un-
assembled proteins remaining soluble were

collected by acetone precipitation (SOL). Sam-
ples were analyzed by SDS±PAGE and Western
immunoblotting for the presence of HSP70,
HSP90 (Fig. 2A), p26 and lamin (Fig. 2B).
Control lanes contained either control super-
natants (con sup) or nuclei from HS embryos
(hs nuc). HSP90 was not detected in any of the
NM preparations, control or HS, soluble or in-
soluble, while HSP70 was primarily in the
insoluble heat shock fraction with a trace
amount in the soluble fraction (Fig. 2A). Note
that only one of the two molecular weight iso-
forms of HSP70 present in the supernatant (con
sup) is detected in nuclei. Lamin was almost
exclusively present in the insoluble (reas-
sembled) fraction of both control and heat shock
NM preparations, although small amounts
remained soluble, mainly in the heat shock
sample (Fig. 2B). p26 was detected only in the
reassembled insoluble heat shock fraction.

2-D Gel Electrophoresis of NMPs After
Reassembly

Soluble and insoluble fractions of post-dialy-
sis NM preparations from control and heat-
shocked embryos were analyzed by 2-D gel
electrophoresis and Western immunoblotting
to determine which isoforms of p26 and HSP70

TABLE I. Relative Amounts of p26 in
Nuclear Fractions

Treatment S ND AS NM

Heat Shock 1.8 Ð 26.2 72.0
Anoxia Ð Ð 30.5 69.5
pH 6.5 20.0 2.9 26.5 50.6

Amounts of p26 in soluble (S), nuclease-digest (ND), ammo-
nium sulfate extracted (AS), and nuclear matrix (NM)
fractions. Not detected (Ð). Numbers are relative percent of
total p26 in fractions as quanti®ed using Scion Image
(www.scioncorp.com, Materials and Methods).

Fig. 2. Nuclear matrix preparations from nuclei isolated from
control and heat-shocked embryos. Nuclear matrix proteins
(NMPs) were prepared according to Gerner et al. [1999],
solubilized in urea and dialyzed over night. Reassembled
protein complexes were spun down as insoluble protein
(INSOL), while proteins remaining unassembled were collected
in the soluble fraction (SOL). These fractions were analyzed by
Western immunoblotting for HSP70 and HSP90 (A) and p26 and
nuclear lamin (B). Control lanes contained either a low-speed
supernatant (known to contain HSP70 and 90) from control
embryos (A), or intact nuclei from heat-shocked embryos
(known to contain p26 and nuclear lamins) (B). (90) indicates
a cytoplasmic protein recognized by the HSP90 antibody.
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were associated with reassembled NMPs (Mate-
rials and Methods). Figure 3 shows these results
for control soluble (Fig. 3A,B), control insoluble
(Fig. 3C,D), heat shock soluble (Fig. 3E,F), and
heat shock insoluble (Fig. 3G,H) fractions.
Isoform labels in G and H apply to all parts of
the ®gure. HSP90 was not detected in any
sample. The control soluble blots show only a
small amount of p26 isoform a, no lamin, and no
HSP70 (Fig. 3A,B) while in the heat shock
soluble fraction ®ve p26 isoforms (a0,a,b,c,d) and
three HSP70 isoforms (b,c,f) remain associated
with unfolded proteins (Fig. 3E,F). p26 isoforms
a±d are all present in p26 puri®ed from embryo
cytoplasm and are currently being described
[Viner et al., unpublished observations] and
a0 (named because it is more basic than isoforms
a±d) appears to be an isoform unique to NM
preparations. In the control insoluble (reas-
sembled) fraction, ®ve isoforms of p26 (a0,a,b,
c,d), four isoforms of HSP70 (a,b,c,f) and two
MW groups of lamin isoforms (pI range 5.3±5.8)
are detected. Individual lamin isoforms are
dif®cult to distinguish when they blend together
as in Figure 3C,G. In the heat shock insoluble
fraction, we see again ®ve p26 isoforms (a0,a,b,
c,d), two molecular weight groups of lamin
isoforms (Fig. 3G) and six HSP70 isoforms
(a,b,c,d,e,f) (Fig. 3H). Control lanes contain

nuclei from heat-shocked embryos for panels
A,C,E,G and control supernatants for panels
B,D,F,H. As in Figure 2, the lamin antibody
recognizes additional unknown proteins around
50 kDa.

Confocal Microscopy of Nuclei
and NM Preparations

Nuclei and nuclear matrices from control and
heat-shocked embryos were placed on poly-L-
lysine coated slides and prepared for confocal
microscopy. Figure 4 shows representative
nuclei and nuclear matrices from control and
heat-shocked embryos double-labeled with
Alexa Flour 488TM (lamin, red) and Texas
RedTM (p26, yellow). The two separately labeled
images are followed by a third, showing signal
overlap (green). Control nuclei show homoge-
neous lamin distribution with little or no signal
from p26 (CON NUC). Lamin staining of control
NM preparations gives slightly less homoge-
neous results, indicating the extraction protocol
had an effect on nuclear lamin organization
(CON NM). It also appears that heat shock
somewhat disrupts lamin organization in nuclei
(HS NUC), as the lamin signal here is less
homogeneous than in control nuclei. We have
previously shown that nuclei from heat-shocked
embryos contain large amounts of p26, [Willsie

Fig. 3. Reassembly of NMPs p26, HSP70, and lamin. Samples,
prepared as in Figure 2, were separated by two-dimensional
electrophoresis (control soluble: A,B; control insoluble: C,D;
heat shock soluble: E,F; heat shock insoluble: G,H) and
analyzed by Western immunoblotting for p26, lamin
(A,C,E,G), HSP70, and 90 (B,D,F,G). p26 isoforms are labeled

a±d, and as the most basic p26 isoform was not observed
previously, it has been labeled a0. HSP70 isoforms are labeled
a±f, starting with the most basic isoform. Isoform labeling in G
and H applies to all parts of the ®gure. (arrows: p26; asterisk:
lamin; double arrow head: HSP70, open triangle: HSP 90). This
®gure is representative of two separate experiments.
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and Clegg, 2001] and this is supported in
Figure 4 (HS NUC). Figure 4 also shows that
p26 remains associated with nuclear matrices
extracted from nuclei of heat-shocked embryos
(HS NM), supporting the immunoblot data in
Figures 1 and 2. There is also a difference in
texture between nuclei and nuclear matrices
from heat-shocked embryos, and the HS NM
overlay image contains regions of red and
yellow, demonstrating that p26 and lamin do
not always overlap completely. In signal hot
spots where ¯uorescence approaches satura-
tion, red (lamin) and yellow (p26) signals
become lighter and green becomes blue (over-
lap). In all cases, overlap of ¯uorescent signal

was not due to channel bleed-through as this
was regularly checked at a gain level 10� above
that used to collect images. Samples prepared
for detection of p26 or lamin alone (not shown)
resulted in images similar to samples that were
double-labeled. Signal patterns for lamin and
p26 are very similar and the overlaid images
demonstrate that these proteins largely overlap
as would be expected if p26 were chaperoning
lamins as part of the NM.

DISCUSSION

We suggested previously that one potential
target of p26 and its chaperone function is the

Fig. 4. Nuclear distribution of p26 and lamin in control and
heat-shocked embryos. Nuclei (NUC) and nuclear matrices
(NM) from control (CON) and heat-shocked (HS) embryos were
double-labeled for lamin (Alexa FlourTM 488, red; lighter where
saturated) and p26 (Texas RedTM, yellow; lighter where
saturated) and examined using confocal microscopy. Secondary
labeling was consistent with both antigens when viewed
separately as well as together, and saturation is due to elevated

antigen levels and not artifact. Pseudocolor was added in
Photoshop 5.0, and the difference function used to show
overlap of signals (green, blue where saturated). No signal
bleed-through occurred (Materials and Methods). Nuclei shown
are representative of three replicates prepared per treatment
from each of two nuclear isolations and nuclear matrix
preparations (bar� 10 mm).

608 Willsie and Clegg



NM [Willsie and Clegg, 2001]. The term
``nuclear matrix'' was ®rst introduced by Zbars-
kii and Debov [1948] and then re-introduced by
Berezney and Coffey [1974]. Initially described
as ``a residual framework structure that main-
tains the spherical shape of the nucleus . . .
essentially free of the DNA, RNA and phospho-
lipids'', the NM initially appeared to be involved
in DNA synthesis [Berezney and Coffey, 1975].
What we now call the NM remains controver-
sial; there are strongly held opinions both
for and against its existence [reviewed by
Cook, 1988; Jack and Eggert, 1992; Martelli
et al., 1996; Pederson, 1998; Pederson, 2000].
However, the consistent presence of a non-
chromatin scaffolding network in the nucleus
after various chromatin removal techniques
[Jackson et al., 1988; Wan et al., 1999], extrac-
tion protocols [Fey et al., 1984; Nickerson et al.,
1997; Fisher, 1998; Gerner et al., 1998], and
visualization methods [Fey et al., 1986; Hendzel
et al., 1999] supports the existence of a struc-
tural and functional nuclear ®lamentous net-
work. For the purposes of this discussion, we
refer to this extrachromosomal scaffolding as
the nuclear matrix, or NM.

Nuclear lamins are among the core NMPs
[Nakayasu and Berezney, 1991]: they are type V
IF proteins and are closely related to cytoplas-
mic IFs [reviewed in Stewart, 1993; Moir et al.,
1995; Stuurman et al., 1998]. Nuclear lamins
are a major constituent of the nuclear lamina,
but are also present in the nucleoplasm [Jack-
son et al., 1988; Goldman et al., 1992; Moir et al.,
1994; HozaÂk et al., 1995] and undergo dynamic
changes throughout the cell cycle [reviewed in
Stuurman et al., 1998; Moir et al., 2000b].
Destabilzation of this nuclear lamin network
using immunoprecipitation [Newport et al.,
1990; Meier et al., 1991] or introduction of
mutant lamins [Goldberg et al., 1995; Spann
et al., 1997; Moir et al., 2000a] creates brittle
and unstable nuclei in which DNA synthesis is
blocked. These results suggest that lamins
supply mechanical support within the nucleus
that is crucial to DNA replication. Morphologi-
cal observations also suggest that a ®lamentous
lamin network acts as a scaffold for DNA
replication factories [HozaÂk et al., 1993, 1994].
Given these observations, we may suppose that
lamins must be protected from stress-induced
damage.

Cytoskeletal IF proteins have been regularly
reported to interact with HSPs: cytoskeletal

elements and a-crystallins in lens cells [Fitz-
Gerald and Graham, 1991; Nicholl and Quinlan,
1994], b-Actin and TCP-1 in reticulocytes
[Marco et al., 1994], and IF proteins and
HSP70 in glandular epithelial cells [Liao et al.,
1995] and murine L cells [Pelham et al., 1984].
More recently, it was shown that HSP70 and a
TCP-1 like protein are associated with reassem-
bling lamin B2 ®laments in the NM fraction of
human leukocytes [Gerner et al., 1999]. These
reports suggest that there are functional inter-
actions between molecular chaperones and IF
proteins and provide a useful model to explore
the role of p26 in the protection and/or stabiliza-
tion of NMPs in A. franciscana embryos. The
association of HSPs and the NM is not a new
topic [Pouchelet et al., 1983; Roti Roti and
Turkel, 1994]. Proteins in the NM are reported
to be among the most thermally labile of
all proteins in the cell [Roti Roti et al.,
1998] making them obvious chaperone targets
[Pouchelet et al., 1983; Gerner et al., 1999;
Lepock et al., 2001]. This is consistent with our
®nding that p26 associates with NM fractions of
heat-shocked and anoxic embryos and homo-
genates incubated at low pH, and that multiple
isoforms of p26, HSP70, and nuclear lamin are
present in reassembled NMP complexes. Addi-
tionally, confocal microscopy showed that p26
and nuclear lamin have similar distributions
within nuclei and nuclear matrices isolated
from heat-shocked embryos. Next we discuss
these results and the role they indicate for
nuclear p26.

Nuclear fractionation showed lamin was
limited to two bands near 70 kDa in intact
nuclei and NM fractions under all conditions
(Fig.1E±H), similar to nuclear lamins described
by other groups [McConnell et al., 1987; Dessev
and Goldman, 1988; Lin and Fisher, 1990;
Fisher, 1998]. In control embryos, it appears
that only those still in diapause contain nuclear
p26 [Willsie and Clegg, 2001] and only small
amounts of p26 were detected in nuclei from this
population (Fig. 1). Relative to controls, NM
fractions from all other treatments contained
very large amounts of p26. Heat shock is known
to increase the amount of protein associated
with the NM [reviewed in Roti Roti et al., 1997;
VanderWaal et al., 1999], and this increase
includes NM-associated HSPs [Roti Roti and
Turkel, 1994; VanderWaal et al., 1996; Lepock
et al., 2001]. Our data for p26 agree with
those results (Table I). The effect of anoxia on
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NM-associated proteins is less well studied and
was included here because anoxia/hypoxia is
an environmental stress that A. franciscana
embryos encounter in nature [Persoone et al.,
1980]. Our results show that anoxia causes a
response similar to heat shock in these embryos,
translocating p26 to the NM (Fig. 1). This stress
response has also been reported in Drosophila
where anoxia and heat shock both result in
nuclear translocation of HSP70 [Velazquez and
Lindquist, 1984]. The use of acid pH to translo-
cate p26 into nuclei of A. franciscana embryos
in vitro resulted in a somewhat different dis-
tribution of nuclear p26 (Fig. 1H). The in vitro
approach, used to eliminate stresses associated
with heat shock and anoxia, showed S and ND
nuclear fractions contained increased amounts
of p26 relative to nuclei from heat-shocked and
anoxic embryos and that p26 in the NM fraction
shows a corresponding decrease (Table I). pHi is
thought to act as a translocation ``switch'' for
nuclear p26 [Clegg et al., 1995; Willsie and
Clegg, 2001], and while these results support
that, suggesting it may be involved in targeting
p26 speci®cally to the NM, the low pH protocol
also solubilizes 20% of the p26 that otherwise
associates with the NM in response to heat
shock and anoxia.

Gerner et al. [1999] were the ®rst, to our
knowledge, to provide evidence that there was
an association between HSPs and lamins in the
NM. Our results add to those observations by
showing the association of both p26 and HSP70
with lamin (Fig. 2). All insoluble aggregates
were removed by centrifugation prior to reas-
sembly and, since we know that HSP90 is
cytoplasmic in A. franciscana embryos [Clegg
et al., 1999, 2000], we believe our results relate
speci®cally to reassembled NMPs (Fig. 2B). It is
not uncommon for HSP90 to undergo nuclear
translocation [reviewed by Csermely et al.,
1998; Yahara, 1998], but that does not appear
to be the case in these embryos. One interesting
aspect is that the experiments using human
leukocytes did not involve stress of any sort and
found HSP70, but not HSP27, associated with
NMPs [Gerner et al., 1999]. Our results show
that when p26 was present in nuclei (due to heat
shock) it and HSP70 were both associated
with the reassembled NM fraction (Figs. 2, 3),
suggesting small HSPs may interact with the
NM speci®cally as a stress response, while
HSP70-NM interacts both constitutively and
in response to stress.

HSP70 was not detected after 1-D SDS±
PAGE in soluble or insoluble NM fractions from
control embryos, but one of the isoforms present
in the cytoplasm of these embryos did appear
in heat shock NM fractions (Fig. 2). Most of
this nuclear HSP70 isoform was present in
the reassembled fraction with only a trace in
the soluble fraction. These results contradict
previous work indicating that nuclear HSP70
levels did not change under the heat shock
conditions used in that study [Clegg et al.,
1999]. The critical difference between these two
studies was the use of a crude nuclear pellet
verses an isolated NM preparation that is
cleaner and enriched for a subset of nuclear
proteins which includes HSP70.

The association of p26 and HSP70 with lamin
examined by 2-D gel electrophoresis (Fig. 3)
shows that translocation is not isoform-speci®c
for p26, at least in response to heat shock.
Nuclear translocation of HSP70 is speci®c to the
lower MW isoforms, but all six detectable
isoelectric variants are present in nuclei after
heat shock. Two-dimensional protocols require
larger amounts of protein be loaded than 1-D
SDS±PAGE, explaining why p26 was detected
in control NM fractions using 2-D, but not 1-D,
gel electrophoresis. There is a p26 isoform uni-
que to NM preparations (control and heat
shock) that is even more basic than isoform a,
and so we have called it a0. This isoform is not
present in puri®ed cytoplasmic p26 and was not
detectable in preparations of intact nuclei
[Viner et al. unpublished observations]. All of
the HSP70 present in nuclear matrices was of
the same molecular mass and its distribution
supports what was seen in Figure 2: a small
amount of HSP70 associated with the unas-
sembled heat shock fraction with the majority in
the reassembled/insoluble fraction (Fig. 2A).
The pI range of lamin isoforms in these embryos
is 5.3±5.8, similar to those published for lamins
in Drosophila oocytes [5.5±6.8, Maus et al.,
1995] and for lamin in several human cell types
(5.3±5.4, Gerner et al., 1998].

The similar labeling patterns for p26 and
lamin provided by confocal microscopy further
support their proposed interaction (Fig. 4). The
lamin staining pattern for control nuclei agrees
with other published images [HozaÂk et al., 1995;
Spann et al., 1997; Moir et al., 2000a] as does the
p26 pattern for nuclei isolated from heat-
shocked embryos [Willsie and Clegg, 2001].
Also, nuclear matrices showed no reduction in
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signal intensity for either p26 or lamin after the
stringent extraction procedures, with p26 and
lamin signals again overlapping in the NM
preparation. This suggests that the association
of p26 with the NM is strong, supporting the
idea that p26 chaperones lamin as a core NM
®lament.

We propose that the majority of p26 translo-
cated into nuclei in response to heat shock,
anoxia, low pH and diapause associates with the
NM, and more speci®cally, lamin ®laments
within the NM. The thermal lability of NMPs
makes them logical targets for p26 and other
chaperones after heat shock and other stresses.
Additionally, we propose that the association
of HSP70 with reassembled lamin ®lament
complexes and p26 indicates that multiple
isoforms of p26 and HSP70 may work together
in protecting and or chaperoning NMPs in these
embryos.
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