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Abstract

Protein B23 is an abundant, multifunctional nucleolar phosphoprotein whose activities are proposed to play a role in ri-
bosome assembly. Szebeni et al.~1997! showed stimulation of nuclear import in vitro by protein B23 and suggested that
this effect was due to a molecular chaperone-like activity. Protein B23 was tested for chaperone activities using several
protein substrates. The temperature-dependent and -independent aggregation of the HIV-1 Rev protein was measured using
a zero angle light scattering~turbidity! assay. Protein B23 inhibited the aggregation of the Rev protein, with the amount
of inhibition proportional to the concentration of B23 added. This activity was saturable with nearly complete inhibition
when the molar ratio of B23:Rev was slightly above one. Protein B23 also protected liver alcohol dehydrogenase~LADH !,
carboxypeptidase A, citrate synthase, and rhodanese from aggregation during thermal denaturation and preserved the en-
zyme activity of LADH under these conditions. In addition, protein B23 was able to promote the restoration of activity
of LADH previously denatured with guanidine-HCl. Protein B23 preferentially bound denatured substrates and exposed
hydrophobic regions when complexed with denatured proteins. Thus, by several criteria, protein B23 behaves like a mo-
lecular chaperone; these activities may be related to its role in ribosome biogenesis.
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The nucleolus is a compact subnuclear structure specializing in the
assembly of ribosomal subunits in eukaryotes~Busch & Smetana,
1970; Hadjiolov, 1984!. This is a multistep process beginning with
the transcription of preribosomal RNA~pre-rRNA!, followed by
processing of the pre-rRNA to 18S, 5.8S, and 28S ribosomal RNAs,
addition of 5S rRNA and attachment of ribosomal proteins~Warner,
1990!. The assembly process requires numerous nonribosomal pro-
teins~Olson, 1990!. Some of these proteins are associated with the
RNA polymerase I transcriptional apparatus~Moss & Stefanovsky,
1995! while others are involved with the processing of the 47S
preribosomal RNA transcript~Eichler & Craig, 1994!. However,
the functions of many other nucleolar nonribosomal proteins are
poorly understood.

The concentration of macromolecules in living cells is ex-
tremely high, with estimates as high as 200–400 mg0mL ~Zim-
merman & Minton, 1993; Ellis, 1997!. The density of the nucleolus
suggests that it also contains a high concentration of proteins,
especially during periods of active ribosome assembly. A major
consequence of this “macromolecular crowding” could be the ag-
gregation and immobilization of proteins in the process of being

incorporated into ribosomes. The tendency for proteins to aggre-
gate is generally relieved in many biological systems by the action
of molecular chaperones~Ellis, 1997!. Since ribosome assembly
requires precise coordination of events involving a large number of
proteins in a crowded environment, one can imagine the need for
chaperone-like molecules to prevent aggregation in the nucleolus.

One possible candidate for a nucleolar chaperone is an abundant
nonribosomal protein called B23, which is also known as NO38
~Schmidt-Zachmann et al., 1987!, numatrin~Feuerstein & Mond,
1987!, or nucleophosmin0NPM ~Chan et al., 1989!. This was sug-
gested by recent studies showing effects of protein B23 on nuclear
import. Protein B23 was previously shown to bind peptides con-
taining nuclear localization signals~NLSs!, based on the SV40
T-antigen NLS~Goldfarb, 1988!. The HIV-1 Rev protein also binds
strongly to protein B23~Fankhauser et al., 1991! and accumulates
in the nucleolus. We found that the affinity of the Rev NLS for B23
is about 10-fold higher than that of the T-antigen NLS~Szebeni
et al., 1995!. The latter finding, coupled with the nucleocytoplas-
mic shuttling behavior of B23~Borer et al., 1989!, led to an ex-
amination of the effect of protein B23 on nuclear import of the Rev
protein~Szebeni et al., 1997!. It was found that protein B23 stim-
ulates the import of Rev into the nucleus with maximal stimulation
occurring at a 1:1 molar ratio of the two proteins. Since the Rev
protein has a marked tendency to aggregate under normal physi-
ological conditions~Wingfield et al., 1991!, a possible interpreta-
tion of these results is that protein B23 acts as a molecular chaperone
to maintain the solubility of Rev and improve its mobility during
import into and throughout the nucleus. This same activity could
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be utilized to prevent the aggregation of other proteins in the
nucleolus and aid in the ribosome assembly process.

The characteristics of protein B23 described above suggested
that it has molecular chaperone activity. To test this possibility,
we initially developed an assay to measure its effects on the
temperature-dependent aggregation of the HIV-1 Rev protein. It
was found that protein B23 inhibits Rev protein aggregation.
This finding raised the possibility that protein B23 also has more
general chaperone activity toward a variety of substrates. Assays
for activities typical of many chaperones showed that it prevents
aggregation and preserves enzyme activities during thermal de-
naturation of several different proteins, promotes the renatur-
ation of previously denatured proteins, preferentially binds
denatured proteins, and exposes hydrophobic regions during in-
teraction with other proteins. These studies support the idea that
protein B23 is a molecular chaperone.

Results

Protein B23 inhibits aggregation of the HIV-1 Rev protein

The Rev protein undergoes reversible temperature-dependent or
-independent aggregation, depending on the conditions of ionic
strength and sulfate concentration~Wingfield et al., 1991!. To
quantify the temperature-dependent aggregation, we used a zero
angle light scattering~turbidity! assay. The absorbance was mon-
itored at 360 nm as the temperature rose from 0 to 308C in a
spectrophotometer cuvette after adding ice-cold Rev solution. Fig-
ure 1A shows that there was a relatively rapid aggregation phase
over a period of 40–50 min followed by a gradual approach toward
maximum turbidity within about 120 min. If the polymerized Rev
protein was cooled again to 08C, there was a slow disappearance
of turbidity after approximately one day~data not shown!. In con-
trast, if an equimolar concentration of protein B23 was added to
the Rev protein solution, the rapid phase of the aggregation was
prevented, although there was a slow increase in absorbance at
360 nm~Fig. 1A!. When an equimolar concentration of BSA was
used as a control, there was no effect on Rev protein aggregation.
Protein B23 exists as two isoforms~Chang & Olson, 1990! with
B23.2 containing 35 fewer amino acid residues at the C-terminal
end compared to B23.1. To determine whether there were differ-
ences between the two isoforms in preventing Rev aggregation, we
did similar experiments using protein B23.2 instead of B23.1.
Figure 1A shows that the effects of the two isoforms on Rev
aggregation were nearly identical, suggesting that the C-terminal
end of B23.1 does not play a role in this activity.

To determine the molar ratio for the maximum inhibition of Rev
aggregation, we repeated the assay as shown in Figure 1A using
various concentrations of protein B23.1. A separate curve was
generated for each concentration of protein B23 and the percent
inhibition at the 20 min time point was plotted vs. the molar ratio
of protein B23 to Rev~Fig. 1B!. The inhibition of aggregation
increased as the B23 concentration was raised, resulting in a hy-
perbolic curve. A plateau of inhibition of aggregation was seen
when the molar ratio of B23:Rev was above one. This result sug-
gested that under these conditions the Rev protein forms a rela-
tively stable complex with protein B23 and that the maximal effect
is achieved at a 1:1 stoichiometry between the two proteins.

At low ionic strength the Rev protein undergoes a slow poly-
merization in a temperature-independent manner with formation of

A

B

C

Fig. 1. Chaperone activity of protein B23 against the HIV-1 Rev protein.
A: Effect of protein B23 on temperature-dependent aggregation of the HIV-1
Rev protein. Solutions of Rev protein~0.1 mg0mLin 50 mM phosphate buffer,
pH 7.2, containing 150 mM NaCl, 1 mM DTT! without ~▫! or with equi-
molar amounts of added B23~C, B23.1;n, B23.2! were allowed to warm
from 4 to 288C in a semi-micro cuvette. The Rev aggregation assay was also
done in the presence of an equimolar concentration of BSA~L!. The tur-
bidity was monitored at 360 nm as described in Materials and methods.
B: Protein B23 concentration dependence of inhibition of Rev aggregation.
Turbidity assays were performed as in panel A with increasing concentra-
tions of protein B23.1. The percent inhibition for each concentration of B23.1
was taken at the 20 min time point. The data are shown as means of three
determinations.C: Effect of protein B23 on temperature-independent ag-
gregation of the Rev protein. Aliquots of Rev solution~0.5 mg0mL in
50 mM sodium phosphate buffer, pH 7.0, containing 150 mM NaCl,
200 mM KCl, and 1 mM DTT! were dialyzed against 20 mM phosphate
buffer ~pH 7.0! containing 1 mM DTT at 48C. The samples included in-
creasing amounts of protein B23.1 as indicated by the ratios of Rev:B23.
The turbidity was measured at 360 nm after overnight dialysis. Data are ex-
pressed as the percentage of the maximum turbidity~Rev without added pro-
tein B23!. The data are shown as means of two determinations.
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insoluble fibrous material~Wingfield et al., 1991!. To test whether
protein B23 also inhibited the temperature-independent polymer-
ization of Rev, aliquots of Rev in high ionic strength buffer~ap-
proximately 400 mM! were dialyzed in micro dialyzer cassettes
against low ionic strength buffer~20 mM! at 48C. The samples
included various concentrations of protein B23.1. The turbidity
was measured as above after overnight dialysis. The samples con-
taining Rev alone showed the greatest level of turbidity, whereas
addition of increasing concentrations of protein B23 resulted in
decreasing turbidity~Fig. 1C!. As with the temperature-dependent
aggregation described above, the solutions were essentially clear
when the B23:Rev ratio was greater than one. The Rev protein also
has a tendency to polymerize and form filaments over a period of
several days at 0–48C, when its concentration is 1–2 mg0mL and
under moderate ionic strength conditions~Wingfield et al., 1991!.
Addition of protein B23 also completely prevented this time-
dependent Rev polymerization~data not shown!. Thus, the ability
of protein B23 to inhibit Rev aggregation can be seen under sev-
eral different conditions of ionic strengths and temperature.

Protein B23 protects several proteins
against thermal denaturation

The above studies provided evidence that protein B23 has chaperone-
like activity toward a protein with which it is known to interact. To

determine whether the protein has general chaperone activity, we
studied the effect of protein B23 on the thermal denaturation of
four enzymes that have previously been used as substrates for
chaperones: liver alcohol dehydrogenase~LADH !, carboxypepti-
dase A~CPA!, citrate synthase~CS!, and rhodanese. Light scatter-
ing measurements showed that at a concentration of 100mg0mL
LADH aggregated when the temperature was increased from 0 to
378C reaching maximum turbidity in about 40 min~Fig. 2A!.
However, when a 1:1 molar ratio of protein B23 was added to the
incubation medium containing LADH, the aggregation was nearly
completely prevented. The protein B23.2 isoform showed the same
anti-aggregation effect on LADH as did B23.1~not shown!, again
suggesting that the C-terminal end of protein B23.1 does not play
role in the chaperone activity. In control experiments the presence
of excess bovine serum albumin did not prevent the increases in
light scattering~data not shown!.

Similar analyses were performed on the other three enzymes;
the results were generally very similar to those obtained with LADH
when stoichiometric amounts of protein B23.1 was present during
denaturation. However, with CPA~Fig. 2B! and CS~Fig. 2C!, only
partial inhibition of aggregation was achieved at the 1:1 stoichi-
ometry. On the other hand, complete protection against aggrega-
tion was obtained under these conditions with rhodanese. In control
experiments, the presence of an equimolar concentration of BSA
did not alter the magnitude of aggregation~data not shown!.

A B

C D

Fig. 2. Effect of protein B23 on the thermal denaturation of various substrate proteins. The proteins were subjected to thermal
denaturation at the temperatures indicated below in the absence~d! or presence~C! of an equimolar concentration of protein B23.1
as described in Materials and methods. The turbidity was monitored at 360 nm.A: Horse liver alcohol dehydrogenase~378C!.
B: Bovine pancreatic carboxypeptidase A~488C!. C: Citrate synthase~438C!. D: Rhodanese~658C!. All data are expressed as means
of three experiments.
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Enzyme activity is a more sensitive measure of the native or
denatured state of a protein than the aggregation assay. Figure 3
shows the effect of protein B23 on the time course of thermal
denaturation of LADH as measured by enzyme activity. LADH
was incubated at 508C in the absence or presence of the protein
B23.1 isoform at a molar ratio of 1:1~B23:LADH!. During heat-
ing, LADH lost enzyme activity very rapidly, i.e., within 2 min.
However, when protein B23 was present the enzyme retained nearly
complete activity. In the control experiments not shown, it was
found that the addition of B23 to an untreated solution of LADH
did not influence the specific activity of the enzyme, nor did the
presence of BSA protect the activity of LADH under the condi-
tions used. Thus, protein B23 preserves the activity of LADH
under high temperature conditions.

Protein B23 promotes the renaturation of chemically
denatured proteins

Many molecular chaperones not only protect proteins against the
effects of elevated temperatures, but they are also capable of pro-
moting the refolding of denatured proteins. Two substrates, LADH
and rhodanese, were used to test for this possible activity in protein
B23. LADH was denatured in 6 M guanidine hydrochloride and
diluted 100-fold as described in Materials and methods. The cata-
lytic activity of the enzyme was measured after refolding in
the absence or presence of protein B23 at a molar ratio of 1:1
~B23:LADH!. Figure 4A shows the time course of reactivation of
LADH by protein B23. The enzyme was completely inactive after
denaturation and dilution, although there was a very slow restora-
tion of the activity after several hours at room temperature. How-
ever, when B23 was present, 76% of the original activity was
regained after 3 h, compared to only about 20% in the untreated
sample. In control experiments it was found that the addition of
B23 to a native solution of LADH did not influence the specific

activity of the enzyme~data not shown!. Furthermore, addition of
BSA to the renaturing solution did not accelerate the recovery of
enzyme activity~data not shown!.

Similar results were obtained when rhodanese was used as a
substrate for renaturation~Fig. 4B!. In this case only about 10% of
the original activity was regained 80 min after dilution of the
guanidine HCl in the absence of protein B23. However, the en-
zyme recovered more than 95% of its activity when incubated with
an equimolar quantity of protein B23 for 80 min at room temper-
ature. Thus, protein B23 not only prevents aggregation and pro-
tects catalytic activity but it is also able to promote the renaturation
of denatured proteins.

Protein B23 preferentially binds denatured substrates

Molecular chaperones generally prefer to bind denatured sub-
strates. To test this possibility, the interaction of protein B23 with
native or heat-denatured rhodanese was studied by sedimentation
analyses. Samples of protein B23 labeled with125I were mixed
with equimolar quantities of rhodanese and then heated at 658C for
60 min. The heated samples and unheated control samples were
subjected to analyses by sucrose density gradient centrifugation.

Fig. 3. Effect of protein B23 on the enzyme activity of liver alcohol de-
hydrogenase during thermal denaturation. LADH was incubated at 508C in
the presence~C! or absence~L! of protein B23.1 at a molar ratio of 1:1
~B23:LADH!. A LADH control without added protein B23.1 was kept at
228C ~▫!. The enzyme activities were assayed as described in Materials
and methods. All data represent the means of three experiments.

A

B

Fig. 4. Protein B23 promotes the renaturation of chemically denatured
liver alcohol dehydrogenase and rhodanese. Renaturation was done in the
absence~C! or presence~!!!! of equimolar quantities of B23.1 as described
in Materials and methods.A: LADH. The dashed lines indicate relative
activities between the 160 min and 16 h time points.B: Rhodanese.
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Figure 5A shows that under native conditions there was no inter-
action between rhodanese and protein B23. However, when the
heated mixture was analyzed under the same conditions, the two
proteins sedimented together and the enzyme activity of rhodanese
was preserved. In control experiments it was found that when
rhodanese was heated under the above conditions in the absence of
protein B23, no enzyme activity was retained and the protein be-
came insoluble, which precluded its analysis by sedimentation. On
the other hand, when protein B23 was heat-treated under the same
conditions, its sedimentation profile was nearly identical to that of
the untreated sample~not shown!. Similar experiments were per-
formed with carbonic anhydrase, with essentially the same results
~not shown!. Thus, protein B23 appears to preferentially bind de-
natured proteins.

Hydrophobic regions are exposed in
the B23-substrate complex

Compounds based on anilinonaphthalene have increased fluores-
cence when placed in nonpolar environments, enabling them to be
used as probes for hydrophobic regions induced by molecular chap-
erones~Martin et al., 1991; Mock et al., 1988!. To test the possi-
bility that hydrophobic regions are exposed when protein B23
interacts with a denatured substrate, the fluorescence of 1-anilino-
8-sulfonate~ANS! was monitored during the interaction of B23
with rhodanese under various conditions. Figure 6 shows that therewere only small differences in the fluorescence spectra of ANS in

the presence of native or denatured rhodanese. The ANS spectra
were also similar when taken in the presence of protein B23 with
or without added native rhodanese~Fig. 6, curves 2, 3!. However,
there was a major increase in fluorescence and a shift toward lower
wavelengths when a complex was formed between denatured rho-
danese and protein B23~Fig. 6, curve 1!. The ANS fluorescence
spectrum in the presence of B23 and denatured rhodanese was
stable for several hours~not shown!, suggesting that the altered con-
formation was maintained as long as the complex was not disso-
ciated. Thus, the formation of the complex between denatured
rhodanese and protein B23 induces conformational changes resulting
in the exposure of hydrophobic regions in one or both of the proteins.

Discussion

The current studies are the first to show molecular chaperone
activities in a nucleolar protein. Protein B23 has several activities
that are typically found in chaperones:~1! inhibition of temperature-
dependent and -independent aggregation of proteins,~2! sup-
pression of protein aggregation due to thermal denaturation,
~3! protection of enzymes against activity loss during thermal de-
naturation, and~4! promotion of the renaturation of chemically-
denatured proteins. Numerous reports in the recent literature have
shown that molecular chaperones have one or more of these ac-
tivities. For example,aB-crystallin is considered to be a molecular
chaperone by virtue of its ability to protect LADH against thermal
denaturation~Muchowski et al., 1997!. The small heat shock pro-
teins, Hsp25 and Hsp27, prevent aggregation under heat shock
conditions and promote the refolding of the model substrates citrate
synthase anda-glucosidase after chemical denaturation~Jakob
et al., 1993!. Finally, Hsp90 is able to suppress the aggregation of
denatured citrate synthase and enhance its reactivation~Wiech
et al., 1992!.

Not only does protein B23 have molecular chaperone activities,
but the current studies also suggest that the mechanisms of these

B

A

Fig. 5. Sedimentation analysis of125I labeled protein B23- rhodanese com-
plexes. Equimolar mixtures of protein B23 and rhodanese were subjected
to sucrose density gradient sedimentation as described in Materials and
methods~A! before or~B! after 60 min of thermal denaturation at 658C.
The radioactivity of125I-labeled protein B23~solid line! and enzyme ac-
tivity of rhodanese~dotted line! are indicated.

Fig. 6. ANS fluorescence emission spectra of protein B23- substrate com-
plexes. The curve numbers indicate the samples that contained:~1! equi-
molar concentrations of B23 and denatured rhodanese,~2! equimolar
concentrations of B23 and native rhodanese,~3! B23 alone,~4! denatured
rhodanese alone, or~5! native rhodanese alone. Curves shown are the
average of three emission spectra with excitation at 390 nm.
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activities are similar to those of other chaperones, i.e., preferential
binding to denatured substrates and exposure of hydrophobic sur-
faces. The preference for binding unfolded or non-native substrates
is typical of chaperones, e.g., with Hsp90 or the small heat shock
proteins~Jakob & Buchner, 1994!. The exposure of hydrophobic
regions during protein folding is also observed in the chaperonins,
including GroEL~Martin et al., 1991! or the eukaryotic equivalent
TCP-1~Norcum, 1996!. Thus, it is likely that protein B23 utilizes
mechanisms frequently employed by other chaperones.

Most molecular chaperones operate through repeated cycles of
binding and release of substrates until the correct conformation is
achieved~Buchner, 1996!. Typically, the substrate release is cou-
pled with ATP hydrolysis~Hendrick & Hartl, 1995!. However, the
sedimentation studies presented here indicate that B23-substrate
complex is relatively stable, and the substrate is not released under
the conditions used. It is interesting that the enzyme activities were
also largely preserved in these complexes. This suggests that the
proteins bound to protein B23 were sufficiently renatured to main-
tain nearly complete activity, while still retaining some altered
conformation. This is supported by the ANS binding studies show-
ing that the enhanced fluorescence was sustained for several hours
in the complexes formed under denaturing conditions. Although
recent studies have shown that protein B23 binds ATP~Chang
et al., 1998!, we have neither observed protein B23-catalyzed hy-
drolysis of ATP in the presence or absence of substrate, nor seen
any effect of ATP on the activities tested. This suggests that in vitro
the interaction of B23 with the substrate is governed by simple
association-dissociation thermodynamics with no active mecha-
nism for release of substrate as seen with the Hsp70 and chaper-
onin classes of chaperones~Ruddon & Bedows, 1997!. The lack of
ATPase activity or energy-dependent release of substrate is typical
of Hsp90 and the small heat shock proteins~Jakob & Buchner,
1994!, including aB-crystallin ~Buchner, 1996!. However, it is
likely that other unidentified factors or co-chaperones are required
for the complete cycle of activity for these chaperones as well as
for protein B23.

Although the amino acid sequence of protein B23 bears very
little resemblance to other well-characterized chaperones, it does
contain segments similar to those found in certain chaperones. For
example, Hsp90 contains highly charged regions~Jakob & Buch-
ner, 1994! with some resemblance to similar segments near the
center of the protein B23 molecule~Chang & Olson, 1990!. In
either protein, the function of these highly charged segments is not
clear. In protein B23, this portion of the molecule contains two
highly acidic regions separated by a positively charged segment.
This part of the molecule has been proposed to interact with nu-
clear localization signals of other proteins~Szebeni et al., 1995,
1997!, and it may confer preferential affinity for proteins destined
for the nucleus. In addition, the protein B23.1 sequence contains
regions of similarity to prolyl cis-trans isomerases, including one
found in Drosophila ~Theopold et al., 1995! and another in yeast
nucleoli ~Shan et al., 1994!. However, in unpublished work, we
were unable to show any prolyl cis-trans isomerase activity in
recombinant protein B23. Thus, it is difficult to assess the signif-
icance of the structural similarities between protein B23 and other
chaperones.

What are the physiological roles of the protein B23 chaperone
activity? Since protein B23 is predominantly located in the nucle-
olus, it is likely that its primary functions are performed there. The
nucleolus is a very dense organelle~Busch & Smetana, 1970;
Hadjiolov, 1984! in which there is a highly crowded environment.

A large number of proteins at high concentrations must find their
way to specific binding sites without aggregating with themselves
or with other proteins. The need for chaperones in the nucleolus is
strongly suggested by the earlier observation that the nucleolus is
a major location of Hsp70 under conditions of thermal stress,
presumably for protection of partially assembled ribosomes and
the assembly apparatus~Welch & Feramisco, 1984!. Under normal
physiological conditions, protein B23 could perform similar func-
tions. It has been shown that protein B23 is associated with pre-
ribosomal particles~Olson et al., 1986!, and that it interacts with
other nucleolar proteins such as nucleolin~Li et al., 1996! and
p120~Valdez et al., 1994!. The natural substrates for protein B23
could include these or other nucleolar proteins or ribosomal pro-
teins. Ribosomal proteins tend to be insoluble when they are not
contained in ribosomes; i.e., denaturing conditions are required for
fractionation or manipulation. Thus, protein B23-ribosomal pro-
tein complexes could serve as a transitional phase in the assembly
of proteins into ribosomes. Since protein B23 is known to engage
in nucleocytoplasmic shuttling~Borer et al., 1989!, it is tempting
to speculate that the natural substrates combine with protein B23 in
the cytoplasm where it could even participate in cotranslational
protein folding~Fedorov & Baldwin, 1997!. The natural substrates
could then be delivered to the nucleolus complexed with protein
B23.

A secondary function of protein B23 appears to be related to the
nucleolar accumulation of unnatural components such as viral pro-
teins. One of these is the HIV-1 Rev protein, which is essential for
regulating the HIV-1 mRNA splicing pattern. The Rev protein is
known to localize in the nucleolus and to interact with protein B23
~Fankhauser et al., 1991!. The tendency of Rev to aggregate under
physiological conditions suggests that it would have difficulty mov-
ing about the cell in the absence of interacting molecules. The
ability of protein B23 to prevent Rev aggregation may be impor-
tant in optimizing its mobility and enhancing the efficiency of the
virus particle production. Indeed, the importance of chaperone
activities in viral function is becoming increasingly clear; e.g., the
DnaJ0hsp40 domain of the SV40 large T antigen promotes effi-
cient viral DNA replication~Campbell et al., 1997!. It is hoped that
future studies will identify the in vivo substrates for protein B23
and elucidate the precise role of its chaperone activities.

Materials and methods

Proteins and peptides

Recombinant proteins B23.1 and B23.2 used in these studies were
produced inEscherichia coliand purified essentially as previously
described~Umekawa et al., 1993! except that the respective cDNAs
were inserted into the pET 11c vector~Novagen, Madison, Wis-
consin! for expression. The cDNA for the HIV-1 Rev protein was
also inserted into pET11c and expressed inE. coli. The Rev pro-
tein was purified from crude extracts fromE. coli as described
previously~Karn et al., 1995! and refolded as described in Wing-
field et al. ~1991!.

Aggregation assays with the Rev protein

The Rev aggregation assay was based on the observation by Wing-
field et al. ~1991! that under certain conditions the protein aggre-
gates when the temperature is raised from 0 to 288C. The Rev
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protein was dissolved in 50 mM phosphate buffer containing
150 mM NaCl, 200 mM KCl, 1 mM DTT, and 1 mM EDTA
~pH 7.2!, and the protein concentration was adjusted to 0.1 mg0
mL. Ice-cold Rev solution was placed in a spectrophotometer cu-
vette and the temperature was raised from 4 to 288C over a 2 h
period, during which the absorbance was monitored at 360 nm. For
the temperature-independent assay, the Rev protein was dialyzed
against 50 mM phosphate buffer containing 1 mM DTT~pH 7.2!
at 48C in the presence or absence of equimolar quantities of pro-
tein B23. The turbidity was monitored at 360 nm over a period of
several days.

Thermal denaturation of proteins

Freeze-dried horse liver alcohol dehydrogenase~LADH ! was ob-
tained from Fluka~Buchs, Switzerland!, and used in an aggrega-
tion assay similar to that used with the Rev protein. The aggregation
of LADH was monitored by measuring the apparent absorbance at
360 nm in a spectrophotometer at 378C. Ice-cold LADH solution
~50 mg0mL in 20 mM Tris0HCl buffer, pH 7.4! with or without
various concentrations of added protein B23 was placed in the
cuvette and the turbidity was recorded automatically for 1 h. En-
zyme activity of LADH was assayed in 50 mM sodium phosphate
buffer ~pH 8.0! containing 0.2 mM NAD and 1 mM ethanol in a
final volume of 1 mL and the rate of reduction of NAD1 was
monitored spectrophotometrically at 340 nm according to the method
of Guagliardi et al.~1995!. Bovine pancreatic carboxypeptidase A
~CPA! was obtained from Calbiochem~San Diego, California! as
an aqueous crystalline suspension. The crystals were washed ac-
cording to the instructions provided and then dissolved in 50 mM
Tris0HCl ~pH 7.5! containing 0.5 M NaCl. The protein concen-
tration was determined with the Bio-Rad protein assay~Bradford,
1976!. Thermal aggregation of CPA at a concentration of 4.5mM
was measured as above at 360 nm in a spectrophotometer cuvette
held at 488C for up to 60 min. Porcine heart citrate synthase
~Sigma, St. Louis, Missouri! at 4.5mM was subjected to thermal
denaturation at 438C, the course of which was followed by light
scattering as described by Buchner et al.~1998!.

Denaturation and refolding of LADH and rhodanese

LADH was denatured for 20 min in 6 M guanidine-HCl in 0.1 M
phosphate buffer~pH 7.6! containing 0.5 mM DTT and then sep-
arated from metal ions on a Sephadex G25 column equilibrated in
0.1 M phosphate buffer~pH 7.6! containing 6 M guanidine-HCl
and 5 mM EDTA as described by Jaenicke and Rudolph~1990!.
The denatured protein fraction was used for refolding assays after
100-fold dilution with 0.1 M phosphate buffer~pH 7.6! containing
0.5 mM DTT and 3mM ZnCl2 at room temperature. Aliquots from
the diluted mixture were used to measure the enzyme activity.
Rhodanese activity during renaturation subsequent to guanidine
HCl denaturation was measured essentially as described by Tagu-
chi and Yoshida~1998!. The final concentration of either enzyme
was 50mM during the renaturation experiments.

Sucrose density gradient ultracentrifugation

Protein B23 was labeled with125I as previously described Szebeni
et al. ~1997!. Rhodanese~250 mg0mL! was incubated with an
equimolar concentration of labeled protein B23 at room tempera-

ture or at 658C for 30 min in 50 mM Tris-HCl buffer~pH 7.8!.
After incubation the samples were layered onto 5–30% linear su-
crose gradients in the same buffer and centrifuged in a Beckman
SW41 rotor for 18 h at 38,000 RPM. Fractions~0.5 mL! were
collected and the radioactivity of protein B23 and the enzyme
activity of rhodanese were measured.

ANS fluorescence measurements

Denaturation of rhodanese was carried out as described by Norcum
~1996! with minor modifications. Rhodanese~2 mg0mL! in the
presence or absence of protein B23 was denatured in guanidine
HCl for 2 h at room temperature prior to taking the fluorescence
measurements. The binding of the hydrophobic dye 1,8-ANS was
measured using excitation at 390 nm and monitoring the fluores-
cence emission between 450 and 550 nm.
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