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The amount of folded functional protein in a cell is controlled by a number
of factors, including the relative rates of its biosynthetic and specific
degradation processes, and its intrinsic thermodynamic stability. Mutation-
induced loss of stability is a common cause of disease. Many oncogenic
mutants of the tumour suppressor p53, for example, reduce the intrinsic
thermodynamic stability of the protein in vitro. We have analysed the level
of recombinant folded human p53 core domain (p53C) and its mutants in
Escherichia coli spanning a stability range of 6 kcal/mol to assess the ef-
fects of intrinsic thermodynamic stability in vivo in the absence of specific
ubiquitin-mediated pathways in human cells. The levels of folded protein
were measured fluorimetrically in living cells by fusing the gene of p53C
upstream to that of green fluorescent protein and measuring the fluo-
rescence relative to a control at various temperatures. At a fixed tem-
perature, the amount of fluorescence is correlated with the thermodynamic
stability of the mutant. The level of each protein varied with temperature
according to a sigmoid curve that paralleled the melting in vitro, but the
apparent T,, was lower in vivo, because steady-state levels are observed
rather than true thermodynamic equilibria. Our results show clearly that
changes in the intrinsic thermodynamic stability of p53 reduce the level of
folded and hence functional p53 substantially in E. coli, and provide insights
into the correlation between protein instability and disease at the cellular
level.
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rily evolved to maximum stability." Certain pro-
teins may have to be sufficiently unstable for their
levels and location to be regulated. Degradation,
trafficking by unfolding and refolding reactions
assisted by chaperones, and proteoly51s may well
require a certain degree of instability,> and some
proteins may be on the verge of instability. Even
relatively small mutation-induced changes of the

Introduction

Does the thermodynamic stability of a protein
determine its fate in the cell? Early protein engineer-
ing studies showed that proteins have not necessa-
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thermodynamic stability of a protein may, therefore,
have profound biological consequences, as in the
case of the tumour suppressor protein p53, which is
mactlvated by mutation in about half of all human
cancers.*

The effects of mutations on thermodynamlc
stability in vitro are well documented.” Although
several elegant studies revealed aspects of protein
stability in vivo,” "' we still do not fully understand
how the reversible unfolding of proteins in the test-
tube relates to the environment of the cell. There are
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effects of molecular crowding,'*'® molecular chap-

erones,'*'” and proteolytic degradation.'® Macro-
molecular crowding may increase protein stability
by energetically favouring the compact folded versus
the loose denatured state and favour the association
of macromolecules, thereby increasing aggregation
tendencies.'>'"*° Above all, the level of a protein in
a cell may not reflect its thermodynamic stability
because its concentration is in the steady state,
which is in a balance between its rate of biosynthesis
and rate of decay, the latter being a function of
spontaneous denaturation and aggregation as well
as specific biological processes such as targeted
proteolysis. However, thermodynamic stability may
well be a contributing factor.

p53 is a tetrameric multi-domain transcription
factor that regulates several cellular processes.”
It consists of a natively unfolded N-terminal do-
main,”> a folded DNA-binding core domain
(1953C),26 a folded tetramerization domain,” and a
natively unfolded C-terminal domain.”®*>° The
overall stability of the protein is dictated by its
DNA-binding core domain,®' the equilibrium fold-
ing-unfolding transition of which fits to an apparent
two-state model.”> Most cancer-associated p53
mutations are found in this domain.*> These muta-
tions have been classified in vitro according to their
DNA-binding and thermodynamic stability proper-
ties.* A large number of cancer mutations reduce
the thermodynamic stability of the core domain,
resulting in local distortions or global unfolding.*>*
The classic temperature-sensitive mutant V143A, for
instance, is destabilized by more than 3 kcal/mol
in vitro. Conversely, the engineered thermostable
quadruple mutant M133L/V203A/N239Y/N268D
(T-p53C), which retains the overall structural and
functional features of the wild-type, is stabilized by
2.5 kcal/mol.>>%¢

The level of p53 in human cells has contributions
from specific degradation pathways (via ubiquitina-
tion and proteosomal degradation) and from its
inherent instability.””* By using Escherichia coli, it is
possible to isolate the effects of inherent instability,
which we believe may be an important factor,
especially as we have recently shown that Nature
has made p53 to be deliberately unstable by having
unfulfilled buried hydrogen bond donors and ac-
ceptors.® We developed a bacterial system to moni-
tor protein stability in a cellular environment using
E. coli as a paradigm for macromolecular crowding,
because the content of macromolecules in its cell is
well described.'”?' Our rapid protein-folding assay
in E. coli (Figure 1) is based on the (enhanced) green
fluorescent protein, EGFP.** The target protein is
fused to the N terminus of EGFP, which fluoresces
only when the upstream target protein is expressed
in a soluble form.””> We found that the rapid
protein-folding assay in E. coli parallels the stability
of p53 mutants in vitro, highlighting the importance
of the inherent thermodynamic stability for the
folding state in vivo. The results should be relevant
to other proteins of similar stability expressed in
E. coli.

Results

The stability of p53 and its mutants correlates
with fluorescence at 37 °C

We chose wild-type p53 core domain (residues
94-312) and a set of seven mutants for which
the difference in protein stability covers a range of
6 kcal/mol in vitro from the stabilized mutant
T-p53C, to the highly destabilized mutant p53C-
V143A (Figure 2).31,343540 We established whether
we could detect mutation-induced stability changes
using the rapid protein-folding assay based on the
fluorescence of EGFP fused to p53C (Figure 1).
We fused the gene of EGFP downstream to that of
p53C and its mutants, separated by a short flexible
linker of 16 amino acid residues, composed mainly of
glycine interspersed with serine. The fusion protein
was expressed in E. coli cells by induction and
growth at 37 °C, and the fluorescence was measured
in the living cells. No leaking of the fusion pro-
tein into the surrounding medium was detected.
The normalized fluorescence value (%RFU-EGFP),
which equals the fluorescence normalized to that of
EGFP expressed without being fused to p53, was
calculated for the different p53-EGFP fusion protein
constructs (see Materials and Methods). We found
higher fluorescence values for the more stabilized
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Figure 1. Mechanism of the rapid protein-folding
assay in Escherichia coli. We used a modification of the
rapid protein-folding assay first described by Waldo et
al.*? in which a test protein is fused to the N terminus of
GFP. In our system, the target protein p53C is fused to the
N terminus of EGFP. When p53C is unfolded, it interferes
with the early stage of the EGFP folding pathway,
preventing EGFP from folding properly and forming a
fluorescent EGFP protein. If p53C is fully folded, however,
it does not interfere with the EGFP pathway and the
formation of the chromophore occurs. Accordingly, the
intensity of the fluorescence signal is proportional to the
amount of folded target protein. For a given temperature,
the amount of folded protein is determined by the
thermodynamic stability of the target protein. In the in
vivo assay, additional factors such as proteolysis may have
an influence on the observed fluorescence signal.
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Figure 2. Relative stabilities of p53 core domain
(p53C) and its mutants. Relative stabilities are given as
AAG values (kcal/mol). AAG is defined as the difference
in the stability AG of a particular mutant and wild-type
p53C, and it monitors the stability changes of p53C in-
troduced by mutation. A stabilizing mutation results in a
negative AAG value, and a destabilizing mutation gives a
positive AAG value, whereas p53 wild-type has by defi-
nition a AAG=0. AAG values derived from urea dena-
turation studies for the wild-type and the various mu-
tants were taoken directly, or calculated, from published

work.31’34’35’4

mutants relative to the destabilized mutants at a
given temperature (Figure 3(a)). For example, at
37 °C the T-p53C mutant, which is stabilized by 2.5
kcal/mol, shows a fluorescence value of 48% RFU-
EGEFP, whereas the wild-type fusion protein has a
fluorescence value of 19% RFU-EGFP. The mutant
p53C-V143A, which is destabilized by 3.5 kcal/mol,
has the lower value of 15% RFU-EGFP. These results
show that our assay can discriminate between stable
and unstable p53 protein.

Thermodynamic stability of the p53 core domain
upon fusion to EGFP

We monitored the thermal unfolding of wild-type
p53 core domain and the corresponding EGFP
fusion protein in vitro by differential scanning calo-
rimetry to establish whether the fusion to EGFP has
an effect on the thermodynamic stability of the core
domain. We have found that under conditions of
rapid heating, the melting temperature (T,,) for
p53C is the same as that measured by true reversible
denaturation procedures.”’ For both isolated p53C
and the p53C-EGFP fusion protein, a thermal
unfolding process with an apparent Ty, of 45 °C
was observed, indicating that the thermodynamic
stability of p53C is not affected by the fusion to
EGFP (Figure 4). The fusion protein showed a
second major thermal transition with an apparent
Tm of 86 °C, which is in good agreement with the T,

of 83 °C for isolated EGFP determined by Nagy et al.
at a similar pH but lower ionic strength and by
applying slower heating rates.*'

Folding detected by fluorescence correlates
with analysis by Western blots

Thermodynamic stability changes caused by
mutations have an impact on the fraction of folded
protein at equilibrium. Similar levels of total protein
synthesized would be expected using the same pro-
tein expression system for the different mutants in
bacterial cells. But, at a given temperature, a more
stable protein would exist in a higher proportion in
the folded soluble fraction compared with a desta-
bilized one. We examined, therefore, whether we
could correlate the fluorescence measured in vivo
with the concentration of soluble folded protein
estimated by Western blot analysis.

All p53 mutants were expressed in the same
vector and produced in E. coli at 37 °C. The samples
were diluted to the same cell number (Agyy). We
could not determine the expression levels accurately
by staining with Coomassie brilliant blue because of
the background of E. coli proteins. The expression
levels and the soluble fractions of the fusion pro-
teins were analysed, instead, by Western blots using
an EGFP antibody (see Materials and Methods). We
observed the same expression level of fusion protein
for all the mutants in the whole cell fraction (Figure
3(b)). In the soluble fraction, which was assumed
to contain folded protein only, we detected a band
with an apparent molecular mass of approxi-
mately 52 kDa for p53C (Figure 3(c)), which is in
good agreement with the expected mass of 53 kDa
for the fusion protein. We observed a strong band
for T-p53C and a decrease in the band intensity
of T-p53C-G245S and T-p53C-R249S. For wild-type
and the other mutants, we detected almost no
soluble protein. These findings show a good agree-
ment between the measured fluorescence values in
vivo and the folding state detected by Western blot
analysis at 37 °C (Figure 3).

Detection of changes in folding state of
p53-EGFP in vivo with temperature

Lowering the temperature shifts the equilibrium
between native and denatured states of a protein to
the native state, and thus increases the amount of
soluble and folded protein. We investigated whether
the decrease in temperature gave an increase in
fluorescence in our assay.

Cells expressing p53 fusion proteins were grown
at 37 °C before induction, then shifted to various
temperatures ranging from 25 °C to 37 °C. All the
fusion proteins, grown at one specific temperature,
were expressed in parallel. The fluorescence value
(%RFU-EGFP) for p53C fusion protein and its mu-
tants was measured. For T-p53C-R249S, for exam-
ple, we found that a stepwise temperature decrease
from 37 °C to 25 °C resulted in a significant increase
in the fluorescence value from 30% at 37 °C, to 58%
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Figure 3. Fluorescence and Western blot analysis of the expression levels of p53C-EGFP fusion protein at 37 °C. (a)
The folding state of p53C fused to EGFP detected in vivo by fluorescence spectroscopy. Normalized relative fluores-
cence units (% RFU-EGEFP) for wild-type p53 and several mutants with various thermodynamic stabilities (AAG values;
kcal/mol). (b) Expression level of the p53C-EGFP fusion protein (53 kDa) in E. coli cells analyzed by Western blot. The
whole cell fraction shows the expression level of p53C-EGFP fusion protein and its mutants, and that the total amount
of expression of the soluble and insoluble fraction of the p53C fusion protein is the same. (c) Western blot analysis of
the soluble fraction, which was extracted from the whole cell fraction, shows the amount of soluble p53C-fusion
protein, which is dependent on its stability. From lanes T-p53C to T-p53C-R249S we can detect a decrease in the amount
of soluble protein, lanes p53C to p53C-V143A have almost none.

at 33.5 °C, reaching saturation of fluorescence with
a value of 74% at 30 °C and 70% RFU-EGEFP at 25 °C
(Figure 5(a)). We found a good correlation between
fluorescence and the amount of folded protein at
the different temperatures (Figure 5(a) and (b)).
For example, at 33.5 °C we measured %RFU-EGFP
values for T-p53C, T-p53C-G245S and T-p53C-R249S
of 63%, 64% and 58%, respectively, and we detected
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Figure 4. Thermal denaturation of isolated p53C (red
line) and p53C fused to EGFP (blue line). The thermal
unfolding was monitored by differential scanning calori-
metry in 25 mM phosphate buffer (pH 7.2), 150 mM KCl,
5 mM DTT at a heating rate of 250 deg.C/h.

strong bands for T-p53C, T-p53C-G245S and a
slightly weaker band for T-p53C-R249S by Western
blot analysis. This fluorescence-solubility correla-
tion was detected also at 30 °C and 25 °C. The
Western blot results of the soluble fraction at 33.5 °C
revealed more mutants with a strong band at
53 kDa than those at 37 °C, showing the effect of
temperature change. At 37 °C, only T-p53C showed
a strong band, whereas at 33.5 °C T-p53C as well as
T-p53C-G245S showed a strong band (Figure 5(b)).
Altogether, these results show that it is possible to
monitor the folding state of a p53C fusion protein in
vivo at different temperatures.

Aggregation, degradation and proteolysis can
influence the sensitivity of the in vivo stability
assay

Denatured or misfolded protein is prone to
aggregation, degradation and proteolysis. Under
certain conditions, proteolytic degradation may
produce stable and soluble fragments. Our Western
blot analysis showed the expression level of the
intact soluble p53C fusion protein, and we observed
soluble degradation products with apparent mole-
cular mass less than that of the fusion protein but
greater than that of the EGFP protein alone (Figures
3(c) and 5(b)). As EGFP is known to be resistant to



272 Stability of p53 Core Domain in Vitro and in Vivo

w [42] w w
(a) 2 2 I o o < (b) g 2 I 0 o <
o S o 0 o ) o Al 2 g g g
100- 11 ey 3§ F i T & g 8 & =
Q0 Q S =8 8 8 = 9 9 g 3 ¢ 9 a >
2 3 Boo O O 9 2 8 8 o 0o o o o
a o 8 M M 2] ™ ™ a o a g % 8 B g
‘ . t 288 8 9§ ‘2 F - F @ 8 a a9 a
80 = = = oo o o o
. ;
o e S s e 37°C
G 604 “'-{,\. - e 33.5°C
w L
2 | -
TH 30°C
o
2 . . 25°C

(c)

100 ‘;_‘*“IL—';"_":"()--A
. e .
AN \A\ o
80 .
£ \Q \
= \ N\
o \
5 60 &
3 \ \
<
o ‘\ \
£ 404 \
o .
& )‘-._ N x 37 °C
20 \-,‘ =
&
i N 40°C
ol c—-._ X 43°C
47 °C
T T T T T T 1

-3 -2 -1 0 1 2 3 4
Relative protein stability AAG (kcal/mol)

Figure 5. Folding state of p53 core domain in vivo and in vitro. (a) The folding state of the p53 core domain fused to
EGFP at different temperatures detected in vivo by fluorescence spectroscopy. Normalized relative fluorescence units (%
RFU-EGFP) for p53 wild-type and various p53 mutants with various thermodynamic stabilities (A AG values; kcal /mol)
at 37 °C (continuous line), 33.5 °C (dot-dash line), 30 °C (broken line) and 25 °C (dotted line). The different p53 core
domain variants studied are T-p53C (#), T-p53C-G245S (M), T-p53C-R249S (@), p53C (<), p53C-R273H (A), p53C-G245S
(£1), p53C-R249S (O) and p53C-V143A (x).The mutants are arranged in order of decreasing thermodynamic stability from
T-p53C on the left to V143A on the right. (b) Soluble fraction of p53C-EGFP fusion protein and its mutants at different
temperatures detected by Western blot analysis. Decreasing the temperature from 37 °C to 25 °C produces a dramatic
increase in solubility of the p53C fusion protein and its mutants. The proteolytic activity increases from the stable mutant
T-p53C to the unstable p53C-V143A as shown at 25 °C (see the text for details). (c) The folding state of the p53C and its
mutants in vitro at 47 °C, 43 °C, 40 °C and 37 °C. The amount of folded protein at these temperatures was calculated for
T-p53C (#), T-p53C-G245S (M), T-p53C-R249S (@), p53C (<), p53C-R273H (A), p53C-G245S (1), p53C-R249S (O) and
p53C-V143A (x) by using data obtained from urea-denaturation studies (see Materials and Methods for further details).
The melting temperature (Ty,,) of p53 core domain under the experimental conditions employed was 43 °C (continuous
line). At temperatures above Ty, the amount of folded p53 and its mutants decreases significantly, as shown for 47 °C, and
at temperatures below T}, the amount of folded p53 and its mutants increases, as shown for 40 °C and 37 °C.

many proteases,*> we hypothesized that p53C itself
was cleaved by a protease, creating shortened fusion
protein fragments with intact EGPF, which may also
have fluorescence activity and affect the apparent
magnitude of fluorescence of the intact fusion
protein. The amount of the soluble proteolytic
fragments correlated inversely with the stability of
the p53C mutant in question: the smallest amount of
fragments was observed for T-p53C and the largest
amount for the highly destabilized p53C-V143A

mutant (Figure 5(b), 25 °C). Further, when the
temperature was decreased, we detected an increase
in shortened, soluble fragments for all mutants of
p53C by Western blot (Figure 3(c), 37 °C and Figure
5(b), 25 °C). And, because of the increase of
proteolytic fragments when the temperature was
lowered, we detected an increase in background
fluorescence (% RFU-EGFP) (Figure 5(a)). We con-
clude that at lower temperature the proteolytic
intermediates were stable and soluble, and could,
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therefore, show fluorescence activity. The fluores-
cence arising from these intermediates might have
masked differences in fluorescence for mutants
with a lower level of stability than wild-type p53C
(p53C-G245S, p53C-R249S and p53C-V143A)
(Figure 5(a)).

Full-length p53 in vivo

Similar experiments were performed with full-
length p53 protein fused to EGFP. Consistent with
earlier results for the core domain, we found higher
fluorescence values when cells expressed p53-EGFP
fusion protein at lower temperature. At 25 °C, wild-
type p53-EGFP fusion protein produced a fluores-
cence value of 18% RFU-EGFP, while at 37 °C, this
decreased to 6% RFU-EGFP. There was, however, no
detectable difference between different mutants of
full-length p53 (data not shown). Western blot using
EGFP antibodies showed a band for T-p53 in the
soluble fraction, which agreed well with an expected
mass of 72 kDa for the fusion protein. We did not,
however, detect a soluble full-length fusion product
for the unstable mutant p53-V143A, but a lower
molecular mass species greater in size than EGFP
was observed. Again, this fragment is most likely a
proteolytic product that exhibits fluorescence activ-
ity. From T-p53 to the unstable p53-V143A mutant,
an increase in the amount of proteolytic fragments
and a decrease in the amount of full-length protein
were observed (data not shown). This trend is con-
sistent with a seminal study on mutants of the \
repressor, showing that thermal stability is a key
determinant of the proteolytic susceptibility of this
protein in E. coli.® We could not use the fluorescence-
based assay to detect stability differences of full-
length p53 because of proteolysis, and, for that
reason, we conclude that this kind of stability mea-
surement cannot be performed if the target protein is
susceptible to proteolysis.

Discussion

In this study, we used a rapid folding assay with a
wide range of stability mutants of p53, an important
protein in the prevention of cancer development, to
demonstrate the real-time effects of mutations on
thermodynamic stability in vivo. The level of a
protein in a cell is controlled by a number of factors
and depends on the balance between rate of bio-
synthesis and degradation, denaturation and aggre-
gation. Several studies on the thermodynamic
stability of p53 have been done in vitro,3!-323% but
the effects on the folding state in vivo have not been
measured. With our real-time EGFP assay, where
the levels of folded p53 were measured fluorime-
trically in the living cells, we were able to detect
differences in thermodynamic stability at a given
temperature. Even shifts in the folding state upon
temperature change were monitored. Remarkably,
the amount of fluorescence correlated with the ther-
modynamic stability of the mutant. Thermodynamic

stability changes introduced by mutational changes
in the protein showed similar effects on the folding
state in vivo and in vitro.

Comparison of protein stability in vitro and
in vivo

On the basis of the published T, of 43 °C,** we
calculated the fraction folded for p53C and differ-
ent mutants in a temperature range of 37 °C to 47 °C,
close to the calculated T, of p53 core domain in vitro
(Figure 5(c); see Materials and Methods for the
calculation). We compared the predicted state of
folding of p53C in vitro with the observed folding
state of the different p53 mutants at different tem-
peratures in vivo (relative EGFP fluorescence values;
Figure 5(a)) and estimated an apparent T, in vivo.
The position of the mutant is dependent on its
stability relative to wild-type, hence T-p53C, which
is 2.5 kcal/mol more stable than wild-type, has a
value of —2.5 on the x-axis and p53C-V143A which is
3.5 kcal/mol less stable than wild-type has a value
of 3.5 on the x-axis. As expected, the observed fold-
ing state of different p53 mutants in vivo is governed
by their intrinsic thermodynamic stabilities and
is therefore, temperature-dependent. There were,
however, systematic deviations from the theoreti-
cally expected folding states. The curves based on in
vivo fluorescence data were shifted to lower tem-
peratures compared with the calculated curve
progressions based on in vitro data, indicating that
the apparent T, of the core domain in the bacterial
system is lower than the value determined on the
basis of urea-denaturation studies in vitro. For ex-
ample, in the bacterial system, T-p53C was partially
folded at 37 °C and reached a plateau that represents
the fully folded state at 33.5 °C, 30 °C and 25 °C.
Based on the in vitro data, however, T-p53C should
be partially folded at 47 °C and reach the plateau at
43 °C and below (Figure 5(c)). Similarly, for T-p53C-
R249S the plateau is reached at 30 °C and 25 °C in
vivo, although on the basis of the in vitro data it
should reach a plateau at 40 °C and lower.

When the folding state of different mutants at the
same temperature was analysed, an interesting
correlation between the sigmoidal experimental
curves, based on in vivo data (Figure 5(a)), with the
sigmoidal theoretical curves, calculated from in vitro
data was observed (Figure 5(c)). For example, the
fluorescence curve progression from T-p53C to
p53C-V143A at 37 °C resembled the progression of
the predicted folding state curve at 47 °C. In both
cases, the curves did not reach a plateau, the state
where p53C is fully folded, and the decrease in
folded protein or fluorescence looked similar. If
the effects of proteolysis were taken into account,
then there was also a clear similarity between the
theoretical curve at 43 °C and the experimental
curve at 33.5 °C, between the theoretical curve at
40 °C and the experimental curve at 30 °C, and
between the theoretical curve at 37 °C and the
experimental curve at 25 °C. This suggests that the
system as a whole is shifted to lower temperature,
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and that the apparent melting temperature mon-
itored in E. coli is ~10 deg.C lower than the theo-
retical meltmg temperature of 43 °C based on the in
vitro data.>* Accordingly, an apparent Ty, of ~33 °C
was estimated for the p53C-EGFP fusion protein in
this specific E. coli system. However, in the context
of the cell, this is an apparent Ty, and not the actual
Ty, The reason for the difference in apparent T,
is that a true thermodynamic equilibrium is mea-
sured in vitro but the protein is present at steady-
state levels in vivo. The concentration in the cell is
given by a balance between the rate of biosynthesis
(V) and its rate of breakdown by factors such as
spontaneous aggregation and proteolysis (kp and
kp). The steady-state level is not the same as the
thermodynamic equilibrium but clearly has a
component directly related to the thermodynamic
stability. The p53 steady-state level is given by the
equation:

(P53l = Vi/ (ko + ko)
where kp correlates with the thermodynamic equl-
librium constant K., as shown by Friedler et al.*’
Studies of mutants of the N repressor show that the
rate of proteolysis in E. coli is directly correlated with
the thermodynamic stability of the protein.® All in
all, the results presented here show that thermo-
dynamic stability has an important effect on the
level of p53 in the cell.

In human and mouse cell lines, p53 protein levels
are tightly regulated via a complex auto-regulatory
network, which involves E3 ubiquitin ligases, such
as HDM2/MDM2 that bind to p53 and promote its
ubiquitination and subsequent degradation.”” ™ E.
coli lacks the p53-specific feedback loops that
regulate cellular p53 levels in human cells lines. It
is therefore ideally suited to study the effects of ther-
modynamic stability on the inherent folding state of
mutants in the absence of specific degradation. We
are currently extending our EGFP reporter system to
human cell lines to study the consequences of muta-
tion-induced changes of both stability and DNA-
binding properties on the cellular protein levels.

Applications of the fluorescence assay

There are many potential applications of this
bacterial assay, for example as a screening assay to
test for therapeutic compounds that bind p53 in the
folded state, thereby stabilizing p53 and reactivating
its function.* The assay is not restricted to p53 and
could be extended to other proteins that lose their
function because of reduced stability and solubility.
As such, it complements the repertoire of available
techniques to study protein stability in vivo, such
as the real-time fluorescent labelling technique re-
ported by Ignatova and Gierasch,!! where a bi-
arsenical ligand was bound to an engineered tetra-
cysteine motif in a surface loop of cellular retinoic
acid-binding protein I. It could be also beneficial for
the optimization of industrial production of ther-
apeutic proteins or biocatalysts.

Conclusion

Our analysis of the effects of thermodynamic
stability on the steady-state levels of p53 in living
cells highlights the importance of the thermo-
dynamic stability of a protein. The results show
clearly that the level of folded protein in an organism
depends on the rate of its biosynthesis and de-
gradation, and crucially on its intrinsic thermody-
namic stability. Proteins with a low intrinsic stability,
such as the tumour suppressor p53, are therefore
more susceptible to inactivation by mutation-
induced stability changes than their more stable
counterparts.

Materials and Methods

Cloning the GFP folding reporter

The p53 gene fragments for both core domain (resi-
dues 93-312) and full-length p53 were amplified by
PCR from a plasmid containing wild-type p53 or its mu-
tants using the reverse 5-GAGCACTGCCCAACAA-
CACCGGTACCGGTTCCGGTGGCGGTTCCGGTGG CG-
GTTCTGGTGGCGGTGCCATGGCATG-3’ and forward
5-GGGAATTCCATATGTCATC TTCTGTCCCTTCCC-3’
oligonucleotides for the core domain, and the forward 5’-
GGGAATTCCATATGGAGGAGCCGCAGTCAGATC-3’
and reverse 5-CAGAAGGGCCTGACTCAGACGGTAC-
CGGTTCCGGTGGCGGTTCCGGTGGCGGTTCTGGTGG-
CGGTGCCATGGCATG-3' oligonucleotides for the full-
length fragment. The amplification product contains a
p53 construct with a C-terminal amino acid linker
GTGS(GGGS),GGGAM (italics in the oligonucleotides),
removes the stop codon and leaves at its 5’ and 3’ ends
the recognition sequence for Ndel and Ncol, respec-
tively (underlined in the oligonucleotides). The result-
ing gene fragments were digested with Ndel/Ncol,
and together with Ncol/EcoRI-digested EGFP (BD
Bioscience Clontech (US)), were ligated into an Ndel/
EcoRI-digested pET24a (+) vector (Novagen, Madison,
WI).

Fluorescence measurements and determination of
folding state

The vector expressing the fusion protein was trans-
formed into the E. coli strain C41,** and cultures were
grown at 37 °C in 2xTY medium supplemented with
40 mg/1 of kanamycin. At Agy=0.4-0.7, the cells were
induced with isopropyl-p,D-thiogalactopyranoside
(IPTG) to a final concentration of 1 mM, and growth
was continued at different temperatures. The cultures
were diluted 1:17 (v/v) in 10 mM Tris-HCl (pH 7.4),
150 mM NaCl. Fluorescence was measured using a 96-
well plate reader (Molecular Devices, SpectraMax
GeminiXS) (excitation 460 nm; emission 510 nm; cut-
off 475 nm and bandwidth 9 nm) and 96-well plates
(COSTAR®3595, Corning Incorporated USA). The cell
density was normalized to Agyo=1. The Ago and EGFP
normalized relative fluorescence values (% RFU-EGFP)
for each p53-EGFP fusion protein were calculated using
equation (1)r where RFU(fusion protein), RFU(background)
and RFUgcrp) represent the fluorescence value for the
cells expressing p53-EGFP fusion protein, the cells
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expressing p53C alone and the cells expressing EGFP,
respectively:

RFU(fusion protein) — RFU(baCkground)
RFU(EGFP) - RFU(background)
% 100 (1)

All experiments were done in triplicate. Cells were
cracked using BugBuster™ Protein Extraction Reagent
(Novagen). Expression levels and the amount of soluble
protein were determined by SDS-PAGE and Western blot
using the GFP monoclonal antibody JL-8 (Clontech). To
estimate the level of expression of the protein in the cells,
the cells were diluted to Agyp=0.7. A 50 pl portion of
BugBuster was added to 50 pl of this bacterial suspension,
which was incubated for 10 min at room temperature, and
then 30 pl was removed, which represents the expression
level of the whole cell. To obtain the soluble fraction, the
sample was centrifuged for 10 min (Eppendorf Centrifuge
5424; 13,000 rpm) and the supernatant analysed for the
soluble fraction or folded fraction of the protein.

%RFU — EGFP =

Protein purification

Wild-type p53 core domain was purified essentially as
described,** but with an additional gel-filtration step using
a Superdex-75 column (Amersham Biosciences) in 25 mM
potassium phosphate buffer (pH 7.2), 150 mM KCl, 5 mM
DTT. For purification of the p53C-EGFP fusion protein, the
corresponding expression vector (see above) was trans-
formed into E. coli BL21(DE3), and cultures were grown at
37 °C in 2xTY medium supplemented with kanamycin at
30 mg/l. Protein expression was induced at Agy=0.7 by
the addition of IPTG to 1 mM final concentration, and the
medium was supplemented with 100 uM zinc sulfate. Cell
growth was continued for 16 h at 20 °C. Cells were cracked
using an Emulsiflex C5 high-pressure homogenizer (Glen
Creston), and the soluble fraction was purified using a
heparin column (HiTrap Heparin HP; GE Healthcare)
followed by cation-exchange chromatography on SP Se-
pharose (HiTrap SP HP; GE Healthcare) at pH 5.5, and
size-exclusion chromatography on a Superdex-75 column
with the same buffer as that used for p53C.

Differential scanning calorimetry (DSC)

DSC experiments were done with a Microcal VP-
Capillary DSC instrument (Microcal, Amherst, MA) with
an active cell volume of ~125 ul. Temperatures from 10 °C
to 100 °C were scanned at a rate of 250 deg.C/h. The
denaturation curves were measured at a protein concen-
tration of 20 uM in 25 mM phosphate buffer (pH 7.2),
150 mM KCl, 5 mM DTT, and this buffer was used for
baseline scans. Nitrogen gas was used to apply a pressure
of 2.5 bar (1 bar=10° Pa) to the cell. The data were
analysed with ORIGIN software (Microcal).

Estimating the folding state of p53 and its mutants at
different temperatures using in vitro data

The percentage of folded protein at a given temperature
was calculated from equation (2), where [D] is the
concentration of denatured protein and [N] is the
concentration of folded protein:

AGr = —RTIn([D}/[N)) 2)

The free energy of unfolding (AGt) of p53C at a
particular temperature was obtained by using equation

(3). Values for AC,=3.8 kcal/mol, Ty, =43 °C, and AH1, =
169 kcal/mol, were taken from Bullock et al.:>*

AGr = AHrm[1 — (T/Tum)] + ACy[(T — Tin) — TI(T/Ty)]
®)
AAGEQ, = AGE™ — AGY (4)

AGr values for mutants were obtained by adding the
known stability difference (AAGHZX) of the particular
mutant and p53C (wild-type) to the AGt value of the p53C
at a given temperature (cf. equation (4)). The stability dif-
ferences of the mutants, AAGH?Y;, which are to a good
approximation independent of the temperature, were
taken directly, or calculated, from published work 31343540
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