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A simple and reliable method of protein stability assessment is desirable for high throughput expression
screening of recombinant proteins. Here we described an assay termed thermal precipitation fluores-
cence (TPF) which can be used to compare thermal stabilities of recombinant protein samples directly
from cell lysate supernatants. In this assay, target membrane proteins are expressed as recombinant
fusions with a green fluorescence protein tag and solubilized with detergent, and the fluorescence signals
are used to report the quantity of the fusion proteins in the soluble fraction of the cell lysate. After apply-
ing a heat shock, insoluble protein aggregates are removed by centrifugation. Subsequently, the amount
of remaining protein in the supernatant is quantified by in-gel fluorescence analysis and compared to
samples without a heat shock treatment. Over 60 recombinant membrane proteins from Escherichia coli
were subject to this screening in the presence and absence of a few commonly used detergents, and the
results were analyzed. Because no sophisticated protein purification is required, this TPF technique is
suitable to high throughput expression screening of recombinant membrane proteins as well as soluble
ones and can be used to prioritize target proteins based on their thermal stabilities for subsequent large
scale expression and structural studies.

� 2011 Elsevier Inc. All rights reserved.
High throughput cloning and expression screening have
become an increasingly accepted technique in structural studies
on proteins including membrane proteins (Groisillier et al., 2010;
Lundstrom, 2004; Qin et al., 2008). It is widely assumed that a
more stable protein would be easier to be purified to a homoge-
neous form and behave better in subsequent structural studies
(Sarkar et al., 2008; Sonoda et al., 2011). In a high throughput pro-
tein expression screening pipeline, it is desirable to have a simple
yet reliable method to estimate the target protein activity and/or
stability so that target proteins that have passed a threshold of
expression quantity can be prioritized for further time-consuming
processes aimed at three-dimensional structure determination or
other analysis. Accordingly, there have been many methods pro-
posed for large scale protein stability screening. For example, a
340-nm light scattering technique is reported to detect membrane
protein aggregation (Postis et al., 2008). Thermofluor technique is
shown able to evaluate protein stability in different buffer solu-
tions and detergents (Alexandrov et al., 2008; Pantoliano et al.,
2001). Size exclusion chromatography (SEC), and an ultracentrifu-
gation dispersity sedimentation method are used to detect aggre-
gations under varied solution conditions (Gutmann et al., 2007;
Prive, 2007; Roth et al., 2008; Sonoda et al., 2011). However, these
methods usually require purified target proteins and in some cases
expensive instruments, making them less convenient to be applied
ll rights reserved.

).
in a high throughput mode. Therefore, high throughput-friendly
stability screening techniques remain to be developed.

For a high throughput screening, a target independent stability
measurement would have general advantages over target specific
activity assays, and protein thermal stability may serve as such a
general quality control indicator of the protein samples. Although
chemical stability such as resistance to denaturants and biochem-
ical stability such as resistance against proteolytic hydrolysis may
also be used as general measurements of protein stability, a ther-
mal stability measurement is often easier to apply than other chal-
lenges, experimentally reversible, and thus more suitable to a high
throughput research. We designed and tested a novel, GFP-
mediated, high throughput compatible, thermal stability assay
for assessing the stability of membrane proteins directly from a cell
lysate supernatant. Our main approach was to compare fluores-
cence signals of GFP-target fusion proteins before and after a heat
shock treatment and to use the ratio as a measurement of the
thermal stability of the target protein. In this method, insoluble
protein aggregates formed during a heat shock treatment are
removed by centrifugation. Subsequently, the amount of
remaining protein in the supernatant is quantified by an in-gel
fluorescence analysis (Drew and Gier, 2006).

First, we confirmed that GFP alone is sufficiently stable such
that sequentially heating and cooling treatments do not drastically
change its fluorescence ability (Fig. S1A). The GFP protein that we
used in this experiment was an enhanced GFP previously being
used as a reporter of recombinant protein expression (Cabantous
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et al., 2005). In a given buffer, the fluorescence of the GFP sample
was monitored as temperature increased from 25 �C to 55 �C and
reduced back to 25 �C. As expected from thermal destabilization
as well as possible quenching effect of rising temperature on
GFP, the fluorescence signal decreased when the temperature in-
creased from 25 �C to 55 �C. However, the loss of fluorescence sig-
nal was reversible as temperature returned back to 25 �C, and the
temperature-fluorescence curve during the temperature reversal
overlapped well with that of temperature rising in the range be-
tween 25 �C and 55 �C (Fig. S1A). Such an observation maintained
true for all 12 buffers that we tested, although the initial fluores-
cence and the slope of the fluorescence-temperature curve varied
from one buffer condition to another. Similarly, in a heat shock as-
say the GFP sample was heated at a predetermined temperature for
a short time (e.g. 5 min), and then the sample was incubated at a
lower temperature (e.g. 4 �C for 5 min) followed by centrifugation
to remove insoluble aggregation. The result showed that the fluo-
rescence signal of a purified GFP-alone sample did not change sig-
nificantly after such a heat shock treatment, while the fluorescence
signal from a purified model fusion protein, GST–GFP, dropped dra-
matically after a heat shock treatment (Fig. S1B). Therefore, we
postulated that GFP may not only serve as a reporter of the expres-
sion level of the fusion protein but also become a thermal stability
indicator of the fusion protein against the heat shock treatment.

To reduce the complication resulted from mixing multiple fluo-
rescent species in the cell lysate, we chose in-gel fluorescence as
the backbone technique of our thermal stability assay. Fusion pro-
tein samples were prepared from small volume expression, and
cell lysate supernatants were analyzed without sophisticated puri-
fication. Fluorescence signals were to be measured directly from
the band intensity of the full length fusion protein without inter-
ference from other contamination, and the ratio of fluorescence
signals from full length bands with and without a heat shock treat-
ment would be used as a measurement of the target protein ther-
mal stability (Fig. 1). The technique is thus referred as a thermal
precipitation fluorescence (TPF) assay.

There are a few parameters that one may vary during a heat
shock-based protein denaturation, including heat shock tempera-
ture, duration of the heat treatment, and strength of the centrifu-
gation. The time of the heat treatment should be long enough to
allow reproducible sample handling, especially in a high through-
put mode where a large number of samples are handled simulta-
neously. On the other hand, it should be short enough so that
one can quickly obtain results without unnecessary waiting. We
chose the time range of the heat shock as a few minutes (e.g. 2–
10 min). Similarly, the heat shock temperature was adjusted such
that in-gel fluorescence signals of the target-GFP fusion proteins
would show a wide distribution in terms of the ratio between sam-
ples with and without a heat shock, theoretically in the range of
0.0–1.0. If the heat shock temperature was too high, most target
Fig. 1. In-gel fluorescence changes with heat shock treatments at varied temperatures. C
free buffer were heat shocked at 37, 42, 48, and 55 �C or kept at 4 �C, individually. Af
fluorescence analysis (top), and their fluorescence signals were digitalized (in an arbitra
proteins would be denatured and removed from solution by
subsequent centrifugation; but if the heat shock temperature was
not high enough, most target proteins would remain the same as
untreated samples, and the assay would lose its power to distin-
guish proteins of different stabilities. Based on our previous studies
using a thermofluor technique (Fan et al., 2011), we found that
many Escherichia coli membrane proteins have melting tempera-
tures around 40–60 �C. Therefore, we started our temperature
search in this region.

As a prove-of-principle test, seven E. coli membrane proteins of
varied expression levels were analyzed with the TPF assay. First,
cell cultures of these fusion proteins were lysed with sonication
in a Triton X-100 (1% w/v) containing buffer. Two temperatures,
i.e. 42 �C and 55 �C, and varied time between 1 and 10 min were
evaluated. The results showed that after heating at 42 �C for
5 min, 6 of the 7 target proteins maintained their fluorescence
intensity ratios above 0.8, suggesting the heat treatment might
be insufficient (Fig. 2A). In contrast, after heating at 55 �C for
5 min, fluorescence intensity ratios of many samples became too
low (Fig. 2B) such that it might not be suitable for comparing ther-
mal stabilities of target proteins. After numerous trials of temper-
ature–time combinations, we found a heat shock treatment at
48 �C for 5 min would work well for our target E. coli membrane
proteins which were treated with a Triton-containing lysis buffer
(Fig. 2C). Temperature adjustment may be necessary for samples
from different sources or treated with different detergents or buf-
fers, but the same principal could be applied to determine the time
and temperature parameters. To verify the result from a TPF assay,
we performed an alternative thermal denaturation experiment fol-
lowing a previous report (Sonoda et al., 2011). This method re-
quires that the target protein does not contain a GFP-tag. In
addition, to minimize noises from contaminated proteins, the
target protein sample must be purified before its denaturation
half-life time can be measured using the thermofluor technique.
Therefore we sub-cloned the target genes into a vector coding no
GFP tag and purified the protein samples with immobilized metal
affinity chromatography (IMAC). Data obtained from this thermal
denaturation experiment are shown in Fig. 2D and S2A. Importantly,
there was a clear, although not strict, positive correlation between
results from this more conventional thermal stability experiment
and our TPF results (Fig. S2B), suggesting that results from the TPF
assay reflect intrinsic thermal stabilities of the target proteins.

In a parallel project of high throughput expression screening,
we obtained 64 clones of E. coli a-helical membrane protein-GFP
fusions that produced significant whole cell fluorescence signals
in a small volume (1 ml) expression experiment (Fan et al.,
2011). As a further application, we performed the TPF assay on
these 64 target proteins. Cell lysates in the presence of 0.5% (w/
v) DDM were centrifuged, and each supernatant was split into
two parts: one part was kept on ice, and the other part was heated
ell lysate samples of two recombinant membrane proteins (A and B) in a detergent
ter centrifugation at 2400g for 2 min, the supernatants were subject to an in-gel
ry unit) and illustrated at the bottom.



Fig. 2. Determination of heat shock parameters. Seven target proteins of varied expression levels were tested in a thermal precipitation fluorescence (TPF) assay. The results
showed that (A) a 42 �C for 5 min treatment was too mild to see significant difference among the 7 samples; (B) a 55 �C for 5 min treatment appeared too harsh to many
membrane protein samples; and (C) a 48 �C for 5 min treatment gave a better distribution of the fluorescence ratio. (D) A thermal denaturation half life measurement (Sonoda
et al., 2011). The temperature was set to 40 �C. Denaturation half life time was determined by fitting the denaturation curve with an exponential equation (also see the
Method section in the supplementary material). All measurements were performed three times, and error bars are shown.
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at 55 �C for 5 min followed by incubation on ice for 5 min. After
centrifugation (at 13,800g for 2 min), in-gel fluorescence signals
of the fusion proteins with and without a heat shock treatment
were measured, and the ratio of intensities was calculated for each
sample pair. Fig. 3A shows a nearly linear distribution of the fluo-
rescence ratios of the 64 fusion proteins, suggesting that the choice
of temperature and time combination in heat shock was reason-
able for this set of target membrane proteins with DDM as the sol-
ubilization detergent. In addition, we studied effects of other
detergents on the TPF assay (see Supplementary material). Taken
together, our results showed that the TPF assay is applicable in a
high throughput mode.

In the current work, our goal is not to obtain detailed thermal
stability information such as a melting temperature, unfolding
cooperativity or half-life time during a thermal denaturation
(Baase et al., 1992b; Ericsson et al., 2006; Sonoda et al., 2011). In-
stead, we aim to developing a simple, quick assay to prioritize our
target proteins in a high throughput pipeline. In the TPF assay, we
choose to measure protein thermal stability by following the in-gel
Fig. 3. TPF stability assay of 64 E. coli membrane proteins. (A) For each GFP-target fusio
bars), respectively. The fluorescence ratios between samples with and without a heat sh
calculated for each sample. And the total results were sorted by the ratio values of the D
fluorescence signals. The fluorescence ratios of the 64 samples treated with DDM are plott
The average value of the 64 initial fluorescence reading is represented by a vertical red lin
express better is colored in green.
fluorescence signals of the fusion protein before and after a heat
shock treatment. Heat shock based thermal stability assays are
widely used in protein stability studies (Dodevski and Pluckthun,
2011; Sarkar et al., 2008; Tate and Schertler, 2009). In our GFP-
based TPF assay, basic assumptions are that heat denatured pro-
teins can be removed by centrifugation and that the fluorescence
difference between samples with and without a heat treatment
reflects the thermal stability of the target protein. The C-terminal
reporter GFP is of high stability such that it resists to thermal
denaturation under our experimental condition (Fig. S1A) and
remains active under a very harsh chemical condition, an SDS gel
(Drew et al., 2008), which would denature most other protein
molecules. Therefore, thermal denaturation of the fusion protein
is dictated by the stability of the target protein and is thus used
to estimate the thermal stability of the latter.

Our result showed that the fluorescence ratio before and after a
heat shock treatment is independent of initial in-gel fluorescence
signals (Fig. 3B). Therefore, in general one cannot predict the ther-
mal stability of a target protein solely based on its expression level.
n protein, two samples were prepared with DDM (blue bars) and Triton X-100 (red
ock treatment (55 �C for 5 min for DDM and 48 �C for 5 min for Triton X-100) were
DM treated samples. (B) The fluorescence ratios are independent of the initial in-gel
ed against the corresponding initial in-gel fluorescence signals (in an arbitrary unit).
e, and a hypothetical curve based on an assumption that more stable proteins would
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Although it is likely to be true that thermal stability contributes
positively to the expression of a recombinant protein, it is only
one of many factors that determine the overall expression yield.
The independence of thermal stability of a target protein from its
yield further supports the necessity of using a thermal stability
based method to prioritize candidates in a high throughput expres-
sion screening pipeline.

Although our method will not replace more detailed stability
measurement such as thermofluor (Ericsson et al., 2006; Sonoda
et al., 2011) and circular dichroism (Baase et al., 1992a) techniques
and may not accurately predict target protein stability towards
other types of denaturation challenges, this TPF assay does not re-
quire sophisticated instrument, is relatively easy to perform, and
can be accommodated into many laboratory setups as well as high
throughput expression screening pipelines. As reported before, GFP
fluorescence is a simple and effective method to screen for deter-
gents that effectively extract the target membrane protein from
the cell membrane (Drew et al., 2005; Sonoda et al., 2011). By using
different detergents during sample preparation, one may apply the
TPF method to obtain compatibility information of a group of tar-
get membrane proteins with multiple detergents (Fig. 3A); and
such information is likely to be useful for detergent selection and
exchange during membrane protein purification and crystalliza-
tion. Moreover, the TPF assay can also be used in high throughput
expression screening for soluble proteins where detergent consid-
eration can be omitted.
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