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Abstract

A growing need for sensitive and high-throughput methods for screening the expression and solubility of recombinant proteins
exists in structural genomics. Originally, the emergency solution was to use immediately available techniques such as manual lysis of
expression cells followed by analysis of protein expression by gel electrophoresis. However, these handmade methods quickly proved
to be unfit for the high-throughput demand of postgenomics, and it is now generally accepted that the long-term solution to this
problem will be based on automation, on industrial standard-formatted experiments, and on downsizing samples and consumables.
In agreement with this consensus, we have set up a fully automated method based on a dot-blot technology and using 96-well format
consumables for assessing by immunodetection the amount of total and soluble recombinant histidine (His)-tagged proteins
expressed in Escherichia coli. The method starts with the harvest of expression cells and ends with the display of solubility/expression
results in milligrams of recombinant protein per liter of culture using a three-color code to assist analysis. The program autono-
mously processes 160 independent cultures at a time.
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The past 5 years have witnessed a very fast evolution of
technologies used in postgenomics. The driving force of
this development has been the pressure undergone by tech-
niques inherited from the pregenomics era to reach the
throughput demand of postgenomics. In all cases, the
throughput increase has resulted from the combined use of
automation and of samples and consumables downsizing.

In structural genomics (SG),! the flow slows down at
two stages: production of soluble proteins and crystal-
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logenesis [1]. According to the above statement, we
(and others) have streamlined initial stages of crystallo-
genesis, thanks to robotics and nano-drop technology
[2,3]. In regard to soluble protein production, an inter-
national effort was undertaken during the same period,
and numerous expression systems were improved [4].
This effort was so effective that it rapidly resulted in a
dramatic increase in the number of samples to analyze
with a predictable corollary: a growing need for
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fluorescent protein; HRP, horseradish peroxidase; TRX, thioredoxin; MBP, maltose binding protein; IPTG, isopropyl-p-p-thiogalactoside; PVDF,
polyvinylidene fluoride; ECL, enhanced chemiluminescence; CCD, charge-coupled device; ORF, open reading frame; LB, Luria—Bertani.
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sensitive and high-throughput methods for screening
the expression and solubility of these numerous recom-
binant proteins.

Investigations in the setup of such screening methods
can be roughly divided into two groups, depending on
whether or not they make use of electrophoresis. The
most widely used method remains sodium dodecyl sul-
fate—polyacrylamide gel electrophoresis (SDS-PAGE)
[5]. This technique offers undisputable advantages. It is
easy to set up and provides valuable information on the
apparent molecular mass of proteins. Eventually, its sen-
sitivity can be increased by purifying recombinant histi-
dine (His)-tagged proteins on Ni-affinity columns in a
96-well format prior to gel loading [6—10]. Automation
of SDS-PAGE has also been tackled. For instance, gel
loading/running can be performed by robots when hori-
zontal gels are used (E-PAGE system, Invitrogen), and
microfluidics electrophoresis (e.g., Agilent Technologies,
Bartels Mikrotechnik) now allows fully automated pro-
cesses to be envisaged.

Non-gel-based technologies have also been imple-
mented. The green fluorescent protein (GFP) C termi-
nal fused to target proteins has been evaluated as a
folding reporter in vivo [11] and in vitro [12]. Another
example of a soluble expression reporter system is pro-
vided by the FRETWorks S-Tag Assay (Novagen).
Alternatively, some companies (e.g., Pierce, Sigma,
Qiagen) propose to trap His-tagged proteins using Ni-
coated plates in 96- and 384-well formats [13] and then
to detect bound proteins by adding a Ni-activated per-
oxidase (INDIA HisProbe-HRP [horseradish peroxi-
dase], Pierce) and a fluorescent or Iluminescent
substrate. Finally, the protein mixture to analyze can
be dot-blotted on a sheet of nitrocellulose. The recom-
binant protein is then detected by incubating the blot
in the presence of a peroxidase-coupled antibody
directed against a tag (generally a His6 tag) fused to the
protein of interest. The light emitted by enzymatic deg-
radation of a peroxidase luminescent substrate is
recorded by autoradiography [14-16]. Because dot-—
blot processing resumes to pouring and decanting liq-
uids, it should be expected to be a good candidate for
automation. Until recently, however, this evolution
was hampered by physical constraints such as vacuum
manifold screwing/unscrewing and membrane han-
dling. In contrast, steps located upstream of the dot—
blot (cell lysis and recombinant protein purification)
were successfully automated [16]. In the current study,
we propose a solution to the above-mentioned limita-
tions that results in a fully automated process for
screening the expression and solubility of recombinant
His-tagged proteins in Escherichia coli. The procedure
starts with crude cell cultures and ends with the
calculation and display of the amount of expressed
protein in milligrams of total and soluble protein/cul-
ture volume.

Materials and methods
Protein expression

Coding sequences were inserted by recombination
cloning (Gateway, Invitrogen) into different prokaryotic
expression vectors, allowing N-terminal fusion with
different tags [e.g., His6, thioredoxin (TRX), maltose
binding protein (MBP), NusA]. In all cases, there was an
N-terminal His tag. For expression, E. coli strains of the
BL21(DE3) series (Novagen) were used. An overnight
preculture was diluted 1:50 in 4 ml of fresh medium con-
taining the required antibiotics in 24-well deep wells and
grown at 37°C. When the ODy, reached 0.6, protein
expression was induced by the addition of isopropyl-p-
p-thiogalactoside (IPTG) at the final concentration of
0.5mM and cells were grown at temperatures ranging
from 25 to 42 °C until the ODg, reached a plateau (i.e.,
for an additional 3-4h at 37 and 42°C or overnight at
25°QC).

Cell recovery and lysis

Cells were recovered with magnetic beads. Two ODy,
of cell suspension were loaded into a 96-well deep well.
Buffers A and B (100 ul of each/well, Profos ColTrap
Protein®P™*) were added and mixed by shaking.
Trapped cells were concentrated for Smin on a magnet
(Qiagen), and culture medium was removed by pipetting.
Away from the magnet, beads were resuspended in
200 ul of BugBuster HT (Novagen) and then incubated
for 15 min at room temperature.

Cell lysate processing

Lysates were used either cleared (soluble fraction) or
crude (total fraction).

Soluble fraction

Lysates (60 ul) were loaded into wells of a 0.65-um
pore size MADVNOB plate (Millipore), and the filtrate
(soluble fraction) was recovered by vacuum aspiration.

Total fraction

Lysates (25ul) were diluted to 150 ul with guanidi-
nium buffer (S0 mM Tris [pH 8], 150mM NaCl, 10 mM
imidazole, and 8 M guanidinium hydrochloride) and
then filtered on 0.65 um as above to remove any remain-
ing particulate material. The filtrate (total fraction) was
processed.

Dot-blot
Samples

After 60 pl (0.1 ODg) of total fraction (40 samples)
and 10ul of the corresponding soluble fraction were
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loaded into a 96-well microplate (sample plate), the
remaining 16 wells were filled with proteins of the refer-
ence scale (see below). For the His6 tag to be freely
accessible to antibodies, proteins were denatured by
adjusting the volume to 200 ul with guanidinium buffer.

Reference scale

A 16-point calibration scale obtained by diluting a
known amount of His-tagged protein in guanidinium
buffer was loaded into the sample plate. This protein was
either homemade or commercial (6xHis protein ladder,
Cat. No. 34705, Qiagen).

Dot-blot

Liquids were added by manual or automatic pipetting
and were removed by aspiration through a MultiScreen
vacuum manifold (MAVM 096 OR, Millipore) or a
robot-driven T-Vac vacuum system (Tecan). Polyvinyli-
dene fluoride (PVDF) filters of 0.45-um pore size 96-well
MultiScreen MSIPNOB plates (Millipore) were acti-
vated for Smin with 100 pl of 70% ethanol, followed by
100 pul of water washout. The 96 samples were trans-
ferred from the sample plate to MSIPNOB plates and
incubated for 30 min. After aspiration, membranes were
washed one time with 200 ul of 10mM Tris (pH 7.5),
150 mM NacCl, and 0.1% Tween 20 (TBST). Unoccupied
binding sites were saturated for 30 min by incubating in
the presence of 100 pl/well of 0.5% (w/v) blocking
reagent in blocking buffer (Qiagen) and 0.1% Tween 20.
Membranes were washed once with 200 ul of TBST and
then incubated in the presence of 50 pl of anti-penta His—
HRP conjugate antibody (Qiagen) diluted 1:2000 in
blocking buffer. Then, 30min later, membranes were
washed four times with 200l of TBST and 50 ul of
extemporaneously prepared ECL+ reagent (Amersham
Biosciences) was added to each well. After 3 min of incu-
bation, the enhanced chemiluminescence (ECL) solution
was aspirated and the light emission was recorded for 1
to Smin by a charge-coupled device (CCD) camera
(Kodak Lumilmager) or for 1s/well by a robot-driven
microplate reader (Tecan GENios Plus). The whole pro-
cedure took approximately 130 min.

Automation

The program processes 160 independent cultures at a
time. In practice, the robot autonomously processes cul-
tures 1-80 and then cultures 81-160. The processing of
80 cultures is described below.

Robot

The setup consisted of a Tecan Genesis Freedom 200
robot with an eight-needle pipetting arm, a handling arm
for moving microplates, a Tecan GENios Plus micro-
plate reader, a magnet for 96-well plates, and shaking
and vacuum units [1].

Cell processing

Four 24-well deep wells (80 cultures) containing 4 ml/
well of cell culture were positioned on the robot working
bench. The machine transferred 100ul of culture
medium and then a 100-pul aliquot of cell suspension
from each well into a clear 96-well microplate. The latter
was moved by the robot arm to the microplate reader
located below, and the ODyy, of each well was measured.
On the basis of this ODyy,, the robot transferred two
ODy, from the four 24-well deep wells to a single 96-
well deep well. For ODg, less than 1.2 and greater than
20, the robot took 1800 and 100 pl, respectively. Cell
recovery and lysis were performed as above. Of 200 ul of
lysate in the first 40 samples, 30 ul was mixed by the
robot with 10 pl of 4x SDS-PAGE sample buffer and the
remaining volume was used to prepare total and soluble
fractions as described above, except that 40 total and
soluble fractions were directly recovered in a microplate
by vacuum aspiration. Then 30 pl of each soluble frac-
tion was mixed with 10pul of 4xSDS-PAGE sample
buffer. In another plate, samples and reference scale were
prepared as described above. The same program was
repeated for cultures 41-80.

Dot-blot

The contents of two sample plates were transferred by
the robot to two ethanol-activated 0.45-um pore size 96-
well MSIPNOB microplates, which were processed as
described above. After ECL removal, the machine
sequentially transferred the two plates to the microplate
reader and the amount of light emitted by each dot was
recorded. Protein expression was assessed by a four-step
calculation. First, the background [light signal produced
by the lowest protein load of the reference scale (0ng)]
was deduced from all raw values. Second, after back-
ground removal, the data were translated in milligrams
of protein by linear regression using the reference scale.
Third, because the latter was made of pure His-tagged
protein, the linear regression underestimated the expres-
sion; therefore, this first estimate was multiplied by a
correction factor to take into account the influence of
cell lysate (see Results and discussion). Fourth, the
amount of protein was expressed as milligrams of pro-
tein per liter of culture by dividing the amount of protein
by 0.1 (0.1 ODg,, was the amount of bacteria effectively
used for the dot-blot out of the two ODyy, that had been
processed) and multiplying by the total number of
ODy/L of culture determined on the basis of the ODyy,
recorded at the beginning of the experiment. Finally, to
help in data analysis, the results were automatically dis-
played using a color code indicating the level of expres-
sion and solubility of each target. At this stage, the
apparent molecular weight of the protein was eventually
checked by SDS-PAGE using the samples saved by the
robot for this purpose.

A synopsis of the complete protocol is given in Fig. 1.
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Fig. 1. Synopsis of the automated process for 80 cultures. RS, reference scale. For details, see Materials and methods.

Results and discussion
Handmade dot-blot using a CCD camera

The launch of disposable 96-well plates with a porous
bottom made of 0.45-um pore size nitrocellulose or
PVDF (e.g., Millipore, Whatman, Pall), in which differ-
ent reagents could be incubated and then removed from
beneath by online vacuum, made it possible to combine
the advantages of a dot-blot manifold and of automa-
tion.

To be used in a protein assay, these plates should ful-
fill the following criteria. First, the ECL signal should be
at least as good as that obtained with a sheet of nitrocel-
lulose sandwiched in a standard vacuum manifold. In
particular, the light signal should be even throughout the
entire surface of the plate. Second, the sensitivity of the
assay should be at least that of SDS-PAGE.

The first point in the preceding paragraph was
assessed by loading sixfold in a single plate a serial dilu-
tion of a known amount of pure His-tagged protein and
then processing the plate (Fig. 2A). To accurately evalu-
ate the reproducibility of the light signal emitted by each
dilution, the mean value and standard deviation of the
light signal of each dilution was calculated and plotted
against the amount of loaded protein (Fig. 2B). Two
types of information could be inferred from Fig. 2B.
First, the extent of standard deviation, which accounts
for the reproducibility of ECL signal produced by the
same amount of protein loaded in six different wells of
the plate, was low enough to be considered compatible
with the use of these plates in a protein expression assay,
and this was true for the entire range of the scale (0-
2000 ng). Second, the point distribution followed a non-
linear regression that denoted saturating signals at high
protein load. These were not accounted for by a satura-

tion of the CCD camera given that a I-min exposure
revealed the same curve, although the plateau was in a
range (~5 x 10°) where no saturation appeared in the 5-
min exposure curve. The plateau, therefore, indicated a
membrane overloading. In contrast, when the reference
scale was limited to 500 ng instead of 2000 ng, there was
a linear relationship between the light signal and the pro-
tein load (Fig. 2C) that could be used in the linear regres-
sion analysis of a protein assay.

The second point above was addressed by analyzing
the same protein samples by dot-blot and SDS-PAGE.
A single open reading frame (ORF, Rv1096) was
expressed under different experimental conditions
defined by a fractional factorial approach [15]. The
parameters combined in this approach included four N-
terminal fusions (His6 tag, MBP, TRX, and NusA), four
E. coli strains, three culture media, and two temperatures
(Fig. 2D, III). At the end of the experiment, total and
soluble expressions were analyzed by SDS-PAGE and
dot-blot (Fig. 2D, I and II). Rv1096 is a Mycobacterium
tuberculosis coding sequence, an organism whose genes
are known to be difficult to express as soluble proteins in
E. coli [1]. The use of MBP, TRX, and NusA was an
attempt to address this issue [17]. As expected, SDS—
PAGE analysis revealed that MBP and NusA fusions
permitted a high level of soluble expression at low tem-
perature regardless of the E. coli strain or growth
medium used. In contrast, His6 and TRX were unable to
enhance the solubility of Rv1096. Regarding correlation
with dot-blot, a rapid survey indicated a good overall fit
of the results provided by the two techniques. However,
a closer examination of the results obtained with the two
smallest fusions His6 tag and TRX (Figs. 2D, I) showed
that the dot-blot revealed low levels of soluble
expression that SDS-PAGE did not (A8, B8, D8, and
F8). This signal was specific given that it was not
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Fig. 2. Dot-blot calibration. (A) Dilutions of the His-tagged protein of the reference scale were loaded six times on the whole surface of a 96-well
0.45-um filter plate. The plate was processed manually using a specific vacuum device (Millipore), and the ECL signal was recorded by a CCD cam-
era. The picture displays the results obtained after a 5-min exposure time. Column a (top to bottom): 2000, 1500, 1000, 900, 800, 700, 600, and
500 ng; column b (top to bottom): 400, 300, 200, 100, 50, 25, 12.5, and 0 ng. (B) The mean value and standard deviation of the light signal of each
dilution displayed in (A) was calculated and plotted against the amount of loaded protein. The points were linked following a nonlinear regression.
The results of 1-min (black circles) and 5-min (open circles) recordings are shown. Light intensities are in arbitrary units. (C) This panel is the same
as (B) (5-min recording time) except that the protein load ranged from 0 to 500 ng. The resulting points were linked following a linear regression.
The confidence factor is indicated. (D) This panel gives a comparison of the results provided by dot-blot and SDS-PAGE. Total (T) and soluble
(S) E. coli expression of the M. tuberculosis Rv1096 gene was evaluated under different experimental conditions defined by a factorial approach. At
the end of the experiment, cells were lysed and the presence of the protein of interest in the total lysate or in the soluble fraction was checked by
SDS-PAGE and dot-blot. I and II: to allow a direct comparison, whole gels are displayed, but only those parts of the dot-blot corresponding to
the samples that have been run on gels are shown. Each dot is defined by its position in the 96-well plate, a combination of columns 3, 4, 8, and 9
and rows A to H. This combination is recalled above the corresponding gel track (e.g., A3, A8). M: molecular weight markers (116, 66, 45, 35, 25, 18,
and 14 kDa). I: His and His-TRX fusions. II: His-MBP and His-NusA fusions. III: reporting of various experimental conditions of the factorial
map, with corresponding dot-blot/gel coordinates, and expected molecular weights (in kDa) of each fusion, given in the first and second columns,
respectively. IV: tuner(DE3)pLysS cells transformed with an expression plasmid bearing a target gene that did not express in E. coli processed as
above.

detected when no protein was present because the cul-
ture did not grow (Figs. 2D, 1, C3/8; 11, E3/8 and H3/8)
or because no protein was expressed (Fig. 2D, IV, T and
S). This higher sensitivity of the dot-blot is of particular
importance when proteins are to be used in structural
studies because small tags such as His6 generally do not
need to be removed prior to crystallogenesis, whereas
this is not the case for large fusions such as MBP and
NusA. Finally, when the protein of interest happens to
comigrate with endogenous E. coli proteins, detection by
SDS-PAGE requires larger overexpression than dot—
blot to distinguish it from the background. This was the

case for MBP fusion of Rv1096 (Fig. 2D, II, F3/8 and
G3/8).

In conclusion, 0.45-um filter plates satisfied both the
reproducibility and sensitivity criteria defined above
and, therefore, could be integrated in an automated
screening procedure.

Automated quantitative dot—blot using a microplate
reader

A fully automated process required two additional
implementations.
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against the amount of loaded protein.

Influence of cell lysate

Measuring the His-tagged protein content of an
E. coli lysate by directly comparing the ECL signal pro-
duced by a well containing an aliquot of this lysate with
that produced by a well bearing a pure His-tagged pro-
tein would underestimate the former [18]. Thus, for the
comparison to be quantitative, a correction factor was
required.

In the following experiment, an amount of His-tagged
protein of the reference scale chosen in the middle of the
scale (200 ng) was mixed with 0 or 10 ul of total lysate of
nontransformed E. coli cells or its soluble part. Each of
these three experimental conditions was loaded as sev-
eral replicates in wells of a single plate (32 wells for the
undiluted protein, 24 wells for the protein diluted with
the total lysate, and 24 wells for the protein diluted with
the soluble fraction of the lysate) and dot-blotted. The
light signal was recorded, and the mean value and stan-
dard deviation were calculated in each of the three cases.
As shown in Fig. 3A, total and soluble lysates exhibited
comparable binding displacement capacity, although the
soluble fraction reproducibly appeared to be slightly
more potent than the total fraction for an unknown rea-
son. The correction factor, defined as the ratio of signal
intensities measured in the absence or presence of lysate,
was estimated to be 2.0 and 2.4 for total lysate and solu-
ble lysate, respectively. Taking into account the ampli-
tude of standard deviation of the experiment defining
the correction factor, an averaged 2.2 correction factor

for both total and soluble lysates was considered suit-
able for use in our assay.

Automation of luminescent signal recording and treatment

Integrating a CCD camera on the robot was impracti-
cal, so we decided to use the microplate reader located
below the robot bench and driven by the robot com-
puter.

In the experiment reported in Figs. 3B-D, ECL sig-
nals recorded by the remote CCD camera used in the
experiments reported in Fig.2 and by the robot’s
microplate reader were compared. To that end, 40
E. coli cultures expressing different His-tagged M.
tuberculosis proteins were processed as usual. After
ECL removal, the plate was scanned using the CCD
camera and then the microplate reader. The raw data
of the latter were further processed, and the results
were displayed using a color code as described in Mate-
rials and methods. The raw data obtained with the
CCD camera and the processed data obtained with the
microplate reader are reported in Figs. 3B and C,
respectively. Note that the reference scale visible in
Fig. 3B did not appear in the layout of the results pro-
vided by the microplate reader because it has been used
for calculating the protein concentrations displayed in
the boxes representing each well of the microplate and,
therefore, could be omitted. The lysate correction fac-
tor was used to compensate for the reference scale
underrating, as discussed earlier.
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A comparison of the results reported in Figs. 3B and
C indicated a good fit between the data obtained with
the CCD camera and those obtained with the microplate
reader. This correlation was further confirmed by plot-
ting the light intensity emitted by the reference scale and
recorded by the two devices against the amount of
loaded protein. The same slope was obtained, indicating
that a microplate reader perfectly substituted for a CCD
camera in a quantification purpose (Fig. 3D).

These results were typical of those obtained when
expressing M. tuberculosis ORF in E. coli under basic
conditions (no N-terminal fusion to enhance solubility
and expression in Luria—Bertani (LB) medium at 37 °C).
Only three proteins (8, 17, and 22 in the “expression and
solubility” panel of Fig. 3C, corresponding to the three
main spots in the “soluble” panel of Fig. 3B) were
expressed soluble at levels compatible with a direct
scale-up without further improving expression condi-
tions (=2mg/L culture). A single target (6) was
expressed soluble at less than 2mg/L, requiring either
large culture volumes or additional screening for better
expression conditions. Only five targets (15, 19, 26, 32,
and 40) were not expressed either soluble or insoluble
and, therefore, required trying other expression condi-
tions. Finally, most targets (1-5, 7, 9-14, 16, 18, 20, 21,
23-25, 27-31, and 33-39) were expressed insoluble at
levels compatible with inclusion bodies refolding
screening [19].

The idea of using a color code came from the observa-
tion that raw data provided by a CCD camera (gray
scale) or by a microplate reader (unitless numbers)
depended on recording times and, hence, could be mis-
leading in case of saturating or weak signals. We rea-
soned that this was less likely to occur if the decision of
whether or not to proceed with a given target relied on a
color code based on absolute information (e.g., mg/ml)
and not on relative information (e.g., gray scale, unitless
numbers). In addition, whereas Figs. 3B and C provide
the same information, the access time to this information
is shorter in the latter than in the former.

The reliability limit of dot-blots in expression
screening comes from the detection method (immuno-
logical recognition of a His6 tag). The assay is unable
to distinguish between full-length and truncated pro-
teins so long as the His tag is not degraded. The solu-
tion is to use techniques providing information on the
actual protein size such as capillary electrophoresis,
SDS-PAGE, and Western blotting. However, even in
this case, we believe that it is worth using a dot-blot
screening first because (i) we found this event to be very
marginal in the course of four SG programs (unpub-
lished data); (i1) only samples tested positive by the
machine will be analyzed on gel, and this may signifi-
cantly reduce the amount of work; and (iii) aliquots are
saved by the robot for this purpose. Alternatively, the
use of a C-terminal His tag (pET-DEST42 expression

vector) will preclude detecting proteins whose trunca-
tion is due to premature translation termination.
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