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ABSTRACT

While high-throughput methods of protein production and crystal-
lization are beginning to be well documented, owing to the output
of large structural genomics programs, medium-throughput meth-
ods at the laboratory scale lag behind. In this paper, we report a
possible way for an academic laboratory to adapt high-throughput
to medium-throughput methods, on the basis of the first results
of two projects aimed at solving the 3D structures of Escherichia
coli and Mycobacterium tuberculosis (Tb) proteins of unknown
function. We have developed sequential and iterative procedures
as well as new technical processes for these programs. Our results
clearly demonstrate the value of this medium-throughput ap-
proach. For instance, in the first 14 months of the E. coli program,
69 out of 108 target genes led to soluble proteins, 36 were brought
to crystallization, and 28 yielded crystals; among the latter, 13 led
to usable data sets and 9 to structures. These results, still
incomplete, might help in planning future directions of expression
and crystallization of proteins applied to medium-throughput
structural genomics programs.

Introduction

Schematically, post-genomics comprises transcriptome,
proteomics, and structural genomics (SG), which are the
natural offspring of genomics. At the end of the 20th
century, whole genome sequencing projects reached
maturity, in terms of both results and technology. Today,
sequencing of small bacterial genomes takes only a few
days, and hence genomic information is continuously
growing to feed these three new areas of research.
According to the above definition, one would expect SG
programs to solve the 3D structures of the whole proteome
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encoded by a given genome.'~3 Unfortunately, even when
a genome can be sequenced, only part of it can be
exogenously expressed as soluble proteins. Furthermore,
only a fraction of the soluble proteins produce crystals,
at least at the present state of technology. Consequently,
actual SG projects are in fact targeted projects. This led
us to the conclusion that SG is not restricted to large
consortia or companies but could be managed by aca-
demic laboratories as well. Nevertheless, the main differ-
ence between a large (>n x 1000 genes) and a medium
(n x 100 genes) SG project remains a quantitative differ-
ence. Perhaps surprisingly, this has dramatic conse-
quences on how the project is carried out. In a large
project, most of the investment is made in the cloning
and crystalization steps.* This is done at the expense of
the intermediate stages, which generally involve a single
set of expression conditions and a single protein purifica-
tion step.® As shown in the present paper, the exact
opposite situation specifies a medium-scale project. In
particular, a target is not rejected if it does not respond
to the first set of expression conditions, but rather it is
tested under different experimental conditions.

We are currently involved in four medium-size SG
projects, all of them related to human health and involving
targets as dissimilar as proteins of unknown function from
Escherichia coli (ASG) and Mycobacterium tuberculosis
(Tb), mammalian membrane proteins, and enzymes of
viral replication (see http://afmb.cnrs-mrs.fr/stgen/). Ow-
ing to this large diversity, these proteins demand widely
divergent expression and crystallization conditions. This
forced us to devise a flowchart made of several sets of
conditions of increasing complexity (which we call “screen-
ing rounds”) to span as many of these demands as
possible. For instance, the screening data of ASG and Tbh
projects reported herein reveal that these two projects
used different combinations of screening rounds, thereby
suggesting that a given combination could be project-
specific.

Most SG projects address medical issues in fields such
as oncology, neurological, and infectious diseases that
monogenic approaches failed to solve because the un-
derlying molecular mecanism implicated more than one
gene. In this respect, ASG and Tb projects are particularly
representative of the stakes involved in SG. Both are
collaborative projects. The first one, with a private com-
pany searching for new therapeutic targets, contains 108
E. coli open-reading frames (ORFs). The second one, with
the Pasteur Institute, concerns 182 M. tuberculosis ORFs.
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FIGURE 1. Recombination cloning: the Gateway technology. The ORF of interest was PCR amplified using either the whole E. coli genome
or a cosmid bearing a fragment of the Th genome as a template, and primers containing at their 5" end the 5' (attB1) and 3' (attB2) recombination
sites, respectively. The PCR product was then subcloned into a shuttle vector (pDONR201) by incubating for at least 1 h at 25 °C in the
presence of the BP clonase enzyme. At this point, two pathways could be followed, depending on the number of expression plasmids to be
used. The one-tube reaction (one expression vector, rounds 1 and 2): In this case, the ORF was directly transferred from the shuttle vector
to the pDEST17 destination vector by incubating the BP reaction mixture for 1 h at 25 °C with LR clonase. DH5c. cells were transformed with
the whole mixture, and recombinant clones were selected by plating on ampicillin plates. Although the subcloning efficiency was close to
100%, for safety reasons we screen by PCR 2 colonies using destination vector-specific primers (attB1 and 2). The two-tube reaction (more
than one expression vector, round 3): DH5a. cells were transformed with the BP reaction mixture, and recombinant clones (so-called “entry
clones™) were selected by plating on kanamycin plates. Two colonies were screened using entry clone-specific primers (attL1 and -2). The
intermediate construct was purified by miniprep from one positive clone. The ORF was then individually transferred from the entry clone to
as many destination vectors as required using the LR reaction (see above). In ASG and Th programs, four expression vectors have been used
(labeled in the figure EC1—EC4). The efficiency of the system greatly relied on the fact that each recombination reaction substituted a lethal
gene cassette with the ORF. Therefore, E. coli cells uptaking unrecombined vector would die, hence the very low background.

screening of increasing complexity (Figure 2). In the first
round, cloning and expression were performed with a
basic set of conditions. The underlying reason was that it
has been reported that up to 20% of the targets of a given
Gene CIoning and Protein EXpI‘E‘SSiOﬂ SG project could produce soluble proteins and good
crystals under very basic experimental conditions (the so-
called “low-hanging fruits”).* At the end of the first round,
the remaining ORFs entered the second round, and so on.
Today, ORFs refractory to all four rounds are abandoned
(Figure 2). To assess the efficiency of the first round, 20
randomly chosen ASG and Tb targets were tested in a first
trial. As expected, a significant fraction of the E. coli
proteins expressed were soluble. By contrast, all Tb
proteins yielded insoluble proteins. It was therefore

For the reasons mentioned in the Introduction, we also decided that the Tb project would start directly at screen-
devised an iterative strategy made of four rounds of ing round 3. For that reason, E. coli targets were essentially

The first project started in June 2001 and the second in
January 2003. The first ASG structures and Tb crystals are
now available (January 2002).

Processing several hundreds of genes simultaneously
required a high-efficiency cloning strategy. The Gateway®
technology (Invitrogen) was nearly 100% efficient. In
addition, there was no restriction site analysis nor diges-
tion of the target gene or of the vector prior to cloning,
which hence saved time. A detailed description of this
technology can be found in Figure 1 and at http://
www.invitrogen.com.
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FIGURE 2. Evolution of the work scheme. The 108 target genes were processed in a simple first screening round. The targets that led to
negative results (i.e., no expression or insoluble protein) underwent a second screening round, and so on. To date, rounds 1—4 but not 5 and

6 have been effectively tried in SG programs.

processed through rounds 1 and 2 and Tb targets through
rounds 3 and 4.

First Round. We have defined a flowchart (Figure 2,
first round) allowing two technical assistants using stan-
dard laboratory equipment to process 96 targets from the
initial PCR to the crystal screening in about 10 days. In
rounds 1 and 2, pDEST17 was used. This expression
vector encoded an His6 tag linked to the N-terminus of
the target protein by means of 12 residues encoded by
the 5' recombination site. The resulting fusion protein
therefore bore 21 non-native amino acids at its N-
terminus. We decided not to remove this tail in the first
round to assess its possible deleterious effect on crystal-
lization. Since a single expression vector was used, the
cloning followed the “one-tube reaction” protocol (Figure
1, red arrows).

Protein expression was analyzed on 4-mL cultures, and,
if positive, purification was directly performed on a larger
volume. Tests were first performed in the BL21(DE3)
strain, in which expression proved constitutive. We there-
fore switched to tuner(DE3)pLysS strain, in which expres-
sion is more tightly controlled.

In three weeks, most of the 108 targets of the E. coli
project were cloned, and some were sent to crystallization
trials. At the end of round 1 (3 months), nine proteins (8%)
could be directly submitted to crystallogenesis trials,
thereby confirming our survey of the literature in this

respect. Six proteins gave crystalline material and two
diffraction data sets (Figure 3, first round). Incidentally,
this round provided evidence that crystallization was
possible despite the extra N-terminal tail.

Second Round. Interestingly, BL21(DE3) and tuner-
(DE3)pLysS diverged not only in expression control but
also in protein yield and solubility. This prompted us to
extend the number of strains to test from 2 to 7. We also
tried three incubation temperatures (37, 20, and 15 °C),
as decreasing temperature is known to improve protein
solubility. These conditions defined the second screening
round. The seven E. coli strains were BL21(DE3), BL21-
(DE3)pLysS, Tuner(DE3)pLysS, OrigamiB(DE3)pLysS, Ro-
setta(DE3)pLysS, C41(DE3)” and C43(DE3).” The first five
were obtained from Novagen, and the last two were from
Avidis SA. They had different phenotypes but were used
here empirically.

Combining temperatures and strains meant that each
ORF had to be tested under (7 x 3) = 21 expression
conditions with (2 x 21) = 42 gel loadings for analysis (to
assess the soluble/insoluble protein ratio), resulting in
2646 gel loadings for the 63 remaining genes. We therefore
decided to validate the second round with only 11 genes
(462 experimental points) instead of 63 and to substitute
sodium docecyl sulfate—polyacrylamide gel electrophore-
sis (SDS—PAGE) with a quantitative dot-blot procedure
(Figure 4; manuscript in preparation).
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FIGURE 3. Step-by-step summary of the results of the first (blue) and second (red) rounds of screening. The different steps are depicted
along the horizontal axis, in a chronological order from left to right. The absolute number of successful targets for a given step is indicated

along the vertical axis. The exact number is written on top of each bar.

Five soluble proteins were obtained out of 11 genes.
Cell cultures performed at 20 °C did not give better results
than those performed at either 37 or 15 °C, and so this
condition was skipped. Finally, three strains (BL21(DE3)-
pLys, C41 and Origami(DE3)pLysS) turned out to be
enough to assay for solubility improvement. The remain-
ing 52 genes were then processed following these new
guidelines. From a practical point of view, one strain was
transformed with the 52 plasmids and tested for expres-
sion. Only negative targets were tried in the second strain,
and so on.

Third Round. A well-known means to exogenously
express a recombinant protein in a soluble form is to fuse
it to another protein with an intrinsically high solubility.®*°
This fusion partner is generally removed during the
purification procedure by protease digestion, the site of
which has been introduced by PCR in the DNA construct.?
Four different expression plasmids bearing the following
tags were available in the laboratory: NusA, maltose
binding protein (MBP), glutathione-S-transferase (GST),
and thioredoxin (TRX).% In all cases, the tag was preceded
by His6 and followed by the TEV protease cleavage
sequence (borne by the 5'PCR primer), which respectively
allowed affinity purification on Ni column and release of
the target protein by TEV digestion. In this round, the

168 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 36, NO. 3, 2003

“two-tubes reaction” had to be used because every target
was subcloned into more than one expression vector
(Figure 1, blue arrows).

For reasons mentioned earlier, mainly Tb targets un-
derwent this round. Out of 182 targets, 62 were subcloned
into MBP vector, 44 into NusA vector, 48 into Trx vector,
and 50 into GST vector. Preliminary results indicated that
40 MBP and 4 NusA constructs gave rise to 10 and 2
soluble fusion proteins, respectively. With regard to ASG,
25 ORFs were expressed as an MBP fusion, which gave
rise to 14 soluble proteins.

Fourth Round. Because Th ORFs expressed mostly
unfolded proteins in the form of inclusion bodies (IBs) in
E. coli, it was worth trying refolding IBs by chemical
means.}71% |IBs were dissolved in 6 M guanidinium
chloride and purified. The soluble unfolded proteins
were refolded using a dilution method in 96-well plates
developed in the laboratory (manuscript in prepara-
tion). At present, four out of six proteins have been
refolded and submitted to crystallization trials, and two
gave crystals.

Possible Forthcoming Rounds. Today, only the above
four rounds have been used in experiments. However,
the following procedures have been successfully ap-
plied to reluctant targets elsewhere in the laboratory, but
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FIGURE 4. Semiquantitative detection of His6-tagged proteins. E.
coli cells induced to express the protein of interest are lysed, and
then the soluble proteins are separated from the unsoluble material
by centrifugation and adsorbed on a PVDF membrane using 96-
well plates (Millipore ref. MAIPN 0B10) under vacuum. Six His-tagged
proteins are detected by incubating blotted proteins with an anti-
His antibody coupled to peroxidase (Qiagen) and then with a
peroxidase luminescent substrate (ECL, Amersham Biosciences). The
resulting luminescent signal is recorded with a computer-driven CCD
camera (Kodak). To estimate the amount of recombinant protein, a
reference scale made of known amounts of characterized His6-
tagged protein is processed in parallel. (A) Luminescent signal
produced by the reference scale: the amount of protein, in nano-
grams per dot, is written on each dot. (B, C) Twenty-four independent
E. coli clones exhibiting different expression levels: (B) whole lysate
and (C) soluble proteins (for a direct comparison, the loading order
is the same as in B).

not in SG projects, and represent potential fifth and sixth
rounds:

() In Vitro Expression Using Commercial E. coli
Extracts (Roche).!*"18 In essence, the latter can express
toxic proteins which could account for lack of expression
in previous rounds.

(i) Coexpression with Chaperones. In E. coli, endog-
enous chaperones promote protein folding, and hence
protein solubility, during protein synthesis.

Purification of Recombinant Proteins. In view of SAD
or MAD experiments at the synchrotron,’® Se-Met-
substituted proteins were produced and purified in sim-
ilar conditions, using the methionine pathway inhibi-
tion method.?° Since native and Se-Met-substituted pro-
teins were expressed with at least a His6 tag, the manda-
tory first purification step was passage through a Ni
affinity column. The only improvement at this stage was
the use of Fast-Flow Chelating Sepharose (Amersham
Biosciences), allowing a high flow rate (10 mL/min).
Proteins that eluted from the Ni column were further
purified by gel filtration on Superdex 200 pg (Amersham
Biosciences).

Characterization of Recombinant Proteins. Protein
purity and molecular mass were checked by SDS—PAGE
and MALDI-TOFF mass spectroscopy,? respectively. The
mono- or polymeric state of the proteins was determined
by dynamic light scattering?® (DLS) with a DYNAPRO
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FIGURE 5. Beyond the structures, searching for the molecular
function. The sequences of the ORF products were analyzed for the
presence of PROSITE “signatures” (http://www.expasy.ch/prosite/)
to get information both on possible effectors to be added in the
crystallization tests and on the molecular function. In several cases,
some “signatures” characteristic of prosthetic group or metal binding
were found. Furthermore, out of the first five structures solved, two
exhibited active sites which could accommodate NAD or NADP.
We have therefore chosen a series of organic molecules (aldehydes,
alcohols, sugars, amino acids) suitable as substrates for dehydro-
genases; our choice has been driven by the analysis of the specific
activity reported for these classes of enzymes in the brenda database
(http:/AMnww.brenda.uni-koeln.de/). The activity test was set up in 96-
well plates. Each well was filled with 100 uL of activity assay mixture
containing NAD and a few microliters of enzyme by the TECAN robot.
In the above figure, the activity of target 30 with three substrates is
depicted. The increase of OD at 340 nm, due to the formation of
NADH, was read at 40-s" interval for 20" min by a microplate
spectrophotometer (Biotek) at 21 °C (A). The final spectrum of each
well, including references, was also recorded between 280 and 400
nm, to verify that the increase in OD does actually correspond to
the appearance of NADH (B). The specific activity was calculated
from the slope of the zero-order kinetics, directly given by the
software of the Biotek apparatus, taking into account the extinction
coefficients of NADH and the concentration of the enzyme.

instrument (Protein Solutions). The presence of secondary
structures was assessed by circular dichroism? with a
JASCO 800 spectrometer, and the lack of unfolded do-
mains was confirmed by recording 1D * H NMR spectra?*
on a Briicker 500DRX spectrometer.

Activity Tests. Activity tests were performed when a
putative molecular function could be deduced from the
low sequence identity (below 30%) or from the solved
structure. The molecular function of several ASG targets
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rops dispensing robot (Cartesian Inc.). (A) The carriage and the dispensing tips are contained in a closed box, and the

humidity is maintained at 85—90%. (B) The settings used for crystallization: the tips (1) aspirate the protein in the wells of a plate (2) and
dispense it in 96 small wells of the Greiner plate (4). The operation can be repeated for three proteins, or for the same protein at three
different concentrations. All eight tips are used when the precipitant is aspirated and dispensed. The tips are washed in the “wash station”

(3) between pipetting each row of eight wells.

was identified as NAD or NADP redox enzymes. Their
specificity was extensively explored (Figure 5).

Crystallization Strategy

Seeking crystallization conditions is a well-known bottle-
neck in the pipeline of structure production. A detailed
description of our crystallization strategy has already been
reported.?® In brief, we had three goals in mind: automate,
increase throughput, and reduce protein consumption.
These were achieved thanks to three successive genera-
tions of robots.

Automate. The first (homemade) robot was able to
mimic all the steps normally performed manually, includ-
ing greasing of the Linbro crystallization plates, dispensing
of 2-uL hanging drops on glass coverslips, and the final
sealing of the coverslips above the reservoir wells.?®
Although autonomous, this robot did not increase the
crystallization throughput because (i) it delivered only a
single dispensing at a time, (ii) the Linbro plate accom-
modated at most 24 samples, and (iii) the whole process
was time- (and protein-) consuming.

Increase Throughput. The launch of microplates by
Greiner-BioOne with 96 reservoir wells and 288 sitting-
drop shelves,? devised for the sitting drop vapor diffusion
method, resolved these three bottlenecks at once. A
TECAN Genesis robot with eight low-volume needles was
puchased and used for both loading of the reservoirs and
dispensing of 1.5—3-uL sitting drops. Reservoir and protein
solutions were mixed together after dispensing to avoid
local supersaturation. The crystallization plates were then
manually sealed with transparent film and stored at 20
°C. Plates were screened daily by visual inspection. When
the first hints became available, improvement of the
crystallization conditions was performed by hand by the
hanging drop vapor diffusion method in 24-well plates.

Reduce Protein Quantities. SG companies and con-
sortia have reported crystallization in drops in the nano-

170 ACCOUNTS OF CHEMICAL RESEARCH | VOL. 36, NO. 3, 2003

liter range to be a breakthrough. This aproach both speeds
up the kinetics of crystal growth and divides the amount
of protein needed for crystallization tests by a factor of at
least 10. Toward that goal, we have purchased a dispens-
ing robot (Cartesian Inc.) that uses high-speed microso-
lenoid valves and therefore is able to dispense “on the
fly” drops as small as 10 nL (Figure 6). To prevent the
drops from drying out, humidity was maintained at 85—
90% within the closed cabinet where the experiments were
performed. As the dispensing ceramic tips were calibrated
for very low volumes and held at fixed spacing by the
dispensing head, the crystallization plate reservoirs had
to be filled with the TECAN Genesis robot. The latter
transferred the crystallization solutions from 96 15-mL
tubes from commercial kits (see below) into the 96 wells
of the crystallization plate. The plate was then manually
transferred to the Cartesian robot, which performed the
following two steps: (i) aspiration of the protein from a
remote microplate and dispensing 100—200 nL to the
three lateral small wells in each reservoir well, thus
allowing for three protein concentrations to be tested in
parallel (see Figure 7a), and (ii) aspiration of 100 nL from
the reservoir solutions and the dispensing to each of the
protein droplets on the lateral shelves.

Another advantage of using “nanodrops” along with
high-density crystallization plates was that more screening
tests could be assayed. Therefore, our screening experi-
ments now included 408 different conditions. These were
obtained by combining five commercially available kits:
Structure Screen? 1 & 2, Clear Strategy Screen®® | & II,
ZetaSol,? Stura Footprint Screen® (Molecular Dimensions
Ltd., http://www.moleculardimensions.com/), and Wizard
screen (Emerald BioStructures, http://www.emeraldbio-
structures.com). As mentioned above, each condition was
tested at three different protein concentrations, resulting
in a total of 1224 crystallization drops, consuming ap-
proximatively 1.5 mg of protein.
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FIGURE 7. Crystallization with 100-nL drops. (A) One of the 96 wells of the Greiner “flat-bottom” crystallization plate. The main well, the
reservoir (1), contains the precipitant solution, and the three small lateral wells (2) contain the crystallization drop (here, 100 nL after vapor
equilibrium is reached). (B) A lysozyme crystal in the crystallization well. Its size (about 0.35 x 0.1 x 0.1 mm) is appropriate for synchrotron

data collection. (C) Long, flat crystals of target 87.

Since the “on-the-fly” dispensing mode often led to a
bad centering of the drops, we used the slower “step-by-
step” dispensing mode. With the “flat-bottom” Greiner
plates, the drop was not centered in ~10% of the cases.
However, the problem was solved when the “round-
bottom” boxes were introduced.

In an initial trial, the nanodrop technology was vali-
dated using lysozyme as a positive control.’! The drops
were obtained by mixing 200 nL of a protein solution at
half the reported concentration with 100 nL of buffer
(Figure 7a). Crystals appeared within 4 h, and 50% of the
drops contained nicely formed crystals (Figure 7b). Other
crystallization experiments were performed with two other
proteins (ASG targets 28 and 87, Figure 7c).

Results of the First and Second Rounds of the
Project and Concluding Remarks

As one can see in Figure 3, Gateway recombination
cloning was very efficient.

For ASG, the number of expressed ORFs was large,
amounting to 94 targets (87%). Sixty-nine proteins (~64%
of the targets) were expressed and soluble, which could
be considered satisfactory since fusion proteins were not
used in rounds 1 and 2. While using several expression
strains increased the number of expressed proteins by only
34%, the effect on solubility was more dramatic, with a
100% increase.

The number of proteins brought to crystallization (36)
was very inferior to that of soluble proteins identified by
screening because parallelization and automation did not
apply to protein production. In contrast, the number of
crystallized proteins (28) was amazingly high, 78% of the
proteins in crystallization test, although only 13 crystals
yielded useful data sets: 9 led to structures, the remaining
4 being at the stage of Se-Met protein crystallization.
Considering these numbers, the goal of ~20 proteins to
be solved should be achieved within 3 years.

Tb program started later than ASG. Out of the 182
ORFs, 85% were cloned and 20% expressed. Most of the
proteins were insoluble when only His-tagged. However,
four proteins from the fourth screening round reached the
crystallogenesis step, and two produced crystals. No
diffraction data have been collected yet.

Preparative protein expression and purification were
identified as bottlenecks because they were not amenable
to parallelization or automation. These could be improved
by growing cells in multimicrofermentors® (also P. Alzari
and J. Bellalou, Pasteur Institute, Paris, personal com-
munication) and purifying proteins with commercial kits
such as the 3D kit (Amersham Bioscience). Finally, we
have seen that nanodrop technology required about 10
times less protein than classical microdrops. This makes
it possible to use expensive in vitro expression (Roche),
which could become, in these conditions, an affordable
alternative to in vivo expression.

In conclusion, we believe that the iterative strategy of
screening rounds of increasing complexity fits well within
the scope of medium-throughput SG. In contrast, it would
be unrealistic to try to apply it to large-scale projects for
practical reasons. As indicated in the Introduction, our
next two SG projects concern membrane proteins (Mep-
Net) and viral enzymes (SPINE). It is likely that another
combination of screening rounds will be used in either
case. We also anticipate that IB refolding (round 4) will
be useful in the case of MepNet and eukaryotic expression
systems will be required for SPINE.
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