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Improving the soluble expression of recombinant
proteins by randomly shuffling 5" and 3’

coding-sequence ends

Many structural genomics (SG) programmes rely on the design of soluble protein
domains. The production and screening of large libraries to experimentally
select these soluble protein-encoding constructs are limited by the technologies
and efforts that can be devoted to a single target. Using basic technologies
available in any laboratory, a method named ‘boundary shuffling’ was devised to
generate orientated libraries for soluble domain selection without impeding the

target flow.

Producing soluble proteins is a major bottleneck in functional and
structural genomics. Protein solubility can be improved by expressing
functionally or structurally autonomous domains rather than full-
length proteins (Coutard & Canard, 2010). Two kinds of approach are
used for designing these domains. The in silico approach relies on
sequence analysis. However, to provide optimal results, completion
of this approach often requires the experimental testing of different
starts and stops of the in silico defined domain (Gréslund et al., 2008).
On the other hand, in the experimental approach libraries of
randomly truncated DNA are produced without previous sequence
analysis (Cornvik et al., 2005; Pedelacq et al., 2011). Unfortunately,
up to 95% of the coding sequences generated by endonucleases or
exonucleases may be out of frame, eventually resulting in high
background libraries. As a consequence, the number of bacterial
transformants to screen must be dramatically increased (up to 107 per
library) and an additional screening step for selecting in-frame coding
sequences must be performed before screening for solubility (Pede-
lacq et al., 2011). The screening of these large libraries can then be
conveniently performed by using a solubility reporter tag such as
green fluorescent protein (GFP), but at the expense of an additional
subcloning step to produce GFP-free protein for the downstream
applications (Cabantous & Waldo, 2006). This subcloning step can
be avoided by screening for soluble proteins by filtration of bacterial
lysates. However, the screening throughput of this method is lower
and also requires an additional step to quantitatively and qualita-
tively assess protein production (Cornvik et al., 2005). Finally, fully
automated protocols have been described to process large libraries
(Yumerefendi et al., 2010), but their cost restricts their use to few
laboratories.

In order to simplify the truncation-library production and down-
stream screening steps, we have developed a strategy to drastically
reduce the number of clones to test. The method, called ‘boundary
shuffling’ (BS), relies on a PCR-based instead of a nuclease-based
technology to generate the boundary diversity (Fig. 1). To make it
possible, a predefined experimental space is selected by a computa-
tional approach on both sides of a core domain defined as the
minimal sequence length necessary to code for a structurally or
functionally standalone protein domain. This core can be designed on
the basis of sequence or structure conservation, catalytic signature or
hydrophobic plot and secondary-structure prediction if no other
information is available (Gréslund et al., 2008). Secondary-structure
prediction is then used in combination with disorder prediction
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aliquot of each 5" and 3’ PCR product on an
agarose gel. All 5" and 3’ PCR products were
pooled following an equimolar ratio. This
pool was then used as the template for a

second PCR performed in a single tube with
the cloning sequence primers (Fig. 1c).
During this second PCR, 5 ORF halves
randomly hybridize with 3’ ORF halves by
means of the internal overlap corresponding
to the two complementary internal primers,

a method previously described for several

applications (Horton et al., 1989; Klock et al.,

2008; Figs. 1a and 1b). The self-elongation of
these two PCR halves in combination with

cloning-sequence primers recreates full-

* length cores with all possible combinations

of starts and stops suitable for cloning. The

<=

resulting BS library is inserted into the
favourite expression plasmid and expressed
in Escherichia coli. To ensure that each
possible start/stop combination is present at
least once among the tested clones with
>95% probability, a number of colonies
corresponding to three times the number
of combinations is tested for expression
(Bosley & Ostermeier, 2005). For example, if
eight starts are combined with eight stops
(i.e. 64 combinations), 192 individual clones
are analyzed for soluble expression. With
such a reduced number of clones to test,
classical strategies for expression screenings
can easily be applied (Figs. 1d, le and 1f;
Berrow et al, 2006). Downstream bio-
physical or biochemical methods such as
dynamic light scattering (DLS), thermal shift
assay (TSA) or analytical size-exclusion
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Figure 1

chromatography (SEC) can be applied to the
soluble proteins to select the best candidates

BS schematics from domain design to best construct selection. Putative start (light blue) and stop (red) regions,
core domain (black) and corresponding primers are indicated. The sequences appended to the 5’ end of each
forward and reverse primer (yellow and green, respectively) overlap the sequences of the generic primers used
for the second PCR. The construct labelled with an asterisk corresponds to the selected protein domain.

for crystallization (Klock et al., 2008; Geerlof
et al., 2006).
As a proof of concept, BS was tested on

(Lieutaud et al., 2008; Mooij et al., 2009) to define two regions of
various lengths upstream and downstream of the core. In the
upstream region, 5-12 putative starts can be selected. In the down-
stream region, 5-12 putative stops can similarly be predicted.
Forward and reverse primers are designed accordingly to the starts
and stops spanning the downstream and upstream regions, respec-
tively. By doing so, all of the inserts are expected to be in frame with
the plasmid sequence, which significantly reduces the number of
clones to screen for soluble expression and avoids the pre-screening
of in-frame sequences. Two different sequences are appended at the
5" end of each forward and reverse primer, respectively. They are
intended for hybridization with the two primers used for the second
amplification, those that incorporate the vector-specific cloning
sequences. Finally, a pair of complementary primers located in the
middle of the core is also designed (Fig. 1a). In a first PCR, each
forward primer is used in combination with the internal reverse
primer to generate individual 5" ORF halves. The same is performed
with each reverse primer and the forward internal primer (Fig. 1b).
The PCR efficiency is roughly assessed by individually running an

the macro domain of Hepatitis E virus

(HepE MD). Based on existing structural
homologues (Malet et al., 2009), previous rational design of six
constructs failed to produce a stable protein domain. Upstream and
downstream of the core domain, two regions of about 120 base pairs
each were defined on the border of the predicted disordered and
structured elements that may or may not be part of the macro domain
(Fig. 2a). Eight primers were designed in each of these two regions
using the ProteinCCD server (Mooij et al., 2009). The list of primers is
reported in Supplementary Table S1%. The eight 5" and eight 3' ORFs
halves were amplified individually (Fig. 2b). The first PCR products
were pooled in an equimolar ratio. The pool was then purified on an
agarose gel and used in a second PCR, as described above (Lantez et
al.,2011). The BS PCR library was cloned by recombination using the
‘one-tube’ protocol (Gateway, Life Technologies; Walhout et al.,
2000) into pETG20A, a vector expressing recombinant protein fused
to an N-terminal thioredoxin—Hiss tag. To assess possible bias

! Supplementary material has been deposited in the TUCr electronic archive
(Reference: YT5056). Services for accessing this material are described at the
back of the journal.

Acta Cryst. (2013). D69, 2580—-2582

Bignon et al. + Improving the soluble expression of recombinant proteins

2581



short communications

WA = »

INARAS »>

5’ PCR halves 3’ PCR halves

| | | |
120 130 HU 150 160
I

|
| I ’
*Q o & H D
* c * DR R ESPR
%tzo%o@o %o‘“{%@
Gpdte i sy
A ) E

34

=
=

©
o
o

22 230 L} |

;
0
1 | | { 1
Aold aals, o', 1650 bp
ERRdials 1000 bp
&
*

650 bp

EAEG)
m
e

LA A
s
500
o
o

o
B
>

o
iz
Tr
o
o
i
»
o

400 bp

200 bp

Q)

—68 kDa

—48 kDa

—29 kDa

—21kDa
—16 kDa

@
Figure 2

Results of the Hepatitis E virus macro domain project. (a) Sequence analysis of the macro domain with several predictors using the MeDor metaserver (secondary-structure
prediction, HCA plot, disorder and hydropathy predictions; Lieutaud ez al., 2008). Light blue and red frames locate putative start and stop regions, respectively. The 5" and 3’
boundaries borne by constructs encoding soluble proteins are highlighted in salmon pink. The two arrowheads indicate the limits of the construct encoding the more stable
domain. (b) Agarose gel electrophoresis pattern of individual 5" and 3’ PCR halves, the PCR halves pool before PCR2, molecular-weight markers and PCR2. (¢) Coomassie
Blue-like representation of capillary electrophoresis (LabChip GXII, PerkinElmer) pattern of IMAC micropurified expression results of 96 BS clones.

introduced during library production, 12 colonies were randomly
picked among the ~200 colonies obtained by heat-shock transfor-
mation. The inserts borne by pETG20A were then sequenced. All 12
constructs contained a HepE MD domain in the expected reading
frame. Moreover, no start and stop combination was over-
represented, suggesting that BS did not bias the library composition
(data not shown). The expression of HepE MD was analyzed in the
lysate of 192 clones by capillary electrophoresis following IMAC
micro-purification in 96-well format (Fig. 2¢). About one sixth of the
clones expressed a soluble protein with no detectable proteolysis and
with yields compatible with the demands of crystallization trials. The
sequencing of the insert borne by pETG20A of 11 of these clones
showed that their starts and stops are all located in short upstream
and downstream regions, respectively (Fig. 2a). Six constructs led to
stable recombinant proteins, all of which were homogenous in solu-
tion, as revealed by SEC. Four protein domains showed good dena-
turation profiles by TSA and were suitable for crystallization assays.
That showing the highest melting temperature by TSA led to crys-
tallization hits (Fig. 2a). Following this example, BS has been
successfully applied with deletion regions as large as 600 nt for
proteins with poor functional and structural information (data not
shown).

Truncation experiments are a major strategy to improve the
production of soluble and crystallizable proteins. Using boundary
shuffling to perform 30-200-amino-acid truncations on both sides of
a targeted domain, the process from library cloning to expression
screening can be completed within a week and at a lower cost than
processing ten individual constructs in parallel, mainly because BS
uses a single cloning reaction and only selected clones are sequenced.
Moreover, all of the clones expressing soluble proteins contain the
domain of interest, preventing the unwanted core-domain truncations
that can occur with nuclease-based approaches. Finally, boundary
shuffling does not require the use of specific cloning methods, tags or

expression plasmids and can therefore be adapted in any structural
biology laboratory with little modification of production processes.

This work was supported by the EU through the European Virus
Archive (EVA) project (European FP7 Capacities Project No.
228292; http://www.european-virus-archive.com/) and EUVIRNA
(Marie Curie Initial Training Network Project No. 264286; http://
euvirna.phrmy.cf.ac.uk/).
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