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ABSTRACT: Methods for the cloning of large numbers of open
reading frames into expression vectors are of critical importance
for challenging structural biology projects. Here we describe a
system termed fragment exchange (FX) cloning that facilitates
the high-throughput generation of expression constructs. The
method is based on a class IIS restriction enzyme and negative
selection markers. FX cloning combines attractive features of
established recombination- and ligation-independent cloning
methods: It allows the straightforward transfer of an open

sequencing vector
expression vectors

reading frame into a variety of expression vectors and is highly efficient and very economic in its use. In addition, FX cloning
avoids the common but undesirable feature of significantly extending target open reading frames with cloning related sequences, as it
leaves a minimal seam of only a single extra amino acid to either side of the protein. The method has proven to be very robust and
suitable for all common pro- and eukaryotic expression systems. It considerably speeds up the generation of expression constructs
compared to traditional methods and thus facilitates a broader expression screening.

rogress in structural genomics initiatives and in challenging
Pstructural biology projects, such as membrane protein struc-
ture determination, is tied to the possibility to screen for the
overexpression and biochemical stability of many different family
members to identify ones with superior biochemical properties.' >
In later stages it might be necessary to modify a particular protein
by removing unstructured termini and loop regions to improve
its crystallization behavior.*> Both strategies require robust
methods to generate large numbers of constructs for different
expression systems. Ideally, such a high-throughput cloning
method is reliable, inexpensive, and straightforward in its use.
It should be independent of the sequence of the target gene, and
the primers should be easy to design. A single PCR amplification
should suffice to clone into several different vectors since
expression levels are often sensitive to the location of fusion
products such as reporter genes and purification tags and also
show a strong dependence on the expression host and the
promoter system. Finally, the addition of cloning related
sequences to an open reading frame (ORF) should be kept at
its minimum since such sequences frequently affect the expres-
sion and crystallization behavior of the protein.

Traditional restriction and ligation-based cloning strategies
are in this respect unsatisfactory. These methods are of limited
efficiency and labor intensive in their use as they require the
purification of intermediate cleavage products. Moreover, a
uniform cloning strategy for a large set of different ORFs is
prevented by the frequent occurrence of restriction sites in the
sequences of the target genes.

Alternative approaches that circumvent the limitations of
restriction-based cloning are either recombination-based or
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based on ligation-independent cloning methods (reviewed in
ref 6). Recombination-based methods, such as Gateway,’
Creator,® and MAGIC,’ make use of site-specific recombination
to insert an open reading frame (ORF) into an expression vector.
Ligation-independent cloning methods, such as LIC'° and In-
Fusion,'" use the controlled digestion of DNA to generate long
complementary single-stranded overhangs on the vector and
insert, which allows cloning by base complementation without
the need of a ligation step. Of these high-throughput cloning
strategies, only Gateway and Creator allow subcloning of an ORF
into several expression vectors. Seamless cloning is possible only
for MAGIC and In-Fusion, though these methods require
separate PCR products for each combination of tags or fusion
proteins and are thus not suitable for high-throughput ap-
proaches. Apart from MAGIC and In-Fusion, all methods lead
to the extension with cloning-related sequences ranging from 12
to 15 (LIC) up to 21—25 base pairs (Gateway) on either side of
the ORF.® Amino acid stretches resulting from such additional
nucleotides are generally unstructured and are likely to interfere
with crystallization. Despite the lack of subcloning options and
significant extension of the ORF, many structural genomics
initiatives employ LIC due to its flexibility and low cost.'>"?

In this communication we present a superior alternative to
existing high-throughput cloning strategies and demonstrate its
applicability. The method is based on the use of type IIS
restriction endonucleases (REs), which cleave DNA at a fixed
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distance outside their asymmetric recognition site.'* The actual
sequence of the resulting overhang can be any of the 16, 64, or
256 combinations possible for cohesive ends of 2, 3, or 4
nucleotides, respectively. The unique properties of class IIS
REs has led to several apglications (reviewed in ref 14) including
cloning procedures.>”'® We have applied critical improvements
to these methods, resulting in an efficient high-throughput tool
that allows initial cloning and subcloning while limiting the
flanking extensions of the ORF to three base pairs.

B EXPERIMENTAL PROCEDURES

Construction of Expression Vectors Compatible with FX
Cloning. Removal of the Sapl site near the pBR322 origin of
replication (ORI) in pET26"° was done by Quikchange muta-
genesis. To construct FX cloning compatible derivatives of
pBAD vectors,” the two endogenous Sapl sites around the
pBR322 ORI and the Pgap promoter in pBADnLIC*' were
removed by PCR, yielding pBADnLICASapl. To construct
derivatives of pRE vectors, ! the Sfil fragment containing the
sole Sapl site located near the pBR322 ORI was replaced with a
corresponding Sapl-free Sfil fragment obtained via PCR using
pBADNLICASapI as template.

The two Sapl sites required for cloning and flanking the
sequences coding for tags, fusion proteins, or start and stop
codons were introduced by a PCR of the vector backbone. For
this, the forward primer was extended on its S’ end by the
sequence S’ atatatGCTCTTCtGCAnnn. The nnn codon repre-
sents the first triplet of the desired expression element that will
follow the C-terminal Ala residue. The reverse primer was
extended on its S end by the sequence S’ atatatGCTCTT-
CaACTnnn. Here, the nnn codon represents the reverse comple-
ment of the triplet of the desired N-terminal expression element
preceding the Ser residue. Lowercase letters in the extensions can
be replaced by any nucleotide to prevent stable secondary
structure elements. The fragment containing the ccdB and cat
markers was amplified from pREBACK>" using forward primer $'
tatata AGTTGAAGAGCGACCTGCAGACTGGCTGTGTATAA
and reverse primer S’ atatatTGCAGAAGAGCTGAACTAGTG-
GATCCCCAAAAAAG. To create the FX-cloning compatible
expression vector, the Dpnl-treated PCR product of the vector
(~100 ng) was mixed with the gel-purified PCR product of the
ccdB and cat markers to a final molar ratio of 1:5 (vector:insert).
After the addition of 1.5 uL of 10x buffer (200 mM Tris-acetate,
500 mM potassium acetate, 100 mM magnesium acetate, 10 mM
dithiothreitol, pH 7.9), the volume was adjusted to 14 #L, and
the digestion was started by the addition of 1 uL of Sapl (2U).
The mixture was digested for 1 h at 37 °C, and the enzyme was
heat inactivated by a 20 min incubation at 65 °C. After cooling to
RT, ligation of the fragments was started by the addition of 1.9 uL
of 10 mM ATP-mix (10 mM Na,-ATP, 10 mM MgSO,, S0 mM
KPj, pH 7.0 adjusted to pH 6.5—7.0 with NaOH) and 1.9 uL of
T4 ligase. Fragments were ligated for 1 h at 25 °C followed by
heat-inactivation of the enzyme by a 20 min incubation at 65 °C.
After cooling to RT, 5 uL of the mixture was transformed to
chemically competent cells of a ccdB-resistant E. coli strain such as
DB3.1.” Aliquots were plated on LB-agar supplemented with the
appropriate antibiotics, and colonies were obtained after over-
night incubation at 37 °C. Relevant regions were verified by
sequencing and subsequently recloned into the Sapl-free parent
vector to avoid potential errors introduced by the PCR of the

vector backbone. Plasmids described in this study are detailed in
Table S3.

Construction of pINITIAL. A fragment containing the sacB
counterselection marker flanked by Sfil sites was amplified by
PCR using pEA_sacB as template. A fragment containing the
pBR322 ORI and kanamycin resistance gene, flanked by Sfil
sites, was amplified by PCR using a pET28-derivative as tem-
plate. A fragment containing the ccdB and cat markers, flanked by
Sapl sites, was amplified from pREBACK using primers contain-
ing Sfil sites. All fragments were mixed, digested with Sfil, and
subsequently ligated and transformed to E. coli DB3.1 cells. The
orientation of the three fragments was fixed by the choice for
three different types of overhangs resulting from Sfil digestion. In
the resulting plasmid, the Sapl site near the pBR322 origin of
replication (ORI) was removed by Quikchange mutagenesis,
leading to pINITIAL.

FX Cloning of PCR Products. Open reading frames coding for
SLC12 transporters devoid of their start and stop codons were
amplified by PCR using a forward primer extended on its S’ end
by 8" atatatGCTCTTCtAGTnnn and a reverse primer extended
on its 8’ end by S’ tatataGCTCTTCaTGCnnn. The nnn triplet
indicates the position of the codon flanking the start and stop
codon in the forward and reverse primer, respectively. Lowercase
letters in the extensions can be replaced by any nucleotide to
prevent stable secondary structure elements. PCR products were
gel-purified.

For initial cloning of PCR products, 50 ng of the pINITIAL
vector was mixed with the PCR product to a final molar ratio of
1:5 (vector:insert). After addition of 1 uL of 10x buffer (200 mM
Tris-acetate, SO0 mM potassium acetate, 100 mM magnesium
acetate, 10 mM dithiothreitol, pH 7.9), the volume was adjusted
to 9 uL, and the digestion was started by the addition of 1 uL of
Sapl (2U). The mixture was digested for 1 h at 37 °C. The
enzyme was subsequently heat-inactivated by a 20 min incuba-
tion at 65 °C and cooled to 25 °C. Fragments were ligated by
the addition of 1.25 uL of 10 mM ATP-mix and 1.25 uL of T4
ligase (1 U/uL) for 1 h at 25 °C followed by heat-inactivation of
the enzyme by a 20 min incubation at 65 °C. A S uL aliquot of the
mixture was transformed to chemically competent E. coli
MC1061,>* a non-ccdB-resistant E. coli strain. Aliquots were
plated on LB-agar supplemented with 50 ug kanamycin/mL,
and colonies were obtained after overnight incubation at 37 °C.
The pINITIAL-derivative obtained was sequence-verified and
used for subsequent subcloning of the ORF to different expres-
sion vectors. If initial sequence verification is not required,
cloning into pINITIAL can be skipped and PCR products can
be cloned immediately in an expression vector using the same
procedure.

Subcloning Using FX Cloning. For subcloning, 50 ng of the
desired FX-cloning compatible expression vector was mixed with
the pINITIAL-derivative containing the inset to a final molar
ratio of 1:4 (expression vector:pINITIAL-derivative). The same
procedure as described above was followed, except that after
transformation to chemically competent cells of a non-ccdB-
resistant E. coli strain, such as E. coli MC1061,* aliquots were
plated on LB-agar supplemented with 7% (w/v) sucrose and the
appropriate antibiotic for the expression vector. The intermedi-
ate pREXNH3 and pREXC3H vectors were converted into
lactococcal expression vectors using the VBEx procedure."

Overexpression and Characterization of SLC12 Transpor-
ters. E. coli MC1061°* and BL21(DE3)"? containing derivatives
of Pgap-controlled (pBXNH3 and pBXC3H) or P--controlled
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(p7XNH3 and p7XC3H) expression vectors, respectively, were
cultivated on Terrific Broth containing 0.75% (w/v) glycerol and
supplemented with 100 pg/mL ampicillin or 50 y#g/mL kana-
mycin when appropriate. Cultures of 700 uL were inoculated
with a 1% (v/v) inoculum of an overnight culture and grown in
96-well plates sealed with gas-permeable seals at 37 °C with
vigorous shaking (300 rpm). After 1.5 h growth, the temperature
was slowly adjusted to 25 °C over the course of 1 h. Cells were
subsequently induced at ODggp = 0.4—0.6 with 1.10~ > % (w/v)
L-arabinose or 0.5 mM IPTG for Pgap- or Pr--controlled
expression vectors, respectively. Cultivation was continued for
~16 h. L. lactis NZ9000* containing derivatives of P 5-con-
trolled (pNZXNH3 and pNZXC3H) expression vectors were
cultivated on M17”* supplemented with 0.5% (w/v) glucose and
S ug/mL chloramphenicol. Cultures of 4 mL were inoculated
with a 1% (v/v) inoculum of an overnight culture and grown
semianaerobically in a sealed 24-well plate at 30 °C with mild
shaking (S0 rpm). Cells were subsequently induced at ODq =
0.4—0.6 with 4 x 10~ * volume of spent medium of L. lactis
NZ9700,*° corresponding to a final nisin A concentration of
4 ng/mL, and cultivation was continued for ~16 h. Cell
disruption for E. coli and L. lactis, solubilization of the membrane
fragments with 1% (w/v) dodecyl-3-D-maltoside, and subse-
quent differential sedimentation and detection by immuno-
blotting were performed as described.”*®

B RESULTS

Description of the Cloning Procedure. Uniform cloning
strategies for a large set of ORFs based on restriction endonu-
cleases (REs) are generally prohibited as the length of the
recognition sites are insufficient to prevent their occurrence in
afraction of the target sequences. This complication is even more
severe due to the need of two different restriction enzymes to
secure the orientation of the inset in a plasmid vector. However,
these difficulties mainly apply to the commonly used type IIP
REs, which recognize palindromic sequences and cleave the
DNA within their recognition site, thus producing an invariable
overhang.”” Although type IIS REs have recognition sites of
similar lengths as type IIP REs, their recognition sequence is
nonpalindromic and cleavage occurs at a defined number of base
pairs outside their recognition site' (Figure 1A). The resulting
overhang can thus be of any sequence, and directional cloning
can be accomplished with the use of a single type IIS RE. Unlike
internal IIP recognition sites that will always produce a compa-
tible overhang and consequently lead to a gene truncation, an
internal type IIS recognition site is only problematic in rare cases
where the produced overhang is complementary to that of the
vector.

We reasoned that these attractive properties of type IIS REs
could be exploited for a uniform high-throughput cloning
procedure. The overall cloning strategy, termed FX cloning
(for fragment exchange cloning), is outlined in Figure 1B,C.
Initially, the target gene is amplified by PCR using a pair of
comparably short primers, each containing a type IIS RE site. The
recognition sites are located at the respective S’ ends and are
oriented so that they are physically separated from the ORF upon
cleavage (Figure 1D). Though the sequence of the short single-
stranded overhangs at both ends of the cleaved PCR product can
be freely chosen, they should differ sufficiently from each other to
allow directional cloning and prevent self-ligation of the vector.
The cleaved ORF can be received by an intermediate sequencing

vector (pINITIAL) or cloned immediately into one or more
expression vectors. Both classes of vectors contain the same pair
of type IIS RE sites flanking the counterselection gene ccdB.*®
Importantly in pINITIAL the sites have the same direction as in
the PCR product, oriented toward the counterselection marker.
In this case the respective recognition sites remain on the plasmid
after cleavage. In the expression vectors, in contrast, the direction
of the cleavage sites is reversed (Figure 1E). The recognition sites
are thus lost after digestion, which ensures that the cloning-
related sequences added to the expressed constructs remain
small. After cleavage, both classes of vectors contain comple-
mentary overhangs which hybridize with the insert and are finally
joined by ligation. Subsequent transformation of the ligation mix
to a non-ccdB-resistant E. coli strain allows only cells with
daughter plasmids containing the target ORF to survive. Taken
together, these steps eliminate the need for purification of
cleaved products and thus allow the entire reaction to be
performed in one cup.

The generation of different expression constructs from a single
ORF usually proceeds in two steps. In a first step the PCR
product is cloned into pINITIAL and confirmed by sequencing
(Figure 1B). In a second reaction, the intermediate vector
pINITIAL, containing the ORF, takes over the role of the PCR
product (Figure 1C). The reaction proceeds in the same way,
with the respective expression vector serving as acceptor. Plating
on sucrose-containing media after transformation to a non-ccdB-
resistant E. coli strain selects for expression vectors containing the
insert, as the pINITIAL backbone carries the counterselection
marker sacB which renders E. coli sensitive to sucrose.””

Selection of the Type IIS RE and Overhang Sequence. To
establish the FX cloning procedure, we selected the most suitable
type IIS RE out of the set of 532 available enzymes in the
REBASE database (March 2008).*° Next to being commercially
available, we searched for enzymes with long and thus infre-
quently occurring recognition sequences, which produce a
single-stranded overhang of preferably three bases. The latter
would result in the addition of only a single amino acid on either
terminus of the protein. The criteria were satisfied by only four
isoschizomers—BspQl, Lgul, PciSI, and Sapl—that all recognize
the same seven base pair long sequence (Figure 1A). Though we
established the procedure using Sapl, in principle any of these
enzymes can be used.

The distribution of Sapl sequences was analyzed in 1121
prokaryotic genomes and 345 plasmids larger than 100 kb
present in the NCBI database (September 2010; Figure S1).
We found that, in agreement with our expectations, these sites
are rare as in over 97% of the cases the average distance between
neighboring Sapl sites is larger than 2.5 kb. This ensures that the
vast majority of ORFs are not targeted by this enzyme.

As terminal single-stranded overhangs we selected the se-
quences AGT and GCA, coding for the small and uncharged
amino acids serine and alanine, respectively. These triplets are
incompatible with each other, which prevents self-ligation of the
vector and insertion of the target in the undesired direction. Since
ORFs with internal Sapl sites that produce overhangs comple-
mentary to those of the vector will complicate the cloning
procedure, we determined the fraction of affected sequences
and found that only about 7% of the Sapl sites present in
prokaryotic ORFs (NCBI database, September 2010) give rise
to compatible overhangs (Figure S2). As most ORFs contain
either no (86%) or a single recognition site (12% of which 93%
result in overhangs not compatible to those in the vector), a total
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Figure 1. Schematic overview of the FX-cloning method. (A) Sapl restriction site. The recognition site is shown in bold letters; nucleotides of the three
base-pair single-stranded overhangs are colored in green. N describes any of the four nucleotides. A schematic view of the cleavage is shown. Arrows
indicate the direction of the restriction site. (B) Cloning of a PCR product into pINITIAL. The amplified open reading frame (ORF) is shown in green.
The direction of the IIS restriction sites is indicated by arrows, which are colored corresponding to their respective generated overhangs after cleavage.
The genes coding for the counterselection markers ccdB and sacB on pINITIAL are colored in magenta and orange, respectively. (C) Subcloning of an
OREF into an expression vector (pEXPRESSION). Color coding is as in (B). The three nucleotides added to either terminus of the ORF are shown as
insets (circle). (D) Orientation of the Sapl cleavage sites in the PCR product and pINITIAL and (E) in expression vectors. The single-stranded
overhangs generated upon cleavage are shown in orange and magenta.

ORF ORF-CGT

of 97% of the analyzed ORFs can be cloned in a straightforward
manner (Table S1). The addition of the small three base-pair
sequences connecting the target ORF with the expression
elements of the vector allows the use of a single PCR product
to generate fusions at both termini of the translated protein. The

use of different primer sets for N- and C-terminal fusions to
prevent translation of the long cloning-related sequences, a
common practice for most high-throughput cloning strategies,
can thus be bypassed. The preparation of any expression vector
for FX cloning involves only minor adaptations. Internal Sapl
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Figure 2. FX-cloning efficiency. (A) Efficiency of the initial cloning step of a PCR product into pINITIAL expressed in colony forming units (CFU) per
ug vector (left axis) and as a fraction (%) of the transformation efficiency of covalently closed circular (CCC) plasmid DNA (pINITIAL containing an
insert; right axis). Values and standard deviations are shown for inserts containing either no (left) or one Sapl site (right). (B) Efficiency of the
subcloning step of ORFs from pINITIAL to the expression vector pBXC3H expressed in CFU per ug pBXC3H (left axis) or as a fraction of the
transformation efficiency of covalently closed circular (CCC) plasmid DNA (pBXC3H containing an insert; right axis). (C) Immunoblots indicating
relative expression levels for SLC12 homologues from Crocosphaera watsonii (CW), Lyngbya sp. (LY), Cyanothece sp. (CY), Candidatus Protochlamydia
amoebophila (CP), Psychromonas ingrahamii (P1), and Salinibacter ruber (SR). Membrane proteins were expressed in E. coli using the Py (BX) and P,
(7X) promoters or in L. lactis using the P4 (NX) promoter. Superscripts N and C indicate an N- or C-terminal location of the His-tag, respectively. For
each homologue, equivalent amounts of crude cell lysate were used to assess the total expression levels. Total: samples containing whole cell lysates.
Detergent-soluble: fractions solubilized with dodecylmaltoside. Proteins were detected using an anti-His-tag antibody.

sites have to be removed and a pair of restriction sites has to be
introduced by PCR, followed by an FX-cloning step in which the
ccdB marker is inserted. To date, we have prepared pINITIAL
and several common expression vectors for that purpose.

FX Cloning of SLC12 Transporters for Expression Screen-
ing. To illustrate the versatility of this approach, we have cloned
several genes of ~2.3 kb each coding for prokarzotic homologues
of the SLC12 membrane transporter family®"** into six different
expression vectors. For both the initial cloning step of the PCR
product into pINITIAL (Figure 2A) and subsequent subcloning
steps into different expression vectors (Figure 2B) we have
obtained high transformation efficiencies only 1—2 orders of
magnitude less than transformation of covalently closed circular
plasmid DNA. These values are similar to those reported for
efficient high-throughput cloning systems such as LIC'® and
Gateway.” Importantly, for both steps the presence of an internal
Sapl site only lead to a minor, ~5-fold decrease of efficiency. In
all cases the amount of DNA used (50 ng plasmid) was an order
of magnitude lower compared to classical restriction-type clon-
ing methods. All 56 analyzed colonies contained the desired
plasmid (Table S2). Subsequent characterization of expression
conditions was performed only few days after the initial PCR
reactions. The broad screening allowed the selection of several
combinations of expression-host, vector, and target proteins
amenable to overexpression and detergent solubilization within
1 week of work (Figure 2C and Figure S3). In comparison, an
earlier attempt to carry out this screening by traditional restric-
tion and ligation-based methods has taken several months.

B DISCUSSION

The FX-cloning procedure described here presents an efficient
and inexpensive high-throughput cloning strategy that is applic-
able to all established prokaryotic and eukaryotic expression
systems. Although parts of the method are conceptually similar to
procedures described before,">'”'* it includes important im-
provements that are critical for its performance as a reliable,
uniform, and robust method. The choice of the appropriate
restriction enzyme with a comparably long recognition site, and a
three-base-pair overhang ensures a low frequency of internal

cleavage sites in target genes and limits the addition of cloning
related sequences to either end of the expressed protein to one
amino acid each. The inclusion of appropriate counterselection
markers keeps the background of untransformed vectors low and
allows unambiguous selection of positive clones in each step. FX
cloning requires minimal handling and takes place in one cup
within a 3 h period. It does depend neither on comparably
expensive proprietary enzymes such as used in Gateway’ nor on
critical enzyme treatments such as required for LIC."® In contrast
to LIC, subcloning between different vector systems is possible
and does not require an additional amplification reaction. The
robustness of the method makes it suitable even to researchers
new to molecular cloning. During the past two years FX cloning
was used in our and selected other laboratories to clone several
hundreds of genes into expression vectors for prokaryotic and
eukaryotic expression systems and has proven to work reprodu-
cibly and with exceptionally high efficiency. This has allowed us
to investigate more expression constructs in a considerably
shorter time frame than previously when using traditional
cloning methods. We thus find FX cloning to be superior to all
other available strategies for the generation of large numbers of
expression constructs for challenging structural biology projects.
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