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X-ray crystallography provides important insights into
structure-function relationship in biomolecules. Howev-
er, protein crystals are usually hard to obtain which hin-
ders our understanding of multiple important processes.
Crystallization requires large amount of protein sample,
whereas recombinant proteins are often unstable or in-
soluble. Green fluorescent protein (GFP) fusion is one of
the approaches to increase protein synthesis, solubility
and stability, facilitating crystallization. In this study we
analyze the influence of the linker length, composition
and the position of GFP relative to the fusion partner on
the fusion protein production and stability. To this end,
multiple constructs of enzymatically impaired variant
of PemK, toxin from Staphylococcus aureus CH91 fused
to GFP were generated. Fusion protein production in
Escherichia coli was evaluated. The proteins were puri-
fied and their stability tested. PemK,-a14aa-GFP fusion
provided best production and stability. Obtained results
demonstrate the importance of optimization of fusion
protein construct, including linker selection and the or-
der of fusion partners, in obtaining high quantities of
stable protein for crystallization.
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INTRODUCTION

Protein crystallization followed by X-ray diffraction
studies allows to elucidate the three dimensional struc-
tures, providing vital information on structure-activi-
ty relationships. Understanding the molecular details of
the mechanism of action of different proteins provides
important progress in basic research and multiple other
fields including drug discovery (Overington ez al., 2000).
However, crystallization requires a considerable amount
of purified, well behaved, sample, which is often hard
to obtain. Fusion proteins are one of the attractive
tools which frequently allow to overcome this limitation
(Smyth ez al., 2003). Fusion proteins not only facilitate
putification, but are also used to improve production,
solubility and stability of target proteins. Protein tags are
attached either at N- or C-terminus of the fusion part-
ners or less often replace intrinsic unstructured regions
(Cherezov et al., 2007). The importance of fusion pro-
teins in protein crystallization is not limited to facilitating
protein synthesis only. By increasing the available polar

surface fusion proteins may facilitate protein crystals
growth (Cherezov et al., 2007).

Commonly used protein tags include maltose-binding
protein (MBP) (Kobe ¢ al, 1999), glutathione-S-trans-
ferase (GST) (Lally ez al, 1998), thioredoxin A (Corsini
et al., 2008), antibody fragments (Iwata ez al, 1995) and
lysozyme (Cherezov ef al., 2007), but other tags have also
been used. These tags helped obtaining a large number
of crystal structures. Yet another possibility is provided
by using green fluorescent protein (GFP) as a fusion tag.
GFP originates from a jellyfish Aeguorea victoria (Cubitt
et al., 1995). Due to a well-defined, compact structure
(Yang ¢ al., 1996) and stability in varied conditions, in-
cluding broad pH range, elevated temperature and the
presence of detergents (Cubitt ez al, 1995) it constitutes
an ideal fusion partner. It is also well soluble. Though
GFP has a relatively large molecular weight (~27 kDa)
it usually does not interfere with the function of fused
proteins (Kwolik ez @/, 2001; Hsieh ez al, 2010). The
above characteristics have warranted the success of GFP
in studying 7z vive tracking of proteins (Hsich ez al., 2010;
Ashikawa ¢z al, 2011) and a fact that GFP serves as a
suitable scaffold tag in protein crystallization (Suzuki ef
al., 2010; Mueller e# al., 2013; Nguyen et al., 2013). The
position of the tag relative to a fusion partner and the
properties of a peptide linker are of considerable im-
portance for successful production and stability (Arai ez
al., 2001; Japrung e al., 2005). Nevertheless, insufficient
and partly contradictory experimental data does not sup-
port rational construct design. Some reports suggest that
localization of the tag at the N-terminus of the fusion
partner warrants high production and proper folding (di
Guan ¢/ al, 1988). Another studies argue that fusion at
the C-termini of the target protein improves solubility
(Japrung ez al., 2005). Certain data indicates that the use
of flexible linker sustains functionality of the fusion part-
ner (Robinson ez al, 1998), but another study demon-
strated that only a rigid, alpha-helical linker provides
enough spatial separation of fusion partners to facilitate
independent folding (Arai ez al, 2001). Linker length is
also of importance, but insufficient data is available to
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Table 1. Plasmid constructs used in the study.

Genes .
Plasmid (in order of fusion Linker Primers E?gtoe?sd fusion
components) p
GFP_BamHI-ForB
e oo gfpmut2 LQ GFP_Pstl-RevB .
pETDuet-gfp-2aa-pemKs, pemK, (short) PemK_Pstl-ForB GFP-2aa-PemK,
PemK_Hindlll-RevB
PemK_BamHI-For
; yanl pemK. LQ PemK_Pstl-Rev2 yanl
pETDuet-pemK,,-2aa-gfp gfmeSf;‘Z (short) GFP_Pstl-For PemK,-2aa-GFP
GFP_Hindlll-Rev2
GFP_BamHI-ForB
v i gfomut2 LQAEAAAKEAAAKA GFP_Pstl_LinH-RevB g !
pETDuet-gfp-al4aa-pemK,, pemk,, (helical) PemK_Pstl-ForB GFP-a14aa-PemK,,
PemK_HindlIll-RevB
PemK_BamHI-For
. B ~ pemK,, LQAEAAAKEAAAKA PemK_Pstl-Rev2 B .
pETDuet-pemK,,-a14aa-gfp gfpm:.sltz (helical) GFP_Pstl-LinH-For PemK,,-a14aa-GFP
GFP_Hindlll-Rev2
GFP_BamHI-ForB
e . gfomut2 LQTSGGGGSGGGGSA GFP-Pstl_LinE-RevB g .
PETDuet-gfp-15aa-pemKs, pemK,, (unstructured) PemK_Pstl-ForB GFP-15aa-PemKs,
PemK_HindllI-RevB
PemK_BamHI-For
. . - pemK,, LQTSGGGGSGGGGSA PemK_Pstl-Rev2 ) .
PETDuet-pemKs,-15aa-gfp gfpmétz (unstructured) GFP_Pstl_LinE-For PemK,,-15aa-GFP

GFP_Hindlll-Rev2

conclude on the best length and composition (Kwolik e#
al., 2001; Corsini et al., 2008).

Clearly, the controversy concerning construct design
is partly related to the fact that different fusion partners
may require different strategies to obtain efficient pro-
duction. Nevertheless, we believe that a systematic in-
vestigation may define certain general recommendations
for rational construct design. Therefore, in this study we
designed a set of fusion proteins containing GFP and
an enzymatically impaired staphylococcal mRNA inter-
ferase PemKg (R84A). The interferase, belonging to the
toxin-antitoxin system encoded on pCH91 plasmid of
Staphylococcus anrens CHI1 (Takeuchi ez al., 1999; Bukow-
ski ez al., 2013), was chosen due to problematic produc-
tion and stability of his-tagged constructs (unpublished
results). Synthesis level, solubility and stability were eval-
uated for N- and C-terminal GFP fusions containing dif-
ferent linker lengths. The results allow to formulate cer-
tain general recommendations for GFP fusion containing
construct design.

MATERIALS AND METHODS

Bacterial strains and culture conditions. E. /i
TOP10 (Invitrogen) and BIL21(DE3) (Novagen) were
used for cloning and fusion protein production, respec-
tively.

Preparation of plasmid constructs. Genes encod-
ing fusion protein partners were amplified by PCR.
pemK, R84 (following denoted as pemK,) was ampli-
fied from pETDuet-pemK, R§4A4 (Bukowski ez al., 2013).
gpmut2 was amplified from pCNG68 (Charpentier et al.,
2004). Linker sequences and restriction sites were intro-
duced within primers (Table 2). Amplicons were ligated
into pTZ-57R/T (Thermo Scientific), excised with ap-
propriate restriction enzymes and cloned into an expres-
sion vector pETDuet-1 (Novagen). The N-terminal se-

quence of six histidines was already encoded within the
vector (Table 1 and Fig. 1).

Protein production and purification. Liquid over-
night cultures were diluted 100-fold in 500 ml of Tryp-
tic Soy Broth (Sigma Aldrich) containing ampicilin (0.1
mg/ml). The bactetia were cultured at 37°C with thot-
ough aeration until the optical density measured at 600
nm reached 0.6. Protein production was induced with
IPTG (isopropyl B-D-1-thiogalactopyranoside) at a final
concentration of 1 mM. After induction, the cultures
were incubated overnight at 20°C with thorough aera-
tion. Cells were harvested by centrifugation for 30 min
at 5000Xg and lysed by sonication. Lysates were clari-
fied for 30 min at 21000Xg The fusion proteins were
purified by affinity chromatography in native conditions
using buffers recommended by the resin supplier (nickel-
nitrilotriacetic acid, NiNTA; Novagen). The preparation
was dialyzed overnight against 5 mM Tris/HCl, 50 mM
NaCl, pH 7.4, precipitation was assessed, and the fusion
protein was further purified by gel filtration using Super-
dex 75 column (GE Healthcare) in the same buffer.

Determination of stability of fusion proteins. The
samples were incubated at 4°C and 22°C for two weeks.
The stability and the amount of remaining fusion protein
was analyzed by SDS-PAGE and densitometry. Intensity
profiles were generated and quantified using Image] soft-
ware (Schneider ef al., 2012).

RESULTS AND DISCUSSION

Evaluation of fusion protein production and solubility

We have previously described the toxin-antitoxin sys-
tem PemlIK, of S. awreus strain CH91 (Bukowski ez al,
2013), however, our attempts to obtain recombinant
PemK,, or its mutants at crystallization quality have
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Figure 1. Schematic representation of fusion proteins evaluated
in this study.

PemKj, toxin and GFP were combined in two different relative ori-
entations. In each orientation the fusion proteins were connected
with three linker types (six different constructs were evaluated in
total). A six histidine tag was added at the N-terminus of each fu-
sion protein.

failed due to instability of the toxin, especially in low ion-
ic strength buffers. In this study we ventured to obtain
stable GIP fusion of PemK (R84A) (further denoted as
PemK,) for crystallization and in parallel to acquire a
systematic evaluation of the effect of GFP position rela-
tive to the fusion protein and the linker length on pro-
duction and stability. Six constructs were prepared, three
containing GFP at the N-terminus of PemKg, and three
at the C-terminus. In both types of constructs three link-
ers were evaluated: a short two amino acid containing
one, a flexible 15 amino acid linker and a rigid a-helical
14 amino acid containing one (Fig. 1). We analyzed the
synthesis level and solubility (ss. inclusion bodies) of
each construct in E. cw/. The efficiency of recombinant
protein production and the amount of protein in soluble
fraction differed between evaluated constructs (Fig. 2
and Table 3.). Highest production was obtained for
PemK -a14aa-GFP whereas production level of GIP-
2aa-PemK, was lowest among all tested constructs. The
influence of the linker type on synthesis level was differ-
ent for the constructs containing GFP at the C-terminus
and those containing GFP at the N-terminus. In the
former group, the highest production was obtained us-
ing the o-helical linker while in the latter of the flexible
one. Concerning solubility, no pronounced differences

Table 2. PCR primers used in the study.

PemKsr-aldaa- GFP-aldaa- GFP-15a- GFP-2aa-

GFP. PemKs,
- o

116 - S . =

. PemKsy
e § s e —_ 3 B - | _——
B = g |
% % ‘* |* *

= |
Figure 2. Production of evaluated fusion proteins (*) in E. coli
BL21(DE3) as monitored by SDS-PAGE.
First lane in each panel represents the total cell lysate before IPTG

induction; second and third lanes represent insoluble and soluble
fraction after IPTG induction, respectively.

PemKs,-15aa-
GFP GFP. PemKs,

PemKss-2aa-

were observed between C-terminal fusions and those
having GFP attached at the N-terminus. This does not
corresponds to the previously published data suggesting
that N-terminal fusion tags exhibit better synthesis and
solubility (di Guan ez al, 1988). We observed no effect
of the linker type on solubility of C-terminal GFP fu-
sions, whereas among the N-terminal fusion constructs
o-helical linker resulted in increased production of the
fusion protein in the soluble fraction.

Assessment of fusion protein stability

To compare the stability and other properties of con-
structed fusion proteins each was purified using immo-
bilized metal-affinity chromatography (IMAC) and gel
filtration. First, we determined how the relative sequence
of GFP and PemKj, affects the efficiency of purifica-
tion. For all constructs, an equal volume of the NiNTA
was ovetloaded with the fusion protein. Overloading was
evidenced by the presence of the fusion protein in the
flow-through. After thorough washing, the proteins were
eluted and the amount of fusion protein was quantified.
In all tested cases higher amount of fusion protein was
obtained for constructs containing GFP at the C-termi-
nus (Fig. 3 and Table 3), indicating more efficient bind-
ing to the resin compared to constructs containing GFP
at the N-terminus. We speculate that this effect may be
related to steric constraints. In the configuration where
the tag is linked to a smaller partner (PemKg; ~12 kDa)
more protein can be packed close to the resin than in
the case when a larger partner (GFP; ~27 kDa) is direct-

Name Sequence of the primer (5'-3')* SRi;:-Ztriction

GFP_BamHI-ForB CTTGGATCCGAGTAAAGGAGAAGAACTTTTC BamHI
Wéh{ﬁstl—RevB AGTCTGCAGTTTGTATAGTTCATCCATG psti
Pem k;PstI-ForB TATCTGCAGAACATTAAACAATTTGACATA Pt
Pem k;Hind ll-RevB  AGTAAGCTTTTATAACGTTGGCTTAAGATA Hindil
Pem k;Ba mHI-For TATGGATCCGAACATTAAACAATTTGACATA BamHI
Pem k;PstI-Revz AGTCTGCAGTAACGTTGGCTTAAGATA Pt
Wé#é}stl—For CTTCTGCAGAGTAAAGGAGAAGAACTTTTC Psti
GFPiHlnd IlI-Rev2 AGTAAGCTTTTATTTGTATAGTTCATCCATG Hindll
Vﬁé#ﬁ}stl_un H-RevB  AGTCTGCAGCGCTTTCGCGGCCGCTTCTTTCGCGGCCGCTTCGGCTTTGTATAGTTCATCCATG Pt
Vﬁd:ﬁr;:r;stl—LinH—For CTTCTGCAGGCCGAAGCGGCCGCGAAAGAAGCGGCCGCGAAAGCGAGTAAAGGAGAAGAACTTTTC Psti
GFPPstLLl nE-RevB  AGTCTGCAGCGCGCTGCCACCGCCACCGCTGCCACCGCCACCGCTGGTTTTGTATAGTTCATCCATG psti

GFP_Pstl_LinE-For

CTTCTGCAGACCAGCGGTGGCGGTGGCAGCGGTGGCGGTGGCAGCGCGAGTAAAGGAGAAGAACTTTTC  Pstl

*The sequence encoding the linker is underlined. The restriction sites are highlighted “bold”
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Table 3. Quantitative evaluation of the proportion of fusion proteins in insoluble and soluble fractions and recovery during IMAC and

dialysis.

Fusion protein .
the highest value) Insoluble fraction

Total production (% of Fusion protein distribution [%)]

Amount after IMAC using
1 ml of NiNTA resin (mg)

Recovery after

Soluble fraction dialysis (%)

PemK -a14aa-GFP 100 49 51 325 67
Pem k;rar-rigaa-GFP 79 40 60 30.3 79
 PemK,,-2aa-GFP 79 44 56 445 8
'ﬁéﬁﬁ;&ﬁé’aﬁPemKSa 78 39 61 1.2 68
GFP-1 é;;PemKsa 86 50 50 207 59
Wéﬁ:zﬂa;:{r’remKSa 59 49 51 212 48

PemKs.-o14aa- GFP-al4aa- GFP-15aa- GFP-2aa-
GFP GFP GFP PemKs. PemKsa PemKsa

- e O — e -

PemKsa-15aa- PemKsa-2aa-

Figure 3. Semiquantitative SDS-PAGE analysis of samples before
(upper panel) and after (lower panel) dialysis against low ionic
strength buffer.

ly linked to the tag. This was however not further tested
systematically.

Samples obtained after IMAC were dialyzed against
low ionic strength buffer - one most suitable for further
crystallization. It is important to note that our previous
experience with His-tagged PemK, production demon-
strated its instability in low ionic strength buffers, result-
ing in almost complete protein precipitation. Largely dif-
ferent recovery was observed between the analyzed con-
structs (Fig. 3 and Table 3). PemKj -15aa-GFP was most
resistant to low ionic strength and only 20% of the ini-
tial sample was lost during dialysis due to precipitation.
PemK -2aa-GFP was most unstable in these conditions
and over 90% of the initial sample was lost due to pre-
cipitation. The tested constructs containing GFP at the
N-terminus of the fusion partner were relatively stable
regardless the type of the linker. This demonstrates that
the stability of the fusion protein in tested conditions is

determined by a synergic effect of the relative position
of the fusion partners and linker design.

Following dialysis, the multimeric state of obtained
proteins was evaluated by gel filtration. Since gel fil-
tration is routinely used as a polishing step in protein
preparation we also investigated the recovery of partic-
ular constructs. Equal amounts of each fusion protein
were separated on Superdex 75 equilibrated with low
ionic strength buffer identical to that used for dialysis.
The elution profiles differed significantly for N- and
C-terminal fusions (Fig. 4). All fusion proteins contain-
ing GFP at their C-terminus eluted as a single peak cor-
responding to a fusion protein dimer. Most probably di-
merization occurred through the GFP component, since
PemK,, was previously demonstrated in monomeric
form in similar conditions (Bukowski e a/, 2013). In-
deed, the crystal structure of GFP clearly demonstrates
dimerization (Yang e# al., 1996). All the samples contain-
ing GFP linked at the N-terminus of PemK, present-
ed a more heterogencous gel filtration profile containing
more than one protein peak. The two major peaks cor-
respond to protein dimer and a monomer, but smaller
peaks are additionally present which also contain the an-
alyzed fusion protein, but the physicochemical character
of which remains unknown. Clearly, dimerization is hin-
dered in the N-terminal fusions, most probably due to a
steric obstruction by the fusion partner being linked to
the C-terminus of GIP, which part mediates dimeriza-
tion (Yang e/ al., 1996). This explanation is corroborated

PemKs,-014aa-GFP

Absorbance 280 nm [AU]

PemKs,-15aa-GFP

PemKs,-2aa-GFP

GFP-al4aa-PemKs,

Absorbance 280 nm [AU]

Volume [ml]

Volume [ml]

Volume [ml]

Figure 4. Gel filtration chromatograms of fusion proteins evaluated in this study.
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Figure 5. The effect of prolonged incubation on the stability of
tested fusion proteins.

The fusion proteins were incubated in low ionic strength buffer
for two weeks at 4°C and 22°C. The first lane in each panel rep-
resents the sample at time zero. The second and third lanes repre-
sent the samples after seven and fourteen day incubation, respec-
tively.

by the fact that the fusion protein containing the long
flexible linker presents much higher fraction of the di-
mer compared to the two other evaluated fusions. Inter-
estingly, separation of GFP and PemK, with the flexible
linker resulted in best recovery regardless the relative or-
der of the evaluated fusion partners.

Protein crystallization usually involves prolonged incu-
bation either at room temperature or at 4°C. To test the
stability of obtained fusion proteins each was incubated
in a buffer containing 5 mM Tris/HCl and 50 mM NaCl
for two weeks. All tested variants of the fusion protein
were stable for at least two weeks at 4°C. At room tem-
perature (~22°C), however, significant degradation of all
fusion proteins, save PemKg -a14aa-GFP, was observed.
Linker dependent differences in degradation pattern were
noted. Proteins containing the short or the o-helical
linker degraded slowly and without any stable interme-
diates indicating multiple sites of hydrolysis. In contrast,
the proteins containing the flexible linker degraded much
faster, but hydrolysis was observed only within the linker
and PemK, while GFP remained stable during the time
of the experiment (Fig. 5).

Concluding, our study demonstrates the influence of
relative position of GFP and the fusion partner as well
as of the linker length and design on production yield,
soluble fraction content, efficiency of affinity purifica-
tion and stability both during dialysis as well as during
prolonged incubation. Among the examined proteins,
PemK -a14aa-GFP exhibited all the properties desir-
able for a crystallization candidate. It was efficiently
produced, well behaved during purification and stable
over time. Of more general conclusions, we showed that
C-terminal fusions are advantageous during gel filtration
due to homogenous elution profile. We have moreover
shown that short and helical linkers are more resistant to
hydrolysis. These findings are important for GFP con-
taining fusion protein design.
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