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ABSTRACT

The preparation of large amounts of recombinant protein is
a major bottleneck for many areas of scientific research,
inc/uJing structural proteomics and therapeutic drug discovery.
Recently, the Small Ubiquitin-like Modlifier (SUMO)-based
fusion tag technology has gained increasing use for the
expression of recombinant profeins. In E. coli recombinant
proteins expressed as SUMO fusions have demonstrated
enhanced stability and solubility, leading to greatly increased
yields (5 to 20-fold) over constructs lacking this tag. Furthermore,
efficient removal of the SUMO tag by SUMO protease allows
the generation of a native N-terminus of the target protein.
The use of SUMO-fusion technology in E. coli, termed
SUMOpro, as well as the use of SUMOstar, an adaptation
of SUMO for use in eukaryotic hosts, will be reviewed. This
review will also provide a comparison between SUMOpro
technology and other fusion tags commonly used to enhance
protein production and facilitate purification.

INTRODUCTION

The production of recombinant proteins has increased
exponentially with the rapid growth of genomics, proteomics
and bioinformatics (1). Efficient expression of recombinant

roteins of interest (POls) at high yield and purity is required
For structural studies by X-ray crystallography and NMR

the recombinant protein collects as insoluble inclusion bodies.
This problem is particularly acute for short peptides, which
are often either insoluble or subject fo proteolytic degradation
by the expression host. Extensive eFE)rts have been aimed
at the generation of a number of fusion tag technologies,
with those that are commercially available listed in Table 1
(9-11). Of these, the SUMO-fusion system has been shown
to be superior in the enhancement of both expression and
solubility of difficult-to-express POIs, while protecting against
proteolytic degradation, Facilitcting protein purification, and
most importantly allowing for the generation of a native N-
terminus following tag removal (12).

SUMO AND SUMO PATHWAYS
SUMO is a highly conserved protein in eukaryotes belonging
to a group o?proteins called ubiquitin-like proteins (U%ls),
due to their shared structural homology with uEiquiﬁn. SUMO
is absent from prokaryotes (13-15). Saccharomyces cerevisiae
has only one SUMO gene (SMT3), whereas the mammalian
SUMO family contains three SUMO homologous (SUMO-
1, SUMO-2, and SUMO-3). Although there is only 18 percent
sequence identity between ubiquitin and SUMO, the global
folding and overall structures are similar, with the exception
of a flexible N-terminal extension in SUMO (16). The
mechanisms underlying conjugation (sumoylation) and
deconjugation (desumoylation) of SUMO to target proteins
are similar to those described

spectrosco‘oy (2), With the

advent of biological therapeutics, Tag Size (kDa) Purification method for the ubiquitin pathway (17).
the large scale production of Hiss-SUMO 122 NI 6 CEIMAG Similar to ubiquitinylation,
recombinant profein drugs Is P o Noor Co A sumoylohon of target proteins
gaining in importance, with = : tor Co-lWA occurs throu?h conjugation of
parficular interest bein? focused FLAG 1 Anti-Flag antibodies the C-ferminal glycine of SUMO
on the generation of shorter Hise-Ub 86 Ni or Co-IMAC fo the e-amino group of specific
recombinant peptides (<50 TRX s ThioBond res lysine residues. Free SUMO is
amino acids) as potential tools : mono e initially activated by SUMO
for drug discovery or as GST 27.3 Glutatahione-Sepharose | activating enzyme E1, which is
therq_peutic agents thfen]se|\fes. MBP 45 Amylose resin comp_osed of Aso-_] dn(_i Ung
To this end, the optimization : : subunits (18, 19). This conjugation
e . Hisg-NusA 54.8 Ni or Co-IMAC .
of conditions for the expression is followed by covalent transfer

of POls in a variety of different
systems such as Escherichia
coli, Saccharomyces cerevisiae,

Table 1. Commercial available tags for protein expression and
purification.

of SUMO to its target protein
via the SUMO speci%ic E2-type
conjugating enzyme (Ubc9) and

Pichia pastoris, baculoviral/insect cells, and mammalian
may always be an ongoing process (3-7). Among these
hosts, E. coli has been wildly used in heterologous protein
producﬁon due to its low cost, ease of manipulation, and
the existence of well established isotope labelling protocols
for NMR (8). However, E. coli has been found to express

membrane-bound proteins poorly and often the majority of

E3 ligase (20). The resultant isopeptide bond, forming the
junction between SUMO and the target protein, is then readily
cleaved by SUMO proteases, liberating the target protein
from SUMO. The SUMO pathway is also similar to the Uﬁiquitin
pathway in that sumoylation/ desumoylation is a very dynamic
process, with the status of target proteins as SUMO conjugates
determining their cellular fate.
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5umo|yghon hCIS bee'j Shown. fo Protease Recognition site Residgal N- Enzyme:substrate Cost (dollar/mg)’
play an important role in targeting terminus
roteins fo the nuc|eqr SUbSpGCG, SUMO protease 1 x-G-G | x and the tertiary structure None 0.1% (wt/wt) 3.15°
”“0"9”.°F subnucleqr structures, TEV E-x-x-Y-x-Q| (G/S) G/s 1-3%(whiwt) 45.00
transcriptional regulation, control
. o] . i =\V-P- - 0
of protein srablllty, DNA repair Thrombin L-V-PR|G G 1-10% (wtiwt) 4.00
and signal fransduction pathways Factor Xa (fXa) -E-G-R | x None 1-10% (wiiwt) 4.00
(2] -25) . . . Enterokinase D-D-D-D-K| X None 0.1% (wt/wt) 45.00
Desumoylation is achieved by ———————
the SUMO profeases Ulp] and MIoRizse SN C-terminus of propeptide | x None 1:1 (mol/mol) 26.00
Ulp2 in yeast, and SENP1 and [ — , ,
. approximate pricing based on manufacture's recommended protocol for processing.
SENP2 in humqns (25-27) TheSe *based on LifeSensors' current pricing and protocol for processing.

proteases recognize SUMO
through tertiary interactions,
prior to active site docking an
cleavage at the C-terminus (28, 29). Recently, complexes of
Ulp1-SMT3 and SENP2-preSUMO-2 were resolved by x-
ray crystallography, illustrating the mechanism of SUMO
deconjugation (30, 31). Common features within the active
site include a 90 degree kink proximal to the scissile bond,
which would force the C-terminal amino acid residues on
the lysine side chain (on the target protein) toward the
protease surface, apparently optimizing steric inferactions
and allowing for isopeptide hydrolysis. This mechanism of
directed cleavage through tertiary recognition is presumably
how both deubiquitinylases (DUBs) and desumoylases maintain
such a narrow substrate specificity, despite the presence of
a highly conserved Gly-Gly cleavage site among Ubls.

THE USE OF SUMOpro ENCHACES PROTEIN
EXPRESSION AND SOLUBILITY

The most commonly used method to increase the soluble
yield of recombinant protein in E. coli is expression of the
POI as a fusion partner with a solubility-enhancing tag (32).
Although the mechanism of how these tags maintain protein
solubility remains largely unknown, they have been shown
to be very effective s?or a large number of recombinant
proteins. The most wildly usec?l:usion tags of this kind are
maltose-binding protein (MBP), glutathione-S-transferase
(GST), N-utilization substance A (NusA), and SUMO (33-
36). MBP and GST tags also conveniently function as affinity
tags. Recently, severo?recombinont proteins were expressed
as N-terminal fusion constructs containing either a hexa-
histadine tag (HIS6) alone, or in combination with a SUMO
tag (33, 37). Matrix metalloprotease (MMP13), green
fluorescent protein (GFP), and SARS-CoV 3CL protease were
all successEJ”y expressed and purified using the SUMO-
fusion system. In particular, the expression of of MMP13 as
a SUMO fusion was found to demonstrate dramatically
increased solubility, compared to the untagged species. This
strongly suggests that SUMO may be acting in a chaperon-
like manner, resulting in the observed enhancement of protein
stability and so|ubﬁity. In order to compare the ability of
SUMO-fusion technology to enhance protein expression and
solubility with more traditional fusion systems, three POls
were chosen: enhanced green florescent protein (eGFP),
MMP13, and myostatin (36). These POIs were expressed as
C-terminal fusions to either MBP, GST, thioredoxin (TRX),
NusA, ubiquitin, or SUMO. Of all the offinity tags tested,
SUMO disgoyed the strongest ability to enhance recombinant
protein expression and so?ubility. The SUMOpro system has
also been compared to the GST fusion system for the production
of recombinant human aspartyl-tRNA synthetase (hDRS) in
E. coli (38). Although fusion of both GST and SUMO to
hDRS greatly enhanced active yields of the final product,
relative to expression of an untagged species, ision of
SUMO to hDRS resulted in nearly 10-fold higher product

yields over GST as a fusion partner.

Table 2. Comparison of various proteolytic strategies for affinity tag removal.

PROTEOLYTIC PROCESSING WITH
SUMO PROTEASE YIELDS SPECIES
WITH NATIVE N-TERMINUS

Fusion tag removal from recombinant PO is typically desired
due to concerns of potential interference by these tags with
POI structure and/or activity (32, 39). For most fusion tag
systems, proteolytic removal of the affinity tag requires
engineering a cleavage site between the tag and the POI
(Table 2).

A key advantage of SUMO fusion over competing technologjies
is the ease, e?icienc , and fidelity with whici the SUMO
fusion tag is removed through the use of SUMO protease 1
(LifeSensors, Inc.). SUMO protease 1 has been demonstrated
to efficiently cleave recombinant SUMO fusion proteins
ranging in molecular weight from roughly 6 to 110 kDaq,
qndgto date approximately 100 SUMO fusions have been
cleaved without erroneous digestion (12, 33, 37). SUMO
protease 1 activity has been e>310ustive|y tested to determine
conditions that maintain both efficiency and fidelity of cleavage
for SUMO fused POls. (33). SUMO protease has been shown
to tolerate a wide range of reaction conditions, including
pH from 6 to 9, high ionic strength (e.g. 0.5M NaCl, 300mM
imidazole) and even the presence of low concentrations of
chaotropes and detergents (e.g. 2M Urea, 0.1 M Guanidine-
HCl, 1 percent Triton).

An added advantage of SUMO fusion technology is the
potential savings in%oth reagent use and time during tag
removal and purification of processed POI. The use of %ctor
Xa and thrombin for fusion protein digestion typically requires
enzyme-substrate ratios ofpl :20 (wt/wt) to achieve efficient
digestion, and is often associated with non-specific cleavage
of the recombinant POI (40). Non-specific cleavage in the
POI can be avoided through optimization of c?eovoge
conditions and/or a mutagenesis strategy to eliminate
potential cleavage sites wiﬁ\in the POI. However, either
approach adds additional time and cost in generation of
recombinant protein. Although tobacco etch virus protease
(TEV) displays high fidelity re%ﬁve to thrombin and fXa (41),
the additional cost of this reagent is significant. SUMO
protease 1, however, has demonstrated both specificity and
efficiency, with efficient removal of the SUMO tag only
requiring a 1:1000 (wt/wt) ratio of enzyme to substrate.
Therefore SUMO fusion technology provides for the robust
generation of processed POls, without the added expense
of large amounts of enzyme, or the time and effort required
to avoid non-specific cleavage.

Perhaps, though, the most significant advantage that SUMO
fusion technology holds over other fusion technologies is the
generation of a native N-ferminus for the PO This is particularly
critical for producing proteins that are dependent upon a
specific N-terminus for activity. For most commercial proteases
listed in Table 2, removal of the affinity tag results in an
undesired N-terminal extension of processed POls. This is
due to the minimal requirements (at the site of cleavage)
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necessary for efficient enzyme recognition and proteolysis.
For example, efficient cleavage by thrombin requires the
amino acid sequence Leu-Val-Pro-Arg_Gly, with cleavage
after the arginine residue leaving an extra glycine (at tﬁe
so-called P1” position (42)) at the N-terminus of the POI. A
detailed analysis of the specificity of TEV profease processin
revealed that a wide range of residues beyond the cononiccﬂ
Gly/Ser are tolerated at the P1’ position, with varying degrees
of efficiency (41). However, for some residues (Leu, Lys, and
Gln in particular) enzyme concen-trations of up to 1:2 (wt/wi)
were required, with efficiency approaching only 60 percent.
In comparison, efficient recognition and cleavage by SUMO
rotease tolerates nearly any amino acid immediately
Following the scissile bond, the exception being proline (33).
Therefore, by not having the strict requirements that are
inherent with thrombin, or the additional cost associated
with TEV, almost any desired N-terminus can be generated
in the POl by SUMO protease with minimal investments in
time and reagents.
This key advantage of SUMO protease processing has recently
been c(emonsrrated to have been fundamental to rﬁe generation
of recombinant gene products for use in both basic research
and therapeutic drug discovery. For example, Lu, et al.
employed the use of SUMO fusion technology in the producfion
of bioﬁ)gica”y active chemokines (43). Biological activity of
chemokines is critically dependent upon their native
N-termini, and the use of SUMO technology enabled the
generation of 15 active chemokines from E. coli, with yields
of up to 15mg/ml. Similarly, the use of SUMOpro has also
allowed for low cost production of functional peptide ligands
for the G-protein coupled receptors (GPCRs) PTHRT and
GLP-1R (44). Similar to chemokines, high affinity interactions
of these peptides with their cognate receptors is dependent
upon the presence of a native N-terminus, with the enhanced
yields ocﬁieved through SUMO fusion (20-40mg per litre
culture) greatly facilitating downstream modification (e.g.
isotope labelling) of the recombinant peptides for both GPCR
characterization and antagonist/agonist assay development.
The use of SUMOpro dlso greatly enhanced expression and
purification of recombinant brazzein, which in natural form
is a sweet protein derived from an African fruit (45).
Recombinant production of brazzein promises to allow for
further research in the field of taste receptors, as well as a
Eotenﬁcd artificial commercial sweetener. The production of
razzein required overcoming two main

Centrifuge to pellet cells, add
Lysis Buffer, sonicate

i

Centrifuge to remove debris, apply
sample to a 1 ml Affinity-column

¥

Wash column with 5- 10
volumes of Wash Buffer

¥

Elute column with 2.5 mi of Elution Buffer

/\

Add ULP, transfer the mix into Remove elution agent by
a dialysis bag. Remove elution dialysis or gel filtration
agent and cleave while {
dialyzing
Add ULP, perform
cleavage
Re-apply onto Affinity-resin
to subtract ULP, SUMO and
contaminants

¥

Collect flow-through,
check for purity on gel

Figure 1. Recombinant protein purification flow chart using SUMO-
fusion technology (32).

removal of the SUMO tag, can be completed within 4 hours.
Larger batches of recombinant protein can be processed,
usually with overnight cleavage and dialysis, requiring
essentially the same amount o% labour and time (33). In
addition, the recombinant form of SUMO protease includes
the N-terminal Hisg tag, facilitating its removal by IMAC
chromatography, affer tag removal. Often the initial IMAC
affinity chromatography step results in >80 percent purity.
Final purity, including the subtractive purification step for

removal of SUMO protease 1 and the free

obstacles, a high di-sulfide content and the
requirement for a native N-terminus. The
expression of brazzein with the SUMOpro | 40,00
system greatly enhanced the ultimate yield
of the soluble, folded, form of the recombinant | 3040n
protein (>5mg/per gram wet cells). Digestion
of the fusion protein was >90 percent with
SUMO protease 1 (Thr, 30°C), and functional | 2okow»
analysis revealed it to be indistinguishable
from native brazzein. SUMO protease 1 is
clearly established in its efficiency, fidelity,
and its ability to generate a recombinant

PP g

SUMO tag, often results in >90 percent
purity (38, 43, 45).

- SUMOSTAR ALLOWS

FOR ENHANCED PROTEIN
EXPRESSION
IN EUKARYOTIC SYSTEMS

Due to the lack of endogenous SUMO
proteases in prokaryotes, the SUMOFro
expression system is virtually free of in

POI with its native N-terminus.

Figure 2. sPLA,-X expression level

vivo proteolytic processing of the SUMO

examined by western blot. Sample at fusions generated in E. coli. However, the
48 hours after posttransfection in HEK-  nature of SUMO ta ged POls is such that

PURIFICATION
OF RECOMBINANT
POIS WITH SUMOPRO

The purification of high quantity and quality
POIs can be easily achieved wicL
SUMOpro system, %lo”owing the scheme
developed in our laboratory (Figure 1).
Once expressed, small scale (0.5-4 mg)
protein purification, including proteolytic

293T cell medium were loaded on
SDS-PAGE and transferred to  SUMO proteases, hampering the tag’s
nitrocellulose membrane for western
blot detection. The blots were probed
with monoclonal anti-6xHis antibody
and five N-terminal tags, including
th the 6xHis, 6xHis-CTHS, 6xHis-SUMOstar,
6xHis-SUMO, and 6xHis-hSUMO3
were examined (32).

Abbreviations: CTHS, C-terminal half;
hSUMO3, human SUMO 3.

they would likely be cleaved by endogenous

ability to facilitate enhanced protein
production (12) in eukaryotes. In order to
achieve the production of otherwise difficult
to express POls (that may also require
post-translational modification) in eukaryofic
systems, a novel SUMO fusion technc:(ogy
termed “SUMOstar” was recently developed
in our laboratory. The rationale for the
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development of SUMOstar was in accordance to the following
rules: 1) there would be minimal changes to the protein
sequence, thereby minimizing changes to the global structure,
2) the fusion should disp|c|y£iiﬂ|e to no processing by native
SUMO proteases (both in vivo and in vitro), 3) tge new tag
should significantly enhance the expression of recombinant
POls.

Detailed structural analysis resulted in the discovery of
electrostatic interactions between two positively charged
residues (Arg64 and Arg71) on the surE:lce of SUMO and
a corresponging negatively charged residue on the surface
of the protease, Ulp1 (31). A SUMO variant containin
mutations at both positions (R64T and R71E) was generateg
and shown to be resistant to cleavage by UlpT (46). In
order to test the ability of SUMOstar to enhance protein
expression, GFP, mouse UBP43, Ubiquitin specific protease
(USP) 4, USP15, and tryptase were chosen as moder)proteins
to test in a baculovirus/insect cell system (47).

The SUMOstar tag was found to prevent cleavage of the
fusion proteins in vivo and greatly enhance the expression
of all model proteins. In addition, the expression of mouse
phospholipase A, (sPLA,-X) was evaluated as a fusion to
various SUMO tags (Smt3, hSUMO3, SUMOstar) in HEK-
293T cells (46). SUMOstar displayed a significant increase
of sPLA,-X expression compared with both Smt3 and
hSUMQO3 (Figure 2).

The expression of a phospholipase, such as sPLA,-X would
be expected to be toxic to cells, however when fused to
SUMO the toxicity should be reduced as the native N-
terminus (normally required for the phospholipase activity)
is unavailable for co-ordination with the active site. When
fused with native SUMO tags, sPLA,-X showed moderate
toxicity, whereas expression of sPLA,-X as a SUMOstar
fusion appeared to protect cells from death.

This is presumed to Ee due to the inability of endogenous
SUMO proteases to cleave the fusion protein, and subsequently
generate free sPLA-X.

Therefore, SUMOstar appears to be resistant to digestion
by endogenous SUMO proteases, allowing for the use of
this fusion technology for enhanced production of recombinant
proteins in eukaryotic systems.

SUMMARY

Over the past few decades, the development and use of
numerous fusion tag technologies, has become common
place in the production of recombinant proteins. Although
these technologies have demonstrated some level of success,
often the addition of a fusion tag still does not allow for
sufficient amounts of recombinant material to be produced.
In addition, these technologies are subject to major limitations
with respect to efficient fusion tag removal, non-specific
cleavage, and the ability to generate the POl with a native
N-terminus. Not only has the use of SUMO as fusion partner
been demonsirated to increase protein solubility and prevent
proteolytic degradation, but the SUMO system allows for
the efficient removal of the tag, leaving a recombinant POI
with its native N-terminus. This is accomplished through the
use of SUMO protease 1 for tag removal, which speci?ically
recognizes both the C-terminal sequence “Gly-Gly” and
tertiary structure of SUMO. Our SUMO constructs have the
addec{ddvantage of containing an N-terminal His4 tag,
allowing for straightforward affinity purification of the fusion
construct, as weﬁ as final purification of the POI from the
SUMO tag and SUMO protease after digestion. We recently
extended our studies to generate SUMOstar, a new version
of SUMO, which is resistant fo endogenous SUMO protease
but retains the ability to enhance protein expression in both
mammalian and insect cell systems. In summary, SUMO and

SUMOstar fusion systems provide robust recombinant protein
expression and purification in both prokaryotic and eukaryofic
hosts. SUMOpro and SUMOstar fusion technologies, avoli?t;ble
from LifeSensors, Inc., represent invaluable tools for superior
recombinant protein expression, and have the potential to
help facilitate the furthering of scientific research and
therapeutic drug discovery.
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