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Abstract

Despite the availability of numerous gene fusion systems, recombinant protein expression in Escherichia
coli remains difficult. Establishing the best fusion partner for difficult-to-express proteins remains empiri-
cal. To determine which fusion tags are best suited for difficult-to-express proteins, a comparative analysis
of the newly described SUMO fusion system with a variety of commonly used fusion systems was
completed. For this study, three model proteins, enhanced green florescent protein (eGFP), matrix
metalloprotease-13 (MMP13), and myostatin (growth differentiating factor-8, GDF8), were fused to the
C termini of maltose-binding protein (MBP), glutathione S-transferase (GST), thioredoxin (TRX), NUS
A, ubiquitin (Ub), and SUMOtags. These constructs were expressed inE. coli and evaluated for expression
and solubility. As expected, the fusion tags varied in their ability to produce tractable quantities of soluble
eGFP, MMP13, and GDF8. SUMO and NUS A fusions enhanced expression and solubility of recombi-
nant proteins most dramatically. The ease at which SUMO and NUS A fusion tags were removed from
their partner proteins was then determined. SUMO fusions are cleaved by the natural SUMO protease,
while an AcTEV protease site had to be engineered between NUS A and its partner protein. A kinetic
analysis showed that the SUMO and AcTEV proteases had similar KM values, but SUMOprotease had a
25-fold higher kcat than AcTEV protease, indicating a more catalytically efficient enzyme. Taken together,
these results demonstrate that SUMO is superior to commonly used fusion tags in enhancing expression
and solubility with the distinction of generating recombinant protein with native sequences.
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The lack of efficient methods to express structurally
diverse proteins in Escherichia coli is a major obstacle in
structural genomics. In fact, the Southeast Collaboratory

for Structural Genomics (SECSG) reports that only
22.9% of proteins they have expressed in E. coli have
been soluble (1463 soluble proteins of 6397 expressed; as
published on the SECSG Web site 08/11/2005). Numer-
ous technological advancements have vastly improved
recombinant protein expression in E. coli, including the
development of strong promoters (Studier and Moffatt
1986), coexpression with chaperones and foldases (Ikura
et al. 2002), and the use of protein fusions. Protein fusions
have been particularly successful at enhancing the expres-
sion and solubility of recombinant proteins. Fusion sys-
tems are characterized by their ability to enhance protein
expression, reduce proteolytic degradation of the recom-
binant protein, improve protein folding, solubility, and
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simplify purification and detection. A variety of struc-
tures have been used as fusion motifs, including mal-
tose-binding protein (MBP), glutathione S-transferase
(GST), thioredoxin (TRX), NUS A, ubiquitin (UB), and
SUMO (Table 1; Pryor and Leiting 1997; Wang et al.
1999; De Marco et al. 2004). There is nothing in common
among these fusion proteins in terms of molecular weight,
structure, or function, with the exception of Ub and
SUMO, which share a common structure (Bayer et al.
1998). As such, predicting which fusion tag will enhance
the solubility of a difficult-to-express protein remains
empirical. Some comparison studies have been com-
pleted; however, none have examined the ability of the
newly described SUMO fusion system to enhance expres-
sion and solubility in comparison to other commonly
used tags (Davis et al. 1999; Wang et al. 1999; De Marco
et al. 2004).

SUMO (small ubiquitin-related modifier), an ,100-
residue protein, modulates protein structure and func-
tion by covalent modification of target proteins in
eukaryotes (Johnson and Blobel 1999; Melchior 2000;
Tatham et al. 2001). The SUMO pathway is highly con-
served in eukaryotes and notably absent in prokaryotes.
Yeast has a single SUMO gene (SMT3), while three genes
have been described in vertebrates (SUMO-1, SUMO-2,
and SUMO-3) (Kawabe et al. 2000). The three human
SUMOs are highly homologous, with human SUMO-1
sharing 50% sequence identity with human SUMO-2
and SUMO-3 (Muller et al. 1998), and human SUMO-
2 and SUMO-3 sharing 87% sequence identity with each
other (Melchior 2000). SUMO shares 47% sequence iden-
tity with human SUMO-1. Although the overall se-
quence identity between SUMOs and Ub is ,18%,
structure determination reveals that they share a com-
mon three-dimensional structure that is characterized by
a tightly packed globular fold with b-sheets wrapped
around one a-helix (Bayer et al. 1998).

The conjugation of SUMO to target proteins is a highly
regulated and dynamic process, similar to Ub. The
enzymes involved in cleaving SUMO fusions, the SUMO
proteases, have been extensively studied. Hochstrasser and

Li demonstrated that the yeast SUMO proteases, Ulp1
and Ulp2, remove SUMO from proteins and play a role in
progression through the G2/M phase and recovery of cells
from check point arrest, respectively (Li and Hochstrasser
1999, 2000). Ulp1 and Ulp2 cleave the C-termini of
SUMO (-GGATY) to form a mature SUMO (-GG) and
also deconjugate it from the side chains of lysines within
modified proteins. The sequence similarity of the two
enzymes is restricted to a 200-amino-acid sequence called
ULP domain that contains the catalytically active region.
The three-dimensional structure of the ULP domain from
Ulp1 has been determined in a binary complex with
SUMO (Mossessova and Lima 2000). It is interesting to
note that SUMO proteases are not related to the deubi-
quinating enzymes (DUBs), but are distantly related to
adenoviral processing protease (Li and Hochstrasser 1999,
2000).

Recently, a SUMO fusion system that facilitates effi-
cient expression of recombinant proteins in E. coli has
been described (Malakhov et al. 2004). Several proteins,
including severe acute respiratory syndrome coronavi-
rus (SARS-CoV) 3CL protease, nucleocapsid, and mem-
brane proteins, have been recombinantly expressed
using the SUMO fusion system (Zuo et al. 2005b). The
SUMO fusion tag has lead to enhanced expression and
solubility. A hexahistidine SUMO fusion construct has
been shown to enhance expression and facilitate purifi-
cation with Ni-NTA chromatography (Zuo et al. 2005a).

One distinguishing feature of the SUMO fusion sys-
tem is the ability of its associated SUMO protease to
cleave a variety of fusion partners with remarkable fidel-
ity and efficiency (Malakhov et al. 2004). Traditional
gene fusion systems require engineered cleavage sites,
which are recognized by the proteases and are positioned
between the fusion tag and the protein target. Proteases
that have been used to cleave fusion tags include tobacco
etch virus (TEV) protease (Carrington et al. 1989), fac-
tor Xa, or thrombin protease (Jenny et al. 2003). A
major drawback to the use of engineered cleavage sites
and traditional proteases is the generation of non-native
N-terminal amino acids. Many structural and therapeu-
tic proteins require specific N-terminal amino acids for
biological activity (e.g., chemokines). Cleavage by tradi-
tional proteases results in the retention of several amino
acids, which are downstream from the cleavage site and
required for protease recognition. For example, throm-
bin will cleave the sequence LVPRGS at the arginine
residue, resulting in an N-terminal extension of the tar-
get protein by two amino acids (GS) (Jenny et al. 2003).
Those proteins that require a specific N terminus for
biological activity, half-life, or structural stability, will
not be successfully expressed using gene fusions with
traditional proteases. However, direct fusion of the re-
combinant protein to the C terminus of SUMO results in

Table 1. Sequence and size of tags

Tag Residues Cleavage site
Size
(kDa)

Poly-His 6 — 0.84

Ubiquitin 76 ENLYFQ’GXX 8

SUMO 100 GG’XXX 11.5a

Maltose Binding protein 396 ENLYFQ’GXX 40

Glutathione S-transferase 211 ENLYFQ’GXX 26

Thioredoxin 109 ENLYFQ’GXX 12

NUS A 495 ENLYFQ’GXX 55

a SUMOmigrates aberrantly at ,20 kDa in an SDS–polyacrylamide gel.
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the production of protein with the desired N-terminal
amino acid. In addition, when using traditional gene
fusion systems, if the target protein or fusion tag con-
tains the cleavage recognition sequence, the target pro-
tein will also be cleaved (e.g., erroneous cleavage of the
NUS A tag has been observed when using Factor Xa)
(Davis et al. 1999). The SUMO protease recognizes the
tertiary structure of SUMO, and as such, does not cleave
erroneously within the target protein.

Previous experience with the SUMO fusion system
suggests that it represents a technological advancement
in recombinant protein expression, as this system
enhances expression and solubility and utilizes a highly
specific protease capable of generating native N-terminal
amino acids. The aim of this study is to provide a direct
comparison of SUMO with other fusion systems to deter-
mine whether it truly represents such advancement. Three
candidate proteins, enhanced green fluorescent protein
(eGFP), and two previously described difficult-to-ex-
press proteins, matrix metalloprotease-13 (MMP13) and
myostatin (growth differentiating factor-8, GDF8), were
expressed as fusions with maltose-binding protein (MBP),
glutathione S-transferase (GST), thioredoxin (TRX),
NUS A, ubiquitin (Ub), and SUMO. These constructs
were expressed in E. coli and evaluated for expression
and solubility. In addition, the catalytic efficiency of
the SUMO and commonly used AcTEV proteases were
evaluated.

Results

Comparison of SUMO with other
commonly used fusion tags

The ability of commonly used fusion tags to enhance
protein expression and solubility was investigated using
three candidate proteins (eGFP, MMP13, and GDF8)
and six fusion tags (SUMO, Ub, MBP, GST, TRX, and
NUS A). Vectors were transformed into E. coli and

cultures were induced for protein expression under the
control of the T7 promoter with IPTG. Culture induc-
tions were conducted at 20�C overnight for optimal
expression levels and solubility. Cell lysates from unin-
duced (UI) and induced (I) cultures, plus the soluble (S)
and insoluble (IB) fractions from the induced cultures
were analyzed by SDS-PAGE (Figs. 1–3). There was a
clear difference among the fusion tags with respect to
their ability to enhance expression and solubility.

The impact of different gene fusions on the expression
and solubility of eGFP following induction at 20�C over-
night are shown in Figure 1. The His6-eGFP construct
was observed to have very low expression, while the
SUMO-, TRX-, and NUS A-eGFP constructs had the
greatest enhancement of soluble expression. The SUMO
and NUS A fusions resulted in the best soluble expression
of eGFP (,90% and 100% soluble, respectively). While
TRX fusion resulted in greatly enhanced expression, only
,50% of the expressed protein was soluble. The Ub,
MBP, and GST fusions enhanced eGFP expression equi-
vocally, relative to each other.

The difficult-to-express MMP13 (residues 20–274) was
then investigated for enhanced solubility and expression
with the various gene fusions (Fig. 2). As expected, the
His6-MMP13 fusion did not generate any MMP13.
SUMO, NUS A, and TRX fusions produced the greatest
degree of expression enhancement, as was observed for
eGFP. Also consistent with the results from the eGFP
study, the SUMO and NUS A fusions resulted in en-
hanced soluble expression (,40% and 80% fusion
MMP13 in the soluble fraction, respectively). In contrast
to eGFP, the TRX-MMP13 fusion solely generated insol-
uble protein. The Ub-MMP13 fusion was observed to
have a moderate amount of expression; however, the
majority of the protein produced was insoluble (,90%).
Again, the GST fusions only enhanced expression mildly,
and the MBP fusion failed to enhance expression.

GDF8 (mature), also considered to be a difficult-to-
express protein, was evaluated for enhanced expression

Figure 1. Expression of His6-GFP and fusions with Ub, SUMO, MBP, GST, TRX, and NUS A proteins. E. coli grown in LB to

an OD600=0.6 at 37�C, induced with 1 mM IPTG and incubated at 20�C overnight. Protein fractions were resolved by SDS-

PAGE and stained with Coomassie. Arrowheads indicate expected/observed positions of respective protein bands. (UN)

Uninduced culture; (IN) induced culture; (S) soluble cellular lysate; (IB) inclusion body.
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and solubility with the various gene fusions (Fig. 3). The
Ub- and GST-GDF8 fusions seem to have enhanced
expression levels, but the majority of the recombinant
protein was found in the inclusion body, with little in the
soluble fraction. Similarly, the TRX-GDF8 fusion
yielded high levels of expression; however, this fusion
was exclusively insoluble. The SUMO- and NUS A-
GDF8 fusions were both observed to enhance expres-
sion at high levels, with the SUMO and NUS A fusions
being the only tags that were able to preserve solubility.
As was observed for the MMP13 and eGFP constructs,
NUS A produced almost entirely soluble protein (,95%)
with the SUMO fusion less successful at retaining recom-
binant protein solubility (,50%). The MBP and His6
fusions were observed to have very little enhanced expres-
sion of GDF8.

Comparison of SUMO protease with TEV protease

The SUMO- and NUS A-tags produced the highest
expression levels and solubility among the fusion pro-
teins tested. A comparison of their respective proteases
was then conducted to determine the catalytic efficiency
of removing the fusion tag (Fig. 4; Table 2). The com-
monly used AcTEV protease was used to cleave the

NUS A tag, and an AcTEV recognition sequence
(ENLYFQ‘GXX) was engineered between the NUS A
tag and the fusion partner. The kinetic parameters KM

and kcat for AcTEV and SUMO protease were deter-
mined using the NUS A-eGFP and SUMO-eGFP sub-
strates, respectively (Table 2). The generated data were
fit to the Michaelis-Menton equation using nonlinear
regression (R2 values were equal to 0.97 and 0.99 for
the SUMO protease and AcTEV plots, respectively)
(Fig. 4). The apparent KM of AcTEV for the NUS A-
eGFP fusion (6.3 mM) is very similar to that of SUMO
protease for the SUMO-eGFP fusion (3.3 mM), but its
kcat (0.028 sec-1) is ,25-fold less than that of SUMO
protease (0.782 sec-1), resulting in an enzyme with ,25
times lower catalytic efficiency. The KM and kcat values
obtained for AcTEV are not similar to what has been
previously reported (Nallamsetty et al. 2004). This is
most likely due to the choice of substrates, as previous
studies have been completed using peptide substrates
with canonical recognition sites. The SUMO protease
does not recognize a linear sequence like AcTEV, and
as such, a full fusion construct had to be utilized for
comparison purposes. It is expected that lower KM and
higher kcat values would be obtained for the peptide
substrate than for the full fusion construct.

Figure 3. Expression of His6-GDF8 and fusions with Ub, SUMO, MBP, GST, TRX, and NUS A proteins. E. coli was grown in

LB to an OD600=0.6 at 37�C, induced with 1 mM IPTG, and incubated at 20�C overnight. Protein fractions were resolved by

SDS-PAGE and stained with Coomassie. Arrowheads indicate expected/observed positions of respective protein bands. (UN)

Uninduced culture; (IN) induced culture; (S) soluble cellular lysate; (IB) inclusion body.

Figure 2. Expression of His6-MMP13 (amino acids 20–274) and fusions with Ub, SUMO, MBP, GST, TRX, and NUS A

proteins. E. coli grown in LB to an OD600=0.6 at 37�C, induced with 1 mM IPTG and incubated at 20�C overnight. Protein

fractions were resolved by SDS-PAGE and stained with Coomassie. Arrowheads indicate expected/observed positions of

respective protein bands. (UN) Uninduced culture; (IN) induced culture; (S) soluble cellular lysate; (IB) inclusion body.
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Discussion

The preferred host for heterologous protein expression is
E. coli, as this host system provides a simple and inex-
pensive means to produce recombinant protein. Many
obstacles are encountered, however, when using E. coli
as a host system. Gene fusion technology has been very
successful at overcoming most of these obstacles and has
increased the success of heterologous expression in E.
coli. Ideally, a fusion tag should enhance expression and

solubility of a wide variety of proteins. While several
studies have compared the effectiveness of commonly
used gene fusions in enhancing the expression and solu-
bility of difficult-to-express proteins, none have included
the newly described SUMO fusion system (Davis et al.
1999; Wang et al. 1999; De Marco et al. 2004).

Three candidate proteins were chosen for this study,
eGFP, GDF8, and MMP13. eGFP was chosen due to its
common use in biochemical laboratories and the ease at
which it can be assayed. GDF8 is essential for proper
regulation of human skeletal muscle mass (Lee and
McPherron 2001). GDF8 was chosen, as recombinant
expression in E. coli would greatly facilitate research
efforts aimed at exploiting this potentially useful thera-
peutic target. Previous attempts to express GDF8 in E.
coli have been hampered by poor yields, solubility, and
lack of biological activity, and therefore, GDF8 is con-
sidered to be a difficult-to-express protein (Thomas et al.
2000; Taylor et al. 2001). Similarly, MMP13 is generally
considered a potential therapeutic target and a difficult-
to-express protein (Pathak et al. 1998; Hardern et al.
2000). Although only a limited number of proteins were
assayed for this study, patterns do emerge as to which tags
are best for enhanced expression and solubility, especially
for the difficult-to-express proteins used. In general, His6
tag afforded little to no enhanced expression. MBP was
also observed to have little impact on expression, and did
not enhance expression at all for the difficult-to-express
proteins in this study (MMP13 and GDF8). Both the Ub
and GST tags did provide mild enhancement of expres-
sion; however, the recombinant protein was mostly con-
tained within the inclusion bodies. SUMO, TRX, and
NUS A were the best tags at enhancing expression. The
TRX tag did not enhance solubility for the difficult-to-
express proteins, while both SUMO and NUS A had
pronounced soluble fusion protein expression.

For all polypeptides, there is a competition between
aggregation and folding that rely on similar molecular
interactions. Fusion partners have been shown to act as
solubility enhancers, although the exact mechanism by
which they improve solubility has not been described. It
is speculated that fusion partners are able to keep the
target protein in solution long enough for it to undergo
its natural folding process, otherwise the target protein
aggregates before it has sufficient opportunity to fold. A
soluble fusion partner that slows the aggregation process

Table 2. Kinetic parameters for SUMO protease and

AcTEV protease

Enzyme Substrate KM (mM) kcat (mM-1s-1)

SUMO protease SUMO-eGFP 3.346 0.9 0.7826 0.17

AcTEV protease NUS A-eGFP 6.336 0.6 0.0286 0.002

Figure 4. (A) Kinetic data for cleavage of SUMO-eGFP and NUSA-

eGFP by SUMO and AcTEV proteases. Data represent the mean of

three independent experiments, with error bars representing the range.

Curve fitting to the Michelais-Menton equation was completed using

nonlinear regression (R2 as shown on each graph), and used to calcu-

late KM and kcat (Table 2). (B) An SDS gel depicting the purification of

GFP using the SUMO fusion tag. Soluble cell lysate was passed over a

Ni-NTA column, washed with 20 mM imidazole, and eluted with 300

mM imidazole (affinity purified). Cleavage with the SUMO protease

was conducted under standard conditions, and the sample was passed

over another Ni-NTA column to remove the SUMO protease and tag

(subtracted). These various steps of a typical purification of SUMO-

GFP were analyzed in a 15% SDS–polyacrylamide gel. Proteins were

visualized using Coommassie Blue staining. Arrowheads indicate

expected/observed positions of respective protein bands.
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inadvertently shifts the fusion protein to a folding path-
way, increasing the amount of soluble protein. Fusion
tags have also been hypothesized to enhance the solubil-
ity of the protein target by acting as a nucleus of folding
(“molten globule hypothesis”) (Creighton 1997; Englan-
der 2000). This theory suggests that a fusion tag acts as a
nucleation site for the folding of the target protein.
Attachment of SUMO to the N terminus of a partner
protein has been observed to promote correct folding
and solubility. SUMO and Ub have highly homologous,
rapidly folding structures (Khorasanizadeh et al. 1996).
It may be that the tight, rapidly folding soluble struc-
ture of SUMO provides a nucleation site for the proper
folding of C-terminally fused partner proteins. Indeed,
expression of alternative configurations of the fusion
(i.e., eGFP-SUMO) was not enhanced in E. coli (data
not shown). The 55-kDa NUS A fusion tag also facil-
itates solubility of partner proteins. NUS A, a hydro-
philic tag, was identified in a screen for E. coli proteins
that have the highest potential for solubility when over-
expressed (Davis et al. 1999). Protein expression levels
are dependent on the stability of their mRNA, where
degradation plays an important role controlling the
levels of unstable transcripts (Arechaga et al. 2003).
Both NUS A and SUMO were observed to enhance
expression, but the role they play in stabilizing the
mRNA transcript is unknown. Whereas NUS A levels
of expression have been well documented, the novel
SUMO tag has had modest published results. Table 3
represents a variety of fusion proteins that have been
successfully expressed using the SUMO system. These
SUMO fusion proteins have established a 5–25-fold
increase in expression levels compared with their
unfused counterparts (T.R. Butt, pers. comm.).

In this study, neither of the commonly used tags, GST
or MBP, dramatically enhanced expression or solubility.

While for the purpose of the present study MBP was
fused solely to the N terminus of partner proteins, suc-
cessful expression has also been achieved when MBP is
fused to the C terminus of a protein (Sachdev and
Chirgwin 2000). In fact, it has been found that N-ter-
minal MBP fusions can reduce the efficiency of transla-
tion, which may explain the low yield in these ex-
periments with MBP (Hamilton et al. 2002; Podmore
and Reynolds 2002). These studies underscore the need
for a comprehensive analysis of the fusion tags for the
expression of various protein families. If the present
study is confirmed, it would appear that commonly
used fusions for enhanced soluble protein expression
are not the best fusion tags available.

Removal of the chosen fusion tag can also present a
formidable challenge. In the present study, the best tags for
enhanced expression and solubility (SUMO and NUS A)
were further examined for the ease at which they are
removed by their respective proteases (SUMO and
AcTEV). Both AcTEV and SUMO proteases had similar
affinities to their substrates. However, they differed dra-
matically in terms of catalytic efficiency (kcat), with SUMO
protease being ,25 times more efficient than AcTEV. In
addition to being more catalytically efficient, SUMO pro-
tease also has the advantage of recognizing the tertiary
structure of SUMO and not a linear amino acid sequence
like AcTEV. This characteristic prevents the SUMO pro-
tease from erroneously cleaving within the target protein,
and thus, SUMO protease behaves as a universal protease,
suitable for nearly every substrate. In addition, direct
fusion of the target protein to SUMO allows for the gen-
eration of recombinant protein with native N-terminal
sequences. Taken together, these data suggest that the
SUMO fusion system may be ideal for the soluble expres-
sion of proteins that have been impossible using traditional
gene fusions.

Materials and methods

Construction of the fusion tags

All plasmids were constructed by standard methods. E. coli
strains DH5a and TOP10 (Invitrogen) were used for plasmid
construction and manipulation, and pET24d (Novagen) was
used as the backbone. N-terminal or C-terminal hexahistidine-
tags were added to all fusions except for GST. In addition, all
of the fusion tags except SUMO contained a cleavage site for
AcTEV protease to facilitate the proper removal of the fusion
tag upon purification. AcTEV was chosen in this study based
on its high cleavage activity and it is commonly used in fusion
technology. The cloning strategy used NcoI and BamHI sites
upstream and downstream, respectively, of the fusion tag
sequence, which was ligated pET24d vector. A BsaI restriction
site was introduced by PCR directly downstream of the fusion
tag sequence, upstream of the BamHI site in the reverse primer
to ensure a consistent cloning strategy.

Table 3. Proteins expressed as SUMO fusions in E. coli

Protein/Protein Family

Liver X Receptor (LXR)

Human IL 21

Human IL 23

Human IL 18

b-Glucuronidase

Human Oxidoreductase

Bovine Pancreatic Trypsin Inhibitor

Human MAP kinase

D-Amino acid oxidase

HIV gp120 peptide

b-Catenin peptide

Wnt peptide

Tcf 4 peptide

TGF-b Related Growth Factor

T4 bacteriophage helicase
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Construction of GFP, MMP13, and GDF8 fusion proteins

The cloning strategy to express the fusion proteins used BsaI in
the forward primer directly upstream of eGFP (Clontech),
MMP13 (residues 20–274), or GDF8 (mature) with either a
HindIII or EcoRI restriction site downstream of the gene
sequence in the reverse primer. These primers allowed the
DNA fragment to be cloned in frame with the fusion tags.
All plasmids were sequenced routinely (DNA Clinic Inc.).

Expression of model fusion proteins in E. coli

In a typical experiment, a single colony of transformed Rosetta
(DE3) pLysS (Novagen) was inoculated into 2 mL of LB-broth
with chloramphenicol (25 mg/mL) and kanamycin (30 mg/mL)
and grown overnight at 37�C with shaking. A total of 1 mL of
this overnight culture was inoculated into 100 mL of LB (25 mg/
mL Cm and 30 mg/mL Kan), and the culture was grown to
OD600=0.6 at 37�C with shaking. The culture was then cooled
on ice, induced with 1 mM IPTG, and incubated at 20�C over-
night with shaking. Cells were isolated by centrifugation at
10,000g for 20 min and resuspended in 3 mL of PBS (pH 8.0),
300 mM NaCl, 10 mM imidazole. Cells were lysed by mild
sonication. Triton x-100 (Sigma) was added to 1% (v/v) and
incubated at 4�C for 1 h, with shaking. The culture was centri-
fuged at 10,000g for 30 min, and the supernatant was decanted
and stored at 4�C (soluble protein sample). Inclusion body
samples were prepared by resuspending the insoluble material
in 3 mL of solubilization buffer (50 mM CAPS at pH 11, 0.3 M
NaCl, 0.3% N-lauryl sarcosine, and 1 mM DTT), and allowed
to shake for 20 min at room temperature. The IB fraction was
then centrifuged 10,000g for 20 min, and the supernatant
removed and stored at 4�C (Inclusion body protein sample).

Enzyme kinetics

SUMO-eGFP and NUS A-eGFP, the substrates used for
kinetic analysis, were purified from soluble fractions prepared
as described above. Both fusion constructs contained an N-
terminal His6 tag and were purified by Ni-NTA superflow resin
(Qiagen) using the BioLogic Duo-Flow FPLC (Bio-Rad) as
described previously (Zuo et al. 2005a). Briefly, the soluble
cellular lysate was loaded onto a Ni-NTA (5 mL resin vol)
column (20 cm· 1.6 cm) at 1 mL/min and the resin was washed
extensively with 40 mL wash buffer (PBS [pH 8.0], 20 mM
imidazole, 150 mM NaCl) at 2 mL/min. Purified protein was
then eluted in 15 mL of PBS (pH 8.0), 150 mM NaCl, 300 mM
imidazole at 2 mL/min. The purified protein eluted typically as
an isolated, symmetrical UV peak. Peak fractions were pooled
(10 mL) and dialyzed using 3.5 kDa MWCO dialysis tubing
against PBS (pH 7.5) at 4�C for 24 h.
The SUMO protease assays were initiated by mixing 6 mM

SUMO protease (LifeSensors) with purified SUMO-eGFP (12,
6, 3, 1.5, 0.75, and 0.375 mM) in PBS (pH 7.5), 1 mMDTT. The
reactions were incubated at 30�C for 1 h and stopped by addi-
tion of SDS-loading buffer. Samples were then heated at 95�C
for 3 min and loaded onto a 15% SDS–polyacrylamide gel for
analysis. The AcTEV protease assays were initiated by mixing
0.48 mM AcTEV protease (Invitrogen) with purified NUS A-
eGFP (24, 12, 6, 3, 1.5, 0.75 mM) in PBS (pH 7.5), 1 mM DTT.
The reactions were incubated at 30�C for 2 h and stopped by
addition of SDS-loading buffer. Samples were then heated at
95�C for 3 min and loaded onto a 15% SDS–polyacrylamide gel

for analysis. Time course experiments concluded that 1 and 2 h
were well within the initial velocity rates for SUMO protease
and AcTEV protease, respectively (that is, the rate of reaction
was within in the linear region [data not shown]).
The SDS–polyacrylamide gels were stained with Coomassie

Blue and scanned such that each band could be quantified
using the software Scion Image version Beta 4.0.2 (Scion Cor-
poration). Densitometry analyses were performed, and when
compared with a loading standard (known amount of product)
used to determine the amount of product generated per unit
time. The initial velocity values used for curve fitting were the
mean of three independent experiments. These initial velocity
measurements were plotted against the substrate concentration
and fit to the Michaelis-Menton equation using KaleidaGraph
3.5 (Synergy Corporation). The kcatvalues were calculated by
assuming 100% activity for the enzyme.
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