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Synopsis

Post-translational modification plays crucial roles in signal transduction in eukaryaotic cells. To
elucidate the biological function of a protein with a specific post-translational modification, it is
necessary to isolate the modified protein. However, it is difficult to incorporate a modified amino
acid into a specific position of a protein, in particular, in a large-scale preparation. In order to prepare
post-translationally modified proteins in Escherichia coli (E. coli), we have constructed co-
expression vectors that contain protein and corresponding enzyme genes. The protein and enzyme
are co-expressed in the same E. coli cells and the protein is post-translationally modified in vivo. By
using this system, the transcriptional activator cyclic-AMP-response-element-binding protein
(CREB) was phosphorylated at Ser-133 and the hypoxia-inducible factor-1a (HIF-1a) was
hydroxylated at Asn-803 in E. coli. Although the constructs of the proteins we used are very flexible
and susceptible to degradation by proteases in E. coli when they are expressed alone, the B1 domain
of streptococcal protein G (GB1) fused to the N-terminus of the proteins increased the yields
dramatically. Site-specific phosphorylation of CREB and hydroxylation of HIF-1a were confirmed
by matrix-assisted laser desorption/ionization time-of-flight (MALDI-TOF) and NMR. Our GB1-
fusion co-expression system can be used in the same way as conventional protein expression in E.
coli, making it a flexible and economical method to produce a large amount of a post-translationally
modified protein.
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INTRODUCTION

Post-translational modification plays a crucial role in signal transduction in eukaryotic cells
by introducing diversity and versatility into proteins translated from genomic DNA sequences
[1]. Post-translational modification extends the range of function of the proteins by attaching
other biochemical functional groups such as phosphate, hydroxyl group, acetate, lipids, or
carbohydrates, causing changes in intrinsic activities of the proteins such as activation,
inactivation or change in other properties such as conformational change. Despite the
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importance of post-translational modifications in biology, the production of large quantities of
modified proteins for biophysical characterization is difficult. Here we report a general method
for overexpression of specifically modified proteins in E. coli and illustrate its application to
two key post-translational modifications involved in eukaryotic signal transduction: Ser-133-
phosphorylation of the kinase inducible domain (KID) of the transcriptional activator cyclic-
AMP-response-element-binding protein (CREB), and Asn-803-hydroxylation of the C-
terminal activation domain (CAD) of the hypoxia-inducible factor-1o (HIF-10).

The transcriptional activator CREB regulates transcription of target genes in response to
hormonal stimuli that activate protein kinase A (PKA) [2]. PKA phosphorylates CREB at
Ser-133 in the KID domain by using ATP as the substrate, enabling CREB to recruit the
transcriptional co-activator CREB-binding protein (CBP) and its paralogue p300 through direct
interaction between the phosphorylated KID domain and the KIX domain of CBP/p300.
Among its many biological functions, CREB enhances long-term memory; consequently the
CREB pathway has been targeted with the aim of developing new drugs for Alzheimer’s disease

3].

HIF is a major transcriptional mediator of the hypoxic response in eukaryotic cells, regulating
the expression of myriad genes involved in oxygen transport, glucose uptake, glycolysis and
angiogenesis [4]. Hypoxic regions often observed in many tumor tissues require the formation
of new blood vessels, enabling tumors to develop their own blood supply. The HIF-10. CAD
interacts with the transcriptional adapter zinc finger (TAZ1) domain of CBP/p300 in hypoxia,
resulting in transcription of oxygen stress genes. Under normoxic conditions, the factor
inhibiting HIF-1 (FIH), an asparaginy| hydroxylase, catalyzes hydroxylation of HIF-1a at the
B-carbon of Asn-803 [5]. Hydroxylation of this specific asparagine residue in HIF-1a impairs
the interaction with CBP/p300. The HIF pathway has been extensively studied for the
development of new cancer therapies.

In order to characterize the function and interactions of phosphorylated KID (pKID) and
hydroxylated HIF-1a CAD (HIF-OH) by biophysical methods, it is necessary to isolate site-
specifically modified pKID and HIF-OH. In particular, structural studies by NMR and X-ray
crystallography require large quantities (tens of milligrams) of purified proteins. However, it
is difficult to incorporate an unusual amino acid into a specific position of a protein in a large-
scale preparation using the conventional protein-expression system with Escherichia coli (E.
coli), favored with respect to ease of handling and low costs. Signal transduction pathways in
E. coli cells are significantly different from those in eukaryotic cells, namely E. coli cells do
not possess enzymes such as kinases or hydroxylases involved in eukaryotic post-translational
modification. While it is possible to obtain post-translationally modified proteins using
eukaryotic expression systems, yields of isotopically labeled proteins are typically lower than
with prokaryotic expression systems and there is the potential to obtain additional undesired
modifications. Short peptides containing an unusual amino acid at a specific position can be
prepared by solid-phase peptide synthesis, but it is expensive to synthesize isotope-labeled
forms (13C and 15N) for the purpose of NMR studies and synthesis of large proteins remains
technically challenging.

A protein can be modified site-specifically by in vitro enzymatic reaction. However, enzymes
are often expensive for a large-scale preparation or commercially unavailable, thus such
enzymes also need to be overexpressed and isolated. In vitro modification is time intensive
because it usually requires two rounds of chromatographic purification before and after the in
vitro enzymatic reaction to remove the enzyme, substrates, by-products and unmodified
protein. Moreover, it is often difficult to separate the unmodified protein since it has a similar
chromatographic retention time as the modified protein. A major difficulty in expressing
proteins, including KID and HIF-1a CAD, subject to post-translational modification is that
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those proteins are often intrinsically flexible in solution, in part because such proteins interact
with both the enzymes modifying them and other target biomolecules with different
conformations [6;7], thus they are insufficiently resistant against proteolytic degradation in the
cells, causing low yields.

In this study, we have designed co-expression vectors that contain both protein (KID or
HIF-1a CAD) and corresponding enzyme (PKA or FIH) genes to obtain a large amount of a
post-translationally modified protein (pKID or HIF-OH) in E. coli. Both the protein and
enzyme are expressed in the same host cells with an appropriate co-factor so that the protein
is modified post-translationally in E. coli using standard culture conditions. To overcome the
proteolytic degradation issue causing low yields of intrinsically disordered proteins, we have
utilized the B1 domain of streptococcal protein G (GB1) as a fusion tag linked to the N-terminus
of the protein. Fusion with GB1 has been shown to greatly increase protein expression levels
without the need for extensive optimization of the expression conditions [8;9]. The GB1 can
be easily excised from the fusion protein with a protease such as thrombin by inserting a
cleavable linker between GB1 and the protein of interest. The GB1-fusion co-expression
vectors, GB1KID-PKA and GB1HIF-FIH, enabled us to prepare large quantities of isotopically
labeled pKID and HIF-OH, >30 mg/L. Since prepared pKID and HIF-OH are quantitatively
phosphorylated or hydroxylated at the correct position, Ser-133 and Asn-803, respectively, as
confirmed by NMR and matrix-assisted laser desorption/ionization time-of-flight (MALDI-
TOF), it is not necessary to separate unmodified KID or HIF. It should be noted, however, that
the expression conditions, particularly temperature and length of induction, should be
optimized to avoid non-specific modifications by the enzyme and to increase the yield, as
demonstrated for Ser-133-phosphorylation of KID. Using the method described here, the
modified KID or HIF-1a CAD can be used directly after purification from the E. coli lysate or
after cleavage with a protease to remove the GB1 fragment. A major advantage of this method
is that the modifying enzyme, PKA or FIH, does not have to be isolated and purified separately.

Our protein-enzyme co-expression system utilizing the GB1 tag facilitates studies requiring a
large amount of an intrinsically disordered protein with a site-specific post-translational
modification. Itis also suitable for easy and inexpensive labeling with 13C and/or 15N for NMR
studies.

EXPERIMENTAL

Co-expression vector with a GB1 tag

Figure 1 outlines the GB1-fusion co-expression system, a derivative of pET22b (Novagen)
with two cloning and ribosomal binding sites. The co-expression vector was originally
constructed to avoid degradation of intrinsically disordered proteins in E. coli by co-expressing
the protein and its target protein that can form a complex resistant to proteolytic degradation
[10;11]. Expression of both substrate protein as a C-terminal GB1 fusion and modifying
enzyme is driven from a single T7 promoter. The enzyme gene is inserted into the second
cloning site since somewhat lower expression levels are usually obtained at this position,
having the effect of enhancing the specificity of the post-translational modification. The
substrate protein is connected with GB1 through a thrombin-cleavable linker, Leu-Val-Pro-
Arg-Gly-Ser. In the case of the co-expression of GB1KID and PKA, the serine residue in the
thrombin cleavage site can be phosphorylated since it is contained within a PKA recognition
site, Arg (or X)-Arg-X-Ser/Thr-X [12]. The serine residue is not necessary for the thrombin
cleavage reaction as long as an acidic residue is not placed at the position of the serine residue
in the thrombin cleavage site [13]. As the N-terminal residue of our KID construct is (non-
acidic) histidine that originates from the Ndel restriction enzyme site, the serine residue was
deleted by QuickChange site-directed mutagenesis method (Stratagene).
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Preparation of phosphorylated KID

The gene sequences of the KID domain corresponding to residues 110-147 of rat CREB and
the catalytic subunit of mouse PKA corresponding to residues 1-350 were PCR amplified and
cloned into the co-expression vector using Ndel and BamHI cloning sites and Ncol and
Hindll1 cloning sites, respectively. E. coli BL21 (DE3) [DNAY] cells harboring the GB1KID-
PKA co-expression vector were grown at 37 °C in LB medium or minimal M9 medium
containing 0.5g/L [*°N]-ammonium sulfate, 0.5g/L [1°N]-ammonium chloride and 4g/L D-
glucose as nitrogen and carbon sources for preparation of NMR samples. ATP used by PKA
as the co-factor for the phosphorylation of KID is biosynthesized in E. coli cells in sufficient
quantity to allow quantitative phosphorylation of overexpressed GB1KID. Isopropyl-1-thio-
B-D-galactopyranoside (IPTG) was added to a final concentration of 1 mM for induction of
GB1KID and PKA expression when ODggonm reached ~0.8. After addition of IPTG, the cells
were incubated 3 hours during which Ser-133 in GB1KID was phosphorylated by PKA in
vivo. The cells were harvested, resuspended in 25 mM Tris buffer (pH 8.0) and lysed by
sonication. The cell lysate was diluted three fold using 0.1% (v/v) acetonitrile/trifluoroacetic
acid (TFA) and precipitated debris were removed by centrifugation. GB1pKID in the
supernatant was purified to homogeneity via reversed-phase HPLC on a 25mm C4 cartridge
(Waters) using standard acetonitrile/0.1% TFA mobile phase and lyophilized. The purified
GB1pKID was dissolved into thrombin-cleavage buffer (20 mM Tris (pH 8), 150 mM NaCl
and 2.5 mM CaCly) to a final concentration of 2 mg/ml and was cleaved by 1 unit/mg thrombin
at 25 °C for 24 hours. Cleaved pKID was purified to homogeneity via reversed-phase HPLC.
The identity and integrity of the proteins were confirmed by MALDI-TOF. A KID-PKA co-
expression vector lacking the GB1 gene was also constructed to compare the yields of modified
GB1pKID and pKID.

A GBI1KID-KIX co-expression vector was constructed to prepare unphosphorylated KID to
test in vitro phosphorylation of KID. Co-expression of KIX can increase the proteolytic
resistance of GB1KID in E. coli since KID can bind to KIX weakly even in the
unphosphorylated form [14]. The gene sequence of the KIX domain of mouse CBP,
corresponding to residues 586-672, was PCR amplified and inserted into the second gene
cloning site instead of PKA. GB1KID was expressed and purified using the same method as
for GB1pKID. PKA was prepared using the GB1KID-PKA co-expression vector in the same
way as GB1pKID except that the cells were induced overnight at 15 °C in order to enhance
the yield of soluble PKA. PKA was purified using FPLC with a Hi-Trap SP column (GE
Healthcare) in 20 mM Tris buffer (pH 7.0) containing 5 mM dithiothreitol (DTT). KID was
phosphorylated by PKA in vitro as described previously [15], and the phosphorylated KID was
purified to homogeneity via reversed-phase HPLC. The identity and integrity of KID and pKID
were confirmed by MALDI-TOF.

For NMR studies, [*°N]-pKID phosphorylated in vivo and in vitro and unphosphorylated
[1°N]-KID were dissolved in 90% H,0/10% D50 containing 20 mM Tris-d;4-acetate-d, (pH
5.5), 50 mM NaCl and 2 MM NaN3. NMR spectra were measured at 25 °C on Bruker
Avance500 and DRX800 spectrometers. 1H-1°N heteronuclear single quantum coherence
(HSQC) spectra [16] were measured for all samples. The cross peaks of [1°N]-KID were
identified based on our previous assignments [17].

Preparation of hydroxylated HIF-1a

The gene sequence of the human HIF-1o. CAD corresponding to residues 776-826 and human
asparaginyl hydroxylase FIH were PCR amplified from a human liver cDNA library and cloned
into the co-expression vector using Ndel and BamHI cloning sites and Ncol and Hindll1 cloning
sites, respectively. E. coli BL21 (DE3) [DNAY] cells harboring the GB1HIF-FIH co-
expression vector were grown at 37 °C in LB medium or minimal M9 medium containing
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[15N]-ammonium sulfate, [°N]-ammonium chloride and D-glucose (or [13Cg]-D-glucose) as
nitrogen and carbon sources. FeSO,4 was added, to 1 mM final concentration, to the medium
at ODgognm Of ~0.4 as Fe2* is the essential co-factor of FIH. IPTG was added to a final
concentration of 0.8 mM for induction of GB1HIF and FIH expression when ODgggonm reached
~1. After addition of IPTG, the cells were incubated at 15°C for 15 hours during which Asn-803
in HIF was hydroxylated in E. coli by FIH using O, abundant in the air. The cells were harvested
and resuspended in 20 mM Tris buffer (pH 8.0) containing 2 mM DTT and 1 mM EDTA.
Soluble GB1HIF-OH was purified by anion exchange chromatography on a HiTrap Q column
(GE Healthcare). GB1HIF-OH was eluted using 20 mM Tris buffer (pH 8.0) containing 0.6 M
NaCl and 1 mM EDTA and subsequently purified to homogeneity via reversed-phase HPLC.
GB1HIF-OH was cleaved by thrombin and cleaved HIF-OH was purified to homogeneity via
reversed-phase HPLC. The identity and integrity of HIF-OH were confirmed by MALDI-TOF.

In order to confirm that FIH specifically hydroxylates Asn-803 in HIF, a series of co-expression
vectors, HIF-FIH, HIF-TAZ1, [N803A]-HIF-FIH and [N803A]-HIF-TAZ1, were constructed.
It should be noted that those expression vectors do not have the GB1 gene, but the resulting
HIF-1a CAD expression levels are sufficient to quantitate their molecular weights by MALDI-
TOF. TAZ1 does not modify HIF-1a or [N803A]-HIF-1a CAD although it can increase the
yields of HIF-1a CAD by forming a HIF: TAZ1 complex that is more resistant to degradation
by proteases in E. coli.

For NMR studies, [*N]-HIF-OH and [13C,15N]-HIF-OH were dissolved in 90% H,0/10%
D,0 containing 20mM MES (pH 6.12), 2 mM DTT and 2 mM NaN.

In vivo phosphorylation of KID

pKID and GB1pKID were expressed in 20 ml LB medium at 37°C using the KID-PKA and
GB1KID-PKA co-expression vectors, respectively, in order to test how much the GB1 fusion
can increase the yield of pKID. The cells were lysed in 1 ml lysis buffer and 50 ul supernatants
of the lysate were diluted three fold using 0.1% (v/v) TFA and loaded onto a C4 column for
HPLC analysis (Figure 2). Remarkably, the yield of pKID increased by approximately 150-
fold upon fusion with GB1. The non-fused pKID peak intensity is near the detection limit
(Figure 2a), consistent with the fact that intrinsically disordered proteins are susceptible to
degradation by proteases in E. coli. Phosphorylation of KID in the non-fusion construct was
confirmed by MALDI-TOF. The non-fused KID was doubly phosphorylated to some extent
(data not shown). Although we have not yet identified which Ser or Thr is phosphorylated in
addition to Ser-133, this double phosphorylation probably occurs because the PKA
concentration is much higher than the optimum concentration ratio, given the extremely low
expression level of unfused KID in E. coli. GB1pKID was expressed in [2°N]-M9 medium as
well for the NMR studies. [1°N]-GB1pKID was cleaved by thrombin completely after 24-hour
incubation at 25 °C despite the lack of the serine residue in the thrombin cleavages site (Figure
2b). The cleaved [1°N]-pKID was singly phosphorylated, as confirmed by MALDI-TOF. The
measured molecular weight of [1N]-pKID was the same as the theoretical value, 4776 Da.
The molecular weight increased by that of one phosphate group (79 Da) from unphosphorylated
[1°N]-KID. One might expect that, even as a GB1 fusion protein, KID would be flexible and
susceptible to proteolytic degradation; however, MALDI-TOF and reversed-phase HPLC did
not detect shorter GB1pKID fragments proteolyzed in the KID region. It appears that, by some
unknown mechanism, the GB1 fusion protects KID from proteolytic degradation. Koenig et.
al. have also reported an increase in the stability and yield of a flexible protein fused with GB1
in E. coli [9]. It should be noted that even as a GB1 fusion, KID was multiply phosphorylated
if the cells were incubated at 15 °C overnight after addition of IPTG since the expression level
of soluble PKA is much higher at lower temperature. In the case of the GB1KID-PKA co-
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expression, 3-hour incubation at 37 °C after addition of IPTG gives the best yield of Ser-133
site-specifically phosphorylated GB1pKID.

Figure 3 shows the H-1°N HSQC spectra of [1°N]-KID (blue) and [*°N]-pKID phosphorylated
in vivo (black) and in vitro (red). Both KID and pKID are unstructured since all amide peaks
including pSer133 exhibit random coil chemical shifts [18-20]. The HSQC spectrum of pKID
phosphorylated in vivo and in vitro are virtually identical (Figure 3a). NMR signals of residues
around Ser-133 are shifted by the Ser-133-phosphorylation (Figure 3b). As in vitro
phosphorylation has been previously shown to phosphorylate KID specifically at Ser-133
[15;17], we conclude that Ser-133 of KID is correctly phosphorylated by PKA in E. coli. pKID
produced using the in vivo phosphorylation method binds KI1X with identical affinity as pKID
produced via in vitro phosphorylation (data not shown). A study of KIX:pKID binding
interactions using pKID prepared in this study is discussed elsewhere [21].

In order to further optimize the GB1-fusion co-expression vector for expression of short peptide
fragments, we constructed another GB1KID-PKA co-expression vector that utilizes a Factor
Xa cleavage site (Ile-Asp-Gly-Arg) instead of the thrombin cleavage site and deleted the
Ndel cloning site. As Factor Xa cleaves after the C-terminal arginine residue in the Factor Xa
cleavage site, no additional residues (Gly-His-Met from the thrombin and Ndel restriction sites)
remain at the N-terminus of the expressed protein after cleavage of the GB1 fusion tag. We
obtained correctly phosphorylated KID in high yield using this new co-expression vector as
well.

In vivo hydroxylation of HIF

HIF-1a CAD and [N803A]-HIF-1a CAD were expressed using a series of co-expression
vectors, HIF-FIH, HIF-TAZ1, [N803A]-HIF-FIH and [N803A]-HIF-TAZ1, to test whether
FIH specifically hydroxylates Asn-803 of HIF. The molecular weights of HIF and [N803A]-
HIF measured by MALDI-TOF are listed in Table 1. The molecular weight of HIF increased
by that of one hydroxyl group when co-expressed with FIH while that of [NSO3A]-HIF did not
change with FIH co-expression. Co-expressed TAZ1 did not change the molecular weight of
either HIF or [N803A]-HIF, as expected. Therefore, we conclude that Asn-803 in HIF is
specifically hydroxylated by FIH in E. coli when HIF-1a CAD and FIH are co-expressed.
Subsequently, the co-expression vector of GB1HIF-FIH was used to maximize the yield for
NMR studies. Similar to GB1pKID, GB1HIF-OH expressed much more than HIF-OH itself
and GB1 was cleaved efficiently by thrombin (data not shown). It should be noted that, in
contrast to phosphorylation of KID by PKA, FIH specifically hydroxylates Asn-803 even when
the cells are incubated at 15 °C overnight. This suggests that the duration of incubation and
the temperature should be optimized carefully for each protein-enzyme pair of interest.

Figure 4 shows the 1H-1°N HSQC spectrum of [1°N]-HIF-OH prepared using the GB1HIF-
FIH co-expression vector. HIF-OH is clearly unstructured since all amide peaks appear within
a narrow range of IH chemical shifts, < 1 ppm. The NMR peak of the backbone amide of
Asn-803, however, appeared in an unusual position, providing direct evidence for Asn-803
hydroxylation. The observed amide 1H and 1°N chemical shifts of Asn-803 are 7.94 and 110.96
ppm, respectively, but random coil chemical shifts of Asn corrected for the HIF sequence are
8.56 and 122.73 ppm [18;19]. The NMR peaks of the Asn-803 side chain NH, group are also
different from those of other side chain NH,groups due to hydroxylation at the B-carbon.

The preferred method of purification for small peptides is reversed-phase HPLC (RPHPLC)
but it is sometimes the case that the GB1-fusion and the cleaved peptide have very similar
RPHPLC retention times, complicating the final purification. In order to further enhance the
ease, efficiency and cost-effectiveness of large scale purification of modified proteins using
this system, we have also constructed a His6GB1-fusion co-expression vector (Figure 1).
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Yields of modified His6GB1 fusion proteins are similar or higher than those obtained with the
corresponding non-His6-tag versions and the induction conditions necessary to obtain high
yields of specifically modified protein are identical. Using this system, the soluble His6GB1-
fusion protein is isolated from the cell lysate by metal affinity chromatography on Ni-NTA
(Qiagen) under native or denaturing conditions. Contaminants including the co-expressed
modifying enzyme are removed by washing the resin with buffer containing a low
concentration (10-30 mM) of imidazole and the His6GB1 fusion tag is cleaved off directly on
the resin with 1 U/mg thrombin at 25°C for 15 hours. Cleaved, modified peptide present in the
supernatant or column flow through is then purified to homogeneity by reversed-phase HPLC
chromatography. This method eliminates the initial purification of the GB1-fusion protein by
RPHPLC, dramatically shortening the purification time requirement and reducing solvent and
resin usage.

DISCUSSION

We have demonstrated Ser-133-phosphorylation of KID and Asn-803-hydroxylation of HIF
in E. coli by using GB1KID-PKA and GB1HIF-FIH co-expression vectors, respectively. The
GBL1 tag is very useful for increasing the yield of the protein fused with GB1, especially for
proteins like KID and HIF-1a CAD that are intrinsically disordered and are highly susceptible
to degradation in E. coli. The GBL1 is easily removed by thrombin cleavage, and the post-
translationally modified protein can be purified by reversed-phase HPLC. Specific Ser-133-
phosphorylation of KID and Asn-803-hydroxylation of HIF-1a CAD were confirmed by NMR
and MALDI-TOF.

Brown et. al. [22] produced a short fragment of phosphorylated cyclin-dependent kinase 2
(CDK?2) in E. coli by co-expression of human GST-CDK2 and S. cerevisiae GST-Cak1, which
phosphorylates CDK2 at Thr-160. Their method is presumably similar to ours but it has not
yet been described in detail. Several groups have reported expression of post-translationally
modified proteins in E. coli but their methods were not optimized for over-expression of
peptides and required either fusion of the substrate protein directly to the modifying enzyme
or co-transfection with two different plasmids, decreasing the ease of purification and requiring
use of multiple antibiotics [23,24,25]. Liu and Schultz [26] reported a sophisticated method to
incorporate sulfotyrosine into a specific position (residue 63) of hirudin in E. coli. They
generated a unique tRNA/aminoacyl-tRNA synthetase pair that leads to the in vivo
incorporation of the synthetic sulfotyrosine into the protein in response to an amber nonsense
codon. The same group previously succeeded in the in vivo incorporation of synthetic O-
methyl-L-tyrosine into dihydrofolate reductase in a similar manner [27]. This technique is very
powerful as it does not require the enzyme that modifies the protein, but there is a limitation
in that it requires a unique transfer RNA (tRNA)/aminoacyl-tRNA synthetase pair that does
not cross-react with endogenous host tRNA, aminoacyl-tRNA synthetase or amino acids.
Recently, Uchimura et. al. [28] prepared small ubiquitin-related modifier (SUMO-1 and
SUMO-2) conjugated (sumoylated) proteins in E. coli. They constructed a co-expression vector
of a linear fusion of E1 and E2 ligases and SUMO-1 (or SUMO-2), and the co-expression
vector was co-transformed with a substrate protein vector into E. coli BL21 (DE3). A wide
variety of substrate proteins, including RanGAP1, RanBP2-IR, thymine DNA glycosylase, p53
and TONAS-ring were sumoylated. Our results together with this in vivo sumoylation study
suggest that a wide variety of post-translational modifications can be achieved in E. coli by
co-expression of a protein-enzyme pair. Co-expression vectors are commercially available,
e.g. pETDuet™ (Novagen), so that a new protein-enzyme co-expression vector can be easily
constructed. It should be noted, however, that the expression conditions should be optimized
carefully because various factors, such as the incubation time, the temperature, and the molar
ratio between the protein and modifying enzyme, can affect the yield and specificity of the
modification, as described in the case of the GB1KID and PKA.
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Our GB1-fusion co-expression system is a flexible and economical method to obtain a large
amount of a post-translationally modified protein. In addition to structural studies using NMR
and X-ray, our method is suitable for generating large quantities of modified proteins for
applications in screening for new drug candidates.
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Abbreviations used

CAD

C-terminal activation domain
CBP

CREB-binding protein
CDK2

cyclin-dependent kinase 2
CREB

cyclic-AMP-response-element-binding protein
DTT

dithiothreitol
E. coli

Escherichia coli
FIH

factor inhibiting HIF-1
GB1

B1 domain of streptococcal protein G
HIF-1la

hypoxia-inducible factor-1a
HIF-OH

hydroxylated HIF-1a
HSQC

heteronuclear single quantum coherence
IPTG

isopropyl-1-thio-p-D-galactopyranoside
KID

kinase inducible domain
MALDI-TOF

matrix-assisted laser desorption/ionization time-of-flight
PKA

protein kinase A
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pKID
phosphorylated KID
RBS
ribosomal binding sites
SUMO
small ubiquitin-related modifier
TAZ
transcriptional adapter zinc-binding
TFA
trifluoroacetic acid
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Figure 1.

(a) Design of the GB1-fusion co-expression vector with two cloning and ribosomal binding
sites (RBS). The coding sequences of the substrate protein and enzyme are respectively inserted
into the genel and 2 cloning sites. The DNA sequence of linkers containing protease cleavage
and cloning sites are listed. (b) Design of His6-tag (Hg) GB1 fusion co-expression vector.
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Figure 2.

Expression of pKID and GB1pKID and thrombin-cleavage reaction of GB1pKID monitored
by reversed-phase HPLC. (a) Comparison of expression levels between pKID and GB1pKID
in E. coli cell lysates. Other E. coli proteins are indicated by asterisks (*). (b) Thrombin
cleavage of GB1pKID using 1 unit/mg thrombin after 24-hour incubation at 25 °C. N-terminal
Met of approximately 28% GB1 was truncated in E. coli cells.
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Figure 3.

1H-15N HSQC spectra of Ser-133-phosphorylated KID and unphosphorylated KID. Residue-
specific assignments are indicated. (a) Overlay of the 1H-1°N HSQC spectra of pKID
phosphorylated in vivo (black) and in vitro (red). (b) Overlay of the 1H-1°N HSQC spectra of
pKID phosphorylated in vivo (black) and unphosphorylated KID (blue). NMR peaks shifted
by Ser-133 phosphorylation are labeled.
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1H-15N HSQC spectra of Asn-803-hydroxylated HIF-1a CAD (black) and unmodified
HIF-1a CAD (red). Residue-specific assignments are indicated (unpublished data). Amide
peaks that undergo significant chemical shift change upon hydroxylation are designated by a
dotted line. Side chain NH, groups of Asn-803 are denoted by a solid line. Only one of two
NMR peaks of each side chain NH, group except for hydroxylated Asn-803 is shown for clarity.
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Table 1

Molecular weights of HIF-1a and [N803A]-HIF-10. CADs co-expressed with FIH or TAZ1
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co-expression partner

protein FIH TAZ1
measured mass (MALDI-TOF)
HIF 5578 5562
[N803A]-HIF 5521 5520
theoretical mass
HIF 5563
HIF-OH 5579
[N803A]-HIF 5520
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