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Abstract

Expressed protein ligation (EPL) is an intein-based approach that has been used for protein engineering
and biophysical studies of protein structures. One major problem of the EPL is the low yield of final
ligation product, primarily due to the complex procedure of the EPL, preventing EPL from gaining
popularity in the research community. Here we report an efficient on-column EPL strategy, which fo-
cuses on enhancing the expression level of the intein-fusion protein that generates thioester for the EPL.
We applied this EPL strategy to human apolipoprotein E (apoE) and routinely obtained 25–30 mg seg-
mental, triple-labeled apoE from 1-L cell culture. The approaches reported here are general approaches
that are not specific for apoE, thus providing a general strategy for a highly efficient EPL. In addition,
we also report an isotopic labeling scheme that double-labels one domain and keeps the other domain of
apoE deuterated. Such an isotopic labeling scheme can only be achieved using the EPL strategy. Our
data indicated that the segmental triple-labeled apoEs using this labeling scheme produced high-quality,
simplified NMR spectra, facilitating NMR spectral assignment. For large proteins, such as apoE, per-
deuterated protein samples have to be used to reduce the linewidth of NMR signals, causing a major
problem for the NOE-based NMR method, since perdeuterated proteins lack protons for NOE mea-
surement. The new labeling strategy solves this problem and provides 13C/15N double-labeled,
protonated protein domains, allowing for determination of high-resolution NMR structure of these
large proteins.
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Expressed protein ligation (EPL), pioneered by Muir and
his coworkers (Muir et al. 1998; Muir 2003), is an intein-
based approach for semisynthesis of proteins. This
approach utilizes a protein splicing mechanism to gen-
erate a-thioester derivatives of a recombinant fragment of
a target protein in a controlled manner by a thiol reagent.
The a-thioester derivatives of a recombinant fragment
subsequently react with the free sulfhydryl group of the
N-terminal Cys1 of the second fragment, followed by a
N-S acyl shifting, to ligate both fragments of the target
protein together with a native peptide bond (Muir 2003).
This technique permits chemoselective and regioselective
assembly of a protein from smaller synthetic and/or re-
combinant pieces, which offers researchers an ability to
incorporate noncoded amino acids (Ayers et al. 1999;
Wang and Cole 2001), biophysical probes (Cotton and
Muir 2000; Scheibner et al. 2003; Maag et al. 2005),
stable isotopes (Cowburn et al. 2004; Vitali et al. 2006)
and post-translational modifications (Zhang et al. 2003;
Thompson et al. 2004) into specific locations within a
protein, providing a powerful tool to study the structure
and function of proteins (Schwarzer and Cole 2005;
Muralidharan and Muir 2006). For NMR structural deter-
mination of large proteins, this technique is of particular
interest, since it allows for segmental labeled large
proteins, which will significantly reduce the complexity
of NMR spectra and simplify the spectral assignment,
allowing for NMR structural determination of these large
proteins (Camarero et al. 2002; Yagi et al. 2004). In ad-
dition, a segmental-labeled domain of a large protein will
only display NMR spectra of this labeled domain, pro-
viding a powerful tool to study protein domain–domain
interactions (Xu et al. 1999; Vitali et al. 2006; Zhang
et al. 2007).

Two commercial bacterial expression vectors, pTYB
and pTWIN from New England Biolabs, are available for
generation of a-thioester derivatives of recombinant
proteins by thiolysis of mutated intein fusions (Chong
et al. 1997; Xu and Evans Jr. 2001). These two expression
vectors are widely used for one-step recombinant protein
purification and made it possible for EPL as a general
laboratory technique. However, one major problem with
EPL is the low yield of ligation product, which prevents
many laboratories from using this strategy routinely to
prepare properly labeled protein samples at certain de-
fined positions for protein biophysical research. Indeed,
despite its potential power in studying protein structure
and function, the EPL has not gained popularity in the
research community and only a small number of labo-
ratories have successfully performed research using the
EPL strategy. Several reasons contribute to this problem.
First, the protein yield of intein-containing vectors is
generally lower than other high-level expression vectors,
such as pET expression vectors. We recently found that

the lower protein yield of the pTWIN vector was due to
an in vivo self-cleavage between the target protein and
intein fusion during bacterial expression (Cui et al. 2006).
This self-cleavage removes the affinity tag from the target
protein, which flows through the chitin-bead column
without binding to the beads and is unable to be recovered
during purification; thus, the protein yield is dramatically
reduced. We prepared a mutation of the intein (T3C) in
the pTWIN vector that completely eliminates this self-
cleavage, significantly enhancing protein yield by up to
10-fold (Cui et al. 2006). Another main reason is the
complex procedure of the EPL, which requires many
steps to achieve the final ligation product. An accumu-
lation factor of this complex procedure results in a gen-
eral overall low yield of the final ligation product. This is
especially true for making segmental triple-labeled pro-
tein for NMR studies, since protein expression in D2O
usually results in a low yield production of labeled pro-
teins (Cowburn et al. 2004; Vitali et al. 2006). To make
EPL practical for general laboratory application by non-
experts, this major problem of a low yield of final ligation
product has to be solved.

Here we report an efficient on-column protein ligation
strategy that significantly increases the final yield of the
target protein (25–30 mg/L). This strategy focused on
enhancement of protein yield of a-thioester derivatives of
recombinant N-terminal fragment of the target protein
and carried out native chemical ligation on a chitin
column. A high yield of a-thioester derivatives is critical
for a high yield production of final ligation product, while
an on-column protein ligation simplifies the ligation
procedure and enhances the efficiency of the ligation
reaction. We applied this strategy to human apolipopro-
tein E (apoE). We prepared two apoE fragments: apoE(1–
214)/pTYB1 and apoE(C215–299)/pET. Our initial result
showed that we only obtained <1 mg protein production
from 1 L cell culture of apoE(1–214)/pTYB1. With this
low yield, we were not able to obtain any ligation product.
Using our strategy, we significantly increased the yield of
apoE(1–214) expression and finally obtained a yield of
25–30 mg segmental, triple-labeled apoE from 1 L of
bacterial expression of recombinant apoE(1–214). We de-
scribe the details of our optimization procedure, explain-
ing how to achieve a high yield production of ligation
product. Human apoE (299 residues) is a lipid transport
protein that is critical to several major human diseases,
including heart disease and Alzheimer’s disease
(Weisgraber 1994; Huang et al. 2004; Hatters et al. 2006).
ApoE is a two-domain protein that contains a 22-kDa
N-terminal domain (residues 1–191) and a 10-kDa C-
terminal domain (residues 216–299), linked by a protease-
sensitive hinge region. The X-ray crystal structure of the
apoE N-terminal domain in the lipid free state reveals a
globular up-and-down four-helix bundle (Wilson et al.
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1991). No structure is available to date for the apoE C-
terminal domain and full-length apoE. A domain–domain
interaction is hypothesized for apoE that seems to regulate
its biological functions (Hatters et al. 2006). Since apoE is
a 299-residue a-helical protein, its NMR spectra are
significantly overlapped. To reduce NMR spectral com-
plexity for a complete spectral assignment, segmental
labeled apoEs, in which one domain is 13C/15N labeled
whereas the other domain is deuterated, will be critical for
NMR structural determination and verification of apoE’s
domain–domain interactions.

Results and Discussion

Human apoE

ApoE is well known to aggregate, forming a mixture of
different oligomers at a low concentration (Weisgraber
1994). This property hinders structural studies of full-
length apoE, either by X-ray crystallography or by the
NMR technique. Previous data indicated that apoE aggre-
gation was caused by its C-terminal domain (Weisgraber
1994). Using protein-engineering techniques, we prepared
a monomeric, biologically active apoE C-terminal domain
(apoEC-J) (Fan et al. 2004) and full-length apoE (apoE-J)
(Zhang et al. 2007). In both monomeric apoEC-J and apoE-
J, five bulky hydrophobic residues in the C-terminal
domain were replaced by either Ala or polar residues. We
demonstrated that these monomeric apoE proteins main-
tained the structure and stability of wild-type apoE and
were biologically active. In particular, we showed that full-
length apoE-J is monomeric even at a 20 mg/mL concen-
tration. ApoE-J not only adopts identical secondary and
tertiary structures, but also displays a characteristic two-
transition denaturation curve identical to that of the wild-
type apoE (Wetterau et al. 1988). More importantly, this
monomeric apoE displays lipoprotein-binding and LDL–
receptor-binding activities identical to those of wild-type
apoE (Zhang et al. 2007). Using this biologically active
monomeric apoE, we collected high-quality NMR spectra.
Since apoE is a 299-residue a-helical protein, its NMR
spectra are severely overlapped. Thus, a segmental labeled
apoE, in which one domain is labeled and the other domain
is not labeled, will significantly simplify the spectral
assignment and allow us to study domain–domain inter-
action of apoE. In this report, we used apoE-J as the
template for segmental labeled apoE.

An efficient on-column EPL protocol

The protocol for preparing segmental, triple-labeled
apoE is summarized in Figure 1, which involves the expres-
sion and isotope-labeling of apoE(1–214)/pTYB1 and
apoE(215–299)/pET30a, respectively. The apoE(215–

299)/pET30a expression generated the apoE C-terminal
domain (residues 215–299) with an N-terminal long his-
tag. To achieve native chemical ligation, we replaced
residue R215 by a Cys. We further engineered the pET30a
vector by including a Factor Xa cleavage site between the
long his-tag and the N-terminal C215 residue (1, Fig. 1).
Factor Xa cleaves the long his-tag to generate mature
apoE C-terminal domain, apoE(C215–299) with an
N-terminal Cys residue (2, Fig. 1). This step was carried
out first to prepare the ligation-ready apoE(C215–299).
We then carried out expression of the apoE(1–214)/
pTYB1 vector that produced the apoE N-terminal domain
(residues 1–191) and a hinge domain that linked between
the N- and C-terminal domains (residues 192–214). In the
apoE(1–214)/pTYB1 expression, the expressed apoE(1–
214) was directly linked with an intein protein plus a
CBD domain in the C terminus (3, Fig. 1). This fusion
protein 3 was loaded on a chitin bead column and purified
with binding buffer. After purification, the fusion protein
3 remained on the column and was mixed with an excess
of ligation-ready apoE(C215–299). A thiol reagent was
also added and mixed well with the chitin bead mixtures,
containing both apoE(1–214) fusion protein 3 and liga-
tion-ready apoE(C215–299) protein 2. Under these con-
ditions, the purified fusion protein 3 would first undergo
thiolysis catalyzed by the thiol reagent, generating apoE
(1–214)-COSR (5, Fig. 1), which was released from the
chitin column, whereas the intein-CBD fusion remained
on-column. Since we have excess reactive ligation-ready
apoE(C215–299) in solution, the newly generated apoE
(1–214)-COSR reacts directly with the ligation-ready
apoE(C215–299) to initiate the native chemical ligation.
During native chemical ligation, the sulfide group of
C215 attacks the carbonyl group of the C-terminal thiol
ester in apoE(1–214)-COSR, resulting in the original
‘‘-SR’’ group leaving apoE(1–214) to form a new thiol
ester apoE(1–214)-COS-apoE(C215–299) (6, Fig. 1).
This new thiol ester is not stable and a simultaneous
N-S acyl shift quickly happens to form the final ligation
product (7, Fig. 1).

The advantage of this on-column ligation is that the
newly generated apoE(1–214)-COSR immediately reacts
with the excess apoE(C215–299) to form a final ligation
product, segmental labeled apoE, thus eliminating the
possibility of hydrolysis. In addition, the EPL procedure
is also simplified, overall significantly enhancing the
ligation efficiency and the final yield of ligation pro-
duct. This ‘‘one pot’’ approach has been used by several
other groups for the EPL recently (Welker and Scheraga
1999; Sydor et al. 2002; Anderson et al. 2005), to either
prepare segmental labeled proteins for NMR studies or
introduce unnatural amino acids into proteins or intro-
duce post-translational modification at specific sites of
proteins.
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A R217S mutation of apoE(C215–299) for specific
Factor Xa digestion

Using a newly developed bacterial expression method
(A. Sivashanmugam, V. Murray, C. Cui, Y. Yang, J. Wang,
and Q. Li, in prep.), we routinely produced a very high
yield of his-tag-apoE(C215–299)-J (300 mg/L in D2O and
400 mg/L in H2O). However, we encountered some dif-
ficulty when we used Factor Xa to generate ligation-ready
apoE(C215–299). A broad band was observed in the SDS-
PAGE after purification of the Factor Xa digestion
product with both Xarrest agarose for Factor Xa removal
and the Ni-column for his-tag and uncut protein removal
(inset, Fig. 2A). Under a reduced condition using DTT,
this broad band was at a molecular weight of ;10 kDa.
Table 1 lists the calculated and mass spectroscopic ob-
served molecular weights for apoE(C215–299). The mass
spectral analysis indicated two peaks around 10 kDa. One
minor peak was at a molecular weight of 9592, which was
the correct molecular weight of apoE(C215–299), sug-

gesting that the Factor Xa cleaves at the correct position
before C215 (Fig. 2A). Another major peak was at a
molecular weight of 9260. Molecular weight calculation
scanned apoE(C215–299) sequence and found that apoE
(M218–299) had a molecular weight of 9261. This
suggests that the major Factor Xa cleavage site was
nonspecific at position R217 (Fig. 2A). In addition to
the monomeric peaks, several dimeric peaks were also
observed which matched the above calculation (Table 1).
Figure 2A also shows many other minor peaks, suggest-
ing other possible minor Factor Xa cleavage sites. To
eliminate these nonspecific cleavages, we prepared a muta-
tion of R217S for apoE(C215–299). SDS-PAGE showed a
sharp band of purified apoE(C215–299)-R217S after
Factor Xa cleavage (inset, Fig. 2B), suggesting a possi-
bility of elimination of the nonspecific cleavage sites by
Factor Xa. This suggestion was confirmed by mass
spectroscopic analysis (Table 1). Mass spectroscopic data
indicated that only one major peak was observed for the
apoE(C215–299)-R217S mutant at a molecular weight of

Figure 1. Schematic diagram of the protocol of on-column expressed protein ligation for preparation of the triple, segmental-labeled

apoE.
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9520 Da, which was the calculated value for this mutant
(9521 Da, Fig. 2B). The dimeric peaks also confirmed
this result. In addition, Figure 2B shows a much cleaner
mass spectrum of apoE(C215–299)-R217S as compared
with that of apoE(C215–299), suggesting elimination
of the other nonspecific Factor Xa cleavage sites. Thus,
the generated apoE C-terminal domain using apoE
(C215–299)-R217S is a ligation-ready apoE C-terminal
domain.

Optimization of bacterial expressions
of apoE(1–214)/pTYB1

For the EPL, one bottleneck for achieving high-level
production of the ligation product is the expression levels
of two segments. This is especially important for apoE(1–
214)/pTYB1 expression in D2O, since a low yield of this
expression will directly result in a low yield of final
ligation product. In contrast, in the presence of excess

Figure 2. (A) Mass spectroscopic data of apoE(C215–299) after Factor Xa cleavage. Based on the observed mass spectroscopic

data, the potential Factor Xa cleavage site is suggested in the bottom of A. In the sequence, the Factor Xa cleavage site IEGR is

italic and underlined. (B) Mass spectroscopic data of apoE(C215–299)-R217S after Factor Xa cleavage. Based on the observed

mass spectroscopic data, the Factor Xa cleavage site is at the correct position as shown in the bottom of B. In the sequence, the

Factor Xa cleavage site IEGR is italic and underlined. In both panels, the inset is a SDS-PAGE of the Ni-column purification of

the mixture of Factor Xa digestion and Xarrest capture. MK: Molecular marker. (Lane 1) Long his-tag-apoE(C215–299), before Factor

Xa cut. (Lane 2) The mixture of Factor Xa reaction before loading on Ni-column. (Lane 3) Flow-through. (Lane 4) Binding buffer

washing (5 mM imidazole). (Lane 5) Washing buffer washing (50 mM imidazole). (Lane 6) Elution buffer (1 M imidazole) to elute

his-tag.
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ligation-ready apoE(C215–299), a high concentration of
reactive apoE(1–214)-COSR will significantly enhance
the ligation efficiency, thus increasing the final yield of
ligation product. For apoE(1–214)/pTYB1, our initial
expression only produced a very low yield (<1 mg/L).
Indeed, SDS-PAGE of cell lysate of this expression with
or without IPTG showed no difference, and only a West-
ern blot could detect the expression. In addition, we
frequently observed inconsistencies in expression level,
especially in D2O, since sometimes we could detect the
protein expression using a Western blot and sometimes
we could not. With such a low yield, it is impossible to
pursue native chemical ligation. Therefore, we put forth a
major effort in optimizing bacterial expression of apoE
(1–214)/pTYB1. We developed a double colony selection
protocol, which allowed us to select high-level expression
colonies of apoE(1–214)/pTYB1 especially in D2O. This
double colony selection procedure was also used to
optimize expression using a pTWIN vector (A. Sivashan-
mugam, V. Murray, C. Cui, Y. Yang, J. Wang, and Q. Li,
in prep.). We found that this double colony selection
procedure is critical for reliable high-level apoE(1–214)/
pTYB1 expression, since expression yield was dramati-
cally enhanced (50–100-fold) after double colony se-
lection, resulting in 10–15 mg apoE(1–214)-intein-CBD
production from a 1-L cell culture in D2O. More impor-
tantly, we routinely obtained a consistent high yield of
apoE(1–214)/pTYB1 expression. To further enhance this
expression, we did several optimizations. First, we mu-
tated the third residue Ala in the intein of pTYB1 vector
to a Cys residue to eliminate the potential self-cleavage
between the intein and apoE(1–214). We previously found
that this self-cleavage was one of the main reasons for a
significant reduction in protein yield for the pTWIN vector,
although the overall protein expression level was pretty
high. Since this self-cleavage removes the affinity tag, the
target protein flows through the column without binding
to chitin beads and is unable to be recovered during the
purification procedure. By introduction of a T3C mutation
on the second intein of the pTWIN vector, we were able to
eliminate this self-cleavage (Cui et al. 2006). The pTYB
vector utilizes a different intein from the Saccharomyces
cerevisiae VMA1 gene, which contains an Ala at position 3 of
the intein (Chong et al. 1998). We prepared an A3C muta-

tion in the VMA1 intein and suggested that this Cys residue
at position 3 may form a disulfide bond with the Cys resi-
due at position 1 of the intein. This potential disulfide bond
may block the free sulfhydryl group of Cys1 in the intein,
thus eliminating self-cleavage by protecting the intein from
the N-S shift. Figure 3A (lane 1) shows that ;50% of the
expressed apoE(1–214)/pTYB1 was self-cleaved after puri-
fied apoE(1–214)-intein-CBD on the chitin beads was
stored in a �20°C freezer for 48 h. However, this self-
cleavage was significantly inhibited by the A3C mutation
of the intein in pTYB1 vector and only <5% expressed
apoE(1–214)/pTYB1-A3C was self-cleaved under the same
experimental condition (Fig. 3A, lane 2). This result was
confirmed by the Western blot using an antibody specifi-
cally against the CBD domain (Fig. 3B), thus significantly
enhancing the yield of apoE(1–214) protein. Second, we
optimized glucose usage for the bacterial expression of
apoE(1–214)/pTYB1. For isotopic labeling, we usually
used 0.2%–0.4% labeled glucose to minimize the cost.
This is especially true for triple-labeling, since 13C/2H-
glucose is quite expensive. However, we found that 0.2%–
0.4% glucose only produced an intermediate yield of
apoE(1–214). An optimization of glucose amount indicated
that 1.0% glucose significantly increased apoE(1–214)
protein yield by twofold. Figure 3C shows this result of
apoE(1–214)/pTYB1 expression in D2O, demonstrating
that 1.0% glucose gave the highest yield of apoE(1–214)
production, which was about twofold higher than the
protein yield with 0.4% glucose. With these optimizations,
we routinely obtain a high yield production of apoE(1–214)
protein at ;40 mg from 1 L of cell culture, ensuring a high
level production of segmental labeled apoE.

A high-level (25–30 mg/L) production of segmental,
triple-labeled apoE

Using the on-column expressed protein ligation protocol
(Fig. 1), we prepared several segmental, triple-labeled
apoEs, including 13C/15N-apoE3(1–199)-2H-(C215–299)
[apoE(1–299)-D(200–214)], 2H-apoE3(1–214)-13C/15N-
(C215–299), and 13C/15N-apoE3(1–214)-2H-(C215–299). The
segmental labeled apoE(1–299)-D(200–214) was prepared
to study the potential role played by the hinge domain
between the N- and C-terminal domains of apoE (residues

Table 1. Calculated and mass spectroscopic observed molecular weights of different apoE(C215–299) mutants

ApoE proteins
Calculated (daltons)

Monomer/dimer
Observed (daltons)

Monomer/dimer (Fig. 2A)
Observed (daltons)

Monomer/dimer (Fig. 2B)

ApoE(C215–299) 9592/19,184 9592/19,180 nta

ApoE(C218–299) 9261/18,522 9260/18,520 nt

ApoE(C215–299)-R217S 9521/19,042 nt 9520/19,044

a No detection.
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192–215) on apoE’s domain–domain interaction, since our
recent NMR data suggested that this hinge domain might
play a key role in modulating this domain–domain inter-
action (Zhang et al. 2007). The latter two segmental labeled
apoEs were prepared for NMR structural determination of
apoE.

Figure 4 shows the results of native chemical ligation
for preparation of segmental labeled apoE(1–299). Panel
A shows SDS-PAGE of all the reactants used for ligation
and the ligation reaction mixture. The reactants included
apoE(1–214)-intein-CBD (;80 kDa) on the chitin beads
(lane 1) and ligation-ready apoE(C215–299)-J (10 kDa,
lane 7). Lane 2 shows the apoE(1–214)-intein-CBD with
20 mM tris[2-carboxyethyl]-phosphine (TCEP), indicat-
ing the apoE(1–214)-intein-CBD (80 kDa) is readily
cleaved into intein-CBD (56 kDa) and apoE(1–214) (24
kDa) in the presence of TCEP. Lane 3 is the full-length
apoE-J protein (35 kDa), which serves as a control. Lanes
4–6 show ligation mixtures, including apoE(1–214)-
intein-CBD on the beads, which was cleaved into intein-
CBD and apoE(1–214), ligation-ready apoE(C215–299)-J,
TCEP (lane 4) and thiol phenol (lanes 5,6). Lane 4
includes beads/supernatant mixture with TCEP, showing
no ligation product. This suggests that no ligation reaction
occurred in the ligation mixture without a thiol reagent. In
contrast, lanes 5 and 6 show the supernatant only (lane 5)
and supernatant/beads mixture (lane 6) at the end of liga-
tion in the presence of thiol phenol, showing the ligation
product, apoE-J (35 kDa). Lane 5 only shows two bands in
the ligation supernatant: One is ligation product, apoE-J,
and the other is the excess ligation-ready apoE(C215–299).
Interestingly, no apoE(1–214) is observed in lane 5, sug-
gesting that the newly produced apoE(1–214)-COR com-
pletely reacts with ligation-ready apoE(C215–299) to form

ligation product. This is confirmed by lane 6, showing no
band of apoE(1–214). Lanes 5 and 6 demonstrate a high
ligation efficiency, since all expressed apoE(1–214) protein
was converted into segmental-labeled apoE by the native
ligation. Finally, lane 6 shows no band at 80 kDa, indicating
that the ligation reaction is completed and all apoE(1–214)-
intein-CBD reacts with ligation-ready apoE(C215–299) to
produce ligation product, apoE-J. These results indicate
that the reactants, both apoE(1–214)-intein-CBD and apoE
(C215–299)-J, are highly reactive, and thiol reagent cata-
lyzes native chemical ligation. The newly produced apoE
(1–214)-COSR by thiol reagent immediately reacts with
apoE(C215–299)-J to form ligation product, apoE(1–299)-J.

To confirm this result, we carried out Western blot
experiments on the same reactants and ligation mixture
shown in Figure 4A using two apoE monoclonal anti-
bodies: 1D7 (Fig. 4B) and 3H1 (Fig. 4C). The 1D7 is a
monoclonal antibody that is specifically against the LDL
receptor binding region of apoE in the N-terminal domain
(epitope: residues 139–169) (Weisgraber et al. 1983), and
3H1 is a monoclonal antibody that is specifically against
the apoE C-terminal domain (epitope: residues 243–272)
(Weisgraber 1994). We anticipate that the ligation prod-
uct should be recognized by both antibodies since it
contains both the N- and C-terminal domains of apoE-J
(35-kDa band, lane 5). In addition, 1D7 should only
recognize apoE(1–214)-intein-CBD and apoE(1–214) with-
out recognizing apoE(C215–299). Accordingly, 3H1 should
only recognize apoE(C215–299)-J without recognizing
apoE(1–214). As expected, Fig. 4B shows that 1D7 only
recognized apoE(1–214)-intein-CBD (80-kDa band, lanes
1,2,4) and apoE(1–214) (24-kDa band, lanes 2,4), without
recognition of apoE(C215–299)-J (10-kDa band, lanes
4,5,6,7). In contrast, Figure 4C shows that 3H1 did not

Figure 3. Optimization of apoE(1–214)/pTYB1 expression. (A) SDS-PAGE of apoE(1–214)-intein-CBD (lane 1) and apoE(1–214)-A3C-intein-CBD (lane

2) samples. M: Molecular marker. After bacterial expression, the cells were harvested by centrifugation. The cell pellet was sonicated and apoE(1–214)-

intein-CBD protein was purified using chitin beads. The purified chitin beads were stored in a �20°C freezer for 48 h and then lysis for SDS-PAGE. (B)

Western blot of apoE(1–214)-intein-CBD (lane 1) and apoE(1–214)-A3C-intein-CBD (lane 2) samples. (C) SDS-PAGE of the optimization of glucose

usages for expression level of apoE(1–214)-intein-CBD in D2O (lanes 2–7) and H2O (lane 8). (Lane 1) Molecular marker. (Lane 2) Without IPTG, 0.4%

glucose. (Lane 3) With 0.5 mM IPTG, 0. 2% glucose. (Lane 4) With 0.5 mM IPTG, 0. 4% glucose. (Lane 5) With 0.5 mM IPTG, 0. 6% glucose. (Lane 6)

With 0.5 mM IPTG, 0. 8% glucose. (Lane 7) With 0.5 mM IPTG, 1.0% glucose. (Lane 8) With 0.5 mM IPTG, 1.0% glucose in H2O.
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recognize apoE(1–214)-intein-CBD (lanes 1, 2, and 4) and
apoE(1–214) (lanes 2,4), but recognized apoE(C215–299)
(lanes 4–7). Both antibodies were able to recognize the
apoE control (lane 3) and the ligation product, segmental-
labeled apoE-J (lanes 5,6). However, no antibody recog-
nition was observed in the reactant mixture without thiol
reagent for full-length apoE-J (lane 4), confirming that a
thiol reagent catalyzed the reaction for native chemical
ligation.

For the best ligation reaction efficiency, we carried out
a time course for the ligation reaction. Our data indicated
that the reaction time of 16–22 h at room temperature
gave the best ligation efficiency and purity of ligation
product. During the ligation reaction, we usually added
fivefold excess of ligation-ready apoE(C215–299)-J,
compared to apoE(1–214)-intein-CBD, to ensure com-
pletion of the ligation reaction. We observed that this
would also provide excess apoE(C215–299)-J that imme-
diately reacted with newly generated apoE(1–214)-COR;

thus no remaining thiolester was left at the end of
ligation. This significantly enhanced ligation efficiency
and increased the final yield of ligation product. We
further tested several different thiol reagents and found
that thiol phenol was the best thiol reagent for native
chemical ligation (Fig. 5A). In this case, we prepared
apoE(1–214)-COSR using 2-mercaptoethanesulfonic acid
(MESNA) first and then mixed with apoE(C215–299)-J
and different thiol reagents to start ligation reaction. This
way, we would have the same starting concentration of
apoE(1–214)-COSR and ligation-ready apoE(C215–299)
for the ligation reaction. We could also monitor an
increase in the concentration of the ligation product,
apoE(1–299)-J, which is accompanied with the decrease
in the concentration of apoE(1–214)-COSR. As an exam-
ple, Figure 5A indicated that thiol phenol gave the best
ligation yield (lane 4), with the weakest band of apoE(1–
214)-COSR. MESNA gave the second best ligation ef-
ficiency (lane 3), whereas DTT gave the worst ligation
efficiency (lane 2). We also tested different thiol reagents
on the efficiency of catalysis of intein splicing and found
that these thiol reagents gave a similar efficiency of
production of apoE(1–214)-COSR under the same exper-
imental conditions. This result agrees with the previously
published data (Muir et al. 1997; Muir 2003), suggesting
that these thiol reagents have the same catalysis capa-
bility of intein splicing to form apoE(1–214)-COR. How-
ever, the leaving group ‘‘-R’’ is important to the ligation
efficiency, dictating the final yield of segmental-labeled
apoE-J (Muir 2003).

To obtain purified ligation product, we performed
chromatographic purification using a heparin Sepharose

Figure 4. The EPL results. (A) SDS-PAGE of the samples from the EPL

experiment for apoE. (B) Western blot of the same samples with 1D7 (for

apoE N-terminal domain). (C) Western blot of the same samples with 3H1

(for apoE C-terminal domain). M: Molecular marker. (Lane 1) Aliquot

purified chitin bead (apoE[1–214]-A3C-intein-CBD, 80 kDa). (Lane 2)

Aliquot purified chitin beads with TCEP. (Lane 3) ApoE3-J (35 kDa).

(Lane 4) Ligation mixture (purified chitin beads, ligation-ready

apoE[C215–299], and TCEP) without thiol phenol. No ligation product

is observed. (Lane 5) Supernatant of the ligation mixture with thiol phenol

at the end of ligation (24 h). (Lane 6) Ligation mixture with thiol phenol at

the end of ligation (24 h). (Lane 7) Ligation-ready apoE(C215–299) with

DTT.

Figure 5. Optimization of the EPL experiments. (A) SDS-PAGE of the

optimization of different thiol reagents for the EPL of apoE. The ligation

mixture contains apoE(1–214)-COSR and apoE(C215–299) and MESNA.

(Lane 1) Molecular marker. (Lane 2) Ligation mixture with DTT. (Lane 3)

Ligation mixture with MESNA. (Lane 4) Ligation mixture with thiol

phenol. (B) Purification of ligation mixture of 2H-apoE(1–214)-13C/
15N(C215–299) using a heparin Sepharose CL-6B column. (Lane 1)

Molecular marker. (Lane 2) Ligation mixture before loading on the CL-

6B column. (Lane 3) Flow-through. (Lane 4) Washing. (Lane 5) Elution.

Only 2H-apoE(1–214)-13C/15N-(C215–299) was observed in the elution.
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CL-6B column. This purification procedure utilized the
property of the positive charges in the apoE N-terminal
domain, binding to heparin Sepharose CL-6B column
(Fisher et al. 1997), whereas the apoE C-terminal domain
did not. During the ligation reaction, the newly created
apoE(1–214)-COSPh was quickly reacting with the liga-
tion-ready apoE(C215–299)-J. The cleaved intein-CBD
remained on the chitin beads and would not be released
into the ligation solution. In addition, our data indicated
that the expressed apoE(1–214)-intein-CBD was com-
pletely cleaved and reacted with ligation-ready apoE
(C215–299)-J to form ligation product (Fig. 4). Thus,
only two major proteins were in the ligation solution (Fig.
4A, lane 5): the ligation product and excess apoE(C215–
299)-J. Figure 5B shows that a heparin Sepharose CL-6B
column can effectively purify the ligation product, 2H-
apoE(1–214)-13C/15N-(C215–299), from 13C/15N-apoE
(C215–299)-J (lane 5). The other ligation products, 13C/
15N-apoE(1–214)-2H-(C215–299) and 13C/15N-apoE(1–
199)-2H-(C215–299), could also be purified using this
method. Mass spectroscopic analysis indicated that the
final purification resulted in a single mass spectroscopic
peak at the expected molecular weights. For the two seg-
mental, triple-labeled apoEs, the deuteration level of one
domain is ;90%, if we assume that the 13C/15N labeling
of the other domain is 98%. Table 2 lists these mass spec-
troscopic results and the yields of final ligation products,
indicating that our on-column expressed protein ligation
protocol indeed produces a very high yield of segmental,
triple-labeled apoEs at 25–30 mg from 1-L expression
of apoE(1–214)/pTYB1.

NMR spectral analysis of segmental, triple-labeled apoEs

With two segmental, triple-labeled apoEs, we collected
1H-15N HSQC-TROSY spectra and compared them with
that of the uniformly triple-labeled apoE. Figure 6A
shows a 1H-15N HSQC-TROSY spectrum of uniformly,
triple-labeled apoE, indicating a well-dispersed spectrum,
even though significant spectral overlaps are observed in
the center of the spectrum. This is not surprising since

apoE is a 299-residue a-helical protein, which usually
gives smaller backbone NH chemical shift dispersion. As
a comparison, Figure 6B shows two 1H-15N HSQC-TROSY
spectra plotted on top of each other. One spectrum is from
an NMR sample of 13C/15N-apoE(1–214)-2H-(C215–299)
(black) and the other is from a NMR sample of 2H-apoE(1–
214)-13C/15N-(C215–299) (red). Since a 1H-15N HSQC-
TROSY spectrum correlates 1HN with 15N atoms, whereas
1HN with 14N atoms in a protein do not produce any signals
in this spectrum, the black spectrum in Fig. 6B only records
13C/15N-apoE(1–214), and 2H-apoE(C215–299) is trans-
parent. Similarly, the red spectrum in Fig. 6B only records
13C/15N-apoE(C215–299), whereas 2H-apoE(1–214) is trans-
parent. This way, each segmental, triple-labeled apoE gives
the NMR spectrum of one individual domain in the context
of full-length apoE.

The purpose of deuteration of one apoE domain while
the other domain is doubly 13C/15N labeled is to reduce
the relaxation rate and spin diffusion by the deuterated
domain, while the double-labeled domain contains 100%
proton. Such a labeling scheme ensures that we collect
high-quality NMR data. Indeed, apoE is a 299-residue
protein that requires deuteration for NMR structural stud-
ies. In addition, each apoE domain is less than 215
residues which is well within the size range of the
traditional NMR structural determination of proteins
using doubly 13C/15N labeled protein samples. Instead
of triple labeling, we only double labeled one apoE
domain while we kept the other domain deuterated on
purpose, so that we have 100% proton concentration in
one domain for high-quality NMR data collection. This
will be especially important for the NOESY spectral
collection. For NMR structural studies of large proteins,
triple-labeled NMR samples are required for the recently
developed TROSY technique (Pervushin et al. 1997;
Salzmann et al. 1998). A triple-labeled NMR sample
replaces protons that attach carbon atoms with deuteron.
This causes a major problem for the NOE-based NMR
structural determination method that depends on NOEs
between protons. To solve this problem, a specific label-
ing strategy was developed by Kay’s laboratory in which

Table 2. Calculated and mass spectroscopic observed molecular weights of different apoE ligation products

ApoE proteins Calculated (daltons) Observed (daltons) % Labelinga Final yieldb

13C/15N-ApoE(1–214)-2H-(C215–299) 36,035 35,973 6 45 90.5% 28 6 3
2H-ApoE(1–214)-15N13C-(C215–299) 36,287 36,068 6 215 87.6% 29 6 2

ApoE(1–199)-(C215–299) 32,305 32,300 32 6 2

ApoE(1–199)-15N-(C215–299) 32,429 32,424 99.2% 30 6 3

a For segmental, triple-labeled apoE, the calculated molecular weights for apoE proteins assume a 98% 13 C- and 15 N-labeling and a
100% deuteration. This is for calculation of the percentage of deuteration (fractional deuteration). For apoE(1–199)-15 N-(C215–299),
the labeling efficiency is for 15 N-labeling in the C-terminal domain.
b We repeated EPL for each apoE protein more than three times. The final yield is the average yield of all the EPL experiments plus
standard deviation.
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the protein was perdeuterated with the methyl group
protonated, allowing for the collection of NOE correla-
tions of the methyl groups in proteins (Rosen et al. 1996;
Tugarinov et al. 2006). This method has been widely used
to study large proteins for determination of the global folds
of these proteins, due to a small number of NOE cross-
peaks from methyl protons (Tugarinov and Kay 2005;
Tugarinov et al. 2005). Other NMR techniques, such as
site-directed spin-labeling (Battiste and Wagner 2000) and
residual dipolar coupling (Bax 2003) are proposed for use
in refining protein structures of large proteins, along with
methyl labeling technique. The segmental labeling strategy
we reported here allows us to produce segmental-labeled
proteins in which one domain is protonated and the other
domain is perdeuterated. This arrangement of segmental-
labeled protein may solve the problem of the lack of protons
in the perdeuterated protein NMR sample for large protein
structural determination using modern NMR techniques.

Materials and Methods

Materials and chemicals

The thiol reagents, including DTT, b-mercaptoethanol, thiophe-
nol, and TCEP, were purchased from Sigma. Ampicillin and
kanamycin were purchased from Fisher Scientific. The pET30a
vector was purchased from Novagen and pTYB vector was
purchased from New England BioLabs. Factor Xa and Xarrest
were purchased from New England BioLabs. Heparin Sepharose

CL-6B was purchased from GE Healthcare. Isotopes, including
13C-glucose, 15NH4Cl, and D2O, were purchased from Sigma.
Vitamin mixture was purchased from Sigma.

Molecular cloning

For apoE(1–214)/pTYB1 and apoE(1–199)/pTYB1 DNA con-
structs, we inserted apoE(1–199) and apoE(1–214) DNAs into
the pTYB1 vector using NdeI and SapI enzymes in the multiple
cloning sites of pTYB1 vector; thus, the intein fusion was in the
C terminus of apoE(1–199) and apoE(1–214). For apoE(C215–
299)/pET30a DNA construct, we inserted apoE(C215–299)
DNA into the pET30a vector using NcoI and HindIII enzymes
in the multiple cloning sites of pET30a vector. During the sub-
cloning procedure, we introduced a Factor Xa site between the
long his-tag and apoE(C215–299) for apoE(C215–299)/pET30a.
The expression vectors were transformed into BL-21(DE3)
bacterial strains.

Bacterial expression and protein purification

For apoE(1–214)/pTYB1 and apoE(1–199)/pTYB1, the expres-
sion started with LB medium. Glycerol stock was made after
double colony selection and was added into 300 mL LB with
1 mM ampicillin. The expression grew at 37°C until OD600

reached 2.5–3.0. The bacteria were gently spun down and
transferred into 300 mL M9 medium that contained 1% glucose,
1/100 3 Vitamin, pH 8.0. The expression was carried out at
20°C for 1.5 h, and 0.5 mM IPTG was then added to induce
protein expression. The protein expression was further carried
out at 20°C for another 22 h before harvesting the cells. With
this expression method, the final OD600 before harvest usually

Figure 6. (Left panel) 1H-15N HSQC-TROSY of uniformly triple-labeled apoE with 15N, 13C, and 2H. (Right panel) Superposition of

two 1H-15N HSQC-TROSY spectra of segmental-labeled apoE samples, including 2H-apoE(1–214)-13C/15N-(C215–299) (red) and
13C/15N-apoE(1–214)-2H-(C215–299) (black). The apoE samples are in 25 mM phosphate buffer, containing 25 mM NaCl, 5 mM

EDTA, and 0.1 mM NaN3 (pH 6.9) in 5%D2O/95%H2O. The NMR data were collected on a Varian INOVA 600 MHz NMR instrument

with a cyrogenic probe at 30°C.
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reached 7–9, ensuring a high-level production of apoE(1–214)
and apoE(1–199). The expression of apoE(C215–299)/pET30a
essentially followed the same method, except kanamycin
replaced ampicillin. In addition, in the M9 medium, we added
0.4% 13C-glucose for double labeling and 1% unlabeled glucose
for unlabeled apoE(C215–299). Protein purifications essentially
followed both pET30a and pTYB manuals. Specifically, for a
500-mL expression of apoE(C215–299)/pET30a, the cell pellet
was dissolved into 50 mL binding buffer and sonicated three
times. The combined supernatants were loaded on a His d Bind
resin column at room temperature and washed with 250 mL
binding buffer first and 400 mL washing buffer containing 30
mM imidazole. The protein was eluted down from the column
with 200 mL elution buffer that contained 1 M imidazole. The
elution was dialyzed against water containing 20 mM ammo-
nium bicarbonate and lyophilized. With this method, we
routinely produced 150–200 mg apoE(C215–299) from a 500-
mL cell culture. For a 300-mL expression of apoE(1–199)/
pTYB1 and apoE(1–214)/pTYB1, the cell pellet was dissolved
into 50 mL binding buffer and sonicated three times. The
combined supernatants were loaded on a Chitin Bead column
in a cold room and washed with 500 mL binding buffer. The
purified chitin beads that bind either apoE(1–199)-intein-CBD
or apoE(1–214)-intein-CBD were ready for ligation.

Factor Xa cleavage to remove his-tag from
apoE(C215–299)

A sample of his-tag-ApoE(C215–299) at 5 mg/mL was prepared
using Factor Xa cleavage buffer containing 5 mM b-mercapto-
ethanol. Factor Xa was then added at a ratio of 1000 mg: 1 unit ¼
his-tag-apoE(C215–299): Factor Xa. The reaction was carried out
at room temperature for 1 h and stopped. For a 100-mg
apoE(C215–299)/Factor Xa reaction, Factor Xa was removed
using Xarrest agarose and uncut protein and his-tag were removed
by passing through a 10 mL His d Bind column. The column was
washed using 50 mL binding buffer twice. All flow-through and
washing were combined and dialyzed against 20 mM ammonium
bicarbonate and lyophilized. The lyophilized powder is ligation-
ready apoE(C215–299).

Site-directed mutagenesis

Site-directed mutagenesis was carried out using the QuikChange
mutagenesis kit from STRATAGENE. Primers containing the
desired mutations were annealed to the denatured DNA expres-
sion vector harboring human apoE gene, which was then
extended using PfuTurbo DNA polymerase to generate nicked,
circular strands. The methylated, nonmutated parental DNA was
digested using DpnI. The circular, nicked, double-stranded DNA
containing the mutation was then transformed into ER2566
cells. The mutations were confirmed by DNA sequencing.

On-column native chemical ligation

Typically, with 300 mL expression of apoE(1–214)/pTYB1, we
used a 6-mL chitin bead column to bind and purify apoE(1–
214)-intein-CBD protein. The sonication supernatants were
combined and passed through the chitin bead column twice to
ensure that all apoE protein bound to the column. The column
was washed with 500 mL binding buffer (20 mM Tris-HCl, 250
mM NaCl, 1 mM EDTA, pH 8.0) in a cold room. The ligation-

ready chitin beads were then transferred from the column into a
small bottle and the supernatant was carefully removed. In
addition, 40 mg ligation-ready apoE(C215–299) powder was
dissolved into 2 mL (20 mg/mL) ligation buffer, containing
20 mM Tris-HCl, 250 mM NaCl, 1 mM EDTA, 0.15 M TCEP,
pH 8.0, and mixed well with 6 mL chitin beads. The ligation
reaction was initiated by addition of 240 mL of thiol phenol. The
ligation reaction was maintained at room temperature for 20–
24 h with a gentle stir. At 20–24 h, an aliquot of the chitin bead
mixture was taken out, mixed with 4 3 SDS loading buffer, and
loaded on SDS-PAGE to ensure that the ligation reaction was
complete. Once the ligation reaction was complete, the ligation
mixture was gently spun down and the chitin beads were washed
with 5 3 5 ml of loading buffer. All supernatants were combined
and mixed with 500 mL of new chitin beads to remove any
intein-CBD in the supernatant. The supernatant was diluted to
100 mL with loading buffer (25 mM NaCl, 10 mM Tris-HCl,
1 mM EDTA, pH 8.0) and then loaded on a Heparin Sepharose
CL-6B column. The CL-6B column was washed with 100 mL
loading buffer and then eluted with elution buffer containing
different NaCl concentrations (20 mL 175 mM NaCl, 20 mL 200
mM NaCl, 10 mL 225 mM NaCl, 10 mL 250 mM NaCl, 5 mL
300 mM NaCl). A 12% SDS-PAGE was carried out to check all
the fractions of purification. The fractions that contained pu-
rified ligation product were all pooled together and dialyzed
against water containing 20 mM ammonium bicarbonate and
then lyophilized.

NMR methods

The NMR samples contain 0.3–1.0 mM uniformly triple-labeled
apoE and segmentally labeled apoE proteins, in a buffer of 25
mM sodium phosphate, 25 mM NaCl, 5 mM EDTA, and 0.1 mM
NaN3, pH 6.9 in 95%H2O/5%D2O. The chemical shift was
referenced using DSS. All NMR experiments were performed at
30°C on a Vavian INOVA 600-MHz spectrometer equipped with
a cyrogenic probe. The 2D 1H-15N HSQC-TROSY spectra were
collected using a sensitivity-enhanced mode with 1024 points
at the proton dimension and 256 complex points at the 15N
dimension. The acquisition times for both dimensions were
64 ms. The NMR data processing was achieved using nmr
Pipe and nmrDraw software (Delaglio et al. 1995) and analyzed
with PIPP.
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