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Abstract—The inclusion body expression and refolding of a pH-sensitive intein fusion protein (Ssp DnaB intein) delivered sufficient
quantities of an N-terminal Cys-polypeptide for native chemical ligations. This strategy circumvents premature intein cleavage
under expression conditions and allows the expression and purification of proteins with uncertain solubility properties. The
expressed protein resembles the C-terminal portion of the amphiphilic immunity protein Im7, which can be ligated to synthetic thio-
esters to yield synthetic protein analogues for protein folding studies.

© 2006 Elsevier Ltd. All rights reserved.

1. Introduction

Expressed protein ligation (EPL) has been established as
a powerful tool for accessing quantities of pure proteins
for biophysical and biochemical investigations.! The
strategy employs a combination of chemical (solid-phase
peptide synthesis, SPPS) and biochemical (expression)
methods to provide protein fragments for connection
via native chemical ligation (NCL).2 NCL is based on
a reversible thioester exchange process involving a pro-
tein or peptide thioester 1 and an N-terminal (or o-)
Cys-protein or -peptide 2,> which ultimately leads to
irreversible amide bond formation (Scheme 1). EPL
has found particular utility for the preparation of semi-
synthetic proteins, since it allows introduction of a vari-
ety of chemical modifications into the synthetic peptide
fragment. Additionally, EPL affords access to mem-
brane proteins that show low expression profiles, as
shown by the semisynthesis of a potassium ion channel,*
and it can even be performed in living cells.’

For access to semisynthetic proteins, both precursors for
the NCL step have to be readily available. SPPS meth-
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ods are well established and afford good quantities of
synthetic peptide thioesters 1 or peptides with an N-ter-
minal Cys 2 for the NCL step (routes I and III in
Scheme 1A). For the expression and purification of
analogous protein fragments for NCL, different routes
for each type of protein component are available.

For the expression of protein thioesters 1 (route II in
Scheme 1A) methods have been developed through the
intein approach (IMPACT), which utilizes the self-
cleaving property of a protein splicing domain or intein,
in order to separate a desired polypeptide sequence from
an affinity tag (‘C-terminal fusion,” Scheme 2, left).® Pro-
tein splicing is then initiated once the fusion protein is
loaded onto an affinity column by the addition of thiols
to liberate the corresponding thioester in pure form.
This protocol has been widely used to access soluble
and insoluble protein domains, the latter as recently
demonstrated by Muir and co-workers in the semisyn-
thesis of a potassium ion channel, in which the C-termi-
nal intein fusion protein was expressed as inclusion
bodies and refolded before the intein-mediated rear-
rangement was initiated.*

Soluble N-terminal Cys proteins 2 (route IV in Scheme
1A) are commonly expressed with a purification tag
and a protease cleavage site for factor Xa’ or TEV pro-
teases® at the N-terminus, which allows the liberation of
the protein.'? In order to access hydrophobic a-Cys-pro-
teins that are insoluble or aggregate under protease
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cleavage conditions, cyanogen bromide (CNBr)-medi-
ated cleavage between a Met-Cys motif in a protein
has recently been reported.’

Another valuable approach for the expression and
purification of recombinant o-Cys-proteins 2 would
be intein cleavage, analogous to the thioester expres-
sion. In this route, referred to as ‘N-terminal fusion,’'?
the intein is derived from the Synechosystis sp dnaB
gene (Ssp DnaB) and undergoes pH or temperature
dependent cleavage (Scheme 2, right). However, in

contrast to the C-terminal fusion, this method has been
rarely used due to the occurrence of premature intein
cleavage under the expression conditions, which are
often slightly acidic and thus lead to an immediate
release of the purification tag.'?

Herein, we present an expression strategy that circum-
vents premature intein cleavage and provides a general
approach for access to hydrophobic or amphiphilic
a-Cys-proteins 2 for EPL. This paper defines the obsta-
cles encountered in soluble intein expression and
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delineates a protocol which implements inclusion body
expression, isolation, and subsequent refolding.!' This
is applied toward the preparation of the amphiphilic
C-terminal sequence (29-87), 4, of the four-helical bun-
dle protein Im7 (Scheme 1B).!? This protein fragment
can then be ligated to synthetic N-terminal peptide thio-
esters 3 to afford the semisynthetic Im7 variants for
comparative protein folding studies (Scheme 1B).!3

2. Results and discussion

Considering the structure of native Im7'# we anticipated
that the expressed fragment 29-87 of Im7, lacking helix
I, would expose a hydrophobic area of the protein core
(Scheme 1C), thus the expression of this protein frag-
ment represented a good test case for the development
of methodology to access hydrophobic or amphiphilic
o-Cys-proteins. In initial studies, we focused on the N-
terminal intein approach to access (Im7) Ala29Cys-87,
4, despite the potential obstacle of premature cleavage.'?
It should also be noted that it had been reported that
temperature optimizations were useful for enabling the
method,!’*? and that recent studies have provided ex-
pressed proteins after refolding of fusion proteins from
inclusion bodies.*!'® Additionally, we hoped that the
fusion protein CBD-intein—Ala29Cys-87, in which the
CBD-intein part constitutes 75% of the protein mass,
would lead to improved solubility properties and there-
by enabling expression and purification.

2.1. Cloning and initial expression studies

The DNA fragment corresponding to the Ala29Cys-87
peptide of Im7 fused to a pH-labile intein and a
chitin-binding domain (CBD) (compare Scheme 2, right)
was inserted into the IMPACT-pTWINI vector and
transformed into Escherichia coli (see Supplementary
material).!'® A pilot expression for 2 h at 37 °C was per-
formed. Peptide gel electrophoresis in combination with
Western blot analysis against a CBD-antibody showed
that the desired fusion protein CBD-intein—Ala29Cys-
87 was only expressed in the cell lysate to a minor extent
(Fig. 1, lane 2 in peptide gel and Western blot). Under
the expression conditions, the major product was the
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642kDa
37.1kDa
25.9kDa

19.4 kDa

14.8 kDa

6.0 kDa -—

‘cleaved’ CBD—intein fragment (25 kDa), which had al-
ready undergone the intein cleavage thus liberating the
Ala29Cys-Gly87 peptide 4. We accounted for this prob-
lem by the fact that expression conditions commonly re-
sult in a pH decrease, as in our case to ~pH 6.8, which
initiates the intein cleavage and fails to deliver the pro-
tein for the on-column purification step.!?

2.2. Refolding of the intein fusion protein

At this point extensive studies were performed to opti-
mize the expression conditions for the ‘uncleaved’ pro-
tein, while suppressing the intein cleavage. Numerous
parameters, such as lowering the expression temperature
to 16 °C, reducing the expression time to 0.5-1 h, and
increasing the pH of the expression medium to 7.5, were
investigated; however, none of the conditions led to sig-
nificant amounts of the desired fusion protein CBD-in-
tein—Ala29Cys-87 in the cell lysate for the on-column
purification step.

Reevaluation of the initial test cleavage (Fig. 1) finally
revealed a solution. As visible in both gels, the resus-
pended cells contain the desired ‘uncleaved’ protein
(upper band at 36 kDa) as the major product. This pep-
tide is presumably accumulated in denatured form in
inclusion bodies and thus lacks the ability to mediate
the intein cleavage. We isolated the inclusion bodies un-
der standard conditions (7 M guanidinium buffer, see
Section 4) and subjected this material to refolding condi-
tions to reestablish the functionality of the intein cleav-
age domain.!” The refolding strategy employed stepwise
dialysis against decreasing concentrations of urea at pH
8.5.1% Refolding and protein purification were moni-
tored by native peptide gel analysis (Fig. 2A). The dial-
ysis product was added at pH 8.5 onto a chitin column
(Fig. 2A, lane 2) and purified by iterative washing at pH
8.5 (lanes 3-6). On-column intein cleavage for 16 h was
initiated by dropping the pH to 6.0, however, only very
small amounts of peptide products were observed (lane
7). Further intein cleavage for 24 h by elution with a
50 mM solution of DTT at pH 6.0 increased the yield
significantly and the Ala29Cys-87 peptide 4 was
observed as the major product (lane 8). Increasing the
cleavage time for another 16 h only led to a small

Figure 1. Pilot expression of fusion protein CBD-intein—Ala29Cys-87. Western blot (left) and stained gel (right): lane 1, molecular weight markers;
lane 2, cell lysate (20 pL from 100 mL cell lysis fraction loaded); lane 3, resuspended cells (20 pL from 100 mL resuspended cell fraction loaded). For

Western blot analysis conditions, see Section 4.
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Figure 2. (A) Elution of CBD column and intein-mediated cleavage. Lane 1, molecular weight markers; lane 2, cell lysate after dialysis; lane 3, chitin
column flowthrough; lane 4, wash (1) at pH 8.5; lane 5, wash (2) at pH 8.5; lane 6, wash (3) at pH 8.5; lane 7, elution at pH 6.0 (after 12 h); lane 8,
elution at pH 6.0 with DTT (after 36 h); lane 9, elution at pH 6.0 with DTT (after 52 h); lane 10, boiled beads (after 52 h). (B) HPLC spectrum of
crude Ala29Cys-87 (4) after intein-mediated cleavage (lanes 8 and 9 in (A)). Gradient for HPLC: 7-95% CH;CN with 0.1% TFA over 35 min; Flow
rate: 1 ml/min, C g-column. (C) ESI-MS of Ala29Cys-87 (4). (D) SEC of crude NCL of 3. See Section 4 for SEC conditions.

amount of additional peptide product (lane 9). A final
analysis of the chitin beads revealed that about 50% of
the fusion protein was cleaved (lane 10).

The fractions containing the desired protein fragment
were collected, concentrated by lyophilization, and ana-
lyzed by HPLC (Fig. 2B) and ESI-MS (Fig. 2C). The
crude material was found to be >90% pure and could
be further purified by preparative HPLC separation.

Based on additional optimization studies, we made sev-
eral important observations. First, we found that long
dialysis times during each refolding step (each ~12 h) in-
creased the intein cleavage significantly, probably due to
a higher content of correctly refolded fusion proteins,
which are capable of intein rearrangement. Second, the
resuspended cells of a 1-L expression have to be dialyzed
against a minimum volume of 1-L refolding buffer.
Third, the on-column cleavage must be performed under
reducing conditions, which we rationalize is due to the
reduction of disulfides, which could otherwise lead to
a decrease in the intein cleavage yield.

With the application of these conditions a typical 1-L
expression yields about 3-4 mg of pure peptide, which
represents an excellent expression yield since only one-
quarter of the originally expressed protein is isolated.

2.3. NCL and aggregation observed during SEC
separation

Having sufficient quantities of the expressed protein
Ala29Cys-87 4 in hand, we were able to access various

semisynthetic Im7 analogues by ligation with synthetic
peptide thioesters (Scheme 1B). During the NCL of
expressed 4 with thioester 3 for the semisynthetic Im7
5 containing a single Ala29Cys mutation, we noted that
the expressed protein Ala29Cys-87 4 (6.7 kDa) showed a
tendency to aggregate (as evidenced by elution before
the full-length Im7-protein 5 (10.1 kDa)) during size-ex-
clusion chromatography (SEC, Fig. 2D). This behavior
supports initial predictions concerning the properties
of the expressed Ala29Cys-87 fragment.

3. Conclusion

In summary, we describe a protocol for the expression
of N-terminal Cys-proteins based on a pH-sensitive
intein fusion protein, which includes the refolding of
the Ssn DnaB intein after inclusion body isolation and
thus circumvents the premature intein cleavage. We pro-
pose that this methodology offers an alternative ap-
proach for the expression of proteins with uncertain
solubility properties that are inaccessible by protease
cleavage. In addition, this method does not face many
of the limitations in the expressed protein sequence as
encountered with proteases or CNBr. However, it
should be noted that this method requires inclusion
body expression and subsequent refolding of intein fu-
sion proteins, which might limit the number of suitable
intein fusion proteins that can be used. Further attempts
to generalize the intein methodology and to investigate
the influence of the intein domain on the formation of
inclusion bodies as well as folding studies of the semi-
synthetic immunity proteins are currently underway.
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4. Experimental
4.1. General

All reagents, amino acids, and solvents were pur-
chased from commercial suppliers and used without
further purification. Urea for the dialysis buffers was
purchased from Aldrich (98%). All solvents were of re-
agent grade and used as received. Procedures for the
synthesis of Im7 thioesters as well as conditions and
work-up for the native chemical ligations were de-
scribed previously.!3

The following abbreviations were used:

NCL, native chemical ligation; EPL, expressed protein
ligation; SEC, size-exclusion chromatography; LB-me-
dium, Luria-Bertani medium; IPTG, isopropyl B-p-1-
thiogalactopyranoside; CBD, chitin-binding domain.

The following buffers were used during the investiga-
tions: cell lysis buffer: 20 mM Tris—-HCI, pH 8.0, and
0.5 M NaCl. Breaking bulffer: cell lysis buffer, 7 M gua-
nidine-HCI, and 10 mM DTT. Refolding buffer A: cell
lysis buffer, 8 M urea, and 10 mM DTT. Refolding buff-
er B: cell lysis buffer, 6 M urea, and 1 mM DTT. Refold-
ing buffer C: cell lysis buffer, 4 M urea, and 1| mM DTT.
Refolding buffer D: cell lysis buffer, 2 M urea, and 1 mM
reduced glutathione. Refolding buffer E: cell lysis buffer,
1 mM reduced glutathione. Buffer A: 20 mM Tris—HCI,
pH 8.5, and 0.5 M NaCl. Buffer B: 20 mM Tris-HCI,
pH 6.0, 0.5 M NacCl, and 50 mM DTT.

4.2. Cloning

The protocol for the insertion of the Im7-DNA frag-
ment in the pTWIN vector and transformation into a
host cell line was adapted from the standard procedure
provided by New England Biolabs.'> Detailed experi-
mental procedures can be found in Supplementary
material.

4.3. Expression

Expression studies of the CBD-intein—Ala29Cys-87 fu-
sion protein were performed in LB-medium containing
1 uM carbenicilin. Cultures were grown until an OD
value of 0.90 was reached before IPTG was added for
a final concentration of 1 mM. After expression, the
cells were spun down (12,000g), resuspended in
100 mL cell lysis buffer, lysed by sonication and again
spun down. The remaining pellet was resuspended
(‘resuspended pellet’) in 100 mL cell lysis buffer.

4.4. Optimization studies

Expression profiles were monitored by peptide gel and
Western blot analysis. For Western blot analysis the
membranes were treated with a mouse anti-CBD pri-
mary antibody followed by a goat anti-mouse antibody
conjugated with alkaline phosphatase and then visual-
ized with a chromogenic alkaline phosphatase substrate
(Fig. 1). During the initial pilot expressions, various

parameters were changed including temperature (16,
25, and 37 °C), time (20 min to 6 h) and the pH of the
expression medium (6.0-8.0), however, none of these
studies delivered the intact fusion protein.

4.5. Inclusion body expression and refolding

For the isolation of the intein fusion protein as inclusion
bodies, expression was initiated with 1 mM IPTG, car-
ried out at 37 °C for 3 h, and worked up as described
before. The denatured fusion protein was extracted from
the lysed cells by suspension with the breaking buffer for
1 hat4°C (100 mL for a 1-L expression pellet). The sus-
pension was spun down (15,000g) and the supernatant
containing the unfolded fusion protein was refolded by
stepwise dialysis against decreasing concentrations of
urea (Scheme 3) using refolding buffers A, B, C, D,
and E (twice).'® Each dialysis step was performed at
4 °C for at least 12 h. About 1 L dialysis buffer was used
for the refolding of a 1-L expression culture. After
refolding, the dialysis product was added to a chitin
column and the column was washed with 15 column
volumes of buffer A. Intein cleavage was initiated by
replacing buffer A with buffer B and the column was
kept at pH 6.0 at room temperature overnight. The in-
tein-cleaved peptide product Ala29Cys-87 4 was finally
eluted from the column by washing with buffer B. The
protein product could further be purified by HPLC
using a gradient of 7-95% CH;CN with 0.1% TFA over
35 min. The desired peptide 4 eluted at 26.9 min and was
stored in lyophilized form at —20 °C under nitrogen
atmosphere until used for NCL experiments. The new
refolding protocol for the purification and isolation of
N-terminal Cys-proteins using the intein approach is
illustrated in Scheme 3.

Culture N-terminal fusion protein Remove
[CBB-intein(Ssp DnaB}Cys-protéilfi | — | precipitate

in1LLB or TB
(induction with 1 mM IPTG)
at37°Cfor24 h \

|

Lyse Cells under sonication
in 100 mL Cell Lysis Buffer

| l

Initiate on column
cleavage with Buffer B
(50 mM DTT) for 16 h

by centrifugation

Load solution on
chitin column;
Wash with Buffer A

Resuspend Cells in
100 mL Breaking Buffer,
stirfor1hat4°C

| |

Collect protein,
dialyze or purify
by HPLC

Remove insoluble part
by centrifugation;
dialyse against
Refolding Buffer —
A, B, C, D, and E (twice)

Scheme 3. General refolding protocol for the purification and isolation
of N-terminal Cys-proteins using the IMPACT intein system.



5048 C. P. R. Hackenberger et al. | Bioorg. Med. Chem. 14 (2006) 5043-5048

4.6. Characterization of semisynthetic protein 5 and
precursors

4.6.1. Thioester 1-28 (3). The peptide thioester 3 was syn-
thesized as described previously!? and purified via
HPLC at a gradient of 7-95% CH3CN over 35 min. Thi-
oester 3 eluted at 24.0 min. MS (ESI-MS, see Figure S1
in Supplementary material): 1126.9 ([M/3]", observed),
1126.9 ([M/3]", calculated); 845.1 ([M/4]", observed),
845.4 (IM/4]F, calculated).

4.6.2. Ala29Cys-87 (4). MS (ESI-MS, see Fig. 2C):
1335.7 ([M/5]", observed), 1335.7 ([M/5]", calculated);
1113.1 ([M/6]", observed), 1113.2 ([M/6]", calculated);
954.4 ([M/7]", observed), 954.3 ([M/7]", calculated);
835.0 ([M/8]", observed), 835.2 ([M/8]*, calculated);
742.3 (IM/9]", observed), 742.5 ((IM/9]", calculated).

4.6.3. Semisynthetic Im7 (5). The semisynthetic Im7 pro-
tein 5 was purified via SEC, which eluted at §0.0 min
(See Fig. 2C, for exact conditions, see Ref. 13). MS
(ESI-MS, see Figure S2 in Supplementary material):
1655.6 (IM/6]", observed), 1655.5 ([M/6]", calculated);
1419.1 ([M/7]", observed), 1419.2 ([M/7]*, calculated);
1241.9 ([M/8]", observed), 1241.9 (M/8]", calculated);
1103.9 ([M/9]", observed), 1104.0 ([M/9]*, calculated);
993.8 ([M/10]", observed), 993.7 ([M/10]*, calculated);
903.5 ([M/11]", observed), 903.5 ([M/11]*, calculated);
828.2 ([M/12]", observed), 828.3 ([M/12]", calculated).
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