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High Level Expression of a Protein Precursor for Functional Studies
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In vitro analyses of type I signal peptidase activities require

protein precursors as substrates. Usually, these pre-proteins

are expressed in vitro and cleavage of the signal sequence is

followed by SDS polyacrylamide gel electrophoresis coupled

with autoradiography. Radioactive amino acids have to be

incorporated in the expressed protein, since the amount of

the in vitro expressed protein is usually very low and

processing of the signal peptide cannot be followed by SDS

polyacrylamide gel electrophoresis alone. Here we describe

a rapid and simple method to express large amounts of a

protein precursor in E. coli. We have analyzed the effect of

ionophors as well as of azide on the accumulation of

expressed protein precursors. Azide blocks the function of

SecA and the ionophors dissipate the electrochemical

gradient across the cytoplasmic membrane of E. coli.

Addition of azide ions resulted in the formation of inclusion

bodies, highly enriched with pre-apo-plastocyanine.

Plastocyanine is a soluble copper protein, which can be

found in the periplasmic space of cyanobacteria as well as

in the thylakoid lumen of cyanobacteria and chloroplasts,

and the pre-protein contains a cleavable signal sequence at

its N-terminus. After purification of cyanobacterial pre-

apo-plastocyanine, its signal sequence can be cleaved off by

the E. coli signal peptidase, and protein processing was

followed on Coomassie stained SDS polyacrylamide gels.

We are optimistic that the presented method can be

further developed and applied.
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Introduction

Proteins, which are synthesized in the bacterial cytoplasm and

are subsequentely translocated across the bacterial cytoplasmic

membrane, are synthesized as pre-proteins with N-terminal

cleavable signal sequences. Signal sequences show in general

no conserved amino acid sequence, although the general

structure of the signal is conserved (Martoglio and Dobberstein,

1998; Von Heijne, 2002). The characteristic feature of a signal

sequence is a short, positively charged N-terminal region (n-

region), a central hydrophobic core (h-) region of six to fifteen

amino acids, and a C-terminal, slightly polar (c-) region. The

c-region is best conserved and contains small, uncharged

residues at positions -3 and -1, which determine the site of

signal sequence cleavage. This sequence motif fits well into

the shallow depression near the active site of the signal

processing peptidase, as can be seen by an analysis of the

protein’s crystal structure in combination with molecular

modelling (Paetzel et al., 1998; Paetzel et al., 2002). The C-

terminal sequence is also critical for substrate specificity and

cleavage site selection (Carlos et al., 2000). The signal

sequence is essential for targeting of a pre-protein to the

cytoplasmic membrane and to initiate translocation of the

protein across the membrane. After translocation, the signal

sequence is removed by a type I signal peptidase at the

periplasmic site of the membrane upon release of the protein

into the periplasm. The Sec-translocon is the main translocon

mediating the posttranslational translocation of soluble,

unfolded proteins across the bacterial cytoplasmic membrane.

In addition, some proteins insert co-translationally into a

membrane via the Sec-pathway (for a recent review see

(Dalbey and Kuhn, 2000)).

Signal sequences, which contain a typical twin-arginine motif

at the C-terminus, direct pre-proteins to the TAT-translocon,

and in this case folded proteins are translocated across or

integrated into a membrane. These proteins often contain

bound cofactors (for a recent review see (Berks et al., 2000)).

Various inhibitors have been used in the recent years to

block translocation of proteins across biological membranes.
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Dissipation of the proton motive force by the use of

protonophors/ionophors can abolish efficient transfer of

proteins across a biological membrane (Tani et al., 1989;

Shiozuka et al., 1990; Tani and Mizushima, 1991; Mori and

Ito, 2003). Although the proton motive force is also utilized

for other processes in E. coli, it has already been shown that

E. coli cells can survive without an intact proton gradient

across the cytoplasmic membrane (Kinoshita et al., 1984). In

addition, the Sec-pathway can be inhibited by blocking the

function of SecA with azide ions (Fortin et al., 1990; Oliver et

al., 1990). As mentioned for the ionophors, azide is also not

very specific and many other proteins or pathways are

affected by such a treatment. Nevertheless, E. coli cells can

survive in medium containing azide, if an azide insensitive

version of SecA is expressed (Fortin et al., 1990; Oliver et al.,

1990).

To test the influence of potential Sec-inhibitors on the

expression of a pre-protein in vivo, we have expressed pre-

apo-plastocyanine from the cyanobacterium Synechocysts sp.

PCC 6803 under various growth conditions in E. coli. In vivo,

plastocyanine is located in the thylakoid lumen as well as in

the periplasmic space of the cyanobacterium. The protein is

expressed as a pre-apo-protein with an N-terminal signal

sequence and the holo-protein binds one copper atom in vivo

after translocation and cleavage of the signal (Briggs et al.,

1990). The influence of the protonophor carbonylcyanide-m-

chlorophenyl-hydrazone (CCCP), and the ionophors gramicidin

and valinomycin on the level of pre-apo-plastocyanine expression

was tested, as well as the influence of azide. The presented

data indicate differences of pre-protein expression after the

use of the different inhibitors or ionophors. The use of azide

specifically results in high level accumulation of the pre-

protein in E. coli cells, in contrast to the use of ionophors. The

signal sequence of the accumulated protein precursor can be

cleaved efficiently by the E. coli signal peptidase in vitro. In

general, the presented method allows producing large amounts

of a protein precursor for further in vitro analyzes of pre-

protein processing by signal peptidases.

Materials and Methods

Construction of the expression plasmid. Synechocystis sp. PCC

6803 cells were grown in BG11 medium (Rippka et al., 1979)

supplemented with 5 mM glucose. Genomic DNA was prepared

according to the method described in (Lee et al., 2001). The petE

gene, encoding pre-apo-plastocyanine, was amplified by PCR using

the 5'-primer: 5'-TGATCCATAGTCTAAAAAGTTTTTAACAATGG-

3' and the 3'-primer: 5'-TGTACGGATCCTTACTCAACGACAAC

TTTGCC-3'. An NdeI site was introduced 5' to the gene and a

HindIII site 3' of the stop codon. After restriction digestion of the

PCR fragment with NdeI and HindIII, the resulting fragment was

ligated to the equally restriction digested plasmid pRSET6a (Schoepfer,

1993). The sequence of the resulting expression plasmid pRSET-

PC was confirmed by DNA sequencing.

Expression of pre-apo-plastocyanin. After transformation of E.

coli BL21 (DE3) cells, which carry the plasmid pLysE, with the

expression plasmid pRSET-PC, cells were incubated overnight and

on the next day a single colony was used to inoculate 1 ml of TB

medium (Sambrook et al., 1989). This pre-culture was grown for

about 16 hours (over night) and 500 ml of TB medium was

inoculated with 500 µl of the pre-culture on the next day. At

OD600= 0.6 protein expression was induced by addition of 0.5 mM

isopropyl-β-D-thiogalactopyranosid (IPTG).

If indicated, inhibitors and ionophors were added at the following

concentrations: 50 µM carbonylcyanide-m-chlorophenyl-hydrazone

(CCCP), 100 µM valinomycin, 100 µM gramicidin, 2 mM sodium

azide. Protein expression was followed on Coomassie brilliant blue

stained SDS polyacrylamide gels, and on Western blots developed

using NBT/BCIP.

Purification and refolding of the expressed protein. After 3

hours expression, E. coli cells were harvested by centrifugation and

resuspended in 50 mM HEPES pH 8.0, 5 mM EDTA and cells

were subsequently broken by sonication. Inclusion bodies were

harvested by centrifugation at 10,000 g for 10 minutes, and the

resulting sediment was washed 3 times with buffer containing 1%

Triton X-100, and 1 time with buffer containing 2 M Urea. The

resulting pellet was finally resuspended in 50 mM Tris pH 8.0, 7 M

Urea and incubated at room temperature for 30 minutes. The

solubilized proteins were separated from protein aggregates by

ultracentrifugation (100,000 g, 30 minutes) and the resulting

supernatant was diluted 100-fold into 50 mM Tris, pH 8.0 buffer,

supplemented with a proteinase inhibitor cocktail (Roche). Protein

aggregates were removed by ultracentrifugation.

Signal peptidase assay. To solubilize the E. coli signal peptidase,

E. coli cells were grown in LB medium, harvested by centrifugation

and broken by sonication. After removal of cell debris and

insoluble aggregates by centrifugation at 10,000 g for 10 minutes,

the soluble supernatant was further centrifuged at 1000,00 g for 30

minutes. The sedimented membranes were resuspended in 50 mM

Tris pH 8, 5 mM EDTA and adjusted to a protein concentration of

2.5 mg/ml. To extract E. coli cytoplasmic membrane proteins, 1%

Triton X-100 was added and the membranes were incubated at

room temperature for 30 minutes. After ultracentrifugation (100,000 g,

10 minutes), the supernatant was used for the signal peptidase

assay. 40 µl of the refolded pre-apo-protein and 10 µl of the

membrane extract were incubated at 25oC for 15 minutes in the

presence of proteinase inhibitors and the resulting protein pattern

was analyzed by SDS polyacrylamide gel elctrophoresis (SDS-

PAGE). SDS-gels were stained with Coomassie brilliant blue.

Results and Discussion

Signal sequences, which direct a pre-protein to the Sec-

translocases of the bacterial cytoplasmic membrane, the

chloroplast thylakoid, or the ER membrane, are very similar.

Therefore, expression of protein precursors in E. coli most

likely results in targeting of the pre-proteins to the cytoplasmic
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membrane and in translocation of the proteins. In addition, the

high level expression of protein precursors could lead to a jam

at the translocation channel. To analyze the effect of additives,

which prevent protein translocation in vivo, E. coli cells,

which harbour the expression plasmid pRSET-PC, where

grown in medium containing either protonophors/ionophors

(CCCP, gramicidin, or valinomycin) or the SecA inhibitor

azide.

After induction of pre-protein expression in E. coli, cell

growth stopped completely and aggregation of the cells was

observed due to cell death, which resulted in a decrease of the

OD600 (Fig. 1). Addition of the ionophors gramicidin and

valinomycin did not change the growth of the expression

strain and aggregation was still observed. Most probably,

these ionophors do only marginally penetrate the E. coli

membranes and therefore addition of these ionophors does not

result in a collapse of the electrochemical gradient across the

bacterial cytoplasmic membrane. In contrast, after addition of

CCCP the cells did not aggregate, whereas no cell growth was

measured anymore (Fig. 1). It has already been shown that

addition of CCCP to E. coli growth medium results in a

breakdown of the proton gradient across the cytoplasmic

membrane, although the cells do survive by the use of

alternative pathways for energy production, like fermentation

of sugar sources (Kinoshita et al., 1984). To test for the level

of accumulated pre-apo-plastocyanine in E. coli cells grown

in the presence of ionophors, cellular proteins were separated

on SDS polyacrylamide gels and analyzed by Western

blotting analysis. As can be seen in Fig. 2, after induction of

protein expression, some pre-protein accumulated in E. coli

cells, and the majority of the overexpressed pre-protein was

deposited in inclusion bodies (lane 3). Addition of the

protonophor/ionophors did not increase the amount of

accumulated pre-protein significantly, and in the case of

CCCP no accumulation of pre-apo-plastocyanine was observed.

In contrast, addition of sodium azide first resulted in

bacteriostasis and after about two hours in slow aggregation of

the cells due to cell death (Fig. 1). Nevertheless, pre-apo-

plastocyanine accumulated to a high degree in E. coli cells,

and, as can be seen in Fig. 2, most of the expressed protein

was localized in inclusion bodies (lane 5). So why does a

block of the SecA activity result in high level accumulation of

a protein precursor whereas dissipation of the electrochemical

gradient, which facilitates protein translocation, does not?

The exact role of the proton motive force in protein

translocation is elusive so far, in contrast to that of SecA. It

has been shown that the proton motive force highly stimulates

the rate of protein translocation (Zimmermann and Wickner,

1983) and additionally the absence of the proton motive force

results in the production of less ATP, which is needed for

protein translocation. In addition, it has been suggested that

the proton motive force stimulates the membrane de-insertion

of SecA and therefore accelerates protein translocation

(Nishiyama et al., 1999). Nevertheless, in the complete

absence of the proton motive force, pre-proteins are still

translocated across the cytoplasmic membrane of E. coli,

although to a lesser extent (Yamada et al., 1989b), and

translocation can be stimulated by increasing the amount of

available SecA (Yamada et al., 1989a). In contrast, blocking

of the SecA function leads to a complete stop of protein

translocation. SecA is a dissociable subunit of the Sec

translocase, and SecA drives protein translocation by

undergoing a cycle of membrane binding and detachment

driven by ATP hydrolysis (Economou and Wickner, 1994).

Addition of adenylyl-imidodiphosphate (AMP-PNP), a

nonhydrolyzable analoge of ATP, blocks the detachment of

SecA from the membrane and results in a stop of protein

translocation (Economou et al., 1995). Also, the use of a

temperature sensitive secA mutant resulted in an accumulation

Fig. 1. Growth of E. coli cells in the presence of the

protonophor CCCP, the ionophors valinomycin and gramicidin,

or azide. At OD600= 0.6 (time 0), the inhibitors were added and

growth was followed for 4 hours by measuring the OD600.

Fig. 2. Expression of pre-apo-plastocyanine in E. coli under

various growth conditions. The insoluble inclusion bodies (odd

numbers) were separated from soluble proteins and membranes

(even numbers) by centrifugation. (A) Equal amounts of protein

(15 µg) was added on each lane and separated by SDS-PAGE.

Lane 1+2: uninduced. Lane 3-12: induced. Inhibitors or

ionophors added to the growth medium are indicated. MW:

molecular weight standard. (B) After SDS-PAGE the proteins

were transferred to nitrocellulose and expression of plastocyanine

was tested using an anti-plastocyanine antibody.
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of protein precursors in the E. coli cytoplasm at a

nonpermissive temperature (Liss and Oliver, 1986). In

addition, uptake of IPTG depends on the proton gradient and,

although CCCP was added after induction of protein

expression by IPTG, it is also possible that CCCP simply

blocks further import of IPTG and thereby abolishes efficient

IPTG uptake.

The observations made in vitro and in vivo explain that an

inhibition of SecA by azide results in a greater accumulation

of the plastocyanine precursors in E. coli as after the use of

ionophors.

In vitro studies of signal peptidase activity require pre-proteins

or synthetic peptides as substrates. If pre-proteins are used, the

precursors are usually obtained by in vitro transcription/

translation in the presence of radioactively labelled amino

acids (Tschantz and Dalbey, 1994). These precursors can

directly be used for further studies and cleavage of the signal

sequence can be followed by SDS-PAGE coupled with

autoradiography. Nevertheless, while in vitro synthesis of the

precursors gives sufficient amounts of pre-protein for some

studies, the yields are generally not very high and this method

completely depends on the use of radioactively labelled amino

acids for detection of the proteins. As an alternative, an

efficient strategy for expression of a pre-protein in E. coli has

been presented, by fusing a signal sequence to the nuclease A

of Staphylococcus aureus (Chatterjee et al., 1995). After

fusion a high yield of the chimeric protein was obtained,

which was efficiently cleaved by the E. coli signal peptidase.

Nevertheless, some recent data indicate that the amino acid

sequence following the cleavage site can affect pre-protein

processing in vivo (Lammertyn et al., 1997), and therefore it is

favourable to analyze an entire apo-protein for the efficiency

of the cleavage reaction. Such an assay has been performed to

characterize the signal peptidase from Methanococcus voltae

(Ng and Jarrell, 2003). Here, the C-terminal truncated S-layer

protein of Methanococcus was expressed in E. coli and by

Western blotting analysis the precursor could be distinguished

from the unprocessed pre-protein. While this assay has

successfully been used to characterize the Methanococcus

peptidase, the amount of the expressed pre-protein was low.

As shown here, addition of azide to the growth medium can

result in a high level accumulation of a protein precursor,

which can be used for further in vitro studies.

To test for the presence of the signal sequence in the

expressed and purified protein, a signal peptidase assay was

performed using the E. coli signal peptidase and the expressed

pre-apo-plastocyanine as substrate. The inclusion bodies,

which contained the accumulated pre-apo-plastocyanine (Fig.

2), were isolated, purified and used for further in vitro analysis

of signal peptidase activity. E. coli cytoplasmic membrane

proteins were solubilized by addition of Triton X-100 and the

pre-protein was incubated with the soluble extract containing

the E. coli signal peptidase. To prevent degradation of the

protein by proteases other than the E. coli signal peptidase,

proteinase inhibitors were added to the reaction mixture. After

expression, purification, and refolding of pre-apo-plastocyanine

only the unprocessed precursor was present and addition of E.

coli signal peptidase resulted in an efficient processing of the

pre-protein. As can be seen in Fig. 3, the expressed pre-

protein was completely processed by the membrane extract

within fifteen minutes, whereas the protein precursor is stable

if no E. coli membrane extract was added.

Conclusion

In summary, we present a simple and rapid method for high-

level expression of a protein precursor in E. coli, which can be

used for subsequent in vitro studies. Pre-protein expression in

the presence of azide results in the formation of insoluble

inclusion bodies, which are highly enriched in the pre-protein

of interest, and the produced proteins can easily be purified

and used for further in vitro studies of signal peptidase

activities. We are optimistic that the presented method can be

further developed and applied.
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