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Abstract Surface display using spores of Bacillus subtilis

is widely used to anchor antigens and enzymes of different

sources. One open question is whether anchored proteins

are able to form disulfide bonds. To answer this important

question, we anchored the Escherichia coli alkaline phos-

phatase PhoA on the spore surface using two different

surface proteins, CotB and CotZ. This enzyme needs two

disulfide bonds to become active. Subsequently, we puri-

fied the spores and assayed for alkaline phosphatase ac-

tivity. In both cases, we were able to recover enzymatic

activity. Next, we asked whether formation of disulfide

bonds occurs spontaneous or is catalyzed by thiol-disulfide

oxidoreductases upon lysis of the cells. The experiment

was repeated in a double-knockout mutant DbdbC and

DbdbD. Since the disulfide bonds are also present on spores
prepared from the double knockout, we conclude that ox-

idative environment after cell lysis is sufficient for disulfide

formation of alkaline phosphatase.

Introduction

Surface display is a molecular technique to present hetero-

logous proteins or peptides on the surface of bio-particles,

such as phages, bacterial cells, yeast, and higher eukaryotic

cells or endospores. Proteins of interest (often called pas-

senger proteins) are fused to naturally occurring surface

proteins of these particles, e.g., coat proteins. When the fu-

sion proteins are synthesized, the passenger proteins will be

exposed on the surface of the bio-particles. Surface display

was invented by Smith [22]. Since then, surface display has

been used for a multitude of applications including affinity

screening of peptide libraries to identify ligands for peptide

receptors, isolation of monoclonal antibodies, and identifi-

cation of new antibiotics, as well as high throughput

screening for binding partners, production of active enzymes

for cleanup of industrial and environmental pollution, de-

velopment of biosensors and biocatalysts, and even the de-

livery of vaccines and drugs [2, 15, 21].

Developing a surface display system using endospores

of B. subtilis (called spore display) has excessive advan-

tages particularly in the field of vaccine development.

B. subtilis is non-pathogenic and non-toxicogenic making

oral ingestion possible. Antigen-specific immune responses

could be triggered in mice immunized with B. subtilis

spores displaying heterologous antigens on their surface

[24]. Furthermore, the exceptional longevity of the spore in

the environment and its natural resistance to chemicals and

heat eases storing and makes refrigeration obsolete [4, 19].

To anchor the proteins of interest on the endospore,

spore coat proteins are used as the carrier proteins.

Although the spore coat composed more than 70 different

proteins, most studies in the last decade successfully dis-

playing various peptides or proteins involved the use of

only three coat proteins: CotB, CotC, or CotG [4, 10, 15,

20]. Recent studies suggested a new anchor protein useful

in spore surface display, CotZ, which is another member of

the outermost layer of the spore coat. This protein was

proven to allow efficient display of relatively large pas-

senger proteins on the spore surface [10, 12].
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Disulfide bonds are intra- or intermolecular bridges that

link the thiol groups of two cysteine residues after thiol

oxidation. B. subtilis encodes three membrane-bound

(BdbA, BdbB, and BdbC) and one secreted (BdbD) thiol-

disulfide oxidoreductase/isomerase enzymes involved in

disulfide bond formation. The BdbD protein serves as the

major thiol oxidase and is kept in its oxidized state by the

paralogous quinone reductases BdbB and BdbC, where the

latter enzyme plays a major role [16, 18].

The disulfide-containing protein PhoA of E. coli was

used to study disulfide bond formation of secreted hetero-

logous proteins by B. subtilis. PhoA, the alkaline phos-

phatase of E. coli, contains two disulfide bonds that are

indispensable for both the enzymatic activity and the sta-

bility of the protein [23]. The contribution of BdbB, BdbC,

and BdbD to the folding of exported PhoA into a stable and

active conformation could be verified, when bdbB, bdbC,

or bdbD mutant strains secreted significantly lower

amounts of active PhoA than the parental strain 168. The

protein was synthesized and translocated through the

membrane, but not correctly folded and thus quickly de-

graded. Most likely, this lack of folding would be caused

by ineffective disulfide bond formation due to the absence

of the Bdb proteins [3, 5, 17, 18]. Here, we asked whether

PhoA anchored on the spore surface will be present in its

active form, and, if yes, whether formation of the two

disulfide bonds occurs spontaneously or is catalyzed by the

thiol-disulfide oxidoreductases.

Materials and Methods

Bacterial Strains, Plasmids, and Growth Conditions

Escherichia coli strain JM109 [25] was used as recipient in

all cloning experiments. The two-fold protease-deficient

strain B. subtilis DB104 [14] (nprE18 DaprA3) served as

host strain for surface display of the alkaline phosphatase on

Bacillus spores. Strain bdbCD [16] (trpC bdbCD::SpR),

which lacks the thiol-disulfide oxidoreductases BdbC and

BdbD, was used to test for the influences of these enzymes

on the formation of disulfide bonds of the alkaline phos-

phatase displayed on spores. The plasmids pAG04 [13] and

pKH128 [10] were used as cloning vectors. Cells were

routinely grown aerobically in Luria–Bertani (LB) medium

(1 % tryptone, 0.5 % yeast extract, 1 % NaCl) at 37 �C. To
prepare spores, B. subtilis cells were grown in sporulation

medium 2 9 SG (1,6 % Difco Nutrient Broth, 0.2 % KCl,

and 0.05 % MgSO4 9 7 H2O, pH 7, supplemented with

0.1 % glucose, 1 mM Ca(NO3), 0.1 mM MnCl2, and

0.01 mM FeSO4). Antibiotics were added as appropriate

(ampicillin at 50 lg/ml; chloramphenicol at 10 lg/ml; ery-

thromycin at 1 or 100 lg/ml; spectinomycin at 1 lg/ml).

Construction of Strains and Plasmids

The bdbCD mutations were transferred from strain bdbCD

into strain DB104. To accomplish this goal, chromosomal

DNA was isolated from strain bdbCD and transformed into

strain DB104, and transformants were selected on LB

plates containing spectinomycin. Correct replacement of

the bdbCD genes by the mutation was verified by PCR. For

displaying recombinant proteins on the spore surface, the

coat proteins CotB and CotZ were chosen as carrier pro-

teins. Plasmid pAG04 carries part of the coding region of

cotB followed by the coding region for the flexible linker

GGGEAAAKGGG and allows the addition of eight his-

tidine residues to the C-terminal end of the fusion protein.

Plasmid pKH128 carries the coding region of cotZ fol-

lowed by the coding region of the same flexible linker and

the coding region for the His-tag. Fusions to both cot genes

can be inserted at the amyE locus of the B. subtilis chro-

mosome. The DNA of the E. coli phoA gene was amplified

by PCR using chromosomal DNA and the primer pair

PhoA5 (GGCCAT GGATCC AAACAAAGCACTATTG

CACTGGC; BamHI site underlined) and PhoA3 (GGCC

AT GAGCTC TTAATGATGATGATGAT GATGATGA

TGTTTCAGCCCCAGAGCGGCTTTCATG; SacI site

underlined). The PCR products were cut with BamHI and

SacI and ligated separately into the plasmids pAG04 and

pKH128 treated with the same enzymes. Correct insertion

of both genes into the plasmids was verified by PCR. The

two new recombinant plasmids were designated pAG04-

phoA and pKH128-phoA. Next, both recombinant plasmids

were linearized with PstI and transformed into strain

DB104 followed by selection on LB plates containing

chloramphenicol. To identify transformants where the gene

fusions have been inserted at the amyE locus, 25 colonies

of each were analyzed by spreading them onto LB plates

containing 1 % (w/v) soluble starch. After incubation

overnight, the cells were flooded with 5 ml of Gram’s

iodine stain (0.5 % w/v iodine, 1 % w/v potassium iodide)

[8]. After 5 min, the overlaying fluid was discarded, and

the colorization was documented immediately.

Purification of Spores

50 ml Schaeffer’s medium with 10 lg/ml chloramphenicol

was inoculated with 500 ll of the respective stock. For the
control with DB104, no antibiotic was added. The mother

cells were sampled at 48 h after inoculation at 37 �C. The
OD600 was measured, and 1 ml was taken for phosphatase

activity assay with mother cells. The spores of the re-

maining culture were then isolated. The culture was cen-

trifuged for 10 min at 10,000 rpm, and then the pellet was

washed with 50 ml of distilled water and centrifuged again

under the same conditions. The pellet was resuspended
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with 200 ll 20 % (w/v) sodium diatrizoate hydrate and

layered onto 1 ml 50 % (w/v) sodium diatrizoate hydrate.

This was centrifuged for 15 min at 10,000 rpm and then

the supernatant was carefully removed. The pellet was

resuspended in water, transferred into a new tube, and

washed three times with 1 ml water.

Conformation of Fusion Protein Production by Flow

Cytometry

Isolated spores were washed with 1 ml PBS and then resus-

pended in 200 ll fluorescein isothiocyanate labeled Rabbit

Poly Anti-6-His antibodies (KO212220, Komabiotech, Seoul)

in PBS. After 30 min on ice, spores were washed three times

with 1 ml PBS and resuspended in 200 ll PBS. In a FACS

reaction tube, 50 ll spores were mixed with water and ana-

lyzed for fluorescence in a flow cytometer.

Phosphatase Activity Assay

Samples of mother cells or isolated spores were washed

with 1 ml assay buffer, and the OD600 was measured. The

samples were diluted with assay buffer (1 M Tris–HCl, pH

8.0, 10 mM MgSO4, 1 mM ZnCl2, 1 mM iodoacetamide)

to OD600 = 1 for mother cell samples and OD600 = 20 for

spores. 1 ml of these referenced samples was mixed with

100 ll para-nitrophenyl phosphate (pNPP) solution and in-

cubated for 10 min at 37 �C. To stop the reaction, 120 ll of
0.5 M EDTA, pH 8.0, containing 1 M KH2PO4 was added.

Samples were then centrifuged for 2 min at 12,000 rpm, and

the OD410 of the supernatant was determined. The activity

was calculated by the following equation: Units of ac-

tivity = Ab410*352/(time(min)*OD600) [8].

Results

Construction of Two B. subtilis Strains Able

to Produce Spores Displaying Alkaline Phosphatase

To allow analysis of disulfide bond formation of proteins

displayed on the B. subtilis spore surface, we constructed

two different strains. In one strain, we fused the coding

region of phoA to the C-terminal end of cotB and in the

second to that of cotZ. The coding region of a linker

peptide was inserted between cotB or cotZ, respectively,

and phoA to allow independent folding of both proteins

(see Fig. 1). Furthermore, the coding region for a His-tag

(His8) was co-translationally fused to the C-terminus of

phoA to allow determination of the amount of fusion pro-

tein produced by flow cytometry using antibodies recog-

nizing and binding to the His-tag. We fused PhoA to CotB

using the vector pKL128 and to CotZ using pAG04. In both

plasmid vectors, the fusion proteins were sandwiched be-

tween amyE front and amyE back. Next, the recombinant

plasmids, which are unable to replicate in B. subtilis, were

transformed into B. subtilis strain DB104 selecting for

colonies able to grow on plates containing chlorampheni-

col. Insertion of cotB-phoA or cotZ-phoA at the amyE locus

of DB104 was verified by PCR and confirmed by the loss

of a-amylase production of DB104 cotB-phoA or DB104

cotZ-phoA on starch plates.

Confirmation of Fusion Protein Production

and Sortase Localization by Flow Cytometry

Next, we analyzed whether the fusion proteins are indeed

synthesized and anchored on the spore surface. Isolated

spores were incubated with fluorescently labeled antibodies

recognizing the His-tag. The labeled spores were applied to

a flow cytometer, where single spores can be analyzed for

fluorescence signals. As shown in Fig. 2, the intensity of

the signal is plotted against the counts (number of spores

with this intensity) of spores for both fusion strains and

strain DB104 as control. As compared to strain DB104

(Fig. 2a), both CotZ-PhoA (Fig. 2b) and CotB-PhoA

(Fig. 2c) exhibited an increased intensity, but the amount

of displayed and accessible fusion protein varied between

the two fusions. CotB-PhoA showed a larger intensity shift

than CotZ-PhoA. This might be due to a higher number of

CotB protein molecules anchored on the spore surface as

compared to CotZ.

Measurements of Alkaline Phosphatase Activities

After we have proven that the alkaline phosphatase is an-

chored on the outside of the spores, we analyzed them for

phosphatase activity. The enzymatic activity was measured

by incubating purified spores with the chromogenic sub-

strate p-nitrophenyl phosphate as described under Materials

and Methods. The product of this reaction is the yellow p-

nitrophenol, which is directly proportional to the amount of

active phosphatase and the incubation time. Figure 3 shows

the phosphatase activity measured with whole cells and

isolated spores from the wild-type strain DB104 containing

cotB inserted at the amyE locus (control) and the same

strain harboring cotB-phoA or cotZ-phoA. The three types

of cells expressed high phosphatase activities. At least four

genes of B. subtilis code for alkaline phosphatases, where

two of them, phoA and phoB, encode enzymes responsible

for 98 % of the cellular alkaline phosphatase activity

synthesized during phosphate depletion and developmental

control during certain stages of sporulation independent of

the phosphate level [11]. The latter conditions are present

here and most probably account for the high activities

measured with whole cells and did not vary considerably
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among the three strains (Fig. 3). When the phosphatase

activity was measured with the spores prepared from these

strains, that from the control spores were rather low, while

the activity from spores displaying CotB-PhoA and CotZ-

PhoA was significantly higher. The activity of CotZ-PhoA

spores was determined to be about 0.3 units and that of

CotB-PhoA spores about 0.6 units most probably reflecting

the higher amounts of hybrid proteins molecules displayed

on the CotB-PhoA spores as mentioned before.

We conclude from these results that both DB104 CotB-

PhoA and DB104 CotZ-PhoA spores display active alka-

line phosphatase. That means that the correct disulfide

bonds have been formed. Who is responsible for formation

of the disulfide bonds? We envisage two possibilities. First,

the disulfide bonds are formed spontaneously upon lysis of

the mother cells due to access of oxygen to the spores.

Second, the oxidoreductases anchored in the cytoplasmic

membrane and facing the outside of the cells have access to

the spores upon cell lysis. To distinguish between these

possibilities, we repeated the experiment in a strain unable

to synthesize the two major oxidoreductases.

Analysis of the Phosphatase Activity on Spores

Prepared from a B. subtilis Mutant Strain Unable

to Produce Thiol-Disulfide Oxidoreductases

We introduced first the DbdbCD mutation of strain DbdbCD
[16] into strain DB104 resulting in DB104 DbdbCD fol-

lowed by insertion of cotB-phoA yielding DB104 DbdbCD
cotB-phoA. Flow cytometry analysis of strain DbdbCD cotB-

phoA revealed that spores purified from this strain displayed

CotB-PhoA on their surface albeit at a reduced amount

compared to strain DB104 cotB-phoA (data not shown).

Next, we measured the alkaline phosphatase activity with

spores prepared from all four strains as shown in Fig. 4.

Again, as noted before, the mother cells exhibited a higher

phosphatase activity compared to the spores prepared from

them (Fig. 4). Most importantly, the alkaline phosphatase

activities measured with spores prepared from wild-type and

DbdbCD strains did not vary significantly. We conclude

from this result that the oxidative conditions after cell lysis

rather then the oxidoreductases are responsible for formation

of the disulfide bonds.

Discussion

Some proteins need further stabilization after folding by

the formation of one or more disulfide bonds. This has been

first described by Anfinsen and coworkers. They studied

Fig. 1 Schematic drawing of the two fusion proteins constructed. The coding region of cotB and cotZ was fused to that of phoA separated by a

flexible linker favoring independent folding of both proteins followed by a His8-tag

Fig. 2 Flow cytometry analysis of spores prepared from wild-type

strain DB104 (a), DB104 CotZ-PhoA (b), and DB104 CotB-PhoA (c)

Fig. 3 Phosphatase activity of purified spores. Spores isolated from

three different B. subtilis strains DB104 and the same strain

expressing CotB-PhoA and CotZ-PhoA were analyzed. The enzy-

matic activities are indicated per OD600
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refolding of denatured bovine pancreatic ribonuclease A

(RNase A). This enzyme contains four disulfide bonds,

which are all essential for full activity. After denaturation,

RNase A could fold spontaneously to its active oxidized

form in the presence of molecular oxygen [1]. While these

data led to the conclusion that disulfide bond formation

occurs always spontaneously, also in living cells, Anfinsen

and coworkers postulated an enzyme correcting wrongly

formed disulfide bonds leading to the discovery of the

eukaryotic protein disulfide isomerase present in the en-

doplasmatic reticulum [6, 7]. Later, with the discovery of

DsbA in E. coli, it became clear that disulfide bond for-

mation catalysts were necessary for efficient formation of

disulfide bonds [9]. Subsequently, oxidoreductases have

also been described in B. subtilis [18] and many other

bacterial species.

These data help to explain why formation of disulfide

bonds of PhoA can be formed spontaneously on spores

released from lysed B. subtilis mother cells. But we cannot

exclude the possibility that minor oxidoreductase activities

present in the DbdbCD double knockout are involved in the

formation of the disulfide bonds. Another open question

which remains to be answered is the percentage of PhoA

molecules which contain the correct disulfide bonds. In

summary, we could show that proteins displayed on the

surface of spores can acquire disulfide bonds. This will be

of importance when proteins of biotechnological impor-

tance will be anchored on spores.
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