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Abstract

MspA is the prototype of a new family of tetrameric porins and provides the main general diffusion pathway for
hydrophilic compounds through the outer membran&lgéobacterium smegmatis. Structural analysis was hampered by the
scarce amount of pure protein. After replacement of the GC-rich codons ofgi® gene by codons optimal for high-level
expression inEscherichia coli, the mature MspA protein was overproducedEncoli. The recombinant MspA (rMspA)
monomer K1, 20 000) was purified by anion exchange and hydrophobic interaction chromatography yielding 2.6 mg pure
protein per liter of culture. This exceeded the yield of the native protein 10-fold. Circular dichroism revealed that rMspA is
folded in a native-like structure. rMspA assembled partially to the channel-forming tetramer both during expreBsimntiin
and after purification in vitro. Thus, overexpressiorEincoli and chromatographic purification are key steps towards a high
resolution structure of MspA.
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1. Introduction barrier [1]. The diffusion of small and hydrophilic
solutes across this outer membrane is mediated by

The mycobacterial cell envelope is unigue among channel-forming proteins, the porins [2]. MspA was

bacteria. It consists of a cytoplasma membrane and identified as an oligomeric pdfiycalfacterium

an outer membrane, whose inner leaflet is built from smegmatis composed of subunits with a relative

very long chain fatty acids, the mycolic acids, that molecular mass of 20 000 [3]. Enzyme-linked im-

are covalently attached to an arabinogalactan—pep- munosorbent assays and immunogold labeling ex-

tidoglycan co-polymer. The mycolic acid membrane periments demonstrated that MspA is localized in the

is thought to be about twice as thick as the outer cell walMofsmegmatis [4]. Uptake of glucose by
membrane of Gram-negative bacteria and resembles mspA deletion mutant was fourfold slower com-
its function by forming an efficient permeability pared to the wild-type indicating that MspA is the
main porin of M. smegmatis [4]. MspA is the
- prototype of a family of four very similar porins of
*Corresponding author. Tel+49-9131-852-8989; fax:+49- M. Sn‘egn']atisi which did not show any homo|ogy to
9131-852-8082. o _ any other known protein [4]. Electron microscopy of
E-mail address: mnieder@biologie.uni-erlangen.§®!. Nieder- . .. .
weis). MspA in the ceI_I W_alls ofM. s_megmatls in combina-
'Present address: Nikolaus-Fiebiger Center for Molecular Medi- tiOn with crosslinking experiments revealed a tetra-
cine, Gluckstrasse 6, D-91054 Erlangen, Germany. meric pore with a central channel of 10 nm length
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and an inner diameter (1.D.) of 2.5 nm [5]. These
structural features are unique and clearly distinguish
the MspA pore and related mycobacterial porins
from all other known bacterial porins [6]. Infrared
and circular dichroism spectroscopy revealed that the
MspA tetramer consists mainly of antiparall@h
strands most likely organized in a channel-forming
B-barrel of remarkable stability. Heating to 92 and
112°C was required to dissociate the MspA tetramer
and to unfold theB-sheet domain in the monomer,
respectively [7]. The stability of the MspA tetramer
exceeded the stability of the porins of Gram-negative
bacteria for every condition tested and was not
reduced in the presence of 2% sodium dodecyl
sulfate (SDS) and at any pH from 0 to 14 [7].
However, milligram quantities of protein are
needed for further structural studies by NMR spec-
troscopy or X-ray crystallography. This can hardly

Germany), Roth (Karlsruhe, Germany) or Sigma
(Munich, Germany) at the highest purity available.
Enzymes for DNA restriction and modification were

from New England Biolabs (Schwalbach, Germany),

Boehringer (Mannheim, Germany), Stratagene

(Heidelberg, Germany) and Pharmacia (Freiburg,

Germany). Oligonucleotides were obtained from PE
Applied Biosystems (Weiterstadt, Germany).

2.2. Bacterial strains and growth conditions

Escherichia coli DH5« was used for all cloning

experimentskEaooli BL21(DE3) for overexpres-
sion of recombinant () MspA. These strains were

routinely grown in LB medium [13] at°’Q7
Kanamycin was used when required at concentra-

tions ofug@ml.

be achieved by purification of MspA from 2.3. Synthesis of the synmspA gene

M. smegmatis, which yielded about 23Qug pure

protein per liter of culture using a recently improved
protocol [8]. Since overexpression systems are not
available for mycobacteria [9], heterologous pro-
duction of mycobacterial proteins seems to be the

Assembly polymerase chain reaction (PCR) is a
method for the synthesis of long DNA sequences
from large numbers of oligonucleotides and was
carried out as described [14]. Both strands of the

only alternative. However, expression of mycobac- synmspA gene were covered by oligonucleotides of
terial genes irEscherichia coli is often hampered by 40 nucleotides (nt) length, which overlapped over 20

the different codon usages of both organisms as
reflected by their G-C contents of about 51% [10]
and about 68% [11], respectively. This limitation can
be overcome by converting codons of mycobacterial

nt (Table 1). The oligonucleotides were mixed to a

final concentration of 50 fmpdlfor each oligo-

nucleotide. The assembling reaction was carried out
in a volume qflatntaining Taq buffer (50 M

genes with a low usage if. coli to high-usage
codons [12].

In this study, we describe the overexpression of
mspA from M. smegmatis in E. coli after synthesis of
the gene with codons preferentially used in highly
expressedE. coli genes. The MspA protein was
purified in milligram amounts using three chromato-

KCI, 1.5 M MgCl,, 10 mM Tris—HCI, pH 9 at
room temperature), deoxyribose nucleotide triphos-
phates (NTPs; Q\2%omeach nucleotide) and a
mixture of Tag and Pfu polymerase (1 and 0.025
pll/respectively) using the following temperature
profile: 2 min at°@ 55X (30 s at 95C, 30 s at
°80 2 min at 72C), 5 min at 72C. This sample

graphic steps. This is the first study reporting the
heterologous overexpression of a mycobacterial cell
wall protein and facilitates the structural analysis of

was diluted 500-fold and used as a template for
amplification ofsghespA gene with the oligo-
nucleotides MSPAF01 and MSPARO1 (Table 1).

MspA as the prototype of a new family of outer
membrane channel proteins. 2.4. Construction of plasmids
The mspA gene encoding the mature MspA with-

out leader sequence was amplified from the plasmid
pPORG6 [3] with the oligonucleotides mspA-fwd’' (5
ATATAGAATTCAAG AAGGAG ATATACAT ATG -
GGCCTGGACAACGAGCTGAGCCTC-3, which

introduced EoRI restriction site (italic), a

2. Experimental
2.1. Materials

Chemicals were obtained from Merck (Darmstadt,
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Table 1

Sequences of the oligonucleotides used for PCR assembly aiytihespA gene

Oligonucleotide Sequence '(53')

MSPAFO01 GTATACATATGGGCCTGGAC

MSPAF02 AACGAACTGTCCCTGGTTGACGGCCAGGACCGTACCCTGA
MSPAF03 CCGTTCAGCAGTGGGACACCTTCCTGAACGGTGTTTTCCC
MSPAF04 GCTGGACCGTAACCGTCTGACCCGTGAATGGTTCCACTCC
MSPAF05 GGTCGTGCGAAATACATCGTTGCGGGTCCGGGTGCGGACG
MSPAF06 AGTTCGAAGGTACCCTGGAACTGGGTTACCAGATCGGCTT
MSPAF07 CCCGTGGTCCCTGGGTGTTGGTATCAACTTCTCTTACACC
MSPAF08 ACCCCGAACATCCTGATCGACGACGGTGACATCACCGCTC
MSPAF09 CGCCGTTCGGTCTGAACTCTGTTATCACCCCGAACCTGTT
MSPAF10 CCCGGGTGTTTCTATCTCTGCTGATCTGGGCAACGGTCCG
MSPAF11 GGTATCCAGGAAGTTGCTACCTTCTCTGTAGACGTCTCTG
MSPAF12 GTGCTGAAGGTGGTGTTGCTGTTTCTAACGCTCACGGCAC
MSPAF13 CGTTACCGGTGCGGCTGGCGGTGTTCTGCTGCGTCCGTTC
MSPAF14 GCTCGTCTGATCGCTTCTACCGGTGACTCTGTTACCACCT
MSPAF15 ACGGTGAACCGTGGAACATGAACTGAAAGCTTGAGAG
MSPARO1 CTCTCAAGCTTTCAGTTCATG

MSPARO02 TTCCACGGTTCACCGTAGGTGGTAACAGAGTCACCGGTAG
MSPARO3 AAGCGATCAGACGAGCGAACGGACGCAGCAGAACACCGCC
MSPARO04 AGCCGCACCGGTAACGGTGCCGTGAGCGTTAGAAACAGCA
MSPARO5 ACACCACCTTCAGCACCAGAGACGTCTACAGAGAAGGTAG
MSPARO06 CAACTTCCTGGATACCCGGACCGTTGCCCAGATCAGCAGA
MSPARO7 GATAGAAACACCCGGGAACAGGTTCGGGGTGATAACAGAG
MSPARO8 TTCAGACCGAACGGCGGAGCGGTGATGTCACCGTCGTCGA
MSPAR09 TCAGGATGTTCGGGGTGGTGTAAGAGAAGTTGATACCAAC
MSPAR10 ACCCAGGGACCACGGGAAGCCGATCTGGTAACCCAGTTCC
MSPAR11 AGGGTACCTTCGAACTCGTCCGCACCCGGACCCGCAACGA
MSPAR12 TGTATTTCGCACGACCGGAGTGGAACCATTCACGGGTCAG
MSPAR13 ACGGTTACGGTCCAGCGGGAAAACACCGTTCAGGAAGGTG
MSPAR14 TCCCACTGCTGAACGGTCAGGGTACGGTCCTGGCCGTCAA
MSPAR15 CCAGGGACAGTTCGTTGTCCAGGCCCATATGTATAC

ribosome binding site (underlined) and a start codon 2.5. Expression analysis in E. coli
(bold), and mspA-rev (5-TATATAAGCTTCGAA-

CGGCGGTCCAGGAATCAG-3, which intro- E. coli BL21(DE3) transformed with pMN500 or
duced aHindlll restriction site (italic). The sequence pMN501 was grown in selective LB medium to an
between theEcoRI site and the start codon is Agy, of 0.5 and induced with a final concentration of
identical to that in all translational fusion vectors of 1Mmisopropyl B-p-thiogalactoside (IPTG). At

the pET series (Novagen, Germany). The PCR different times samples were withdrawn from the
fragment containing themspA gene was digested culture. The cells were lysed by boiling and cen-
with Hindlll and EcoRI and cloned into the plasmid trifuged to remove the cell debris. Samples were

pET24+ (Novagen, Germany) to give pMN500. The diluted fourfold with loading buffer [140 fris—

PCR fragment containing theynmspA gene was HCI, pH 7.5, 30% (w/v) glycerol, 4% (w/v) SDS,
digested with Ndel and Hindlll and cloned into 0.1% (w/v) bromophenol blue] and incubated for 10
pPMN500 resulting in the plasmid pMN501. The min at room temperature before gel electrophoresis.
correct sequences of both genes were verified by

cycle sequencing using an ABI PRISM 310 Genetic 2.6. Solubility of recombinant MspA (rMspA)

Analyzer and a protocol provided by the manufac-

turer (PE Applied Biosystems). E. coli cells BL21(DE3) containing the plasmid
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pPMN501 or the parent vector pET24were induced (25 M HEPES, pH 7.5, 10% ammonium sulfate of

with IPTG as described (see Section 2.5) and har- a saturated solution). Bound proteins were eluted
vested after 4 h. The cells were resuspended in CLP with a gradient from 100% buffer AAS to 100%
buffer (2M NaCl, 0.2M Tris—HCI, pH 8.0) to give buffer A over 60.3 ml. Seventy-three fractions of

a final A4y, of 50 and sonicated two times for 10 s 3 ml were collected. The fractions were analyzed
(cycle: 0.9, 45 W) and centrifuged at 16 0§0and using denaturing polyacrylamide gels which were
4°C. The supernatants were then centrifuged at stained with Coomassie Blue. Six fractions (39-44)

100 000g for 1 h at 4°C. The supernatants and the with the highest rMspA content were pooled and
pellets were mixed with loading buffer (140 Nin adjusted to an ammonium sulfate concentration of
Tris—HCI pH 7.5, 30% (w/v) glycerol, 4% (w/v) 40% of a saturated solution. This mixture was

SDS, 0.1% (w/v) bromophenol blue), boiled for incubated for 30 min on ice. After centrifugation at
2 min and equivalent amounts of protein were loaded 27 0@nd 4°C for 15 min, the precipitated
on a denaturing 10% polyacrylamide gel. protein was dissolved in ROObuffer A and
centrifuged at 4C for 5 min to remove insoluble
2.7. Purification of recombinant MspA (tMspA) material. The protein solution was dialyzed against
500 ml buffer A at 4£°C for 12 h (molecular mass cut
Two liters of anE. coli BL21(DE3) culture were off: 2000). The retentate was loaded on a size
grown to an A,y of 0.5, induced with a final exclusion column G4000RW (3008 mm,
concentration of 1 Ml IPTG and harvested 5 h after TosoHaas, Stuttgart, Germany). Proteins were eluted
induction. 6.8 g cells (wet mass) were suspended in with 28.7 ml buffer A at a flow-rate of 0.5 ml/min.
20 ml buffer A [25 nM 4-(2-hydroxyethyl)-1- Twenty-nine fractions were collected and analyzed
piperazineethane sulfonic acid (HEPES), pH 7.5]. using denaturing polyacrylamide gels, which were
The suspension was sonicated four times for 40 s stained with Coomassie Blue. Two fractiens (12
(cycle: 0.9, power: 70%) using the sonicator Sono- 13) containing apparently pure rMspA were pooled.
plus UW 2070 (Bandelin Electronic, Berlin, Ger- The volume of the pooled fractions was reduced
many) with the sonotrode VS70 to lyse the cells. The from 2 to 0.2 ml by ultrafiltration using a filtron
suspension was centrifuged at 27 @@nd 4°C for device (molecular mass cut off: 30 000, membrane
15 min to remove cell debris. The supernatant was type: Omega, Filtron Technology, Northborough,
further purified from remaining insoluble particles by MA, USA). The protein concentration was deter-
centrifugation at 55 000 rpm in a Ti60 rotor (Beck- mined as described below.

man) and 4C for 2 h and then loaded on an

anion-exchange column Poros HQ/M (006 mm, 2.8. Polyacrylamide gel electrophoresis (PAGE)
Perseptive Biosystems, Cambridge, MA, USA). The

column was washed with 100 ml buffer A. Bound Protein samples were analyzed in denaturing
proteins were eluted with a gradient from 100% polyacrylamide gels as described earlier [8].

buffer A to 100% buffer B (25 vl HEPES, pH 7.5,

2 M NaCl) over 200 ml. Sixty-two fractions of 6 ml  2.9. Determination of protein concentrations

were collected. The fractions were analyzed using

denaturing polyacrylamide gels which were stained Protein concentrations were determined using
with Coomassie Blue. Two fractions (3B2) with bicin choninic acid (BCA) [15] and bovine serum

the highest rMspA content were pooled and adjusted albumin (BSA) as standard protein, according to the
to an ammonium sulfate concentration of 10% of a manufacturer’s instruction (BCA protein assay Kkit,
saturated solution. This mixture was incubated for 30 Pierce, Rockford, IL, USA).

min on ice. After centrifugation at 27 0apand 4°C

for 15 min, the supernatant was loaded on a hydro- 2.10. Immunoblot analysis

phobic interaction chromatography (HIC) column

Poros 20PE (10016 mm, Perseptive Biosystems). Increasing amounts of MspA and rMspA were
The column was washed with 40.2 ml buffer AAS loaded on denaturing 10% polyacrylamide gels and
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blotted onto a nitrocellulose membrane. Proteins tides. All codons ofsghmspA gene are pref-
were visualized using the MspA antiserum [3] and a erentially used in highly exprEsselil genes [18]
chemiluminescence reaction (ECLplus kit, Amer- requiring 71 sequence changes compared to the
sham Pharmacia, Vienna, Austria). nativepA gene (Fig. 1). This gene was cloned

into pMN500 to replace thenspA gene resulting in
2.11. Circular dichroism spectroscopy the plasmid pMN501 (Fig. 2). Addition of IPTG to

E. coli BL21(DE3) cells containing pMN501 in-

Circular dichroism (CD) spectra were measured duced the expression of two additional proteins with

on a Jasco J-715 spectropolarimeter (Japan Spectro- apparent relative molecular masses of 20 000 anc
scopic Co.) using a protein concentration of 0.26 100 000 compared to uninduced cells and cells
mg/ml in NaP buffer (25 Wl NaH, PO, /Na HPQ , containing the parent plasmid pEF24vhich did
pH 7.5) and an optical path length of 1 mm. Buffer not containn@A gene (Fig. 3A). In a previous
baselines were measured under identical conditions work, these proteins were purified by preparative gel
and subtracted from the corresponding spectrum. The electrophoresis and identified as the monomeric and
raw data were transformed to mean residue molar oligomeric form of MspA [3]. The tetrameric form
ellipticity and smoothed using the standard analysis showed the same channel activity in lipid bilayer
program (Jasco). experiments as MspA purified frivin smegmatis

[3]. Quantitative image analysis using the software
NIH image 1.6 http://rsb.info.nih.gov/nih-image/)

3. Results revealed that about 15% of rMspA was present in the
tetrameric form (Fig. 3A, lane 4). The MspA mono-
3.1. Overexpression of the mspA gene in E. coli mer was strongly expressed at 60 min up to at least
5 h after induction in a time-dependent expression
The pET system relies on the selective transcrip- analysis by gel electrophoresis (data not shown). To
tion of the gene of interest by the bacteriophage T7 analyze whether rMspA was soluble, the supernatant
RNA polymerase [16] and is one of the most widely & coli cells lysed after induction ofmspA
used systems for expression of recombinant proteins expression was centrifu@dd o100 00@. The
in E. coli [17]. To produce the porin MspA from major fraction of rMspA was found in the superna-
M. smegmatis in E. coli, themspA gene encoding the tant indicating that rMspA was mainly expressed in a
mature MspA protein without signal sequence was water-soluble form (Fig. 3B).

cloned as a transcriptional fusion with the strong late
promoter of the bacteriophage T7 into the plasmid 3.2. Purification of recombinant MspA (tMspA)
pPET24+ to give the plasmid pMN500. However,

induction of E. cali cells containing pMN500 with For large-scale purification of proteins, chroma-
IPTG did not lead to detectable expression of the tography offers many advantages such as different
mspA gene, although theE. coli lacZ gene was separation principles, high speed, little hands-on time
overexpressed using the same expression signals in and the option to automate purification. Therefore,
the control vector pET28lacZ under the same we decided to purify rMspA chromatographically
experimental conditions (data not shown). We as- instead of the previously used preparative gel elec-

sumed that inefficient translation of thespA mRNA trophoresis [3]. Expression afnmspA was induced
might have caused the expression problems, since with IPTG in a 2- cultuke afli BL21(DES3)
the mspA gene contained nine and 16 codons, which containing the plasmid pMN501 (6.8 g cells wet

are used with a frequency of less than 10 and 20%, mass) were harvested 5 h after induction. Since the
respectively, in highly expressdsl coli genes [18]. amount of monomeric rMspA exceeded that of
This included four CCC codons for proline, which tetrameric rMspA about sixfold (see above; Fig. 3A,
are known to cause translational problemsEincoli lane 4), monomeric rMspA was purified following

[19]. Therefore, themspA gene was synthesized in the procedure consisting of three chromatographic

vitro by assembly PCR [14] from 30 oligonucleo- steps. The cell were lysed by ultrasonication and the
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* * * *

mspA: ATGGGCCTGGACAACGAGCTGAGCCTCGTTGATGGCCAGG 40

synmspA : ATGGGCCTGGACAACGAACTGTCCCTGGTTGACGGCCAGG
M GG L D N E L S L V D G Q

* * * * *
ACCGCACCCTCACCGTGCAGCAGTGGGACACCTTCCTCAATGGTGTGTTC 90

ACCGTACCCTGACCGTTCAGCAGTGGGACACCTTCCTGAACGGTGTTTTC
D R T L T V Q Q W D T F L N G V F

* * * * *

CCCCTGGACCGCAACCGTCTTACCCGTGAGTGGTTCCACTCCGGTCGCGC 140

CCGCTGGACCGTAACCGTCTGACCCGTGAATGGTTCCACTCCGGTCGTGC
P L D RN RL TR E W F H S G R A

* * * * *
CAAGTACATCGTGGCCGGCCCCGGTGCCGACGAGTTCGAGGGCACGCTGG 190

GAAATACATCGT TGCGGGTCCGGGTGCGGACGAGTTCGAAGGTACCCTGG
Ky I VvV A G P G A D E F E G T L

* * * * *
AACTCGGCTACCAGATCGGCTTCCCGTGGTCGCTGGGTGTGGGCATCAAC 240

AACTGGGTTACCAGATCGGCTTCCCGTGGTCCCTGGGTGT TGGTATCAAC
E L G Y Q I G F P W S L GV G I N

* * * * *
TTCAGCTACACCACCCCGAACATCCTGATCGACGACGGTGACATCACCGC 290

TTCTCTTACACCACCCCGAACATCCTGATCGACGACGGTGACATCACCGC
F s Yy T T P N I L I DD G D I T A

* * * * *
TCCGCCGTTCGGCCTGAACTCGGTCATCACCCCGAACCTGTTCCCCGGTG 340

TCCGCCGTTCGGICTGAACTCTGT TATCACCCCGAACCTGTTCCCGGGTG
p P F G L N S V I T P N L F P G

* * *

* *
TGTCGATCTCGGCAGATCTGGGCAACGGCCCCGGCATCCAGGAAGTCGCA 390

TTTCTATCTCTGCTGATCTGGGCAACGGTCCGGGTATCCAGGAAGTTGCT
v s I s A DL G N G P G I Q E V A

* * * * *
ACGTTCTCGGTCGACGTCTCCGGCGCCGAGGGTGGCGTGGCCGTGTCGAA 440

ACCTTCTCTGTAGACGTCTCTIGGTGCTGAAGGTGGIGT TGCTGT TTCTAA
T F S v.D V S G A E G G V A V S N

* * * * *

CGCCCACGGCACCGTGACCGGTGCGGCCGGCGGTGTGCTGCTGCGTCCGT 490

CGCTCACGGCACCGT TACCGGTGCGGCTIGGCGGTGT TCTGCTGCGTCCGT
A H G T Vv T G A A G G V L L R P

* * * * *
TCGCCCGCCTGATCGCCTCGACCGGTGACTCGGTCACCACCTACGGCGAA 540

TCGCTCGTCTGATCGCTTCTACCGGTGACTCTGTTACCACCTACGGTGAA
F A R L I A S T G D s V T T Y G E

*
CCCTGGAACATGAACTGA 558

CCGTGGAACATGAACTGA
P W N M N e

Fig. 1. Adaptation of the codon-usage of tingpA gene toE. coli. The upper sequence shows thgpA gene fromM. smegmatis as cloned

into the expression vector pMN500. The lower sequence represensgriimgpA sequence, which contains codons preferentially used by
highly expressedt. coli genes [18]. Both genes encode for the mature MspA protein. The signal sequences were replaced by methionine.
The amino acid sequence of MspA is depicted below the corresponding codons in a one letter code. The frequency of boldfaced and
boldfaced/underlined codons of the nativepA gene is less than 20 and 10%, respectively, in strongly exprésseali genes [18]. The
sequence alterations in tlggnmspA gene compared to the originaispA gene are marked by italic and boldfaced letters.
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Fig. 2. Restriction map of thenspA overexpression vector. The
synmspA gene of pMN501 is transcribed from the,P  promoter
under control of thdac operator. Thdacl gene encodes for the
lactose repressor. Th#ptl gene confers resistance to kanamycin.
The symbol T, indicates a transcription terminator of the
bacteriophage T7. The depicted restriction sites are singular. The
plasmid contains the origin€olEZ and F1 for replication inE.

coli and of phage f1.

A

B

343

lysate containing 225 mg protein was loaded on an
anion-exchange column. Recombinant MspA eluted
in a sharp peak at 510 Ivh NaCl during gradient
elution (Fig. 4A). The two fractions indicated by a
bracket contained mainly rMspA and were pooled
for further purification. The protein content was 39.3
mg.

Different amounts of ammonium sulfate were
added to rMspA to determine the ammonium sulfate
concentration suitable for hydrophobic interaction
chromatography (HIC). Recombinant MspA precipi-
tated at an ammonium sulfate concentration of 15%
of a saturated solution or above (data not shown).
Therefore, the pooled rMspA fractions were adjusted
to an ammonium sulfate concentration of 10% of a
saturated solution. Most of the contaminating pro-
teins did not bind to the phenyl ether ligands of the
HIC column and were eluted in the breakthrough
(Fig. 4B, first peak). In contrast, rMspA bound to the
HIC column under those conditions and eluted at an
ammonium sulfate concentration of 3.8% of a satu-
rated solution after applying an inverse gradient (Fig.
4B, second peak). The six fractions indicated by a
bracket were pooled for further purification (Fig.

kba M 1 2 3 4 kba M 1 2 3
200 116 .
13§, e <_rl:/_lspA 97
= oligomer
66 — == W m g °° 66
55 ‘= - 55
—_—
37 —_ gt
31 = = 37
22 . < MspA 3 2
monomer !
14 w— 22 L < MspA
~ - - monomer
G - 14 - # i

Fig. 3. Overexpression aynmspA in E. coli. (A) The supernatants of cells & coli BL21(DE3) containing the parent vector pET24r

the mspA expression vector pMN501 before and after induction with IPTG were analyzed in a 10% denaturing polyacrylamide gel stained

with Coomassie. Lanes: M, molecular mass marker; 1, pBTb&fore induction; 2, pET24 5 h after induction; 3, pMN501 before
induction; 4, pMN501 5 h after induction. (B) Solubility of overexpressed rMspAcoli BL21(DE3) cells containing pMN501 and the

parent vector pET24 were induced with IPTG and lysed 4 h after induction. The lysate was analyzed by ultracentrifugation followed by
gel electrophoresis in a 10% denaturing polyacrylamide gel stained with Coomassie. In all lanes, similar amounts of protein were loaded.

Lanes: M, molecular mass marker; 1, supernatant after ultracentrifugation, pET24supernatant after ultracentrifugation, pMN501;
3, pellet after ultracentrifugation, pET24; 4, pellet after ultracentrifugation, pMN501.
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Fig. 4. Large-scale purification of recombinant MspA. rMspA was purified in three consecutive chromatographic steps. In all
chromatograms, the solid and the dashed lines represent the absorbance at 280 nm and the conductivity, respectively. The fractions, which
were pooled for further purification are marked with a bracket. The numbers above the brackets indicate the lanes in the gel of the final
electrophoretic analysis of all purification steps (D). (A) Anion-exchange chromatography (AEC). rMspA eluted st B&QI. Fractions

31+32 were pooled. (B) Hydrophobic interaction chromatography (HIC). rMspA eluted at an ammonium sulfate concentration of 3.8% of a
saturated solution. Fractions 39 to 44 were pooled. (C) Size exclusion chromatography (SEC). rMspA eluted at a volume of 12 ml buffer A.
Fractions 12 and 13 were pooled. (D) Gel electrophoretic analysis of the purification steps. Proteins were separated on a denaturing 10%
polyacrylamide gel. The gel was stained with Coomassie Blue. Lane M, molecular mass marker. For each lane of tbe greltedh was

loaded. Lanes 1, crude cell lysate; 2, sample after AEC; 3, sample after HIC; 4, sample of lane 3 after precipitation with ammonium sulfate;
5, sample after SEC; 6, sample of lane 5 after ultrafiltration.

4B). The sample contained 15.9 mg protein of by ammonium sulfate precipitation and then purified
mainly rMspA and a few minor proteins with relative further by size-exclusion chromatography (SEC)
molecular masses exceeding 50 000, which were (Fig. 4C). It should be noted that ammonium sulfate
barely visible in a Commassie Blue-stained poly- precipitation induced the formation of the MspA
acrylamide gel (Fig. 4D, lane 3). To separate rMspA tetramer with an apparent relative molecular mass of
from the contaminating proteins and to remove the about 100 000 indicating that the purified rMspA

ammonium sulfate, the sample was first concentrated monomer was folded correctly for association to the
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channel-forming tetramer (Fig. 4D, lane 4). The
rMspA tetramer and the contaminating proteins were
almost completely removed from the rMspA mono-
mer by SEC (Fig. 4D, lane 5). This step, however,
resulted also in a loss of about 50% rMspA as
evidenced by the drop in the amount of total protein
from 15.9 to 7.3 mg. Finally, the protein was

concentrated about 10-fold by ultrafiltration yielding

5.2 mg pure and water-soluble rMspA monomer with
a concentration of 19.9 mg/ml (Fig. 4D, lane 6).

. B 790 (2003) 337-348
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a clear signal in the Western blot (Fig. 5B, lane 1). It
appears unlikely thalti#0 000 monomer was
less efficiently transferred to the membrane than the
tetramer with an apparent relative molecular mass of
100 000, since it is known that the blotting efficiency
decreases with the size of the protein [20]. Thus, it
was concluded that detection of tetrameric MspA
with the anti-porin antiserum No. 813 [3] was about
100-fold more sensitive than that of monomeric
rMspA. Since the intensities of the bands of mono-

meric and tetrameric MspA were similar, it was
estimated that the purified rMSpA monomer con-
tained about 1% tetrameric MspA (Fig. 5A, lane 7).

3.3. Analysis of purified rMspA

The rMspA monomer was recognized in immuno-
blot experiments by the anti-porin antiserum No. 813
[3] obtained with the native MspA protein from
M. smegmatis (Fig. 5A). Surprisingly, the relative
amount of tetrameric rMspA appeared to be higher
than that of the rMspA monomer, although the
rMspA tetramer was barely detectable in Commassie
Blue-stained polyacrylamide gels (Fig. 4D). Increas-
ing amounts of the tetrameric native MspA and the
monomeric rMspA were blotted onto a nitrocellulose
membrane to compare the binding of the anti-porin
antiserum No. 813 to both proteins. The minimal
amount of monomeric rMspA detected by the anti-
porin antiserum in combination with chemoluminesc-
ence detection system was 10 ng (Fig. 5A, lane 7),
whereas already 0.1 ng native tetrameric MspA gave

A
1 2 3 456 7 8 9 10

— -

This suggested that many epitopes recognized by the
antiserum were only present in the MspA tetramer.
The antiserum detected two oligomeric forms of

rMspA similar to those observed after purification of

native MspA fkbnsmegmatis [8].

The assembling of the rMspA monomer to the
tetrameric MspA channel after ammonium sulfate
precipitation (Fig. 4D, lane 4) suggested that at least
a part of the monomer producé&d ¢ali was
folded. This was analyzed by circular dichroism
spectroscopy. The spectrum of the purified rMspA
monomer showed a large positive mean molar
ellipticity below 205 nm, a crossover point at 207
nm, at which the ellipticity equalled zero, and a
single minimum at 215.5 nm (Fig. 6, solid line).
These features are typgsaheét structures [21]

1 2 3 4 5 6 7 8 9

Fig. 5. Immunoblot analysis of rMspA. The samples were separated on a denaturing 10% polyacrylamide gel and blotted on a nitrocellulose
membrane. Proteins were visualized using an MspA antiserum [3] and a chemoluminescence reaction (ECLplus detection system,
Amersham Pharmacia, Vienna, Austria). (A) Increasing amounts of rMspA. Lanes: 1, 0.5 ng; 2, 1 ng; 3, 1.5 ng; 4, 2 ng; 5, 2.5 ng; 6, 5 ng;
7,10 ng; 8, 15 ng; 9, 20 ng; 10, 40 ng. (B) Increasing amounts of MspA. Lanes: 1, 0.1 ng; 2, 0.2 ng; 3, 0.4 ng; 4, 0.6 ng; 5, 0.8 ng; 6, 1 ng;
7,2 ng; 8 5ng; 9, 10 ng.
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Fig. 6. Circular dichroism spectrum of rMspA. The mean residue
molar ellipticity of purified rMspA (260w.g/ml, solid line) was
recorded at 22C in a 25 nM phosphate buffer (pH 7.5). The
spectrum of native MspA (26Q.g/ml, dashed line) was recorded
at 22°C in a 25 nM phosphate buffer (pH 7.5) containing 0.5%
n-octylpolyethylene oxide and was taken from Ref. [7]. Each
spectrum was corrected for the buffer blank.

and were similar to those obtained f@-barrel

proteins such as the porins of Gram-negative bacteria

[22]. This demonstrated that the purified rMspA
protein was folded. The positions of the crossover
point and of the single minimum of the CD spectra
of both the rMspA and the native MspA protein were
almost identical (Fig. 6). However, the CD spectrum
of the rMspA monomer did not reveal any-helix
content, in contrast to the tetrameric native MspA,
which had anx-helix content of 10—-15% [7].

4. Discussion

Identification and analysis of mycobacterial outer
membrane proteins in general and of porins in

particular have been hampered by the scarce amount

of available protein. In this study, we present a
straightforward approach to overcome this limitation.
The mspA gene encoding for the major porin of
M. smegmatis was synthesized with codons optimal
for high-level expression inE. coli. When the

C. Heinz et al. / J. Chromatogr. B 790 (2003) 337-348

synmspA gene was used, MspA was the most
abundant protein irE. coli, whereas the mycobac-
terial mspA gene did not lead to detectable expres-
sion. This result demonstrated that high level expres-
sion of mycobacterial genes can be achievecdEin
coli, when low-usage codons are replaced. Most
likely this is due to a more efficient translation as
was shown for three other mycobacterial genes [12],
although we did not prove this formally by analysing
the amount and stability of the mRNA transcribed
from the mspA and synmspA genes. To increase
expression of heterologous genes En coli often
replacement of several rare codons in a single gene is
necessary. This is feasible, but rather tedious when
site-directed mutagenesis is used [12]. We showed
that in vitro synthesis of a gene by assembly PCR
from oligonucleotides [14] is conveniently achieved
in a single day. Furthermore, optimal codons can be
chosen for the entire gene, which might be of
advantage for the quality of the produced protein,
since a direct relationship has been established
between the codon usage of a gene, the concentration
of cognate tRNA species, the translation rate and the
frequency of misincorporated amino acids [23—-27].
Monomeric rMspA was purified in three chro-
matographic steps. The amount of protein of the cell
lysate was reduced about eightfold after anion-ex-
change chromatography (Fig. 4). This indicated that
many of the contaminating proteins were removed,
since rMspA eluted in a sharp peak. Hydrophobic
interaction chromatography was a very selective
purification step, since rMspA bound more strongly
than any other contaminating protein to the phenyl
ether ligands of the column. Size exclusion chroma-
tography was mainly used to remove small con-
taminating compounds such as ammonium sulfate
from purified rMspA. The final yield was 2.6 mg
rMspA per liter of culture. Thus, overexpression in
E. coli and purification using the procedure described
above increased the yield of MspA protein more than
10-fold compared to purification of MspA from
M. smegmatis [8].

We showed by CD spectroscopy that purified
rMspA was folded and consisted maiptgheets
similar to native MspA [7]. Furthermore, the salt
concentration required for elution of rMspA was
similar to that of the native tetrameric protein (510

vs. 570 M NaCl) [8] indicating that a similar
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number of negatively charged amino acids were
surface-exposed in both proteins. The low ammo-
nium sulfate concentration required for strong hydro-
phobic interaction with the HIC column indicated

that the protein surface of rMspA was hydrophobic.
Aggregation of rMspA was observed when a solution
with a concentration of about 1 mg rMspA per ml

became turbid in the presence of low amounts of

37°C. This effect was not observed without am-
monium sulfate and was reversible upon cooling the
sample on ice for a few minutes indicating that
aggregation of rMspA was indeed due to hydro-
phobic interactions. Despite this apparent surface
hydrophobicity, rMspA was soluble in water without
detergents. A similar effect was observed for tetra-
meric MspA, which formed protein micelles and did
not precipitate after removal of detergents by dialysis
[5] and might indicate that also the solubility of
monomeric rMspA in water is mediated by micelle
formation.

About 15% of the recombinant MspA was present
as tetramer after expression of tegmspA gene in
E. coli (Fig. 3A), although the amount of rMspA
tetramer varied with experimental conditions used
for cell lysis. The recombinant tetramer was previ-
ously purified by preparative gel electrophoresis and
was shown to form channels in lipid bilayer experi-
ments [3]. This result demonstrated that the rMspA
monomer was in the correct conformation to assem-
ble to the functional MspA tetramer. The relative
amount of the tetramer was about 1% after purifica-
tion of the rMspA monomer as estimated from
immunoblot experiments (Fig. 5). An increased
amount of MspA tetramer was observed after am-
monium sulfate precipitation suggesting that a high
local protein concentration favoured formation of the
tetramer. This might indicate that a small fraction of

the rMspA monomer spontaneously assembled after

347

would be of paramount importance for understanding
matter exchange across the mycobacterial cell wall.
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