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in Magnetospirillum gryphiswaldense

Sarah Borg, Julia Hofmann, Anna Pollithy,* Claus Lang,* Dirk Schiiler
Ludwig Maximillian University Munich, Department of Biology |, Martinsried, Germany

The alphaproteobacterium Magnetospirillum gryphiswaldense biomineralizes magnetosomes, which consist of monocrystalline
magnetite cores enveloped by a phospholipid bilayer containing specific proteins. Magnetosomes represent magnetic nanopar-

ticles with unprecedented magnetic and physicochemical characteristics. These make them potentially useful in a number of
biotechnological and biomedical applications. Further functionalization can be achieved by expression of foreign proteins via
genetic fusion to magnetosome anchor peptides. However, the available genetic tool set for strong and controlled protein expres-
sion in magnetotactic bacteria is very limited. Here, we describe versatile vectors for either inducible or high-level constitutive

expression of proteins in M. gryphiswaldense. The combination of an engineered native P

mampc Promoter with a codon-opti-

mized egfp gene (Mag-egfp) resulted in an 8-fold increase in constitutive expression and in brighter fluorescence. We further
demonstrate that the widely used P,,, promoter is functional and tunable in M. gryphiswaldense. Stable and uniform expression
of the EGFP and f3-glucuronidase (GusA) reporters was achieved by single-copy chromosomal insertion via Tn5-mediated trans-
position. In addition, gene duplication by Mag-EGFP-EGFP fusions to MamC resulted in further increased magnetosome ex-
pression and fluorescence. Between 80 and 210 (for single MamC-Mag-EGFP) and 200 and 520 (for MamC-Mag-EGFP-EGFP)
GFP copies were estimated to be expressed per individual magnetosome particle.

For magnetic orientation, magnetotactic bacteria (MTB) biomin-
eralize bacterial (ferri)magnetic nanoparticles. In the model
organism Magnetospirillum gryphiswaldense and other MTB, these
organelles consist of magnetite (Fe;O,) cores enveloped by the
magnetosome membrane (MM) (1, 2). Because of their unprece-
dented material properties, such as high crystallinity, strong mag-
netization, uniform shapes and sizes, and biocompatibility, the
use of isolated magnetosome particles has been suggested for a
number of biotechnological and biomedical applications, such as
using them as nanocarriers in magnetic drug targeting, magneto-
some-based immunoassays and as reporters for magnetic reso-
nance imaging (MRI) (3). Many of these applications require fur-
ther functionalization, for instance, by displaying additional
functional moieties on the magnetosome surface such as antibod-
ies, oligonucleotides, fluorophores, or enzymes (3, 4). It was
shown that in M. gryphiswaldense, in addition to chemical func-
tionalization of isolated particles in vitro (5, 6), magnetosomes can
also be engineered in vivo by expression of foreign proteins via
genetic fusion to native magnetosome anchors. For example, the
small (12.5-kDa), highly abundant MamC protein was shown to
provide tight and stable attachment of foreign proteins to the
MM. This was first demonstrated by a MamC-green fluorescent
protein (GFP) fusion, which displayed stable fluorescence in vivo
and also after purification of magnetosomes (7). In different stud-
ies, ared fluorescent protein (RFP)-binding nanobody (RBP) and the
endogenous RNA subunit C5 of the multisubunit chimeric bacterial
RNase P enzyme were functionally expressed on magnetosomes by
translational fusion with MamC (8, 9).

However, previous approaches were hampered by the unavail-
ability of appropriate systems for controlled protein expression in
M. gryphiswaldense. For example, so far only a few promoters have
been identified as being functional for transcription in M. gryphi-
swaldense. The native P, , which drives transcription of the
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mamGFDC operon, yielded the highest constitutive expression of
the reporter EGFP, while weaker expression was found with other
promoters like P, .5 (10, 11). Known inducible promoters
yielded only weak (P,,. [10]) or no expression (e.g., P, [our un-
published data]). However, inducible expression systems are pre-
requisite for display of proteins that may interfere with magneto-
some biomineralization or cellular processes. In the related strain
Magnetospirillum magneticurn AMB-1, the strong native msp13
and mms16 promoters were employed for magnetosome display
of fusion proteins (12, 13). A tetracycline (Tet)-inducible expres-
sion system was described based on a hybrid promoter consisting
of the combined mspl promoter and tetO sequences (14). How-
ever, the transcriptional strength of the hybrid promoter com-
pared to the strong constitutive mspl3 and mmsI6 has not been
reported. In addition, all expression studies so far were based on
multicopy replicative plasmids, which have the disadvantage of
segregational instability and nonuniform expression (10).

Here, we describe two versatile vectors for either inducible or
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high-level constitutive chromosomal expression. We demonstrate
their use for cytoplasmic and magnetosome expression of foreign
proteins. Furthermore, we show that codon optimization and
multicopy expression are powerful approaches to enhance heter-
ologous expression of proteins in M. gryphiswaldense. We also
provide an estimation of protein copies expressed per magneto-
some particle.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. Plasmids and bacte-
rial strains used in this study are listed in Tables S1 and S2 in the supple-
mental material. M. gryphiswaldense strains were grown microaerobically
in modified flask standard medium (FSM) at 30°C (15) with moderate
agitation (120 rpm). Escherichia coli strains were cultivated as previously
described (16) for growth of E. coli BW29427 (K. Datsenko and B. L.
Wanner, unpublished data) and WM3064 (W. Metcalf, unpublished da-
ta); 1 mM D,L-a,e-diaminopimelic acid (DAP) was added to lysogeny
broth (LB) medium. Strains were routinely cultured on plates solidified
with 1.5% (wt/vol) agar. For strains carrying recombinant plasmids, me-
dia were supplemented with 25 pg ml ™! kanamycin (Km) and 50 pgml ™'
ampicillin (Amp) for E. coli strains and 5 ug ml~ ' Km for M. gryphiswal-
dense strains. For induction experiments, media were supplemented with
various concentrations of anhydrotetracycline (Atet).

Molecular and genetic techniques. Oligonucleotides (see Table S3 in
the supplemental material) were purchased from Sigma-Aldrich (Stein-
heim, Germany). Chromosomal DNA of M. gryphiswaldense was isolated
using a genomic DNA isolation kit (Zymo Research, USA). Plasmids were
constructed by standard recombinant techniques as described in detail
below. All constructs were sequenced on an ABI 3730 capillary sequencer
(Applied Biosystems, Darmstadt, Germany), utilizing BigDye Terminator
v3.1. Sequence data were analyzed with Vector NTI Advance 11.5 software
(Invitrogen, Darmstadt, Germany). Magnetospirillum-optimized EGFP
(Mag-EGFP) was optimized by proprietary algorithms for increased
mRNA stability and avoidance of sequence repetitions and secondary
structures and was purchased from GeneArt (Invitrogen, Darmstadt, Ger-
many).

Construction of insertional expression plasmids. For the construc-
tion of pSB6, first Mag-egfp was amplified from p11AAGJZC using the
primers oEGFP BamHI Rev and oEGFP HindIII Fw. The resulting PCR
fragment was subcloned into pJET1.2/blunt and after restriction with
BamHI and HindIIT inserted into pAP150 and pAP160 to replace egfp with
Mag-egfp. Afterwards, the P, .. 45 promoter, the spacing-optimized ri-
bosomal binding site (0RBS) and Mag-egfp were amplified from modified
PAP150 (pSB1) using pBam_pAP150 Fw and pBam_DC w/o Term Rev,
adding EcoRI and SanDI restriction sites for insertion into pPBAM1, gen-
erating pSB6. For the generation of pSB7, the whole expression cassette
from modified pAP160, containing the optimized Mag-egfp version plus
P,., and TetR, was amplified using the primers pBam_pAP160 Fw and
pBam_Tet w/o Term Rev and inserted into pBAM1. For the generation of
the expression plasmids containing gusA as a transcriptional reporter,
gusA was amplified from pLYJ97 using the primers GusA BamHI Fw and
GusA Ndel Rev and cloned into pSB7, replacing Mag-egfp with gusA,
thereby generating pSB8. Transposition of the expression cassettes re-
sulted in single-copy genomic insertion into phenotypical neutral sites as
verified by arbitrary PCR (17) and sequencing.

Construction of MamC fusion proteins. mamC and Mag-egfp were
amplified and fused via overlap PCR (18) using the primers described in
Table S3 in the supplemental material, resulting in C-terminal fusions of
Mag-egfp to mamC; afterwards, the fusion gene was inserted into the Ndel
and BamHI restriction sites of pSB6 and pSB7, resulting in pJH1 and
pJH2. Additionally a tandem fusion of mamC with Mag-egfp and egfp was
generated, following the same strategy, yielding plasmid pJH3. M. gryphi-
swaldense strains were conjugated with pJH1, pJH2, and pJH3 and were
grown in 3 liters of FSM medium to stationary phase at 30°C and 120 rpm.
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Cells were harvested by centrifugation at 4°C and 6,500 rpm and used for
magnetosome isolation.

Analytical methods. Magnetic reaction of cells was detected by light
microscopy applying a bar magnet. Optical density (OD) and magnetic
response (C,,,,.) of exponentially growing cells were measured photomet-
rically at 565 nm as previously reported (19). Iron concentrations of the
isolated magnetosomes were determined by a modified ferrozine assay
(7); 10 pl of magnetosome suspension was used for determination of iron
concentration.

GFP expression in M. gryphiswaldense was assayed by fluorometry, as
described previously (10).

GusA activity assay. Cells were grown to exponential phase, collected
via centrifugation, resuspended in phosphate-buffered saline (PBS), and
disrupted using a sonifier. Cell debris was spun down, and the supernatant
was used to determine protein concentration using the bicinchoninic acid
(BCA) kit from Thermo Scientific. B-Glucuronidase (GusA) activity in
the supernatant was also measured, and the assay was carried out at 37°C
as described by Wilson et al. (20). Units were nanomoles of product
formed per minute per milligram of protein. Duplicate assays were per-
formed, and reported values were averaged from at least three indepen-
dent cultures.

Biochemical methods. Magnetosome isolation from M. gryphiswal-
dense strains was performed as described previously (7). Polyacrylamide
gels were prepared according to the method of Laemmli (21). Magneto-
some membranes were dissolved by incubation in 1% SDS at 65°C for 25
min. Protein concentrations were determined using the BCA protein kit
(Thermo Scientific), and 100 ng to 1 pg of magnetosome membrane
protein was loaded onto 10% (wt/vol) SDS gels and analyzed via quanti-
tative immunoblotting to quantify the expression level of the MamC-GFP
fusion protein.

Proteins were electroblotted onto polyvinylidene difluoride (PVDEF)
membranes (Roth, Germany). Membranes were blocked overnight at
4°C. Primary rabbit anti-GFP IgG antibody (1:500 dilution [Santa Cruz,
USA]) was added to the blocking solution and incubated 1 h at room
temperature. Membranes were washed 4 times with blocking solution
(2.5% [wt/vol] milk powder in Tris-buffered saline [TBS] [50 mM Tris-
HCI, pH 7.6; 150 mM NaCl]) for 10 min and incubated with a secondary
horseradish peroxidase-labeled goat anti-rabbit IgG antibody (1:2,000 di-
lution [Promega, USA]) for 1 h. Membranes were washed 4 times with
blocking solution for 10 min and finally 5 min in TBS, and immunoreac-
tive proteins were visualized by using an Ace Glow substrate (Peglab,
Erlangen) and detected with the Lumilmager (Peqlab, Erlangen).

RESULTS
Engineering of a cassette for high constitutive gene expression.
We used a stepwise approach (summarized in Fig. S1 in the sup-
plemental material) to optimize the previously identified strong
P,..mpc> which is located within a 325-bp region upstream of the
mamGFDC operon. We first attempted to identify the smallest yet
transcriptionally active fragment (see Fig. S1A in the supplemen-
tal material). Several fragments that were gradually truncated
from the 5" end of the 325-bp upstream region of the mamG gene
were cloned upstream of the egfp reporter, yielding the vectors
pAP150 and pAP161-pAP164. Whereas a 270-bp fragment dis-
played the same fluorescence intensity as the untruncated 325-bp
version, further truncation to 170, 102, and 45 bp increased the
fluorescence 1.5-, 2.2-, and 3-fold, respectively (Fig. 1A). Trunca-
tion of the putative promoter region of the mamGFDC operon
down to 45 bp (still comprising the —35 and —10 regions) in-
creased expression of the reporter gene significantly, possibly be-
cause regulatory elements were excluded from the promoter re-
gion (22). Therefore, the 45-bp truncated version of P,,...nc
(designated P, ,,,ncas) was chosen for all subsequent experiments.
As optimal spacing between the Shine-Dalgarno (SD) se-
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FIG1 (Ato C) Cellular EGFP fluorescence from various expression vectors in M. gryphiswaldense measured by fluorometry. Fluorescence was normalized to cell
density and reported as relative fluorescence units (RFU). Error bars represent standard deviations, calculated from three independent experiments. (A) Effects
of gradual truncation of the P, promoter region from 325 bp down to 45 bp. A strain carrying a promoterless vector displays only weak background
fluorescence, also observed for untransformed cells. (B) Effects of variation of the spacing from the SD sequence to the start codon from 13 to 5 bp in the RBS.
(C) Influence of TetR expression from different promoters on the expression of the reporter EGFP from P,,,. (D) GusA activity of cell extract from M.
gryphiswaldense expressing chromosomal GusA from P,,, promoter. GusA activity units are defined as nanomoles of product per minute per milligram of protein.

quence and the start codon has been shown to be crucial for bac-
terial gene expression (23, 24), we optimized the ribosomal bind-
ing site (RBS) for increased expression. To this end, we combined
P,.ampcas With the original RBS of mamG, spaced by variable
lengths from the SD sequence to the start codon of egfp (see Fig.
S1B in the supplemental material). Whereas random single-base-
pair substitutions within this region did not increase EGFP fluo-
rescence (data not shown), an 8-bp spacing in combination with
P,.ampcas caused 2.8-fold-higher fluorescence than the native RBS
(13 bp), while spacings of 5, 10, or 12 bp did not increase fluores-
cence (Fig. 1B). Thus, a spacing-optimized RBS (AGGAGATCAG
CATATG; RBS in italics and spacing in bold, followed by the start
codon), referred to as oORBS, was used in all subsequent optimiza-
tion steps.

Optimization of Tet-inducible expression. In the next step,
we wanted to generate an inducible expression system, which
should exhibit tight repression in the absence of inducer while
allowing high and tunable expression after induction. A hybrid
promoter similar to that described by Yoshino et al. (14), consist-
ing of the P,,,,,.,ncss promoter and two tetO sequences, yielded no
expression in M. gryphiswaldense. Likewise, we failed to construct
various hybrid promoters by combining operators from the Tet
and the lactose systems with native M. gryphiswaldense promoters,
including P,,,...nc4s and the nitrate-responsive P ;s (25). Also, we
found none of the tested inducible expression systems reported
for other alphaproteobacteria (26-29) to be sufficiently functional
in M. gryphiswaldense. In a different approach, we failed to recon-
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struct a riboswitch that reportedly was functional in the closely
related species M. magneticum (30) but exhibited high fluores-
cence in the absence of the inducer theophylline in M. gryphiswal-
dense (data not shown). The widely used P,,. promoter yielded
inducible yet very weak expression in M. gryphiswaldense (our
unpublished data).

Therefore, we focused on optimization of the Tn10-derived
Tet-inducible system (31), which in this study was found to be the
only inducible expression system to be functional in M. gryphi-
swaldense. Cloning P,,, upstream of egfp (pAP160) yielded signif-
icant fluorescence in the presence of 70 ng ml~" Atet while re-
maining tightly repressed (i.e., no fluorescence) in the absence of
the inducer (Fig. 1C). Previous studies utilizing the fet system have
shown that constitutive expression of TetR is more favorable for
the tight repression of strong promoters than the original auto-
regulated expression approach derived from the Tn10 Tet resis-
tance determinant (32); we tested pAP158, pAP159, and pAP160
for expression of the TetR repressor. However, only TetR ex-
pressed from the neomycin promoter P, resulted in tight repres-
sion (Fig. 1C). The construct carrying P,.-TetR (pAP160)
showed significant expression after induction (about 46% of the
fluorescence observed for expression of egfp from P,,, without re-
pressor). For further optimization, we combined P,,, containing
two tetO sequences with the oRBS and cloned it upstream egfp as a
reporter (see Fig. S1D in the supplemental material). Although P,,,
reached only 30% of the fluorescence from constitutive P,,,,,,ncas>
this expression level is sufficiently high for practical purposes,
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FIG 2 Fluorescence micrographs of M. gryphiswaldense expressing Mag-egfp
under the control of P,,,,,,,,pc4s from pSB1 (A) or a chromosomal insertion via
pSB6 (B) compared to nonfluorescent M. gryphiswaldense wt (C). Arrows in-
dicate nonfluorescent cells, filled arrows indicate strongly fluorescent cells,
and arrowheads indicate moderately fluorescent cells. Bar, 2 pm. (D) Western
blot of whole M. gryphiswaldense cells expressing Mag-egfp from the chromo-
some (pSB6) or plasmid (pSB1). Wt cells were included as a negative control.
Mag-EGFP was detected using rabbit anti-GFP IgG as the primary antibody
and goat anti-rabbit IgG alkaline phosphatase antibodies as the secondary
antibody.

while still maintaining tight repression in the absence of inducer.
Therefore, P,,,-TetR was chosen for further engineering of an
inducible expression cassette.

Chromosomal insertion of an expression cassette with a
codon-optimized egfp reporter gene results in brighter and uni-
form fluorescence. Expression of foreign genes in M. gryphiswal-
dense (average G+C content = 62.2%) might be limited by dif-
ferent codon usage. We therefore explored the effect of codon
optimization, by synthesis of an egfp variant based on the average
codon usage of M. gryphiswaldense (see Fig. S1C in the supple-
mental material), designated Mag-egfp (for Magnetospirillum-op-
timized EGFP) (see Fig. S2 in the supplemental material). If ex-
pressed from constitutive P,,,..rcas With oRBS, even minor
adjustments increased fluorescence of the resulting Mag-EGFP by
about 30% compared to EGFP (see Fig. S3A in the supplemental
material). Western blots of M. gryphiswaldense cells expressing
either Mag-EGFP (pSB1) or EGFP (pAP150) showed a more in-
tense EGFP band for cells expressing Mag-EGFP than for cells
expressing EGFP (see Fig. S3B in the supplemental material). Al-
together, the combined optimizations amounted to an 8-fold-in-
creased fluorescence and were cloned together into a single cas-
sette, DC_Mag-EGFP, harbored on pSB1.

Cells expressing Mag-egfp from a medium-copy-number plas-
mid (pSB1) showed a highly heterogenous phenotype: while
50% of cells were not fluorescent at all, about 20% showed only
weak and about 30% strong fluorescence (Fig. 2A). Therefore,
we attempted single-copy chromosomal integration of the ex-
pression cassette Tet_Mag-EGFP_TetR by Tn5-mediated
transposition from the pBAM1 (17)-derived insertion plas-
mids pSB6 (P,,...pcas) and pSB7 (P,,,) (for insertion sites, see
Table S4 in the supplemental material). Fluorescence microscopy
of populations with insertions of pSB6 and pSB7 showed a uni-
form phenotype, with about 98% of the cells showing identical
levels of intermediate fluorescence (Fig. 2B), while the untrans-
formed wild-type (wt) negative control showed only background
fluorescence (Fig. 2C). In Western blots with whole cells of iden-
tical cell numbers (Fig. 2D), Mag-EGFP bands of approximately
the same intensity were obtained, indicating that overall expres-
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sion yields were comparable for populations expressing Mag-
EGFP either from the plasmid (pSB1) or chromosomally, al-
though single cells displayed the greatest amplitudes and variation
of fluorescence in the population expressing Mag-EGFP from
pSB1. We failed to detect intermediate fluorescence levels by vary-
ing the inducer concentration between 50 ng ml~' (= saturated
fluorescence) and 2.5 ng ml~' (= no fluorescence) but instead
observed an all-or-none response. Although different induction
kinetics were observed with different amounts of Atet (e.g., after
induction for 6 h with 70 ng ml™" Atet, the fluorescence was ap-
proximately half of that of the constitutive promoter P,,.,..ncus)
increasing induction time to 18 h resulted in nearly same expres-
sion levels of Mag-EGFP as constitutive conditions (data not
shown).

Because of the known limitations of using GFP as the reporter
(33), for estimation of induction kinetics we instead used the en-
zyme (-glucuronidase (GusA), which we recently demonstrated
to be an efficient transcriptional reporter in M. gryphiswaldense
(25). After replacement of Mag-egfp by gusA, we measured GusA
activity in cells harboring a chromosomal copy of both the expres-
sion cassette and gusA (pSB8) in medium with and without Atet.
As with Mag-EGFP, essentially no activity was detectable in the
absence of inducer (Fig. 1D). While for Atet concentrations >2.5
ng ml™" induction was maximal and could be not further en-
hanced by concentrations up to 100 ng ml ™', between 0.5 and 1 ng
ml ™" anearly linear response was observed (Fig. 1D). In summary,
this demonstrated that transcriptional activity of P,,, is tunable
within a narrow range of inducer concentrations. As observed
with Mag-EGFP, maximum induction of P,,, yielded about one-
third of the constitutively expressed GusA activity (data not
shown).

Next, we attempted inducible expression of fusion proteins
displayed on magnetosomes (7). Therefore, Mag-egfp was re-
placed by mamC-Mag-egfp, which was fused via a 10-glycine
linker and cloned into pSB7. The resulting construct, pJH2, was
chromosomally inserted into M. gryphiswaldense strain AC (har-
boring a single gene deletion of mamC [34]) cells to eliminate the
background of nonfused MamC. Uninduced cells showed no flu-
orescence at all, while after addition of 70 ng ml ! Atet, a linear
fluorescence pattern characteristic of chain localization at midcell
was observed after 6 to 18 h by fluorescence microscopy (see Fig.
S4B and C in the supplemental material). Magnetosomes purified
from this strain exhibited strong and even fluorescence under the
microscope (see Fig. S5 in the supplemental material). This also
demonstrates that the expression of magnetosome proteins and
foreign proteins fused to them as well as their subsequent targeting
to MM can be induced.

Optimized magnetosome expression of fusion proteins. Be-
cause maximum expression levels obtained with both inducible
and constitutive promoters proved to be limiting for even higher
magnetosome expression, we attempted to further increase mag-
netosome expression of foreign genes by increasing their dosage.
To this end, we fused the C terminus of our MamC anchor via 10
glycine residues to a sequence variant of egfp, connecting them to
each other by an alpha helix linker. This was a precaution to re-
duce homologous recombination between the two copies, as egfp
and Mag-egfp share only 89% nucleotide identity. The Mag-
EGFP-EGFP construct was then cloned into pJH1, yielding pJH3,
which carried the optimized constitutive expression cassette DC_
MamC-Mag-EGFP-EGFP and was chromosomally inserted into
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FIG 3 Schematics of optimized expression vectors (DC_Mag-EGFP and Tet_Mag-EGFP_TetR or Mag-EGFP-EGFP fusion) and chromosomal insertion.
Expression vectors contained either the strong optimized P,,,,,,pc45 or the inducible P, promoter, the optimized oRBS, and the magnetosome anchor mamC,
which can be fused via a linker domain to any codon-optimized heterologous gene of interest (GOI). Insertion into the chromosome is via pPBAM1-derived

insertional plasmids and chromosome expression of fusion proteins.

M. gryphiswaldense AC (Fig. 3). Cells harboring Mag-EGFP—
EGFP displayed much stronger fluorescence signals at midcell
than cells with only a single Mag-EGFP fusion (see Fig. S4D in the
supplemental material). Expression of the Mag-EGFP-EGFP fu-
sion affected neither the biomineralization of magnetosomes nor
the thickness and appearance of the MM (Fig. 4A and B). To
estimate the amount of MamC-Mag-EGFP and MamC-Mag-
EGFP-EGFP, we performed quantitative Western blots on ex-
tracted MM. As expected, immunostaining of Mag-EGFP-EGFP
(pJH3) yielded a significantly stronger 74-kDa band than that of
single Mag-EGFP (Mag-EGFP-EGFP was diluted 10X for quan-
titative Western blot analysis) (Fig. 4C). Using a GFP standard
(Fig. 4D), we estimated that magnetosomes isolated from strain
JH1 (displaying MamC-Mag-EGFP expressed from P,,,,,pcas)

5
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D
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FIG 4 (A and B) Transmission electron micrographs of purified magneto-
somes from M. gryphiswaldense AC JH3 (A) and wt (B), showing no effect on
MM or magnetite crystals. Black scale bar, 200 nm; white scale bar, 40 nm. (C)
Quantitative Western blot of (Mag-)EGFP in the MM, isolated from M. gry-
phiswaldense strains expressing different chromosomal mamC-Mag-egfp fu-
sions from P, ,,,.ncss (JH1) and P, (JH2) and mamC-Mag-egfp—egfp fusions
(JH3) fromP,,,,..ncas- (Mag-)EGFP was detected by rabbit anti-GFP IgG as the
primary antibody and goat anti-rabbit IgG horseradish peroxidase antibodies
as secondary antibodies. The sample containing the Mag-EGFP-EGFP fusion
was diluted 10X for quantitative Western blot analysis. Band sizes are as fol-
lows: GFP, 27 kDa; 2X GFP, 74 kDa. (D) Recombinant GFP was used as a
standard.

C GFP [ng]
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contained approximately 33 ng Mag-EGFP per g magnetite (as
measured by iron content). If expressed from P,,, (strain JH2), 9
ng Mag-EGFP was detected per g magnetite. Magnetosomes ex-
pressing a MamC-Mag-EGFP-EGFP fusion from P,.,.pcas
(strain JH3) displayed a much stronger band than the other sam-
ples, corresponding to 83 ng (Mag-)EGFP per g magnetite (Fig.
4C; for details, see Fig. S7A and B in the supplemental material).

DISCUSSION

We optimized and constructed versatile cassettes that allow either
inducible or high-level constitutive expression and magnetosome
display of foreign proteins in M. gryphiswaldense.

Increased constitutive expression was accomplished by the
combined effect of various optimization steps, which altogether
yielded an 8-fold-higher expression of the cytoplasmic Mag-EGFP
reporter than previously available systems. The truncation also
yielded a compact, easy-to-clone gene cassette, whose extension of
58 bp is within the typical range of other prokaryotic promoters
(40 to 65 bp) (35).

None of the several tested inducible expression systems from
other alphaproteobacteria were found to be functional in M. gry-
phiswaldense, because of lack of either expression or repression.
We also failed to construct a functional tetracycline-responsive
hybrid promoter by combining the optimized P,,,,,,.pc4s With op-
erators (tetO) and the repressor (TetR) from the well-character-
ized tet system (31), which is functional in a vast variety of bacteria
(36, 37). Although a similar system was reported for the related M.
magneticum (14), in M. gryphiswaldense different variants of hy-
brid promoters lacked functionality, possibly due to the absence
of further regulatory elements in the genetic neighborhood of
PmumDC45 (38)

However, we found that in M. gryphiswaldense the original
Tnl0P,, promoter is tightly repressed but can be induced to rea-
sonably high expression levels in the presence of saturating Atet
concentrations as low as 2.5 ng ml L. This is 40-, 80-, 160-, and
even 200-fold lower than in Helicobacter pylori (36), E. coli (39),
Bacillus subtilis (37), and M. magneticum (14), respectively, while
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the regulatory range (up to 12-fold with the reporter GusA) is
comparable to fef-responsive systems in other bacteria (S. aureus,
50- to 100-fold; S. pneumoniae, 5-fold [40, 41]). We also found
that a chromosomal insertion of Tet MamC-Mag-EGFP_TetR
from vector pJH2 provides tight TetR-mediated silencing of
MamC-Mag-EGFP, while induction in magnetosome-con-
taining wt cells caused Mag-EGFP to be reasonably expressed
on magnetosomes after only 6 h. This implies that insertion of
newly synthesized MamC—Mag-EGFP fusion proteins into the
MM of pre-existing magnetosome particles is possible. In ad-
dition to magnetosome display, the TetR-controlled expres-
sion system could also be used for the generation of conditional
knockouts and gene depletion studies and thus extends the
genetic toolbox available in M. gryphiswaldense. Despite these
improvements, maximum expression of fully induced P,
reaches only 30% of constitutive P, ... nc4s-driven expression.
However, this level is sufficient and appropriate for many prac-
tical purposes.

Inhomogeneous expression (that is, uneven expression levels
varying between individuals) of the reporter gene from plasmids
in isogenic cultures is frequently observed in bacteria (42, 43). We
achieved a much more homogenous Mag-EGFP expression by
chromosomal insertion of single copies than did previous at-
tempts with multicopy expression (7, 8). Tn5-mediated transpo-
sition allows straightforward, single-site integration into the host
chromosome, despite the possible disadvantage of random inser-
tion. One caveat of using Tn5-mediated transposition is that the
expression cassette integrates randomly into genomic loci of un-
known function, possibly causing unwanted mutations. However,
all insertants lacked obvious phenotypes with respect to growth
and magnetosome formation (compare Fig. S6A and B in the sup-
plemental material), indicating the absence of effects on host me-
tabolism. On the other hand, reporter expression in the absence or
presence of inducer were similar in all insertants, suggesting that
no interference such as read-through from external promoters
occurred.

In addition to increased transcription, using GFP as a model
we explored two strategies to enhance translation of foreign pro-
teins. First, we demonstrated that even minor adjustments of the
codon usage closer to that of M. gryphiswaldense (62.2% G+C)
increased the fluorescence of the resulting synthetic Mag-EGFP
(Magnetospirillum-optimized EGFP) by 30%, which thus repre-
sents a reporter with increased sensitivity for future tagging and
localization studies. Codon optimization seems promising also for
boosting expression of other foreign proteins, as demonstrated in
other bacteria (44).

Second, we showed that magnetosome expression of foreign
proteins can also be enhanced by increasing their copy number. In
similar approaches, Choi and coworkers integrated double copies
of the cym repressor into Methylobacterium extorquens, thereby
achieving tight repression of an inducible promoter (45). In the
same organism, expression of five chromosomal copies of gfp re-
sulted in 20-fold-higher expression than single-copy expression
(46). Multicopy insertion of recombinant pathways can increase
gene expression by 60% in contrast to plasmid expression of the
same pathway in E. coli (47). In our study, duplication of (Mag-)
egfp fused in tandem to mamC resulted in strong fluorescence and
2.5-fold increased expression of the (Mag-)EGFP reporter on
magnetosomes. Mag-EGFP-EGFP fusions displayed proteolytic
stability, as no cleavage products could be detected via Western
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blotting. These engineered magnetosomes represent magnetic
nanoparticles with greatly enhanced fluorescence, which could be
of immediate relevance for a number of applications, such as, for
instance, as bimodal contrast agents for both magnetic resonance
imaging (MRI) and near-infrared fluorescence optical (NIRF) im-
aging (48). In addition, magnetosome-expressed single and tan-
dem EGFP fusions with enhanced fluorescence intensity and uni-
formity can be used as fluorescent tags to follow intracellular
protein localization or to study the intricate cell biology of this and
other magnetic bacteria. MamC-Mag-EGFP expression driven by
P,.ampcas resulted in 33 ng Mag-EGFP per pg magnetite, which
was 3.6-fold higher than that from P,,, (9 ng wg ™' magnetite). The
amount of (Mag-)EGFP obtained with Mag-EGFP-EGFP fusion
per g magnetite was 83 ng and thus 2.5-fold higher than single
copy MamC—Mag-EGFP expressed constitutively. Based on these
data, we attempted to estimate the copy number of GFP proteins
expressed on single magnetosome particles. Assuming a diameter
of 37.5 nm for a single magnetite crystal as determined by trans-
mission electron microscopy, a density of 5.24 g/cm’ for magne-
tite, and for simplicity an approximately spherical shape, this
would result in a volume of 2.76 X 10~'” cm’ and mass of 1.45 X
107 "¢ g for an average single magnetosome crystal (see Fig. S7C in
the supplemental material). For MamC-Mag-EGFP expressed
fromP,,...ncas We thus can estimate about 100 Mag-EGFP copies
per magnetosome, while only about 30 copies were present if the
same construct was expressed from P,,,. 250 (Mag-)EGFP copies
per particle were calculated for the Mag-EGFP—EGFP fusion. This
more-than-double amount of (Mag-)EGFP might be due to in-
creased stability of the Mag-EGFP—EGFP fusion or, alternatively,
just to the variability of magnetosome sizes, which to some extent
depend on the growth stage of the cells. Assuming a lower size
of only 35 nm and an upper size of 48 nm (as found within the
typical range of variation [49]), the same calculations would
yield GFP copy numbers of 80 to 210 in strain JH1 and 200 to 520
(Mag-EGFP-EGFP fusion) in strain JH3. Assuming MamC-to-
Mag-EGFP ratios of 1:1 for the single protein and 1:2 for the Mag-
EGFP-EGFP fusion, the number of MamC copies per magneto-
some particle is most likely within the range of 80 to 260.
Assuming a surface area of 4,417 nm? for a 37.5-nm magnetosome
particle and a diameter of approximately 3.45 nm for the 12.5-kDa
MamC protein (7), the theoretical number of MamC copies that
would cover the entire particle surface would be 1,280. However,
as previous estimations revealed MamC to be only a part (relative
abundance, 16.3% [50]) of the MM, which contains about 20
different proteins (50), the estimated 80 to 250 copies occupying
about 6 to 20% of the surface seem to be a realistic range. Thus, the
number of MamC molecules that can serve as fusion anchors is
unlikely to be further increased without disturbing MM function.
Instead, increasing the number of protein units fused to a single
MamC anchor, as shown by our Mag-EGFP-EGFP fusion, is a
more appropriate route to increase yields of heterologous proteins
expressed per particle.
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