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Fluorescent proteins have wide applications in biology. However, not all of these proteins are properly
expressed in bacteria, especially if the codon usage and genomic GC content of the host organism are not ideal
for high expression. In this study, we analyzed the DNA sequences of multiple fluorescent protein genes with
respect to codons and GC content and compared them to a low-GC gram-positive bacterium, Bacillus anthracis.
We found high discrepancies for cyan fluorescent protein (CFP), yellow fluorescent protein (YFP), and the
photoactivatable green fluorescent protein (PAGFP), but not GFP, with regard to GC content and codon usage.
Concomitantly, when the proteins were expressed in B. anthracis, CFP- and YFP-derived fluorescence was
undetectable microscopically, a phenomenon caused not by lack of gene transcription or degradation of the
proteins but by lack of protein expression. To improve expression in bacteria with low genomic GC contents,
we synthesized a codon-optimized gfp and constructed optimized photoactivatable pagfp, cfp, and yfp, which
were in contrast to nonoptimized genes highly expressed in B. anthracis and in another low-GC gram-positive
bacterium, Staphylococcus aureus. Using optimized GFP as a reporter, we were able to monitor the activity of
the protective antigen promoter of B. anthracis and confirm its dependence on bicarbonate and regulators

present on virulence plasmid pXO1.

Fluorescent proteins (FPs) based on the Aequoria green FP
(GFP) are widely used for elucidating molecular mechanisms
in cells and bacteria. Today, a large number of different FPs
are available from different groups of cnidaria, some of which
exhibit distinct absorption and emission spectra, superior fold-
ing, and improved activation at higher temperatures (14, 38,
50). Unlike other fluorescent reporters, the chromophore in
the Aequoria GFP is intrinsic to the primary protein structure
and consequently, in addition to oxygen needed for the acti-
vation of the chromophore, does not require substrates or
other cofactors to fluoresce (8, 17, 46). FPs have found wide
applications not only in eukaryotes but also in prokaryotes,
including reporter systems to monitor protein expression or
promoter activity or for analysis of protein localization within
the cell (48). To elucidate bacterial protein expression, it
would be desirable to have multiple fluorescent markers avail-
able for expression in the target bacterium; Suel et al. (42), for
example, analyzed the regulatory circuit of Bacillus subtilis
competence using multiple FPs. However, not all FPs are ex-
pressed properly in all bacteria. To overcome these problems,
Veening and colleagues were able to increase FP expression in
B. subtilis by 20 to 70% by adding the first eight amino acids of
ComGA to the N-terminal sequences of cyan FP (CFP) and
yellow FP (YFP), speculating that the overcoming of a slow
translation initiation caused by the eukaryotic codon bias led to
this expression improvement (49). In addition, codon optimi-
zations have been successfully used to increase expression of
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extrinsic proteins in different cells (3, 27). Using this method,
unfavorable or rare codons in an extrinsic gene are exchanged
in favor of more abundant ones without affecting amino acid
sequences. This approach not only may lead to higher expres-
sion yields of recombinant proteins in bacteria and mammalian
cells (3, 27, 34, 43, 51) but may also lead to fewer mistransla-
tions, therefore improving the quality of the protein (22).

Gram-positive bacteria can be divided into two distinct
groups: those with an overall high GC content, including My-
cobacteria and Streptomyces, and those with low genomic GC
content, such as Bacillus, Lactococcaceae, and Clostridia (28).
Bacillus anthracis, the causative agent of anthrax, belongs to
the latter group. We hypothesized that by replacing rare GC-
rich codons with more abundant, AT-rich ones, we could im-
prove gene expression of FPs in a low-genomic-GC-content
bacterium such as B. anthracis. Our ultimate aims were the
acquisition of a variety of colors for investigating molecular
mechanisms in these prokaryotes and the improvement of FP
expression. Codon optimizations by gene synthesis are widely
offered and present a cost-effective way to increase recombi-
nant protein yield.

Here we show that by exchanging amino acids of just one
codon-optimized protein, we were able to obtain three FPs:
YFPopt, CFPopt, and PAGFPopt, a photoactivatable GFP
(31). All FPs, including the codon-optimized GFP, GFPopt,
are highly expressed not only in B. anthracis but also in Staph-
ylococcus aureus and can be used to analyze promoter activity.
The corresponding genes have a low GC content and may be
suitable for expression in other low-GC gram-positive bacteria.

MATERIALS AND METHODS

Bacterial strains, media, and growth conditions. All strains used in this study
are listed in Table 1. Escherichia coli strains used for cloning purposes were
grown in Luria-Bertani (LB) broth or plates. B. anthracis strain Ames 33, a
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TABLE 1. Strains and plasmids used in this study

APPL. ENVIRON. MICROBIOL.

Plasmid or strain

Relevant characteristic(s)”

Source or reference

Strains
E. coli
TOP10 Invitrogen
SCS110 Stratagene
B. anthracis
Ames 33 pXO1™ pXO2~ 32
Ames 35 pXO1" pXO2~ 32
A33(pSW4-GFPmutl) Ames 33 electroporated with pSW4-GFPmutl, Km" This study
A33(pSW4-GFPopt) Ames 33 electroporated with pSW4-GFPopt, Km" This study
A33(pSW4-CFP) Ames 33 electroporated with pSW4-CFP, Km" This study
A33(pSW4-CFPopt) Ames 33 electroporated with pSW4-CFPopt, Km" This study
A33(pSW-PAGFPopt) Ames 33 electroporated with pSW4-PAGFPopt, Km" This study
S. aureus
RN4220 Hemolysin-defective S. aureus strain, Sp" 13
RN(pTetONGFPopt) RN4220 electroporated with pTetONGFPopt, Sp" This study
RN(pTetONCFPopt) RN4220 electroporated with pTetONCFPopt, Sp* This study
RN(pTetONYFPopt) RN4220 electroporated with pTetONYFPopt, Sp* This study
Plasmids
pCR2.1 TOPO Cloning vector, Km" Ap" Invitrogen
pUCI18-GFPopt Vector harboring custom codon-optimized GFPmutl, Ap" BlueHeron
pS10-CFP pCR2.1 harboring CFP under the control of S10 promoter of S. aureus This study
pS10-CFPopt pCR2.1 harboring CFPopt under the control of S10 promoter of S. aureus This study
pSW4 Gram-positive/gram-negative shuttle vector with PA promoter, Km" Ap* 32
pSW4-GFPmutl pSW4 plasmid containing 729-bp Asel/BamHI-cloned gfpmut1 This study
pSW4-GFPopt pSW4 plasmid containing 729-bp Asel/BamHI-cloned gfpopt This study
pSW4-CFP pSW4 plasmid containing 732-bp Asel/BamHI-cloned cfp This study
pSW4-CFPopt pSW4 plasmid containing 732-bp Asel/BamHI-cloned cfpopt This study
pSW4-YFP pSW4 plasmid containing 732-bp Asel/BamHI-cloned yfp This study
pSW4-YFPopt pSW4 plasmid containing 729-bp Asel/BamHI-cloned yfpopt This study
pSW4-PAGFP pSW4 plasmid containing 732-bp Asel/BamHI-cloned pagfp This study
pYJ335 Vector with tetracycline-inducible P,y .0 promoter 20
pJRS312 Vector containing spectinomycin cassette 36
pTetON pYJ335 derivative with inactive tetracycline repressor promoter, Ap" Sp* This study
pTetONGFPopt pTetON containing 729-bp gfpopt cloned via Smal/Sbfl This study
pTetONCFPopt pTetON containing 729-bp cfpopt cloned via Smal/Sbfl This study
pTetONYFPopt pTetON containing 729-bp cfpopt cloned via Smal/Sbfl This study

“ Abbreviations: Ap’, ampicillin resistance; Km", kanamycin resistance; Sp*, spectinomycin resistance.

pXO1~/pXO2~ derivative of strain Ames 34 (32), and strain Ames 35 (pXO1™*/
pXO2~) were grown in LB broth or NBY broth, containing 0.8% (wt/vol)
nutrient broth, 0.3% yeast extract, 0.5% glucose, 1% fetal bovine serum (FBS),
and 0.9% sodium bicarbonate. Bacteria were grown at 37°C and 225 rpm in
either air or air supplemented with CO, regulated at 5% (vol/vol). Sporulation
plates contained 0.92% nutrient broth, 0.001% MnSO,, 0.001% KH,PO,, and
1.8% agar. S. aureus strain RN4220, a gift from Michael Otto, was grown in
tryptic soy broth (TSB) at 37°C and 225 rpm or on tryptic soy agar. When
required, the following antibiotics (Sigma) were added: ampicillin (100 pg/ml),
kanamycin (20 wg/ml for B. anthracis and 100 pg/ml for S. aureus), and specti-
nomycin (100 pg/ml).

Site-directed mutagenesis. gfpopt was synthesized by oligonucleotide assembly
performed by BlueHeron. For generation of cfpopt, yfpopt, and pagfpopt by
site-directed mutagenesis using gfpopt as a template, the Stratagene QuikChange
Multi Kit was used as recommended by the manufacturer. During the mutagen-
esis, the following nucleotides were subjected to exchange: (i) for cfpopt, A197G,
C198G, A437T, T458C, A692T, and C693A (in addition, a GTT coding for a
valine at position 2 of the protein was incorporated into cfpopt, because this
codon is also present in c¢fp); (ii) for yfpopt, A193G, C194G, G202C, T214G,
A607T, C608A, and GO609T; and (iii) for pagfpopt, A192T, A193T, T488C,
A607C, C608A, and G609T. All oligonucleotides designated with “SDM” (Table
2) were designed using the Stratagene web page (http://stratagene.com
/TechToolbox) and were used to amplify the entire pUC18-GFPopt plasmid.
PCR was performed as recommended, with an extension time of 6 min 45 s.
Template DNA was subsequently digested with Dpnl, and the residual plasmids,

pUC18-CFPopt, pUC18-YFPopt, and pUC18-PAGFPopt, were transformed
into XL10-Gold (Stratagene). Positive transformants were identified by PCR and
verified by sequencing using M13 primers.

Recombinant DNA techniques. Vectors pSW4-GFPopt, pSW4-GFPmutl,
pSW4-CFP, pSW4-CFPopt, pSW4-YFP, pSW4-YFPopt, and pSW4-PAGFPopt
(Table 2) were constructed as follows. Fluorescent genes were amplified with
proofreading Phusion polymerase (New England Biolabs) from pUCI8 with
oligonucleotides FPAsefw and FPBamrv for codon-optimized constructs, CFPfw
in combination with CFPrv for ¢fp, and YFPfw in combination with YFPrv for
yfp, incorporating a BamHI restriction site at the 3’end and an Asel restriction
site at the 5'end. Templates for yfp and cfp amplification were the vectors pIYFP
and pICFP, respectively (49), which we received from the Bacillus Genetic Stock
Center. PCR fragments were subsequently cloned into TOPO pCR2.1 (Invitro-
gen), and positive TOP10 clones were sequenced with M13 primers to verify the
fidelity of the insert. pPSW4 was restricted with Ndel and BamHI, and FP genes
were ligated into the vector via BamHI and Asel sites; the latter site has single-
strand extensions compatible with Ndel products. Positive XL2Blue clones were
verified by restriction analysis and sequencing, using oligonucleotide pSW4seq,
which anneals in pSW4.

To generate CFP fusions with the S10 promoter of S. aureus, the S10 promoter
was amplified using oligonucleotide S10fwAse in combination with SI0CFPrv
with genomic DNA of strain RN4420 as a template. c¢fp was amplified with
oligonucleotide CFPSOEfw in combination with CFPBamrv, resulting in an
overlap with the S10 promoter at the 5'end of the FP gene, as well as incorpo-
ration of a BamHI site at the 3’ end. The S10 promoter and FP gene fragments
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TABLE 2. Oligonucleotides used in this study
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Primer name

Sequence (5’ to 3')*

Restriction

site

Purpose

FPAsefw
FPBamrv

GFPAsefw
GFPBamrv

CFPAsefw
CFPBamrv

YFPAsefw
YFPBamrv
SDMCFPV2
SDMCFPH-L
SDMCFPSY-TW
SDMCFPN-I

SDMCFPM-T

SDMYFPSV-GL

SDMYFPS-A

SDMYFPT-Y

SDMPAGFPLT-FS

SDMPAGFPS-A

SDMPAGFPT-H

pSW4Seq

M13f

M13r

S10fwAse

S10CFPrv

S10CFPoptrv

CFPoptBclfw
CFPoptBamrv

GGATTATGTCAAAAGGAGAAGAATTATTTACAG
GGATCCTTACTTATATAATTCATCCATTCCGTG

GGATTAATGAGTAAAGGAGAAGAACTTTTCACTG
GGATCCTTATTTGTATAGTTCATCCATGCCA

GGATTAATGGTGAGCAAGGGCGA
GGATCCTTACTTGTACAGCTCGTCCATG

GGATTAATGGTGAGCAAGGGCGAG
GGATCCTTACTTGTACAGCTCGTCCATGC

TATACAAAAAGGAGAACGCATAATGGTTTCAAAAGGAGAAGAATT
ATTTACAG

TTCGTAACAGCAGCAGGAATTACACTAGGAATGGATGAATTATAT
AAGTAAG

GGCCCACACTTGTGACTACTTTAACATGGGGAGTACAATGTTTTTC
GGACATAAATTAGAATACAATTACATCAGTCATAACGTATACATAA
TGGCA

AGAATACAATTACAACAGTCATAACGTATACATAACGGCAGATAA
ACAGAAAAA

ATGGCCCACACTTGTGACTACTTTAGGATACGGACTACAATGTTTT
TCAAGATATC

TTTAACATACGGAGTACAATGTTTTGCAAGATATCCAGATCATATG
AAAC

CTTCTACCAGATAATCATTACTTAAGCTATCAAAGCGCTTTATCTAA
AGACCCAAA

GGCCCACACTTGTGACTACTTTTTCATACGGAGTACAATGTTTTTC
GGCAGATAAACAGAAAAATGGAATTAAAGCTAACTTTAAAATAAG
ACACAATATAGAAG

CTTCTACCAGATAATCATTACTTAAGCCATCAAAGCGCTTTATCTAA

AGACCCAAA

AAAGTTCTGTTTAAAAAGCCAAAAAT

GTAAAACGACGGCCAGT

AACAGCTATGACCATG

GGATTAATATTCACCACCGTTCTTATGACTA

CTTGCTCACCATAATTTTCCCTCCTTATTCGTCTA

CTTTTGAAACCATAATTTTCCCTCCTTATTCGTCTA

ATTGATCATACAAAAAGGAGAACGCATAATGGTGAGCAAGGGCGA
GGATCCTTACTTATATAATTCATCCATTCCTAGTG

Asel
BamHI

Asel
BamHI

Asel
BamHI

Asel

BamHI

None

None

None

None

None

None

None

None

None

None

None

None

None

None

Asel

None

None

Bell
BamHI

Amplification of fluorescent
protein genes

Amplification of non-codon-
optimized gfpmutl

Amplification of non-codon-
optimized cfp

Amplification of non-codon-
optimized yfp

Site-directed mutagenesis of
cfpopt to introduce valine-
2 (CFPopt)

Site-directed mutagenesis of
gfpopt for exchange
H232L (CFPopt)

Site-directed mutagenesis of
gfpopt for exchanges S65T
and Y66W (CFPopt)

Site-directed mutagenesis of
gfpopt for exchange N1461
(CFPopt)

Site-directed mutagenesis of
gpfopt for exchange
M153T (CFPopt)

Site-directed mutagenesis of
gfpopt for exchanges
S65G and V6SL
(YFPopt)

Site-directed mutagenesis of
gfpopt for exchange S72A
(YFPopt)

Site-directed mutagenesis of
gfpopt for exchange
T203Y (YFPopt)

Site-directed mutagenesis of
gfpopt for exchanges L64F
and T65S (PAGFPopt)

Site-directed mutagenesis of
gfpopt for exchange
V163A (PAGFPopt)

Site-directed mutagenesis of
gfpopt for exchange
T203H (PAGFPopt)

Sequencing oligonucleotide
for verification of pSW4
inserts

Sequencing oligonucleotide
for verification of pCR2.1
inserts

Sequencing oligonucleotide
for verification of pCR2.1
inserts

Forward primer to amplify
S10 promoter from S.
aureus

Reverse primer for S10
promoter with cfp overlap

Reverse primer for S10
promoter with cfpopt
overlap

Amplification of cfpopt with
ribosomal binding site for
pTetON cloning

Continued on following page
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TABLE 2—Continued

Restriction

Primer name Sequence (5 to 3")* site Purpose
YFPoptBclfw ATTGATCATACAAAAAGGAGAACGCATAATGTCAAAAGGAGAAGA Bell Amplification of yfpopt with
ATTATTTACAG ribosomal binding site for
YFPoptBamrv CGGGATCCTTACTTATATAATTCATCCATTCCGTG BamHI pTetON cloning
CFPSOEfw GGAGGGAAAATTATGGTGAGCAAGGGCGA None Forward primer for cfp with
S$10 promoter overlap
CFPoptSOEfw GGAGGGAAAATTATGGTTTCAAAAGGAGAAGAATT None Forward primer for cfpopt
with S10 promoter
overlap
GyrAfw AAAACCTGTGCATCGTAGGG None Forward primer for gyr4
GyrArv ACATTAGCATTGGCATCACG None Reverse primer for gyrA

“ Restriction sites are in boldface, and overlaps are in italic.

were fused by overlap extension PCR (18) and cloned into pCR2.1 (Invitrogen),
and single colonies were directly analyzed for CFP fluorescence by microscopy.

For expression of CFPopt and YFPopt in S. aureus, both FP genes were
amplified using oligonucleotide CFPoptBclfw in combination with CFPopt-
Bamrv and oligonucleotide YFPoptBclfw with YFPoptBamrv, respectively. After
subcloning into pCR2.1 (Invitrogen), sequencing to verify the fidelity of the
construct, and transformation of plasmids into E. coli strain SCS110 to receive
nonmethylated DNA, fragments were excised with Bcll and BamHI and ligated
into vector pTetON, which is a derivative of plasmid pYJ335 (20) to which the
following changes have been made: (i) the erythromycin resistance cassette was
replaced by a spectinomycin cassette originating from vector pJRS312 (36); (ii)
the tetracycline repressor gene was exchanged with an improved repressor called
tetR(B/D), which has superior repression characteristics (37); and (iii) the retR
promoter was replaced by anxyl4 promoter from Bacillus megaterium (21), which
is nonfunctional in S. aureus, and consequently, in the absence of tetR(B/D), any
gene placed under the control of the (normally) tetracycline-inducible promoter
will be constitutively expressed. All oligonucleotides used in this study are listed
in Table 2.

Transformation and analysis of recombinant bacteria. B. anthracis was trans-
formed as described previously (30) and plated onto selective LB agar.

S. aureus competent bacteria were prepared as described by Fitzgerald (15).
Briefly, bacteria were grown in 25 ml TSB until an optical density of 1.0 at 600
nm was reached, washed multiple times in 10% glycerol (vol/vol), and resus-
pended in the same buffer, and then 1 pg of plasmid DNA was added. Bacteria
were electroporated at 1.75 kV, 100 Q, and 25 wF. TSB was added, and the
suspension was incubated at 37°C for 1 h before aliquots were plated on tryptic
soy agar containing the appropriate antibiotic.

To verify the presence of plasmids, colonies were boiled for 2 min at 96°C in
either Tris-EDTA buffer (for B. anthracis) or lysis buffer (for S. aureus), consist-
ing of 1% Triton X-100, 0.5% Tween 20, 10 mM Tris-HCI (pH 8.0), and 1 mM
EDTA (41). Bacterial debris were centrifuged for 1 min at 12,000 X g, and
supernatants were analyzed by PCR.

Microscopy and fluorimetric assays of bacteria. For microscopic evaluation of
fluorescence, bacteria grown overnight were diluted in phosphate-buffered saline
(PBS) and directly analyzed by microscopy, using a Nikon Eclipse TE2000U
microscope with the appropriate filters for detection of CFP (excitation at 405 *
10 nm and emission at 430 * 25 nm) or GFP or YFP (excitation at 470 = 20 nm
and emission at 515 nm). For analysis of spores, bacteria were streaked out on
spore agar and incubated over a period of 14 days at room temperature. On
several subsequent days, spore suspensions were diluted in water and analyzed
microscopically. Pictures were taken with a DXM1200C camera (Nikon) and
processed using IrfanView. For imaging photoactivatable GFP, a laser-scanning
confocal microscope (LSM-510 Zeiss) with a 63X, 1.4-numerical aperture Plan
Apochromat oil objective was used. Imaging and photoactivation of PAGFP
were performed with the 488-nm line of an argon ion laser (Lasos). The dichroic
mirrors used were 413/488 with the appropriate filters supplied by the manufac-
turer (Carl Zeiss Microimaging, Inc). Photoactivation of PAGFP was performed
using 15 iterations of a 413-nm laser (Coherent Enterprise II) at full power in a
rectangular region of interest. Two Z-section images of 1 wm in thickness were
collected immediately before photoactivation.

To assess protective antigen (PA) promoter-dependent fluorescence in fluo-
rimetric assays, an overnight culture of B. anthracis was diluted 1/100 in fresh
NBY broth supplemented with FBS with or without 0.9% sodium bicarbonate

and grown at 37°C in air or 5% CO,. Fluorimetric measurements of bacteria
grown to different optical densities were performed in a Victor3 reader (Perkin-
Elmer) using a GFP filter set (excitation at 485 nm and emission at 535 nm).
Fluorescence intensities were normalized against the nonfluorescent wild type.

Flow cytometry. For fluorescence-activated cell sorter (FACS) analysis, bac-
teria grown overnight were centrifuged, washed, and resuspended at 1/20 in PBS.
Samples were analyzed using a FACS Aria cell sorting system (Becton Dickin-
son) with a 100-mW, 488-nm coherent sapphire solid state laser for GFP and
YFP and a 20-mW coherent violet solid state laser for CFP. The fluorescence
intensity of 50,000 ungated events was measured in FL-1 and detected at a 515-
to 545-nm range with a fluorescein isothiocyanate filter (GFP/YFP) or at a 430-
to 470-nm range with a Pacific Blue filter (CFP). B. anthracis strain Ames 33 not
carrying FP genes served as negative control. Data were analyzed using FACS
Diva (Becton Dickinson).

Western blot and protein analysis. Bacteria were grown in 10 ml LB broth
until the mid-logarithmic (Ames 33 expressing different FPs) or stationary (for
pagA promoter analysis) growth phase. Cultures were centrifuged, washed twice
with PBS, and resuspended in 500 ul PBS, and bacteria were lysed in a FastPrep
system (MP Biomedical) using the FastProtein kit (MP Biomedical) as recom-
mended by the manufacturer. Lysed suspensions were centrifuged briefly, and
concentrations of protein lysates were determined using a bicinchoninic acid
protein assay kit (Pierce). Equal amounts of cellular proteins were separated by
sodium dodecyl sulfate-polyacrylamide gel electrophoresis on a 4 to 20% Tris-
glycine gel and blotted onto a nitrocellulose membrane. FPs were subsequently
identified using a rabbit anti-GFP polyclonal antibody (Rockland) as the primary
antibody and a polyclonal goat anti-rabbit IR800 conjugate (Rockland) as the
secondary antibody. The Western blot was developed on an Odyssey infrared
scanner (Licor), and bands were quantified using ImageJ software version 1.40g.
Protein alignments were performed with the Lasergene MegAlign program (ver-
sion 7.1.0) using the Clustal W method.

RNA isolation and reverse transcriptase PCR (RT-PCR). Ten milliliters of
mid-logarithmic-phase culture was centrifuged and washed once with PBS, and
RNA was isolated using a FastRNA Pro kit (MP Biomedical) as recommended
by the manufacturer. RNA was ethanol precipitated and resuspended in 50 to
100 pl diethyl pyrocarbonate-treated water, and concentrations were determined
using an ND-100 spectrophotometer (Nanodrop).

For RT-PCR, purified RNA was treated with DNase (Ambion) and screened
for absence of contaminating DNA by PCR, and 2.5 pg of DNase-treated RNA
was subjected to reverse transcription using the Superscript First Strand kit
(Invitrogen). To amplify FP genes, the following oligonucleotides were used:
FPAsefw and FPBamrv for codon-optimized genes, YFPAsefw and YFPBamrv
for yfp, CFPAsefw and CFPBamrv for cfp, and GFPAsefw in combination with
GFPAserv for gfpmutl. As an internal control, reactions were also performed
with primers GyrAfw and GyrArv, which were designed to amplify a 819-bp
fragment of the gyrase A gene (accession no. YP_016609). All primers are listed
in Table 2. As negative control, RNA isolated from the Ames 33 wild-type strain
was used. Band intensities were quantified using ImageJ version 1.40g.

Statistical analysis. For statistical analysis of differences in mean fluorescence
intensities (MFIs), the unpaired ¢ test was performed using GraphPad Prism
(5.01).

Nucleotide sequence accession numbers. The DNA sequences of all four codon-
optimized FP genes have been submitted to GenBank and are available under
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TABLE 3. GC content and unfavorable codons in fluorescent
protein genes and endogenous genes

Unfavorable codons

Gene % GC
No./total %
gfpmutl 38.77 96/239 40.17
cfp 61.94 226/240 94.17
yfp 61.53 213/240 88.75
pagfp 61.53 224/240 94.17
gfpopt 33.19 55/239 23.01
cfpopt 33.47 56/240 23.33
yfpopt 33.19 54/240 22.18
grA 33.53 185/824 22.45
pagA 33.38 191/765 24.96
srtA (GBAAO6SS) 33.05 52/234 22.65
spo0A 37.36 76/265 28.67

accession numbers FJ169508 (gfpopt), FI169509 (cfpopt), FI169510 (yfpopt), and
FJ169511 (pagfpopt).

RESULTS

Sequence analysis of gfpmutl, cfp, yfp, and pagfp. In compar-
ison to some other bacteria, such as Mycobacterium tuberculosis or
Corynebacterium diphtheriae, B. anthracis has an unusually low
GC content of approximately 35% (http://cmr.tigr.org/tigr-scripts
/CMR/GenomePage.cgi?org=gba). Consequently, for the ex-
pression of proteins derived from heterologous organisms hav-
ing a higher GC content, a low availability of GC-rich codons
in B. anthracis could be a limiting factor for protein synthesis
and a negative influence on protein expression. In an initial in
silico analysis, we considered whether B. anthracis could be
expected to support expression of the Aequorea victoria-de-
rived gfpmutl gene (11), the ¢fp and yfp genes, encoding CFP
and YFP, respectively (14), and the pagfp gene, encoding a
photoactivatable FP (31). The main difference between the last
three genes and gfpmutl, beyond the obvious differences in
fluorescence excitation and emission spectra, is that c¢fp, yfp,
and pagfp are derivatives of Clontech’s egfp, a gene with high
GC content optimized for expression in mammalian cells.
pagfp represents a photoactivatable GFP, first described by
Patterson and Lippincott-Schwartz (31), that is nonfluorescent
unless activated with a 413-nm laser. We analyzed the DNA
sequences of all four genes with respect to GC content and

GFPopt
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percentage of unfavorable codons for expression in B. anthra-
cis. A codon was deemed unfavorable if it was at least 50% less
frequent than the most commonly used codon for a given
amino acid in B. anthracis. Additionally, for comparison pur-
poses, four randomly picked genes from B. anthracis were
subjected to the same analysis: (i) sporulation gene spo0A, (ii)
gyrase subunit A gene gyrA, (iii) PA gene pagA, and (iv) sortase
A gene srtA. The results of this analysis are depicted in Table
3 and show that all nonoptimized FP genes exhibit a higher GC
content than endogenous genes of B. anthracis. gfpmutl has the
lowest GC content of all four (39%) and the lowest percentage
of unfavorable codons. In contrast, cfp, yfp, and pagfp exhibit a
substantially higher GC content than intrinsic B. anthracis
genes. Concomitantly, the percentages of unfavorable codons
for B. anthracis are 94% (cfp), 89% (yfp), and 94% (pagfp),
values greatly elevated in comparison to those for endogenous
genes. In comparison, B. anthracis endogenous genes have an
overall GC content of 33 to 37% and an unfavorable codon
percentage of 22 to 29%. Taken together, these data imply that
pagfp, cfp, and yfp are more likely to benefit from codon opti-
mization than is gfpmutl.

Generation of codon-optimized gfpmutl, cfp, and yfp for ex-
pression in B. anthracis. Initially, we designed a gfpmutl gene
with a lower GC content, hoping that it might show superior
expression in B. anthracis. Using an in silico approach, we
exchanged 110 nucleotides in the gfpmutl gene, reducing the
total number of unfavorable codons from 40% to 23%, which
resembles the percentage in endogenous genes (Table 3). The
codon-optimized gene, gfpopt, was then synthesized and in-
serted into pUC18 (BlueHeron). This plasmid served as a PCR
template for generation of codon-optimized cfpopt, yfpopt,
and pagfpopt as outlined in Materials and Methods. An alignment
of all codon-optimized FPs with CFPopt is given in Fig. 1. The
translated GFPopt had the following exchanges in comparison
to GFPopt: Y66W, N1461, M153T, V163A, and H231L, as well
as an additional valine at position 2 of the mature protein (Fig.
1). The last two amino acid changes were incorporated to
match the protein sequence of CFPopt exactly to that of the
Clontech-derived CFP. Consequently, in comparison to the
unmodified ¢fp, a total of 410 nucleotides were exchanged in
cfpopt, leading to a lowered GC content of 33.5% and a
decrease in the percentage of unfavorable codons to 23%
(Table 3).

“MSKEGEELFTGVVPILVELDGDVNGHEF 8WVEGEGEGDATYGKLT LEFICTTGELEVEPWPTLVTTLTY GVQCFEF SRY PDHME 79

PAGFPopt "MEKGEELF TGVVPILVELDGDVNGHEF 8VEGEGEGDATY GELTLEFICTTGELEPVEWPTLVTTESY GVQCF SRY PDHME 79

YFPopt
CFPopt

GFPopt

“MSKGEELFTGVVPILVELDGDVNGHEF 8 VEGEGEGDATYGKLTLEFICTTGELEVEPWEPTLVT TLGY GLQCFARY PDHME 79
MV SKGEELF TGV PILVELDGDVNGHEF SVEGEGEGDATYGKLT LKFICTTGELPVEPWPTLVT TLTHGYVQCE SRY PDHME 50

QHDFFESAMPEGYVOQERTIFFKDDGNYKTRAEVEFEGDT LVNRIELKGIDFKEDGNILGHELEYNYNSHNVYIMADKQEN 159

PAGFPopt QHDFFESANPEGYVOERTIFFEDDGNYKTRAEVEFEGDT LVNRIELEGIDF KEDGNI LGHELEYNYN S HNVY TMADEQEN 159

YFPopt
CFPopt

GFPopt

QHDFFESAMPEGYVQERTIFFEDDGNYKTRAEVEFEGDT LVWNRIELEGIDFKEDGNILGHELEYNYNSHNVY IMADEQEN 159
QHDFFKEAMPEGYVQERTIFFEKDDGNYKTRAEVEFEGDT LVNRIELKGIDFKEDGNILGHELEYNYI SHNVYITADKEQEN 160

GIKVNFEIRHNIEDGSVOLADHYQONT PIGDGPVLLPDNHYLETQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK 238

PAGFPopt GIKANFKIRHNIEDGSVQLADHY QQNT PIGDGPVLLPDNHYLEHQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYE 238

YFPopt
CFPopt

GIEVNFKIRHNIEDGSVQLADHYQONT PIGDGPVLLPDNHYLEYQSALSKDPNEKRDHMVLLEFVTAAGITHGMDELYK. 239
GIKANFKIRHNIEDGEVQLADHYQONT PTIGDGPVLLPDNHYLETQRALSKDPNEKRDHMYLLEFVTAAGITLGMDELYK. Z40

FIG. 1. Clustal W sequence alignment of all four codon-optimized FPs. Amino acid changes performed with respect to GFPopt are highlighted

in gray.
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For generation of YFPopt, we performed the following
amino acid exchanges in GFPopt: T65G, V6SL, S72A, and
T203Y (Fig. 1). Although we incorporated all amino acids
crucial for a red-shifted fluorescence, our yfpopt is based on
gfpopt, therefore resulting in an aberrant amino acid sequence
that is not identical to that of Clontech’s YFP. By codon
optimization, we were able to reduce the number of unfavor-
able codons in yfpopt to 22% (Table 3), in comparison to 89%
in yfp.

To design the photoactivatable PAGFP, we initially con-
verted the enhanced GFPopt, having F64L and S65T ex-
changes that cause loss of the major 397-nm peak in the
GFPmutl emission spectrum (11), back to the original wild-type
GFP. A V163A exchange needed for high expression at 37°C
(40) was incorporated, as well as the crucial exchange required
for photoactivation, T203H (31) (Fig. 1). As for yfpopt, the
valine at position 2 of the PAGFP protein was not included in
the codon-optimized gene. However, in comparison to the
nonoptimized pagfp, we were able to lower the GC content
from 94% to 22% in pagfpopt (Table 3), incorporating 225
nucleotide exchanges with respect to gfpmutI.

Cloning and expression of FPs in B. anthracis. For evaluat-
ing protein expression of the unmodified and codon-optimized
FPs, we cloned gfpmutl, gfpopt, cfp, cfpopt, yfpopt, and pagfpopt
into the gram-positive/E. coli shuttle vector pSW4 (32), a de-
rivative of pSJ115 that allows expression of proteins under the
control of the pagA promoter of B. anthracis. PA of B. anthracis
is the moiety of the anthrax lethal toxin and edema toxin which
binds to the eukaryotic cell membrane, using receptors CMG2
and TEMS (6, 39). This bacterial protein is highly expressed
during vegetative growth of bacteria, and consequently its pro-
moter was a promising choice for expression of extrinsic pro-
teins in B. anthracis. Furthermore, it has been previously dem-
onstrated that this plasmid is highly suitable for expression of
lethal factor of B. anthracis (30) and for the Bacillus cereus
regulator PIcR in B. anthracis (32). We found that when using
LB broth, expression occurs even in the absence of bicarbon-
ate. The resulting plasmids pSW4-GFPmutl, etc. (Table 1),
were partially sequenced to verify accuracy of the genes and
promoter regions and electroporated into B. anthracis Ames
33, a strain devoid of both virulence plasmids, pXO1 and
pX02 (32).

We then analyzed positive clones grown in LB broth in the
absence of bicarbonate to stationary phase for expression of
FPs by microscopy (Fig. 2). FPs that were highly expressed in
B. anthracis were distributed evenly within the bacterium, as
seen by homogenous fluorescence (Fig. 2 A, B, E, and H). No
obvious difference between the codon-optimized and the un-
modified GFPs could be observed visually, indicating that ex-
pression of GFPmutl1 is not hampered by a reduced availability
of less abundant codons. Microscopic analysis of PAGFP-ex-
pressing B. anthracis is depicted in Fig. 2J and K. Before
photoactivation, very little fluorescence was visible, in contrast
to the fluorescence observed after activation. Unfortunately,
we did not have an original PAGFP for comparison, and there-
fore no conclusions can be made with respect to higher fluo-
rescence of our codon-optimized pagfp.

The most prominent differences were observed for cfp and
yfp compared to their codon-optimized counterparts. Strik-
ingly, we were unable to detect any fluorescence in bacteria or
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spores harboring the unmodified c¢fp or yfp gene (Fig. 2D and
G), and at the same time, bacteria expressing the codon-opti-
mized CFPopt and YFPopt were highly fluorescent (Fig. 2E
and H). Although we did not detect any fluorescence for CFP
in B. anthracis, when fused to the S10 promoter of S. aureus,
CFP was highly expressed in the higher-GC-content bacterium
E. coli (data not shown). These observations imply that
CFPopt and YFPopt may be superior to the conventional FPs
with respect to expression in B. anthracis.

Fluorescence was also observed in all B. anthracis spores and
was preserved for a period of at least 14 days (data not shown),
indicating that GFP and its derivatives are stable within the
cells throughout sporulation, an observation made previously
by Ruthel et al. (35). This fluorescence remained stable after
heat treatment of spores at 65°C over a period of 30 min, a
protocol used for standard spore preparation protocols to in-
activate vegetative bacteria (Fig. 2C, F, and I) (1).

MFTIs can be assessed by flow cytometric analysis and show
levels of FP expression in single bacteria. MFIs of bacteria
grown in air corroborated the results obtained by microscopy.
Thus, bacteria expressed both GFPopt and GFPmutl to a
similar high level, with MFIs of 10,948 and 13,243, although
expression of GFPmutl was significantly better (P = 0.0309,
GFP versus GFPopt; P < 0.0001, CFP versus CFPopt; P =
0.0005, YFP versus YFPopt). Clear differences were also seen
between single bacteria expressing CFP and CFPopt, with
MFIs of 1,235 and 2,758, respectively, and, more strikingly,
between YFP- and YFPopt-positive bacteria, having MFIs of
787 and 10,224, respectively. All differences were significant
(P < 0.05). A comparison of MFIs of differently colored FPs
could not be performed since different lasers and filters were
used for excitation and detection. Observed variances in MFI
can be attributed to the near absence of a fluorescent signal in
CFP- and YFP-expressing bacteria, as FACS plots show (Fig.
3B). These results are consistent with the observations made by
microscopy and confirm the superior expression of codon-
optimized CFPopt and YFPopt.

Expression and transcription of FP genes. To test whether
low protein expression of yfp and cfp and higher fluorescence
of gfpmutl were caused by low production of mRNA, we per-
formed semiquantitative RT-PCR experiments to compare
transcription levels of the codon-optimized versus original FP
genes. B. anthracis harboring plasmid pSW4 with FP genes was
grown to mid-logarithmic growth phase in LB broth, allowing
expression of genes in the absence of bicarbonate, and RNA
was extracted and processed as outlined in Materials and
Methods. Figure 4A shows that mRNA quantities of all genes
were similar; however, in comparison to the internal gyrase A
control, transcription levels of nonoptimized CFP and YFP
were slightly lower than for the codon-optimized counterparts.
This might explain a weaker expression of these FPs but not a
total lack of expression.

Consequently, we also investigated whether the lack of CFP
and YFP fluorescence was due to rapid degradation of these
FPs in B. anthracis. Therefore, we performed Western blot
analysis of B. anthracis protein lysates and evaluated expres-
sion of FPs with a polyclonal GFP antibody. The results de-
picted in Fig. 4B show that in comparison to CFPopt and
YFPopt, the original CFP and YFP were poorly or not at all
expressed, and we were unable to detect any degradation.
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FIG. 2. Visualization of FP production in B. anthracis vegetative bacteria and spores by fluorescence microscopy. Strains carrying different FP
genes were grown to stationary phase overnight in LB and analyzed by fluorescence microscopy: B. anthracis Ames 33 harboring pSW4-GFPmut1
(A), pSW4-GFPopt (B), pSW4-CFP (D), pSW4-CFPopt (E), pSW4-YFP (G), pSW4-YFPopt (H), or pPSW4-PAGFP before (J) or after (K) pho-
toactivation with a 413-nm laser. For spore images, bacteria were grown on low-nutrient sporulating plates for multiple days, heat inactivated in
order to kill remaining vegetative bacteria, and analyzed by fluorescence microscopy: B. anthracis Ames 33 spores expressing GFPopt (C), CFPopt

(F), or YFPopt (I) or plasmid-free (L).

Interestingly, even though there was no visible fluorescence
when analyzed microscopically and quantitatively, low protein
expression was noticeable for CFP.

These results show that the dissimilarities observed in FP ex-
pression are unlikely to be caused by differences in mRNA ex-
pression or by degradation of FPs but must result from poor
expression due to tRNA unavailability. Therefore, although ex-
pressed in higher-GC-content bacteria such as E. coli, non-codon-
optimized YFP and CFP are not suitable for expression in B.
anthracis.

Analysis of PagA promoter activity using codon-optimized
GFPopt. Next, we wanted to test whether our improved codon-
optimized FPs are suitable for analysis of promoter activity in
B. anthracis by analyzing GFPopt production under the control
of the pagA promoter. In B. anthracis, the expression of PA is
influenced by two regulators, AtxA and PagR, present on vir-
ulence plasmid pXO1, and their activity is determined by the
presence of carbon dioxide (12, 24, 47). Whereas AtxA up-
regulates expression of PA in the presence of CO, (24), PagR,
which is cotranscribed with PA, negatively influences transcrip-
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FIG. 3. FACS analysis of bacteria expressing original and codon-optimized FPs. B. anthracis Ames 33 carrying pSW4 plasmids with the respective fluorescent
genes were grown overnight in LB and subjected to analysis by flow cytometry. (A) Comparison of MFIs of bacteria. All differences were statistically significant
(P = 0.0309, GFP versus GFPopt; P < 0.0001, CFP versus CFPopt; P = 0.0005, YFP versus YFPopt). Error bars indicate standard deviations. (B) FACS
detection of B. anthracis vegetative cells expressing FPs.

tion of atxA, therefore causing low PA expression (19). To GFPopt expression. We compared P,,,,4-dependent GFPopt
evaluate whether our optimized FPs are suitable for analysis of expression in an AtxA/PagR-harboring strain (Ames 35, pXO1
promoter activity in B. anthracis, we used fluorimetric assays to positive) with that in a regulator-negative strain (Ames 33,
assess the influence of these factors on pagA promoter-driven pXO1 negative) in the presence and absence of bicarbonate
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FIG. 4. (A) RT-PCR analysis of mRNA isolated from B. anthracis vegetative cells expressing FP genes. B. anthracis carrying pSW4 plasmids
with FP genes was grown in LB to mid-logarithmic phase, and RNA was extracted as outlined in Materials and Methods. The level of gyrase A
(gyrA) mRNA served as an internal control. Transcriptional expression levels of all FPs were normalized and expressed as fold changes with respect
to the gyr4 control. (B) Western blot analysis of FPs expressed in B. anthracis. Bacteria were grown as described above and lysed, and equal
amounts of protein were subjected to SDS-PAGE and Western blotting using GFP-specific polyclonal antibodies.

and carbon dioxide. For this analysis, we used NBY broth (45),
which is a low-nutrient broth shown to promote efficient toxin
production in B. anthracis (10). Figure SA shows growth curves
and fluorescence over time for both strains and their GFPopt-
negative counterparts. High GFPopt expression could be ob-
served only for strain A35 in the presence of carbon dioxide,
whereas there was little expression in regulator-negative strains,
even in the presence of CO,. Fluorescence was highest at late
exponential and stationary growth phases, showing that the pagA
promoter is more active during these phases. Western blot
analysis of lysates harvested from bacteria at the end of the
experiment after approximately 8 h of growth (Fig. 5B) con-
firms observations made in fluorimetric assays. In comparison
to the pXO1-containing strain Ames 35 grown in carbon diox-
ide, all strains show lower GFPopt expression. These results
show the suitability of codon-optimized FPs, in our application
GFPopt, for the analysis of promoter activity in B. anthracis.
Expression of GFPopt, CFPopt, and YFPopt in S. aureus. S.
aureus is another low-GC-content bacterium for which, to our
knowledge, only GFP and YFP have been described as FP
reporters (4, 9, 33). Analysis of the original YFP and CFP
showed that as in B. anthracis, 213 or 226 out of 240 codons can
be deemed unfavorable for expression in S. aureus. We there-
fore hypothesized that our newly developed codon-optimized
CFPopt and YFPopt proteins might be suitable for expression
in S. aureus. Initially, we attempted to utilize the pag4 pro-
moter of B. anthracis to control FPopt expression; however, we
failed due to its inactivity in S. aureus (data not shown), a result
which was to be expected. Consequently, we used a previously
published tetracycline-inducible promoter that has been shown
to function in S. aureus (20). We cloned all nonactivatable

codon-optimized FPs into plasmid pTetON under the control
of the tetracycline-inducible promoter P ..o- This plasmid is
a derivative of pYJ335 (20), as outlined in Materials and Meth-
ods. Due to lack of tetracycline repressor expression on this
plasmid, P, ..o is constitutively active. Ligation of yfpopt and
cfpopt into pTetON and transformation of S. aureus RN4220
resulted in high expression of all FPs (Fig. 6). These results
demonstrate that our codon-optimized FP genes may be highly
suitable as reporter genes not only in B. anthracis but also in
other low-GC bacteria.

DISCUSSION

FPs have wide applications in imaging bacterial gene expres-
sion, promoter activity, and localization of proteins. In com-
parison to enzymatic reporters, a clear advantage is the ability
to monitor gene activity in intact bacteria, a method that stands
in contrast to the use of enzymatic reporters, such as B-lacta-
mase or chloramphenicol acetyltransferase, which require lysis
of cells and release of the cytosol in order to assess reporter
activity. A disadvantage of FPs is that not all bacteria are able
to express them at high levels. Here, we were able to show
superior expression of two codon-optimized FPs, YFPopt and
CFPopt, in the low-genomic-GC-content pathogens B. anthra-
cis and S. aureus.

Initial sequence comparison between the original FPs and
codon-optimized ones with regard to codon usage showed high
discrepancies compared to intrinsic B. anthracis genes, making
them good candidates for codon optimization. By lowering the
GC content substantially and adapting the codon usages of
fluorescent genes gfpopt, cfpopt, and yfpopt to those preferred
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FIG. 5. pagA promoter analysis using GFPopt as a reporter. (A) Growth curves (broken lines) and fluorescence intensities (solid lines) of B.
anthracis expressing GFPopt under the control of the pagA promoter. GFPopt-harboring bacteria containing virulence plasmid pXO1 (strain A35)
or plasmid free (strain A33) were grown in NBY broth supplemented with 10% FBS in the presence or absence of sodium bicarbonate (0.9%,
wt/vol) and a 5% CO, atmosphere. At different time points, samples were analyzed for fluorescence in a fluorimeter. CPS, counts per second. Error
bars indicate standard deviations. (B) Western blotting of bacteria grown to stationary phase. Lysates were processed as described for Fig. 4.

by B. anthracis, we were able to achieve high expression in this
bacterium. Strikingly, no expression was observed for the orig-
inal, nonoptimized genes cfp and yfp. This phenomenon of
better expression after codon optimization has been described
previously (3, 27). Surprisingly, although it was not microscopi-
cally obvious, we were able to observe differences in fluores-
cence intensities between the codon-optimized GFPopt and
the original GFPmutl by FACS; the latter was significantly
brighter as determined by MFI analysis. We did not expect
major differences in the fluorescence of these two proteins,
since the GC content and codon utilization are not strikingly
dissimilar. Nonetheless, our expectations were to observe a
higher fluorescence for the codon-optimized version of the
protein. An explanation for this phenomenon might be differ-
ential folding and structural properties of the mRNA, since the
primary sequence of optimized and nonoptimized gfp has been
altered, therefore leading to a differential translation rate. An-
other reason might be better protein folding properties of the
original GFPmutl. To further investigate the reasons for ex-
pression differences between codon-optimized and original
CFPs and YFPs, we performed transcriptional analysis by RT-
PCR to quantify mRNA levels. The results showed the pres-
ence of all transcripts, with a slightly smaller amount for cfp

and yfp, which could be explained by either mRNA instability
or a lower transcription rate; the latter seems unlikely since all
FPs were expressed from the same promoter. The fact that
mRNAs of genes exhibit different stabilities has been shown
for many bacteria and can have multiple reasons, such as sec-
ondary structures (hairpins), internal secondary structures
marking them for RNase III degradation, or RNase recogni-
tion sequences (7). The lower mRNA levels observed for YFP
and CFP might explain a lower protein expression but not the
total absence of protein that was observed by Western blot
analysis. We therefore conclude that a better availability of the
cognate tRNAs is the more likely explanation for high expres-
sion of CFPopt and YFPopt in comparison to the nonopti-
mized counterparts.

We were able to demonstrate that our codon-optimized FPs
can be used as reporters for promoter activity, as shown by the
analysis of the B. anthracis PA promoter in response to carbon
dioxide, bicarbonate, and the presence of pXOl, the larger
virulence plasmid of B. anthracis harboring PA regulators
AtxA and PagR. The results showed a clear correlation be-
tween the presence of CO, and promoter activity, measured in
GFP fluorescence. Furthermore, the presence of pXO1 greatly
influenced PA promoter activity as observed by high fluores-
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FIG. 6. Fluorescence microscopic analysis of S. aureus strain RN4220(pTetON) (A) and RN4220 constitutively expressing GFPopt (B), CFPopt
(C), or YFPopt (D) from the P, .0 promoter. Bacteria were grown in tryptic soy broth to stationary phase and microscopically analyzed for
fluorescence.

cence, especially during stationary phase. To some degree, the
higher fluorescence at later time points could also be caused by
accumulation of GFP and amplification of the fluorescent sig-
nal within the cells. GFP has been shown to have an extremely
long half-life of 24 h or more (25), making it less suitable for
promoter reporter activity. Therefore, it would be desirable to
have less stable variants for reporter purposes. For some bac-
teria, such as Staphylococcus epidermidis (16) or Mycobacterium
(5), GFP variants with alternative C termini and substantially
shorter half-lives have been described. By varying the C ter-
minus, bacterial proteins can be marked for faster degradation
by housekeeping proteases, lowering the half-lives of GFP
variants to as low as to 40 min to several hours, depending on
the bacterial species (2). Studies to improve our optimized
proteins with respect to stability are under way, since the use of
a stable FP might prove difficult for true quantitative determi-
nation of promoter activities during bacterial growth.

To evaluate whether high expression of our codon-opti-
mized FPs is limited to just B. anthracis or whether it could also
be applied to other low-GC bacteria, we cloned GFPopt,
YFPopt, and CFPopt under the control of a strong promoter for
expression in S. aureus. Fluorescent microscopic images con-
firmed that all proteins are also highly expressed in S. aureus.
Even though YFP has been used to visualize biofilms in S.
aureus (4), this is to our knowledge the first report showing
CFP expression in this bacterium.

We were also able to construct a codon-optimized photoac-
tivatable GFP suited for expression in low-GC bacteria. Pho-
toactivatable proteins find application in mammalian cells, e.g.,
for monitoring organelle or molecule dynamics within cells (23,
29, 31). By photoactivation, highlighted subpopulations of pro-
teins, organelles, or cells can be monitored temporally, and
new synthesis of PAGFP-labeled proteins does not influence
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observations, as these molecules will not be fluorescent (26).
No use of this protein in bacteria has been reported, but
applications paralleling those in mammalian cells can be imag-
ined.

Finally, another important observation made was that B.
anthracis spores derived from bacteria expressing FPs showed
high fluorescence which remained stable even after heat inac-
tivation and for a period of at least 14 days. Stable mainte-
nance of GFP within the spore has been reported before (35).
These results show that fluorescent spores could be suitable for
infection purposes and for monitoring localization of spores
within, e.g., mammalian cells; fluorescence intensities of GFP-
positive bacteria or spores in host cells may even be used as
indicator for multiplicities of infection, as previously shown for
Salmonella by Thone et al. (44). There are many possible
applications for FPs in bacteria; extending the variety of color
spectra available for expression in different species of bacteria
may help us to understand basic pathogenic mechanisms and
expression profiles of virulence factors in vitro and in vivo.
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