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Mass spectrometry is a potentially attractive means of monitoring the survival and efficacy of bioaugmen-
tation agents, such as the dioxin-mineralizing bacterium Sphingomonas wittichii strain RW1. The biotransfor-
mation activity of RW1 phenotypes is determined primarily by the presence and concentration of the dioxin
dioxygenase, an enzyme initiating the degradation of both dibenzo-p-dioxin and dibenzofuran (DF). We
explored the possibility of identifying and characterizing putative cultures of RW1 by peptide mass finger-
printing (PMF) targeting this characteristic phenotypic biomarker. The proteome from cells of RW1—grown
on various media in the presence and absence of DF—was partially purified, tryptically digested, and analyzed
using matrix-assisted laser desorption ionization-time of flight mass spectrometry. Mascot online database
queries allowed statistically significant identification of RW1 in disrupted, digested cells (P < 0.01 to 0.05) and
in digested whole-cell extracts (P < 0.00001 to 0.05) containing hundreds of proteins, as determined by
two-dimensional gel electrophoresis. Up to 14 peptide ions of the alpha subunit of the dioxin dioxygenase (43%
protein coverage) were detected in individual samples. A minimum of 107 DF-grown cells was required to
identify dioxin degradation-enabled phenotypes. The technique hinges on the detection of multiple character-
istic peptides of a biomarker that can reveal at once the identity and phenotypic properties of the microbial
host expressing the protein. The results demonstrate the power of PMF of minimally processed microbial
cultures as a sensitive and specific technique for the positive identification and phenotypic characterization of

certain microorganisms used in biotechnology and bioremediation.

The gram-negative bacterium Sphingomonas wittichii strain
RW1 is of considerable interest to the field of bioremediation
(13, 15) because of its unique ability to mineralize dibenzofu-
ran (DF) and dibenzo-p-dioxin (42) and to biotransform a
number of chlorinated diaryl ethers (20, 42). Reactions are
initiated by the dioxin dioxygenase (1, 5), a key enzyme whose
relaxed substrate range invites the application of dioxin dioxy-
genase-harboring bacteria as bioaugmentation agents facilitat-
ing the accelerated in situ bioremediation of dioxin-contami-
nated environments (15, 41).

Compared to other environmental pollutants, dioxins are
particularly difficult to bioremediate (15, 16). Among the var-
ious reasons for this are (i) the need for degradative enzymes
having broad substrate ranges for turnover of multiple conge-
ners of the large dioxin family, consisting of 75 chlorinated
dioxins and 135 chlorinated dibenzofurans (15); (ii) high mam-
malian toxicity of dioxins, necessitating very low treatment
goals, particularly for dibenzo-p-dioxins and DFs carrying chlo-
rine substituents in the lateral 2, 3, 7, and 8 positions (reviewed
in reference 15); (iii) limited bioavailability of dioxins due to
their strong sorption to soil and sediment (16, 43); and (iv) the
pronounced recalcitrance of dioxins to attack by both aerobic
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and anaerobic microorganisms indigenous to contaminated
soils and sediments (reviewed in reference 15).

Despite these formidable obstacles, a small number of stud-
ies have demonstrated the feasibility of removing dioxins from
contaminated environments by in situ bioremediation (13, 15,
16). Feasibility studies conducted in the laboratory and in the
field demonstrated that for in situ treatment to be successful,
the introduction of nonnative microorganisms with dioxin deg-
radation potential is critical. For example, removal of diben-
zofuran, dibenzo-p-dioxin, and 2-chlorodibenzo-p-dioxin from
soil microcosms was observed only following the addition of a
minimum of 4 X 10° CFU of strain RW1 per gram (dry weight)
of soil (16). Introduction of larger quantities of cells (10®
CFU/g [dry weight] of soil) resulted in complete biotransfor-
mation of nonsubstituted diaryl ethers and in a reduction by
50% of 2-chlorodibenzo-p-dioxin, present in soils at an initial
concentration of 10 ppm (17).

Successful bioaugmentation strategies employing bacteria
harboring the dioxin dioxygenase will require monitoring of
both bacterial survival and expression of the genes coding for
the biodegradative function. Commonly employed genotypic
analyses, such as targeted amplification of either 16S rRNA
genes or functional gene sequences, are highly sensitive and
specific but do not inform about biotransformation activity.
Similarly, the use of monoclonal antibodies in conjunction with
epifluorescence microscopy can reveal the presence of strain
RW1 (38) and other specific bacteria in environmental samples
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but typically fails to yield any additional information on the
biodegradative activity of the detected microorganism. Analy-
sis of mMRNA can suggest—but does not confirm—the presence
of a functional enzyme of interest. Therefore, short of directly
assaying the biochemical activity of cells, the detection of pol-
lutant-transforming enzymes is the most definitive technique
for confirming the presence of catalysis-enabled phenotypes of
pollutant-degrading microorganisms.

We explored the use of peptide mass fingerprinting
(PMF) (22, 34) using vacuum matrix-assisted laser desorp-
tion ionization-time of flight mass spectrometry (MALDI-
TOF MS) for monitoring the dioxin dioxygenase as a bi-
omarker of phenotypes of RW1 that are physiologically able
to biotransform dioxin-related compounds. The mass spec-
trometric target of our investigation was the dioxin dioxy-
genase of S. wittichii strain RW1, a heteromer consisting of
two alpha and two beta subunits (National Center for Bio-
technology Information [NCBI] accession numbers gi|3426122
and gi|3426121, respectively) (1). We hypothesized that the
enzyme complex would represent an excellent target for mass
spectrometric analysis because (i) it has been thoroughly char-
acterized (1, 5), (ii) its two protein subunits are contained in
searchable online databases (e.g., NCBI), (iii) the respective
DNA sequences have only weak similarity (40%) to other
three-component dioxygenases (1), (iv) the genes are stable,
(v) it is indicative of dioxin degradation activity (1), and, last
but not least, (vi) it is unique to the dioxin-degrading organism
of interest, strain RW1.

The specific aims of our study were (i) to identify a prede-
termined strain-specific proteinaceous biomarker, the dioxin
dioxygenase, in minimally processed microbial pure cultures of
RW1 by PMF using vacuum MALDI-TOF MS; (ii) to deter-
mine the minimal number of cells required for statistically
significant (P < 0.05) identification of putative cultures of the
bioremediation agent; and (iii) to determine the effects of
different sample preparation techniques and growth substrates
on the detectability of the dioxin-degrading bacterium.

MATERIALS AND METHODS

Culturing of strain RWI1. Liquid cultures of S. wittichii strain RW1 (DSMZ
6014) were grown at 30°C in a water bath shaker in M9 phosphate-buffered
minimal medium (37) supplemented with (i) DF crystals (Sigma-Aldrich, Mil-
waukee, WI), (ii) 50 mM glucose, or (iii) both. Saturated DF medium contained
approximately 3 to 5 mg liter ! of the binuclear aromatic compound in the
dissolved phase. Turbidity of the cultures was monitored using a DR/4000U
spectrophotometer (Hach, Loveland, CO) at a wavelength of 560 nm. Viable
bacteria were enumerated by plate counts using M9 medium supplemented with
1.5% agar (Difco, Franklin Lakes, NJ) and 5 mM sodium benzoate. Negative
control samples composed of cells of RW1 lacking the dioxin dioxygenase were
obtained via growth of the bacterium on nonselective Luria-Bertani broth, a
complex medium that represses dioxin dioxygenase expression (17).

Microorganisms serving as negative controls. More than 20 different Pro-
teobacteria served as negative controls throughout this study. Most of these
represented poorly characterized environmental monocultures and mixed cul-
tures that had been obtained via selective enrichment using dioxin-like com-
pounds as sole sources of carbon and energy. Pseudomonas putida KT2440
(DSMZ 6125) was the only negative control strain for which the complete
genome was available in searchable online databases. All cultures were grown
under selective conditions on aromatic substrates to maximize the expression of
aromatic-ring dioxygenases.

Sample preparation. Four different types of cell preparations were furnished
for MALDI-TOF MS. Cells growing in the early, mid-, and late exponential
phase were harvested by centrifugation (3,000 X g; 30 min; 4°C), washed, and
resuspended in 50 mM NH,HCOj; (fraction 1; undisrupted cells). Biomass was
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disrupted on ice using a Sonic Dismembrator (Fisher Scientific, Pittsburgh, PA)
on low setting for three bursts of 10 s, with cooling periods of 30 s between bursts,
yielding fraction 2 (disrupted cells). Sonicated cell suspensions were centrifuged
(13,500 X g; 5 min; 4°C) to separate the supernatant of the crude cell extract
(fraction 3; whole-cell extract) from the pellet (fraction 4), consisting primarily of
cell debris and undisrupted whole cells. For experiments involving two-dimen-
sional (2D) gel electrophoresis, whole-cell extracts were divided into two equal
volumes (sample splits) to allow additional analysis by MALDI-TOF MS; re-
ported CFU in the sample are corrected for the loss of biomass resulting from
splitting of the samples.

In silico digestion. Peptides resulting from tryptic digestion of the alpha and
beta subunits of the dioxin dioxygenase were predicted from sequences depos-
ited in the NCBI database (http://www.ncbi.nih.gov/) using MS-Digest (http:
/Iprospector.ucsf.edu/). The in silico digests were performed using trypsin and
disallowing missed cleavages or posttranslational modifications, based upon
screening of combinations of multiple search parameters. Cysteines were pre-
sumed to be unmodified, as were the N and C termini of the peptides. The mass
range was specified as 500 to 5,000 Da; multiply charged ions were not consid-
ered.

MALDI-TOF MS analysis. Samples (25 pl) were digested with 200 ng trypsin
in 50 mM NH,HCOj at 37°C overnight, vacuum dried in a Savant SVC100 Speed
Vac (GMI, Albertville, MN), desalted using C;g Omix microextraction column
tips (Varian, Palo Alto, CA), and mixed with matrix solution (~1.5 pl) consisting
of 10 mg ml~! of alpha-cyano-4-hydroxy-cinnamic acid (CHCA) in 50% aceto-
nitrile and 0.1% trifluoroacetic acid. A stainless steel 96-well MALDI target
plate (Applied Biosystems, Foster City, CA) was spotted with approximately 1 .l
of the sample-matrix solution, which was then air dried. Spectra were acquired
using a Voyager DE-STR MALDI-TOF MS (Applied Biosystems, Foster City,
CA) in positive reflector mode (m/z 500 to 5,000; 50 laser shots per spectrum).
Initial external calibration was performed using a standard peptide mixture
(human bradykinin fragments 1 to 7, 757.3997 Da; human adrenocorticotropic
hormone fragments 18 to 39, 2,465.1989 Da; bovine insulin chain B, oxidized,
3,494.6513 Da) purchased from Sigma (St. Louis, MO). Additional internal
calibration was carried out as described below.

Mass spectral data analysis. Mass spectral data were analyzed and manipu-
lated using Data Explorer software (Applied Biosystems, Foster City, CA).
Spectra were deisotoped using the manufacturer’s settings. Internal calibration
was carried out using trypsin autolysis peaks. Acquired data were analyzed by
comparison to in silico information contained in the NCBI databases (http://www
.ncbi.nih.gov) using PMF. The 300 most intense peaks were searched against the
NCBI taxonomy subset “All Bacteria” (>753,000 sequences) at a mass tolerance
of 50 to 100 ppm using Mascot (http://www.matrixscience.com). Additional
search parameters included disallowing missed cleavages and either fixed or
variable posttranslational modifications. Probability scores for positive identifi-
cation were determined using the statistical algorithm described by Pappin et al.
(34).

Peptide sequencing. Protein identifications obtained by PMF were confirmed
in selected samples via sequencing of the target mass at m/z 3,036.3 using an ion
trap mass spectrometer (LCQ Deca XP; Thermo Electron Corporation, MA) in
conjunction with an atmospheric pressure MALDI source (Mass Tech Inc., MD).
Presence of the alpha subunit of the dioxin dioxygenase was confirmed by
submission of detected fragment ions to the National Center for Biotechnology
Information database.

Two-dimensional gel analysis. Cultures were dried by vacuum centrifugation
and assayed for protein content by the bicinchoninic acid method using a com-
mercial protein analysis kit according to the manufacturer’s instructions (Pierce
Biotech, Rockford, IL). Fifty micrograms of protein was reconstituted using 8 M
urea~CHAPS (cholamidopropyl-dimethylammonio-1-propane-sulfonate)-45
mM Tris-HCI. Samples for two-dimensional (2D) gel electrophoresis were sep-
arated in the first dimension on immobilized pH gradient (IPG) strips at 50 V for
10 h in an IPGphor isoelectric focusing system (Amersham Biosciences, Sunny-
vale, CA). The IPG strips were equilibrated, and proteins were separated by
molecular mass in the second dimension by sodium dodecyl sulfate-polyacryl-
amide gel electrophoresis gels (4 to 12% NuPAGE TrisBis; Invitrogen, Carlsbad,
CA). The resultant two-dimensional gel was silver stained using standard pro-
tocols and analyzed using Melanie 4.0 viewer software (http://us.expasy.org/
melanie/) to obtain an unbiased estimate of the number of spots present on the
gel. Since the visual dynamic range of gels is limited to about 2 orders of
magnitude in concentration, obtained estimates of the total number of proteins
were considered very conservative.
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TABLE 1. Protein coverage, amino acid sequences, and corresponding theoretical masses of peptides of the dioxin dioxygenase alpha
subunit*

Theoretical mass (M + H) No. of amino acids

% Coverage of total protein

Amino acid sequence

506.3 4 0.92
5343 4 0.92
559.3 5 1.15
573.3 5 1.15
586.3 5 1.15
632.4 6 1.38
639.3 6 1.38
685.4 5 1.15
730.4 6 1.38
761.4 6 1.38
845.4 7 1.61
919.5 8 1.84
951.5 9 2.07
962.5 8 1.84
1,050.5 10 2.30
1,234.6 11 253
1,282.7 12 2.76
1,393.7 11 2.53
1,541.8 14 3.22
1,584.7 13 2.99
1,740.7 15 345
1,847.8 16 3.68
2,005.0 18 4.14
2,180.1 19 4.37
2,194.0 21 4.83
2,222.1 19 4.37
2,798.3 25 5.75
3,036.3° 27 6.21
3,081.4 27 6.21
3,450.7 32 7.36
3,703.8 35 8.05
49,389.3 435 (197°) 944 (45°)

IFAR

DIMR

DAVVR

LGDIR

WGAPR

DTGVLK

VETYK

VWQPR

LCLADR

AAHYLR

NMPQEVK

NISSANWK

GVSEGYIAR

GLIFGNWR

LGHASSGFFK

NAVDVADLFDR

QTHLNMALGLGK

TEVWNYVIVDR

QGDGSFAAFLNQCR
SWLFLGHESQIPK
AFYSHWQODMLAGDEA
ASAYSDQAVYDLEMER
FGDYITTTMGEDSVILSR
TDHMGTLVMTVFPNFSLNR
GGPNPDYPGTINDVYSEEGGP
SYEHIFHPGEQGHQFALPK
GCTLAFNASGLLEQDDAENVAMCQR
CSYHGWVFNNAGGLVSMPHEANYTIDK
NMNDGDAAMLQQFPPHPAPEYYYGPGR
WQAEQHATDHLHVAVSHFSGFAALAPEGSPPR
ADAPDLLSSLGEATWYLDAFLDANEGGVELIGPQR

“ Obtained by in silico tryptic digestion of the protein (gi|3426122) from Sphingomonas wittichii strain RW1. Peptide masses outside of the monitoring range (m/z
500) were omitted. Peptides detected experimentally by MALDI-TOF MS are shown in boldface.
® The mass at m/z 3,036.3 served as the target of confirmatory analysis by peptide sequencing.

¢ Empirical protein coverage observed in all experiments combined.
4 Theoretical maximum protein coverage in the range of m/z 500 to 5,000.

RESULTS

In silico analyses. Theoretical (in silico) digestions were
performed to construct peptide maps of the large (alpha) and
small (beta) subunits of the dioxin dioxygenase (Tables 1 and
2, respectively). The porcine protease used in this study, tryp-
sin (EC 3.4.21.4), cleaves proteins after the amino acids lysine
and arginine, unless these are followed by a proline. Digestion
yielded individual amino acids and peptides, the latter ranging
in length from 2 to 35 amino acids. Summarized in Tables 1
and 2 are protein fragments of the alpha and beta subunits of
the dioxin dioxygenase, the corresponding ions predicted to
form during MALDI, and their individual contributions to the
relative coverage of the two proteins, reported in percents. For
the alpha subunit, there were 31 predicted potential MS targets
in the experimentally defined detection range (mass-to-charge
ratios of m/z 500 to 5,000), covering 94% of the amino acids of
the total protein. The remaining 6% of the protein mass was
composed of peptides situated outside of the detectable range
(m/z <500). The beta subunit was calculated to yield a maxi-
mum of 15 detectable tryptic peptides, suggesting a maximum
theoretical protein coverage of 84% (Table 2).

Screening of various fractions of RW1 cells for the dioxin
dioxygenase. Initial experiments concentrated on the feasibility

TABLE 2. Protein coverage, amino acid sequences, and
corresponding theoretical masses of peptides of the dioxin
dioxygenase beta subunit”

Theoretical No. of % Coverage
mass amino of total Amino acid sequence
M + H) acids protein
563.3 5 2.79 SLGMR
607.3 5 2.79 TTDDR
627.3 5 2.79 LSDHR
639.4 5 2.79 HDLVR
679.3 6 3.35 MSSQVK
760.4 7 391 TAVTNVR
832.5 7 3.91 QFLPLSK
848.4 8 447 SDGPLGFR
1,077.6 9 5.03 VYPPLIGYR
1,080.5 9 5.03 GAHFEDNYK
1,420.7 11 6.15 TWVENPPMYQR
1,890.0 18 10.06 TVYLDHAVLPGSGISTFL
2,035.9 18 10.06 ETDVAGEYEAYSNIAFTR
2,279.1 19 10.61 FEDWYALIAEDIHYAVPAR
2,337.2 19 10.61 IQWEVEQFLYEEAALLAER
21,361.28 179 (50°) 84 (33%)

“ Obtained by in silico tryptic digestion of the protein (gi|3426123) from Sphin-
gomonas wittichii strain RW1. Peptide masses outside of the monitoring range
(m/z <500) were omitted. Peptides detected experimentally by MALDI-TOF MS
are shown in boldface.

® Empirical protein coverage observed in all experiments combined.

¢ Theoretical maximum protein coverage in the range of m/z 500 to 5,000.
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FIG. 1. Experimental approach used for screening of cell prepara-
tions for the dioxin dioxygenase, an enzyme that served as a protein-
aceous biomarker of dioxin degradation-enabled phenotypes of Sphin-
gomonas wittichii strain RW1. Four different preparations of cells (10°
to 10'® CFU) were obtained and tryptically digested for analysis by
peptide mass fingerprinting using vacuum MALDI-TOF MS: (1) un-
disrupted cells, (2) disrupted cells, and (3) whole-cell extracts, as well
as (4) pellets obtained by centrifugation of disrupted cells.

of detecting the dioxin dioxygenase in four different fractions
of processed cell cultures (Fig. 1). Proteins contained in the
various cell fractions were digested, purified, and desalted via
passage through a pipette tip functioning as a C,3 microex-
traction column. Purified digests were mixed with matrix and
analyzed by PMF using MALDI-TOF MS, as shown in the
schematic (Fig. 1). The investigated cell fractions included
undisrupted cells (fraction 1), cells disrupted by sonication
(fraction 2), whole-cell extracts representing the supernatant
of disrupted, centrifuged cells (fraction 3), and the correspond-
ing pellet consisting of cell debris and residual whole cells
(fraction 4). Since the optimal amount of biomass for the assay
was not known a priori, experiments were performed using a
range of initial cell quantities (10° to 10'° cells).

(i) Fraction 1. Analysis by peptide mass fingerprinting of a
digest of 10® undisrupted cells of RW1 yielded the deisotoped
mass spectrum shown in Fig. 2A. Ten target peaks rose above
the baseline noise: m/z 685.4, 951.5, 1,234.6, 1,393.7, 1,541.8,
1,847.8,2,005.0, 2,194.0, 2,222.1, and 3,036.3. A list of up to 300
ions having the greatest signal intensities was generated and
submitted to online protein databases representing the king-
dom or domain of Bacteria. The data query returned the alpha
subunit of the dioxin dioxygenase as the best fit among
>753,000 proteins. The resultant Mascot score of 52 indicated
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that the search result was not statistically significant (P > 0.1),
however. Overall, the 10 target peptides provided 31% protein
coverage (Table 3).

(ii) Fraction 2. Analysis of a digest of 107 disrupted cells of
RWT1 produced the spectrum shown in Fig. 2B. Nine target
peptides of the alpha subunit of the dioxin dioxygenase were
detected. Compared to fraction 1, the mass at m/z 951.5 was
missing, and an increase in the level of noise was observed in
the range from m/z 1,000 to 3,200. Again, database searching
returned the alpha subunit of the dioxin dioxygenase as the
best match, with a statistically significant (P < 0.05) Mascot
score of 69. Protein coverage was 32%.

(iii) Fraction 3. Analysis of supernatant obtained by centrif-
ugation of 107 disrupted cells of RW1 yielded the best result.
A typical mass spectrum recorded for the experimentally de-

100 | A

O -

100 C

Relative intensity (%)

100

05 00 1400

m/z

FIG. 2. Deisotoped MALDI mass spectra obtained from various
fractions of digested cells of RW1: (A) undisrupted cells; (B) disrupted
cells; (C) whole-cell extract; and (D) pellet of disrupted cells. Peaks
labeled with an asterisk correspond to peptides of the alpha subunit of
the dioxin dioxygenase. Simple physical fractionation of cell compo-
nents significantly improved the identification of the protein, with
whole-cell extract producing the best results.

3200

2300



2446 HALDEN ET AL.

APPL. ENVIRON. MICROBIOL.

TABLE 3. Experimental results obtained during screening of various bacterial cell fractions for the alpha subunit of
the dioxin dioxygenase by MALDI-TOF MS peptide mass fingerprinting”

Digested sample fraction” log CFU*¢ No. of target ions observed” % Protein coverage Mascot score P value
1 (undisrupted cells) 8 10 31 52 >0.1
2 (disrupted cells) 8 6 30 77 <0.01
7 9 32 69 <0.05
5-6 0
3 (whole-cell extract) 7 13 34 105 <0.00001
4 (pellet of disrupted cells) 5-8 0

“ Cells of Sphingomonas wittichii strain RW1 were grown in liquid phosphate-buffered minimal medium containing dibenzofuran as the sole carbon and energy source.
Mass lists were generated from spectra using Data Explorer software and entered into the Mascot search engine. Statistically significant observations (P < 0.05) scoring

>68 are shown in boldface.

b Refer to Materials and Methods and Fig. 1 for details of sample preparation.

¢ CFU were determined by plate count and estimated photospectrometrically from absorbance at Asgo pm-
@ Tons matching the theoretical masses of peptides of the alpha subunit of the dioxin dioxygenase, as determined by Mascot.

fined whole-cell extract is shown in Fig. 2C. The spectrum had
a very low level of noise across the entire m/z range of interest.
Major detectable ions were clustered between m/z 500 and
3,200. In the spectrum shown, four of the eight most intense
peaks—detected at m/z 1,393.7 (100% relative intensity), 586.3
(22%), 2,222.1 (17%), and 962.5 (15%)—matched in silico
values calculated for peptides of the alpha subunit of the dioxin
dioxygenase (Table 1); the second intense ion, at m/z 842.5,
corresponded to a trypsin autolysis product that was used as an
internal standard for mass calibration. A total of 13 target
peaks were detected, resulting in confident protein identifica-
tion (P < 0.00001) by Mascot searching, with a score of 105
and a protein coverage of 34%. Target ions detected at lesser
intensities included m/z 685.4 (13% relative intensity), 919.4
(7%), 951.5 (13%), 1,234.6 (9%), 1,541.8 (8%), 2,005.0 (10%),
2,194.0 (11%), and 3,036.3 (4%). The ease of detection of the
alpha subunit in whole-cell extract is consistent with previous
reports that localized dioxin dioxygenase activity to the soluble
proteome of extracts from cells grown on DF (1, 5, 13).

(iv) Fraction 4. Analysis of digested pellets obtained by
centrifugation of disrupted cells yielded noisy mass spectra
(e.g., Fig. 2D) that did not show any target m/z regardless of
the amount of biomass processed (Table 3). This finding was
consistent with reports in the literature indicating cell pellets to
be depleted in dioxin dioxygenase activity relative to whole-cell

extracts of RW1 (fraction 3) (1, 5, 13). Overall, the results
demonstrated that the dioxin dioxygenase is most easily de-
tectable by PMF in digested whole-cell extract. Therefore, the
sensitivity of PMF analysis was further investigated in that
matrix.

Sensitivity analyses and robustness of the assay. To deter-
mine the biomass range suitable for positive identification of
strain RW1 via PMF of the alpha subunit of the dioxin dioxy-
genase, whole-cell extracts of 10° to 10" DF-grown CFU were
analyzed following digestion with a standard amount of 200 ng
of trypsin. Positive protein identification with significant prob-
ability-based Mascot scores of >68 (P < 0.05) were obtained
consistently when >10° cells were processed and analyzed.
Analysis of extracts obtained from 107 and 10® DF-grown cells
yielded Mascot scores ranging from 73 to 105 (P < 0.01 to
0.00001) and 84 to 111 (P < 0.001 to 0.00001), respectively
(Table 4); in these experiments, the number of matched pep-
tide masses ranged from 10 to 13 and 12 to 14, respectively,
with protein coverages for the alpha subunit of the dioxin
dioxygenase ranging from 31 to 34% (107 CFU) and from 37 to
43% (10® CFU). Analysis of =10° CFU yielded no target ions
and no significant matches for either the two target proteins or
any of the more than 753,000 proteins contained in the non-
redundant NCBI database at the time of data analysis. Simi-
larly, no database matches were found in experiments using

TABLE 4. Results of database searches for ions corresponding to the alpha subunit of the dioxin dioxygenase detected in
tryptically digested extracts of Sphingomonas wittichii strain RW1 grown on various substrates®

Growth substrate log CFU No. of target ions observed % Protein coverage Mascot score P value
DF 10 0
9 10 31 59 >0.10
8 14 43 111 <0.00001
8° 12 37 84 <0.001
7 13 34 105 <0.00001
7° 10 31 73 <0.01
5-6 0
6 0
Glucose + DF 9 0
8 10 31 61 >0.05
7 9 22 59 >0.10
6 0
Glucose 6-9 0
LB broth 6-9 0

“ Unless otherwise stated, cells were harvested in mid-exponential growth phase. Statistically significant observations (P < 0.05) scoring >68 are shown in boldface.
b Cells harvested in the deceleration growth phase. True exponential growth was not observed with dibenzofuran due to the limited solubility of the compound.
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=10° CFU (Table 4). A total of 15 different peptide masses,
corresponding to the alpha subunit of the dioxin dioxygenase,
were detected in more than 100 experiments conducted with
biomass harvested in the early, mid-, and late exponential
growth phase (total protein coverage, 45%) (Table 1). In con-
trast, none of these target peptides were found and no positive
identifications of the dioxin dioxygenase were obtained during
analysis of the more than 20 negative control strains that rep-
resented a broad spectrum of microorganisms capable of ca-
tabolizing dioxin-related aromatic compounds.

The results of repeatedly performed experiments were very
consistent. The following variables had no detectable effect on
the outcome of the experiment (data not shown): substituting
CHCA for 3,5-dihydroxybenzoic acid as the ionization matrix,
type of C,g microextraction column used (n = 2), and identity
of the operator (n = 3). However, when cells were harvested
late into the exponential growth phase (deceleration phase), a
slight drop in Mascot scores was observed (Table 4).

Interestingly, the beta subunit of the dioxin dioxygenase was
never identified by database searching in any of these experi-
ments. This is surprising, because the observed removal of DF
during the growth of RW1 cultures indicated the presence of
this essential protein at quantities equimolar to those of the
alpha subunit (1). Although some target ions of the beta sub-
unit were present, as determined by manual identification, the
signal intensities of these peptide masses at m/z 563.4 (1%
relative intensity), 607.3 (2%), 693.3 (4%), 832.5 (8%), 848.5
(10%), and 1,077.6 (6%) typically were at or near the baseline
noise level. Following spectral processing and data reduction
using a peak threshold of approximately 5 to 10% relative
intensity, these ions were mostly rejected and did not enter the
online database query; this effectively prevented a potential
identification of the beta subunit when the online search algo-
rithm was used.

Effect of growth substrate on strain identification. Cultures
of RW1, grown in phosphate-buffered mineral salt solution
supplemented with the growth substrates (i) DF, (ii) DF plus
glucose, and (iii) glucose only were processed and analyzed by
MALDI-TOF MS and 2D gel electrophoresis. The alpha sub-
unit of the dioxin dioxygenase—i.e., the previously established
biomarker of dioxin degradation-enabled cells of RW1—was
identified readily in the digested soluble proteome of DF-
grown cells with scores as high as 111, indicating a very low
probability of false-positive misidentification (P < 0.00001)
(Table 4). Detection of up to 14 target peptides in whole-cell
extracts of 10® CFU resulted in protein coverage of 43%, the
best result achieved (Table 4). Again, the ions corresponding
to peptides of the alpha subunit were among the most prom-
inent in the mass spectra (e.g., Fig. 3A).

The alpha subunit of the dioxin dioxygenase also was re-
turned as the best database match when analyzing glucose-
grown cells of RW1 that were coexposed to DF for enhanced
expression of the dioxin dioxygenase (Fig. 3B); however, the
corresponding score was not significant (P > 0.05), necessitat-
ing peptide sequencing for unambiguous protein identification.
Compared to DF-grown cells (Fig. 3A), the signal intensities of
target peaks were lower in glucose-grown biomass coexposed
to DF (Fig. 3B). No target peaks were detected when analyzing
biomass grown on glucose in the absence of DF, and no sig-
nificant matches were found for any of the >753,000 proteins
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FIG. 3. Deisotoped MALDI mass spectra of digested whole-cell
extracts from 10 cells of Sphingomonas wittichii strain RW1 grown
under the following conditions: phosphate-buffered minimal medium
supplemented with (A) dibenzofuran, (B) dibenzofuran plus glucose
(50 mM), and (C) glucose. Peaks labeled with an asterisk correspond
to peptides of the dioxin dioxygenase. Submission of mass lists gener-
ated from spectra A and B to the Mascot search engine returned the
alpha subunit of the dioxin dioxygenase as the best possible match
(P < 0.00001 and P > 0.05, respectively).

contained in the nonredundant NCBI database (Fig. 3C and
Table 4). Analysis of cells grown using nonselective complex
media, e.g., Luria-Bertani broth (35), also revealed no ions of
interest in the mass spectra recorded (Table 4). Lack of detec-
tion of the alpha subunit in LB-grown cells was consistent with
information in the literature indicating repressed dioxin dioxy-
genase expression during growth of RW1 on complex media
(1).

2D gel electrophoresis. To characterize the level of matrix
complexity in whole-cell extracts, the soluble proteome of
RWI1 was separated by two-dimensional gel electrophoresis
using isoelectric focusing in the first dimension and size-de-
pendent electrophoretic mobility in the second dimension (so-
dium dodecyl sulfate-polyacrylamide gel electrophoresis). Fig-
ure 4 shows a silver-stained 2D gel of an extract of RW1 cells
grown on DF. Digital image analysis of the gel revealed the
presence of a minimum of 350 different proteins. Analysis of
2D gels of extracts from cells grown on glucose and glucose
supplemented with DF yielded similar results (data not
shown). It is important to note that the 2D sample separation
was done exclusively for the purpose of investigating the com-
plexity of the sample matrix. More commonly, this technique is
employed as a cleanup procedure in preparation for protein
analysis by PMF (24). However, this labor-intensive separation
of proteins followed by in-gel digestion of selected protein



2448 HALDEN ET AL.

Mass (kDa)

FIG. 4. Scanned image of a two-dimensional gel used to separate
soluble proteins in whole-cell extracts of Sphingomonas wittichii strain
RWI1 grown on dibenzofuran. Digital image analysis of the silver-
stained gel demonstrated the presence of at least 350 proteins in the
complex sample matrix.

spots was unnecessary in this study because the alpha subunit
of the dioxin dioxygenase was detected successfully with great
confidence (P < 0.00001 to 0.01) in whole-cell extracts of
DF-grown cells by PMF—a result that was successfully con-
firmed by an additional assay involving sequencing of the tar-
get peptide at m/z 3,036.3 using an ion trap mass spectrometer
equipped with an atmospheric pressure MALDI source.

DISCUSSION

Mass spectrometric identification of microorganisms. Mass
spectrometry has been used extensively in the past for the
identification of microbial pure cultures at the genus, species,
and strain levels (reviewed in references 11, 28, and 39). The
most common approach is the MALDI MS analysis of matrix-
embedded intact or disrupted vegetative cells, spores, or cysts
in linear detector mode in the range of m/z 5,000 to 30,000,
yielding mass spectral “barcodes” for the microorganisms of
interest. This technique can serve to identify microbial species
and strains with the important prerequisite that, in order to
interpret the data, standard spectra are available which were
obtained from authentic cultures grown, harvested, and pro-
cessed under highly standardized conditions identical to those
used for unknown samples (11). The technique is ultrafast (<5
min) but limited in its informational value because the chem-
istry and function of the ion-producing molecules remain un-
known throughout the process. Successful applications of mass
spectral fingerprinting by MALDI-TOF MS include the auto-
mated bacterial identification of various Firmicutes and Pro-
teobacteria (23), rapid characterization of spores of the Bacillus
cereus group (36), and differentiation of oocysts of Cryptospo-
ridium parvum and Cryptosporidium muris (30).

To overcome some of the limitations associated with tradi-
tional mass spectral fingerprinting of whole cells and cell ly-
sate, additional research has concentrated on the targeted de-
tection of strain-specific cell components whose corresponding
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ions are predictable from DNA sequence information. One
strategy is the analysis of cell preparations by MALDI-TOF
MS in linear detector mode to scan for ions of intact proteins;
good targets are, for example, ribosomal proteins, because they
are abundant in vegetative cells regardless of culturing condi-
tions (~20% of protein content) and sufficiently unique to
allow confident identification (2). This technique represents a
significant improvement over conventional microbial finger-
printing, but it is not without limitations. Since MALDI is a
soft ionization technique, it leaves target molecules unfrag-
mented and produces predominantly singly charged (MH™)
ions (19, 25). Detection of an intact protein in linear mode
typically yields a single ion on which the identification has to be
based. In the mass range of m/z <30,000, experimentally de-
termined molecular masses have a mass accuracy of =1 Da or
better. Since proteins possessing (nearly) identical molecular
masses can differ dramatically in structure and function, pro-
tein identifications obtained based on a single ion are often
only tentative. To achieve statistically significant results, mass
spectral analysis of target proteins in linear mode necessitates
the use of customized databases containing a limited number
of proteins having distinct masses (9). For environmental ap-
plications in which the identities of bacterial isolates are com-
pletely unknown, searching against small databases can be
challenging, although some successes have been reported (8).

An alternative strategy for the targeted analysis of protein-
aceous biomarkers is the use of PMF, as demonstrated in the
present study and elsewhere (e.g., references 18 and 29). It
involves the digestion of partially purified cell components
followed by mass spectrometric analysis in positive (or neg-
ative) reflector mode, typically in the mass range of m/z 500
to 5,000. In contrast to mass spectral microbial fingerprint-
ing, PMF is more powerful because specific target proteins can
be selected a priori and their corresponding ions (peptide
masses) can be predicted in silico, as shown by the theoretical
mass lists presented in Tables 1 and 2. Identification is based
on the detection of multiple fragments of a given protein
rather than on a single molecular ion. Therefore, protein
matches by PMF have a quantifiable confidence level and often
are statistically highly significant even when searching nonre-
stricted, complex databases containing hundreds of thousands
of proteins (Table 4). The identities of detected proteins can
be ascertained without having to obtain and analyze authentic
protein standards, an important advantage when attempting to
identify environmental isolates whose proteins have never
been purified. Since the function of the detected biomarker
either is known or can be inferred, PMF of microbial cells can
reveal critical information on biomass physiology that other-
wise would be difficult or impossible to obtain (32).

The few studies performed to date suggest that successful
use of PMF for bacterial identification requires extensive sam-
ple preparation steps to separate the proteins and peptides of
interest from nontarget interferences prior to mass spectro-
metric analysis (7, 31, 33). Commonly applied tools used for
this purpose include one- or two-dimensional gel electropho-
resis (31, 33), one- or two-dimensional chromatography (21),
affinity chromatography (10), and retentate chromatography
using protein chips in conjunction with surface-enhanced laser
desorption ionization—time of flight MS (3), to name just a few.
Even when performed on a routine basis in high-throughput
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mode, these more sophisticated sample preparation steps can
be time-consuming, labor-intensive, and expensive. While these
techniques are indispensable for the analysis of low-abundance
proteins, less sophisticated sample preparation techniques may
suffice.

Due to these real or perceived constraints, PMF currently is
not considered a suitable and cost-effective tool for the iden-
tification and characterization of environmental isolates. The
present study challenges this view by employing PMF on min-
imally processed microbial cells. Experimental results of the
present study reveal the value and power of this nontraditional
usage of PMF by MALDI-TOF MS for the identification and
phenotypic characterization of certain environmental microor-
ganisms, such as strain RW1.

The alpha subunit as a biomarker for dioxin degradation-
enabled phenotypes of RW1. The dioxin dioxygenase is the
preferred biomarker for dioxin degradation-enabled pheno-
types of RW1 because the protein complex is essential for
turnover of dioxin-related substrates (1, 5). Fortunately, the
dioxygenase fulfilled the basic requirements of PMF: its cor-
responding DNA sequence information was known and con-
tained in searchable on-line databases. Localization of the
relevant genes on a single open reading frame, situated within
the bacterial chromosome (1), provided an additional incentive
to target this catabolic enzyme, since chromosomal genes gen-
erally are more stably expressed and less frequently transferred
between species and genera than are plasmid-encoded genes
17).

For PMF of complex protein mixtures to be successful, the
target protein must be present in detectable quantities, and
multiple peptides must have ionization behaviors superior to
those of competing peptides that are present in the sample at
similar or greater concentrations. Our experimental results
demonstrate that only one of the two subunits of the dioxin
dioxygenase fulfills these requirements. Theoretically, both
subunits of the protein complex represent viable targets for
mass spectrometry by offering 15 or more peptides, each within
the experimental m/z range (Tables 1 and 2). However, re-
corded mass spectra were dominated by peptide ions of the
alpha subunit (Fig. 2 and 3), whereas those of the beta subunit
were weak or not detected at all.

The dichotomy of these results illustrates a yet-unsolved
challenge in MALDI-TOF MS analysis: the difficulty of pre-
dicting with confidence the ionization behavior of peptides
(12). As stated previously, the genes dxnAI and dxnA2 encod-
ing the alpha and beta subunits of the dioxin dioxygenase
protein complex, respectively, are contained on a single tran-
scriptional unit (1). Consequently, both proteins were present
in approximately equimolar quantities in whole cells. The sam-
ple preparation strategy used is known to concentrate both
components of the dioxin dioxygenase complex in whole-cell
extracts (1, 5, 13). Experimental results of MALDI-TOF MS
analysis showed that peptides of the alpha subunit (M,, ~49
kDa; pI, ~5.8) have much more favorable ionization proper-
ties than those of the beta subunit (M,, ~22 kDa; pl, ~7.9). In
addition, these peptides also dominated over anticipated ones
corresponding to the 29 mostly hypothetical proteins that are
listed for RW1 in the nonredundant NCBI database (none of
these were found by online database searches in any of the
experiments). Furthermore, the thousands of tryptic peptides
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anticipated to result from digestion of the >350 unidentified
proteins contained in whole-cell extracts (Fig. 4) also could
have interfered with the ionization and detection of the alpha
subunit. This was not the case, however. It is remarkable that
the alpha subunit could be identified by database searching in
minimally processed samples of such great complexity without
the need for peptide sequencing.

The favorable ionization behavior of the alpha subunit was
not predictable in silico. Arginine and a number of hydropho-
bic residues are known to increase the ionization of peptides,
whereas lysine suppresses it (4, 12, 27). The frequency of these
signal-modulating residues in peptides of the alpha and beta
subunits was analyzed (data not shown) but could not fully
explain experimental findings. This underscores the observa-
tion by others (4, 12, 27) that the prediction of peptide ion-
ization is a challenging task, with currently available models
delivering only rudimentary and imprecise results. Since the
ionization behavior of peptides from pure proteins already is
challenging, peptide ionization in complex protein mixtures is
unpredictable and requires an empirical approach.

Cell fractions suitable for biomarker detection. The alpha
subunit of the dioxygenase was one of the most prominent
components detectable by PMF within the entire bacterial
proteome: many target peaks were significantly more intense
than observed nontarget peaks (Fig. 2). However, the notice-
able increase in noise in whole-cell preparations reduced the
confidence of protein identification (Fig. 2A and B; Table 3).
In MALDI-TOF MS, only a finite number of molecules are
actually analyzed at the detector, so the greater the interfer-
ence, the less chance there is for detecting a peak of interest
(26). Therefore, sample preparation is an important mecha-
nism for increasing the probability of successful protein iden-
tification by concentrating the targets into a more manageable
chemical matrix. The mass spectra and Mascot search results
presented in Fig. 2 and Table 3 illustrate that the three simple
and inexpensive sample preparation techniques employed—
sonication of cells, followed by centrifugation and C,¢ micro-
extraction cleanup of digested soluble proteins—were highly
effective in reducing baseline noise and improving the overall
results of PMF analysis of microorganisms by MALDI-TOF
MS.

Effects of culture conditions on microbial identification. In
addition to sample-processing techniques, microbial culture
conditions were identified as important determinants influenc-
ing the success and significance of positive protein identifica-
tion. The age of the culture did not affect the overall result as
much as the growth medium itself. This is consistent with
results obtained from the proteomic analysis of Helicobacter
pylori, grown in media of various pHs (24). Statistically signif-
icant identification of RW1 via detection of the alpha subunit
of the dioxin dioxygenase was dependent on the use of the
selective growth substrate DF (Fig. 3 and Table 4). Cells grown
on DF and harvested just prior to entering the stationary phase
were positively identified (Table 4). Although a drop in signif-
icance levels resulted when analyzing these maturing cultures,
the qualitative result of positive identification did not change
(Table 3). These observations were consistent with other stud-
ies exploring the effects of various sample-processing parame-
ters on the quality and reproducibility of MALDI mass spectra
(40).
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The various culture media caused significant differences in
the corresponding mass spectra (Fig. 3). This was expected and
exploited in the experimental design. Cells of RW1 grown on
complex media that are known to suppress dioxin dioxygenase
expression (5) were used as negative controls for the biocata-
lyst (LB-grown RW1). Growth on glucose also represses di-
oxygenase expression. The detection of multiple target peaks
in cells grown on glucose and coexposed to dibenzofuran (Fig.
3B) hints at an interesting application in bioremediation; di-
oxin degradation-enabled biomass may be produced econom-
ically and rapidly by using inexpensive growth substrate of high
biomass yield in conjunction with inducers of enzyme expres-
sion. Identification of the dioxygenase under such culture con-
ditions by PMF was only tentative, however (Table 4). To
achieve positive identification of the target protein by PMF,
these cell fractions would have required additional sample
purification. Sequencing of the few detected target masses by
MS/MS analysis represents an alternative means of confirming
protein identifications. This approach was used successfully in
this study on the mass at m/z 3,036.3. Other examples of pep-
tide sequencing for positive identification of microorganisms
are the detection of Norovirus particles in minimally processed
clinical stool samples (14) and the detection of purified Sindbis
virus AR 339 (45) and enterobacteriophage MS2 (44).

Sensitivity, ease of use, and robustness of PMF analysis.
Identification of cultures of RW1 via detection of the alpha
subunit of the dioxin dioxygenase was successful in whole-cell
extracts prepared from >10° to <10° CFU (Table 4). The
practical lower detection limit likely was dictated by both the
diminished mass of target protein in the sample and the com-
plexity of the sample matrix, which is known to obscure signals
and interfere with the ionization and detection of target pep-
tides (28). The observed detection limit was consistent with
results from a study of Bacillus subtilis in which 2.2 X 107 CFU
were detected using MALDI-TOF MS (18). Since the oxygen-
ase complex constitutes about 4% of the total soluble pro-
teome of DF-grown cells of RW1 (5), the lower detection limit
for the 49-kDa alpha subunit of the dioxygenase in whole-cell
extracts of 107 CFU was calculated to equal about 500 femto-
moles. Thus, the sensitivity of the assay was excellent, partic-
ularly considering the complexity of the sample matrix. The
observed upper limit of detection (Table 4) likely resulted from
a combination of incomplete digestion due to saturation of
trypsin and saturation of the microextraction column resin
during sample cleanup and incomplete lysis of cells by sonica-
tion.

The developed assay for the identification of RW1 by PMF
of minimally processed whole cells is easy to use; does not
require expensive sample preparation materials, e.g., protein
chips (3); and is robust, as demonstrated by the negative results
obtained for all control microorganisms and for LB-grown cells
of RW1 devoid of dioxin dioxygenase. Qualitative results of
analyses were relatively insensitive to culture age (cells har-
vested in the early, mid-, or late logarithmic phase) and inde-
pendent of sample cleanup materials (C, 3 microextraction col-
umns), sample matrix used (3,5-dihydroxybenzoic acid or
CHCA), and individuals performing the experiment. All sam-
ple manipulation steps can easily be automated to allow unat-
tended high-throughput analysis, an important goal for the
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analysis of both environmental and clinical microorganisms
(6).

Applying PMF of whole-cell extracts in bioremediation. The
analysis strategy and methodology presented here are attrac-
tive for application in the field of bioremediation for several
reasons. The principal advantage of the assay is its ability to
identify cells of RW1 and simultaneously yield information on
their most critical phenotypic characteristic that drives the
removal of dioxins from contaminated environments during
bioaugmentation: the expression of appreciable quantities of
the dioxin dioxygenase.

Analysis of whole-cell extracts by PMF can inform on the
extent to which vegetative cells of RW1 are charged with this
enzyme. Since the assay is performed on a nonpurified bacte-
rial proteome fraction, only cells containing appreciable quan-
tities of the dioxin dioxygenase are detectable by PMF. Cells
from at least two origins could be assayed during field-scale
bioremediation: biomass grown in the laboratory for introduc-
tion into contaminated target environments and environmental
cultures isolated from field samples taken at the bioaugmented
site. The experiments conducted in this study inform on assay
performance under both scenarios.

Compared to molecular methods for the detection of mi-
croorganisms, PMF by MALDI-TOF MS has a much lower
sensitivity, which is not necessarily undesirable. At a bioreme-
diation site where substantial amounts of biomass were intro-
duced to accelerate degradation of pollutants, the use of ex-
tremely sensitive methods, such as PCR, may be of limited
value. Although a few cells may trigger a positive result, their
sparse presence will be inconsequential for the fate of pollut-
ants at a contaminated site. The real question is whether there
is enough of the enzyme to cause detectable biodegradation.
To determine this, PMF of whole-cell preparations represents
an attractive strategy. This was clearly demonstrated for cells
maximally induced and moderately induced and for those re-
pressed in dioxin dixoygenase expression (cells grown on DF,
glucose plus DF, and LB broth, respectively). Additional ben-
efits of the assay are its reproducibility and robustness and the
potential for unattended high-throughput analysis during rou-
tine screening of environmental isolates.

The methodology demonstrated here for a dioxin-degrading
bacterium may be extended to other microorganisms contain-
ing large quantities of characteristic proteins. Enzymes ex-
pressed in moderate quantities also may be suitable targets, as
long as their corresponding peptides ionize favorably, similar
to those of the alpha subunit of the dioxin dioxygenase. In
summary, this study of strain RW1 suggests that PMF of
whole-cell extracts may be a promising technique for the iden-
tification and phenotypic characterization of certain microbial
pure cultures offering high-abundance proteins composed of
peptides with favorable ionization behavior. Since the tech-
nique is inexpensive and may be automated, it could prove
valuable in bioremediation and other areas of applied and
environmental microbiology.
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