JOURNAL OF BACTERIOLOGY, Oct. 2010, p. 4859-4867
0021-9193/10/$12.00  doi:10.1128/JB.00512-10

Vol. 192, No. 19

Copyright © 2010, American Society for Microbiology. All Rights Reserved.

Expressed Genome of Methylobacillus flagellatus as Defined through
Comprehensive Proteomics and New Insights into Methylotrophy"'f

Erik L. Hendrickson,' David A. C. Beck,” Tiansong Wang,”> Mary E. Lidstrom,'”
Murray Hackett,' and Ludmila Chistoserdova'*

Department of Chemical Engineering, University of Washington, Box 355014, Seattle, Washington 98195"; The eScience Institute,

University of Washington, Box 355014, Seattle, Washington 98195%; and Department of Microbiology, University of
Washington, Box 355014, Seattle, Washington 98195°

Received 4 May 2010/Accepted 8 July 2010

In recent years, techniques have been developed and perfected for high-throughput identification of proteins
and their accurate partial sequencing by shotgun nano-liquid chromatography-tandem mass spectrometry
(nano-LC-MS/MS), making it feasible to assess global protein expression profiles in organisms with sequenced
genomes. We implemented comprehensive proteomics to assess the expressed portion of the genome of
Methylobacillus flagellatus during methylotrophic growth. We detected a total of 1,671 proteins (64% of the
inferred proteome), including all the predicted essential proteins. Nonrandom patterns observed with the
nondetectable proteins appeared to correspond to silent genomic islands, as inferred through functional
profiling and genome localization. The protein contents in methylamine- and methanol-grown cells showed a
significant overlap, confirming the commonality of methylotrophic metabolism downstream of the primary
oxidation reactions. The new insights into methylotrophy include detection of proteins for the N-methylglu-
tamate methylamine oxidation pathway that appears to be auxiliary and detection of two alternative enzymes
for both the 6-phosphogluconate dehydrogenase reaction (GndA and GndB) and the formate dehydrogenase
reaction (FDH1 and FDH4). Mutant analysis revealed that GndA and FDH4 are crucial for the organism’s

fitness, while GndB and FDH]1 are auxiliary.

Methylotrophy is the ability of some microorganisms to grow
on compounds containing no carbon-carbon bonds (C; com-
pounds) as sole sources of carbon and energy. This type of
metabolism requires special enzyme systems and pathways that
accomplish three principal metabolic goals: (i) energy-produc-
ing primary oxidation of a C, substrate to formaldehyde or
methyl transfer to produce methyl-tetrahydrofolate (H,F), (ii)
energy-producing oxidation of formaldehyde or methyl-H,F to
CO,, and (iii) energy-consuming assimilation of formaldehyde,
methylene-H,F, and/or CO, into biomass (1, 22). In the course
of microbial evolution, multiple pathways for each step have
been assembled, and, theoretically, any combination of these
should enable methylotrophy (9). Moreover, some organisms
possess multiple pathways for certain metabolic tasks. For ex-
ample, methane can be oxidized to methanol by either soluble
or particulate methane monooxygenase, and many meth-
anotrophs possess both enzymes (25). The presence of multi-
ple formate dehydrogenases is typical among methylotrophs
(10). Some methylotrophs, such as Methylococcus capsulatus,
encode multiple pathways for C; assimilation (37). Methyl-
otrophs employing the ribulose monophosphate (RuMP) cycle
for formaldehyde assimilation can also oxidize formaldehyde
via this pathway by employing a single additional reaction,
catalyzed by 6-phosphogluconate dehydrogenase (Gnd) (1,
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22). In addition, most RuMP cycle methylotrophs also possess
a linear pathway for formaldehyde oxidation employing tetra-
hydromethanopterin (H,MPT) as a cofactor (35).

Methylobacillus flagellatus is a typical representative of
RuMP cycle methylotrophs. It has a very limited substrate
repertoire, growing robustly only on methanol or methylamine
(16). Genomic analysis has revealed specific lesions in path-
ways for utilization of multicarbon compounds, confirming
that, indeed, this organism must rely exclusively on methyl-
otrophy to sustain its growth (11). At the same time, redundant
methylotrophy pathways have been deduced from the genome.
For example, in addition to the bona fide methanol dehydro-
genase, four homologs of the large subunit are encoded (11).
Besides the well-characterized methylamine dehydrogenase,
an alternative system for methylamine oxidation is encoded,
consisting of N-methylglutamate synthase and N-methylglu-
tamate dehydrogenase (N-methylglutamate pathway) (21).
Both cyclic and linear pathways for formaldehyde oxidation
are encoded, along with two formate dehydrogenases. In
addition, multiple terminal cytochrome oxidases are en-
coded (11).

It has been assumed that metabolism of both methanol and
methylamine, with the exception of the respective specific pri-
mary oxidation step, is carried out by M. flagellatus (and other
methylotrophs) in exactly the same fashion (1, 22). However,
this assumption has not been experimentally tested. The rela-
tive contributions of each of the redundant pathways encoded
in the genome (for example, linear versus cyclic oxidation of
formaldehyde) also remained unclear (7). These questions can
be assessed through analysis of the expressed portion of the
genome under specific growth conditions and especially pre-
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cisely through a comprehensive analysis of the protein content
in the cell (proteome) (3).

In recent years, techniques have been developed and per-
fected for high-throughput identification of proteins and their
accurate partial sequencing by shotgun nano-liquid chroma-
tography—tandem mass spectrometry (nanoLC-MS/MS), mak-
ing it feasible to assess relatively complete global protein ex-
pression profiles in prokaryotic organisms with sequenced
genomes (2, 17). In this study, we employed comprehensive
proteomics of M. flagellatus to determine what portion of the
encoded proteome is detectable during methylotrophic growth
under defined laboratory conditions and to obtain new insights
into the physiology of the organism through this analysis.

MATERIALS AND METHODS

Cultivation, sample preparation, and high-performance liquid chromatogra-
phy (HPLC) prefractionation. For the proteome analysis, cultures of M. flagel-
latus KT were grown in 250 ml of minimal mineral medium [15 mM K,HPO,, 16
mM NaH,PO,, 0.8 mM MgSO,, 4 mM (NH,),SO,, and 1X Vishniac trace
elements (34)] supplemented with either 2% methanol or 0.4% methylamine
(wt/vol) at 37°C to optical densities at 600 nm (ODj) of 0.6 = 0.05. Cells were
harvested by centrifugation at 4,500 X g for 7 min at 4°C. The pellets were
resuspended in cooled 20 mM Tris HCI buffer (pH 8.0) and centrifuged again at
4,500 X g for 7 min and again for 4 min to remove all of the supernatant. The
pellets were immediately frozen in liquid nitrogen and stored at —80°C until
further use.

Lysis was carried out as described previously (3), except that the resuspension
buffer was 15 mM Tris HCl (pH 8.5)-5 mM dithiothreitol-0.01% Rapigest
(Waters, Milford, MA) and the boiling time was 5 min. Digestion was carried out
as described previously (3), except that after alkylation, a second reduction was
carried out with 10 mM dithiothreitol for 30 min at 37°C and the pellet wash
protocol was 250 pl of the following: once with 0.5% trifluoroacetic acid (TFA)
and 5% acetonitrile, once with 0.5% TFA and 25% acetonitrile, and once with
0.5% TFA and 50% acetonitrile. Suspensions after the first two washes were
centrifuged for 5 min at 8,500 rpm in a tabletop centrifuge (Eppendorf, West-
bury, NY), and the supernatant was collected. The suspension after the final
wash was centrifuged for 10 min at 14,000 rpm, and the supernatant was col-
lected. All the supernatants were pooled, and the pH was adjusted to 2.5 with
TFA if necessary. After the supernatants were frozen, the volume of the samples
was reduced to 150 wl by lyophilization. HPLC prefractionation was carried out
as described previously (3) and five fractions were collected.

Proteomics. The proteomics experiments were carried out essentially as pre-
viously described (3, 4). Detailed proteomics methods are presented in File S1 in
the supplemental material.

Bioinformatics. Gene product annotations, cluster of orthologous gene
(COG) assignments, and transmembrane domain and signal peptide predictions
were downloaded from the Joint Genome Institute (JGI) IMG/M interface (23)
(Taxon Object ID 637000165) and loaded into a MySQL database. Similarly, the
log, sums of spectral counts for each protein under methanol and methylamine
growth conditions were loaded into the MySQL database, using a text file
extracted from the FileMaker database (see File S2 in the supplemental mate-
rial). The gene product annotations and proteomics data sets were joined on
open reading frame (ORF) identity such that each protein detected in proteo-
mics mapped back to a gene and its associated product annotations.

For each predicted gene, we calculated the fraction of neighboring gene
products undetected in proteomics (shown by the arrow color in File S3 in the
supplemental material). A neighboring gene was one that ended within 2.5 kb of
the start of the focus ORF or one that started within 2.5 kb of the end of the
focus ORF. A product was undetected if the log, sum of spectral counts from
both the methanol and methylamine experiments was zero.

In File 3 in the supplemental material, the genes were plotted from the start
base to the end base with an arrow depicting the direction of the coding strand
(left to right, +; right to left, —). The color of the arrows was scaled, with the
mean fraction of neighboring gene products scaled from black to red, represent-
ing detected to undetected, respectively. Above each arrow is a portion of the
product annotation from JGI. Below the arrows are bars indicating COG assign-
ments made by JGI (if available) colored by COG class (see the legend on the
first page of File S3 in the supplemental material).
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Mutant generation and phenotypic analysis. Null mutants in the following
enzymatic systems were generated: the N-methylglutamate pathway (MgdC); the
oxidative branch of the RuMP pathway, represented by two functional homologs,
GndA and GndB; and two alternative formate dehydrogenase systems, the
NAD-linked formate dehydrogenase (Fdh1A) and the novel formate dehydro-
genase whose electron transfer partners remain unknown (Fdh4A). The gndA
insertion mutant was generated using the previously described donor construct
based on the pAYC61 suicide vector (5). Mutations in mgdC, gndB, fdhlA, and
fdh4A were generated using the previously described suicide vector pCM184,
essentially as previously described (24). The double-crossover nature of the
mutants was validated using diagnostic PCR tests, essentially as previously de-
scribed (7). To generate unmarked mutations, a recombinase-expressing vector
was introduced into the mutants, and the kanamycin resistance gene was specif-
ically excised at the cre-lox sites (24). The primers used to amplify the respective
chromosomal regions and the resulting plasmids and mutant strains are listed in
File S4 in the supplemental material. The phenotypes of the mutants were tested
on methanol- and methylamine-supplemented plates and in methanol- and
methylamine-supplemented liquid media. Growth curves were monitored in
50-ml cultures grown in 250-ml flasks with rotary shaking as 250 rpm, at 37°C.
Optical density was measured at 600 nm. Both methanol and methylamine were
supplied at 60 mM.

RESULTS AND DISCUSSION

Proteome coverage and statistics. A total of 627,843 peptide
mass spectra were matched to the 2,759 proteins inferred from
the M. flagellatus genome (11). For all biological replicates, we
qualitatively identified 1,671 proteins. Specifically, 1,384 and
1,494 proteins were detected in the two methanol replicates
and 1,349 and 1,498 proteins were detected in the two me-
thylamine replicates. The two sets of biological replicates were
highly reproducible quantitatively, as determined from corre-
lation analysis using linear regression, with coefficients of de-
termination (r%) of 0.999 for the methanol samples and 0.999
for the methylamine samples. The overlaps between the meth-
anol and methylamine biological replicates were also very sim-
ilar due to the small number of genes with significantly altered
protein abundances identified when the two sets of growth
conditions were compared (* = 0.993 to 0.994). A subset of
143 genes in the genome is duplicated, thus encoding identical
proteins (11), of which 90 were detected in this study. Only one
copy of each gene was considered in calculating the qualitative
proteome coverage at 63.9%. A comprehensive list of all iden-
tified proteins along with abundance and protein intensity ra-
tios is shown in File S2 in the supplemental material. When
statistically compared, of the 1,671 detectable proteins, 191
(11.4%) were more represented in the methylamine cultures
and 81 (less than 5%) were more represented in the methanol
cultures, suggesting that the organism indeed requires rela-
tively minor adjustments for the switch between the two sub-
strates. The proteins with the highest levels of detection were
common to both growth conditions, including some of the
methylotrophy enzymes, with few exceptions (Table 1).

Of the 2,616 different proteins predicted from genome anal-
ysis exclusive of gene duplications, we detected 1,671 proteins
at different levels of abundance (see File S2 in the supplemen-
tal material). There are a number of possible reasons to ex-
plain the failure to detect the remaining 945 proteins, as fol-
lows. (i) These proteins may be false negatives in the proteome
analysis. This is especially true for proteins that are difficult to
detect using proteomics techniques, such as proteins with sig-
nificant stretches of transmembrane regions or small proteins
having small numbers of tryptic peptides (38, 39). (ii) Some
predicted proteins are not real, resulting from genome over-



VoL. 192, 2010

PROTEOMICS OF METHYLOBACILLUS FLAGELLATUS 4861

TABLE 1. Most abundant proteins detected in this study in methanol- and methylamine-grown Methylobacillus flagellatus

Mfla identifier Protein/function

Spectral count®

(protein name) Total MA/Me ratio MA Me

(log>) (log>) (logo) (logo)
Mfla_0364 (GroEL) Chaperonin 14.103 —0.095 13.061 13.144
Mfla_2453 Hypothetical protein 13.880 4.446 13.800 9.662
Mfla_0265 Translation elongation factor 13.746 —0.769 12.327 13.069
Mfla_0535 Oxidoreductase 13.359 —0.721 11.953 12.675
Mfla_0751 (Hsp70) Heat shock protein 12.978 0.368 12.166 11.762
Mfla_2044 (MxaF) MDH large subunit” 12.931 0.527 12.179 11.631
Mfla_1578 OmpA/MotB precursor 12.915 —0.093 11.873 11.956
Mfla_0250 (Hps) Hexulosephosphate synthase” 12.910 —0.274 11.768 12.040
Mfla_0016 DNA-binding protein 12.772 —1.500 10.829 12.337
Mfla_2249 (Tkt) Transketolase” 12.657 —0.044 11.651 11.663
Mfla_0548 (MauB) MADH large subunit” 12.602 6.529 12.568 6.092
Mfla_2744 ATP synthase F1 beta subunit 12.428 —0.567 11.115 11.685
Mfla_1654 (Hps) Hexulosephosphate synthase” 12.329 —0.548 11.036 11.572
Mfla_0122 TonB-dependent receptor 12.040 —0.251 10.944 11.130
Mfla_2338 Outer membrane protein 11.875 —1.075 10.317 11.276
Mfla_0272 RNA polymerase beta subunit 11.777 —0.050 10.761 10.793
Mfla_2140 Cold shock protein 11.774 0.044 10.894 10.644
Mfla_0927/1071 Ribosomal protein S1 11.762 —0.094 10.718 10.805
Mfla_2746 ATP synthase F1 alpha subunit 11.738 —0.346 10.562 10.895
Mfla_1655 (Tal) Transaldolase” 11.700 —0.642 10.396 10.957
Mfla_1170 AAA ATPase 11.691 —0.011 10.684 10.698
Mfla_0273 RNA polymerase beta’ subunit 11.672 —0.093 10.631 10.712
Mfla_1529 Elongation factor Ts 11.578 —0.824 10.156 10.904
Mfla_0269 Ribosomal protein L1 11.562 —0.367 10.362 10.737
Mfla_1986 Flagellin 11.505 0.383 10.684 10.301

“ MA, methylamine; Me, methanol; MDH, methanol dehydrogenase; MADH, methylamine dehydrogenase.

® Protein with known function in methylotrophy.

interpretation (putative proteins translated from noncoding
regions, often annotated as hypothetical, including small hy-
pothetical proteins). (iii) Finally, some proteins must be true
negatives, i.e., they are not expressed under the growth condi-
tions used in the experiment or they are expressed at such low
levels that they are not detected and thus of doubtful biological
relevance. This third category of proteins is of biological im-
portance since it represents proteins that are not essential
under a given set of experimental conditions. Thus, we exam-
ined the nondetected portion of the inferred proteome in de-
tail.

We compared the distributions of the detected and nonde-
tected proteins among different functional categories. For this
analysis, we leveraged the COG (clusters of orthologous
genes) assignments and transmembrane helices and signaling
peptide predictions by the Integrated Microbial Genomes
(IMG) interface (23). We determined that, indeed, among the
nondetected predicted proteins, 265 were hypothetical pro-
teins with no COG assignments (see File S5 in the supplemen-
tal material). In contrast, a much smaller proportion of pre-
dicted hypothetical proteins were found among the detected
proteins in both methanol and methylamine samples (Fig. 1),
and these are now validated as true proteins, though their
functions are as yet unknown.

Of the remaining undetected proteins, 266 were predicted to
contain transmembrane helices and 180 were predicted to con-
tain signal peptides, and therefore these might be expected to
be underrepresented. The undetected proteins with COG as-
signments were sorted into functional categories (see File S5 in
the supplemental material) and manually analyzed. Most of

these appeared to have nonessential functions, such as trans-
port, secretion, regulation, etc., and many belonged to COG
categories with unknown functions or a general function pre-
diction only, consistent with proteins that could be unex-
pressed. At the same time, most of the proteins encoding
predicted essential functions were detected (see below). Ex-
ceptions, as expected, were represented by proteins containing
large numbers of transmembrane helices (>50% of the protein
length).

In order to determine whether the expressed genes corre-
sponding to the detected proteins were randomly distributed
over the chromosome or belonged to putative transcriptional
units, we visualized the locations of proteins on the chromo-

Hypothetical proteins
A B C
FIG. 1. Pie charts depicting proportions of proteins with assigned
functional categories (not shown) versus proportions of hypothetical

proteins in proteins translated from the genomic sequence (A), non-
detected proteins (B), and detected proteins (C).
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e
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—

Integron , Mfla_2544 - Mfla_2549
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FIG. 2. Examples of major types of nonexpressed gene islands. Genes corresponding to small proteins (<10 kDa) or proteins with substantial
predicted transmembrane regions (>50% of protein’s length) are shown in red, and genes corresponding to proteins with readily detectable
characteristics are shown in black.

some in color (see File S3 in the supplemental material). We We incorporated the nonrandom factors described above into
found that the genes corresponding to detected and nonde- this analysis and plotted the corresponding genome regions for
tected proteins tended to form clusters (genomic islands), sug- selected nondetected islands (Fig. 2). As can be seen, some
gesting nonrandom distribution and potential coregulation. genomic islands are rich in proteins that would be difficult to
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detect, such as the secretory proteins in the Mfla_1333-to-
Mfla_1353 region. As such, these genomic islands may very
well be expressed despite the large number of undetected
proteins. However, many of the islands contain a large number
of readily detectable proteins, suggesting that their absence is
neither random nor a biochemical artifact. These genomic
islands are likely truly silent, i.e., not expressed under a given
set of environmental conditions. To assign a statistical proba-
bility to this conclusion, we tested a null hypothesis of detect-
ing or not detecting a product of a given gene being indepen-
dent of detecting or not detecting the products of neighboring
genes. A G test showed that for a given gene with a nonde-
tected product, the likelihood of neighbors with nondetected
products was higher than expected, given the ratio of detected
versus nondetected proteins (a P value of 3E—57). Overall,
these analyses suggest that we were able to detect most of the
proteins that correspond to genes expressed during methyl-
otrophic growth, thus defining a comprehensive methylotrophy
proteome.

Central metabolism. M. flagellatus exhibits high methanol
dehydrogenase (MDH) activity during growth on both meth-
anol and methylamine (20). Accordingly, the large subunit of
MDH (MxaF, Mfla_2044) was one of the most frequently
detected proteins in both methanol- and methylamine-grown
cultures (Table 1; see File S6 in the supplemental material).
Peptides were also detected for the small subunit, the associ-
ated cytochrome ¢, and all the remaining MDH accessory
proteins (Mfla_2034 to Mfla_2043) (11), as well as all the PQQ
biosynthesis proteins (Mfla_0734, Mfla_0735, and Mfla_1680
to Mfla_1683), except for PqqA (Mfla_0021). Three copies of
pqqA are present in the genome (of which only one is trans-
lated in the current genome annotation [11]). The translated
PqqA polypeptide contains only 23 amino acid residues. Its
tryptic digestion should result in two peptides, neither of which
were matched with the spectra collected in this work. While no
transcriptomic analysis has been conducted using M. flagellatus,
the pggA gene has been shown to be highly transcribed in other
organisms (27, 33). One explanation for this pattern is offered
by a hypothesis that the peptide translated from pgqA serves as
a precursor in synthesis of PQQ (27, 29, 33). However, if this
were the case, stoichiometric rather than catalytic amounts of
the polypeptide would be required (29, 33). The lack of PqqA
spectra in our databases may point toward an alternative pos-
sibility, that pgqA may code for a small RNA and not a peptide.
In addition to the bona fide MDH, four homologs of the large
subunit of MDH, MxaF, are encoded in the genome
(Mfla_344, Mfla_1451, Mfla_1717, and Mfla_2314). Of these,
three were detected at low spectral counts and one was not
detected (see File S6 in the supplemental material).

In the methylamine-grown culture, some of the most differ-
entially expressed proteins were the ones involved in the me-
thylamine dehydrogenase (MADH) function, while none or
very few peptides of these proteins were observed in the meth-
anol-grown culture (see File S6 in the supplemental material).
In terms of spectral counts, the two subunits of MADH
(Mfla_0548 and Mfla_0551) and the associated electron accep-
tor azurin (Mfla_0556) were most abundant, along with MauD
(Mfla_0550), whose exact role in the MADH reaction remains
unknown. MauD has also been previously detected at high
spectral counts in methylamine-grown Methylotenera mobilis

PROTEOMICS OF METHYLOBACILLUS FLAGELLATUS 4863

(4). The MADH system has been previously demonstrated to
be essential for growth on methylamine (14, 15). However, the
recently described genes for an alternative methylamine oxi-
dation enzyme system, the one involving an N-methylgluta-
mate as an intermediate, have also been recognized on the
chromosome of M. flagellatus (Mfla_0452 to Mfla_0459) (21).
Proteins involved in this pathway, like MADH proteins, were
detected almost exclusively in the methylamine culture (see
File S6 in the supplemental material), suggesting that the path-
way is functional and is induced during growth on methyl-
amine. However, in terms of spectral counts, the proteins in-
volved in this pathway were less abundant. One of the most
frequently detected proteins in the methylamine cultures was a
protein of unknown function (Mfla_2453) (Table 1) that is
predicted to possess an outer membrane channel motif, and
this protein could potentially be a porin. Prior to experimental
work with this protein, we can only speculate that it could be
involved in transport of either methylamine or a methylamine-
specific product, such as ammonium, across the cell mem-
brane.

All of the enzymes involved in the assimilatory RuMP cycle
(detailed in reference 11 and File S6 in the supplemental
material) were detected at high spectral counts in both meth-
anol- and methylamine-grown cultures. Two genes for hexu-
losephosphate synthase (Mfla_0250 and Mfla_1654), the key
assimilatory enzyme, have been previously identified, one as
part of the large C, cluster and one inserted into a histidine
biosynthesis gene cluster (11). Both were detected at high
spectral counts, the latter having a somewhat higher count
(Table 1). Of the two isoenzymes of 6-phosphogluconate de-
hydrogenase, the enzyme involved in the dissimilatory RuMP
cycle (cyclic oxidation), the NAD-linked enzyme (GndA,
Mfla_0918/1062) was detected at much higher spectral counts
than the NADP-linked enzyme (GndB, Mfla_2599). Surpris-
ingly, the latter was statistically overexpressed in methylamine-
grown cells (see File S6 in the supplemental material), poten-
tially suggesting a special role for this enzyme in methylamine
metabolism. Interestingly, the previously analyzed methyl-
amine utilizer, Methylotenera mobilis, possesses (and expresses
during growth on methylamine) only GndB, not GndA (4).

All the known proteins involved in the H,MPT-linked form-
aldehyde oxidation pathway were detected (Mfla_1579 to
Mfla_1582, Mfla_1646 to Mfla_1652, Mfla_1656 to Mfla_1662)
along with proteins for two formate dehydrogenases, FDH1
(Mfla_0718 to Mfla_0720) and FDH4 (Mfla_0338), named af-
ter the homologous enzymes formerly characterized in Meth-
ylobacterium extorquens AM1 (8) that, together with the
H,MPT-linked pathway, form the linear formaldehyde oxida-
tion path (Fig. 3). Interestingly, the NAD-linked FDH (FDHI,
Mfla_718 to Mfla_722) was detected only in methylamine-
grown cells, while FDH4 (Mfla_433) was detected under both
conditions. Fae, formaldehyde-activating enzyme, is the first
enzyme in the linear formaldehyde oxidation path, and it is
known to be highly expressed in methylotrophs (36). We pre-
viously identified two bona fide fae genes (Mfla_1652 and
Mfla_2543) and two distant homologs named fae2 (Mfla_2524)
and fae3 (Mfla_2364) whose functions remain enigmatic (11).
All four of the fae proteins were detected. The Fae encoded in
the large C, gene cluster (Mfla_1652) was found at the highest
spectral counts, followed by Fae2, Fae3, and Fae (Mfla_2543).
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Biomass

FIG. 3. Schematic representation of central metabolism of M.
flagellatus. MDH, methanol dehydrogenase; MADH, methylamine de-
hydrogenase; NMGP, N-methylglutamate pathway; GndA and GndB,
NAD-linked and NADP-linked 6-phosphogluconate dehydrogenases,
respectively; FDH1 and FDH4, alternative formate dehydrogenases;
H6P, hexulose 6-phosphate; RuSP, ribulose 5-phosphate. Enzyme sys-
tems mutated in this work are shown in red. Essential enzymes are
shown in large font, and auxiliary enzymes are shown in small font.

These data suggest that Fae2 and Fae3 may have separate and
important functions in C; metabolism.

All of the enzymes that were previously implicated in C;
interconversions (11) were detected, as well as all of the en-
zymes involved in the incomplete tricarboxylic cycle (see File
S6 in the supplemental material).

Essential functions and secondary metabolism. We detected
proteins representing all of the essential functions, such as
transcription, translation, ribosomal structure, and biosynthe-
sis of vitamins and cofactors, with one exception. Two proteins
involved in the biosynthesis of cobalamine were not detected
and appeared to be part of a silent operon (Mfla_94 to
Mfla_105). This fits with the current understanding of
methylotrophic metabolism of organisms utilizing the
RuMP cycle, which does not involve cobalamine-dependent
reactions (1, 22).

Of the nonessential functions, we detected most of the pro-
teins involved in flagellum biosynthesis and function, all en-
coded by a single gene cluster (Mfla_1928 to Mfla_1988). We
found that both exopolysaccharide synthesis gene clusters pre-
dicted from the genome sequence (Mfla_1268 to Mfla_1280
and Mfla_2007 to Mfla_2031) were expressed during methyl-
otrophic growth. Although they are proposed as nonessential
for energy generation during methylotrophic growth (31, 32),
we found most of the proteins composing the NADH dehy-
drogenase complex (Mfla_2048 to Mfla_2061). Interestingly,
some of the genes associated with the CRISPR element
(Mfla_0601 to Mfla_0607) were expressed, suggesting that cells
maintain active phage defense mechanisms (28) even when
grown as axenic cultures.

Insights from the silent gene islands. We carefully analyzed
the silent genes and gene islands and manually sorted them
into functional categories (see Files S3 and S5 in the supple-
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mental material). One goal of this analysis was to confirm that
no essential functions were encoded by these genes, and an-
other goal was to detect genes and pathways that are not
expressed during growth on methanol or methylamine but
could potentially indicate the existence of alternative modes of
metabolism and/or alternative growth substrates. From these
analyses, many silent genes and gene islands were predicted to
encode transport, secretion, and efflux functions (Fig. 2; see
File S5 in the supplemental material). Another major func-
tional category of silent genes included genes belonging to
prophage sequences and other insertional elements, such as
integrons (Mfla_403 to Mfla_410) (26) or putative integrons
(Mfla_2544 to Mfla_2549). Two silent gene islands encoded
proteins with homology to adhesins and hemagglutinins, pro-
teins typically synthesized and excreted by pathogenic bacteria.
Other silent gene islands encoded metabolic traits that were
not essential for growth in the laboratory (nitrate transport and
metabolism, Mfla_0315 to Mfla_0331; cobalamin biosynthesis,
Mfla_0095 to Mfla_0105, etc.). The only clue toward identify-
ing potential alternative growth substrates was the gene cluster
predicted to encode transport and degradation of alkanesul-
fonates (Mfla_1534 to Mfla_1566) previously described for
serine cycle methylotrophs (19). A few other silent gene islands
encoded predicted transporter peptides, along with predicted
oxidoreductases that may be indicative of other potential al-
ternative substrates. However, these substrates cannot be de-
duced based on general function prediction and remain un-
known.

Metabolic insights from mutant analysis. The results of the
proteomic analysis provided new insights into methylotrophic
metabolism of M. flagellatus. The MADH system has been a
hallmark of methylamine metabolism in methylotrophs, in-
cluding M. flagellatus, having been demonstrated to be essen-
tial for methylamine utilization (5, 14, 15, 30). However, the
finding of an alternative system involving N-methylglutamate
as an intermediate specifically expressed during growth on
methylamine raised a question of whether this additional sys-
tem contributed to growth on methylamine. The role of the
linear pathway for oxidizing formaldehyde has been ap-
proached experimentally before (7, 18). However, while high
activities for the enzymes of the H,MPT pathway have been
measured, mutants in these enzymes revealed only very subtle
phenotypes, suggesting a minor role in formaldehyde oxida-
tion. Formate dehydrogenase activity was reported only in cells
of M. flagellatus (and other RuMP methylotrophs) when grown
in a chemostat at low dilution rates (6, 12, 13), consistent with
the nonessential role of the linear pathway. However, here we
detected all the components of the linear pathway, including
the two alternative formate dehydrogenases. Of these, the
NAD-linked enzyme (Mfla_0718 to Mfla_0720) was detected
only in methylamine cells, while the second enzyme
(Mfla_0338) was detected under both conditions. The latter
enzyme is a homolog of a novel formate dehydrogenase,
FDH4, that was recently identified and investigated in M. ex-
torquens (8). This enzyme remains enigmatic, with no cofactors
or electron acceptors identified and no assay existing for its
activity. Mutants of M. extorquens defective in this enzyme
reveal a dramatic phenotype: during growth in liquid, they start
accumulating formate in growth medium, which eventually re-
sults in growth arrest and lysis (8). The fdh4A gene was found
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FIG. 4. Growth of wild-type and mutant M. flagellatus on methanol and methylamine. Results from two representative experiments are shown
(experiment 1, A and B; experiment 2, C and D). Data are ODy, values plotted against time (hours).

to be acid inducible, suggesting a potential involvement in the
acid stress response. In addition, experiments on overexpres-
sion of fdh4A and an adjacent gene named fdh4B prompted
hypotheses of additional, potentially regulatory functions that
remain poorly understood (8). We were interested in testing
the roles of the alternative formate dehydrogenases in M.
flagellatus to determine whether this step of the linear pathway
is essential, whether they were redundant, and whether the
dramatic phenotype observed for the fdh44 mutant in M. ex-
torquens will be observed in the case of M. flagellatus.

Proteomics revealed the presence of both GndA
(Mfla_0918/Mfla_1062) and GndB (Mfla_2599), the latter
seeming to be upregulated in the methylamine-grown cells. We
have previously failed to obtain GndA mutants (7). However,
in light of the presence of GndB, along with the enzymes for
the linear pathway, it appeared necessary to retest the relative
contributions of these enzymes to formaldehyde oxidation.

To address the questions posed above, we constructed mu-
tants with deficiencies in the N-methylglutamate pathway
(mgdC, mfla_0454), GndA (gndA, mfla_0918/mfla_1062),
GndB (gndB, mfla_2599), FDH1 (fdhlA, mfla_0720), and
FDH4 (fdh4A, mfla_0338). A simplified scheme of the metab-
olism of M. flagellatus featuring these reactions is depicted in
Fig. 3. Double-crossover (null) mutants were obtained using all
five genes. In the case of GndA, double-crossover mutants
were obtained only when selected for on methylamine, not
methanol, plates.

Tests on plates indicated that mutants with mutations in only
two genes, gndA and fhd4A, showed reduced growth on both

methanol and methylamine. Tests in liquid cultures confirmed
these observations. Mutants with mutations in mgdC, gndB,
and fdhlA grew at the same rate and to the same optical
density as wild-type cells on both methanol and methylamine,
while cells with mutations in gndA4 and fdh4A showed growth
defects (Fig. 4 shows results from two representative experi-
ments out of a total of nine experiments). A dramatic pheno-
type was manifested by the GndA mutant, which essentially
could not grow on methanol in liquid culture. On methylamine,
the mutant revealed a long (8- to 10-h) lag phase, after which
it grew at a rate close to the wild-type rate (approximately 3-h
doubling time). Such a phenotype agrees with the elevated
levels of GndB on methylamine (see File S7 in the supplemen-
tal material), suggesting that GndB, after a critical threshold
concentration is reached for the enzyme, can act in place of
GndA and that the change in the ratio of NADH (primarily
produced by GndA) to NADPH (primarily produced by
GndB) does not affect the metabolism of M. flagellatus in a
dramatic way during growth on methylamine.

The Fdh4A mutant displayed reduced growth on both meth-
anol and methylamine in terms of having a lag period of 8 to
10 h, before onset of growth. In addition, this mutant revealed
patterns of stochastic behavior, i.e., sometimes the strain would
not grow in liquid culture beyond a few cell divisions (Fig. 4A,
C, and D) and sometimes it would (Fig. 4B). This type of
behavior may reflect subtle differences in microelement con-
tent of the media that may have occurred between different
experiments or an involvement in a bistable switch type of
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network. While a very interesting phenomenon, differentiating
between these possibilities is beyond the scope of this work.

Overall, the phenotypes of the mutants indicated that, while
both cyclic and linear formaldehyde oxidation pathways are
functionally present in M. flagellatus and both involve alterna-
tive solutions (GndA versus GndB and FDHI1 versus FDH4),
their functions are likely not redundant. GndA appears to have
a more important function than GndB, and FDH4 appears to
have a more important function than FDH1.

To ultimately answer the question of whether either the
linear or the cyclic pathway alone can support methylotrophic
growth of M. flagellatus, we attempted to generate mutants defi-
cient in different combinations of alternative Gnd and FDH en-
zymes, as follows: GndA/GndB, Fdh1A/Fdh4A, GndA/FdhlA,
GndA/Fdh4A, GndB/Fdh4A, and GndB/FdhlA. Of all these
combinations, we were able to select only double mutants
deficient in GndB/Fdh1A, with selection on either methanol or
methylamine. No strains containing the other combinations of
mutations were obtained. This result fits well with the pheno-
types of the single mutants. It appears from these results that
both linear and cyclic pathways for oxidation of formaldehyde,
and specifically the formate oxidation step, are required. While
no visible phenotypes were observed for GndB or FDH1 mu-
tants under laboratory growth conditions, GndB at least can
replace the metabolically important GndA under certain cir-
cumstances, indicating that these systems likely play a role in
the organism’s fitness.

Conclusions. The comprehensive proteomics approach im-
plemented here revealed that during methylotrophic growth,
M. flagellatus expresses up to 64% of its proteome, including all
the inferred methylotrophy proteins and all the inferred essen-
tial proteins, as well as proteins involved in some auxiliary
functions such as motility, polysaccharide biosynthesis, and
phage defense. Many of the nondetectable proteins appear to
correspond to silent genomic islands, and a portion of the
nonexpressed proteins may represent artifacts of genome an-
notation.

Protein contents in methylamine- and methanol-grown cells
significantly overlap. The newly detected N-methylglutamate
pathway is functionally expressed during growth on methyl-
amine but appears to play an auxiliary role, while the linear
pathway for formaldehyde oxidation and especially the for-
mate oxidation step appear important for the organism’s fit-
ness.
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