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The serine cycle methylotroph Methylobacterium extorquens AM1 contains two pterin-dependent pathways for
C, transfers, the tetrahydrofolate (H,F) pathway and the tetrahydromethanopterin (H,MPT) pathway, and
both are required for growth on C, compounds. With the exception of formate-tetrahydrofolate ligase (FtfL,
alternatively termed formyl-H,F synthetase), all of the genes encoding the enzymes comprising these two
pathways have been identified, and the corresponding gene products have been purified and characterized. We
present here the purification and characterization of FtfL from M. extorquens AM1 and the confirmation that
this enzyme is encoded by an fifL. homolog identified previously through transposon mutagenesis. Phenotypic
analyses of the fifL mutant strain demonstrated that FtfL activity is required for growth on C; compounds.
Unlike mutants defective for the H,MPT pathway, the fifL mutant strain does not exhibit phenotypes indicative
of defective formaldehyde oxidation. Furthermore, the fifL mutant strain remained competent for wild-type
conversion of [**C]methanol to [**C]CO,. Collectively, these data confirm our previous presumptions that the
H,F pathway is not the key formaldehyde oxidation pathway in M. extorquens AM1. Rather, our data suggest
an alternative model for the role of the H,F pathway in this organism in which it functions to convert formate

to methylene H F for assimilatory metabolism.

Growth of aerobic methylotrophic bacteria on single-carbon
(C,) substrates generally involves the production of formalde-
hyde as a central intermediate. In the facultative methylotroph
Methylobacterium extorquens AM]1, the formaldehyde pro-
duced from the primary oxidation of C, substrates condenses
with either tetrahydrofolate (H,F) or tetrahydromethanop-
terin (H,MPT) to form the respective methylene derivatives
(reviewed in reference 39). The reaction of formaldehyde with
H,MPT, a folate analogue that had long been thought to be
unique to methanogenic archaea (9), can occur either sponta-
neously or through the action of the formaldehyde-activating
enzyme, Fae (42). Methylene-H,MPT is subsequently oxidized
to methenyl-H,MPT and then formyl-H,MPT (14, 34, 40),
which is ultimately hydrolyzed by the formyltransferase/hydro-
lase complex, Fhe, to produce formate and free H,MPT (32,
33). Mutants defective for the H,MPT pathway fail to grow on
C, substrates and are sensitive to the presence of compounds
that lead to the production of formaldehyde (14, 27, 30, 42).
These data have led to the suggestion that the H,MPT pathway
serves as the primary formaldehyde oxidation and detoxifica-
tion pathway.

Formaldehyde can also spontaneously react with H,F to
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form methylene-H,F. No enzymatic activity has been found
thus far to catalyze this reaction (42). Methylene-H,F serves as
the C, donor for assimilation of formaldehyde through the
serine cycle (reviewed in reference 21). Alternatively, methyl-
ene-H,F potentially can be converted to methenyl-H,F, and
then formyl-H,F, through the action of an NADP-dependent
methylene-H,F dehydrogenase (MtdA) (10, 40) and methenyl-
H,F cyclohydrolase (Fch) (11, 34), respectively. Coupled to the
conversion of ADP to ATP, formyl-H,F can then be reversibly
oxidized to formate and free H,F through the action of for-
mate-H,F ligase (FtfL, alternatively termed formyl-H,F syn-
thetase [35]). The formate produced either through the H,F-
or H,MPT-dependent C, transfer pathway may then be oxi-
dized to CO, by formate dehydrogenases (20; L. Chistoserdova
and M. E. Lidstrom, unpublished data).

The enzymes of the H,F pathway are found at high specific
activities in serine cycle methylotrophs and are generally
present at three- to fourfold higher levels during growth on C,
compounds than on multicarbon compounds (10, 26, 34, 40).
As the H,F-dependent C, transfer reactions are reversible, it
has been postulated that this pathway is responsible for chan-
neling carbon into the serine cycle during growth on formate
(18), but this has never been demonstrated by mutant analysis.
Additionally, the absence of significant levels of NAD (17) or
dye-linked (26) formaldehyde dehydrogenase activities led to
the suggestion that the H,F-linked C, transfer pathway might
be the key formaldehyde oxidation pathway in these organisms
(26). The surprising discovery of the H,MPT pathway in M.
extorquens AM1 (9) and other methylotrophs (41) refocused
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attention on the role of the H,F-linked C, transfer pathway.
The discovery that Fhc releases formate, rather than CO,, as
the end product of the H,MPT pathway (32) showed a direct
connection between the two C, transfer pathways and raised
the possibility that the H,F pathway may function during
growth on methanol to convert formate into methylene-H,F,
the starting substrate for the serine cycle (32, 39).

Results of the previous genetic analyses of H,F-dependent
C, transfer in M. extorquens AM1 have been somewhat incon-
clusive. It was shown that null mutants of mtdA or fchA could
not be obtained even during growth on multicarbon substrates
such as succinate (10, 11, 40). This was assumed to be due to
their critical role during growth on multicarbon compounds,
likely in producing formyl-H,F for the biosynthesis of purines
and other compounds. Mutants with a reduced activity of
MtdA or Fch were obtained, however, and these were found to
be defective for growth on C, compounds. These data con-
firmed a role for these enzymes in methylotrophy but did not
clarify whether that role was in formaldehyde oxidation or in
another function. Formate-H,F ligase activity had been de-
tected in serine cycle methylotrophs (19, 26), but a candidate
gene responsible for encoding its activity had not been identi-
fied, nor had mutants defective for FtfL. been generated. Very
recently, however, a strain negative for C, growth was identi-
fied that contained a transposon insertion into a gene with a
predicted gene product homologous to known FtfL sequences
(30).

Here we present the purification and biochemical character-
ization of FtfL from M. extorquens AM1 and confirm that this
activity is encoded by the ftfL homolog previously identified
(30). Physiological analyses of ftfL mutant strains establish that
this enzymatic activity, and thus a complete H,F pathway, is
required for growth on C; compounds. Our data are inconsis-
tent, however, with the model in which the main role of this
pathway is in formaldehyde oxidation (26). Rather, our data
support a model in which the H,F pathway functions to pro-
vide methylene-H,F for the serine cycle from formate (32, 39).

MATERIALS AND METHODS

Bacterial strains and growth conditions. M. extorquens AM1 (31) strains were
grown at 30°C on a minimal salts medium (2) containing carbon sources at the
following concentrations: 35 mM formate, 125 mM methanol, 35 mM methyl-
amine, 15 mM oxalate, or 15 mM succinate. Escherichia coli strains were grown
on Luria-Bertani (LB) medium (35). Antibiotics were added at the following
final concentrations: 50 pg of ampicillin/ml, 50 pg of kanamycin/ml, 50 pg of
rifamycin/ml, 35 wg of streptomycin/ml, and 10 ug of tetracycline/ml. All chem-
icals were obtained from Sigma. Nutrient agar and Bacto-agar were obtained
from Difco. For purification of FtfL, wild-type M. extorquens AM1 was cultivated
in a 50-liter fermenter (Inceltech Bioline) containing 40 liters of medium with
methanol. The fermenter was stirred at 300 rpm and gassed with air (5 liters/
min). The cultures were harvested in the late exponential phase at a cell density,
ODsg, of 4.0. Cells were pelleted by centrifugation at 5,000 X g and stored at
—70°C until later use.

FtfL assay. The assay for FtfL activity was based on the quantitative conver-
sion of N'*-formyl-H,F formed in the enzymatic reaction to methenyl-H,F by
the addition of acid (35). Methenyl-H,F is determined spectrophotometrically by
its characteristic absorption maximum at 350 nm. The assays were performed at
30°C as described previously (35). In brief, the standard assay mixture contained
0.1 M Tris buffer (pH 8.0), 2 mM -+/-tetrahydrofolate (H,F) (Sigma; a 10 mM
stock solution was prepared in 1.0 M 2-mercaptoethanol and neutralized with 1
N KOH), 10 mM MgCl,, 5 mM ATP, 200 mM sodium formate, and enzyme. The
solution was incubated at 30°C, and the reaction was stopped at different time
points by the addition of 2 ml of 0.36 N HCl/ml. The reaction mixtures were then
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TABLE 1. M. extorquens AM1 strains and plasmids used in

this study
Strain or plasmid Description ?gfi rrceen((:);
Strains
CM194K.1 AmxaF::kan 27
CM198.1 Afae 28
CM198K.1 Afae::kan 28
CM198-216K.1 Afae AftfL::kan This study
CM212K.1 AdmirA::kan 30
CM216.1 AL This study
CM216K.1 AftfL::kan This study
CM216-212K.1 AL AdmirA::kan This study
M. extorquens AM1 Rif" derivative 31
Plasmids
pCM62 Broad-host-range cloning 29
vector
pCMS80 M. extorquens AM1 expression 29
vector (Pxar)
pCM106 pCMS80 with flhA-fghA from P. 27
denitrificans
pCM157 Broad-host-range cre 28
expression vector
pCM184 Broad-host-range allelic 28
exchange vector
pCM212 Donor to generate AdmrA::kan 30
mutation
pCM213 pCR2.1 with ftfL upstream This study
flank
pCM214 pCR2.1 with ftfL downstream  This study
flank
pCM215 pCM184 with ftfL upstream This study
flank
pCM216 pCM215 with ftfL upstream This study
flank
pCM217 pCR2.1 with 2.7-kb ftfL region  This study
pCM218 pCM62 with fifL region This study
pCR2.1 PCR cloning vector Invitrogen
pRK2073 Helper plasmid expressing IncP 13

tra functions

allowed to stand at room temperature for 10 min. The absorbance of methenyl-
H,F was determined at 350 nm (¢ = 24.9 mM~' cm™' [16]).

Protein purification. Frozen cells (30 g) of M. extorquens AM1 were resus-
pended in 50 mM morpholinepropanesulfonic acid (MOPS)-KOH (pH 7.0;
buffer A) at 4°C. Cells were disrupted by ultrasonication (Sonicator 250; Branson
Ultrasonic) twice for 10 min (50% duty cycles). Centrifugation was performed at
150,000 X g for 1 h to remove cell debris, whole cells, and the membrane fraction,
which was shown to contain only traces of FtfL activity. Protein concentration
was determined by the Bradford assay using Bio-Rad reagent with bovine serum
albumin as the standard (7).

Formate-H,F ligase (FtfL) from M. extorquens AM1 was purified at 4°C under
aerobic conditions. Saturated ammonium sulfate buffer A (61 ml) was added to
61 ml of the soluble fraction stirred on ice. After 15 min of stirring, the precip-
itated protein was removed by centrifugation at 20,000 X g for 1 h. The super-
natant was applied to a phenyl Sepharose column (High Performance 26/10;
Amersham Biosciences) equilibrated with 2 M ammonium sulfate [(NH,),SO,]
in buffer A. With a linear gradient decreasing from 2 to 0 M (NH,),SO, (540 ml),
FtfL activity was found at about 0.4 M (NH,),SO,. Combined active fractions
were diluted with buffer A (pH 7.0) (1:5) and subjected to anion-exchange
chromatography on a Source 15Q column (16/10; Amersham Biosciences) equil-
ibrated with buffer A. The enzyme activity was recovered in the flowthrough of
the column. The enzyme was further purified using a hydroxylapatite column
(16/10; Bio-Rad) equilibrated with 10 mM potassium phosphate, pH 7.0. Protein
was eluted with a step gradient of 25, 50, 75, 100, 150, 250, and 500 mM
potassium phosphate (30 ml at each step). FtfL was eluted at 75 mM potassium
phosphate. Active fractions were pooled, diluted in buffer A (1:2), and loaded on
a Resource Q column equilibrated with buffer A. Purified protein was eluted with
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an increasing NaCl gradient (0 to 1 M NaCl in 150 ml). The purified enzyme was
eluted with 0.4 M NaCl.

Gel electrophoresis and molecular mass determination. Purified protein was
subjected to electrophoresis in a 14% polyacrylamide gel and stained with Coo-
massie brilliant blue R250. The native molecular mass was estimated from gel
filtration experiments on a Superdex 200 column (Amersham Biosciences) using
the following standards: ferritin (440 kDa), catalase (232 kDa), peroxidase (44
kDa), and chymotrypsinogen (25 kDa).

Determination of the N-terminal amino acid sequence. Purified enzyme was
electrophoresed in the presence of sodium dodecyl sulfate (SDS) and electro-
blotted onto a polyvinyl trifluoride membrane (Applied Biosystems). The amino
acid sequence was determined on a 477 protein-peptide sequencer from Applied
Biosystems by D. Linder, University of Giessen, Giessen, Germany.

Generation of fiffL mutant strains and complementing plasmid. M. extorquens
AMI mutants defective for fif. were generated using the targeted mutagenesis
vector pCM184 (28). The regions immediately flanking ftfL were amplified by
PCR, and the resulting products for the upstream and downstream flanks were
cloned into pCR2.1 (Invitrogen) to produce pCM213 and pCM214, respectively.
The 0.6-kb Bg/II-Ncol fragment from pCM213 was introduced between the
corresponding sites of pCM184 to produce pCM215. Subsequently, the 0.5-kb
Sacll-Sacl fragment from pCM214 was ligated into the same sites of pCM215 to
produce pCM216. A AftfL::kan mutant of M. extorquens AM1, CM216K.1, was
generated by introducing pCM216 by conjugation from E. coli S17-1 (38) as
previously described (8). An unmarked AfifL strain CM216.1 was generated
using the cre-expressing plasmid pCM157 as described elsewhere (28). Two
double mutant strains were constructed by introducing pCM216 into CM198.1
(28) to generate the Afae AftfL::kan mutant CM198-216K.1 and by introducing
pCM212 (30) into CM216.1 to generate the AftfL. AdmrA::kan mutant CM216-
212K.1. All mutants were confirmed by diagnostic PCR analysis.

In order to construct a plasmid to complement fifL-defective strains, a 2.7-kb
region containing the fifL coding region and putative promoter was amplified by
PCR and cloned into pCR2.1 (Invitrogen) to produce pCM217. The entire 2.7-kb
region of pCM217 was sequenced (University of Washington Biochemistry De-
partment DNA Sequencing Facility) to confirm the sequence present on the
ERGO website (www.integratedgenomics.com/genomereleases.html#list6). The
2.7-kb HindIII-BamHI fragment of pCM217 was cloned into the same sites of the
broad-host-range cloning vector pCM62 (25) to produce pCM218, which was
then introduced into the appropriate M. extorquens AM1 strains using the helper
plasmid pRK2073 (13). All strains and plasmids used in this study are listed in
Table 1.

Phenotypic analyses of fifL mutant strains. In order to compare the growth of
wild-type M. extorquens AM1 and CM216K.1 in liquid medium, cultures were
grown to mid-exponential phase in medium containing succinate, centrifuged,
and then resuspended into medium containing either succinate or methanol.
After 2 h, methanol was added to one set of succinate flasks to a final concen-
tration of 125 mM. Mutant phenotypes were also assessed on solid medium by
comparing the relative rate of colony formation. Sensitivity to methanol or
formaldehyde was assayed using succinate medium to which methanol or form-
aldehyde was added immediately before pouring plates at the following tested
concentrations: 125, 10, and 1 mM and 100, 10, 1, and 0.1 uM for methanol; 1,
0.5, 0.1, 0.05, 0.01, and 0.005 mM for formaldehyde. Because an undetermined
fraction will volatilize, particularly for methanol, the reported MIC is a maximum
value. All phenotypic analyses were performed at least twice.

Whole-cell CO, production assay. In order to determine whether mutants
defective for the H F and/or HyMPT pathways were capable of oxidation of
methanol to CO,, the rate of [**C]CO, production from [**CJmethanol was
determined using a variation of previous methods (4, 22). Assays were performed
at room temperature with cultures of wild-type M. extorquens AM1 and appro-
priate mutants in three independent experiments. Cultures grown to mid-expo-
nential phase on succinate were centrifuged and resuspended to an optical
density at 600 nm (ODgq) of 1.0. The assays were initiated by the addition of
methanol to a final concentration of 1 mM, with 3.3 pCi of ['*C]methanol
(Sigma)/pl. Aliquots of 0.3 ml of the cell suspension containing methanol were
then immediately dispensed into 2.0-ml autosampling vials (Kimble) and sealed
with black phenolic screw cap tops (Kimble) and red polytetrafluoroethylene-
faced white silicone septa (Kimble). Every 5 min, 0.3 ml of 0.1 M NaOH was
added with a syringe to a set of samples to stop growth and trap CO, as
bicarbonate. The samples were equilibrated for 1 h and then centrifuged to
remove cell material, and 0.4 ml of cell-free spent medium was placed into an
80°C heat block to allow for complete evaporation to eliminate the ['“C]metha-
nol. The samples were then resuspended in 0.4 ml of distilled H,O and trans-
ferred into 20-ml serum vials (Kimble). Truncated 1.7-ml Eppendorf tubes con-
taining 0.2 ml of phenylethylamine were placed into the serum vials, and the vials
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TABLE 2. Purification of FtfL from M. extorquens AM1 grown
on methanol”

Protein Activity =~ Sp act  Purification Yield

Purification step

(mg)  (U)  (Umg) (fold) (%)
Soluble fraction 2,394 1,016 0.42 1 100
(NH,4),SO, supernatant 441 779 1.8 4 77
Phenyl Sepharose 46 937 20.4 49 92
Sourcel5Q 28 524 18.7 45 52
Hydroxyapatite 57 522 92 219 51
Resource Q 1.6 187 117 279 18

“ Enzyme activity was determined as described in the text.

were capped with one-piece aluminal seal crimp tops (Kimble) and Teflon-lined
grey butyl septa (Wheaton). Bicarbonate was released as CO, through the
addition by syringe of 0.3 ml of 0.3 M HCl to each of the stoppered vials, and the
CO, was again trapped as bicarbonate in the phenylethylamine. After 1 h was
allowed for equilibration, the vials were opened and the phenylethylamine was
transferred into scintillation vials and counted. Controls were performed with
14C-labeled C, compounds to confirm >99% retention of bicarbonate, 85% loss
of formate, and >99% loss of both methanol and formaldehyde. Given that
formate does not accumulate in the cell medium to appreciable amounts (M.
Laukel et al., unpublished results) and that formate production requires form-
aldehyde oxidation, the minor retention of formate in this protocol did not
significantly alter the results or their interpretation. The means and standard
errors of three separate experiments are presented in nanomoles of [*C]CO,
ODggp

Nucleotide sequence accession number. The nucleotide sequence of fifL pro-
vided in the genome sequence data (www.integratedgenomics.com/
genomereleases.html#list6) was confirmed and deposited with GenBank (acces-
sion no. AY279316).

RESULTS

Purification of FtfL from M. extorquens AM1 and identifica-
tion of the encoding gene. Cell extracts of M. extorquens AM1
grown in the presence of methanol contained FtfL activity of
0.42 U/mg. The FtfL activity was associated with the soluble
cell fraction. Purification of FtfL was achieved by ammonium
sulfate precipitation and four chromatographic steps as de-
scribed in Table 2. Purification was 279-fold with a yield of
18% and resulted in protein with a specific activity of 117
U/mg.

SDS-polyacrylamide gel electrophoresis (SDS-PAGE) anal-
ysis revealed the presence of one polypeptide of an apparent
molecular mass of about 60 kDa (Fig. 1). Its N-terminal amino
acid sequence was determined to be PSDIEIA?AATL. The
encoding gene was identified in the unfinished genome data-
base of M. extorquens AM1 (www.integratedgenomics.com/
genomereleases.html#list6) and was recently predicted to en-
code FtfL (30). The deduced protein has a predicted molecular
mass of 59.4 kDa and is therefore in agreement with the de-
termination by SDS-PAGE of the purified protein. The pre-
dicted amino acid sequence of FtfL from M. extorquens AM1
(GenBank accession no. AY279316) shows 65% identity to the
putative FtfL from Mesorhizobium loti (GenBank accession no.
BAB49812) and 60% identity to FtfL from Moorella ther-
moacetica (GenBank accession no. A35942). FtfL from M.
thermoacetica (previously referred to as Clostridium thermoace-
ticum) was studied in detail biochemically, and the crystal
structure of this enzyme has been determined (36). Amino acid
residues predicted to participate in binding ATP (amino acids
58 to 85), H,F (amino acids 197 to 202), and formyl phosphate
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FIG. 1. SDS-PAGE analysis of purified FtfL from M. extorquens
AMI1. Proteins were separated in a 14% polyacrylamide gel and
stained with Coomassie brilliant blue R250. Lane A, molecular mass
standards; lane B, 2.2 ug of purified FtfL.

(R97) (36) are conserved within FtfL from M. extorquens AM1
(data not shown). High sequence conservation between FtfL
proteins from M. thermoacetica and M. extorquens AM1 sug-
gests similar chemical, physical, and enzymatic properties as
those for the well-studied enzymes present in gram-positive
bacteria.

Molecular and catalytic properties of FtfL. The apparent
molecular mass of FtfL was determined by gel filtration on
Superdex 200 (Amersham Biosciences). Elution profiles indi-
cated a native mass of about 240,000 Da. Since the subunit
molecular mass of FtfL is predicted to be 59,400 Da, a ho-
motetrameric structure is suggested. This mass correlates well
with the mass for clostridial FtfLs that are homotetramers of
molecular mass 240,000 Da (25). The UV-visible spectrum of
the enzyme was that of a protein lacking a chromophoric pros-
thetic group.

The dependence of the rate of the reaction upon the con-
centration of formate, H,F, and ATP was determined using
purified FtfL, and the apparent K,, for each substrate was
calculated according to the method of Lineweaver and Burk.
The apparent K, for formate was found to be 22 mM, for H,F
it was 0.8 mM, and for ATP it was 21 pM. The comparison to
FtfL from clostridia including M. thermoacetica (24) reveals K,
values for formate and H,F in the same order of magnitude
(K, values for formate between 5 and 16 mM; values for H,F
between 0.2 and 0.74 mM). Only the K,,, values for ATP from
the gram-positive organisms were in general somewhat higher,
60 uM to 0.29 mM, for ATP than that from M. extorquens
AML.

To test whether FtfL is specific for H,F or whether H,MPT
could also be formylated, H,F was replaced by H,MPT in the
standard enzyme assay (under acidic conditions the formyl
group of H,MPT is converted to methenyl-H,MPT [12] as for
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FIG. 2. Growth of wild-type M. extorquens AM1 (filled symbols)
and the fifL mutant CM216K.1 (open symbols) pregrown in succinate,
harvested, and resuspended in media containing succinate (squares),
succinate with methanol added to 125 mM at 2 h (triangles), or meth-
anol (diamonds).

formyl-H,F). No enzyme activity was detected, suggesting that
FtfL from M. extorquens AM1 is specific for H,F.

Generation of a AfifL::kan mutant by allelic exchange and
phenotypic analysis. A AfifL::kan mutant, CM216K.1, was
generated using the allelic exchange vector pCM184 (28). Cell
extracts of the resulting AftfL::kan strain CM216K.1 lacked
detectable FtfL activity. The CM216K.1 mutant grew like wild-
type M. extorquens AM1 on solid medium containing succinate
but showed no growth on plates containing methanol or meth-
ylamine. The mutant strain containing a plasmid with the ftfL
gene (pCM218) grew normally, demonstrating that the defect
in the mutant was due to the loss of FtfL.. Growth experiments
in liquid medium containing either succinate or methanol con-
firmed these results (Fig. 2). Furthermore, no growth was ob-
served on plates containing either formate or oxalate, which is
catabolized through formate in organisms such as Oxalobacter
formigenes (1). Addition of either methanol or formaldehyde
to succinate plates only slightly inhibited CM216K.1, in con-
trast to the severe inhibition effect observed for mutant strains
defective for the H,MPT pathway (14, 27, 30, 42). The MICs of
methanol and formaldehyde were found to be 125 and 0.5 mM,
respectively, whereas the H,MPT pathway mutant defective
for Fae, for example, was sensitive to 0.05 to 0.1 and 0.1 to 0.2
mM (27, 41). Similarly, growth in liquid medium was not af-
fected by the addition of 125 mM methanol (Fig. 2). These
data are consistent with the preliminary analysis of the
ftfL::1SphoA/hah mutants (30) and are the first demonstration
that FtfL activity is required for growth on C; compounds.
Furthermore, these data suggest that the H,F pathway may
play a minor role, if any, in formaldehyde oxidation or detox-
ification.

The FtfL-deficient mutant is not complemented by the ex-
pression of the GSH-dependent formaldehyde oxidation path-
way. The C,~ and methanol-sensitive mutant phenotype of
mutants defective for the H,MPT pathway in M. extorquens
AMI can be complemented by the heterologous expression of
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enzymes for the glutathione (GSH)-dependent formaldehyde
oxidation pathway of Paracoccus denitrificans (27). This result
suggested that the H,MPT pathway is required for formalde-
hyde oxidation and detoxification and called into question
whether the endogenous H,F pathway significantly contributes
to these functions. In order to determine whether the C,~
mutant phenotype of the ftffL mutant is also due to defective
formaldehyde oxidation, the pCM106 plasmid that expresses
the GSH pathway was introduced into CM216K.1. The pres-
ence of pCM106 did not alter the mutant phenotypes (data not
shown). Again, this result is inconsistent with the hypothesis
that the H,F pathway may be required for the oxidation of
formaldehyde to formate.

Mutants defective for both the H,F and H,MPT pathways
are not more sensitive to methanol or formaldehyde than mu-
tants solely lacking the H,MPT pathway. As a second physi-
ological test of the hypothesis that the H,F pathway is required
for a role other than net formaldehyde oxidation to formate,
mutants were generated that were defective for both the H,F
and the H,MPT pathways to determine whether the double
mutants would exhibit a more severe physiological defect than
either single mutant alone. The H,MPT pathway was inter-
rupted at two levels: at fae, which encodes the enzyme that
generates methylene-H,MPT (42), and at dmrA, which en-
codes the putative dihydromethanopterin reductase (30). The
fae mutant was shown to possess limited ability for oxidation of
formaldehyde through the H,MPT pathway, via the nonenzy-
matic condensation (42), while dmr4 mutant does not produce
H,MPT (S. Wyles and M. E. Rasche, personal communica-
tion) and therefore should not possess H,MPT pathway activ-
ity (30). Double Afae AftfL::kan (CM198-216K.1) and AftfL
AdmrA::kan (CM216-212K.1) mutants were generated. Pheno-
types of these mutants were compared to those of the single
mutants CM198K.1 (28) and CM212K.1 (30) defective for fae
and dmrA, respectively, on solid succinate medium containing
a range of methanol or formaldehyde concentrations. The
strains CM198K.1 and CM198-216K.1 were found to be
equally sensitive (MIC of 10 uM methanol or 100 pM form-
aldehyde), as was true for the pair CM212K.1 and CM216-
212K.1 (MIC of 1 pM methanol or 10 uM formaldehyde).
These data provide additional evidence that the H,F pathway
does not play a significant role in formaldehyde oxidation.

FtfL. mutants generated ['*C]CO, from ['*C]methanol at
wild-type rates, whereas an H,MPT pathway mutant showed a
reduced capacity. As a final test of whether the H,F pathway
contributes significantly to net formaldehyde oxidation, mu-
tants were analyzed for the ability to oxidize [**C]methanol to
["*C]CO, (Fig. 3). As a control, the AmxaF:kan strain
CM194K.1 (27) was analyzed and found to produce no detect-
able ["*C]CO.,, consistent with its lesion in methanol dehydro-
genase. CM216K.1 produced [**C]CO, at a rate similar to the
wild type. However, there was a significant lag of 10 to 15 min
for the dmrA mutant CM212K.1 before [**C]CO, could be
detected. These data provide additional support for the model
in which the H,MPT pathway, and not the H,F pathway, is
primarily responsible for formaldehyde oxidation. In order to
determine whether the H,F pathway was responsible for the
CO, production that occurred after a time lag in the H,MPT-
deficient strain CM212K.1, the strain CM216-212K.1, defective
for both ftfL. and dmrA, was investigated. CO, production by
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FIG. 3. Whole-cell production of ["*C]CO, from ['*C]methanol.
Strains examined are wild type (filled squares), the dmrA mutant
CM212K.1 (filled diamonds), the ftfL mutant CM216K.1 (open
squares), the fifL dmrA double mutant CM216-212K.1 (open dia-
monds), and the mxaF mutant CM194K.1 (filled triangles).

this strain was similar to that of CM212K.1. These data, again,
do not support a role for the H,F pathway in formaldehyde
oxidation, even in the absence of the H,MPT pathway. The
likely source(s) to contribute to formaldehyde oxidation capac-
ity in the absence of the H,MPT pathway is discussed below.

DISCUSSION

We have determined that the overall chemical, physical, and
enzymatic properties of the FtfL purified from the serine cycle
methylotroph M. extorquens AM1 appear to be very similar to
those of the FtfL enzymes characterized previously from gram-
positive bacteria. Not surprisingly, the predicted amino acid
sequence of the M. extorquens AM1 FtfL is highly similar to
these other sequences, and all amino acids suspected to be
involved in substrate binding (36) are conserved. The pheno-
type of the AftfL::kan mutant strain provides firm evidence of
the requirement for FtfL activity during methylotrophic
growth of M. extorquens AM1.

So far, it has not been possible to isolate null mutants de-
fective for the H,F pathway enzymes MtdA and Fch, even on
medium containing succinate, in contrast to results described
here for FtfL (10, 11, 34). The facts that null mutants could be
obtained in FtfL and the resulting ftfl. mutant strains exhibited
wild-type growth characteristics on succinate indicate that a
complete H,F pathway is not required for growth on multicar-
bon compounds. This is consistent with the hypothesis that the
apparent requirement for MtdA and Fch during growth on
multicarbon compounds is due to their role in generating
formyl-H,F for the cell’s biosynthetic needs. Unlike the mtdA
and fch mutant strains described previously that contained low
levels of the respective enzymes, the ftfL mutant is a null
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mutant in which the interconversion of methylene-H,F and
formate is completely blocked, allowing for a more straight-
forward interpretation of the role of this pathway in methyl-
otrophy.

In this study we demonstrated that the ftfL. mutants, which
are blocked in the H,F-linked interconversion of methylene-
H,F and formate, have a phenotype different from that of
mutants in the H,MPT-linked pathway: they are not sensitive
to formaldehyde-producing substrates, and they are not com-
plemented by the expression of the heterologous GSH pathway
for formaldehyde oxidation. Furthermore, the methanol sen-
sitivity of H,MPT pathway mutant strains was not exacerbated
by an additional mutation blocking the H,F pathway. Finally,
in addition to these physiological data suggesting that the H,F
pathway is not required for formaldehyde oxidation, the con-
version of [**C]methanol to [**C]CO, was directly tested in
mutant strains blocked in one or both of the pterin-linked
pathways. Whereas the dmr4 mutant and the ftfL dmrA double
mutant showed a significant delay in ['*C]CO, production, the
ffL mutant exhibited wild-type conversion of methanol to
CO,. These biochemical data provide further evidence that the
H,F pathway does not contribute significantly to formaldehyde
oxidation.

The likely source(s) of the remaining formaldehyde oxida-
tion capacity in the mutant strain blocked for both the H,F and
H,MPT pathways may be other aldehyde dehydrogenases that
are present in M. extorquens AM1 (17, 43). These are neither
specific for formaldehyde nor induced during growth on meth-
anol and, in the one case in which an enzyme was purified, the
K, for formaldehyde was 3.85 mM (17), suggesting that these
enzymes are not specific for methylotrophy. Previous calcula-
tions, however, indicated that the intracellular concentration
of this toxic intermediate would rise to 100 mM in less than a
minute if methanol oxidation proceeded in the absence of
subsequent formaldehyde oxidation (3, 42). It is possible,
therefore, that the lag observed in the CO, production by
strains lacking the H,MPT pathway corresponds to the time
required for the intracellular formaldehyde to rise to a suffi-
ciently high concentration to allow the low-affinity aldehyde
dehydrogenases to function at a measurable level. Alterna-
tively, the formaldehyde may also be accumulating in the
periplasm under these conditions, where it may be oxidized by
methanol dehydrogenase itself (15). In either case it remained
remarkable that, under these conditions that likely correspond
to a significantly elevated formaldehyde concentration, the
presence or absence of an intact H,F pathway did not alter the
kinetics of formaldehyde oxidation.

One role that has been suggested for the H,F pathway in
serine cycle methylotrophs is that it functions in the reductive
direction, generating methylene-H,F during growth on for-
mate, thereby providing the means to assimilate carbon during
growth on this substrate (18). In contrast to strains defective
for the H,MPT pathway (27), ftfL mutant strains failed to grow
on formate, confirming the role of this pathway in formate
utilization. Additionally, ftfL mutants were defective for
growth on oxalate, which is converted to formate in other
organisms that grow on this compound through the action of
oxalyl-coenzyme A (CoA) decarboxylase (6) and formyl-CoA
transferase (5). Consistent with this model for growth of M.
extorquens AM1 on oxalate, mutants lacking one of the two
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putative formyl-CoA transferases found in the genome se-
quence (www.integratedgenomics.com/genomereleases.html
#list6) fail to grow on oxalate (C. J. Marx and M. E. Lidstrom,
unpublished data). Interestingly, the initial assimilatory reac-
tions during the growth of serine cycle methylotrophs on for-
mate mirror the initial steps of the Wood-Ljungdahl pathway
utilized by acetogenic bacteria (23), with both classes of organ-
isms utilizing FtfL to activate formate for further assimilation.
The data presented in this paper clearly demonstrate that
the complete H,F pathway is required for methylotrophic
growth of M. extorquens AM1, but they contradict the previous
suggestion that serine cycle methylotrophs may oxidize form-
aldehyde via the H,F-linked C, transfer pathway (26). Our
data are consistent, however, with an alternative hypothesis
(32, 39) that a fraction of the formate produced by the H,MPT
pathway may be assimilated via the reductive H,F pathway. In
accordance with this hypothesis, the H,F pathway would func-
tion as a second route for the production of methylene-H,F,
the starting substrate for the serine cycle, in addition to the
nonenzymatic condensation of formaldehyde with H,F.
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