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We report a synthetic biology approach to demonstrate sub-
strate channeling in an unusual bifunctional flavoprotein dim-
ethylglycine oxidase. The catabolism of dimethylglycine
through methyl group oxidation can potentially liberate toxic
formaldehyde, a problem common to many amine oxidases and
dehydrogenases. Using a novel synthetic in vivo reporter system
for cellular formaldehyde, we found that the oxidation of di-
methylglycine is coupled to the synthesis of 5,10-methylenetet-
rahydrofolate through an unusual substrate channeling mecha-
nism. We also showed that uncoupling of the active sites could
be achieved by mutagenesis or deletion of the 5,10-methyl-
enetetrahydrofolate synthase site and that this leads to accumu-
lation of intracellular formaldehyde. Channeling occurs by non-
biased diffusion of the labile intermediate through a large
solvent cavity connecting both active sites. This central “reac-
tion chamber” is created by a modular protein architecture that
appears primitive when compared with the sophisticated design
of other paradigm substrate-channeling enzymes. The evolu-
tionary origins of the latter were likely similar to dimethylgly-
cine oxidase. This work demonstrates the utility of synthetic
biology approaches to the study of enzyme mechanisms in vivo
and points to novel channeling mechanisms that protect the cell
milieu from potentially toxic reaction products.

The catabolism of betaine (a breakdown product of cho-
line) and other methylated amines liberates one-carbon (C,)
units derived from substrate methyl groups (1). Whereas C,
units derived from the oxidation of betaine are coupled to
methionine production, the subsequent oxidation of dim-
ethylglycine, sarcosine, and glycine can potentially release
formaldehyde, a toxic product (2), by hydrolysis of unstable
imine intermediates (3—5), which is a problem common to
many amine oxidases and dehydrogenases (6). Thus, rapid
hydrolysis of these imines yields formaldehyde and the dem-
ethylated amine product (Fig. 1).
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Many organisms can further metabolize formaldehyde (7-8),
but for most the inherent reactivity of this compound makes it an
undesirable byproduct of methyl group oxidation (9). In mito-
chondria and a significant proportion of bacteria, formaldehyde
production is avoided by coupling amine oxidation to the synthesis
of 5,10-methylenetetrahydrofolate (5,10-CH,-THF)? (5), thereby
enabling transfer to the folate C; pool (1, 10). In the glycine cleav-
age system, comprising several monofunctional proteins (11), pre-
mature hydrolysis is avoided by covalent addition of the substrate
to the carrier H-protein. This shields the lipoyl-bound intermedi-
ates until a productive complex with one of the other glycine cleav-
age system components is formed. Enzymes responsible for the
oxidation of dimethylglycine or sarcosine contain both amine oxi-
dase/dehydrogenase and 5,10-CH,-THF synthase activities on a
single polypeptide chain. This suggests that channeling of labile
intermediates between active sites prevents release of formalde-
hyde into the cell.

Channeling of substrates has been suggested in a number of
metabolic pathways (12—17). Examples include purine and py-
rimidine synthesis, DNA replication, glycolysis, the tricarboxy-
lic acid cycle, lipid metabolism, and amino acid metabolism.
That said, direct and compelling evidence for channeling is
often lacking. Channeling has been established in only a few
systems including tryptophan synthase (18) and carbamoyl-
phosphate synthase (19), imidazoleglycerol-phosphate syn-
thase, (20), and 4-hydroxy-2-ketovalerate aldolase/aldehyde
dehydrogenase (21) for which both structural and biochemical
data are available. These proteins employ “tunnels” to connect
active sites (13, 14) where they protect reaction intermediates
and steer them to a second active site. Allosteric mechanisms
aid communication between active sites and thus ensure that
production of a reaction intermediate is balanced with respect
to its consumption.

The potential for channeling in amine oxidation pathways
has been recognized, based primarily on structural analysis
of the component enzymes (22). We determined recently the
crystal structure of a bifunctional enzyme (dimethylglycine
oxidase (DMGO)) from Arthrobacter globiformis, revealing
an unusual protein architecture that could support a chan-
neling mechanism. The crystal structure reveals a fusion of
two catalytic domains, separating two active sites by ~40 A

3 The abbreviations used are: 5,10-CH,-THF, 5,10-methylenetetrahydrofolate; CT,
charge transfer; DMG, dimethylglcyine; DMGO, dimethlylglycine oxidase; GFP,
green fluorescent protein; MD, molecular dynamics; MTOX, N-methyltrypto-
phan oxidase; N-MeTrp, N-methyltryptophan; THF, tetrahydrofolate.
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FIGURE 1. Dimethylglycine oxidation by DMGO. Schematic overview of dimethylglycine oxidation by
DMGO with the reactive C, units circled in red for the respective molecular species. The iminium interme-
diate generated can interconvert between a linear iminium and cyclic lactone species prior to the enzy-
matic reaction with tetrahydrofolate. On the other hand, non-enzymatic rapid hydrolysis of the iminium
intermediate leads to a transient carbinolamine that is converted into formaldehyde and sarcosine.

(Fig. 2A). The amine oxidase site (site 1) is accessed only via
the 5,10-CH,-THF synthase site (site 2), which in turn is
separated from active site 1 by an irregular and water-filled
internal cavity made by the tight packing of the two bowl-
shaped catalytic domains. There are no clear access channels
for substrate entry or product release except for the funnel
that leads to the THF-binding site (active site 2). This funnel
connects the internal cavity with bulk solvent, but in the
presence of tetrahydrofolate the cavity is largely isolated
from the external solvent.

The unique architecture of DMGO suggests that efficient
coupling of imine formation (active site 1) to 5,10-CH,-THF
synthesis (active site 2) might prevent the accumulation of
formaldehyde, formed by hydrolysis of the iminium interme-
diate product of active site 1. This is a seductive but
unproven hypothesis. This raises key questions, such as the
extent (if any) of coupling between the active sites and the
degree of retention of the iminium (or hydrolysis products)
in the DMGO internal reservoir. These questions are diffi-
cult to resolve through mechanistic analyses that rely on in
vitro measurements owing to the reactivity of formaldehyde
and 5,10-CH,-THEF, the instability of THF substrate, and the
lack of appropriate real-time assays. We report here the con-
struction and use of a novel reporter system that enables in
vivo analysis of formaldehyde formation using a synthetic
biology approach. Our system employs components of the
Escherichia coli formaldehyde detoxification system (the
detector) in conjunction with an optimized green fluores-
cence protein (the reporter), which allowed us to analyze
intracellular formaldehyde accumulation following dimeth-
ylglycine exposure of E. coli cells expressing DMGO and
mutant forms. Together with computational simulations,
our studies provide compelling evidence for a highly efficient
channeling mechanism in DMGO. We conclude that a rela-
tively simple design, comprising a central reaction chamber
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o and a single entry/exit point, is

sufficient to protect an organism
@ from the toxic effects of formalde-
o hyde by internal sequestration
ormaldehyde prior to the detoxification chemis-
try catalyzed by active site 2.

EXPERIMENTAL PROCEDURES

Plasmids and Cloning—Plasmids
expressing different forms of
DMGO are listed in supplemental
Table 1. An in vitro reporter system
for formaldehyde was created using
fusions of the gfp gene and the E. coli
frm operon (23, 24). AUV light-sen-

5 sitive version of the gfp gene (25)
optimized for prokaryotic expres-
N sion was used (Clontech). The gene
was amplified using PCR; the corre-
sponding primers are listed in sup-
plemental Table 2. Using the corre-
sponding restriction endonucleases
the gfp gene was fused to the ampli-
fied promoter region of regulator frmR (pETfrmRGfp). Plasmid
pET-24(+) (Novagen) was used as a vector for most of the gfp
reporter constructs. Experiments measuring the formaldehyde
release of mutant forms DMGOY***" used a version of the
reporter where the “frmRGfp” construct was inserted as a
EcoRI-HindIII fragment into the first multiple cloning site
(MCS1) of pColaDuet-1 (Novagen) and the corresponding dmg
mutant gene as a PCR product into MCS2 (supplemental
Table 2).

Detection and Quantification of gfp Expression—Microtiter
plate assays were routinely used for the in vivo detection of
formaldehyde using a 96-well plate reader (BioTek Synergy HT,
Biotek) with optical microtiter plates and measuring GFP,,, flu-
orescence (excitation,,,, = 395 nm, emission,,,, = 509 nm)
with a 360,,/528,,, nm filter set. Microtiter wells with a total
volume of 300 wl were half-filled with 150 ul of minimal
medium and inoculated with 4 ul of fresh starter culture each.
The cultures were grown with vigorous shaking at 25 °C before
measuring the fluorescence in the early stationary phase
(=22-24 h after inoculation). Fluorescence measurements
were scaled to the highest values found on each plate and cali-
brated for the optical cell density (measured at 580 nm, typically
at ~0.5-0.6) before further analysis. E. coli W3GM with
pDMGO and pETfrmRGfp £ DMG was included on each plate
to allow for comparison of different experiments on different
plates and to assess background fluorescence by means of unin-
duced cells (= fluorescence of pPDMGO in absence of DMG).
Data calibrated for differences in the optical density, back-
ground fluorescence, and individual plates were then adjusted
for the different levels of DMGO enzyme activity found in the
corresponding mutant. A typical example of values before
enzymatic activity calibration is shown in supplemental Fig. 8.
All assays presented were done with at least 6 biological by 10
technical replicates, and the results were found to be statisti-
cally significant within a confidence interval of 3%.

sarcosine

O
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FIGURE 2. DMGO structure. A, cross-sectional view of a DMGO monomer
solvent-accessible surface, with the internal cavity colored blue for the FAD
domain and green for the THF-binding domain (Ref. 22; Protein Data Bank
code 3GSI). FAD and THF are shown as sticks designating the respective active
sites (labeled 7 and 2), which are separated by ~40 A. The only access channel
to the internal cavity coincides with the THF-binding site. B, detailed view of
the THF-binding site for the D552A mutant crystal structure (Protein Data
Bank code 3GSI). 2 F, — F. sigmaA-weighted electron density is shown as a
blue mesh contoured at 1 o surrounding THF and key amino acids. These are
shown in atom-colored sticks (THF, green carbons; amino acids, yellow car-
bons) in addition to selected water molecules shown as red spheres. The cor-
responding wt DMGO structure is shown as gray sticks and spheres. This figure
was made using PyMOL (DelLano Scientific).

Bacteria and Growth Conditions—E. coli DH5a was rou-
tinely used as the containment strain in all clonings. Experi-
ments detecting the in vivo formation of formaldehyde were
done using a formaldehyde-sensitive strain, E. coli W3GM (24).
Bacteria were either grown on Luria-Bertani medium (26) or on
minimal medium (27) with 10 mmM glucose as the sole source of
carbon and energy. Antibiotics for plasmid selection (25 ug/ml
kanamycin and/or 50 ug/ml ampicillin) were added as neces-
sary. Dimethylglycine (5 mm), glycine (0.1 mm), and N-methyl-
tryptophan (0.1 mm) were added from pH-adjusted (~6.5-7.5)
stocks to the experiments as appropriate.

Enzyme Assays—Cells were grown overnight in minimal
medium in the presence of the corresponding substrates and
additives (5 mm dimethylglycine (DMG), 0.1 mm Gly, or 0.2 mm
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N-methyltryptophan (N-MeTrp)). Equal amounts of cells were
harvested, washed twice in 10 mM potassium phosphate, pH
7.2, and lysed using Novagen’s primary amine-free BugBuster
(700 wl for 14 ml of cells, ODz, = 5- 6) supplemented with 200
uM phenylmethylsulfonyl fluoride, 200 ng/ml DNase/RNase,
and 100 pg/ml lysozyme (20 min, with shaking, at room tem-
perature). After centrifugation (15 min, 16,000 X g, 4 °C) 40 ul
of supernatant was used for 1 ml of assay in 10 mMm potassium
phosphate, pH 7.2, with 2 mMm o-dianisidine and 7.5 units/
ml (defined as 2,2-azinobis(3-ethylbisthiazolinesulfonic acid)
(ABTS) units) horseradish peroxidase (28). Control measure-
ments were performed using boiled supernatant. Formation of
the stable red bisazobiphenyl end product (2,5, = 10800 M~ X
cm™ ') was measured after a 20-min incubation at room tem-
perature as A 5,. To ensure the A5, increase reflected all H,O,
production, competing catalase activity in the cell extract was
assessed by monitoring A4, response to the addition of 3 um
H,O,. Following 10 min of incubation, substrates for DMGO
and N-methyltryptophan oxidase (MTOX), as well as any other
additives, were added. The reaction was allowed to proceed
for another 20 min before the final reading was taken. Enzyme
activities were calculated from the absorption difference before
and after addition of the substrate and calibrated against the
optical density of the original cell culture. All biochemical
assays were done at least as a 5-fold replicate.

Computational Modeling—All simulations were performed
using the structure of the folinic acid-DMGO complex (Protein
Data Bank code 1PJ7 (22)). Brownian dynamics simulations
were done using SDA software (29). Poisson-Boltzmann equa-
tions, solved using APBS software (30), were used as input files
for the simulations. Up to 20,000 trajectories were simulated at
300 K for each experiment, and the coordinates of nitrogen and
oxygen atoms of iminium (or the carbon and oxygen atoms in
the case of formaldehyde) from 10,000 positions were randomly
recorded to generate occupation maps (Fig. 5, A and B; supple-
mental Fig. 3). From each of 20,000 formaldehyde trajectories,
the residence time was calculated as the time needed to reach a
minimum distance between the formaldehyde carbon atom
and residues surrounding the outside of the exit channels. For
iminium intermediates, the same protocol was applied using
the distance between the C, atom of intermediates and residues
surrounding the N-10 atom of folinic acid. Molecular dynamics
simulations (MD) were performed with NAMD?2 software (31)
using AMBER force field parameters (32). Topology and
parameter files for dimethyglycine derivatives and the FAD
cofactor were obtained using the Antechamber program (33)
with AM1-BCC charges (34). The DMGO peptidic backbone
was kept fixed during the simulations. Water molecules outside
the protein cavity and folinic acid were removed, and the pro-
tein was immersed in a periodic TIP3 water box (35) (dimen-
sion, 85 X 75 X 80 A). The temperature and pressure were kept
at 298 K and 1 bar, respectively using the Nosé-Hoover method
with Langevin dynamics and Langevin piston pressure, respec-
tively. The time step was set to 2 fs, with energies and trajecto-
ries stored every 5 ps. Local interactions, including bonded
interactions and short-range van der Waals and electrostatic
interactions, were calculated at every time step. The cutoff dis-
tance for the van der Waals interactions was set to 12 A, with
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. sion of the glutathione-dependent

formaldehyde dehydrogenase gene,
L frmA, and the putative S-formylglu-
tathione hydrolase gene, frimB (23,
24). We fused a UV light-sensitive
version of gfp optimized for pro-
karyotic expression (25) to the
E. coli promoter region of frmR and

0 0 0.02 01 02 05 2 control
% TritonX-100 added to medium (0.4 mM CH,0)

FIGURE 3. GFP fluorescence increase with formaldehyde (extra- and intracellular). A comparison of
the fluorescent response of pETfrmRGfp to external (A) and internal (B) formaldehyde is shown. A, cells
containing the reporter system were grown as batch cultures in the presence of 0.4 mm formaldehyde.
Different amounts of Triton X-100 were added in the exponential phase to facilitate diffusion of formal-
dehyde into the cells. Fluorescence was measured using cell extract from equal amounts of cells (1.5 ml,
Asgo = 2.2). Cells grown in the presence of 0.5% Triton X-100 but without formaldehyde were used as
control. B, cells were grown as batch cultures in the presence of different concentrations of N-methyltryp-
tophan as indicated. Fluorescence calibrated against the internal MTOX enzyme activity was measured
using a microtiter plate assay. The dotted line represents the result of a logistic dose-response fit against

the data.

the pair list distance extended to 13.5 A. The energy was mini-
mized, and the system was then equilibrated during 1 ns. The
iminium derivative was placed near the FAD molecule, accord-
ing to the positioning observed in acetate-bound DMGO (Pro-
tein Data Bank code 1PJ5 (22)). Finally, energy minimization
was followed by MD simulations for up to 10 ns.

Crystallization and Structure Elucidation—Crystallization of
D552A DMGO was achieved using the sitting-drop vapor dif-
fusion method at 277 K with a well solution of 15% polyethylene
glycol-monomethyl ether 5,000, 0.1 M Hepes, pH 7.5, and 0.2 m
MgCl. A saturated THF solution was made anaerobically in
mother liquor adjusted to contain 1 M Hepes, pH 7.5. Crystals
were soaked in the THF solution for ~60 s before being trans-
ferred to oil for cryoprotection and plunge-frozen in liquid
nitrogen. Data to 2 A resolution was collected from a single
cryofrozen crystal at Diamond Light Source, Didcot, UK. The
data were scaled and integrated using CrystalClear (Rigaku
Corp., UK) and subsequently handled using the CCP4 suite
(37). The structure was solved using difference Fourier meth-
ods. Refinement and model building were carried out using
Refmac5 (38) and COOT (39). Structure validation was carried
out using Molprobity (40). Data and final refinement statistics
are given in supplemental Table 3. Structure factors and atomic
coordinates have been deposited with the Protein Data Bank
under code 3GSI.

RESULTS

An in Vivo Reporter System for Intracellular Formaldehyde—
Determination of the relative levels of THF, 5,10-CH,-THF,
and formaldehyde during DMGO catalysis is difficult because
these compounds can easily interconvert non-enzymatically.
Also, THF is sensitive to oxygen (a substrate) and hydrogen
peroxide (a product). These problems prohibited the in vitro
determination of kinetic parameters for active site 2. Therefore,
the DMGO catalyzed reaction needs to be studied in a cellular
context to ensure physiologically relevant levels of the various
folate species are present.

The E. coli formaldehyde detoxification system contains a
putative formaldehyde sensor, FrmR, which regulates expres-
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1

um N-methyltryptophan

cloned this into pET- or pCola-
based plasmid vectors. This created
a synthetic construct with the
potential to monitor formaldehyde
levels in vivo using the fluorescence
properties of the gfp-encoded pro-
tein. To ensure maximum formal-
dehyde sensitivity, all experiments
were carried out using an E. coli
strain deficient in various gluta-
thione-dependent formaldehyde
dehydrogenases, E. coli W3GM (supplemental Fig. 1; (24)).
Increases in fluorescence levels were observed for cells
transformed with pETfrmRGfp grown in the presence of
formaldehyde (Fig. 34). Given that formaldehyde reacts with
both the medium and cell wall and periplasmic components,
the level of intracellular formaldehyde corresponding to the
various extracellular concentrations is not clear, but the exper-
iment demonstrated that the synthetic system is responsive to
the presence of formaldehyde. Direct intracellular enzymatic
formaldehyde release can be induced in E. coli by providing
N-MeTrp in the growth medium. This serves as substrate for
MTOX, a constitutively expressed E. coli enzyme homologous
to the N-terminal amine oxidase domain of DMGO (41, 42).
Unlike DMGO, MTOX does not contain (or is not associated
with) 5,10-CH,-THF synthase activity, and oxygen-dependent
N-MeTrp oxidation results in the formation of Trp and form-
aldehyde. We observed increases in fluorescence levels for cells
containing pETfrmRGfp grown in the presence of N-MeTrp
(Fig. 3B). The expression of MTOX is enhanced by the presence
of N-MeTrp (42), and the fluorescence values we obtained were
therefore normalized versus total MTOX enzyme activity in the
corresponding cellular extracts. We demonstrated that a
response to intracellular formaldehyde formation is obtained
from levels as low as 0.1 um N-MeTrp with a nonlinear increase
in the fluorescence per unit of enzyme activity obtained within
the range of N-MeTrp tested.

Dimethylglycine Catabolism by wt DM GO Does Not Increase
Intracellular Formaldehyde Levels—W e cultured cells contain-
ing both pETfrmRGfp and a plasmid containing the wt dmg
gene (pDMGO) in the absence or presence of dimethylglycine.
Compared with normal MTOX activity, significantly higher
levels of DMGO oxidase activity were detected in the corre-
sponding cellular extracts. However, only a minor fluorescence
increase was observed in the presence of dimethylglycine com-
pared with values obtained when N-MeTrp was added to the
external medium (Fig. 4). Also, the fluorescence increase was
reduced to background level when cells were grown in the pres-
ence of glycine. Glycine is a substrate for serine hydroxymeth-
yltransferase, which catalyzes the interconversion of THF and

10 100 1000

JOURNAL OF BIOLOGICAL CHEMISTRY 17829


http://www.jbc.org/cgi/content/full/M109.006262/DC1
http://www.jbc.org/cgi/content/full/M109.006262/DC1

Substrate Channeling in DMGO

1105
= 100 I Dmg

90 Dmg + Gly
804
704

|

9]
8.
71
64
5]
4]
3]
2]
1]
04

% fluorescence (corrected for enzyme activit

FIGURE 4. GFP fluorescence increase with various DMGO forms. Efficient
formaldehyde detoxification requires an intact DMGO structure as well as a
sufficient supply of THF. Cells containing different mutant forms of DMGO
were grown in the presence of DMG (black bars) or DMG + glycine (shaded
bars). DMGO-specific production of formaldehyde was measured in vivo
using pETfrmRGfp (or pColaGfpdmg¥?*°F, as indicated) and calibrated against
the corresponding DMGO enzyme activity. The results were scaled using cells
containing pDMGO in the absence of DMG and 100 um N-MeTrp-treated cells
as reference points for 0 and 100%, respectively.

serine to 5,10-CH,-THF and glycine (43). The presence of
excess glycine ensures that DMGO is operating at sufficiently
high ratios of cellular THF to 5,10-CH,-THF (supplemental
Fig. 1).

Asp-552 Mutations Lead to Increased Formaldehyde Release—
All of the 5,10-CH,-THF synthases that are similar to the C-ter-
minal domain of DMGO (e.g the glycine cleavage system
T-protein) contain an acidic residue (Asp-552 in DMGO) that
binds to the THF N-10 amino group, thus increasing its nucleo-
philic character (44). This residue is most likely involved in the
mechanism of 5,10-methylene-THF synthesis from the sub-
strate iminium and THF, thereby preventing release of formal-
dehyde through iminium hydrolysis (22). We created two
DMGO mutants (D552A and D552N) to test this hypothesis
specifically. We solved the «crystal structure of the
DMGOP?*?A.-THF complex to ensure that mutation of Asp-
552 to Ala or Asn in DMGO does not significantly alter protein
structure or the THF binding mode (Fig. 2B). This structure
revealed little difference from the previously determined
DMGO crystal structures (0.2 A root mean square deviations
for all Ca atoms with Protein Data Bank entry 1PJ6) with the
exception of the presence of one water molecule instead of the
Asp-552 side chain. We demonstrated that cells containing
both pETfrmRGfp and either pPDMGOP>>** or pPDMGO">>*N
give rise to elevated levels of fluorescence in the presence of
dimethylglycine when compared with the cells containing the
wild-type DMGO expression plasmid, pDMGO (Fig. 4). Fur-
thermore, fluorescence levels remain sensitive to the presence
of dimethylglycine even when cells are grown in the presence of
glycine, although to a lesser extend for the pDMGOP>**4
mutant. When fluorescence levels were normalized to the
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DMGO activity measured in the corresponding cell extracts, we
found that DMGOP®>*N released more formaldehyde than
DMGOP>>*A, Despite these findings, neither of the mutant
DMGO enzymes generated levels of intracellular formaldehyde
comparable with those observed with N-MeTrp.

The DMGO”“*"" Deletion Mutant Generates High Levels of
Intracellular Formaldehyde—Complete removal of the DMGO
5,10-CH,-THF synthase domain through expression of a trun-
cated version effectively generated a DMGO form
(pPDMGOA€**™) that is highly similar to MTOX. This mutant
enzyme is unable to avoid hydrolysis of the imine species gen-
erated following amine oxidation. Cells containing both
pETfrmRGfp and pDMGO“<**"™ displayed very high lev-
els of dimethylglycine-dependent and glycine-independent
fluorescence (when normalized to account for the lower
DMGOA*C*™™ oxidase activity in the cells (Fig. 4)). The normal-
ized fluorescence observed was similar in magnitude to that
obtained with MTOX-dependent N-MeTrp oxidation. We also
provided a 5,10-CH,-THF synthase functional DMGO in trans.
This was achieved by cloning the gfp-frm promoter construct
together with DMGOY?**" into pColaDuet-1, generating
pColaDMGOY?*°F, The DMGOY?*°F mutant, which is severely
impaired in DMGO amine oxidase activity (45), was used to
ensure that the ratio of 5,10-CH,-THF synthase activity to
amine oxidase activity for pColaDMGOY?**/pDMGQA<ter™
cells was similar to that present in cells expressing wild-type
DMGO. We observed no significant differences in fluorescence
levels when comparing pETfrmRGfp/pDMGO*“**™ with
pColaDMGOY?*!/pDMGO*<**"™ cells (Fig. 4; a small increase
in fluorescence observed for the pColaDMGOY?*°F is likely due
to the increased copy number of this plasmid (co/A) when com-
pared with pETfrmRGfp (colEI)).

Molecular Simulations Reveal Unbiased Diffusion between
Active Sites—Brownian dynamics was used to simulate inter-
mediate diffusion from the amine oxidase site (active site 1) to
the THF-binding active site (active site 2) in wild-type DMGO.
Little is known about the identity of the intermediate that is
channeled between the active sites. Stopped flow analysis of the
DMGO amine oxidase activity has identified a purple charge
transfer complex involving the reduced FAD and product of
amine oxidation (46). This complex decays at a rate of 16 s~ '
and is the rate-limiting step for amine oxidation (e.g. turnover
number for active site 1). The chemistry of charge transfer (CT)
decay is unclear, with various possibilities existing. Hydrolysis
of the product iminium is a possible reason for CT decay, but
equally possible is direct attack of the substrate carboxylate on
the oxidized C, of the iminium to form a cyclic lactone (Fig. 1).
Also, CT decay could simply correspond to product release,
which could be followed by hydrolysis or cyclization within the
internal cavity of DMGO. In addressing all possibilities, Brown-
ian dynamics simulations were used to simulate diffusion of
formaldehyde itself (assuming iminium hydrolysis precedes
channeling) as well as for the various imine forms (i.e. linear and
cyclic forms in various protonation states).

Formaldehyde (or hydrated formaldehyde) was seen to ran-
domly explore the entire protein cavity and readily escape from
the “reaction chamber” through several pores (Fig. 54; supple-
mental Fig. 3). This is in contrast to the imine species that each
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FIGURE 5. Brownian dynamics diffusion of intermediates in DMGO. A and
B, positions of formaldehyde (A) and lactone intermediate (B) molecules dur-
ing Brownian dynamics simulations. The volume explored by formaldehyde
and the lactone are represented, respectively, as red and orange mesh (similar
volumes were obtained for other intermediates species). Alternative escape
channels for formaldehyde are indicated by arrows. Bound FAD and folinic
acid molecules are rendered as cyan and green Van der Waals spheres, respec-
tively. C, residence times for formaldehyde and iminium intermediates. Times
were calculated from 20,000 Brownian dynamics trajectories using formalde-
hyde (red), lactone intermediate (orange), and two rotamers of iminium inter-
mediate (blue and green) as moving molecules.

explored the protein cavity but could only escape by passing
through the THF-binding site funnel (Figs. 5B and 6). The aver-
age time needed for the imine C, to reach the THF N-5 to N-10
atoms (15-30 ns depending on the imine form used) contrasts
with the shorter time (0.5 ns) for the escape of a formaldehyde
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molecule from the cavity (Fig. 5C). As formaldehyde entry into
the cavity should be equally facile, we concluded that formalde-
hyde is unlikely to be the channeled species given that the high
levels of intracellular formaldehyde (either generated by
pDMGO*<*"™ or via addition of N-MeTrp) were unaffected by
the presence of a functional C-terminal THF synthase domain
of DMGO (Fig. 4; supplemental Fig. 4). In turn, this suggests
that an iminium species is the substrate for active site 2 (5,10-
CH,-THEF synthase).

Brownian dynamics simulations do not account for the con-
formational freedom of molecules involved, nor do they explic-
itly model water molecules (water is treated as a continuum
with same physical/chemical properties). These factors might
impact on the diffusion mechanism. We therefore conducted
more sophisticated MD simulations using explicit water mole-
cules to model intermediate diffusion within the cavity. Indi-
vidual MD trajectories spanning 7 ns revealed distinct trajecto-
ries associated with the individual components (supplemental
Fig. 2). When we performed several 0.5-ns simulations for four
distinct starting positions obtained along the path of the longer
simulation trajectories, the average behavior was stochastic
(including an increase in substrate-THF distance) and was not
influenced by the chemical nature of the imine (supplemental
Figs. 2,4, 6,and 7). We concluded that there was no preferential
path from FAD to THF that would indicate that diffusion was
guided (e.g via electrostatic interactions) for any of the putative
channeled intermediates.

Significant Inhibition of Active Site 1 by an Iminium Lactone
Mimic—Although we concluded that the iminium product of
active site 1 is the channeled species, we could not easily dis-
criminate between the linear and cyclic forms. However, we
demonstrated that significant competitive inhibition of active
site 1 activity occurs with stable compounds that mimic the
cyclic lactone form as opposed to those that resemble the linear
iminium species (Fig. 7; linear iminium like compounds tested
included N,N-dimethylglycinamide, N,N-dimethylacrylic acid,
and N,N-dimethylglycine methyl ester). Folinic acid, on the
other hand, inhibited the activity at active site 1 through a non-
competitive mechanism, reaffirming the notion that dimeth-
ylglycine needs to enter the internal cavity via active site 2. Our
data suggest that a cyclic lactone is released by active site 1, and
we noted that in DMGO (and related bifunctional amine oxi-
dases) the amine oxidase site is structurally different from the
related monofunctional amine oxidases (which do not channel
the product to a second “detoxifying” active site) (6, 42). We
postulated that this divergent evolution is a consequence of the
requirement for release of the appropriate product (e.g. lactone)
in the bifunctional amine oxidases.

DISCUSSION

The lifetimes of iminium ions in aqueous solution are short
because of the rapid rates of hydrolysis (~1.8 X 107 s™' for
aliphatic imines (47). The resulting carbinolamine products are
in rapid equilibrium with their corresponding amines and alde-
hydes (48). The oxidation of dimethylglycine to the corre-
sponding iminium ion will therefore lead to rapid formation of
formaldehyde. This is a major biological problem, as liberated
formaldehyde reacts quickly with susceptible cellular compo-
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FIGURE 6. Topological description of alternative exit channels and size exclusion of formaldehyde versus
iminium intermediate. Channels A and B are annotated according to the legend for Fig. 5. In all panels, the
molecular surface defining the exit channels is rendered as a light blue surface. The left panels depict the amino
acid residues surrounding the exit channels. Protein backbone and residues side chains, respectively, are
rendered as orange tube and sticks. Hydrogen atoms are not represented (for figure clarity). The middle panels
show an example of positioning of the formaldehyde molecule in the exit channel, and the right panels show a
similar view for the iminium intermediate. Atoms are rendered as Van der Waals spheres.

nents through common functional groups (e.g. amino groups of
biological macromolecules). Our studies suggest that DMGO
(and related enzymes) avoid formaldehyde production, and in
doing so they provide alternative chemistry that can compete
with the very fast hydrolysis rates for iminium ions that are the
product of active site 1.

The DMGO crystal structure suggests a central cavity that
connects active sites might support a channeling mechanism
that negates the production of intracellular formaldehyde (22).
That said, this cavity bears little resemblance to the nanotunnel
in carbamoyl-phosphate synthase that likewise channels an
intermediate to prevent premature hydrolysis (13, 14, 19). The
DMGO cavity is several times larger in diameter than needed to
transfer intermediates between active sites. Moreover, it is
lined with several hydrophilic residues that could either react
with, or assist hydrolysis of, the intermediate. The cavity is filled
with water molecules and appears to have a single entry-exit
point at active site 2 for molecules that are approximately the
size of dimethylglycine. These features appear to be at odds
with the notion that this enzyme has evolved to avoid hydrolysis
of a highly unstable iminium intermediate. Furthermore, oxi-
dase activity appears independent of THF availability with the
presence of high levels of THF leading to a reduction in turn-
over by blocking entry to the reaction chamber (22, 46) (Fig. 7).
That the cavity appears readily permeable to (smaller) mole-
cules suggests that significant leakage of formaldehyde can
occur.

The puzzles presented by the DMGO structure prompted
us to create a simple GFP-based reporter system for in vivo
formaldehyde levels in E. coli to address the function of the
unusual internal cavity. This reporter system was based on
the transcriptional regulator frmR (23). Our synthetic
reporter shows a logistic response for a wide range of exog-
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enously added N-methyltrypto-
phan (the formaldehyde-generat-
ing precursor through the action
of MTOX (42)). GEP fluorescence
can be normalized to enzyme
activity by monitoring enzyme
activity in corresponding cellular
extracts (by following substrate-
dependent production of hydro-
gen peroxide). We were surprised
to find that very little formalde-
hyde is produced in vivo when
cells expressing wt DMGO are
grown in the presence of dimeth-
ylglycine; this is despite the high
levels of enzyme activity in the
cell. By feeding cells with glycine
(a substrate for serine hydroxym-
ethyltransferase (43)), a high cel-
lular ratio of THF to 5,10-CH,-
THF is maintained even when
DMGO activity is elevated above
that normally seen under physio-
logical conditions. Under these
conditions, glycine significantly
reduces the dimethylglycine-dependent GFP fluorescence to
background levels, indicating that DMGO turnover does not
lead to significant leakage of formaldehyde under nonlimit-
ing THF conditions.

We have shown that impairment of active site 2 (mutants
DMGOP?**?A and DMGOP>**N), or complete removal of this
activity (mutant DMGO**"™), generates substantially ele-
vated levels of intracellular formaldehyde. This is consistent
with a coupling (through channeling) of the chemistry of active
sites 1 and 2 in wt DMGO and formally establishes the opera-
tion of a channeling mechanism. Intracellular formaldehyde
production is more elevated with DMGOP>**N compared with
DMGOP**?A, The crystal structure of DMGO>*** reveals a
water molecule at the position originally occupied by one of the
Asp-552 carboxylate oxygen atoms in the wt structure. This
water is likely to be a functional surrogate for the carboxyl oxy-
gen of Asp-552 (wt DMGO) in the THF activation. The coun-
terpart amide group in DMGOP>>*N is unlikely to be involved
in this activity, thereby accounting for the higher levels of intra-
cellular formaldehyde seen with this mutant enzyme. Formal-
dehyde levels normalized for enzyme activity for the DMGO
Asp-552 mutants compared with the level observed for native
MTOX indicate that the mutant DMGO enzymes retain some
ability to protect the cell against formaldehyde (only 2.3 * 0.1
and 7.8 £ 0.1% of the MTOX formaldehyde levels were
observed for DMGOP>*** and DMGOP>**N, respectively).
This contrasts with observations we have made on deleting the
entire 5,10-CH,-THF synthase domain (DMGO*<**"™). Dele-
tion resulted in a substantially less stable enzyme, but impor-
tantly significant amine oxidase activity could still be detected
in cell extracts. In this case, formaldehyde levels normalized to
amine oxidase activity are similar to the level observed for
native MTOX, which clearly establishes the trade-off between

VOLUME 284 +NUMBER 26+JUNE 26, 2009



Substrate Channeling in DMGO

A oy N methylene-THF  production at
N [l pymalidinel] active site 2. At first glance, this
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FIGURE 7. Lineweaver-Burk plots of DMGO-catalyzed dimethylglycine oxidation inhibition by an ana-
logue of the lactone intermediate and folinic acid. 1-Methyl-3-pyrrolidinol (A) and folinic acid (B) were used
as inhibitors of DMGO oxidase activity. Results are means = S.D. calculated from three independent experi-
ments using the indicated inhibitor concentrations. The K; for 1-methyl-3-pyrrolidinol was determined as 4 =

0.2 mm.

active site coupling (through channeling) and formaldehyde
generation in DMGO. This is further substantiated by the
attempted trans complementation assay in which DMGOY?*°F
(impaired at active site 1) is co-expressed with DMGO*<te™,
Our inability to reduce intracellular formaldehyde levels in this
complementation assay establishes the need for internal chan-
neling of the iminium product of active site 1 to the 5,10-CH,-
THEF site (active site 2) within the same enzyme molecule (a
mechanism also supported by our simulations of the channel-
ing mechanism).

In developing a channeling model for DMGO, one needs to
consider the competing chemistries and their associated rate
constants. The average time to reach active site 2 is diffusion-
controlled, which imposes an absolute upper limit of ~1 X 10*
s~ ! for the 5,10-CH,-THF synthase active site (in all likelihood
the active site 2 turnover will be substantially slower). Also,
DMGO turnover does not lead to formaldehyde production,
and the competing intermediate hydrolysis rate must therefore
be several orders of magnitude slower than the rate of 5,10-
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steric change is involved, a term
such as substrate “containment” is
more descriptive of the DMGO
process than substrate “channel-
ing.” We suggest that the DMGO
amino oxidase active site has
evolved to release the most stable intermediate (e.g. the cyclic
lactone form) to ensure a favorable kinetic ratio of intermediate
hydrolysis versus 5,10-CH,-THF synthesis. Hence, no evolu-
tionary pressure exists to remove water from the internal reac-
tion chamber and/or reduce the volume. Furthermore, DMGO
and related enzymes are likely to operate within a narrow range
of THF concentrations, so that allosteric communication
between active sites to regulate intermediate generation under
limiting THF conditions is not needed. Both the reduction of
volume of the internal reaction chamber and the development
of allosteric regulation have occurred in more sophisticated
substrate-channeling enzymes (18 —21). The evolutionary ori-
gins of the latter can be assumed as similar to those for DMGO.
Furthermore, the modular design of DMGO reveals how (tran-
sient) association of individual enzymes to create similar reac-
tion chambers can quickly give rise to remarkably efficient sub-
strate-channeling units. Association between enzymes leading
to substrate channeling has been postulated to occur for funda-
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mental pathways such as purine biosynthesis (15), glycolysis
(16), and respiration (49).
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