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Abstract
An enzyme with sarcosine dimethylglycine methyltransferase activity has been identified in the
thermophilic eukaryote, Galdieria sulphuraria. The crystal structure of the enzyme, solved to a
resolution of 1.95 Å, revealed a fold highly similar to that of mycolic acid synthases. The kcat and
apparent KM values were 64.3 min-1 and 2.0 mM for sarcosine and 85.6 min-1 and 2.8 mM for
dimethylglycine. Apparent KM values for S-adenosylmethionine were 144 and 150 μM for
sarcosine and dimethylglycine respectively, and the enzyme melting temperature was 61.1 °C.
Modeling of cofactor binding in the active site based on the structure of methoxy mycolic acid
synthase 2 revealed a number of conserved interactions within the active site.
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INTRODUCTION
Betaine serves a variety of metabolic roles. In mammals, it is involved in the regulation of
cell volume and serves as a methyl donor during the synthesis of methionine from
homocysteine 1,2. In many plants and in bacteria, betaine has been shown to maintain
cellular turgor and to stabilize the structure and function of certain macromolecules during
stress conditions such as exposure to high salt concentration or low temperature 3-5. In the
main pathway for betaine biosynthesis, the precursor choline is converted to betaine
aldehyde either by choline dehydrogenase or by choline monoxygenase, which is in turn
converted to betaine by betaine aldehyde dehydrogenase. In some bacteria, both reactions
are carried out by choline oxidase 5.

A distinct pathway for betaine biosynthesis has been observed in several bacteria that thrive
in high salt environments. These organisms are capable of the successive methylation of the
amine of glycine to give sarcosine, dimethylglycine, and finally betaine using S-adenosyl
methionine (SAM) as a cofactor (Figure 1). These bacteria include Synechococcus sp.
WH8102, Aphanothece halophytica, Actinopolyspora halophila, Ectothiorhodospira
halochloris, and Methanohalophilus portucalensis 6-9. In both Synechococcus and E.
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halochloris, two enzymes were identified in this biosynthetic pathway. One enzyme
catalyzed the methylation of either glycine or sarcosine, while the other catalyzed the
methylation of either sarcosine or dimethylglycine 6,8. Two similar enzymes were also
identified in A. halophytica; however, the second enzyme exclusively used dimethylglycine
as the substrate 7. In both A. halophila and M. portucalensis, a single large, multi-domain
enzyme was shown to carry out the entire reaction 8,9. This class of enzymes has generated
biotechnological interest for their ability to help reduce environmental stress in plants and
industrial bacteria 10.

Galdieria sulphuraria is an acidophilic and moderately thermophilic eukaryote that can live
at a pH of 0 and at temperatures as high as 57 °C 11. This red micro-alga grows on more
than 50 different carbon sources, demonstrates resistance to high concentrations of toxic
metals, and can survive in environments with up to 10% (w/v) salinity 12-15. Expressed
sequence tag analysis of G. sulphuraria previously identified a gene with 32% identity to a
Na+/H+ symporter from Deinococcus radiodurans, that may be involved in the excretion of
Na+ ions into the environment 16.

A number of structural genomics centers use extremophilic prokaryotes as protein sources
due to their expected enhanced stability 17-19. CESG is interested in G. sulphuraria as a
possible surrogate source for eukaryotic gene families and is currently investigating whether
its proteins may have favorable properties for structural studies as has been previously
established for proteins from thermophilic bacteria.

In this work, we report on the cloning, expression, purification, and X-ray crystal structure
of the G. sulphuraria protein derived from gene Gs07580.1. The protein structure
coordinates were deposited into the Protein Data Bank eight months after initial gene
selection. The structure revealed homology with other bacterial sarcosine dimethylglycine
methyltransferases (SDMT) and SAM-dependent methoxy mycolic acid synthase 2 from
mycobacteria, despite low overall primary sequence identity. Steady-state kinetic analysis
showed that the Galdieria sulphuraria protein was a SAM-dependent methyltransferase
capable of reacting with either sarcosine or dimethylglycine, but not with glycine.
Considering the high salt environment this organism occupies, G. sulphuraria sarcosine
dimethylglycine methyltransferase (GsSDMT) may thus have a role in maintaining osmotic
homeostasis by contributing to a two-step pathway for betaine biosynthesis.

MATERIALS AND METHODS
Reagents

All reagents were purchased through Sigma-Aldrich unless otherwise noted.

Cloning, Expression, and Purification
The gene encoding GsSDMT was cloned, and the selenomethionine-labeled protein was
expressed and purified using protocols and bioinformatics management tools developed at
the Center for Eukaryotic Structural Genomics 20. In summary, the cDNA encoding
GsSDMT was cloned into expression vector pVP16 containing an N-terminal His8-maltose
binding protein tag with a tobacco etch virus (TEV) protease recognition site in the linker
region 21. The fusion protein was expressed using Escherichia coli B834 in 2 L of factorial
evolved auto-induction medium 22. The cells were harvested by centrifugation, and the
resulting 14.3 g of cell pellet were resuspended in a sonication/wash solution (500 mM
sodium chloride, 20 % ethylene glycol, 35 mM imidazole, 0.3 mM tris(2-
carboxyethyl)phosphine HCl, 20 mM sodium phosphate monobasic (pH 7.5), and a protease
inhibitor cocktail). The sonicated cell suspension was clarified by centrifugation and the
fusion protein was purified from the supernatant using Ni IMAC chromatography 23. The
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His8-MBP fusion protein was treated with His7-TEV protease and the liberated GsSDMT
was separated from the His8-MBP fusion and His7-TEV protease by subtractive Ni IMAC
chromatography 24. The GsSDMT was further purified using Superdex gel filtration
chromatography, concentrated to 10 mg/mL, and drop-frozen in liquid N2 in 5 mM bis(2-
hydroxyethyl)-imino-tris(hydroxymethyl)-methane, pH 7.0, containing 50 mM sodium
chloride, 3.1 mM sodium azide, and 0.3 mM tris(2-carboxyethyl)phosphine HCl. The three-
step purification gave ~150 mg of recombinant GsSDMT with 92% selenomethionine
incorporation as determined by mass spectrometry.

Identification of Enzyme Products
Individual reactions of GsSDMT with SAM and the substrates glycine, sarcosine or
dimethylglycine were performed as follows. A 100 μL reaction mixture containing 10 μM
enzyme in 50 mM 3-(N-morpholino)propanesulfonic acid (pH 7.5) was incubated with 100
μM of SAM and 20 mM of substrate at 37 °C for 15 min. Then, 20 μL of the reaction was
spotted onto a Whatman Partisil LK6DF silica TLC plate (Whatman Inc., Florham Park, NJ)
and separated in a 4:1 phenol:H2O solvent mixture. After treatment of the TLC plate with
iodine, the reaction products were compared to known standards of glycine, sarcosine,
dimethylglycine, betaine, SAM, and S-adenosyl homocysteine (SAH).

Steady-state Kinetics
Reactions to determine the pH optimum were performed at 37 °C in 100 mM 2-(N-
morpholino)ethanesulfonic acid, 100 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic
acid (HEPES), and 100 mM N-tris(hydroxymethyl)methyl-3-aminopropanesulfonic acid
from a pH range of 6 to 8.5, or. The assay buffer also contained 100 μM MgCl2. Briefly, 150
μM SAM and either 20 mM sarcosine or dimethylglycine were combined in a total volume
of 1000 μL of reaction buffer with a coupled enzyme system consisting of 40 nM
adenosylhomocysteine nucleosidase and 4 nM adenine deaminase (G-Biosciences, St. Louis,
MO). After 10 min of incubation at 37 °C, GsSDMT was added to the mixture to a final
concentration of 0.62 μM. The reaction was mixed thoroughly and added by pipette into a
quartz cuvette. The reaction was monitored using an 8435A UV-Visible spectrophotometer
(Agilent, Santa Clara, CA) at 1s intervals for a total of 1 min. Initial reaction rates were
determined from the change in absorbance given by the deamination of adenine to
hypoxanthine by the coupled enzyme system (Δε265= 6.7 mM-1 cm-1) 25. Control reactions
were performed at each pH to verify that the activity of the coupled enzyme system was not
rate limiting. Absorbance corrections were made for residual SAH present in the SAM
preparation as determined by controls lacking either sarcosine or dimethylglycine.

The apparent kcat and KM for each substrate were determined using the coupled enzyme
system at the optimal pH. Reactions with sarcosine were performed in 100 mM HEPES (pH
8.0), while reactions with dimethylglycine were performed in 100 mM HEPES (pH 7.5).
The apparent kinetic parameters for sarcosine and dimethylglycine were determined with
SAM fixed at 150 μM. The kinetic parameters for SAM were determined with either
sarcosine or dimethylglycine fixed at 20 mM. Reactions of GsSDMT with 20 mM of either
glycine or alanine were also tested using the coupled enzyme system in 100 mM HEPES
(pH 7.5) with 150 μM SAM.

Thermal Stability
CD measurements were carried out in a Jasco J-175 spectropolarimeter with a Jasco
PTC-348WI peltier-effect temperature controller. GsSDMT (0.1 mg/mL) in 10 mM sodium
phosphate, pH 7.5, containing 50 mM NaCl was placed in a 0.1 cm quartz cuvette. Samples
were monitored at 195 nm and 222 nm and were taken at 3 °C intervals. Measurements were
taken 5 min after the cell temperature had reached the desired level.
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Crystallization
Initial screening was performed with an in-house, 192 condition crystallization screen.
Optimized GsSDMT crystals were grown by the hanging drop vapor-diffusion method. The
reservoir solution contained 23% (w/v) or methyl ether polyethylene glycol 5000, 30 mM
sarcosine, and 100 mM (pH 7.0). The hanging drop consisted of 2 μL of thawed protein
solution mixed with 2 μL of reservoir solution. Crystallization trays were stored at 20 °C.
GsSDMT crystals took 2 weeks to reach full size (300 × 300 × 300 μm). Crystals were
soaked in increasing concentrations of ethylene glycol (up to 15%) and flash-frozen in a
stream of liquid N2.

Data Collection, Reduction, and Structure Solution
Diffraction data were collected at wavelengths of 0.9792 Å and 0.9640 Å at the Advanced
Photon Source on General Medicine and Cancer Institutes Collaborative Access Team
beamline 23-ID-D. Data were collected with 1° oscillations per frame, an exposure time of 3
s, and 200-fold attenuation of the incident beam at a temperature of 93 K. Reflections were
indexed, integrated, and scaled using the HKL2000 package 26.

A total of 12 out of 12 potential selenium sites were identified with HySS 27,28. The data
were phased via multi-wavelength anomalous diffraction using autoSHARP with the help of
auxiliary programs from the CCP4 suite 29,30. The structure was then completed through
multiple rounds of model building with Coot and refinement with REFMAC 31,32. The
quality of the final structure was assessed with ProCheck and Molprobity 33,34.

RESULTS
Purification of GsSDMT

The G. sulphuraria protein was highly expressed in E. coli B834 as fusion to His8-MBP, of
which approximately 35% was soluble. After Ni IMAC purification, the fusion protein was
cleaved by treatment with TEV protease with 95 - 100% efficiency. The liberated GsSDMT
had Mr of ~34,000 Da in denaturing electrophoresis experiments, and an apparent Mr of
~67,700 Da in gel filtration, suggesting that GsSDMT had a dimeric quaternary structure in
solution.

Structure Determination
Table I summarizes the crystallographic statistics. Crystals grown from methyl ether
polyethylene glycol 5000 were from space group C2221. The GsSDMT model was refined
to a nominal resolution of 1.95 Å, with Rcryst of 16.8% and Rfree of 22.1%. The asymmetric
unit contained 8744 protein atoms and 1042 ordered water molecules. The protein atoms in
the asymmetric unit were organized in four polypeptide chains, labeled A, B, C, and D. The
amino terminal of each chain could not be modeled due to insufficient electron density in the
map. This included the first 15 residues of chain A, 24 residues of chain B, 25 residues of
chain C, and 29 residues of chain D. Likewise, the residues Ile256, Ala257, and Ser258
found in a surface loop of chain D could not be modeled.

Description of Fold
Figure 2 shows that GsSDMT has a fold that is similar to the class I methyltransferases,
namely an NAD(P)-binding Rossman fold in which the central β-sheet contains seven β-
strands 35. Except for the β-strand at the carboxy terminal of the protein, the β-strands have
a parallel arrangement. The core β-sheet is flanked by 14 helices.
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The alpha carbons of chains B, C, and D align with those of chain A with rmsd-values of
0.593 Å, 0.471 Å, and 1.10 Å, respectively. Likewise the rmsd-values between chains B and
C, B and D, and C and D are 0.781 Å, 1.32 Å, and 1.10 Å, respectively. Most of the
disorder, particularly in chain D, occurs in helices H1 and H14 surrounding the active site.
The overall mean B value for all atoms is 21.56, and all phi/psi angles were in acceptable
regions of the Ramachandran plot with 94.1% being in the most favored regions.

The four protein chains are arranged as two homodimers in the asymmetric unit (Figure 3).
The surface area buried within the homodimer interface is approximately 980 Å236. The
majority of this interface occurs between the penultimate F β-strands of the two chains,
resulting in the formation of a 14-stranded β-sheet extending through the core of the protein.
However, there are some additional interactions between the loop prior to helix H3 (residues
50-52) and the carboxy terminal of helix H4 (residues 73-78) provided by both members of
the homodimer. Between chains A and B, these interactions provide a total of 16 hydrogen
bonds and 4 salt bridges in the dimer interface. There are only weak contacts between the
dimer units in the asymmetric unit.

Comparison of SDMT Sequences
Figure 4 shows a partial sequence alignment of known SDMT enzymes. Overall, GsSDMT
displays between 38 to 40% identity to SDMT from Synechococcus sp. WH8102 and E.
halochloris, the dimethylglycine methyltransferase from A. halophytica, and to one domain
of the multidomain A. halophila enzyme. This alignment also contains methoxymycolic acid
synthase 2 (MMAS2), whose structure has been solved in complex with SAH. Five distinct
regions corresponding to residues that line the cofactor-binding site in MMAS2 and the
corresponding residues predicted for the cofactor-binding site in GsSDMT are shown.

Steady-State Kinetic Characterization
GsSDMT had an optimal pH of 8 for methylation of sarcosine, while pH 7.5 was optimal for
methylation of dimethylglycine (Figure 5). Table II shows the steady-state kinetic
parameters determined for GsSDMT at these optimal pH values. The apparent kinetic
parameters for SAM were determined with either sarcosine or dimethylglycine in fixed,
large excess (20 mM), while kinetic studies of sarcosine and dimethylglycine were carried
out using a fixed concentration of 150 μM SAM. The apparent kcat and KM values for
sarcosine and dimethylglycine were comparable at fixed SAM: 86 min-1 and 3 mM for
dimethylglycine and 64 min-1 and 2 mM for sarcosine. The apparent KM value for SAM was
similar for both substrates at 150 μM for dimethylglycine and 144 μM for sarcosine. Due to
the high absorbance at 265 nm in the presence of high SAM concentration, the apparent kcat
of 77.2 min-1 and 51.8 min-1 were estimated by non-linear least squares fitting of the lower
concentration data for dimethylglycine and sarcosine respectively.

Specificity for Different Methyl Acceptors
The activity of GsSDMT towards structurally related glycine was approximately 1 min-1,
which was less than 2% of the activity observed with either sarcosine or dimethylglycine.
There was no detectable activity with alanine. There was also no detectable activity for the
reverse reaction, the transfer of a methyl group from betaine back to SAH.

Thermal Stability
The melting profile of GsSDMT is depicted in Figure 6. The melting temperature of the
enzyme was 61.1 (0.5) °C. The melting profile of the enzyme with 200 μM SAH and 1 mM
betaine was virtually identical to that of the substrate-free enzyme.
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DISCUSSION
Functional Annotation

This work has provided a conclusive functional identity for the 34 kDa protein encoded by
G. sulphuraria gene Gs07580.1. This enzyme is a SAM-dependent sarcosine and
dimethylglycine transferase. This enzyme fits into a pathway for betaine biosynthesis
previously identified in halophilic bacteria, but now also clearly associated with
hyperacidophilic, thermophilic eukaryotes. Since the enzyme has no appreciable reactivity
with glycine or alanine, completion of betaine biosynthesis by this pathway in G.
sulphuraria requires the participation of one other methyltransferase for conversion of
glycine to sarcosine. Analysis of the G. sulphuraria genome to identify the glycine
methyltransferase has so far been unsuccessful.

GsSDMT is abundantly expressed in E. coli as a fusion to His8-MBP, and the liberated
protein is relatively soluble, easily purified, and handled. Independent of substrates,
GsSDMT has a melting temperature of ~60 °C, which is reasonable considering the
mesophilic growth temperature of G. sulphuraria.

Catalytic Specificity
The observed specificity of GsSDMT is consistent with that of other SDMT enzymes, which
typically have high specificity for one or two of the successive products in the betaine
biosynthetic pathway, but not for all three substrates (Figure 1). This specificity may help to
avoid unproductive methylation of other amino acids in vivo, but also provides possibilities
for multiple flux regulation points through the biosynthetic pathway.

GsSDMT can methylate both sarcosine and dimethylglycine. The kcat values for these two
substrates (~65 to 85 min-1, Table II) are comparable to other known SDMT enzymes 10.
Additionally, the apparent Km values for sarcosine (2.0 mM) and dimethylglycine (2.8 mM)
are within the range of the previously characterized SDMT enzymes, providing compelling
evidence that methyl-group transfer for betaine synthesis is the physiological role of this
enzyme in G. sulphuraria 10.

Similarity to other Structures
We searched the Protein Data Bank using the FFAS03 server for other proteins with either
structure homology or sequence similarity to GsSDMT 37. The strongest FFAS03 scores
were from MMAS2 and methoxymycolic acid synthase 4 (PDB IDs 1tpy and 2fk7) and
mycolic acid cyclopropane synthase (PDB ID 1kp9) from Mycobacterium tuberculosis
38,39. However, pairwise alignments of GsSDMT with these sequences showed less than
20% identity. Despite the low sequence identity, the alpha carbon rmsd between 238
comparable residues of SDMT chain A and 2fk7 was 2.08 Å, was 1.83 Å for 1kp9 chain A
(232 comparable residues), and was 1.82 Å for 1tpy (240 comparable residues).

Unlike GsSDMT, each of the M. tuberculosis enzymes crystallized as a monomer. GsSDMT
contains insertions of a few residues in the loops corresponding to residues 50 through 52
and 73 through 78 relative to that of the M. tuberculosis proteins. These loops interact with
each other in the GsSDMT homodimer, providing an additional four hydrogen bonds, two
salt bridges, and 190 Å2 of buried surface area. This may play a role in the difference in
oligomerization in these structurally related enzymes.

Predicted Cofactor Binding Site
MMAS2 was crystallized in the presence of SAH and six out of the ten hydrogen-bonding
interactions between MMAS2 and SAH involved backbone nitrogen and oxygen atoms. The
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backbone atoms of GsSDMT closely match the MMAS2 backbone in this region with an
alpha carbon rmsd of 0.92 (between GsSDMT residues 44-46, 88 - 96, 112-117, 140-142,
and 156-163 and the homologous residues in MMAS2). This strongly suggests that the
cofactor may bind in a similar manner in GsSDMT (Figure 7). In MMAS2, the side chain
atoms of Ser34, Thr94, Gln99, and Glu124 provide four interactions that do not involve the
backbone atoms. In GsSDMT, Gln117 and Glu143 are substituted for Gln99 and Glu124.
Furthermore, Ser34 is replaced with His46, and Thr94 is replaced with Asn112. These two
latter substitutions may also provide interactions with SAM or SAH, albeit with small
conformational adjustments in the backbone and side chain positions. The active site cavities
of the enzymes were also very similar. The cavity volume of MMAS2 was 1510 Å3 while
that of GsSDMT (chain B) was 2064 Å3 as calculated via CASTp 40. The variation in the
cavity size appeared to be caused by conformational changes in the loop between helices
H10 and H11 and the incomplete N-terminal of GsSDMT.

Multiple attempts were made to solve the structure in the presence of cofactor or substrate.
The crystals studied here were obtained from a crystallization solution that contained 30 mM
sarcosine, yet no recognizable density for sarcosine was observed. In contrast,
cocrystallization experiments containing SAM or SAH failed to produce crystals.

Attempts to soak SAM into GsSDMT crystals at concentrations ranging from 5 mM to 50
mM failed to produce any observable electron density for the cofactor within the resulting
maps. In the methoxymycolic acid synthase 4 structure 38, the helix comparable to the short
helix H7 from GsSDMT (Figure 2) formed only upon binding of SAM. In contrast, the
GsSDMT helix H7 was formed in the crystals without the presence of SAM and may thus
prevent the necessary induced fit motions required for binding of the cofactor.

Comparison to Glycine N-Methyltransferase
Glycine N-methyltransferase (GNMT) catalyzes the transfer of a methyl group from SAM to
glycine resulting in the formation of SAH and sarcosine 41. This reaction is believed to help
regulate the ratio of SAM to SAH in the cell 42. The crystal structure of recombinant
GNMT from rat liver bound with SAM has been solved (PDB ID 1xva, 43). Unlike dimeric
GsSDMT, GNMT forms a tetramer where the amino terminal of each monomer fits into the
active site of an adjacent monomer. A comparison of the GsSDMT and GNMT monomers
highlights the differences between the two folds (Figure 8). With the exception of a few
inserted loops, the backbones of the two structures follow each other fairly closely up to
residue 190 of GsSDMT. After this, GNMT deviates to form a secondary 3-stranded β-sheet
that closes one side of the active site. As a consequence of this change in secondary
structure, the nucleotide and sugar portions of the SAM cofactor bind to GNMT in a
different location from that predicted for GsSDMT (Figure 8). However, despite this
difference in binding for the majority of the cofactor, the sulfur atoms of the two cofactors
reside within 3 Å of each other upon overlaying the two monomers.

Comparison of SDMT Sequences
A number of other conserved residues whose side chains are near to the predicted substrate-
binding site are also shown in Figure 7. These include Asp33, Asp44, His46, Asn117,
Asp158, and His162. Of these, His162 is positioned 4.9 Å from the predicted position of the
SAH sulfur atom, and thus appears to be positioned for orienting the carboxyl group of
sarcosine or dimethylglycine. Rotation of the Asp158 side chain places the carboxyl oxygen
within 3 Å of the SAH sulfur group, which could potentially interact with the positively
charged amine group of the substrate.
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In a previous study, the P171Q, M172R, and P171Q/M172R mutants of the A. halophytica
dimethylglycine methyltransferase were constructed and tested for activity 7. The M172R
and P171Q/M172R mutations gave an inactive enzyme, while the P171Q mutation reduced
the kcat to 27% of the wild-type enzyme. In addition, the apparent KM for dimethylglycine
was increased 15-fold, while the apparent KM for SAM increased 2-fold. These results were
interpreted to indicate that Pro171 and Met172 might be involved in substrate binding.
However, their equivalents in GsSDMT, Pro188 and Met189, are positioned greater than 8
Å away from the active site, such that it is unlikely that they can be directly involved in the
binding of dimethylglycine. They are however positioned near the helix containing residues
Asp158 and His162. Assuming the fold of the A. halophytica dimethylglycine
methyltransferase is similar to that of GsSDMT, it seems likely these mutations may result
in misalignment of the dimethylglycine methyltransferase equivalents of Asp158 and
His162 (Asp141 and His145), rather than directly interacting with the substrate.

CONCLUSION
Our kinetic analysis of the product of G. sulphuraria gene Gs07580.1 shows that the
enzyme functions as a sarcosine dimethylglycine methyltransferase. This represents the first
instance of this activity being observed outside of certain salt-tolerant prokaryotic
organisms, and is also the first example of this enzyme activity from a eukaryote. The
structural similarity of the enzyme to mycolic acid synthases allows us to predict the binding
site of both the cofactor, SAM, as well as that residues involved in substrate recognition.
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Figure 1.
Betaine synthesis. Reactions carried out by sarcosine dimethylglycine methyltransferase are
bordered by black lines.
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Figure 2.
A cartoon representation of the fold of a monomer of GsSDMT. The color scheme changes
from blue to green to represent regions predicted to interact with the SAM cofactor. The
helices are labeled H1 through H14, and the β-strands are labeled A through G.
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Figure 3.
An illustration of the GsSDMT dimer interface, with the subunits of the dimer colored green
and blue.
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Figure 4.
Partial sequence alignment between GsSDMT and other experimentally verified SDMTs.
Conserved residues are capitalized. Conserved residues near the predicted substrate-binding
site are designated with an asterisk. The residues colored blue surround the predicted site of
the cofactor.
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Figure 5.
A plot of the pH vs. % relative activity of SDMT. Reactions were performed from pH
5.5-8.5 in 100 mM MES, 100 mM HEPES, 100 mM TAPS and 100 μM MgCl2 at 37 °C.
Activity levels of dimethylglycine (•) and sarcosine (°) are normalized to the pH of maximal
activity. Reactions at each pH were performed in triplicate.
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Figure 6.
Melting temperature profile for GsSDMT.
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Figure 7.
Stereoview of GsSDMT and MMAS2 structural alignment. GsSDMT (blue backbone) was
aligned with MMAS2 (green backbone) with SAH cofactor in the active site. Conserved
functional groups within the active site include 6 of 10 backbone nitrogen and oxygen atoms
and Gln117 and Glu124. In addition, N112 and H46 appear to be potential residues capable
of interaction with SAH.
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Figure 8.
Ribbon diagrams of GsSDMT (above) and GNMT (below) illustrating the difference in
cofactor binding between the two enzymes. Color is used to define the structurally similar
amino terminals of the proteins (green) as well as the structurally divergent carboxy
terminals (blue in GsSDMT and red in GNMT). The placement of the cofactor (carbon:gray,
sulfur:yellow, nitrogen:blue, oxygen:red) in GsSDMT is predicted based on the structure of
MMAS2.

McCoy et al. Page 18

Proteins. Author manuscript; available in PMC 2010 February 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

McCoy et al. Page 19

Table I

A summary of crystal parameters, data collection, and refinement statistics for GsSDMT. The values in
parentheses are for the highest resolution shell.

Peak Remote

Spacegroup C2221

Unit Cell Parameters (Å) a=97.5 b=291.4 c=86.3

Collection Statistics

Wavelength 0.97923 0.96400

Resolution Range (Å) 48.77 - 1.95 (2.02-1.95) 48.77 -1.95 (2.02-1.95)

Measured Reflections (Unique) 646950 (89709) 1306077 (89078)

Completeness (%) 99.4 (95.0) 99.9 (99.4)

Rmerge a 0.110 (0.597) 0.092 (0.605)

Redundancy 7.2 (5.1) 14.7 (11.7)

Mean I/σ 14.69 (2.06) 28.86 (3.5)

Phasing Statistics

Phasing Power 1.622

Mean FOM centric (acentric) 0.303 (0.475)

Rcullis 0.673

Refinement Statistics

Resolution Range (Å) 48.77-1.95

Total Reflections (test) 89679 (4502)

Rcryst
b / Rfree

c 0.166 / 0.221

Rmsd bonds (Å) 0.017

Rmsd angles (°) 1.452

ESU from Rfree 0.149

No. of atoms 9790

Mean B-factor protein / water 19.6 / 38.0

Ramachandran (%)

Core region 94.1

Allowed region 5.9

a
Rmerge = ΣhΣi|Ii(h) - <I(h)>|/ ΣhΣiIi(h), where Ii(h) is the intensity of an individual measurement of the reflection and <I(h)> is the mean

intensity of the reflection.

b
Rcryst = Σh||Fobs|-|Fcalc||/Σh|Fobs|, where Fobs and Fcalc are the observed and calculated structure-factor amplitudes, respectively.

c
Rfree was calculated as Rcryst using 5.0% of the randomly selected unique reflections that were omitted from structure refinement.
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Table II

Kinetic Parameters of GsSDMT Catalysis.

Varied Substrate (Constant) kcat (min-1) KM

Dimethylglycine (SAM 150 μM) 85.6 (5.1) 2.8 (.6) mM

SAM (dimethylglycine 20 mM) 77.2 (4.8) 150 (38) μM

Sarcosine (SAM 150 μM) 64.3 (4.2) 2.0 (.7) mM

SAM (Sarcosine 20 mM) 51.8 (4.5) 144 (44) μM
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