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ABSTRACT
Betaine-homocysteine S-methyltransferase (BHMT) is a zinc-dependent methyltransferase that
uses betaine as the methyl donor for the remethylation of homocysteine to form methionine. This
reaction supports S-adenosylmethionine biosynthesis, which is required for hundreds of
methylation reactions in humans. Herein we report that BHMT is activated by potassium ions
with an apparent KM for K+ of about 100 M. The presence of potassium ions lowers the apparent
KM of the enzyme for homocysteine, but it does not affect the apparent KM for betaine or the
apparent kcat for either substrate. We employed molecular dynamics (MD) simulations to
theoretically predict and protein crystallography to experimentally localize the binding site(s) for
potassium ion(s). Simulations predicted that K+ ion would interact with residues Asp26 and/or
Glu159. Our crystal structure of BHMT bound to homocysteine confirms these sites of
interaction and reveals further contacts between K+ ion and BHMT residues Gly27, Gln72,
Gln247 and Gly298. The potassium binding residues in BHMT partially overlap with the
previously identified DGG (Asp26-Gly27-Gly28) fingerprint in the Pfam 02574 group of
methyltransferases. Subsequent biochemical characterization of several site-specific BHMT
mutants confirmed the results obtained by the MD simulations and crystallographic data.
Together, the data herein indicate that the role of potassium ions in BHMT is structural and that
potassium ion facilitates the specific binding of homocysteine to the active site of the enzyme.
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INTRODUCTION
Betaine-homocysteine S-methyltransferase (BHMT; EC 2.1.1.5) is abundant in the liver and
kidney of monogastric animals.1 It methylates homocysteine (Hcy) to regenerate methionine
using betaine as the methyl donor. A constant supply of methionine is critical for the generation
of S-adenosylmethionine, which is required for over 200 methylation reactions.2 Betaine is an
intermediate of choline oxidation and also functions as an organic osmolyte. BHMT expression is
affected by dietary choline, betaine and methionine,3,4 as well as other dietary factors such as
sodium that influence cellular tonicity.5,6
Early work by Fromm and Nordlie7 and Finkelstein et al8 indicated that BHMT catalyzes a
sequential reaction that proceeds by an ordered bi bi mechanism; Hcy is the first substrate on, and
methionine the last product off. However, over the last 15 years much more information has been
gathered about the kinetic and physical properties of BHMT. After the first full-length cDNA
encoding BHMT was cloned,9 and the recombinant protein was over-expressed in E. coli and
purified to homogeneity,10,11 ample amounts of human enzyme became available for detailed
structure-function studies. BHMT was shown to contain a catalytic zinc (Zn) atom10 while
Cys247, Cys299 and Cys300 are required for Zn binding.11,12 These biochemical findings were
later confirmed by the crystal structure of human BHMT solved13 in complex with the dual
substrate inhibitor, S-(δ-carboxybutyl)-L-homocysteine (CBHcy, supplemental Chart S1).14 These
studies, as well as those conducted with folate- and cobalamin-dependent methionine
synthase,15,16 defined a new Zn binding motif and confirmed that BHMT and the Pfam 02574
group of enzymes methylate thiols via a Zn-tetrathiolate intermediate. Based on the
BHMT:CBHcy crystal structure,13 the enzyme is a tetramer and the primary fold of each
monomer is a ()8 barrel that contains an active site. With respect to substrate binding, the
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backbone amide groups of Phe29 and Val30, and the -carboxyl of Glu159 are involved in Hcy
binding, and the Phe76, Tyr77, Tyr160 and Trp44 are important determinants of the betaine
binding site. Ligand binding studies and initial rate kinetics of selected mutants17 support the role
of Glu159 in Hcy binding, and indicate that Trp44 and Tyr160 are important betaine binding
residues. Castro et al17 also confirmed the bi bi reaction mechanism by showing that the betaine
binding site is created following a conformational change triggered by Hcy binding. Immediately
following the work of Castro et al,17 the crystal structure of rat liver BHMT (free enzyme) was
solved by Gonzalez et al.18 This seminal contribution confirmed that most of the C-terminal
residues that were originally unresolved in the human BHMT crystal structure are important for
mutual binding of dimers and formation of a tetrameric unit. Additionally, by comparing the
ligand-free rat enzyme18 and human enzyme complexed with CBHcy inhibitor13 structures,
changes in the position of key BHMT residues during binding of the ligand can be accessed.
Interestingly, in the rat BHMT structure, Tyr160 is the fourth ligand coordinating to Zn prior to
Hcy binding, but in the human BHMT-CBHcy structure this residue is interacting with the
carboxylate of the betaine mimic. Similarly, the locations of Phe76 and Tyr77 in the free and
CBHcy-complexed enzyme are considerably different. Gonzalez et al18 proposed that Phe76 and
Tyr77 are initially involved in orientating Hcy for binding and then trigger a conformational
change that creates the betaine binding site, which comes to include Tyr160, Phe76 and Tyr77,
among other residues. These studies, as well as a series of papers that have tested novel inhibitors
of BHMT to investigate the tolerance of the enzyme toward substrate functional group
modifications,14,19,20 have provided considerable detail to our understanding of BHMT structure
and function including its exquisite selectivity for Hcy.
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With respect to the remarkable selectivity BHMT has for L-Hcy, the results reported herein
show that potassium ion has a structural role in BHMT and that it stimulates BHMT activity by
facilitating Hcy binding. The stimulation of BHMT activity by potassium ions was identified by
enzyme kinetics experiments. The potassium ion-binding site was predicted by MD simulations
and solved by X-ray crystallography independently. Mutant BHMT enzymes were studied using
initial rate kinetics and ligand binding assays to verify the data obtained by MD simulations and
X-ray crystallography. The potassium binding site in BHMT is composed of Asp26, Glu159,
Gly27, Gln72, Gln247 and Gly298 residues and its location is identical to that in methionine
synthase (MS) from T. maritima.21 Moreover, BHMT potassium binding site residues partially
overlap with the previously identified DGG (Asp26-Gly27-Gly28) fingerprint11,13 in the Pfam
02574 group of methyltransferases.

MATERIALS AND METHODS
Materials.
Unless otherwise stated, reagents and materials were obtained from commercial suppliers
(Sigma-Aldrich, Fisher, Fluka, Merck) and used without purification.
Synthesis of S-[methyl-14C]methyl-L-methionine chloride.
S-[methyl-14C]methyl-L-methionine chloride (14C-SMM) was prepared, characterized and
stored as described previously.22
Cloning of mutated variants of BHMT.
Site-directed mutagenesis of BHMT was performed using a QuikChange II kit (Stratagene)
with primers designed using the manufacturer’s web-based primer design program and pTYB4hBHMT as the template. All mutations were verified by DNA sequencing.
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Expression and purification of human BHMT and its mutants.
Wild-type (WT) and BHMT mutants were purified as described previously11 with several
modifications. In brief, 30 mL of 2xYT media containing 0.1 mg/mL ampicillin was inoculated
with a culture of E. coli BL21(DE3) cells transformed with pTYB4-hBHMT plasmids. After
growing the cells (37 °C) to A595=0.6, the cells were collected by centrifugation (1,500 g, 10 min)
and used to inoculate 1 L of 2xYT media containing 250 µM zinc chloride and 0.1 mg/mL
ampicillin. The 1 L cultures were grown (37 °C) until A595=1 and then induced with IPTG (0.3
mM, Duchefa Biochemie B.V.) and incubated for a minimum of 16 hours. Following the
induction period, the cells were collected by centrifugation at 4,500 g for 10 min (4°C) and
resuspended in 20 mL of cold 20 mM Tris/HCl buffer (pH 8.0) containing 0.5 M NaCl, 0.1 mM
EDTA, 0.1% Triton X-100 (w/v). Then, Protease Inhibitor Cocktail Set I (Calbiochem) and about
5 mg of TCEP (Sigma) and about 5 mg of DNAse I (Sigma) were added to the cells, which were
then lysed using a French press. The extract was then sonicated to shear the cellular DNA. The
lysate was centrifuged (22,500 g, 90 min, 4°C) and the enzyme purified at 4°C using chitin
affinity chromatography (Chitin Beads, New England Biolabs). The chitin affinity column (20
mL) was washed with 200 mL of MilliQ water and then equilibrated with 200 mL of 20 mM
Tris/HCl (pH 8.0) buffer containing, 0.5 M NaCl, 0.1 mM EDTA, 0.1% Triton X-100 (w/v) and
0.2 mM TCEP. The lysate was supplemented with about 5 mg of DNAse I and then applied to the
column (0.5 mL/min). The column was washed (1 mL/min) with 600 mL of the same buffer and
then 100 mL of buffer containing 20 mM Tris/HCl (pH 8.0), 50 mM NaCl, 0.1 mM EDTA, 0.2
mM TCEP and 10% glycerol (w/v), and finally rapidly (5 mL/min) with 30 mL of the same
buffer supplemented with 30 mM β-mercaptoethanol. The column was then allowed to stand for
a minimum of 16 hours at 4°C. Afterwards, proteins were eluted using 20 mM Tris/HCl (pH 8.0)
buffer containing 50 mM NaCl, 0.1 mM EDTA, 0.2 mM TCEP, 10% glycerol (w/v) and 30 mM
6

β-mercaptoethanol. The protein concentration was determined using the Bradford assay.23 Protein
purity and identity was confirmed by SDS-PAGE and MS analysis of tryptic digests as described
previously by Mladkova et al.22
BHMT activity assays.
BHMT activity using betaine as the methyl donor was assayed as previously described.19 Nmethyl-14C-betaine (57 mCi/mmol) was prepared and supplied by Moravek Biochemicals (Brea,
CA). The standard reaction mixture (0.5 mL) contained 250 µM betaine (0.3 µCi), 100 µM D,LHcy, 50 mM Tris/HCl (pH 7.5), 0.07% (w/v) β-mercaptoethanol and 0.2 µM BHMT. The
concentration of substrates (betaine and

D,L-Hcy)

varied in different experiments when

Michaelis-Menten constants were measured as indicated in the figure legends but the rest of the
conditions was the same as in the standard reaction mixture.
The standard reaction mixture (0.2 mL) using S-[methyl]methyl-L-methionine (SMM) as the
methyl donor contained 0.25 mM SMM (0.3 µCi 14C-SMM), 2.5 mM D,L-Hcy, 50 mM Tris/HCl
(pH 7.5), 0.1% (w/v) β-mercaptoethanol and 0.2 µM BHMT. D,L-Hcy, kept under nitrogen, was
freshly dissolved in 50 mM Tris/HCl (pH 7.5) and immediately used in the assay. Reaction tubes
were kept in ice-cold water until the assay was started by transferring the tubes into a 37°C water
bath. After 60 min, the reaction was stopped by transferring the tubes into ice-cold water. Then,
1.5 mL of methanol was added to tube and reaction mixture centrifuged (16,000 g, 5 min, 4°C).
Supernatants were applied to Dowex 1x4 (OH-; 200-400 mesh) columns (1 mL of resin).
Unreacted SMM was washed from the column with water (3 x 5 mL) and methionine product
was eluted into vials with 1.5 M HCl (1.5 mL). Then, scintillation cocktail (10 mL) was added to
each vial and counted. Blank tubes contained all of the reaction components except enzyme, and
their values were subtracted from the sample values. All samples were assayed at least in
triplicate. The concentration of substrates (SMM and D,L-Hcy) varied in different experiments
7

when Michaelis-Menten constants were measured as indicated in the figure legends but the rest
of the conditions was the same as in the standard reaction mixture.
The data were analyzed using the GraphPad Prism 5 program (GraphPad Software, Inc.) with
nonlinear regression fit and apparent KM (± S.E.) values were calculated from three independent
measurements with all points in tetraplicates.
Measurement of Hcy binding by changes in steady-state intrinsic fluorescence.
Changes in the steady-state intrinsic fluorescence of BHMT where measured holding
dimethylglycine constant (1 mM) at saturating levels while L-Hcy was varied to determine the
ternary dissociation constant (Kd) with limiting L-Hcy. The procedures have been previously
described in detail.17 These experiments were done in 50 mM Tris/HCl (pH 7.5) buffer, but the LHcy was prepared using a saturated KH2PO4 solution to neutralize the NaOH-stimulated
conversion of L-Hcy-thiolactone to L-Hcy. Thus, the final concentration of potassium ions in the
reaction mixture was approximately 10 mM.
Computational methods.
From the tetrameric ligand-depleted BHMT crystal structure (PDB accession number
1UMY)18 we selected the monomer (chain D) together with the dimeric (chain C) and the
tetrameric (chain B) clipping parts, which are the essential parts for formation of the active
enzyme. In total 412 amino acids and a single zinc ion were solvated in ~14,600 water molecules.
These include both water molecules from the crystal structure and additional bulk liquid water
molecules. There are two different approaches in the literature regarding how to simulate
enzymes with a transition metal zinc ion. The first one treats it similarly to a calcium dication
with no charge transfer from the surrounding active site,24 while the second one uses charges
estimated from quantum chemistry calculations.25 We chose to apply both of these methods and
compare the results. We used the natural population analysis as implemented in the Gaussian 09
8

package26 for ab initio calculation of charges in the active site and considered both possibilities
for the protonation state of Cys30027 (the commentary is in the Supporting Information). The
total charge of the whole enzyme of +3e for the protonated cysteine was compensated by
counterions (i.e., 3 chloride ions), on top of which we added 0.16 M chloride salts (i.e., 42
molecules of NaCl, KCl, or RbCl). The parameterization of Na+, K+, Rb+ and Cl- was the same as
in our earlier studies,28,29 which proved to be a reliable choice in combination with the AMBER
ff03 protein force field30 and the SPC/E water model.31
For simulations of the BHMT monomer with the CBHcy inhibitor in the active site (PDB
accession number 1LT8)13 we recalculated the amount of charge transfer to the zinc cation as the
inhibitor coordinates with the zinc as one of its ligands. The simulation protocol was the same as
described below, but the residues at and around the inhibitor site were enabled to move freely.
MD simulations were performed using the Amber 11 program package.32 Potential energy of
the system was first minimized with constrained positions of protein atoms using the steepest
descent method in order to avoid energetically unfavorable close contacts.33 The system with
constrained protein was then heated up to 315 K corresponding to the experimental conditions,
with volume held fixed and then pressure coupling was used to reach the equilibrium density at 1
atm. 3D Periodic boundary conditions were applied to the system with a unit cell size of
80x80x80 Å3. Equilibration lasted for 2 ns and the data were then collected from 350 ns
production runs for each of the simulated system. All bonds containing hydrogens were
constrained using the SHAKE algorithm,34 allowing for a 2 fs time step for all the simulations.
The short range non-bonded interactions were cut off at 8 Å and smooth particle mesh Ewald
(PME) method accounted for the long range electrostatic effects.35 The pressure and temperature
of the system were regulated by the Berendsen´s barostat and termostat.36
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Analysis of the simulation data was based on ion density map calculations.28 The regions
where ions occur with a higher probability than in the bulk solution were visualized. Ion maps
gave us a qualitative answer concerning the most probable spots for ion binding. For quantitative
comparison, we needed to use an additional analytical tool, namely the radial distribution
function. To this end, radial distribution functions (i.e., probabilities of ions to occur at a certain
distance from a defined center) were integrated yielding numbers of ions within a specified
region.
Protein crystallization.
Crystals of wild type human BHMT with L-Hcy were prepared as follows. Crystals were
grown at 4 °C under oil in microbatch trays by mixing 2 µL of 11mg/ml protein in 50mM
Tris/HCl, pH 8.0, 1 mM TCEP, and 20 mM L-Hcy with 2 µl of solution containing 20.0% PEG
5000 MME, 0.2 M sodium/potassium tartrate, and 0.4 µl of 15% 1,2,3-heptanetriol. Crystals were
cryoprotected by transfer to a solution of 22% PEG 5000MME, 0.2 M sodium/ potassium tartrate,
16% propylene glycol, 20mM L-Hcy and 50 mM Tris/HCl pH 7.5. Crystals of BHMT with LHcy were of space group P21 (a = 86.1, b = 102.6, c = 96.2, β = 106.3) with 1 BHMT tetramer in
the asymmetric unit (Matthews’ coefficient, VM = 2.3 Å3/Da for 4 BMHT monomers, 46.8%
solvent content).
L-Hcy

was prepared as follows. 150 mg of L-Hcy thiolactone were dissolved in 5 ml water. 2.5

ml of 0.8 M NaOH were added, followed by degassing with argon for 5 minutes, and incubation
for 6 min at 45 °C. ~2.5 ml of 0.4 M acetic acid were then added to reach pH 5. Aliquots were
stored under argon at -80 °C. Fresh aliquots were used for every crystallization and the
concentration was measured by determining the thiol content through a 5,5’-dithio-bis(2nitrobenzoic acid) (DTNB) assay as previously described.37
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Data collection, structure determination and refinement.
Diffraction data were collected at GM/CA-CAT IDD (Advanced Photon Source, Argonne
National Laboratory) on a Mar 300 detector and processed with XDS38 to 1.9 Å resolution. Initial
phases were obtained by the molecular replacement (MR) method with EPMR39 using the
coordinates of human BHMT complexed with CBHcy inhibitor13 (PDB accession number 1LT8)
as a search model. For the search model we utilized just the (/)8 barrel while we omitted all the
connecting loops, the CBHcy ligand, Zn and water atoms. Initial density allowed for ligands and
metal ions to be added. The BHMT:L-Hcy structure was refined with CNS,40 including rigid body
refinement of the individual domains followed by simulated annealing in torsional and Cartesian
space, coordination minimization, and restrained individual B-factor adjustment with maximumlikelihood targets. Refmac541 of the CCP4 suite42 was subsequently employed for restrained
refinement of using isotropic individual B-factors with maximum-likelihood targets, using the
Babinet model for bulk solvent scaling, followed by model building and modification with
Coot.43 Several iterative rounds of refinement followed by model building/modifications were
performed. In early rounds of refinement with CNS, restraints for the bound L-Hcy, and ideal
targets for tetrahedral geometry at zinc were added. The latter were however removed upon
subsequent model refinements with Refmac5. A large positive electron density in the vicinity of
the carboxy-amido part of the bound L-Hcy ligand was later on modeled and refined with a K+
atom. Crystallographic information as well as refinement statistics are provided in the
supplemental Table S1. The geometric quality of the model and its agreement with the structure
factors were assessed with MolProbity.44 For BHMT:L-Hcy, MolProbity reported a clash and a
molprobity score of 2.27 (99th percentile) and 1.45 (97th percentile) respectively, while 97.0% of
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the residues were in the favored Ramachandran plot regions with 2 outliers (0.14%) Figures
showing crystal structures were generated with PyMOL (The PyMOL Molecular Graphics
System, Version 1.3r1, Schrödinger, LLC, 2010).

RESULTS
Dependence of BHMT activity on potassium ions.
The influence of monovalent cations on BHMT activity was studied in detail. Among the
monovalent cations investigated (Li+, Na+, K+, Rb+, Cs+ and NH4+; all cations at 0 - 400 mM
concentration), K+ was the only cation that significantly stimulated BHMT activity. BHMT
activity displayed a Michaelis-Menten type behavior with increasing K+ concentrations and an
apparent KM for K+ of about 100 M (Figure 1, in a logarithmic scale). The presence of 150 mM
Rb+ or NH4+ only marginally stimulated BHMT activity, while the same concentrations of Li+,
Na+ and Cs+ had negligible impact. However, all the tested monovalent cations inhibit BHMT
activity at high concentrations (> 300 mM) (Figure 1). The stimulatory effect of K+ was not
affected by the nature of the counter ion since both Cl- or Br- salts were equally effective (data
not shown).
Previous studies have reported significantly different KM values of BHMT for betaine and
Hcy.10,45,46 KM values for betaine range from 100 µM to 2.2 mM, and KM values for Hcy range
from 4 µM to 120 µM. These values were determined using different buffering agents and
different concentrations and sources of K+. Because of the effect of K+ on BHMT activity, we
reinvestigated the initial rate kinetics of BHMT using a Tris/HCl buffer containing 150 mM KCl.
This potassium ion concentration not only gives rise to the maximum stimulatory effect on
BHMT activity (Figure 1), but it also corresponds to the physiological levels of potassium in the
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cell.47 Using these buffer conditions, we determined that the KM values for betaine and D,L-Hcy
are about 60 µM and 15 µM, respectively. The KM values for betaine and D,L-Hcy measured in
Tris/HCl buffer devoid of potassium ions were about 75 µM and 338 µM, respectively (Table I
and supplemental Figure S1AB). Individual kcat values for the respective reactions, when either
betaine or Hcy were the varied substrate, were similar and ranged from 107 to 152 h-1.
By contrast, no BHMT activity was detected when SMM and Hcy were used as substrates in
Tris/HCl buffer devoid of potassium ions. Moreover, with the exception of potassium ions, no
other monovalent cations were able to stimulate SMM-dependent BHMT activity. Thus, BHMT
is able to use SMM as a substrate only when K+ ions are present (supplemental Figure S2). The
KM values of BHMT for D,L-Hcy and SMM measured in Tris/HCl buffer with 150 mM KCl were
approximately 2.3 mM and 3.4 mM, while kcat values were approximately 1.2 and 16 h-1,
respectively (Table I and supplemental Figure S3). However, it is important to note that
measuring apparent KM and kcat values for SMM and Hcy was possible only in a limited range of
substrate concentrations because concentrations of D,L-Hcy above 10 mM and concentrations of
SMM above 4.5 mM led to decreased activities (data not shown). Therefore, we were not able to
reach the maximum velocity and all kinetics constants are presented as approximate (as indicated
in Table I with the sign “~”).
Molecular dynamics (MD) simulations.
Following the experimental characterization of BHMT activity in the presence and absence of
monovalent cations, theoretical calculations were initiated in order to predict the nature of the
potassium ion(s) binding site(s) within BHMT. After collecting all data from the MD production
runs, ion density maps, as well as radial distribution functions were constructed for the enzyme in
three 0.16 M ionic solutions for NaCl, KCl, and RbCl. Ion density maps provided a visually clear
answer about the ion distributions around the enzyme. Comparing ion maps for Na+, K+, and Rb+,
13

we found out that the regions where ions reside with the highest probability are the same for all
three ions. The potassium distribution around the enzyme, with an isovalue corresponding to
concentration 10-fold higher than that in the bulk, is displayed in Figure 2. Globally, the ion
binding spots are located primarily close to the negatively charged residues (Asp and Glu) and
the carbonyl groups of the protein backbone. For a more quantitative analysis we evaluated
average numbers of ions located in the individual binding spots. Based on our previous work on a
variety of enzymes48 Na+ binds more strongly to negatively charged residues than K+ or Rb+.
BHMT generally follows this trend; nevertheless, we found two connected regions close to the
active site where the ordering of the cations is different and in favor of K+.
In Figure 2A, the active site of ligand-depleted BHMT enzyme with the zinc cation (grey) and
its four ligands (yellow) is shown enlarged. Two major cationic binding sites are found close to
the two negatively charged residues - Asp26 and Glu159 within a 9 Å radius from the zinc ion.
The cumulative numbers of individual cations in this area and the corresponding radial
distribution functions are presented in Figure 3. In Figure 3, we see that at these active site
cationic binding spots the potassium ion binds the strongest, followed by rubidium ions, which is
in agreement with experimental ordering of cations according to their enhancement of the
enzymatic activity (Figure 1).
To check whether and how the binding site of potassium is affected by the presence of the
substrate and/or inhibitor, we performed additional MD simulation with the bound CBHcy
inhibitor. As it is evident in Figure 2B the potassium ion moves closer to Asp26 while the
potassium binding site slightly rearranges to accommodate this shift. One of the two original
potassium binding sites in the vicinity of Glu159 is now occupied by the inhibitor so only one
binding site for potassium remains close to the active site. A detailed view of the structural
changes at the potassium binding site predicted by our studies in the presence of the inhibitor is
14

provided in Figure 4. We also calculated the number of water molecules in the first solvation
shell of Rb+, Na+, and K+ (without and with the inhibitor) in the active site. The data (Figure S4)
and a detailed commentary are provided in the Supporting Information; in a nutshell, we can say
here that potassium accommodates best out of the three cations in the binding site.
Crystallography – BHMT:L-Hcy complex.
In parallel to theoretical MD calculations, we successfully crystallized and determined the
crystal structure of tetrameric human BHMT in a complex with L-Hcy. The overall protein
structure is shown in Figure 5. In contrast to our previous structure of human BHMT complexed
with the specific inhibitor CBHcy,13 we clearly detect a potassium atom at the active site of
BHMT.
For our crystallization experiments, we utilized potassium salts in our crystallization buffers.
In the resulting electron density maps based on the collected data of a BHMT with L-Hcy crystal,
we clearly observe strong positive electron density in the vicinity of the carboxy-amino part of
the Hcy ligand bound to Zn. In the calculated 2Fo-Fc weighted composite omit map for each
monomer we observe two strong electron density peaks (> 8σ in the 2Fo-Fc maps) (Figure 6AB).
The strongest peak (13σ), as displayed in the in Figure 6B, coincides with the expected Zn
binding site and which was modeled and later refined as Zn while the second strongest peak (9σ),
as displayed in Figure 6A, belongs to what we believe is the K+ atom. If a water molecule is
modeled instead of the potassium ion strong residual positive electron density peak is centered at
this molecule position indicating the incorrect assignment with a “light” atom and the
requirement of a “heavier” in that position.
The K+ ion binding site (Figure 6CD) exhibits a coordination of 8 and average K+… O distance
of 2.9 Å (range 2.7 – 3.2 Å for all 4 K+ sites in BHMT monomers). The K+ ion binding site is
assembled from residues Asp26, Gly27, Gln72, Gln247 and Gly298. The K+ ion is positioned in a
15

shallow grove mainly formed by the three main chain carbonyl groups of residues Asp26, Gly27
and Gly298 (average K+… Ocarbonyl of 2.8 Å), while its coordination is completed by two amide O
atoms of Gln72, Gln247 (average K+… Oamide of 3.0 Å), one carboxylate O atom of Asp26
(average K+… Ocarboxylate of 2.8 Å) and two water molecules (average K+… Owater of 2.9 Å).
The Hcy ligand bound to Zn2+ ion is found in a conformation similar to the one reported for
CBHcy inhibitor, S-(δ-carboxybutyl)-homocysteine, bound to BHMT (PDB code 1LT8).13 Hcy is
anchored to the protein through additional interactions with Glu159 through its amino-group and
with main chain amides of Phe29 and Val30 through its carboxy group. Interestingly, the K+
binding site is proximal to the Hcy-binding site (Figure 6CD). Based on our new structure, the K+
ion forms a water-mediated interaction with one of the carboxy O atoms of Hcy. Moreover, the
Glu159 residue involved in Hcy binding forms also a water-mediated interaction with the K+ ion.
BHMT mutants.
The results from the MD simulations and the crystal structure implicate residues Asp26,
Glu159, Gly27, Gln72, Gln247 and Gly298 in the binding of potassium ions and/or Hcy. We
previously discussed the potential importance of the Asp26-Gly27-Gly28 (DGG) fingerprint13
and that mutating Glu159 to Gln inactivated enzyme activity.17 Therefore, we made additional
BHMT mutants at positions Asp26, Gly27, Gly28 and re-evaluated Glu159 to determine whether
changes at these positions affected the ability of potassium to stimulate BHMT activity and/or
affect Hcy binding. Gly27Ser and Gly28Ser mutants were prepared based on mouse variations at
the BHMT-2 locus.49 The purification yields and activities of the various mutants are listed in
Table II.
Under the same purification conditions, Gly27Ser, and especially Glu159 mutants provided
very low or zero yields. All the mutants were much less active than the WT enzyme. The only
mutant that retained significant activity was Gly28Ser, and it was affected by potassium ions to a
16

similar extent as the WT enzyme. The Asp26Ala had very low activity compared to WT enzyme,
whereas the Gly27Ser and all Glu159 mutants were completely inactive.
Additionally, we performed experiments to determine the dissociation constant of Hcy by
measuring the formation of the BHMT-Hcy-dimethylgycine ternary complex using steady-state
intrinsic fluorescence, as previously described.17 These experiments held enzyme and
dimethylglycine (1 mM; saturating) constant while the concentration of Hcy was varied. The
buffer contained 10 mM potassium ions, which is the concentration sufficient for near maximum
stimulatory effect of the ion (see above). The data in Table II show that the binding affinity of all
the mutants for Hcy are severely reduced, i.e. no binding for Gly27Ser, 61 M for Gly28Ser, and
116 M for Asp26Ala, compared to 4 M for WT BHMT.
The SDS-PAGE combined with MS analyses of tryptic digests confirmed the presence of
highly pure wild type BHMT as well as BHMT mutants. The only distinction was in the case of
preparation of Glu159Asp mutant where no protein was detected neither using Bradford assay
nor SDS-PAGE (supplemental Figure S5). The experimentally determined relative molecular
masses of recombinant BHMT were similar to their predicted masses of about 45 kDa.

DISCUSSION
BHMT and BHMT-2 share a high degree of amino acid identity, which suggests their
substrate specificities might overlap. Szegedi et al50 demonstrated that BHMT-2 can methylate
Hcy using SMM but not betaine. They went on to show that BHMT can also use SMM instead of
betaine as a methyl donor but with markedly reduced catalytic efficiency. However, more
recently we observed that BHMT is not able to use SMM in a Tris/HCl buffer unless potassium
ions were present.22 This observation led us to examine the influence of potassium ions and other
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monovalent cations on BHMT activity and substrate selectivity. To achieve this goal, we
followed three parallel lines of the study; biochemical experiments, theoretical calculations, and
crystallographic studies with BHMT.
Among the monovalent cations studied, only potassium ions had a strong stimulatory effect on
BHMT activity and Rb+ and NH4+ cations only barely stimulated enzyme activity while Li+, Na+
and Cs+ had negligible impact (Figure 1). This is in a good agreement with previous studies that
showed that enzymes that are stimulated by K+ are also activated by Rb+ and NH4+, but not
activated by the larger (Cs+) or smaller (Na+ and Li+) cations.51
The half maximal stimulation of BHMT by potassium ions is at about 100 M and
concentrations over 300 mM have an inhibitory effect. The decrease in activity observed when
K+ levels were over 300 mM is likely due to the increased ionic strength since the inhibition is
caused also by salts other than KCl. It is known that the uptake of high K+ concentrations has
inhibitory effects for cells.47 Therefore, it can be expected that BHMT is maximally active at
normal intracellular concentrations (i.e., about 150 mM K+).
The apparent KM of the enzyme towards betaine is not significantly affected by potassium
ions. However, the apparent KM towards Hcy without KCl is about 20-times higher than the KM
measured at 150 mM KCl. In contrast, kcat values did not significantly differ when potassium ion
concentrations varied. These data (Table I) indicate that potassium ion most probably doesn’t
have a direct role in catalysis, but that it has an important structural role by facilitating and/or
stabilizing Hcy binding.
We previously showed22 that BHMT is unable to methylate Hcy using SMM, the substrate for
the BHMT paralogue BHMT-2, in a buffer devoid of potassium ions. However, even at 150 mM
KCl, the apparent values of KM for SMM and Hcy are in the milimolar range and the respective

18

turnover numbers (kcat) are also significantly lower than the values determined when betaine and
Hcy are the substrates. It is thus unlikely that BHMT has any significant role in the metabolism
of SMM even if high intracellular concentrations (> 2 mM) of this metabolite are present in the
human liver as originally predicted by Szegedi et al.50 This is consistent with in vivo studies that
used SMM as a chemoprotective agent against acetaminophen (Tylenol) toxicity. In those
studies, a downstream metabolite of methionine, glutathione, was only maintained in the liver of
mice with normal BHMT-2 activity and not in those mice lacking BHMT-2 activity, even though
the latter mice had normal levels of BHMT expression.49
Two independent approaches were undertaken to theoretically predict and experimentally
determine the structural nature of potassium ions´ role in BHMT catalysis, MD simulations and
X-ray crystallography, respectively.
For simulations, the crystal structure of rat BHMT (PDB code 1UMY)18 was employed
because it represents the structure of the native enzyme without any bound ligand. In parallel,
calculations were also performed on the platform of human BHMT because in this structure
(PDB code 1LT8) the enzyme is complexed with a specific inhibitor, CBHcy,13 which acts as a
transition-state or biproduct analogue.19 The geometries of BHMT active sites in both crystal
structures differ slightly because the binding of the inhibitor causes replacement of several
residues, mainly Phe76, Tyr77 and Tyr160, which is the fourth ligand of the zinc in the liganddepleted enzyme18 and which is replaced by the sulfur atom of CBHcy when bound to the active
site.13
MD simulations revealed regions with the highest probability of K+ occurrence in the active
site of BHMT. Two sites lined between Asp26 and Glu159 (Figure 2A) and one distinct site close
to Asp26 (Figure 2B) were found in ligand-depleted enzyme and in CBHcy-complexed enzyme,
respectively. Although Na+ is known to usually bind more strongly to negatively charged
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residues,48 in BHMT active site potassium ions were predicted to bind most strongly (Figure 3).
The results displayed in Figure 3 suggest that only one potassium cation may be present in the
active site due to the charge compensation. These results suggested that one K+ may oscillate
between two carboxylic groups of both amino acids in the absence of any substrate or inhibitor.
In CBHcy-bound enzyme, the density enhancement of K+ occurs only at the “hotspot” closer to
the carboxylate of Asp26 (Figure 2B). In our simulations, the carboxy amino moiety of the
inhibitor is intercalated between the K+ ion and the carboxylate of Glu159, which both clearly
participate in the inhibitor stabilization in the active site. Based on our calculations, in the
enzyme void of bound ligand four water molecules are predicted to hydrate the potassium ion.
However, with CBHcy inhibitor bound, only two waters are bound to the ion (Figure S4). In
contrast, sodium and rubidium cations switch frequently between full hydration and partial
dehydration indicating that their position in the active site is more exchangeable than that of
potassium ion. Overall, this theoretical model supports a structural role for potassium ions by
increasing the binding affinity of Hcy for BHMT, which is the first substrate to bind,17 while the
affinity for betaine would be K+-independent (values of KM in Table I).
In parallel to the theoretical calculations, we performed crystallization trials to determine the
structure of BHMT in a complex with Hcy in order to determine the location and assess the
participation of potassium ions in Hcy binding. The potassium site identified in our X-ray crystal
structure (Figure 5 and 6) was previously undetected at the equivalent site in the previously
published structures.13 Instead, it was incorrectly modeled as a water molecule. It is quite possible
that in the previous structures this site was occupied by a K+ ion with lower occupancy, which
would render it almost indistinguishable from the nearby O and N atoms solely based on electron
density considerations.
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The high coordination number (eight) of K+ ion observed in the crystal structure of BHMT
complexed with Hcy is not surprising given the ability of K+ ions to expand their coordination
geometry to numbers greater than 6 and up to 9, while the most common coordination number for
K+ ions in small molecules is 8.52 Moreover, the average K+… O distance of 2.9 Å is in good
agreement with the mean K+… O distance of 2.84 Å found in other proteins.52 The position and
coordination of K+ ion and overall structure of the active site of BHMT with Hcy bound as
determined here by X-ray crystallography (Figure 6CD) are in a good agreement with results of
MD simulations performed with a complex of BHMT with CBHcy inhibitor (Figure 4). Both
methods have also revealed the presence of only two water molecules chelating the K+ ion in
BHMT with bound ligands (Figure 4, S4 and 6CD).
BHMT, BHMT-2, and cobalamin-dependent methionine synthase (MS) are the three enzymes
in mammals that catalyze the conversion of Hcy to methionine. BHMT and MS enzymes utilize a
Zn(Cys)3 moiety to bind and activate Hcy in a similar fashion.10,16 Despite the lack of structural
information about BHMT-2, we may assume that the active site will be similar to BHMT and
MS.
The two latest published MS structures21 from T. maritima (PDB codes 3BOF and 3BOL)
were crystallized also in the presence of K+ ions, and similarly to the BHMT structure reported
here, exhibit a previously undetected K+ binding site (supplemental Figure S6). The location of
the K+ binding site in MS is identical to that in BHMT with the two sites superimposing perfectly.
Furthermore, the architecture of the potassium ion binding site in MS is generally similar to that
in BHMT. The K+ ion in MS unlike BHMT exhibits a coordination number of 6 with an average
K+… O distance of ~2.8 Å (range 2.6 – 2.9 Å for all 4 K+ sites found in the two MS structures).
This distance is slightly shorter than the equivalent distance in BHMT and can perhaps be
attributed to its lower coordination number. Similar to BHMT, the K+ binding site in MS is
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formed primarily by the main chain carbonyl groups of invariant residues Asp17, Gly20 and
Gly271 which correspond ideally with the locations of Asp26, Gly27, and Gly298 in human
BHMT (supplemental Figure S7). The coordination sphere of potassium ion in MS is completed
by the carboxylate O atoms of Asp19 (Asp26 in human BHMT), and Glu232 (Gln247 in human
BHMT) and one water molecule instead of two in human BHMT. While the two glycine and one
aspartate ligands integral to the formation of the K+ binding site are conserved among BHMT and
MS there is more variability with respect to the other ligands that comprise the K+ binding site.
The equivalent position of Gln72 in human BHMT is occupied by Leu62 in T. maritima MS. The
latter residue in mammalian or E. coli MS is replaced by a glutamate moiety, which would be in a
position to interact with the K+ ion in a manner similar to Gln72 in human BHMT, while Glu232
in T. maritima MS is replaced by a residue in mammalian or E. coli MS that would not be a
suitable K+ ligand. In other words, in MS despite the partial variability in the lining of the K+
binding site the coordination number is predicted to be the same. Additionally, the Hcy ligand in
MS is also in close proximity to the K+ ion with the latter interacting with the amine Hcy group
through a water molecule similar to what is observed in BHMT. Likewise, Hcy binding
determinant Glu146 in T. maritima MS (Glu159 in human BHMT) forms a water-mediated
interaction with the K+ ion.
We cannot fully exclude that the apparent proximity and coupling of the K+ ion to the bound
Hcy ligand may have some functional implications in the chemistry of the reaction of both
BHMT and MS enzymes because rate limiting steps in the catalytic reactions of these enzymes
are not known. However, the findings that the presence of potassium ions lowers the apparent KM
of BHMT for Hcy only, but it does not affect the KM for betaine neither kcat values for either of
the substrates (Table I), convincingly suggest the exclusive structural role of K+ ion in facilitating
Hcy binding and not in the catalytic reaction of BHMT.
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The results obtained by MD simulations and X-ray crystallography encouraged us to perform
experiments with selected BHMT mutants to confirm the role of key residues implicated in
potassium, and by extension, Hcy binding. Among the mutants studied (Table II), only Gly28Ser
displayed moderate but significant activity for betaine and Hcy substrates. All other mutants gave
either very low activities (Asp26Ala and Gly27Ser) or non-detectable activities (all Glu159
mutants). Additionally, the Gly28Ser mutant had similar ratio of activities with or without
potassium (Table II). This result is in agreement with the fact that Gly28 is not directly involved
in binding of K+ or the ligand despite that it is an integral member of the conserved fingerprint
sequence Asp26-Gly27-Gly28 (DGG). Therefore, its mutation to Ser may alter the local
geometry of the site resulting in a decrease of activity but not the ability to bind potassium ion.
Other studied mutants (at Gly27 and Glu159 positions) displayed very low activities and nonsignificant differences in activities with or without potassium ions. This appears logical regarding
the fact that Gly27 and Glu159 contribute to the binding of K+ and Glu159 also to Hcy substrate.
Also, Castro et al17 showed the Glu159Gln had a Kd that was about 400-fold higher than the WT
BHMT as measured using intrinsic fluorescence. The low yields of Gly27Ser and Glu159
mutants (Table II) suggest these residues may be important for protein folding.

CONCLUSION
In conclusion, through the combined use of classical biochemistry, theoretical chemistry, and
structural biology our work reveals the dependence of BHMT activity on potassium ions and
suggests the structural role of this ion in facilitating binding of Hcy substrate to the BHMT active
site. The potassium binding site is composed of Asp26, Gly27, Gln72, Glu159, Gln247 and
Gly298 residues, the location of K+ binding site is identical to that in MS and K+ binding residues
in BHMT partially overlap with the previously identified DGG (Asp26-Gly27-Gly28) fingerprint
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in the Pfam 02574 group of methyltransferases. The results presented here provide new important
information about the structure of BHMT active site and highlight the effectiveness of joint
multidisciplinary approaches, both experimental and theoretical, for solving biological problems.
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Figure 1. The effects of monovalent cations on BHMT activity for betaine and Hcy. All cations
were added as chloride salts and tested at 0 - 400 mM concentrations. KCl is in blue, RbCl is in
red, NH4Cl is in green, NaCl is in violet, LiCl is in brown and CsCl is in black. The data are
shown as means of at least tetraplicate measurements ± S.E. V is the velocity of BHMT catalyzed
reaction in dpm per h and cM stands for molar concentration of ions. The data were measured
using conditions of standard reaction mixture (250 µM betaine, 100 µM D,L-Hcy) as described in
Methods (BHMT activity assays).

Figure 2. Active site representation of a calculated potassium ion density map for a BHMT
monomer (dark purple spots) with an isovalue corresponding to a 10-fold the bulk solution
concentration of K+. Panel A shows the most prevalent binding sites for potassium ion in the
enzyme depleted of the ligand were predicted to localize near the Asp26 and Glu159 residues.
Panel B shows that in the presence of the CBHcy inhibitor the binding site for potassium shifts
closer to Asp26 while Glu159 is no more directly involved. Zinc ion is shown in grey and its
ligands, Cys247, Cys299, Cys300 and Tyr160 (panel A) or CBHcy inhibitor (panel B) are in
yellow.

Figure 3. Radial distribution functions (dashed lines) and cumulative numbers of alkali cations
(full lines) in the active site of ligand-depleted BHMT containing the two negatively charged
residues Asp26 and Glu159 (r is the distance between the carboxylate carbon of Asp26 and the
cation).

Figure 4. A detailed view of the modeled potassium ion binding site without (A) and with (B) the
CBHcy inhibitor present in BHMT structure. The closest residues and water molecules are shown
32

in balls and sticks with the inhibitor in yellow. The potassium cation is depicted in purple and the
zinc cation in grey.

Figure 5. Tetramer of BHMT with L-Hcy bound. The individual BHMT monomers are shown in
green, red, yellow and blue. K+ and Zn2+ ions shown as spheres are in purple and gray,
respectively (spheres not drawn to scale). L-Hcy ligand is shown in sticks.

Figure 6. Electron density map for K+ binding site in BHMT is shown in panels A and B. The
protein is shown as yellow cartoon with important residues lining the active site and Hcy ligand
shown with sticks. Simulated annealing composite omit weighted 2Fobs-Fcalc density map for
selected residues and K+ and Zn2+ ions shown in light blue is contoured at 1.5 σ. Electron density
map contoured at 7 σ is shown in green in panel A, while the same electron density map
contoured at 6 σ and 12 σ is shown with green and purple respectively in panel B. Water
molecules are presented as red spheres. Panels C and D represent two different views of cartoon
representation of the K+ ion binding site in BHMT rotated by 180°, respectively. Residues that
form the K+ binding site are shown in balls and sticks. The Hcy ligand in proximity to the K + ion
is drawn in yellow and shown in balls and sticks. The eight-coordinated K+ ion is shown as
purple sphere (spheres are not drawn to scale).
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Table I. Values of kinetic constants of human recombinant BHMT toward pairs of its substrates
(betaine/D,L-Hcy or SMM/D,L-Hcy) with or without 150 mM potassium ions. The experimental
details are provided in Experimental Procedures.
Without

Without

With

KCl

KCl

mM KCl

For

150 With

D,L-

For betaine

150 With

mM KCl
For

Hcy

D,L-

Hcy
(at 10 mM

(at 2 mM
D,L-Hcy)

betaine)

mM KCla
For

Hcy

(at 2 mM

150

For SMM

(at 10 mM

D,L-Hcy)

mM KCla

D,L-

For betaine

(at 10 mM

150 With

(at

0.25

D,L-Hcy)

betaine)

mM SMM)

KM (µM)b

75 ± 20

338 ± 120

59.4 ± 4.9

15.2 ± 5.7

~ 3,400

~ 2,300

kcat (h-1)b

107 ± 8

132 ± 13

152 ± 5

136 ± 38

~ 16

~ 1.2

kcat / KM

1.43

0.39

2.56

8.95

~ 4.7 x 10-3

~ 5.2 x 10-4

a

The kinetic data determined with SMM have only approximate character due to low enzyme

activities under reaction conditions.
b

Each value represents the mean of ± S.E. of multiple determinations (n = 3).
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Table II. Purification yields of WT BHMT and BHMT mutants and their enzymatic activities
and binding affinities (Kd for L-Hcy) with or without potassium ions.
Relative specific activity (%)a

Total yield With

Without

Ratio of relative

Kd (µM)b

(mg)

potassium

specific activities

with

with/without

potassium

Protein
potassium

potassium
WT

10

940 ± 22

100 ± 9

9.4

4±2

Asp26Ala

13

18 ± 5

5 ± 0.4

3.7

116 ± 13

Gly27Ser

2

2±1

2±1

0.9

nb

Gly28Ser

15

196 ± 15

26 ± 9

7.6

61 ± 8

Glu159Ala

0.2

na

na

nd

nd

Glu159Gln

0.01

na

na

nd

nd

nd

nd

nd

nd

Glu159Asp 0
a

Measured at 250 µM betaine (0.3 µCi), 100 µM D,L-Hcy, 50 mM Tris/HCl (pH 7.5), 0.07%

(w/v) β-mercaptoethanol and 0.2 µM BHMT with or without 150 mM KCl (standard reaction
mixture in Methods). Each value represents the mean ± S.E. of multiple determinations (n ≥ 3).
b

Measured towards L-Hcy by changes in BHMT intrinsic fluorescence at 1 mM dimethylglycine

in 50 mM Tris/HCl (pH 7.5) and with approximately 10 mM potassium cations. Each value
represents the mean ± S.E. of multiple determinations (n = 3).
nb - no binding detected, na - no activity detected, nd - not determined.
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