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ABSTRACT: S-Adenosylt-methionine (AdoMet) is one of Nature’s most diverse metabolites, used not
only in a large number of biological reactions but amenable to several different modes of reactivity. The
types of transformations in which it is involved include decarboxylation, electrophilic addition to any of
the three carbons bonded to the central sulfur atom, proton removal at carbons adjacent to the sulfonium,
and reductive cleavage to generatel&oxyadenosyl 'sradical intermediates. At physiological pH and
temperature, AdoMet is subject to three spontaneous degradation pathways, the first of which is racemization
of the chiral sulfonium group, which takes place in a pH-independent manner. The two remaining pathways
are pH-dependent and include (1) intramolecular attack ofxtoarboxylate group onto the-carbon,
affordingL-homoserine lactone (HSL) and-ethylthioadenosine (MTA), and (2) deprotonation at'C-5
initiating a cascade that results in formation of adenine &midbosylmethionine. Herein, we describe
pH-dependent stability studies of AdoMet and its selenium and tellurium analo§eeslenosyik--
selenomethionine ande-adenosyl--telluromethionine (SeAdoMet and TeAdoMet, respectively), at

37 °C and constant ionic strength, which we use as a probe of their relative intrinsic reactivities. We find
that with AdoMet intramolecular nucleophilic attack to afford HSL and MTA exhibits a-piie profile

having two titratable groups with apparer{jvalues of 1.2+ 0.4 and 8.2t 0.05 and displaying first-

order rate constants of0.7 x 1076 s~! at pH values less than 0.5,3 x 1076 s™! at pH values between

2 and 7, and~15 x 10°% s71 at pH values greater than 9. Degradation via deprotonation af@l®ws

a pH-rate profile having one titratable group with an apparéftyalue of~11.5. The selenium analogue
decays significantly faster via intramolecular nucleophilic attack, also exhibiting-argd profile with

two titratable groups with Ig, values of~0.86 and 8.0k 0.1 with first-order rate constants ef7 x 1076

s ! at pH values less than 0.9,32 x 106 s™* at pH values between 2 and 7, ard70 x 10°% s at

pH values greater than 9. Degradation via deprotonation ap@86eeds with one titratable group displaying

an apparentig, value of~14.1. Unexpectedly, TeAdoMet did not decay at an observable rate via either
of these two pathways. Last, enzymatically synthesized AdoMet was found to racemize at rates that were
consistent with earlier studies (Hoffman, J. L. (1988 chemistry 254444-4449); however, SeAdoMet

and TeAdoMet did not racemize at detectable rates. In the accompanying paper, we use the information
obtained in these model studies to probe the mechanism of cyclopropane fatty acid synthase via use of
the onium chalcogens of AdoMet as methyl donors.

S-Adenosylt-methionine (AdoMet)is a key metabolite  (2). The resulting sulfonium group is chiral, having methyl,
that is ubiquitously distributed throughout all phyla of living aminopropylcarboxylate, and-Beoxyadenosine substituents
systems and may be considered as requisite forlifelt(is bonded to the central sulfur atom, which also carries a lone
employed in a multitude of cellular reactions and displays a pair of electrons (Figure 1). The electronic properties of this
number of modes of reactivity. For most reactions, the central, positively charged sulfonium group bestow three
operative functionality of the molecule is a sulfonium group, distinct reactivities upon the molecule, which are well
which is created via a unique condensation reaction betweenrdocumented in solution chemistr,(4) and which are
the sulfur ofL-methionine and the'&arbon of ATP. The  currently being characterized and established in biological
second immediate product is tripolyphosphate (F,R¥#ich reactions $—8).

is cleaved further to pyrophosphate (PBnd inorganic Historically and pedagogically, AdoMet is known as a
phosphate (Pby a second activity that the enzyme pOSSesses cgiyjar alkylating agent. In principle, each of the carbon

atoms adjacent to the sulfonium sulfur is activated toward
' This work was supported by NIH Grant GM-63847 (S.J.B.) and electrophilic addition, resulting in release of one of three
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Ficure 1. Reaction scheme of the three degradation processes associate® @ithdoMet: reversible racemization to fornR,S)-
AdoMet through inversion at the sulfonium pole; deprotonation at the C-&nd subsequent elimination of the adenine base to form
Sribosylmethioninekp; and nucleophilic addition by the-carboxylate onto the-carbon of methionine, resulting in MTA and homoserine

lactone ky.

AdoMet to carbon, nitrogen, oxygen, sulfur, selenium,

ing of the cell, affecting transcription and translation,

tellurium, and heavy-metal nucleophiles. These reactions aretumorigenesis, bioremediation of heavy atoms, and general

involved in the modification of DNA and various types of
RNA, as well as proteins, carbohydrates, lipids, and an
assortment of small molecule$, (9—12). Such simple
additions of methyl groups to relevant nucleophiles have

metabolism {, 12—15). In mammalian cells, biological
methylation accounts for-80% of the consumption of
AdoMet that is produced by the cell)(

Attack at they-carbon of AdoMet is also an established

broad and far-reaching consequences for the proper functionteaction; three transformations serve as prototypes. The

! Abbreviations: AdoHcysS-adenosyl-homocysteine; AdoMet,
S-adenosyl--methionine; BME, 2-mercaptoethanol; CFA, cyclopropane
fatty acid; DC-AdoMet, decarboxylatetiadenosylk--methionine; DC-
SeAdoMet, decarboxylateBeadenosyl--selenomethionine; DMTA,
5'-dimethylthioadenosine; DOPG, 1,2-diole®ytglycero-3-[phospho-
rac-(1-glycerol)]; DTT, dithiothreitol; EDTA, ethylenediaminetetra-
acetic acid; EPPS, 4-(2-hydroxyethyl)-1-piperazinepropane sulfonic
acid; GC, gas chromatography; HEPES(2-hydroxyethyl)piperazine-
N'-(2-ethanesulfonic acid); HPLC, high-performance liquid chroma-
tography; HSL, homoserine lactone; IPTG, isoprofyt-thiogalacto-
pyranoside; IS, internal standard; MES, N-fhorpholino)-ethane
sulfonic acid; MS, mass spectroscopy; MtBE, metteyrt-butyl ether;
MTA, 5'-methylthioadenosine; NiNTA, nickel nitrilotriacetic acid;
NMR, nuclear magnetic resonance; PLP, pyridoxgitfosphate; PMSF,
phenylmethanesulfonyl fluoride; PPG2000, poly(propylene glycol)
2000-mer; SeAdoHcyS§eadenosyl--homoselenocysteine; SeAdoMet,
Seadenosyl-selenomethionine; SeMTA, Bnethylselenoadenosine;
TeAdoMet, Te-adenosyl-telluromethionine; TeMTA, Smethyltel-
luroadenosine; TEA, triethylamine; TFA, trifluoroacetic acid; THF,
tetrahydrofuran; TLC, thin-layer chromatography; TMS, trimethylsilane;
Tris, tris(hydroxymethyl)aminomethane.

synthesis of acylhomoserine lactones, small fatty acid-
containing compounds that allow Gram-negative bacteria to
communicate among each other and regulate a variety of
physiological activities, involves acylation of thheamino
group of AdoMet with a fatty acid, followed by intramo-
lecular attack of thea-carboxylate onto they-carbon,
expelling 3-methylthioadenosine (MTA) in the proced$).
Attack at they-carbon also takes place in the synthesis of
spermine and spermidine after decarboxylation of AdoMet
by the pyruvoyl-containing enzyme, AdoMet decarboxylase
(17, 18). Last, the formation of aminocyclopropanecarbox-
ylate, the precursor to the plant hormone ethylene, involves
deprotonation at the--carbon and subsequent attack at the
y-carbon by the resulting anion. This reaction is catalyzed
by the pyridoxal 5phosphate (PLP)-dependent enzyme,
aminocyclopropanecarboxylic acid synthadé, (20). Re-
cently, attack by fluoride ion at the'-6arbon of AdoMet
has been demonstrated to be catalyzed by an enzyme from
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Streptomyces cattleyproducing 5fluoro 5-deoxyadeno-  detailed characterizations of it and related molecules. In this
sine, an intermediate in the biosynthesis of fluoroacetate, astudy, we use the pathways associated with adenine and
toxin produced by the bacterium, as well as numerous speciesMTA formation from AdoMet as model systems to assess
of plants @1). the intrinsic polar reactivities of the onium chalcogen
Two surprising and distinctly different biological reac- analogues of AdoMet,Seadenosyl-selenomethionine
tivities for AdoMet have come to light in recent years. The (SeAdoMet), and e-adenosyk-telluromethionine (TeAdo-
anticodons of certain tRNAs bear the hypermodified nucleo- Met) as a function of pH at 37C and constant ionic strength.
side queuosine, which contains a cyclopentenediol groupWe find that SeAdoMet is a significantly better alkylating
appended to a (7-aminomethyl)-7-deazaguanine core struc-agent than AdoMet, while deprotonation at GCecurs more
ture, termed preQ18( 22). In Escherichia colithe enzyme readily with AdoMet than with SeAdoMet under similar
QueA catalyzes the penultimate step in the biosynthesis ofexperimental conditions. Unexpectedly, TeAdoMet was inert
queuosine, which is the transfer of the ribosyl moiety of to both processes at 3T and pH values that ranged from
AdoMet to preQ1 with release of adenine and methionine 0.5 to 12. In the accompanying papd), we assess the
and concomitant formation of an epoxy-carbocycle. Recent ability of the enzyme cyclopropane fatty acid synthase to
studies are most consistent with removal of a proton from use each of the onium chalcogen compounds as a substrate
the C-5 of AdoMet to generate a sulfonium ylide as the in the reaction and use the information obtained in both
key step in the reactior8( 23). studies to formulate a working hypothesis for the mechanism
AdoMet is also a cofactor or cosubstrate in a newly defined of the enzyme. We propose that these analogues may serve
class of metalloenzymes called the radical SAM superfamily, as useful tools for elucidating the mode of reactivity of
wherein it serves as a precursor to 'adBoxyadenosyl's AdoMet in any given reaction.
radical (3-dA®) (6, 24—26). Bioinformatic studies suggest
that this class of enzymes comprises over 500 members MATERIALS AND METHODS
which catalyze a diverse array of reactions, including those )
involved in DNA biosynthesis and repair, vitamin and Materials. Yeast extract and tryptone were purchased frqm
cofactor biosynthesis, and modification of proteins and Marcor Development Corporation (Carlstadt, NJ). Egg white
nucleic acids27). In each reaction, the role of th&-8A" is lysozyme was purchased from EM Science (Gibbstown, NJ).
to abstract a hydrogen atom from a protein or small-molecule Deoxyribonuclease | (DNase) and ribonuclease A (RNase),
substrate. This event results in either the creation of a protein-Poth from bovine pancrease, were purchased from ICN
derived radical cofactor or the initiation of radical-mediated Biomedicals Inc. (Aurora, OH). Nickel nitrilotriacetic acid
substrate turnover. The-BA® is generated via a reductive  (Ni—NTA) resin was purchased from QIAGEN (Valencia,
cleavage of AdoMet. The electron is supplied by a [4Fe CA). Sephadex G-25 resin (medium) and Q-Sepharose Fast
4SJ cluster, a requisite cofactor in each reaction, affording Flow resin were purchased from Amersham Biosciences
L-methionine as the remaining product. (Uppsala, Sweden). CM-52 catlon_—exchange resin was
Under physiological conditionsS(S-AdoMet, the bio- purchased f_rom Whatman Internatlopal Ltd (Maidstone,
logically relevant form, degrades to inactive species via three England). Bio-Gel P2 (extra fine) resin and AG 50W-X2
known processes. AdoMet is particularly labile under alkaline €Sin were purchased from Bio-Rad Laboratories (Hercules,
conditions, forming adenine ar@ribosylmethionine quite ~ CA)- 1,2-Dioleoylsn-glycero-3-[phosphaac-(1-glycerol)]
readily ©8). This instability is a direct result of the sulfonium (DOPG) in chloroform was purchased from Avanti Polar
ion of the molecule; it has been demonstrated tBat  LiPids, Inc. (Alabaster, AL). Triethylamine (TEA)RS)-
adenosyk-homocysteine, which lacks the sulfonium ion, @-a8minoy-butyrolactone hydrobromide, acetic anhydride,
does not degrade under similar conditions, whereas 5 Methyllithium, tellurium powder (200 mesh), and methyl-
dimethylthioadenosine (DMTA), also a sulfonium-containing tert-butyl ether (MtBE) were purchased from Aldrich
compound, is subject to a similar degradation reactas). ( (Milwaukee, WI). Inorganic p_yrophosphatase (Baker’s yeast),
Detailed studies of this reaction demonstrated that it is Phenylmethanesulfonyl fluoride (PMSIE)selenomethionine,
initiated by deprotonation at C-&nd proceeds via opening L-methionine, and acylase | were purchased from Sigma (St.
of the ribose ring with elimination of adenine and concomi- Louis, MO). All other chemicals and reagents were of reagent
tant formation of a 4-5' double bond. Reformation of the ~ grade or better and were purchased from Sigma or Aldrich
ring—via a hemiacetal intermediatavith concomitant loss ~ Unless specifically noted.
of the double bond affordsribosylmethionine 29). A E. coli strain DM22pK8, which overproduces AdoMet
competing pathway for AdoMet degradation, which is synthetase 34), was generously donated by Dr. George
prominent at even lower pH values, involves an intramo- Markham of the Fox Chase Cancer Center (Philadelphia,
lecular attack of thet-carboxylate group onto the-carbon PA). Plasmid pSam18, which encodes human prostate
of the methionine moiety, resulting in formation of MTA  AdoMet decarboxylase, was generously donated by Drs.
and homoserine lactone (HSL3Q). The last process by Margaret A. Phillips and Jeffrey Baldwin of The University
which the biologically relevant form of AdoMet degrades is of Texas Southwestern Medical Center (Dallas, TX). It was
racemization of the chiral sulfonium ion, which, in contrast transformed intcE. coli BL21(DE3), and the protein was
to the aforementioned reactions, is a pH-independent proces&xpressed and purified as described previou8h).(The
(3133 protein was stored in 5 mM Tris-HCI buffer (pH 8.0),
Clearly, the widespread use of AdoMet in nature, its containing 25 mM NacCl, 1.25 mM EDTA, 1.25 mM DTT,
importance in the proper functioning of the cell, and the many 1.25 mM putrescine, and 25% glycerol. One unit of enzyme
reactions in which it is involved that serve as potential targets activity is that amount of enzyme that convertgrhol of
for the design of therapeutics for a variety of illnesses warrant substrate per minute at 3T.
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General ProceduresRoutine UV~visible spectra were  and then distilled and stored over Gadnder an argon
recorded on a Cary 300 Bio spectrophotometer in combina- atmosphere. Methanol, MtBE, and methylene chloride were
tion with the associated Cary WinUV software package degassed by bubbling argon through the solvents while

(Varian, Walnut Springs, CA). Sonic disruption Bf coli
cells was carried out with a 550 sonic dismembrator from
Fisher Scientific (Pittsburgh, PA) using a horn containing a
1, in. tip. Measurements of pH were carried out with a
Beckman 360 pH/Temp/mV meter in combination with a
Corning (Corning, NY) combination semi-micro electrode.
High-performance liquid chromatography (HPLC) was
carried out on an 1100 system from Agilent (Foster City,
CA) with variable wavelength detection or a Beckman
(Fullerton, CA) System Gold unit fitted with a 168 diode-
array detector. Both HPLC instruments were equipped with
autosamplers to facilitate the analysis of multiple samples.
Two methods were devised for sample analysis. Method 1
was carried out on the Agilent system using an Agilent
Zorbax SB-CN column (4.6 mnx 250 mm, 5um) with
UV —visible detection at 260 nm and a three-solvent system.
Solvent A consisted of 0.4% trifluoroacetic acid (TFA)
titrated to pH 1.78 with TEA. Solvent B was methanol, while
solvent C was acetonitrile. The column was equilibrated in
95% solvent A/5% solvent B at a flow rate of 1 mL min
After injection of the sample, the above initial conditions
were maintained for 5 min, upon which simultaneous linear
gradients of 5-30% solvent B and ©50% solvent C were
applied from 5 to 15 min. Under these conditions, AdoMet,
adenine S-adenosyl-homocysteine (AdoHcys), MTA, and

tryptophan (internal standard, IS) eluted at 3.2, 4.5, 6.1, 11.2,

and 12.6 min, respectively, while SeAdoMet and TeAdoMet
eluted at 3.36 and 3.47 min.

Method 2 was carried out on the Beckman System Gold
unit using an Agilent Zorbax SB-C8 column (4.6 mm250
mm, 5um) with UV—vis detection at 260 nm and a two-
solvent system. Solvent A contained 100 mgHRO, and
1% TFA and was titrated to pH 3.0 with KOH. Solvent B
was methanol. The column was equilibrated in 100% solvent
A at a flow rate of 1 mL min'. Upon injection, solvent A
was maintained at 100% for 10 min, after which, a gradient
of 0—50% solvent B was applied for the following 20 min.
Finally, solvent B was increased from 50% to 90% over 5
min, resulting in a total run time of 35 min. Under these
conditions, §S-AdoMet eluted at 11.0 min, andR(S)-
AdoMet eluted at 12.5 min, while adenine, AdoHcys, and
MTA eluted at 19.2, 22.3, and 30.5 min, respectively. The
selenium containing compounds$ $-SeAdoMet, RS-
SeAdoMet, 5methylselenoadenosine (SeMTA), asd
adenosyl--homoselenocysteine (SeAdoHcys) eluted at 12.3,
13.1, 32.0, and 23.5 min. TeAdoMet eluted at 18.7 min,
while the IS eluted at 26.3 min.

All *H NMR spectra were recorded on a Bruker (Billerica,
MA) DRX 400 spectrometer using QO as the solvent.
Chemical shifts are reported in parts per million (ppm) and
are referenced versus contaminatingOH which has a
chemical shift o~~4.8 with respect to trimethylsilane (TMS).

stirring for a minimum & 4 h prior to use.

Growth and Preparation of AdoMet SynthetadedoMet
synthetase was expressed fr&mcoli strain DM22pK8 and
prepared by a modification of a previously reported proce-
dure @). In a typical preparation, 200 g of wet cell paste
was resuspended in 500 mL of lysis buffer (100 mM Tris-
HCI, pH 8.0, 1 MM EDTA, 3QuM PMSF, and 0.1% BME).
Lysozyme (0.2 mg mt? final concentration) and DNase and
RNase (each at 2y mL~* final concentration) were added,
and the mixture was allowed to stir for 30 min at room
temperature. The solution was cooled to less thag &y
stirring in an ice-water bath for approximately 15 min. The
mixture was then subjected to four 60-s bursts of sonic
disruption (35% output or 210 W) with intermittent pausing
to maintain the temperature at less thatC8 All remaining
steps were performed at€. A 5% streptomycin sulfate
solution was added to the crude lysate over 10 min to give
a final concentration of 1%, and the solution was allowed
to stir gently for 15 min before centrifuging at 50 060g
for 60 min at 4°C. Ammonium sulfate (65% saturation) was
added slowly to the supernatant while it was being stirred,
and the solution was centrifuged at 15 000y for 20 min
at 4°C. The pellet was resuspended in 180 mL of buffer A
(50 mM Tris-HCI, pH 8.0, 50 mM KCI, 1 mM EDTA, 10%
glycerol, and 0.1% BME), concentrated to 30 mL, and passed
over a Sephadex G-25 column previously equilibrated in
buffer A. Protein-containing fractions were pooled and
concentrated by ultrafiltration using an Amicon stirred cell
(Millipore, MA) with a YM-10 membrane, mixed with an
equal volume of 50% glycerol, and stored-af6 °C after
snhap freezing in liquid nitrogen.

Synthesis of AdoMet and SeAdoMeitge-scale AdoMet
synthesis was carried out by a modification of known
methods 86). A typical reaction contained the following in
a final volume of 200 mL: 10 mM.-methionine, 15 mM
ATP, 100 mM Tris-HCI (pH 8.0), 50 mM KCI, 30 mM
MgCl,, 25 U of AdoMet synthetase, 100 U of inorganic
pyrophosphatase, and 8% BME. Reactions were carried out
at 25°C for up to 4 h and were monitored by HPLC using
method 1. Upon completion, the reaction mixture was titrated
to pH 5-6 with HCI, diluted b 2 L with cold 1 mM sodium
acetate buffer (pH 5.0), and loaded onto a 400 mL CM-52
column equilibrated in the same buffer. The column was
washed wilh 1 L of thesodium acetate buffer, and AdoMet
was eluted with 40 mM EBQO,. The pooled fractions were
concentrated by rotary evaporation, and excess sulfuric acid
was removed by titration of the solution to pH 6.0 with
Q-Sepharose Fast Flow resirQH form). The solution was
further concentrated by rotary evaporation and loaded onto
a Bio-Gel P2 (extra fine) gel-filtration column that was
equilibrated in water. Fractions were analyzed by-tiNs
spectroscopy and HPLC, and those containing AdoMet were

Electrospray mass spectrometry was carried out in positive pooled and concentrated by rotary evaporation, snap frozen

ion mode on a Quattro Il spectrometer from Micromass MS
Technologies (Waters, Milford, MA). Analytical TLC was
performed with aluminum-backed silica gel 60 sheets, and
column flash chromatography was performed using silica gel
grade 62 (66-200 mesh) from EM Science (Gibbstown, NJ).
Tetrahydrofuran (THF) was dried by refluxing over LiAJH

in liquid nitrogen, and stored at76 °C. Typical yields
ranged from 30% to 40%, and the purity of the compound
was greater than 98% as judged by HPLC. When synthesized
and purified in this fashion and stored-a76 °C, AdoMet
displayed no significant degradation for periods of up to 6
months.
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SeAdoMet was synthesized in a similar manner using
L-selenomethionine in place af-methionine. However,
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allowed to proceed for 30 min. TeAdoMet was purified as
described for AdoMet and stored under the same conditions.

because of the decreased stability of SeAdoMet, the reactionThe purity of the compound was greater than 99% and

was allowed to proceed only for 1 h, and a larger amount of
AdoMet synthetase (60 U) was used in its synthesis. Yields
of SeAdoMet (18%) were lower, primarily because of the
significant rate of degradation of the compound to SeMTA
during purification.!H NMR (D,0, 400 MHz)6: 2.32 (2H,
dd,J = 7.57, 14.46 Hz), 2.84 (3H, s), 3.38.42 (1H, m),
3.52-3.60 (1H, m), 3.75 (1H, tJ = 6.43 Hz), 3.82-3.94
(2H, m), 4.5%-4.60 (2H, m), 4.91 (1H, t) = 4.57 Hz), 6.07
(AH, d,J = 4.57 Hz), 8.21 (1H, s), 8.27 (1H, s). ESI-MS:
calculated for @H,3NeOsSe [M]F, 447.09; found, 447.3.
Synthesis of N-Acetyl-amino+-butyrolactoneTriethyl-
amine (35 mmol) was added dropwise to a solutiorRpB)-
o-amino<-butyrolactone hydrobromide (35 mmol) and
acetic anhydride (35 mmol) in 300 mL of cold chloroform
under argon while stirring in an ieevater bath. After
addition, the solution was removed from the-iagater bath
and allowed to stir at ambient temperature. Acylation was
complete after 90 min as determined by TLC ((CiH/
methanol, 1:1R: 0.15). The chloroform was removed by
rotary evaporation, and the remaining yellow oil was
dissolved in hot ethyl acetate. After cooling, the solution was
fitered and the ethyl acetate was removed by rotary
evaporation. The yield dfl-acetyle-aminoy-butyrolactone,
which was a yellow residue, was 100% as judged by TLC.
The NMR spectrum was consistent with the target compound.
Synthesis of (R,S)-N-Acetyltelluromethionirf{®S)-N-
Acetyltelluromethionine was synthesized by modifications
of previously published procedure37-39). CH;TeLi was
prepared in the dark under argon by freezing tellurium
powder (200 mesh, 50 mmol) in THF (150 mL) with liquid
nitrogen. The liquid nitrogen bath was removed, and meth-
yllithium (50 mmol in 31.25 mL of diethyl ether) was added
dropwise as the THF thawed. After being stirred rapidly for
1 h, the solution turned a pale yellow color. The solution
was frozen in liquid N, and again the liquid nitrogen bath
was removed. As the THF thawed, a solutionNvhcetyl-
o-amino<-butyrolactone (35 mmol) and tetramethylethyl-
enediamine (35 mmol) dissolved in 25 mL of THF was added

showed no significant degradation for up to 6 months when
stored at-76 °C. UV—visible, NMR, and mass spectra were
consistent with the target compouritH NMR (D0, 400
MHz) 6: 2.21 (3H, s), 2.252.32 (2H, m), 3.06-3.10 (1H,

m), 3.12-3.21 (1H, m), 3.36-3.40 (1H, m), 3.46 (1H, dd,
J=23.50, 12.54 Hz), 3.71 (1H, dd,= 5.18, 7.68 Hz), 4.45
4.52 (2H, m), 4.89 (1H, t) = 4.39 Hz), 6.04 (1H, d) =
4.01), 8.21 (1H, s), 8.28 (1H, s). ESI-MS: calculated for
CisH23NeOsTe [M]+, 497: found, 497.

Synthesis of Racemic SeAdoMehzymatically synthe-
sized SeAdoMet was demethylated uskgcoli cyclopro-
pane fatty acid (CFA) synthase, grown and purified as
described in the accompanying papdf)( The reaction
contained the following in a total volume of 65 mL: 31 mM
KHCO;s (pH 7.0), 13 mM DOPG, 9.6 mMYS)-SeAdoMet,
and CFA synthase (40 U). The reaction was incubated at
37°C for 10 h, and the extent of turnover was monitored by
HPLC using method 1. Upon completion (57% SeAdoHcys
formed), the reaction was quenched with 135 of neat
formic acid, and the phospholipids and denatured protein
were pelleted by centrifugation for 10 min at 10 0Q0g
and 4°C. The supernatant, which contained SeAdoHcys and
SeMTA, was concentrated to 5 mL by rotary evaporation
and adjusted to 6% TFA in a final volume of 70 mL. This
solution was loaded onto an AG 50W-X2 strong cation
exchange column (70 mL), and the column was washed with
200 mL of water followed § 2 L of a solution containing
200 mM formic acid and 100 mM ammonium hydroxide to
elute the SeMTA. SeAdoHcys was eluted subsequently with
300 mL of a solution containing 300 mM acetic acid and
275 mM ammonium hydroxide. Solvent was removed by
rotary evaporation, and the SeAdoHcys was dissolved in 25
mL of concentrated formic acid.

SeAdoHcys (0.1 mmol in 25 mL in formic acid) was
methylated with methyl iodide (7.7 mmol) in the dark under
nitrogen according to known methodtl). The reaction was
followed by HPLC (method 1), and upon completion (26
h), the reaction mixture was extracted twice with diethyl

dropwise in the dark, and the mixture turned a reddish orangeether, retaining the formic acid layer. The formic acid was

color. The mixture was stirred for an additior&h in the
dark, and the formation ofR;S)-N-acetyltelluromethionine
was followed by TLC (CHCl,/methanol, 2:1Rs 0.2; CH;-

removed by rotary evaporation, and the residue was dissolved
in 10 mL of water. This process was repeated two additional
times. The residue was then dissolved in 500 mL of water

CN/water, 4:1,R: 0.5). The solids were filtered, washed and loaded onto a 400 mL CM-52 column equilibrated in 1
sequentially with degassed MtBE and degassed methylenenM sodium acetate buffer (pH 5.0). The column was washed
chloride, dissolved in methanol, and purified over a flash with 200 mL of the sodium acetate buffer, and racemic

column using CHCl,/methanol (2:1). The final yield was
69% (24 mmol).

Synthesis of TeAdoMgR,S)-N-Acetyltelluromethionine
(3.14 g, 11 mmol) was deacetylated with acylase | (314 mg)
in 125 mL of an anaerobic solution of 64 mM EPPS buffer

SeAdoMet was eluted with 20 mM 230, and further
purified as described above for the synthesis and purification
of AdoMet.H NMR (D20, 400 MHz)¢d: 2.28-2.37 (2H,
m), 2.76 (1.5H, s), 2.80 (1.5H, s), 3:383.43 (1H, m), 3.48
(1H, t,J = 7.92 Hz), 3.75-3.79 (1H, m), 3.823.94 (2H,

(pH 8.0). The reaction was conducted at room temperaturem), 4.54-4.61 (2H, m), 4.9%+4.96 (1H, m), 6.10 (1H, d,

inside of a Coy (Grass Lake, MI) anaerobic chamber with
gentle stirring. The synthesis was followed by HPLC with
UV detection at 235 nm and was complete within 3 h. The
reaction was brought to a final concentration of 100 mM
Tris-HCI buffer (pH 8.0), 50 mM KCI, 50 mM MgG]

24 mM ATP (pH 8.0), and 8% BME in a final volume of
500 mL. AdoMet synthetase (70 U) and inorganic pyro-

J = 4.25 Hz), 8.28 (1H, s), 8.32 (1H, s).

Decarboxylation of AdoMet, SeAdoMet, or TeAdoMet.
Decarboxylation of AdoMet, SeAdoMet, or TeAdoMet was
conducted at 37°C in glass test tubes. Each reaction
contained the following in a final volume of 3Q@.: 50
mM HEPES (pH 7.5), 1.25 mM dithiothreitol (DTT),
1.9 mM putrescine, 1 mM AdoMet, SeAdoMet, or TeAdo-

phosphatase (100 U) were then added, and the reaction wadet, and 0.23 U of AdoMet decarboxylase. All components,
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excluding the AdoMet analogue to be decarboxylated, were containing products as a function of time and fitting the
allowed to preincubate at 37C for 4 min. Each reaction  results to the appropriate equation. Racemization was fitted
was initiated by addition of the AdoMet analogue, and to eq 1, MTA formation was fitted to eq 2, and adenine
50uL aliquots were removed at specified times and quenched

by addition of 20uL of 125 mM H,SQs. The precipitated ‘= 05| [(SS)-AdoMet], 1
protein was removed by centrifugation, and the supernatant kel = 0. [(SS)-AdoMet], — 2[(R,S-AdoMet], 1)
was analyzed by HPLC (method 2). Under these conditions,

decarboxylated AdoMet eluted at 17.9 min, decarboxylated ( [AdoMet],

SeAdoMet eluted at 18.5 min, and decarboxylated TeAdoMet kyt=1In (2)
eluted at 20.3 min. [AdoMet], — [MTA],

Decay Studies of AdoMet, SeAdoMet, and TeAdoMet. . , . .
Decay studies of AdoMet, SeAdoMet, and TeAdoMet were ‘ormation was fitted to eq 3; wherein [AdoMef]s the
performed at 37C and varying pH values, and monitored [AdoMet]
by HPLC using method 2 for assessment of racemization or kot = In( C J)
method 1 for assessment of adenine or MTA formation. [AdoMet], — [adenine
Several three-buffer systems were employed to ensure a )
constant ionic strength of 100 mM across the pH range concentration of AdoMet at= 0 and [AdoMet], [MTA],,
evaluated, as well as to minimize buffer effects on the pH and [adeningjare the concentrations of each of the denoted
profiles @42). Buffer system 1 (pH 4.5, 5.5, 6.0, 6.5, 7.0, Products at a given time, (33). First-order rate constants
7.5, 8.0, 8.5, and 9.0) consisted of 100 mM Tris base, 50 obtained for MTA and adenine formation as a function of
mM MES, and 50 mM acetic acid. Buffer system 2 (pH 0.5, PH were fitted to eqs 4 and 5, respectively, using the GraFit
1.5, and 6.0) consisted of 100 mM Tris base, 50 mM MES, (Version 5) software packaget4), which allowed for
and 50 mM oxalic acid, while buffer system 3 (pH 3.0, 4.5, €xtraction of relevant g, values.
6.0, 10.0, 10.5, 11.0, and 12.0) consisted of 100 mM TEA, ] ) H—pK ] ] HpK
50 mM MES, and 50 mM formic acid. Each buffer system _ _ Limy + Limp10°""  Lim, — Limg107™ ™= 4
was made according to the following procedure. Ax10 y= 10PHPKar 4 q 10PHPKa2 4 1 (4)
buffer system was prepared by mixing the three buffer
components at concentrations of 1, 0.5, and 0.5 M, respec- Lim, + Limzld’H_pKa
tively. “Working” buffer systems () were then prepared y= HoK
by diluting 50 mL of the 1& buffer system to a final volume 107 P+ 1
of 100 mL while adjusting the pH to the desired value with
KOH or HCI. RESULTS
Prior to initiation of the pH decay studies, calibration Synthesis and Characterization of AdoMet, SeAdoMet, and
curves of each compound expected in the chromatogramTeAdoMetAdoMet, SeAdoMet, and TeAdoMet were syn-
(AdoMet, adenine, and MTA) were generated using 1 mM thesized using AdoMet synthetase in combination with ATP
tryptophan as an internal standard. When HPLC method 1and methionine, selenomethionine, or telluromethionine.
was employed, calibration curves ranged from 2.5 to 750 Each synthesis was followed by HPLC, and when the
uM adenine or MTA and 5@M to 1.5 mM AdoMet. When reaction reached completion or equilibrium, the respective
HPLC method 2 was employed, calibration curves ranged compound was purified by cation-exchange chromatography
from 10uM to 1.5 mM for all compounds. Concentrations and gel filtration. Each compound wa®©5% pure as judged
of calibration standards were determined spectrophotometri-by NMR, mass spectrometry, and HPLC; the major con-
cally (AdoMet, ex50 = 15400 M* cm™*; adenine ez = taminants were MTA in the AdoMet preparation and SeMTA
13300 Mtcm™t MTA, ex0= 16 000 Mt cm™) (43). The in the SeAdoMet preparation. HPLC method 2 allowed
concentrations of SeAdoMet and TeAdoMet were determined baseline resolution of botlsS)-AdoMet and R,S)-AdoMet,
from AdoMet calibration curves, while the concentrations which displayed retention times of 11.0 and 12.5 min,
of SeMTA and TeMTA were determined from MTA respectively; MTA displayed a retention time of 30.5 min
calibration curves. (Figure 2A). Greater than 98% of the preparation was the
Each reaction contained the following in a final volume biologically relevant §S)-isomer. The final SeAdoMet
of 500uL: 100 mM of the necessary buffer system at the product was noticeably less pure because the molecule
desired pH, 1 mM AdoMet, SeAdoMet, or TeAdoMet, and degraded significantly faster than AdoMet during its syn-
1 mM tryptophan. All components of the reaction, excluding thesis and purification. An HPLC chromatogram of the
AdoMet (SeAdoMet, TeAdoMet), were preincubated at SeAdoMet product is shown in Figure 2B. The retention
37°C for 4 min prior to initiation of the reaction by addition times for §S-SeAdoMet and SeMTA (12.3 and 32.0 min,
of AdoMet. Aliquots (50uL) were removed at specified respectively) are slightly longer as compared to AdoMet and
times and analyzed immediately by HPLC, or acidified with  MTA, consistent with a decrease in polarity when selenium
sulfuric acid (285 mM final concentration) and stored on is substituted for sulfur.
ice until injection. Control samples demonstrated that Also apparentin Figure 2B is that there is only one peak
breakdown of AdoMet did not occur after quenching as such present for enzymatically synthesized SeAdoMet. To verify
and storing at £C. that the peak was not attributable to an inability to separate
First-order rate constants for racemizatig) @nd forma- both isomers of SeAdoMet or an average retention time
tion of MTA (ky) and adenine k5) were obtained by  resulting from rapid racemization of both isomers, SeAdoMet
determining the concentrations of each of the nucleoside-was synthesized chemically by alkylating SeAdoHcys with

3)

(5)
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suggesting that it is §9-SeAdoMet. The second peak
displays a retention time of 13.1 min; we assign this peak to
(R,S-SeAdoMet (vide infra).
600+ To verify the assignments of theS- and RS-
stereoisomers of SeAdoMet, the chemically and enzymati-
cally synthesized compounds were treated with AdoMet
decarboxylase and reanalyzed by HPLC. In Figure 3A, the
HPLC chromatogram of AdoMet before (top trace) and after
] (bottom trace) a 20 min incubation with AdoMet decarbox-
L ylase is shown; the numbers 1, 2, and 3 refer to peaks for
: P (§9-AdoMet, R,9-AdoMet, and decarboxylated AdoMet
s s w0 B N » A (DC-AdoMet), respectively. As shown, peak 1 disappears
entirely after treatment with AdoMet decarboxylase, and a
600 new peak appears (peak 3), displaying a retention time of
17.9 min. The small peak that migrates with a retention time
of 30.5 min corresponds to MTA, which is formed under
the conditions of incubation. Although peak 2 is small in
intensity, it is noteworthy that it does not appear to be a
a00- substrate for the enzyme, consistent with the presumed
stereochemical preference for the diastereomers of AdoMet.
In Figure 3B, the HPLC chromatogram before (top trace)
and after (bottom trace) a 20 min incubation of AdoMet
L L decarboxylase with enzymatically synthesized SeAdoMet
0 J _ _ : : (peak 1) is displayed. As shown, SeAdoMet also is a
sl e B substrate for the enzyme; it is quantitatively converted to
decarboxylated SeAdoMet (DC-SeAdoMet) (peak 2; reten-
2504 tion time, 18.2 min) within 20 min at 37C. The peak that
migrates with a retention time of 32 min corresponds to
01 SeMTA. In Figure 3C, the HPLC trace before (top trace)
and after (bottom trace) a 10 min incubation of AdoMet
150+ decarboxylase with chemically synthesized SeAdoMet (peaks
1 and 2) is displayed. Again, the peak displaying a retention
100 time of 12.3 min disappears, while the peak that migrates

with a retention time of 13.1 min remains present. Therefore,
50+ the two isomers of SeAdoMet also are separable by HPLC,
L, suggesting that the rate of racemization §5[-SeAdoMet

, , , , , . must be slower than that ofS§-AdoMet, since RS-
I T N O SeAdoMet is not observed in enzymatic preparations of
SeAdoMet, whereas(S)-AdoMet is observed in enzymatic
preparations of AdoMet. IndeedS§-AdoMet has been
1500+ shown to racemize under the experimental conditions
described in this study3@). Furthermore, extended incuba-
tions of enzymatically synthesized SeAdoMet at°€7did

800 -

400 -

Absorbance (260 nm)

500

400 -

Absorbance (260 nm)

200

Absorbance (260 nm)

g 1o not result in the formation ofR,S)-SeAdoMet as judged by

g HPLC.

2 D,L-Telluromethionine was synthesized according to known
500 procedures37). As previously established, it was labile in

the presence of oxygen, especially in its nonacylated state,
and was therefore manipulated under an inert atmosphere
0 ; ; ; . ; , (37—39). By contrast, TeAdoMet did not degrade signifi-
L T A R D cantly at room temperature, even in the presence of oxygen.
FicUrRe 2: HPLC chromatograms of (A) AdoMet, (B) enzymatically A chromatogram of enzymatically synthesized TeAdoMet
synthesized SeAdoMet, (C) chemically synthesized SeAdoMet, and (Figure 2D) displays only one peak, having a retention time
(D) TeAdoMet. HPLC method 2 was used as described in the text. of 18 7 min, consistent with its reduced polarity as compared
Each chromatogram represents an injection ofi25f a 1 mM ' o
solution of the compound except in panel D, which was of a 1.5 to AdoMet and SeAdoMet. Similarly to AdoMet and
mM solution of TeAdoMet. SeAdoMet, TeAdoMet was a substrate for AdoMet decar-
boxylase; however, it was decarboxylated at a rate that was
methyl iodide, which takes place with little or no diastereo- 5—6 times slower than that of AdoMet and SeAdoMet under
selectivity. As shown in Figure 2C, the peak that migrates a defined set of conditions (data not shown).
with a retention time of 12.3 min in Figure 2B is now The NMR spectra of TeAdoMet, enzymatically synthe-
replaced by two peaks. The first peak displays a retention sized SeAdoMet, and chemically synthesized SeAdoMet are
time of 12.3 min, identical to that displayed in Figure 2B, similar to the published spectrum of AdoM&2j and are
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Ficure 3: Decarboxylation of AdoMet and SeAdoMet using
AdoMet decarboxylase. Decarboxylation was performed as de-
scribed in the text. Chromatograms of (A) AdoMet, (B) enzymati-
cally synthesized SeAdoMet, and (C) chemically synthesized
SeAdoMet using HPLC method 2 are shown. Panel A presents 0O
and 20 min post-decarboxylation chromatograms showingS$)-(
AdoMet, (2) R,S-AdoMet, and (3) DC-AdoMet. The intensities

of the two chromatograms have been normalized to the same
intensities for theR,S)-AdoMet peaks. Panel B presents 0 and 20
min post-decarboxylation chromatograms showing ($)S¢

Time (min)
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FIGURE 4: Mass spectra of (A) AdoMet, (B) SeAdoMet, and (C)
TeAdoMet. The mass spectra were collected as described in the
text. The peaks at/z values of 399.3 (A), 447.3 (B), and 497.3
(C) represent the parent ions. The peaksnat values of 250.2
represent loss of methionine to yielttdeoxyadenosyl fragment,
and the peaks atvz values of 298.2 (A), 346.2 (B), and 396.2 (C)
represent loss of HSL to yield fragments corresponding to MTA,
SeMTA, or TeMTA, respectively.

provided in Supporting Information (Figures S1, S2, and S3,
respectively), along with a list of relevant assignments. The
major differences among the three spectra are found between
1.5 and 3 ppm and are attributed to the differential effects
of the respective chalcogen. As shown in Figure 5, increased

shielding occurs with an increase in the size of the chalcogen,

SeAdoMet and (2) DC-SeAdoMet. The intensities of the two resulting in upfield shifts of the resonances of the 'C-5

chromatograms have been normalized to the same intensities. Pan
C presents 0 and 10 min post-decarboxylation chromatogram
showing (1) §9-SeAdoMet, (2) RS-SeAdoMet, and (3) DE

S

e;Brotons, the methyl protons, and therotons. The methyl

protons display chemical shifts of 3.01 ppm §)-AdoMet

SeAdoMet. The intensities of the two chromatograms have been (32), 2.84 ppm in §S)-SeAdoMet (Figure 5A), and 2.21

normalized to the same intensities for tfS)-SeAdoMet peaks.

ppm in §9-TeAdoMet (Figure 5C), while the methyl
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Ficure 5: Regions from 1.5 to 3.0 ppm of the NMR spectra of
(A) enzymatically synthesized SeAdoMet, (B) chemically synthe-
sized SeAdoMet, and (C) TeAdoMet. The NMR spectra were
collected in DO and are referenced to TMS. The protons on the

activated methyl group of enzymatically synthesized SeAdoMet,

Iwig and Booker

y-protons of enzymatically synthesized SeAdoMet display
chemical shifts of~2.32 ppm, while those of chemically
synthesized SeAdoMet display chemical shifts between 2.28
and 2.37 ppm (Figure 5B).

The mass spectra of all three compounds are consistent
with their expected structures (Figure 4). The fragments at
m/z = 399.3 (Figure 4A)m/z = 447.3 (Figure 4B), and
m/z = 497.3 (Figure 4C) represent the parent ions, [Mif
AdoMet, SeAdoMet, and TeAdoMet, respectively. In each
spectrum, the fragment at/z = 250.2 corresponds to a
5'-deoxyadenosyl group resulting from fragmentation of the
bond between the'fgarbon and the chalcogen, while the
fragments atm/z = 298.2 (Figure 4A)mz = 346.2 (Figure
4B), andm/z = 396.2 (Figure 4C) represent cleavage of the
bond between the-carbon of the methionine moiety and
the chalcogen, affording [MTA] [SeMTA]", and [Te-
MTA] *.

Interesting correlations with respect to the relative intensi-
ties of each of the fragments and the corresponding onium
chalcogen are apparent. For AdoMet (Figure 4A), the parent
ion (M'z= 399.3) is the base peak (100%), and peake/at
values of 250.2 and 298.2 have intensities of 26% and 46%,
respectively. For TeAdoMet, which is more stable than
AdoMet, the base peak also is the parent iofe(= 497.3),
and the two fragments at/z = 250.2 andn/z = 396.2 have
intensities of 21% and 11%. The intensity of the fragment
at m/’z = 250.2 is actually an overestimation because there
are several isotopes of tellurium with similarly high natural
abundances, for exampl&Te (34.08%),'%%Te (31.74%),
and ?Te (18.84%), that contribute to fragments around
m/z = 396.2 andwz = 497.3. Those peaks that are around
m'z = 497.3 are parent ions themselves, representing
[*TeAdoMet]", whereinx represents any of the relevant
isotopes of tellurium. Renormalization of the intensity at
m/z = 250.2, accounting for the other major isotopes of
tellurium, indicates that the true percentage of the fragment
atm/z = 250.2 is less than 8%. For SeAdoMet, which is the
least stable compound, the base peak is tuebxyadenosyl
fragment aim/z= 250.2, while the parent ion at’z= 447.3
and peak aitn/z = 346.2 have intensities of 81% and 56%,
respectively. Renormalization of the percentagemét =
250.2 to account for the major isotopes of selenilfB€,
49.61%; "®Se, 23.77%;7°Se, 9.37%;%2Se, 8.73%;7'Se,
7.63%) results in an intensity avz = 250.2 that is~60%
of the total parent ion species. These spectra suggest that
the fragmentation of the parent ion species follows the
relative electrophilicities of the molecules, which will be
discussed below.

Decay Studies of AdoMet, SeAdoMet, and TeAdoMet.
(S59-AdoMet degrades by three independent processes under
physiological conditions: the pH-independent racemization
about the sulfonium to give th&(S)-diastereomer, the pH-

chemically synthesized SeAdoMet, and enzymatically synthesized depende.nt intramolecular nucleophilic cyclization to give
TeAdoMet display chemical shifts of 2.84 ppm (A), 2.96 and 2.76 homoserine lactone and MTA, and the pH-dependent depro-

ppm (B), and 2.21 ppm (C), respectively.

protons of RS-AdoMet and R,S-SeAdoMet display
chemical shifts of 2.9632) and 2.76 ppm (Figure 5B),
respectively. The/-protons display chemical shifts of 3.48
and 3.70 ppm in $9-AdoMet and R,S-AdoMet (32),
respectively, while those of TeAdoMet display chemical assessed as a function of time. Racemization was fitted to
shifts in the range of 2.25 to 2.32 ppm (Figure 5C). The eq 1, intramolecular nucleophilic addition was fitted to eq

tonation at C-5with ensuing chemistry that releases adenine
and Sribosylmethionine 33). (§S-AdoMet, (§9)-SeAdo-
Met, and §9-TeAdoMet were incubated at 3T under
conditions of constant ionic strength (100 mM) and varying
pH values, and their abilities to form the corresponding
(R9-isomer, adenine, MTA, SeMTA, or TeMTA were
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Ficure 6: Decay study of 1 mM AdoMet at pH 1.5 showing the €0 1
formation of MTA. The data were fitted to eq 3, and the slope 40 7
represents the rate constant for nucleophilic addiignThe inset 20 1
presents the concentration of MTA as a function of time. 0 —— T
0 2 4 6 8 10 12
2, and deprotonation was fitted to eq 3. The inherent pH B
assumption in each of the equations is that the initial
concentration of AdoMet (AdoMgt does not change 1
significantly during the course of the reaction as a result of l
the other two processes. Therefore, data that were used for 0.8 1
fits were obtained for time courses that showed less than ~
20% degradation of AdoMet. Additionally, it was also 2 %%
assumed that the rate constants for intramolecular nucleo- =
philic attack and deprotonation were equivalent for tB&)¢ g 047
and R,9-isomers of each compound, an assumption that was 02
also made in a previous study3). Racemization was o
quantified only at low pH values since it is pH-independent o
1000 0—0—0—0 00—

(33) and because degradation via the other two pathways is
significantly faster at higher pH values, which would result ° 2z 4 6 8 1012
in underestimated rates of racemization. Similarly, at high PH C
pH values, the first-order rate constant for deprotonation is FIGURE 7: pH dependence of the first-order rate constant for
much higher than that for intramolecular nucleophilic addi- mg?'g%'gc(‘é?agﬂiﬁﬂpg'"%ﬁg‘:g‘tgg fc?l;tg?r)] de?rgﬂrﬁt’ﬁg?)t OSZ'gdzoét
tion, which would result in underestimated rate constants for gach pH value were plotted versus pH. The data were fitted to eq
MTA or SeMTA formation. At high pH values, care was 4, yielding (K, values of 1.2+ 0.4 and 8.2+ 0.05 for AdoMet
taken to use only the initial linear portion of the plot. In and 0.86 and 8.@& 0.1 for SeAdoMet.
each case, the loss of the onium chalcogen could be
accounted for by the sum of the concentrations of adenineapparent g, values for functional groups that are involved
and MTA (or SeMTA). in the reaction. The formation of MTA from AdoMet was

In Figure 6, a representative plot is displayed in which dependent upon two ionizable groups, one with<a yalue
the formation of MTA from AdoMet is graphed according of 1.2 + 0.4 and one with alg, value of 8.2+ 0.5. We
to eq 2. Within the time span of the measurement, the plot assign the K, value of 1.2 to then-carboxylate group of
is linear and the slope of the line is equalkip Repetition AdoMet, since the K, value for the a-carboxylate of
of this experiment at other pH values allowed collection of methionine is 2.145) and would be expected to be reduced
rate constants, which were plotted as a function of the in the presence of the additional positive charge of the
appropriate pH value to construct a pkate profile. In sulfonium group. We assign theKp value of 8.2 to the
Figure 7, pH-rate profiles for formation of MTA are  o-amino group of AdoMet, since theKp value for the
displayed for AdoMet (Figure 7A), SeAdoMet (Figure 7B), a-amino group of methionine is 9.3%) and would also be
and TeAdoMet (Figure 7C); the corresponding rate constantsexpected to be reduced in the presence of the additional
are listed in Table 1. The results for AdoMet compare positive charge of the sulfonium group. The greater uncer-
favorably to those reported previousB3j; however, inthe  tainty in the low K, value results from very few data points
present study the pH range was extended from 0.5 to 12.0,that are below a pH of 1. The rate constant associated with
and the data were fitted to appropriate equations to extractMTA formation at pH 10.5 (15.6« 10°°s™%) is 5-fold greater
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5000

Table 1: pH Dependence of First-Order Rate Constants of
Nucleophilic Attack ky) and Deprotonationkf) of AdoMet,
SeAdoMet, and TeAdoMet 4000 ~
AdoMet SeAdoMet TeAdoMet P ]
3000
pH Kn ko Ky ko kn ko =Y
0.5  0.669 b 726 b b 3 2000 4
1.5 2.16 b 25.9 b b b
3.0 2.78 b 32.1 b b b
45 281 0.0620 312 b b b 1000 1
6.0 3.20 0.686 36.0 b b b ]
7.5 5.99 5.48 70.9 b b b 0
9.0 140 27.7 166 b b b
0 2 4 6 8 10 12
10.5 156 544 190 125 b b
120 151 4730 173 1003 b b pH A
a All rates are in units of ' and have been multiplied by & 10°.
b Not detectable. 10

than that at pH 4.5 (2.8% 10 s1%), suggesting that the
positive charge on the-amino group strongly modulates
the nucleophilicity of then-carboxylate anion.

Very similar results were obtained for the pH-dependent
assessment of SeMTA formation from SeAdoMet (Figure
7B). The pH-rate profile showed two ionizable groups, one
with a K, of ~0.86 and one with a iy, of 8.0 £ 0.1, 0
consistent with thex-carboxylate andx-amino groups of
SeAdoMet. The apparent first-order rate constant associated
with SeMTA formation at pH 10.5 (198 10 ¢s™) is 6-fold

ko (x106 s1)

greater than that at pH 4.5 (31:210°% s1), and both are 1
more than 10-fold greater than the first-order rate constants
for MTA formation from AdoMet at the same pH values, 08 -

suggesting that SeAdoMet is a significantly better alkylating

agent under the described experimental conditions. Unex- % 06 -
pectedly, TeAdoMet did not degrade to TeMTA to any “é;
significant extent under the conditions of the reaction (Figure g 04 -
7C).

02 -

In Figure 8, pH-rate profiles for adenine formation from
AdoMet, SeAdoMet, and TeAdoMet are displayed. As
previously described3@), deprotonation at C:®f AdoMet
leading to adenine formation does not occur at a significant
rate at pH values below 4.5. Formation of adenine from PH C
SeAdoMet occurred with a significantly slower first-order Ficure 8: pH dependence of the first-order rate constant for
rate constant at similar pH values than formation of adenine deprotonation at C-5for (A) AdoMet, (B) SeAdoMet, and (C)

; TeAdoMet. The rates obtained from fits to eq 3 at each pH value
from AdoMet. Moreover, TeAdoMet did not decay at any were plotted versus pH. The data were fitted to eq 5, yieldiKg p

significant rate through this pathway at all pH values that \5j,es of~11.5 for AdoMet and~14.1 for SeAdoMet.

were monitored. The data for AdoMet and SeAdoMet

degradation were fitted to eq 5, an&pvalues of~11.5  yeactivity of the respective compound. Early studies by
and ~14.1, respectively, were extracted from the fit. It is paddiley et al. demonstrated that the biologically relevant
important to note that these<pvalues are apparent rather  form of AdoMet can degrade by three spontaneous processes
than microscopic. It has been suggested that this reaction46). Two of these processes, intramolecular nucleophilic
takes place via a concerted-lke elimination reaction,  aqdition and deprotonation adjacent to the chalcogen, serve
wherein a discrete ylide intermediate is not forme@g)( as intrinsic model systems for two enzymatic activities in
However, primary deuterium isotope effects as well as \yhich AdoMet is known to serve as a cosubstrate, alkylation
solvent isotope effects suggest that the transition state haspg ylide formation. At pH values less than 2, the predomi-
significant carbanion character. If a discrete ylide intermedi- a1t mode of decay is via racemization about the central
ate is formed, it would have to partition to products much gyifyr atom, which bears three carbon-containing substituents,

faster than it reverts to substrate. as well as a lone pair of electrons. As the pH is increased,
the ionization of the carboxylate group allows for intramo-
DISCUSSION lecular nucleophilic addition onto the-carbon, forming

L-homoserine lactone and releasing MTA. At pH values of
The widespread use and critical importance of AdoMet 5 or greater, the principle pathway for degradation occurs
in nature has led us to synthesize its related onium chalcogenwia deprotonation at C*fwith several subsequent steps that
and assess the effect of the central atom on the intrinsic polamresult in the release of adenine @dbosylmethionine 3).
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In this study, we have shown that the selenium analoguefor MTA formation occurred when the pH fell below the
of AdoMet is subject to two of these three spontaneous pK, of the carboxyl group, consistent with the greater
modes of decay (intramolecular nucleophilic addition and nucleophilicity of a carboxylate anion as compared to a
deprotonation at C‘} while the tellurium analogue is inert  carboxylic acid. Unexpectedly, however, we found that the
to all three under the conditions described in Materials and rate constant for MTA formation was governed by two
Methods. We reassessed the racemizatior5&){AdoMet ionizable groups. The first, displaying &pof less than 2,

and obtained a first-order rate constant of 34607 s™1 is predicted to be that of the methionine carboxylic acid, as
at 37 °C, pH 7.5, and constant ionic strength (data not previously noted 33). The second, displaying aKp of
shown), which is similar to the value of 2% 106 s? 8.2+ 0.5, we assign to the-amino group. From inspection

previously reported for racemization of AdoMet under similar of the rate constants for MTA formation associated with
conditions 83). This determination was facilitated by our dibasic AdoMet (15.6< 1076 s71) versus monobasic AdoMet
ability to separate cleanly the two isomers of AdoMet by (2.81x 10¢s™), we deduce that loss of the positive charge
reverse-phase HPLC. Although tHe §)-isomer of AdoMet on theo-amino group profoundly affects the stability of the
represented less than 5% of the total product after enzymaticmolecule, presumably via electrostatic modulation of the
synthesis, it was nonetheless clearly observable. In contrastcarboxylate nucleophilicity. This finding is reminiscent of
only one corresponding peak was observable by HPLC uponone of the early steps in the biosynthesis of biotin, which is
enzymatic synthesis of either SeAdoMet or TeAdoMet, the transformation of 7-keto-8-aminopelargonic acid into 7,8-
suggesting that (1) neither SeAdoMet nor TeAdoMet race- diaminopelargonic acid. This transamination is catalyzed by
mize at an appreciable rate under the conditions of incuba-the pyridoxal 5phosphate-dependent enzyme 7,8-diamino-
tion, (2) the two isomers of SeAdoMet and TeAdoMet are pelargonic acid aminotransferase with the source of the
not separable under the conditions that provide baselineamino group stemming from AdoMet. The second immediate
resolution of §9)- and R S-AdoMet, or (3) the rates of  product of the reaction iS-adenosyl--(2-keto-4-methylthio)-
inversion of the two isomers of SeAdoMet and TeAdoMet butyric acid, in which thex-amino group is replaced by a
are very fast, giving rise to one peak with an average keto functionality and which has been noted to be extremely
retention time for the two isomers. Our finding that chemi- labile and often undetected at 3 and pH 8.5, the
cally synthesized SeAdoMet gave rise to two peaks with conditions under which turnover is assessé@).(
retention times that patterned those of tBSY- and R,9)- The behavior of SeAdoMet with respect to intramolecular
isomers of AdoMet, only one of which was a substrate for nucleophilic addition was similar to that of AdoMet, except
AdoMet decarboxylase, clearly ruled out the latter two that the rate constants for SeMTA formation from dibasic
scenarios, indicating that the compound does not racemize(190 x 106 s™1) and monobasic SeAdoMet (312 10°®
to any significant extent under the conditions of the experi- s 1) were more than 10-fold greater than the corresponding
ment. Consistent with this finding, the NMR spectrum of rate constants for AdoMet. This suggests that SeAdoMet is
enzymatically synthesized SeAdoMet displays one resonancentrinsically a better alkylating agent than AdoMet under the
for the protons of the activated methyl group; however, described experimental conditions. We had assumed that
chemically synthesized SeAdoMet displays two resonancesTeAdoMet would exhibit an even greater alkylating ability,
for the protons of the activated methyl group. given the increased lengths of ¥€ bonds as compared to
Our studies with TeAdoMet also are consistent with the Se-C bonds or SC bonds. Unexpectedly, however,
premise that this compound does not racemize. EnzymaticallyTeAdoMet was inert under the defined experimental condi-
synthesized TeAdoMet shows only one major peak when tions. In retrospect, this behavior can be rationalized from
subjected to HPLC under conditions that cleanly separatethe relative electronegativities of C, S, Se, and Te, which
the two isomers of AdoMet and SeAdoMet. In addition, the are 2.5, 2.4, 2.5, and 2.6@), respectively. In nucleophilic
NMR spectrum of enzymatically synthesized TeAdoMet addition, attack typically occurs at the more electropositive
shows only one resonance for the protons of the activatedatom with concomitant transfer of the bonding electrons to
methyl group rather than two. Although these results are alsothe more electronegative atordlj. The electronegativities
consistent with a scenario in which TeAdoMet undergoes of C, S, and Se are approximately the same; however, the
rapid racemization, the finding that SeAdoMet does not electronegativity of Te is significantly less than that of C.
racemize allows conclusions to be drawn about the rate of Therefore, carbons adjacent to telluronium groups are poorer
racemization of TeAdoMet. Pyramidal inversion barriers are electrophiles as compared to carbons adjacent to selenonium
known to increase both with an increase in substituent or sulfonium groups because of the reduced ability of the
electronegativity and a decrease in electronegativity of the tellurium atom to induce a positive dipole at the adjacent
inverting atom 47). Given that tellurium is significantly less  carbon atom&J1).
electronegative than sulfur and selenium and that the The abilities of AdoMet, SeAdoMet, and TeAdoMet to
substituents about the respective chalcogen are the samejegrade to adenine ar@ribosylmethionine pattern their
TeAdoMet would not be expected to racemize at a significant respective K, values at C-5 A pKj, value of 18.9 has been
rate at 37°C. This is consistent with recent ab initio MO estimated for the trimethylsulfonium ion in wateb2.
calculations of sulfonium, selenonium, and telluronium Values for GHsCH,S"Bu,Br-, CsHsCH,Se'Bu,Br-, and
ylides, wherein the activation energies for inversion at the C¢HsCH,Te*Bu,Br~ have been determined to be 18.8, 23.5,
MP3 level were 21.7, 25.1, and 34.8 kcal migkespectively and 23.8 in dimethyl sulfoxide solutio®®). Under condi-
(48). tions described in Materials and Methods, TeAdoMet did
In a previous study, the stability of AdoMet at five not degrade to adenine ai&tibosyltelluromethionine. By
different pH values (1.5, 3.0, 4.5, 6.0, and 7.5) was assessedfitting the data obtained for adenine formation for AdoMet
and it was found that the largest decrease in the rate constanand SeAdoMet to eq 5, apparerfjvalues of~11.5 and
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~14.1, respectively, were determined for the ‘QsEotons.
This reaction is complex, and it is therefore difficult to
rationalize theselg, values at the microscopic level without

suitable knowledge of the mechanism of adenine formation. 11.

Indeed, in a study of the hydrolysis of DMTA, Borchardt
concluded that if a discrete sulfur ylide intermediate is
formed, it partitions toward adenine formation much faster
than it is reprotonated to give substrate. In fact, the reaction
is thought to occur in a concerted fashi@9) The important
message in the study presented herein is that it is more ,,
difficult to generate selenonium or telluronium ylides than
sulfonium ylides.

In summary, we have synthesized the AdoMet onium
chalcogen analogues, SeAdoMet and TeAdoMet, and found ¢
that SeAdoMet is a better alkylating agent than AdoMet but

is deprotonated at the carbon adjacent to the chalcogen less17-

efficiently. Moreover, TeAdoMet is resistant to both reac-
tions. In the accompanying manuscrigQ), we show that
SeAdoMet is a better substrate than AdoMet or TeAdoMet

in the reaction catalyzed by cyclopropane fatty acid synthase, 19-

allowing us to conclude that the reaction most likely does
not proceed via ylide intermediates.
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