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S-38,48-anhydroadenosyl-L-methionine is an analogue of the S-adenosyl-L-methionine coen-
zyme. Here we report on a rapid solvent exchange of the methylene protons at the 58-position
of this analogue. The rate of H/D exchange was measured by nuclear magnetic resonance
spectroscopy under buffered conditions in deuterium oxide. The reaction is specific base
catalyzed and displays a second-order rate constant of 2 3 104 M21 s21, which corresponds
to a rate enhancement of 1012 compared to solvent exchange of a -methylene protons in acyclic,
aliphatic sulfonium ions. No other carbon bonded hydrogens in the molecule exchange with
solvent under the experimental conditions. Allylic stabilization of a carbanionic-like transition
state for the solvent exchange process can account for these results. Solvent exchange under
these mild conditions provides a simple way to prepare a 58-2H-labeled form of the coenzyme
analogue. q 2002 Elsevier Science (USA)
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INTRODUCTION

S-Adenosyl-L-methionine1 (SAM) is a versatile coenzyme, which traditionally is
associated with biological methyl transfer reactions. This coenzyme has other roles
in nature, and its function in certain radical-based enzymatic reactions has been
actively investigated in the recent past (see 1 and 2 for recent reviews). Our mechanistic
studies on lysine 2,3-aminomutase led us to synthesize 38,48-anhydroadenosyl-L-
methionine (anSAM) (Scheme 1), an analogue of SAM that was designed to stabilize
the 58-deoxyadenosyl radical, a putative intermediate in the reaction of this enzyme.
We have recently reported on the observation and characterization of the allylic 58-
deoxy-38,48-anhydroadenosyl radical formed under turnover conditions in the reaction
of lysine 2,3-aminomutase (3,4).

During the course of these studies we discovered that hydrogens at the 58-position

1 The R- and S nomenclature refers to the absolute configuration at the sulfur atom and is used as such
throughout the text. The L-descriptor is only used to express the configuration at the a -carbon of
methionine, following the standard convention for amino acids.
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SCHEME 1.

of anSAM undergo equilibration with solvent protons at neutral pH. Although a -
protons in sulfonium compounds such as SAM are somewhat acidic due to the inherent
stability of the sulfurylide, exchange with solvent at neutral pH has not been observed.
Kinetics of H/D-exchange has been observed with simple sulfonium salts, but only
under extreme basic conditions and/or at elevated temperature (5,6). However, intro-
duction of electron stabilizing functional groups, such as phenyl, carbonyl and carbonyl
esters in the b -position of sulfonium ions leads to dramatic increases in acidity of
the a -protons, and pKa values below 10 have been reported (6). This paper describes
the kinetics of H/D-exchange for the 58-protons of anSAM and provides comparison
with other carbon acids.

MATERIALS AND METHODS

Deuterium oxide (99.9% D), potassium deuterioxide (40% wt, 981% D), and
CD3CO2D (99.5% D) were from Aldrich. anSAM was synthesized and purified as
the formate salt as described elsewhere (2). SAM ( p-toluenesulfonate salt) was pur-
chased from Sigma and purified in the same manner as anSAM. All other chemicals
were reagent grade and were used without further purification.

Solution pH was measured with a Corning pH meter (Model 430) equipped with
an Accumet, combination microelectrode that was standardized at pH 4.00 or 7.02
at 208C. Values of pD were obtained by adding 0.40 to the observed pH meter reading
(7). The concentration of OD2 at any pD reading was measured according to Eq.
[1], where pKw 5 10215.13 is the ion product of D2O at 20 8C (8), and gOD 5 0.79
is the activity coefficient of OD2 at ionic strength I 5 1 (9). Acetate-C-d3 buffers (1
M) in D2O were prepared by adjustment with KOD. The concentration of CD3CO2

2

at each pD was calculated using a pKa 5 5.09 of the acid at I 5 1 in D2O (10,11).
The ionic strength was maintained at I 5 1 by adding appropriate amount of KCl to
each buffer.

[OD2] 5
10 pD2pKw

gOD
. [1]

Kinetic runs were initiated by preparing 15–20 mM solutions of anSAM or SAM
in 0.5 ml of acetate-d3 buffer. The samples were quickly transferred to NMR tubes,
and 1H NMR spectra were recorded using a 200 MHz Bruker instrument. The reaction
progress was monitored by collecting data at different timepoints, where 32–256
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scans were accumulated depending on the rate of the reaction. Samples were kept in
a constant temperature bath at 20 6 0.28C between data acquisition. The spectra were
referenced to the HDO resonance at 4.8 ppm and the singlet peak for 58-H2 at 4.39
ppm was integrated after a baseline correction routine. A doublet signal for 38-H at
5.88 ppm was chosen as an internal reference of intensity. The normalized intensity
was plotted and fitted to a single-exponential equation using Kaleidagraph (Synergy
software) to yield the pseudo-first-order rate constants. Each reaction was monitored
for at least 2 half-lives and the standard errors for the observed rate constants were
,10% in every case. After each kinetic run, a solution acidity measurement was
performed using the microelectrode to adjust for minor changes in pD (, 0.1),
especially in the basic range were the buffering capacity was low.

RESULTS AND DISCUSSION

Kinetics of H/D exchange. The reaction progress for H/D exchange at pD 5 6.32
is shown in the 1H NMR spectra in Fig. 1. The intensity of the resonance for the 58-
methylene protons at 4.39 ppm diminishes with time and follows a single exponential
decay as shown in Fig. 2. The intensity of all other peaks remain constant, which
shows that other C-H protons are not exchanging with solvent, and that the compound
is not decomposing to a significant extent during the timecourse of the experiment.
This was especially pertinent for the other a -protons to the sulfur; a methylene group
at 2.29 ppm and a methyl group at 2.96 ppm (data not shown). Similar observations
were noted at all pD values. Notice that the minor impurities in the spectra mainly
represent the R-isomer of anSAM. The epimerization rate for the sulfonium ion, either
appears to be slow or the intensities represent the equilibrium ratio of the S- and R-
isomer. In comparison, the rate of sulfur epimerization for SAM is pH independent
and displays a first-order rate constant of 1.8 3 1026 s21 at 378C (12). Because no
activation parameters are known for that process, a direct comparison cannot be made
to our observations at 208C. Given the relatively long half-life at 378C for SAM
(t1/2 5 107 h), epimerization should not be a major contributor during the timecourse
of the exchange reaction for anSAM as is evident in the spectra in Fig. 1.

The exchange reactions obey the rate law described in Eq. [2], where kex is the
observed rate constant and kOD, kB, and kw are the individual second-order rate constants
for the deuterioxide, buffer, and solvent catalyzed reactions, respectively.

kex 5 kOD[OD2] 1 kB[B] 1 kw [2]

The contribution from general base catalysis (kB) was measured by performing the
exchange reaction at two different buffer concentrations, at pD 5.60. The observed
rate constants per hydrogen atom (kex) were (6.9 6 0.6) 3 1026 s21 (0.5 M acetate-
C-d3, I 5 1) and (7.1 6 0.7) 3 1026 s21 (1.0 M acetate-C-d3, I 5 1), respectively.
These values are identical within error and show that contribution by a buffer catalyzed
reaction can be neglected in the analysis. Figure 3 shows a plot of kex against deuteriox-
ide concentration. The y-intercept is close to zero, or (3.8 6 9) 3 1027 s21, which
further demonstrates that a contribution, either from a buffer (kB) or a solvent catalyzed
reaction (kw) is small compared to catalysis by deuterioxide. The rate law for the
exchange reaction, therefore, can be simplified to kex 5 kOD[OD2]. The second-order
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FIG. 1. 1H NMR spectra at different timepoints during the exchange reaction of anSAM at pD 6.32,
208C, and I 5 1. The assignments are indicated above each peak in the spectrum. See reference (4) for
complete assignments of all peaks in the 1H NMR spectrum of anSAM. Peaks due to impurities that are
most likely from the R-isomer of the compound are labeled with asterisks.

rate constant for the specific base catalyzed reaction is obtained from the slope of
the plot in Fig. 3 and yields a value of kOD 5 (1.97 6 0.08) 3 104 M21 s21.

Comparison with SAM. Experiments with SAM under the same conditions as
described above, do not result in solvent exchange for the 58-hydrogens or any other
carbon bonded hydrogen atoms in the molecule (data not shown). The acidity of
the 58-hydrogens has, however, been demonstrated by the hydrolytic lability of the
compound under basic conditions (13,14). A proton abstraction from the 58-position
leads to the cleavage of the glycosidic bond through an elimination reaction that
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FIG. 2. Normalized intensity of the 58-H2 protons with time during the exchange reaction at pD 6.32,
208C, and I 5 1. The normalized intensity was obtained by comparing the integrated ratios of the 58-H2

protons and the 38-H proton. The decay is best fit to a single exponential process, but because the observed
pseudo-first-order rate constant refers to both protons at the 58-position, a statistical correction is required
to yield the rate constant for exchange (kex).

yields a 48,58 double bond as depicted in Scheme 2. Nucleophilic addition at C48 and
ring closure generates a S-pentosylmethionine product. Hydrolysis in tritiated water
has shown that only one equivalent of tritium is incorporated into product (15). This
illustrates that the 58-hydrogens are not undergoing equilibration with solvent, even
under mild alkaline conditions. A sulfur ylide is therefore probably not formed as a
discrete intermediate during the reaction, and the elimination is presumably an E2 in
type. However, the transition state for the reaction is postulated to have a strong
carbanionic character, based on kinetic isotope effects (14). It should also be pointed
out that the product, S-pentosylmethionine does not undergo exchange of the 58-
hydrogens with solvent under basic conditions, as the tritium water experiments
demonstrates (15). The fact that proton abstraction at the 58-position of SAM proceeds,
is nevertheless an example of the acidifying effect of the sulfonium ion, especially
considering that S-adenosylhomocysteine, a sulfur ether, is stable under alkaline
conditions (14).

Comparison with sulfonium ions and sulfones. The ability of sulfur atoms to
stabilize adjacent carbanions is well known. This is in part due to resonance stabiliza-
tion through the participation of d-orbitals of sulfur, although theoretical work has
challenged the importance of this interaction, suggesting that the stabilization is mainly
due to the polarizability of sulfur (16,17). The properties of the sulfur center result
in enhanced acidity, kinetic as well as thermodynamic, of hydrogen atoms in a -
positions to the sulfur. As an example of this effect, the pKa of a methylene hydrogen
of ethyl acetate is 25.6 (9), whereas the pKa at an analogous position in
Et2S+CH2CO2Me is 10.2 (6). Rate constants for base catalyzed exchange reactions
for a few types of sulfur containing a -carbon acids are shown in Table 1. The
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FIG. 3. Dependence of the pseudo-first-order rate constants for exchange of a single proton of anSAM
at the 58-position on the deuterioxide concentration at 208C and I 5 1. The individual rate constants (kex)
were as follows: pD 5.60, (7.10 6 0.7) 3 1026 s21; pD 5.85, (1.36 6 0.06) 3 1025 s21; pD 6.11,
(2.51 6 0.12) 3 1025 s21; pD 6.32, (3.84 6 0.11) 3 1025 s21. The slope yields the second-order rate
constant for deuterioxide catalyzed exchange kOD 5 (1.97 6 0.08) 3 104 M21 s21.

structures of these compounds are shown in Scheme 3, where the hydrogen atoms
to which the values refer are shown in boldface.

The rate of exchange for aliphatic sulfonium ions is much slower than for anSAM.
The rate for the methyl hydrogens in 1 is greater than for the methylene hydrogens
in 2, which is explained by the electron donating effects of alkyl substituents compared
to hydrogen (5). The difference in rate, however, between the methylene hydrogens
of 2 and the 58-methylene hydrogens of anSAM is an astounding 1 3 1012-fold.
The amazing kinetic acidity observed for anSAM is surely related to the structural
modification in the ribosyl moiety. A proton abstraction at the 58-position generates
a sulfur ylide, where the negative charge on C58 can be further stabilized by allylic

TABLE 1

Rate Constants for Base Catalyzed Deuterium Exchange of a -Hydrogens in Sulfur Compounds

Compounda T (8C)b kOD (M21 s21)b Rate relative to anSAM Reference

anSAM 20 1.97 3 104 1 This work
1c 20 1 3 1025 2 3 1029 18
2c 20 2 3 1028 1 3 10212 5
3 25 3 3 1026 7 3 1029 19
4 25 0.025 8 3 1025 19

a Structures of these compounds are shown in Schemes 1 and 3.
b Per hydrogen atom.
c Calculated from activation parameters.
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delocalization through the 38,48 double bond. By the same reasoning, transition state
stabilization would be expected, especially since sulfonium ions in general display
carbanionic-like transition state structures upon ylide formation (6). Unfortunately,
data for allylic sulfonium ions has to our knowledge not been reported, so a direct
comparison to such a system cannot be performed.

Evidence for allylic stabilization of carbanionic intermediates adjacent to sulfone
substituents has been reported (19). Compound 3 displays a rate constant of 3 3 1026

M21 s21 for OD2 catalyzed exchange of an a -methylene hydrogen at 258C. This rate
is somewhat greater than observed for the aliphatic sulfonium ion 2, and is in line
with increasing acidity of a -hydrogens with increase in oxidation state of the sulfur
counterpart. Sulfone 4 clearly displays the effect of allylic anion stabilization, where
a rate enhancement of ,7 3 103 for deuterium exchange at the a -methylene position
is observed compared to 3. This rate enhancement is nevertheless small compared to
that observed for anSAM versus other sulfonium ions. It should be pointed out that
one caveat in comparing anSAM to 1 and 2, is related to the structural differences
between these compounds. One factor leading to enhanced kinetic acidity for anSAM
can for example be related to inductive stabilization of a carbanionic-like transition
state by the ring oxygen.

The three possible canonical forms for the allylic anion intermediate postulated in
the exchange reaction of anSAM are shown in Scheme 4. The fact that incorporation
of deuterium at C38 does not occur during the reactions is a clear indication that there
is more electron density at C58, thereby favoring deuteration by solvent at that position.
This has also been observed for sulfone 4, where proton abstraction results in reversion
to starting material, instead of tautomerization (19). For allylic anions in general,

SCHEME 3.
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tautomerism leads to the formation of the most stable product (20). However, unequal
electron density at both ends of an allylic p -system will lead to proton/deuteron
capture at the more electron rich site (21), which in this case would be at C58 due
to the adjacent sulfonium group. Further evidence that argues against a considerable
charge density at C38 is that elimination of the hydroxyl group at C28 does not occur.

Kinetic versus thermodynamic acidity. Comparing rate of proton abstraction to the
pKa via a Brönsted relationship can often be misleading. For weak carbon acids,
such as aldehydes, ketones, and esters, a large compilation of data on kinetic and
thermodynamic acidities has been acquired and a linear free energy relationship can
be very useful in those cases (22). However, these compounds ionize abnormally
slowly due to the resolvation required for delocalized negative charge upon enolate
formation (23), and comparison to different types of carbon acids is not warranted.
Other carbon acids, such as thiamine and thiazolium ions undergo a very rapid rate
of exchange of the C2 proton, presumably because the high degree of negative charge
that develops in the transition state is highly localized on C2 (24), and because the
rehybridization that is required during enolate formation is absent (22). For example,
the difference between the rate of hydroxide promoted ionization of acetone (0.22
M21 s21) (22) and thiamine (1.1 3 107 M21 s21) (24) is greater (7.7 log units) than
would be expected based on the pKa of these compounds, which are 19.3 and 18.0,
respectively. The pKa of the trimethylsulfonium ion 1 has been estimated as 18.9
based on the rates of base catalyzed b -elimination reactions of related compounds
(25). Given the uncertainty in this estimation and the lack of data for the relationship
between kinetic and thermodynamic acidity in sulfonium ions, a pKa for anSAM
cannot be estimated at this point.

Conclusions. The work presented in this paper highlights the chemical and func-
tional differences between SAM, and anSAM, an analogue of the coenzyme where
a double bond has been introduced into the ribosyl moiety (Scheme 1). Our previous
studies on the mechanism of lysine 2,3-aminomutase have shown how a radical that
is generated at the 58-carbon of the reductively cleaved analogue can be stabilized
by allylic delocalization (3,4). The present work shows again the effect of the allylic
functionality. In this case a carbanion is stabilized, which leads to an enormous
increase in the rate of deprotonation at the 58-position of anSAM. The practical
implications of this process are obviously the simple method of specific deuterium
incorporation at the 58-position of anSAM. We have previously made use of this
method, and prepared [58-2H2]anSAM for establishing the structure of the 58-deoxy-
38,48-anhydroadenosyl radical formed in the reaction of lysine 2,3-aminomutase (4).
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