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PREFACE

Itis with great pleasure that I introduce this volume, which represents the proceedings
of the First International Symposium on DMSP and Related Sulfonium Compounds, which
was held in Mobile, Alabama, in June 1995. The thirty-six chapters in this book cover a
broad range of topics related to dimethylsulfoniopropionate (DMSP), and provide extensive
background as well as the latest research and ideas on the subject.

Scientific interest in DMSP has accelerated in recent years, in part because this
compound has been identified as a major precursor of dimethylsulfide (DMS), a volatile
form of sulfur which, by its degradation products, affects atmospheric chemistry and global
climate. In addition, DMSP and related sulfonium compounds are of great interest to
biological chemists because: 1) they are used by organisms to combat osmotic (water) stress;
2) they are potential methyl donors; and 3) they form a large pool of organic sulfur in some
environments. Despite this interest, much of the basic biology and environmental chemistry
of these compounds remains poorly understood.

Research on DMSP and related compounds is currently being carried out in many
different disciplines, and the number of researchers working on these compounds has
increased rapidly in recent years. For these reasons, among others, there was a clear need
for a focused symposium on the subject. The idea of holding a symposium on DMSP
coalesced out of casual conversations held between myself and many colleagues over the
years, particularly those with my close associates Pieter Visscher and Maureen Keller. In the
Fall of 1993, I had a key phone conversation with Andrew Hanson, then of the University
of Montreal, which made it clear that there were others outside my main discipline who were
interested in getting together to share ideas about DMSP. | rushed to my Department
Chairman, Dr. Bob Shipp, the idea of a symposium and received from him encouragement
and a promise of some financial support to get things started. The organizing committee
(Kiene, Visscher, Keller and Kirst) was formed shortly thereafter, and we set about to assess
the interest level in a symposium dealing mainly with DMSP. The response to a preliminary
mailing was very strong, and we therefore set about to raise more funds and to iron out details
of the meeting. All the while [, as organizer, became newly acquainted with many colleagues
by fax and e-mail.

After nearly a year of planning, the First International Symposium on DMSP and
Related Sulfonium Compounds was scheduled for early June, 1995. Sixty-four participants
representing 12 nations were on the final list of attendees for the symposium. Because this
was the first symposium of its kind, and because a diversity of scientists (ranging from
oceanographers to sulfur biochemists and a high school student to emeritus professors) were
planning to attend, I was filled with some trepidation as to whether the interdisciplinary
format would work. My fears were allayed during the pre-symposium mixer when all the
participants gathered for the first time. Though most were newly acquainted, it was as if
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everyone had known each other for years. Admixtures of oceanographers, biochemists,
microbiologists, and plant physiologists gathered in small groups and all were engaged in
ardent conversation related to what else — DMSP! As I mingled, I noticed that the composi-
tion of the small groups changed over time, but the conversations didn’t let up. The energy
level was intense right from the start, and it was clear then that the symposium would be a
success. By all accounts it was, and this volume and the fact that future conferences of this
type are currently being planned are testament to the first symposium’s success.
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30 YEARS OF RESEARCH ON
DIMETHYLSULFONIOPRIOPIONATE

A Personal Retrospective

Yuzaburo Ishida

Department of Fisheries, Faculty of Agriculture
Kyoto University
Kyoto, Japan

SUMMARY

In 1961, with an interest in the “sea smell” as food flavor component, we commenced to
do research on dimethylsulfoniopropionate (DMSP) in marine unicellular algae. After we
identified the DMSP crystal from Crypthecodinium cohnii by NMR and IR and clarified the
characteristics of a DMSP cleaving enzyme, we examined the biological significance of DMSP in
this alga. It was difficult, however, to find sufficient experimental evidence. After we had
conducted an ecological study on harmful red tide algae for some time, we resumed our studies on
DMSP, with the emphasis on algal DMS evolution in the sulfur cycle and bioactivities of DMSP.
We have since been doing research on the biosynthesis of DMSP and its regulation at the
biochemical and molecular levels, in order to understand its biological role in the microalgae.

INTRODUCTION

It is truely a great honor and an enormous pleasure to be asked to present a plenary
talk and paper under this title. The research in this field is making rapid progress nowadays,
beyond comparison with its pace in the past.

First, I will mention the circumstances under which I became interested in the subject of
DMSP. In 1961 I had a position as a research associate at the Laboratory of Applied Microbiology,
Food Research Institute, Kyoto University, and studied the utilization of microalgae as food of fish
and humans (17). At first I isolated and collected unicellular algae as axenic cultures from natural
sea waters, and examined culture conditions to accomplish mass cultivation of microalgae as food
for young fish in the larval stages after hatching out. Simultaneously, I bred the larvae hatched out
from fertilized eggs of black sea bream. Just at that time Prof. Kadota brought back a strain of
heterotrophic dinoflagellate Gyrodinium cohnii (Crypthecodinium cohnii) with three other
dinoflagellates, which were kindly provided by Prof. Luiji Provasoli, Haskins Laboratory, USA.

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds
edited by Ronald P. Kiene et al., Plenum Press, New York, 1996 1



2 Y. Ishida

Shortly after I began the study, I noticed the sea smell “Iso-no-kaori”, which evolved from the
packed cells of C. cohnii. This smell is very familiar to the Japanese as the smell of Nori (Porphyra
terena) and sea urchin, which feed on Ulva and Enteromorpha. In addition, I took an interest in
volatile sulfur compounds, as I had studied the ecology of sulfate-reducing bacteria in estuaries.
H,S was the main sulfur compound of interest at that time since sulfate reduction rates in Maizuru
Bay were very high. Organic forms of sulfur, such as DMS were not recognized as being important
in the global sulfur cycle. )

Several early studies on volatile organic sulfur compounds were published by Haas
(10), Challenger and Simpson (4) and Obata et al. (36). They reported dimethyl sulfide
(DMS) production from marine macroalgae, Polysiphonia spp, Enteromorpha sp. and Ulva
pertusa. The first sulfonium compound was isolated in pure form by Challenger and Simpson
(4) from a member of the Rhodophyta, Polysiphonia fastigiata, and it proved to be DMSP.
Although there had been no reports on DMS evolution from unicellular algae, I predicted
that they produced DMS, based on existing literature (4, 36). Inmediately after I started my
studies, two reports suggesting that the petroleum odour in salmon and the Blackberry
problem in cod derived from DMS from marine algae were published by Motohiro (27) and
Sipos and Ackman (40). It was interesting but very strange that DMS smelled differently in
the macroalgae, the sea urchin and fish. Later [ obtained the preliminary result that the “good”
flavor of sea urchin, but not the petroleum odour in fish, was attributed to association of
DMS with neutral esters extracted from C. cohnii.

Identification of DMSP

In 1965 I sent a letter to Prof. Challenger that I had found that DMS was produced
from marine unicellular algae such as C. cohnii and had isolated its precursor, DMSP as a
crystal. In return I received an enthusiastic answer from him, in January, 1966. I still
remember having been encouraged by him. A few months later Ackman et al. (1) published
an article on DMS production from unicellular marine algae one year earlier than we did.
They and we confirmed that some marine unicellular algae belonging to dinoflagellates,
haptophyta and diatoms produced DMS (1,11). Furthermore, we proved that the precursor
of DMS in C. cohnii was DMSP (12). I can never forget that excitement when I found a small
transparent crystal in the desiccator (Fig. 1). The crystal was analyzed by use of D,-NMR.
The NMR spectrum in D,0 showed (CH3),-protons at 7.01 ppm, the S*-CH,-protons at 6.40

Figure 1. A crystal of dimethylsulfoniopropionate isolated from Crypthecodinium cohnii.
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ppm, and CH,COO-protons at 6.98 ppm. The infrared(IR) spectrum of this crystal corre-
sponded with that of synthetic DMSP. In addition, the stoichiometry of DMSP degradation
with cold alkali also supported the findings obtained by NMR and IR spectra.

BIOLOGICAL SIGNIFICANCE OF DMSP

At that time, we had made the assumption that there were three possible functions of
DMSP: 1) DMS evolution, 2) transmethylation, and 3) osmoregulation.

DMS Evolution

DMS evolution by unicellular algae was limited to marine types such as dinoflagel-
lates, diatoms and haptophyta, and was not seen in the freshwater types. The effect of salts
on DMS production from DMSP was examined, and the enzymatic activity of DMS
evolution was markedly activated by increases in various inorganic and organic salts at
concentrations from 0.1 M to 0.4 M. Table 1 shows the order of increasing effectiveness.

Table 1. Characteristics of DMSP cleaving enzymes in cell free extract of C. cohnii

CHg, CHg
S+CH2 CH2 COOH —» N S + CHy CH COOH
/ /
CHg CHg

Optimum pH of the activity . 6-7

pH value on maximum stability of the enzyme: 5.1
Optimum temperature : 27°C

Optimum of NaCl conc: >0.4 M

The evolution of DMS was activated by addition of inorganic and
organic salts at high concentrations in an order of increasing
effectiveness;

ONaCI>KCI>MgCly=CaCly>LiCI>NaBr>LiBr>
NaNOg>>Nal>KI>NayS04>LinS0,>CHg COONa
>CH,CHCOONa

OCI">Br >NOg™ >>1">80,4=>CHzCO0™>CH,CHCOO"
Inhibition of the enzymatic activity:
strong inhibition—pCMB(5x1074M), 1AA(5x104M),
KCN(2x1073M)
week inhibition—EDTA(1x1072M)
The inhibition was released by homocysteine(2x10'31\/l) or 2-
mercaptoethanol(2x10'3M) — SH-enzyme

Km : 1.5X10°3M

pCMB: p-chloromercuribenzoic acid
IAA: iodoacetamide

EDTA: ethylendiaminetetraacetate-Nas
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This table shows the characteristics of the DMSP-cleaving enzyme in C. cohnii (17). DMS
production may contribute to the regulation of the over-production of DMSP, or DMS and
DMSP might act as an attractant or a repellent for the other organisms.

Transmethylation

In general, the sulfonium compounds such as DMSP in macroorganisms are known
to act as methyl donors in the biological transmethylation reactions and are often involved
in synthesis of methionine and other compounds (6, 7, 22 26). In the 1960°s many researchers
concerned with sulfonium compounds took a great interest in the potential transmethylation
reactions, but there was no evidence for transmethylation in microalgae.

In C. cohnii the amount of DMSP in the cells decreased considerably with an increase
of glycine betaine in the medium from 0 to 3.3 mM. At higher betaine concentrations (>3.3
mM), DMSP levels did not change further. The final cell yield decreased by about 40% in
the medium without betaine. Choline also acted as well as betaine at lowering DMSP levels,
but methylmethionine (MMSC), methionine and others did not (Fig. 2). These findings
suggested that DMSP plays an important role in the transmethylation reaction (13). In fact,
when *CH;-DMSP was reacted with homocysteine in the cell-free extract of C. cohnii, '*C
of "*CH,-DMSP was incorporated into the amphoteric fraction (methionine and its sulfoxide)
and anionic fraction (methylthiopropionic acid and its sulfone). This suggested that one
methyl group of DMSP was transferred to homocysteine and that methylthiopropionic acid
was produced as a metabolic product. Unexpectedly the activity was very low, and moreover,
the incorporation into methionine was only 0.3% of the methyl group of DMSP in the absence
of betaine, in comparison with 6.8% in the presence of betaine.

We assumed that DMSP did not substitute for betaine as a methyl donor in this alga.
Then we concluded that DMSP in the algae did not act as a methyl donor in the algae
themselves, even if DMSP might act as a methyl donor in organs of animals which ingested
these algae.

Figure 2. Ratio of >>S-DMSP to total *S in the C. cohnii Cells incubated with 33SO, and a substrate in place
of betaine.
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Osmoregulation

We made a preliminarily examination of the osmoregulatory function of DMSP.
Recently, excellent works on osmoregulation have been published by Kinne (21), Grone and
Kirst (9), etc., but around 1968 there were no reports on the osmoregulation or compatible
solute functions of onium compounds such as betaine. In 1953 and 1960 Nicolai and Preston
(34, 35) suggested that a portion of DMSP is firmly associated with some macromolecular
compounds.

As described above (Fig.2), DMSP content in the C. cohnii cells decreased about
20% from about 60% after the addition of betaine. To clarify whether DMSP was decom-
posed or not, and to which fraction the decreased DMSP was transferred if it was not
decomposed, we determined the behavior of 3*S-DMSP in the cells of C. Cohnii (13). As
Fig. 3 shows, by addition of betaine the sulfur of the acid-insoluble fraction (macromolecular
compounds) in the cells clearly increased, while on the contrary DMSP proportionally
decreased. Then, a preliminary analysis of the 3°S-compounds in the acid-insoluble fraction
was made, as shown in Fig. 4 (15). The cationic fraction which was released by hydrolysis
of the acid-insoluble fraction was applied to paper chromatography in parallel with 33S-
DMSP as an authentic sample. We confirmed that one of the **S-compounds in the acid-in-
soluble fraction coincided with **S-DMSP. We assumed from this finding that a portion of
DMSP in this alga was bound with some macromolecular compounds.

without | with —o— Acid soluble fraction
betaine | betaine —QO— cationic fr. (DMSP)

S 100 T —a— amphoteric fr.
Q (%) o

° \° —~A— anionic fr.

g —@— Acid insoluble fraction
S oo’

©

o O—o—0

o

o S0 @
w0

™ —0
2

)

58

oo A/A_A_\&

SE LAy P _
T~ 0

o c

-10 0 10 20 30 40 50
Incubation Time (hours)

Figure 3. Behavior of S-DMSP and other fraction in the C. cohnii Cells transferred to betaine-medium from
betaine-free medium. The >3S-labeled cells cultivated in betaine free-medium were reincubated in the medium
with betaine. The 3°S-labeled cells were harvested by centrifugation and extracted with 5% cold perchloric
acid (PCA). The residue is the PCA insoluble fraction. The extract(acid soluble fraction) was passed through
an Amberlite IR 120 (H*) column(through fraction is anionic fraction), and then eluted with 2N HCI. After
removing HCl by evaporation, the solution was passed through an Amberlite IRA 400 (OH) column. The
through fraction (cationic fraction ) was further treated with charcoal and evaporated to a syrup (**S-DMSP).
The fraction eluted with HCl is amphoteric fraction.
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Figure 4. Preliminary analysis of **S-compounds in the acid-Insoluble fraction by means of paper chromatog-
raphy. Bottom; 33S-cationic fraction released by hydrolysis of the acid-insoluble fraction. Top; authentic
35S-DMSP. After hydrolysis with 6N HCI at 105°C for 18 h, the hydrolyzate was fractionated by anionic and
cationic resins. The 3°S-cationic fraction was applied to paper chromatography. Radioactivities of the spots
which were examined by the iodide-platinium method was scanned using Aloka PCS-2 type Scanner.

Next, we examined the effect of salts on the content of DMSP in the cells incubated
in the medium with or without betaine. DMSP was accumulated in the cells in response to
the NaCl concentration in the medium without betaine, but not so much in the presence of
betaine. If we had determined the intracellular concentration of betaine, we might have
obtained a finding similar to that obtained in Escherichia coli (23). In addition, I had tried
to prepare a DMSP-deficient mutant of C. cohnii by ultraviolet irradiation, but could not.

Table 2. List of microalgae containing DMSP

Microalgae

DMSP

Ref

Dinoflagellates _
Crypthecodinium cohnii (M); axenic culture
Amphidinium carteri (M), axenic culture

Gyrodinium aureolum (M); field sample

Peridinium bipes (F); field sample

19 mg /g wetcells
5.8 mg /g wetcells

ca 45ug S/

(11 ng S/10% cells)
0.3 mg /g wet cells

44

41

44

Haptophyta
Emiliania huxleyi (M); field sample

Hymonomonas carterae (M); uniaigal
culture(?) .
Syracosphaera carterae (M); axenic culture

6ng S/10% cells
380ng S/1 04 cells

12 mg /g wetcells

41
46

Diatom .
Skeletonma costatum (B); axenic culture

6.8 mg /g wetcells

M, Marine ; F, Freshwater
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On the other hand, DMSP was accumulated not only in marine algae but also in freshwater
dinoflagellates such as Peridinium bipes (Table 2).

According to Schlenk (38), some yeasts, Candida utilis and Saccharomyces cere-
visiae accumulated S-adenosylmethionine, a sulfonium compound, at the high concentra-
tions of 20 to 40 mM, and 35 to 50 mM, respectively, in a medium containing 10 mM
methionine, independent of the salt concentration. This was similar to the findings for DMSP
in C. cohnii. Judging from these findings it was somewhat doubtful that the accumulation
of DMSP was attributable to osmoregulation at least in unicellular algae. At that time I
thought that an approach different from the existing one should be taken to solve this
problem.

DMS in the Sulfur Cycle

Just at that time in 1968 I moved to the present department from the Food Research
Institute. This department located in Maizuru campus is ca. 100 km away from Kyoto
campus, and both campuses were in the height of the famous student riots. Furthermore,
harmful algal blooms sometimes occurred in Maizuru Bay. I was compelled to discontinue
studies on DMSP at that time.

Fifteen years later in 1984, Uchida and I were invited to join the project of “Man’s
Activity and Sulfur Cycle” in the Research Programme on Environmental Science, supported
by the Grant in Aid of Scientific Research from the Ministry of Education, Culture and
Science, Japan. Through this project we intended to study an ecological role of DMSP and
DMS by unicellular algae. Since Lovelock (25) in 1972, the transfer of sulfur from the sea
through the air to the land surfaces has been assigned to DMS in place of H,S. In 1987 Shaw
(39) proposed that the aerosol produced by the oxidation of sulfur gases from the algae may
affect the climate. With this information, we again began to study DMS evolution from
DMSP in unicellular algae.

In the open ocean in which DMS-producing dinoflagellates, diatoms and haptophyta
are generally dominant, we detected 100-1,500 ng DMS1"! in the surface water (43), as
observed by Andreae et al. (2) and Cline and Bates (5). The correlation between DMS and
chlorophyll a for all water samples was not significant (r=0.37, n=154). The maximum of
DMS sometimes shifted with the chlorophyll @ maximum at the depth of around 50 to 100
m. However, in the coastal waters of Maizuru Bay, the DMS concentration exhibited a well
defined seasonal variation. There was a marked increase in concentration of 10 to 20 g
DMS1! from June to August when Prorocentrum micans was dominant, followed by a
decrease to the minimal value of 0.5 g DMS'1"! in December (42). This trend coincided with
the trend of chlorophyll a in the region. Above all, the correlation between DMS and
chlorophyll a is very clear in the sea water in which red tide dinoflagellates were abundant.

In the case of Gokasho Bay where the red tide of Gymnodinium mikimotoi occurred
and of Maizuru Bay where the red tide of Pmicans occurred, high correlations were found
for both dinoflagellates; r=0.96 for G. mokimotoi and r=0.91 for P. micans (42). The same
result was obtained in the case of freshwater bloom of P. bipes occurring in reservoirs.

From the knowledge of the oceanic content of DMS, we could determine the
evolution of the regional flux of DMS from the offshore, tropical and subtropical Pacific
Ocean to the atmosphere. Using the equation of Liss and Slater (24), the mean flux of DMS
was calculated as ca 6.6 ng DMSm?2s' (296 g Sm>d! ) referring to a mean surface
concentration of 265 ng DMS.I"! in the open Pacific Ocean. The calculated fluxes of DMS
across the sea surface of Maizuru Bay in summer and winter were ca 2,700 and 40 g
S'.m2.d"!, respectively (42). We have estimated from several reports (4, 22, 43, 44) that the
most abundant DMS producers are the haptophyta and dinoflagellates.
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Bioactivities of DMSP

Finally, I will introduce our studies on some biological activities of DMSP. In 1984,
Uchida and I joined the group “Regulation Mechanisms on the Ecological Interaction
system” supported by a Grant in Aid for a Special Project Research for Ministry of Education,
Culture and Science, Japan and for Scientific Research (A). We began a study on feeding
attraction and growth promotion of fish by microalgae and their intracellular low molecular
components. This study was carried out in association with Dr. Nakajima who had an interest
in this project. He has studied the striking behavior of fish by a kimograph and the electrical
response from fish olfactory tract to various amino acids (28). Dr. Nakajima will present his
data in detail, elsewhere in this volume.

We attempted to detect among various sulfur compounds some substances attractive
to freshwater and marine fish. First, we found that the feeding activity in crucian carp and
goldfish was most efficiently stimulated by DMSP and, to a lesser extent, by dimethylthetin
(dimethylsulfonioacetate), dipropyl sulfide, dimethylsulfoxide and dimethylsulfone (29, 30,
31). This result was confirmed in the experiments conducted on the olfactory tracts of
anaesthetized carp.

Next, we examined the effect of dietary supplemented DMSP on the growth of marine
fish. Growth of red sea bream, yellowtail and flounder as significantly promoted by the
addition of 5 mM DMSP to the diet. This suggested that DMSP is a growth-promotive
compound for fish, acting like a vitamin or hormonal agent (32).

Another bioactivity of DMSP that I will illustrate here is that that DMSP acts as an
antiulcer agent (16). Methylmethionine sulfonium chloride (MMSC), or vitamin U, is a
commonly used antiulcer drug, which was originally discovered in terrestrial vegetables such
as cabbage, and onion. Since DMSP is a chemical analogue of MMSC, DMSP and its
derivatives will also be expected to be antiulcer drugs. A crude extract of C. cohnii and
synthetic DMSP-Br significantly and dose-dependently protected the gastric mucosa against
HCl-ethanol-induced lesions in rats, when these materials were administered 1 hr before
HCl-ethanol administration. At 0.7 ml'’kg! of a crude extract containing 300 mg'kg™! DMSP,
the development of gastric lesions was markedly prevented, the inhibition being 90.5%.
Synthesized DMSP-Br, significantly and dose-dependently protected the gastric mucosa
against the lesions, as well as the crude extracts of C. cohnii. DMSP at 300 and 600 mgkg™'
had 66.6% and 99.2% of inhibitory effect on the lesions, respectively. The photograph (Fig.

Figure 5. Effect of DMSP on HCl-Ethanol-induced gastric lesions in rats. Left; Gastric mucosal lesions were
produced by giving 1.0 ml/200g of body wt. of 60% ethanol(v/v) in 150 mM Hel (HCl-ethanol). The animals
were killed 1 h later, and their stomachs were removed. After removal of the gastric contents, the stomachs
were inflated by injecting 8 ml of 2% formalin for 10 min. The gastric mucosa was severely damaged 1 h after
administration of HCI ethanol. Right; The DMSP (300 mg/kg rat) was given to the rat 0.5 h before HCl-ethanol
administration. It significantly protected the gastric mucosa against HCl-ethanol-induced lesions.



30 Years of Research on Dimethylsulfoniopriopionate 9

5) shows that DMSP acted locally to protect the gastric mucosa of rats. Since indomethacin
pretreatment reduced the protective effect to some extent, endogenous prostaglandins might
be partly involved in the mechanisms of action. Both the crude extract and DMSP signifi-
cantly increased gastric secretion.

Biosynthesis of DMSP

Previously Green (8) showed that methionine was an efficient precursor for the
biosynthesis of DMSP in Ulva lactuca, and that the methyl group and sulfur of DMSP were
derived from those of methionine. Kahn (19) reported that the carbon at the carbon-2 of
glycine was incorporated into the methyl group of DMSP. We also demonstrated that methyl
carbon and carboxyl carbons of DMSP were derived from the methyl and carboxyl groups,
respectively, of acetate when C. cohnii was allowed to take up acetate (14).

Starting in 1987, Uchida and I began a study which is trying to elucidate the
mechanism of biosynthesis of DMSP in C. cohnii, at the level of biochemistry and molecular
biology. We showed that the methyl-, C3- and C2-carbon and sulfur of methionine except
Cl-carbon were converted to DMSP, and methylthiopropionic acid was produced as an
intermediate (45). Then L-methionine decarboxylase as a key enzyme was isolated and
purified. A single band of this purified enzyme was confirmed by polyacrylamide gel
electrophoresis. The enzyme required pyridoxal phosphate and | mM Mg**, and the activity
was not dependent on NaCl or KCl concentration. The molecular weight was 230 kDa and
the enzyme consisted of a homodimer. The N-terminal amino acid sequence was Ala-Leu-
Cys-Try-Ser-Asp-Ile-Ser-Pro—, but this 9 amino acid sequence was too short to make the
DNA probe for detecting the gene of methionine decarboxylase. Now we are attempting to
repeat this experiment. Further details on methionine decarboxylase are presented in Uchida
et al, this volume.

In order to clarify the role of DMSP in such processes as osmoregulation, it is very
important to prepare DMSP-deficient or methionine decarboxylase deficient mutants, and
to analyze the factors which regulate the level of transcription of the methionine decarboxy-
lase gene.

In relation to DMSP, I must point also to gonyauline (cis-2-dimethylsulfoniocyclo-
propanecarboxylate) in a luminous dinoflagellate, Gonyaulax polyedra (33). This gon-
yauline is a unique cyclopropane derivative of DMSP, and has been identified as an active
substance which shortens the period of bioluminescent circadian rhythm in the cultured
marine dinoflagellate G. polyedra (37). The chemical structure of gonyauline is close to that
of DMSP, and gonyauline specifically occurred only in G. polyedra, but not in the other
dinoflagellates such as P. /ima etc, which contain DMSP. Biosynthesis of gonyauline was
examined by use of *C-NMR, and it could be proved that methionine was converted to
gonyauline via DMSP, and gonyol was converted from DMSP with acetate (Nakamura,
unpublished data). He suggested that C1-carbon on gonyauline derives from CO,.

It is interesting to note that gonyauline expressed the period-shortening function in
G. polyhedra only when it was added externally, even though this alga itself contained
intracellular gonyauline equivalent to the amount which ellicited expression. Whether or not
gonyauline in G. polyedra plays the same role as DMSP in other dinoflagellates, in addition
to the circadian rhythm remains to be determined.

CONCLUSION

I will point out the following questions about DMSP:
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1. Why do aquatic plants, including algae, accumulate DMSP but not MMSC, while
terrestrial plants (asparagus, cabbage, onion etc), accummulate MMSC (except
for sugarcane which accumulates DMSP but not MMSC (37))?

2. Why is DMSP accumulated in all marine and freshwater dinoflagellates and
haptophyta, and a part of the diatoms, but not in unicellular chlorophyta except
for some macroalgae cholorophyta such as Enteromorpha, Ulva etc?

In order to address these questions, I am hoping to continue our efforts towards
clarifying DMSP function; first, by means of analysis of the DNA sequence of methionine
decarboxylase and a regulatory factor at the level of the transcription, and second, by means
of preparation of DMSP deficient mutants and methionine decarboxylase deficient mutants.
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SUMMARY

Several sulfonium compounds are found in Nature. The most biologically versatile
is S-adenosyl-L-methionine (AdoMet). Much of this chapter is concerned with AdoMet, but
includes a discussion of other sulfonium compounds. Some of the more interesting chemical
properties of sulfonium compounds are discussed as well as how these properties are
exploited in biochemical reactions. Finally, the chemistry of sulfonium compounds is
discussed in relation to the biosynthesis of 3-dimethylsulfoniopropionate (DMSP). In this
brief review references and topics are necessarily selective.

DISCOVERY OF ADOMET

For many years methionine was known to be a major source of methyl groups in
biological methylation reactions. However, it was also recognized that methionine had to be
activated first. Cantoni (9, 10) was the first to propose that “active methionine” is S-adeno-
sylmethionine - a “high energy” sulfonium compound. The proposal was later confirmed by
degradation of the natural product (5) and by chemical synthesis (4).

SYNTHESIS OF ADOMET

Two biological reactions are known in which the adenosyl moiety of ATP is trans-
ferred to an acceptor: 1) Synthesis of AdoMet catalyzed by AdoMet synthetase (ATP:
L-methionine S-adenosyltransferase). 2) Synthesis of adenosylcobalamin - the cofactor in
the methylmalonyl CoA mutase reaction. Triphosphate is formed at the active site during the
reaction catalyzed by AdoMet synthetase but is not released. Rather it is hydrolyzed to
phosphate and pyrophosphate (eq. 1). The latter is then hydrolyzed to free phosphate by the

Biological and Environmental Chemistry of DMSP and Related Sulfonium Compounds
edited by Ronald P. Kiene et al., Plenum Press, New York, 1996 13
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action of pyrophosphatases. As a result, two “high-energy” phosphate bonds are hydrolyzed,
providing the free energy for the synthesis of “high-energy” AdoMet.

L-Methionine+ ATP — AdoMet + PPP; (+ H,0O — P; + PP) )

Mammalian AdoMet synthetase has been well characterized. The enzyme of mam-
malian kidney (II) is distinct from that of the liver (I and III) and the two forms are coded
by separate genes. Isoform I and isoform III are products of the same gene and are
homotetramers and homodimers, respectively. [For a review see Hoffman (41)]. cDNA or
genomic clones of the enzyme from Escherichia coli, Saccharomyces cerevisiae, Arabidop-
sis thaliana, and parsley (Petroselinum crispum) have also been isolated (45 and references
cited therein).

CHEMISTRY OF SULFONIUM COMPOUNDS

This subject is covered in a two volume treatise edited by Stirling (74). Only selected
topics are discussed here.

Stereochemical Considerations. Sulfonium compounds exhibit pyramidal bonding
and therefore can exist as enantiomeric forms. [For reviews of chiral organosulfur com-
pounds see Andersen (2) and Mickolajczyk and Drabowicz (57)]. de la Haba et al. (21)
showed that AdoMet synthesized by liver or yeast AdoMet synthetase was completely
consumed in the guanidinoacetate methyltransferase reaction. However, only about a half
of synthetically-prepared AdoMet was consumed in the reaction. Thus, only one of the two
possible diastereoisomers (i.e., (S),L- or (R),L-) of AdoMet is a substrate of guanidinoacetate
methyltransferase. Moreover, the same diastereoisomer was also shown to participate in the
catechol O-methyltransferase (COMT) reaction (21). These experiments, however, did not
establish the absolute configuration of the sulfonium center of biologically active AdoMet.
The problem was solved by Cornforth et al. (19), who showed that the sulfonium center is
of the (S)-configuration.

Theoretically, enzyme-catalyzed transfer of a methyl group from AdoMet to a
suitable acceptor can occur with retention or inversion of configuration. Woodard and
coworkers synthesized AdoMet in which the methyl group is asymmetric and contained one
H, one D and one T (29). When epinephrine was converted to metanephrine in a reaction
catalyzed by COMT in the presence of [(R)-D,T-methyl]AdoMet, the product contained
labeled methyl in the (S)-configuration. Inversion of configuration occurred in the five
enzyme-catalyzed methyl transfer reactions investigated. Thus, each enzyme operated by a
mechanism involving direct transfer of a methyl group. Evidently, the reaction does not
proceed via a ping-pong mechanism nor does it involve a methylated enzyme intermediate
(29).

Although the most important biological methyl donor is AdoMet, other methylsul-
fonium compounds can sometimes be used in transmethylation reactions, especially when
the methyl is donated to sulfur (see below). For example, some yeasts and plants possess an
enzyme that catalyzes the transfer of a methyl group of S-methyl-L-methionine (SMM) to
L-homocysteine (eq. 2) (38, 60). The use of SMM in biological methylations raises an
interesting issue. Although the two methyls of SMM are chemically equivalent, they should
be enzymatically distinguishable. By introducing label into one or other of the methyls,
diastereoisomers of SMM may be synthesized. Grue-Serensen et al. (38) synthesized the
two diastereoisomers of [2-2H, methyl-'3C]SMM and showed that the reaction catalyzed by
jack bean (Canavalia ensiformis) S-methylmethionine: homocysteine S-methyltransferase
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proceeds with a preference for the removal of the pro-(R)-methyl group to the extent of 94%
or more.

S — Methyl-L-methionine + L-homocysteine - 2L-methionine + H* (2)

Acidity of Protons Attached at the Carbon A to the Sulfur. Loss of a proton a to the
sulfur will yield an ylide. Preparation of the ylide of PheS*(CH,), requires the presence of
a strong base and rigorously anhydrous conditions (31). Coward and Sweet (20) estimated
that the pK, of sulfonium compounds of the type ArS*(CHj,), is typically quite high (>14 to
~17), but still considerably less than that of a typical RCH; group. Despite negligible ylide
formation, o protons in many sulfonium compounds (e.g. trimethylsulfonium iodide) are
labile in aqueous solution (22).

The acidity of the o protons is increased by appropriate substitution at the f§
carbon. B-(Dimethylsulfonio)pyruvic acid behaves as a diprotic acid (pK,; ~ 9; pK,, ~
5), whereas the ester behaves as a monoprotic acid with a pK, of ~9 (8). The unusually
high acidity of the o protons in B-(dimethylsulfonio)pyruvic acid is unlikely to be due
solely to the inductive effect of the electron-withdrawing dimethylsulfonio group. Reso-
nance stabilization of the conjugate base must also contribute. The dimethylsulfonio
group is conjugated with the keto group by expansion of the sulfur valence shell (eqs. 3
and 4).

(CHj3),S*CH,C(= 0)CO; + OH™ = H,0 + (CH; ),S*CH = C(07)CO; 3)
(CH3),S*CH = C(07)CO; «> (CH;),S*CH C(=0)CO; <> (CH3),S = CHC(=0)CO; (4)

Vinylsulfonium ions are reactive and undergo nucleophilic addition at the C2 position

of the vinyl group (41) (eq. 5). This reactivity is due to stabilization of the carbanion at C-1
in the transition state (41, 73).

CH3CH2!S+CH=CH2 + Nuc™ + H+ - CH}CHz]S*CHz(:Hz-NUC

()
CH; CH;

As a result of the lability of the a protons and exchange with solvent protons, the
metabolic fate of deuterium or tritium labeled in the position a to the sulfur of a typical
sulfonium compound might be difficult to follow in some cases. By avoiding harsh condi-
tions, however, Hanson et al. (39) were able to use [2H-methyl][SMM in studies of DMSP
synthesis in plants.

Elimination Reactions. The electron-withdrawing properties of the alkyl sulfonium
group and the acidity of the protons a to the sulfur contribute to the ease with which
elimination reactions occur. These reactions are analogous to those exhibited by quaternary
ammonium salts, which may be cleaved to the corresponding olefin in the presence of a
strong base (e.g. PheLi, KNH, in liquid NH;). The mechanism is an o’,3-elimination and
the reaction may proceed via a nitrogen ylide (see references quoted in March (51)).
Sulfonium compounds may undergo a similar o', elimination reaction to yield olefin and
dialkyl sulfide. The reaction with sulfonium hydroxides is readily accomplished by heating
(48) (eq. 6). Alternatively, the reaction may proceed via a sulfur ylide in the presence of a
strong base (eq. 7) (30).
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Conversion of Sulfonium Compounds to Thioethers by Reaction with Nucleophiles.
The free energy change (AG®) for the conversion of a sulfonium compound to a thioether
is ~ -7 to -10 kcal/mol. [See the discussion by Coward and Sweet (20).] This value is similar
to that for the hydrolysis of the “high energy” bonds of ATP. Despite a favorable free energy
change, however, conversion of a sulfonium compound to a thioether is usually very slow
in water. Large activation energies prevent the reaction from occurring except under forcing
conditions. Coward and Sweet (20) investigated the attack of nucleophiles (nuc’) on
ArS*(CHj3), to yield ArSCH; and CHjnuc. The reaction of the sulfonium compound with
oxygen-containing nucleophiles was found to be very slow. The relative reactivity of the
added nucleophiles was in the order: O <N <S (20).

Zappia et al. (82) investigated the methyl donor specificity of representative O-, N-
and S-methyltransferases. AdoMet: acetylserotonin O-methyltransferase (an O-methylase)
exhibits a strict requirement for AdoMet. On the other hand, AdoMet: histamine N-methyl-
transferase (an N-methylase) utilizes S-inosyl-L-methionine to a small extent in place of
AdoMet. Finally, AdoMet: homocysteine S-methyltransferase (an S-methylase), utilizes
S-inosyl-L-methionine, S-adenosyl-(5')-3-methylthiopropylamine and SMM almost as ef-
fectively as AdoMet (82). The data suggest that in the case of the O-methylase, the methyl
donor must meet strict requirements. These requirements are satisfied only by AdoMet,
which must interact at several points on the active site of the enzyme (82). Evidently, for
effective catalysis of transmethylation reactions involving oxygen nucleophiles, sufficient
lowering of the activation energy can only be brought about with a methyl donor capable of
interaction on the enzyme at multiple points. On the other hand, where methylation is
kinetically favored, as in the case of the S-methylase, catalysis requires less stringent binding
of methyl donor to the active site, and SMM can replace AdoMet.

NATURALLY-OCCURRING SULFONIUM SALTS (OTHER THAN
ADOMET)

For earlier reviews see Schlenk (68) and Maw (52). A brief summary, especially of
more recent references, is presented here.

S-Methyl-L-Methionine (SMM). This compound was first identified as a constituent
of cabbage leaves and asparagus in the early 1950s and is now known to occur in algae and
many higher plants. SMM is formed from AdoMet by the enzyme AdoMet: methionine
S-methyltransferase in many higher plants (eq. 8):

AdoMet + L-methionine — S-methyl-L-methionine + S-adenosyl-L-homocysteine  (8)
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however, to be limited in the diet of non-cetacian mammals. Therefore, this pathway is
probably of little importance in L-methionine synthesis from L-homocysteine in most
mammals.

Phosphatidylsulfocholine. “Sulfocholine” the sulfur analog of choline was synthe-
sized almost 50 years ago (54). The compound could not support the growth of rats on a
methionine and choline-deficient diet. Phosphatidylsulfocholine (PSC) along with phospha-
tidylcholine (PC) has been detected in several photosynthetic diatom species. In one
non-photosynthetic species Nitzschia alba, PSC was found to completely replace PC. [See
references quoted by Bisseret et al. (7)].

Recently Described Algal Sulfonium Compounds. 4-Dimethylsulfonio-2-meth-
oxybutyrate and 5-dimethylsulfonio-4-hydroxy-2-aminovalerate have been reported to be
present in some Mediterranean red algae (70). Gonyauline (cis-2-(dimethylsulfonio)cyclo-
propane carboxylate) is a novel zwitterion that has recently been identified as an endogenous
period-shortening substance in the bioluminescent circadian rhythm of the dinoflagellate
Gonyaulax polyedra (62). Another sulfonium compound named gonyol (3S-5-dimethylsul-
fonio-3-hydroxypentanoate) has been isolated from Gonyaulax polyedra grown on a source
rich in methionine and acetate (63).

Met €— bl HCys Free radical reactions
’ H+
XCHS \ / CO,

AdoHCys AdoMet —» dAdoMet
SPN
Ad HSerlLac
v t

HCys Methyl THF (betame)(SMM
Tt ‘ THF (DMG)(Met) /

Cys Met ethylene

oKMB
+——MTRP

Figure 1. Composite scheme of the major metabolic reactions involving S-adenosyl methionine. Abbrevia-
tions: ACC, 1-aminocyclopropane-1-carboxylate; Ad, adenosine; AdoMet, S-adenosyl-L-methionine; tKMB,
a-keto-y-methiolbutyrate; dAdoMet, decarboxylated AdoMet; DMG, dimethylglycine; AdoHCys, S-adeno-
syl-L-homocysteine; HCys, L-homocysteine; HSerLac, L-homoserine lactone; MTA, 5'-methylthioadenosine;
MTRP, methylthioribose phosphate; Put, putrescine; SMM, S-methyl-L-methionine; SPD, spermidine; SPN,
spermine; THF, tetrahydrofolate; X, methyl acceptor. Although many of the reactions shown in the scheme are
common to both prokaryotes and eukaryotes, several are more restricted. Reactions denoted by a superscript
are thought to be largely limited in occurrence as follows: *bacteria; **plants; fmammals; {¥mammals and
bacteria.
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SMM is catabolized by two routes. It can be converted back to L-methionine by the
action of SMM: L-homocysteine S-methyltransferase (eq. 2) or it can be converted to
dimethylsulfide and L-homoserine by the action of SMM hydrolase (eq. 9). For original
references and discussion see Mudd and Datko (60).

S-Methyl-L-methionine + H;O — (CHs),S + L-homoserine + H' 9)
A combination of AdoMet:L-methionine S-methyltransferase (eq. 8) and SMM:
L-homocysteine S-methyltransferase (eq. 2) together with S-adenosyl-L-homocysteine hy-

drolase (eq. 10) yields a net reaction in which AdoMet is converted to L-methionine and
adenosine (eq 11).

S-Methyl-L-methionine + L-homocysteine — 2 L-methionine + H' (2)
AdoMet + L-methionine — S-methyl-L-methionine + S-adenosyl-L-homocysteine (8)

S-Adenosyl-L-homocysteine + HO «> Adenosine + L-homocysteine (10)

Net: AdoMet + H,O — Adenosine + L-methionine + H' (11)

According to Mudd and Datko (60) this “S-methylmethionine cycle” provides the
plant with a means of sustaining a pool of soluble methionine even when overshoot occurs
in the conversion of soluble methionine to AdoMet. These reactions ensure that the levels
of methionine and AdoMet are tightly regulated, but at the cost of consumption of ATP. The
cycle appears to operate at a low level, however, in the leaves of Wollastonia biflora (L.)
even though the plants contain SMM (39).

Farooqui et al. (27) showed that Euglena gracilis contains two methyltransferases
capable of methylating specific residues of cytochrome ¢. Enzyme I methylates a methionine
residue at position 65 and enzyme II methylates an arginine at position 38. At the time of
the report by Farooqui et al. (27), no examples of the natural occurrence of SMM in protein
molecules had been recorded and the authors were unable to suggest a biological role for
enzyme l. Of interest is the recent finding of Katz and Gerhardt (44) that the abnormal storage
protein which accumulates in hereditary ceriod-lipofuscinosis (Batten’s disease) is rich in
S-methylmethionine.

Finally, strong evidence implicates SMM as the precursor of dimethylsulfonio-
propionate in the angiosperm W. biflora (39).

Dimethylsulfoniopropionate (DMSP). Many marine algae and certain salt-tolerant
angiosperms contain DMSP (= dimethyl-B-propiothetin) as an osmoprotectant (e.g. 42). As
discussed by Hanson and colleagues (42), DMSP is known to be a major precursor of
dimethylsulfide, an important component of the global sulfur cycle (1), a contributor to acid
precipitation (65), and the main source of cloud condensation nuclei over oceans (12).

Two routes are known for the catabolism of DMSP in bacteria and algae (46). DMSP
may be converted to acrylate and dimethylsulfide; the latter is oxidized to dimethylsulfoxide.
Alternatively, DMSP may be demethylated (or transmethylated) to give 3-methylthio-
propionate (MTP). DMSP may function as a methyl donor to nitrogen-containing com-
pounds in algae. Thus, Chillemi et al. (13) noted that feeding of the red alga (Chondria
coerulescens) with ['*CH;]DMSP resulted in the formation of methyl-labeled 4-hydroxy-N-
methylproline.

DMSP can provide essential methyl groups in experimental animals (53). Trans-
methylation of DMSP is catalyzed by kidney and liver extracts (23). DMSP is likely,
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TRANSFER REACTIONS INVOLVING ADOMET/ADOHCYS

A schematic diagram of AdoMet metabolism is shown in Fig. 1. Most of the
biologically important pathways are initiated by breakage of one or other of the three S bonds
at the sulfonium center, either directly on AdoMet (methyl-, 3-amino-3-carboxypropyl-,
adenosyl transfers) or on dAdoMet - the decarboxylated form of AdoMet (3-aminopropyl
transfer) (e.g. 36).

Transfer of the Methyl Group of AdoMet to Low-Molecular-Weight Compounds.
Transmethylation reactions result in the transfer of a methyl group of AdoMet to a suitable
acceptor (at S, N, O, C or halide) with the formation of S-adenosyl-L-homocysteine
(AdoHClys) (Fig. 1). These reactions are quantitatively the most important route for the
metabolism of AdoMet. The methyl may be transferred to relatively small molecules, as, for
example, in the synthesis of creatine, phosphatidyl choline, epinephrine (N-methylations),
3-O-methoxyepinephrine (O-methylation), and L-methionine (S-methylation of L-homocys-
teine). In addition, AdoMet 1s the methyl donor in the synthesis of a number of biologically-
important C-methylated small molecules (e.g., methylcobalamin, ubiquinone,
plastoquinone, methyl fatty acids, cyclopropyl fatty acids, Cy; and Csq sterols, Cs, triter-
penes, vitamin K, and tocopherol) (49). Finally, AdoMet is the methyl donor in a reaction
catalyzed by Brassica oleracea AdoMet:halide/bisulfide methyltransferase (3). In this
reaction, the methyl group is transferred to halide (X°) or HS™ to generate CH;X or CH;SH,
respectively. [odide is an especially effective methyl acceptor.

Methylations involving AdoMet may have clinical relevance. Parkinson’s disease,
which is characterized by tremors and rigidity, results from excessive loss of dopaminergic
neurons in the substantia nigral region of the brain. The disease usually occurs in elderly
patients. Recently, however, after self-administration of a contaminated illicit drug related
to meperidine several young drug abusers developed a classic Parkinson syndrome. The
contaminant was identified as 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP) which
is oxidized to toxic 1-methyl-4-phenylpyridinium ion (MPP*). MPP* is toxic to the substantia
nigra and causes Parkinsonium symptoms in primates. MPP* interferes with the mitochon-
drial electron-transport chain. It is possible that adult-onset Parkinson’s disease is due to
life-time exposure to low levels of environmental toxins or protoxins. Ingestion of 4-
phenylpyridine or of 4-phenyl-1,2,3,6-tetrahydropyridine (MTP) is expected to generate
MPP* from AdoMet-dependent N-methylation/oxidation and N-methylation reactions, re-
spectively. 4-Phenylpyridine and MTP may be regarded, therefore, as protoxins which are
not toxic of themselves but which are metabolized to neurotoxic compounds. Other protoxins
of the substantia nigra include 1,2,3,4-tetrahydro-f-carboline (THBC) and 1,2,3,4-tetrahy-
droisoquinoline (T1Q), both of which occur naturally. AdoMet-dependent N-methylations
and oxidation reactions on tetrahydrocarbolines and tetrahydroisoquinolines will give rise
to potentially neurotoxic compounds that will interfere with the electron-transport chain (41).

Mammalian tissues contain two AdoMet-dependent enzymes that methylate sulfhy-
dryls to form thioethers and an AdoMet-dependent enzyme that methylates thioethers to yield
methyl sulfonium compounds (41). Thiopurine methyltransferase is cytoplasmic and methy-
lates the sulfur of aromatic and heterocyclic thiols (e.g., 6-mercaptopurine). Thiol methyl-
transferase is microsomal and catalyzes the methylation of the sulfur of aliphatic thiols (e.g.,
mercaptoethanol, captopril, D-penicillamine). Both enzymes are considered to be detoxify-
ing. Thioether methyltransferase catalyzes the methylation of compounds of the type RXR’,
where X is S, Se or Te and R (or R") does not contain a carboxyl or a direct attachment to S
at an aromatic ring (41). The enzyme may be involved in bioactivation of xenobiotics. Thus,
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vinyl- and allyl sulfides are potentially toxic when converted to the corresponding sulfonium
ions; these ions may form adducts with macromolecules (41).

Transfer of the Methyl Group of AdoMet to Macromolecules. In proteins, methyla-
tion may be at lysine, arginine, histidine, or glutamate (27). e-Trimethyllysine is a precursor
of carnitine - the carrier molecule for acyl groups between cytosol and mitochondria.
Polysaccharides may be modified by O-methylation (6). AdoMet is also involved in the
methylation of nucleic acids. Methylations of tRNA may be at N, C (base or ring) or O
(ribose) (67).

Transfer of the 3-(3-Amino-3-Carboxypropyl) Group of AdoMet. This process re-
leases 5'-methylthioadenosine (MTA). [For a review see Schlenk (69)]. An example is the
synthesis of one of the base modifications in E. coli tRNA (64) (eq. 12).

tRNAP(uridine) + AdoMet — tRNA[3-(3-amino-3-carboxypropyl)uridine] + MTA (12)

Formation of MTA can also occur by intramolecular nucleophilic attack and cycliza-
tion (59). For example, many microorganisms contain an enzyme that converts AdoMet to
MTA and a-amino-y-butyrolactone (L-homoserine lactone; Hserlac) (59, 69, 72). The carbon
of HSerlac can be recycled back to AdoMet (71) (eq. 13):

HSerlac — O-succinylhomoserine — cystathionine - HCys - Met — AdoMet  (13)

An alternative internal nucleophilic attack gives rise to 1-aminocyclopropane-1-car-
boxylate (ACC) and MTA in a reaction catalyzed by ACC synthase. ACC is then oxidized
to ethylene, CO, and cyanide by ACC oxidase. Two ACC oxidases occur in avocados. One
has been characterized and shown to require O,, Fe!' and ascorbate (56). Ethylene is a
hormone in higher plants that has many functions including stimulation of fruit ripening
(24).

Transfer of the 3-Aminopropyl Group of AdohCys. In this process, AdoMet is decar-
boxylated to AdoHCys; the latter serves as a 3-aminopropyl donor in the synthesis of
polyamines spermidine and spermine from putrescine (1,4-diaminobutane). Transfer of the
propylamine moiety results in the formation of MTA (Fig. 1). The biological importance of
polyamines is still debated, but as discussed in an earlier review by Tabor and Tabor (76),
the concentration of polyamines rises when growth rate increases. Moreover, polyamines
have a high affinity for nucleic acids, stimulate protein synthesis, and stabilize membranes
(76). More recently, spermidine has been recognized as a precursor of hypusine (N*-(4-
amino-2-hydroxybutyl)lysine), a post-translationally modified lysine residue of eukaryotic
translation initiation factor S5A (eIF-5A) (80).

Transfer of the Deoxyadenosyl Group. This reaction is rare (only 3 examples are
presently known) but nonetheless fascinating. The overall process may be regarded formally
as a transfer of the deoxyadenosyl moiety to a hydride ion (47) (eq. 14).

AdoMet + H — L-Methionine + 5'-deoxyadenosine (14)

Pyruvate-formate lyase catalyzes a key step in glucose fermentation in Escherichia
coli (i.e., pyruvate + CoA — acetyl CoA + formate). The enzyme is inactive in the non-radical
(EH) form. Under anaerobic conditions, however, it is converted to the active radical form
(E*) by the action of pyruvate-formate-lyase-activating enzyme. The activating enzyme
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contains iron and utilizes reduced flavodoxin to reductively cleave AdoMet to 5'-deoxyade-
nosine-5'-yl radical and L-methionine. The 5'-deoxyadenosine-5'-yl radical is then con-
verted to 5'-deoxyadenosine by abstraction of the pro (S) hydrogen of a specific glycine
residue of pyruvate-formate lyase (33). The net reaction is shown in eq. 15.

E(gly)H + AdoMet + ¢ — E(gly)’ + 5'-deoxyadenosine + L-methionine (15)

Aerobic ribonucleotide reductase of E. coli is a heterodimer (a.,,3,) in which the
subunit contains a tyrosine free radical. In contrast, anaerobic (class 3) ribonucleotide
reductase (nrdD) of E. coli is a homodimer which has an iron-sulfur center and a free radical
(almost certainly glycine) at the active site of each subunit. The anaerobic enzyme is
activated by AdoMet, NADPH and a reducing agent (61). As in pyruvate formate lyase,
AdoMet plays a role in the formation of the active site radical.

Clostridium SB4 lysine 2,3-aminomutase catalyzes the interconversion of lysine and
B-lysine. The enzyme utilizes pyridoxal 5'-phosphate (PLP), AdoMet, Co(II) and an Fe-S
cluster (32, 66) as cofactors. According to Frey and colleagues, activation of lysine-2,3-ami-
nomutase proceeds in two steps. Lysine binds to the enzyme through Schiff’s base linkage
to PLP; the metal cofactors (Co, FeS) are reduced by reaction with a suitable reductant
(glutathione, dihydrolipoate) and react with incoming AdoMet. In the second step, AdoMet
is cleaved to 5'-deoxyadenosyl-metal cofactor and enzyme-bound methionine. The 5'-de-
oxyadenosyl-metal cofactor undergoes reversible homolytic cleavage to yield 5'-deoxyade-
nosine-5'-yl radical. The 5'-deoxyadenosine -5'-yl radical then initiates a rearrangement
reaction by abstracting a hydrogen atom from carbon 3 of the lysine-PLP imine to yield
5'-deoxyadenosine. The substrate-PLP radical then undergoes a 1,2-imino migration to yield
B-lysine-PLP imine radical. Abstraction of hydrogen from 5’-deoxyadenosine results in the
formation of f-lysine-PLP imine and reformation of the 5'-deoxyadenosine-5'-yl radical.
Hydrolysis of the imine releases B-lysine to complete the reaction sequence.

The lysine-2,3-aminomutase reaction has several unusual features. First, the 5'-de-
oxyadenosine-5'-yl radical is proposed to play a direct role in the aminomutase reaction
mechanism, whereas in the pyruvate-formate lyase- and anaerobic ribonucleotide reductase
reactions the 5'-deoxyadenosine-5'-yl radical plays an indirect role by maintaining the
enzyme in an active (free radical) form. Secondly, although PLP was previously recognized
to be the most versatile biological cofactor it was not known to participate in free-radical
reactions. With the the recent realization that it can indeed participate in free radical reactions
it seems that the versatility of PLP is even greater than previously suspected. Thirdly, AdoMet
must now be considered to share catalytic features with adenosylcobalamin in that both are
converted to 5'-deoxyadenosine-5'-yl radical during mutase-type reactions. Frey (32) has
suggested that during the course of evolution the relatively simple AdoMet may have arisen
first as a sole source of 5'-deoxyadenosine-5'-yl radicals. This role was then generally
superseded later in evolution by the more elegant, but more complex, adenosyl cobalamin.
If this is true, then lysine-2,3-aminomutase may be an evolutionary holdout.

METHIONINE SALVAGE PATHWAY

As mentioned above, several reactions involving scission at the sulfonium center of
AdoMet or dAdoMet result in the formation of MTA (Fig. 1). Giulidori et al. (37) estimated
from tracer studies that 25% of administered AdoMet in rats is metabolized via the
aminopropylation pathway and formation of MTA. If MTA were not metabolized then its
synthesis might lead to a drain on scarce sulfur and methyl moieties of methionine in
mammals. In mammalian liver, however, MTA is converted back to methionine through a
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salvage pathway. MTA is also produced in microorganisms and plants in substantial amounts.
Indeed, it has been estimated that the methionine concentration in plants is too low to support
sustained ethylene production and methionine sulfur and methyl are also salvaged from MTA
in plants (28, 58). The process whereby MTA is recycled back to methionine is interesting.
In mammals, MTA is reacted with phosphate to yield methylthioribose-1-phosphate (MTRP)
plus adenine. MTRP is then converted to a-keto-y-methiolbutyrate (aKMB), which, in turn,
is converted to L-methionine via transamination with glutamine. Cooper and Meister were
the first to point out that rat liver and-kidney contain aminotransferases capable of catalyzing
rapid transamination between glutamine and a-keto-y-methiolbutyrate (14, 15). It now
seems that glutamine (and to a lesser extent asparagine) is also the preferred amino donor in
the methionine salvage pathway of bacteria (78) and plants (11, 58). In the mammalian
salvage cycle (i.e., Met > AdoMet — dAdoMet - MTA - MTRP — X — aKMB — Met),
the original methyl and sulfur of methionine are preserved but the 4-carbon unit of aKMB
(and Met) is formed anew from four of the five ribose carbons of MTRP. [See Cooper and
Meister (16) for a discussion]. In bacteria the pathway is almost identical. The only difference
is that MTA is hydrolyzed to methylthioribose which is then reacted with ATP to yield MTRP
(78). The nature of the intermediates (X) in the conversion of MTRP to «KMB in mammals
and bacteria has been elucidated by Abeles and colleagues (34, 81). The pathway involves
some interesting chemistry. MTRP (a-anomer) is isomerized by aldose-ketose isomerase to
methyithioribulose-1-phosphate. This compound is dehydrated and ketonized to 2,3-diketo-
5-methylthio-1-phosphopentane, enolized to a phosphoene-diol and hydrolyzed to an aci-
reductone (CH;SCH,CH,C(O)C(OH)=C(O")H). In rat liver, the aci-reductone is cleaved by
the action of a dioxygenase to yield aKMB (CH;SCH,CH,C(O)CO,) and formate. In
Klebsiella this reaction probably is non-enzymatic. Klebsiella (but not rat liver) possesses a
different dioxygenase that converts the aci-reductone to 3-methylthiopropionate, CO and
formate.

ELIMINATION REACTIONS INVOLVING
BIOLOGICALLY-OCCURRING SULFONIUM COMPOUNDS AND
FORMATION OF OLEFINS

As noted above, one pathway for the metabolism of AdoMet in microorganisms
begins with its conversion to homoserine lactone by internal nucleophilic displacement by
carboxylate ion. The enzyme that catalyzes this reaction in yeast appears to be largely specific
for AdoMet (59). Mazelis et al. (55) showed that a soil bacterium possesses an enzyme
(methionine sulfonium lyase) that can catalyze the conversion of both AdoMet and SMM to
L-homoserine. No evidence was found for homoserine lactone formation in the reaction with
SMM and it was suggested that in this case, nucleophilic attack on the y-carbon is by
hydroxide ion and not by carboxylate ion (55). The hydrolase activity with SMM has also
been shown to be present in cabbage leaves (50) and onion seedlings (40). Conceivably, the
enzyme contains PLP and the reaction proceeds through a B,y-elimination of the SMM-PLP
imine followed by addition of water to the resulting B,y double bond. However, Mazelis et
al. (55) found no evidence that the reaction proceeds through a PLP-imine intermediate. On
the other hand, Gessler and Bezzubov (35) reported that SMM lyase partially purifed from
cabbage leaves loses all its activity after Sephadex chromatography, but that 20% of the
activity may be restored by addition of PLP. Gessler and Bezzubov (35) measured dimethyl-
sulfide production from SMM but did not measure homoserine or its lactone. Therefore, it
is not clear whether dimethylsulfide was truly formed via a PLP-dependent lyase. It is
possible that the reaction is actually due to PLP-dependent transamination followed by
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non-enzymatic decomposition of the a-keto acid analogue of SMM (see below). Loss of
activity after Sephadex filtration could then have been due to removal of a-keto acid
substrate.

Gessler and Bezzubov (35) also noted that rat tissue homogenates were able to
convert SMM to dimethylsulfide. Interestingly, activity was stimulated 3-fold and 1.5-fold
by addition of pyruvate and a-ketoglutarate, respectively. Therefore, it seems almost certain
that the dimethylsulfide arose in large part, if not totally, from transamination followed by
non-enzymatic 3,y-elimination (see below). [However, this possibility was not recognized
by the authors.] Evidently, more work needs to be carried out on the mechanism of
dimethylsulfide formation from SMM in plants and animals.

Several amino acids with good leaving groups in the y position undergo f,y-elimina-
tion when oxidized at the a-carbon. The C-H bond adjacent to the resulting a-imino (or
o-keto acid) is activated, facilitating a f3,y-elimination reaction (43). For example, oxidation
of L-methionine-S,R-sulfoximine (18), L-homocysteine (17), and L-canavanine (43) with
L-amino acid oxidase results in the formation of methane sulfinamide, H,S, and hydroxy-
guanidine, respectively.

This propensity of y-substituted amino acids to fragment after oxidation at the o
carbon has been exploited in the design of prodrugs (i.e. compounds that are initially
unreactive but become metabolized to active drug in the target organ). Thus, Elfarra and
Hwang (25) have designed several prodrugs of the anticancer drug 6-mercaptopurine that
are directed to the kidneys. One of these is the S-homocysteine conjugate which is transami-
nated in the kidney. The resulting a-keto acid spontaneously undergoes B,y-elimination to
yield 6-mercaptopurine. In a similar reaction, S-(1,2-dichlorovinyl)-L-homocysteine is
transaminated to the corresponding a-keto acid by a rat kidney homogenate. The a-keto acid
spontaneously undergoes B,y-elimination (26).

Finally, Stoner and Eisenberg (75) showed that AdoMet is the amino donor in the
transamination of 7-o0xo-8-aminopelargonic acid (an intermediate in the biotin biosynthetic
pathway) to 7,8-diaminoperlargonic acid in E. coli. The expected a-keto acid (S-adenosyl-
a-keto-y-methylthiobutyric acid) could not be detected but the elimination fragment (MTA)
was identified.

In each of the above mentioned elimination reactions involving “oxidized” y-substi-
tuted amino acids, the expected olefinic product is vinylglyoxylate (2-oxo-3-butenoic acid).
This compound has apparently not been synthesized (although vinylglycolate and vinylgly-
cine are well known compounds) and appears to be very unstable, generating a product with
a masked carbonyl. However, vinylglyoxylate can be readily trapped with a suitable
nucleophile such as 2-mercaptoethanol (18).

Although DMSP has a potentially good leaving group (dimethylsulfonio moiety
[(CH;),S*-]), 1t is relatively stable at neutral and acid pH and only decomposes to acrylic
acid and dimethylsulfide in the presence of base (79). As mentioned above, however, some
bacteria and algae possess an enzyme capable of catalyzing the conversion of DMSP to
acrylate and dimethylsulfide. Wagner and Daniels (79) suggested that the electrophilic nature
of the sulfonium group in DMSP is diminished by its tendency to form an internal salt with
the carboxyl group. On the other hand, esters of DMSP do not form this internal salt link,
resulting in facile elimination of dimethyl sulfide (79). Thus, the pantotheine ester of DMSP
decomposes to acrylylpantotheine and dimethylsulfide in solution at pH values of 5.0 or
above.

The above discussion raises some interesting questions regarding the synthesis of
DMSP from SMM. Several possible routes to DMSP starting from SMM are theoretically
possible (39, 42). 3-Dimethylsulfoniopropylamine, 3-dimethylsulfoniopropionamide and
3-dimethylsulfoniohydroxybutyrate are possible intermediates. However, Hanson and col-
leagues (42) have presented evidence that these compounds are not on the main pathway
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from SMM to DMSP in W. biflora. On the other hand, evidence was presented that
3-dimethylsulfoniopropionaldehyde (DMSP-ald) fits the bill as a possible intermediate. This
compound is unstable, however, and spontaneously decomposes to dimethylsulfide. DMSP-
ald is probably present in the plant at naturally very low levels. Interestingly, DMSP-ald and
SMM are converted to dimethylsulfide much more rapidly than is DMSP in W, biflora leaf
disks. This raises the possibilty that biogenic dimethylsulfide production may be a by-prod-
uct of DMSP biosynthesis (42).

Hanson and colleagues (42) suggest that DMSP-ald arises from SMM via a.-carbon
oxidation/decarboxylation. This process could occur in one step via decarboxylation-tran-
samination. This reaction would be analogous to that catalyzed by dialkylglycine decarboxy-
lase (77). Alternatively, SMM could be converted to 4-dimethylsulfonio-2-ketobutyrate
(DMSKB) by the action of an L-amino acid oxidase, transaminase or a dehydrogenase,
followed by decarboxylation. However, because the dimethylsulfonio moiety is an excellent
leaving group and the -CHs in the DMSKB are activated one would predict that this a-keto
acid will spontaneously decompose to vinylglyoxylate and dimethylsulfide. Indeed, incuba-
tion of SMM with snake venom L-amino acid oxidase and catalase at neutral pH results in
the formation of considerably less a-keto acid than ammonia with the concomitant formation
of dimethylsulfide (A.J. L. Cooper and A. D. Hanson, unpublished data). Additionally, SMM
is a substrate (albeit a poor one) of rat kidney glutamine transaminase K. Vinylglyoxylate
was identified in the reaction mixture by trapping with mercaptoethanol (A. J. L. Cooper,
unpublished data). This instability of DMSKB will make it difficult to determine whether it
is a free intermediate on the pathway of SMM to DMSP.
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SUMMARY

Identification of 3-dimethylsulfoniopropionate (DMSP) most often relies upon
indirect methods, such as gas chromatographic analysis of dimethyl sulfide (DMS)
released after treatment with base. Conventional electron ionization mass spectrometry
(EI-MS) has traditionally not played a major role in the direct characterization of
tertiary sulfonium compounds, such as DMSP, because of the low inherent volatility
of these molecules. The development of desorption/ionization MS techniques, which
do not require the sample to be introduced in the gas phase, has permitted DMSP and
its analogs to be analyzed directly by mass spectrometry. Fast atom bombardment
mass spectrometry, introduced in the early 1980’s, is a simple technique that provides
ions representative of the intact molecule with little fragmentation. With stable isotope
labeled analogs as internal standards, we have used FAB-MS to routinely identify and
quantify DMSP levels in a variety of plant tissues. FAB-MS has also been employed
recently to characterize synthetic potential precursors of DMSP and to follow isotope
incorporation patterns in biosynthetic studies. Other alternative ionization techniques,
including plasma desorption and electrospray ionization mass spectrometry have also
shown some promise for the characterization of DMSP. Recently, a new approach
based on gas chromatography/mass spectrometry (GC-MS) has been developed to
analyze DMSP and its analogs. The carboxyl group is first protected by z-butyldi-
methysilylation, and after co-injection of the derivatized sample with a catalyst, a
nucleophile-assisted on-column demethylation step converts nonvolatile tertiary sul-
fonium compounds to their volatile S-methyl analogs. The GC-MS method has an
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advantage over direct MS analysis, since retention times and mass spectral data provide
two dimensional characterization. Further, this method is particularly suitable for
mixture analysis and the required instrumentation is widely available.

INTRODUCTION

Direct analysis of 3-dimethylsulfoniopropionate (DMSP) and related sulfonium
compounds from biological samples is difficult because of their zwitterionic character
and consequent nonvolatility. As a result, DMSP has been traditionally detected and
quantified by chromatographic (1,2), electrophoretic (4) or indirect methods. Usually
the latter involves analyzing dimethylsulfide (DMS) released from DMSP upon treat-
ment with base (5,18,25). With this approach, biological samples or purified DMSP
preparations are incubated in a septum-sealed vial with cold concentrated NaOH for
1-4 hours at room temperature. A headspace sample is then injected into a gas chro-
matograph and the evolved dimethyl sulfide is then measured by a flame ionization
detector (FID) or flame photometric detector (FPD). The indirect assay is sensitive,
with linear detection between 0.005-2 umol of DMSP per vial (17). Although this
indirect procedure has low detection limits and is easy to carry out, detection of DMS
does not unequivocally demonstrate the presence of DMSP (25). Other sulfonium
compounds, such as S-methylmethionine (SMM) will also yield DMS when subjected
to treatment with base, albeit in some cases with different efficiency. Thus, direct
methods to identify and quantitate DMSP and other sulfonium compounds are pref-
erable.

In this chapter, we focus on the use of mass spectrometry for the structural charac-
terization of sulfonium compounds. Although direct analysis of DMSP and its analogs by
conventional mass spectrometry using electron impact ionization is not possible because of
the nonvolatile character of tertiary sulfonium compounds, alternative MS-based approaches
are capable of characterizing their intact structures. We will discuss the use of three different
MS methodologies: fast atom bombardment desorption ionization, electrospray ionization
(ESI) and a novel gas chromatography-mass spectrometry (GC-MS) technique involving an
“on-column” demethylation to produce volatile S-methyl analogs of dimethylsulfonium
compounds. Another useful technique, plasma desorption mass spectrometry (PD-MS), will
be not be covered here, as it is the subject of another chapter of this volume (22, see also
reference 3). With their structural specificity, these analytical methods are becoming increas-
ingly important for studies of the biosynthesis of DMSP (9,10,13). The ability to follow
stable isotope incorporation patterns from labeled precursors to intermediates is important
in establishing the pathway to DMSP (7, 10, 13). Accurate and sensitive analytical methods
are also important in surveying organisms for the presence of DMSP and novel sulfonium
compounds (17). We will also describe how novel mass spectrometric techniques were used
to investigate the origin of a DMSP analog, dimethylsulfoniopentanoate in Diplotaxis
tenuifolia (L.)DC (8).

SAMPLE PREPARATION

For our studies of DMSP, we have employed a simple purification scheme
(6,17,20) that provides preparations that are suitable for direct mass spectrometric
analysis. Briefly, this procedure involves extraction with methanol:chloroform:water.
The aqueous phase is then passed through a mixed bed ion exchange resin (Dowex-
1-OH- and Biorex-70-H") in tandem with a second Dowex 50 column, H* form. Zwit-
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terions, such as DMSP, pass through the mixed bed resin, and are retained on the
Dowex 50 column. DMSP and other zwitterions can then be eluted from the Dowex
50 column with 2.5 M HCI. The eluant is then lyophilized and taken up in water prior
to analysis. If excessive salt is present in the sample, an additional mixed bed resin
step (eluting with water) can be added.

FAST ATOM BOMBARDMENT MASS SPECTROMETRY (FAB-MS)

Unlike conventional electron ionization mass spectrometry (EI-MS), the fast
atom bombardment experiment does not depend upon introducing the sample in the
gas phase. Therefore, it is particularly suitable for characterizing nonvolatile com-
pounds, such as DMSP. For FAB-MS analysis, 1-2 pl of a solution of the sample to
be analyzed are mixed on the FAB probe tip with 1-2 microliters of a viscous, nonvolatile
matrix in which the analyte 1s soluble, such as glycerol. The sample probe is then
introduced through a vacuum lock into the mass spectrometer’s ion source where the
target is bombarded with a beam of high energy atoms or ions (typically 6 keV “Xe
or 10-25 keV Cs*). This process results in desorption of matrix-solvated analyte mole-
cules, which are then ionized by proton transfer from the matrix during desolvation.
It should be noted that the FAB desorption/ionization process as described here over-
simplifies the actual events involved in analyte ionization. Whether the protonation
occurs in the gas phase or in solution is still not clear. In addition, for some classes
of molecules, odd electron (M™) species can be produced with some matrices. This
description also does not address the formation of negative ions, [M-H]" or M, which
can be detected by FAB-MS.

Once gas phase ions are produced, conventional mass spectral analysis is performed.
In the case of DMSP, the protonated zwitterion, MH*, with a net positive charge, is formed
and appears in the spectrum at m/z 135. If the sample contains a sufficient quantity of salts,
metal cation adducts ((M+Na]* or [M+K]") can also be observed, and these can dominate
the spectrum if salt concentrations are high. Fragments formed from the MH" ion are not
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Figure 1. FAB-MS of DMSP. The MH" ions of DMSP and a synthetic stable isotope labelled analog (*H,) are
detected at m/z 135 and 141, respectively. Sodium adducts, [M+Na]*, for both compounds are also present in
the spectrum at m/z 157 and 163. These data were obtained in a glycerol matrix and matrix-related peaks are
marked with an asterisk.
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prominent in the spectrum of DMSP, although this is not necessarily true of other sulfonium
analogs (see below).

Two factors enhance the detectability of analyte molecules in FAB-MS analysis.
First, in positive ion mode analysis, molecules with fixed positive charges are pref-
erentially detected, even in mixtures. The dimethyl sulfonium moiety of DMSP and
its analogs provides this advantage, although the net positive charge is acquired only
after protonation of the zwitterion. The second factor that enhances detectability is a
high concentration of the analyte on the surface of the matrix solution droplet. This
is because desorption occurs primarily from the surface of the matrix. In the hydrophilic
matrices required to solubilize polar analytes, enhancing the hydrophobic character
of the analyte can increase surface concentration. Thus, the preparation of butyl ester
derivatives of zwitterionic betaines prior to their analysis by FAB-MS significantly
improves detectability (19,20). For DMSP, however, the reaction conditions for esteri-
fication promote elimination of DMS, so that this approach cannot be used. Never-
theless, there is sufficient sensitivity to readily detect DMSP at the umol level without
derivatization (9,17,24). Detection limits are well below 100 nmol applied to the
probe.

Quantification of DMSP and related compounds by FAB-MS is possible with
the use of internal standards. We have typically used stable isotope-labeled analogs
of DMSP, such as the dg (S-(C*Hs),) or d; (S-C?H;,CH;) compounds (9,17,24) (figure
1). These internal standards can be readily synthesized from commercially available
precursors (10,17). Peaks are observed in the FAB spectrum at m/z 141 (MH* of
2H-DMSP) and m/z 138 (MH* of 2H;-DMSP) for these two deuterated standards. The
use of other labeled analogs for quantification is possible, but for maximum accuracy
at low levels, compounds differing by only two mass units (e.g., }*C,- or 2H,-labeled
DMSP) should be avoided due to interference from the natural abundance 34S (+2)
isotope of DMSP (giving a peak at m/z 137 that is approximately 4% of the unlabeled
MH* peak at m/z 135). Quantification of DMSP is performed by adding a known
quantity of the internal standard to the material to be analyzed before extraction or
sample workup. Following FAB-MS analysis, the peak areas of the MH* ions of
unlabeled DMSP and the labeled internal standard are measured. In conjunction with
a standard curve, the ratio of these areas can be used to determine the level of DMSP
in the sample. Using 1 pumol of a stable isotope labeled analog, the standard curve is
linear between 100 nmol and 2 pmol of DMSP, and is usable up to 5 umol.

FAB-MS IN BIOSYNTHETIC STUDIES OF DMSP

Isotope tracer studies are critical to the elucidation of biosynthetic pathways. We have
investigated the biosynthetic route to DMSP with both radiolabeled and stable isotope-la-
beled precursors and intermediates. For these studies, FAB-MS has played several roles.
First, this mass spectrometric technique has been used for confirmation of the isotopic
enrichments and structures of putative precursors and intermediates prepared by synthesis.
For synthetic radiolabeled precursors, isotope enrichment is insufficient (less than 0.001%
enrichment on an atom molar basis) to detect by conventional mass spectrometric means,
but FAB-MS has been useful in optimizing synthetic protocols with cold reagents prior to
the radiosynthesis. A second application has been to follow the pattern of isotope incorpo-
ration by analysis of products and intermediates following stable isotope-labeled precursor
feeding studies.
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Figure 2. AB-MS of synthetic [C?H;,'3CH,]-S-methylmethionine. The protonated molecule is detected at m/z
168. Unlike DMSP, fragments from the loss of the S-methyl groups of SMM (m/z 151.1 and 153.1) are observed
in the spectrum, since the amino group in remaining portion of the molecule provides a site for protonation.
These fragments help to confirm the labelling pattern of the synthetic product.

STRUCTURAL CONFIRMATION OF SYNTHETIC PRECURSORS

The validity of isotope labeling results in biosynthetic studies is dependent on
feeding precursors or intermediates of known structure. Administering a mixture of
compounds, rather than a single desired precursor can easily confound interpretations
of precursor-product relationships. Thus, we have routinely used FAB-MS to charac-
terize synthetic intermediates before feeding studies. The spectrum of the labeled
analog of S-methylmethionine (SMM) containing one trideuterio S-methyl group (C2H,,
and one '’C -labeled S-methyl group ('*CHj) is shown in Figure 2. The spectrum
displays an MH" ion at m/z 168, confirming that no partially labeled intermediates
were formed during the synthesis. In addition, two fragments in the spectrum at m/z
151 and 153 confirm the expected labeling of the two S-methyl groups. Other putative
synthetic intermediates (Figure 3) have also been synthesized for these biosynthetic
studies and structurally characterized by FAB-MS (10,13). However, not all possible
intermediates are sufficiently stable to synthesize for feeding studies or FAB-MS
analysis. Dimethylsulfonioa-ketobutyrate (DMSKB) is one such compound. Another
intermediate, DMSP aldehyde (DMSP-ald), has a very short half life in solution, but
was stable enough to analyze by FAB-MS (Figure 4). The FAB spectrum shows an
M* ion for DMSP-ald at m/z 119 (desorption of DMSP-ald from the FAB matrix
yields a positively-charged species without protonation) as well as a glycerol matrix
adduct at m/z 211 ([M+92]*) and the diethylacetal (formed by exposure to trace levels
of ethanol during purification) at m/z 193. Although the quantity of the diethylacetal
in the sample is small, its response (i.e., peak intensity) in FAB-MS is significantly
greater than that of the parent aldehyde because of its increased hydrophobicity. A
fragment peak in the spectrum at m/z 103 is formed by loss of a methyl group and
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Figure 4. FAB-MS of the unstable biosynthetic intermediate DMSP aldehyde (DMSP-ald) in glycerol. The
molecular ion is observed at m/z 119 and a second peak representing the M* ion of the diethylacetal, formed
during sample workup, is found at m/z 193. Glycerol adducts to these two compounds are seen at m/z 211 and
285

100

hydrogen to leave a methylenesulfoniopropionaldehyde fragment. By monitoring
DMSP-ald with FAB-MS under different solvent conditions, we were able to optimize
the stability of this intermediate prior to leaf disk feeding studies (13).

FOLLOWING STABLE ISOTOPE INCORPORATION WITH FAB-MS

Following isotope incorporation provides the advantage of structural specificity in
the analysis of labeled products. The ability to determine labeling patterns, as well as isotope
enrichment, has been helpful in distinguishing direct vs indirect precursor-product relation-
ships. A good example of the power of this analytical approach was the demonstration that
SMM was the first committed precursor in DMSP biosynthesis (7,10). In experiments with
Wollastonia biflora leaf disks, feeding a stable isotope analog of SMM, containing a '*C
label in one S-methyl group and a trideuterio label in the other, produced a time dependent
increase in labeled DMSP (figure 5). Initially at Ty, only the constitutive unlabeled DMSP
(m/z 135) was observed in the spectrum and no labeled DMSP derived from this putative
precursor (m/z 139) could be detected. However, a peak corresponding to DMSP with the
SMM precursor’s labeling pattern was detected after one day (T,) and increased as a relative
proportion of total DMSP on the second day (T,). No evidence for partially labeled products
(['*C]-DMSP or [?H;]-DMSP was observed. That the methyl labeling pattern was maintained
in the product, without any evidence of methyl group scrambling, strongly supports the
notion that SMM is a direct precursor of DMSP. If the C?H; '*CH; methyl group pairs were
not retained in the DMSP produced, SMM might have contributed to DMSP synthesis only
indirectly, via the SMM cycle (15). These data clearly indicate that this was not the case in
Wollastonia biflora.
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Figure 5. FAB-MS data from time course feeding experiments with C?H,,13CH;-labelled SMM. These data
confirm that the double label is incorporated in DMSP without scrambling (see text for discussion).
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Figure 6. ESI-MS of DMSP. The spectrum was obtained by averaging spectra acquired during infusion of a
10 pl sample containing 13.6 ng (10 pmol) of DMSP. Analog spectral data are shown below.

ELECTROSPRAY IONIZATION MASS SPECTROMETRY (ESI-MS)

This extremely sensitive mass spectrometric ionization technique (23) can potentially
lower the limits of detection for DMSP and sulfonium analogs by several orders of magnitude
relative to FAB-MS. The sensitivity of this technique results from highly efficient ionization
of the analyte. In ESI-MS the sample is introduced in acidic aqueous solution, and sprayed
via a fine needle, held at high electrical potential, into a region of the ion source at relatively
high pressure. In this process charged droplets are produced containing solvated analyte
molecules. As the droplets are moved further into the lower pressure regions of the ion source
under the influence of an electric field, evaporation increases charge density in the droplets
to a critical point where the droplets explode into smaller droplets. This process continues
until only desolvated, charged analyte molecules remain. Thus, nearly every molecule
introduced is ionized and available for mass analysis. For DMSP 10 pl ofa | pmol/pl solution
(1 pmol=1.3 ng) produces a strong MH" ion (Figure 6). A sodium adduct, [M+Na]*, is also
detected at m/z 157. Because carrier solvents containing high ionic strength buffers or salts
can interfere with the electrospray ionization process, it is likely that some sample cleanup
will always be necessary prior to analysis of DMSP samples. Detection limits for ESI-MS
analysis of DMSP are remarkable; reasonable signals are obtained even from low fmol/ul
solutions (data not shown). Thus, the sensitivity of ESI-MS is sufficient to detect DMSP
directly in seawater, but it is likely that some microscale desalting procedure will have to
developed before this mass spectrometric technique can be used for this purpose.
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Figure 7. Reaction scheme for the derivatization and catalytically-assisted “on-column” demethylation of
DMSP for GC-MS analysis.

GAS CHROMATOGRAPHY MASS SPECTROMETRY OF
S-METHYL DERIVATIVES OF DIMETHYLSULFONIUM
COMPOUNDS

One of the benefits of combined gas chromatography-mass spectrometric analysis,
is that a compound’s identification can be confirmed by both its chromatographic retention
time and mass spectrometric characteristics. This can be particularly useful in the analysis
of mixtures. However, molecules containing a sulfonium or quaternary ammonium group
are generally insufficiently volatile to be directly amenable to GC analysis. To overcome
this limitation, we recently developed a procedure to convert DMSP to a volatile derivative
suitable for GC-MS (8,17). The procedure involves two steps: the conversion of the carboxyl
group of DMSP to a z-butyldimethylsilyl (TBDMS) ester, and following injection into the
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GC-inlet, an “on-column,” catalytically-assisted S-demethylation (figure 7). The product,
S-methyl, t-butyldimethylsilylpropionate, has good chromatographic properties and can be
readily analyzed by conventional electron ionization mass spectrometry. The approach used
here is based on a method developed to analyze acylcarnitines (3-acyloxy, 4-trimethylami-
nobutyrates) (11,12).

The experimental procedure for GC-MS analysis of DMSP is relatively simple. The
sample is first taken to dryness and then further dried over P,Os in vacuo. For pg level
samples, the TBDMS derivative is prepared by adding 20 ul of a freshly made solution
containing N-(z-butyldimethylsilyl), N-methyltriflouro-acetamide/ 10% 2,4,6-
trimethylpyridine in CHCl3/ 10% 2,2-dimethoxypropane in CHCl; 10% iodotrimethylsilane
in CHCl; (10:2:1:1, v/v/v/v) 