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The naturally and widely occurring
sulfonium compound, S-adenosyl-

methionine (AdoMet), one of nature’s
most versatile molecules, is biosynthe-
sized from methionine and ATP by
AdoMet synthetase or methionine adeno-
syltransferase (MAT) in a 2-step reaction
in which the energy-rich sulfonium com-
pound is formed by dephosphorylation
of ATP. All living cells, with the only
exception of some parasites and infec-
tious agents, express MAT.

In a previous paper we have expressed
in E. coli, purified and characterized MAT
from the hyperthermophilic archaeon
Pyrococcus furiosus (PfMAT) with particu-
lar attention to its thermostability and
kinetic features. A comparative kinetic
investigation showed that PfMAT is the
most efficient catalyst for AdoMet synthe-
sis among the characterized MAT from
Bacteria and Archaea. In our work we have
analyzed the effect of water-miscible
organic solvents on PfMAT activity and
thermostability to improve the synthesis
of AdoMet and AdoMet analogs of bio-
technological interest not easily soluble at
low temperature or in aqueous systems.

As known, the naturally occurring
sulfur-nucleoside, S-adenosylmethionine
plays a primary role in cellular metabo-
lism, as it not only represents the major
biological donor of methyl groups and
the precursor of the polyamines,1 but is
also involved in other important pro-
cesses, such as transsulfuration reactions,
synthesis of glutathione, 5’-deoxyadeno-
syl-5’-radical-mediated biochemical
transformations, and synthesis of

ethylene in plants.2,3 Recently, it has
been reported that AdoMet can induce
apoptotic cell death in liver, colon, and
breast cancer cells, albeit by different
mechanisms.4,5

MAT (EC 2.5.1.6), the only enzyme
that catalyzes the synthesis of AdoMet, has
been extensively studied and characterized
in Bacteria6,7 and Eukarya8 and more
recently in hyperthermophilic Archaea9-12

that are worthy of attention for their
capacity of survival and reproduction at
temperatures near to 100�C.

Enzymes derived from hyperthermo-
philes, which retain their structure and
function at very high temperature, have
been the subject of intensive investigations
over the years not only for their excep-
tional stability but also for their unique
physicochemical features that have led to
many applications of biotechnological
interest.13,14 Hyperthermophilic enzymes
in fact are superior to the conventional
catalysts because they can carry out indus-
trial processes even under severe condi-
tions, in which mesophilic proteins are
completely inactive.

Recently, we reported a simple and
efficient method for producing high-
purity recombinant MAT from the anaer-
obic hyperthermophilic archaeon Pyrococ-
cus furiosus through thermoprecipitation
and a 2-step chromatography process. The
enzyme was then extensively characterized.
The molecular mass of native PfMAT is
90 kDa. Furthermore, when submitted to
SDS PAGE, the purified enzyme shows a
single protein band with an estimated
molecular mass of 45 kDa. On the basis
of these results, PfMAT belongs to the
dimeric group of MAT family in contrast
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to E. coli MAT6 that is a tetrameric pro-
tein. The isoelectric point and optimum
pH of PfMAT are similar to all the corre-
sponding enzymes from other sources.

As observed in several enzymes from ther-
mophilic microorganisms, the optimum
temperature of PfMAT is quite high
(90�C), similar to the optimal growth

temperature of the bacterium (100�C).
Moreover PfMAT shows an Arrhenius
plot not linear with a discontinuity
around 75�C, suggesting the occurrence
of temperature-induced conformational
changes that result in enzymatic forms
characterized by different catalytic proper-
ties. PfMAT is characterized by remark-
able thermostability showing a melting
temperature of 99�C. Moreover, when the
kinetics of inactivation after prolonged
incubation at high temperatures were car-
ried out, the enzyme retained fully activity
after 1 hour incubation at 70�C and
showed half-lives of 23 and 5 minutes
when incubated at 95 and 100�C
respectively.

PfMAT requires divalent metal ions for
activity and is not activated by monova-
lent cations which activate all AdoMet
synthetases so far investigated, or by dime-
thylsulfoxide (DMSO). Moreover, the
enzyme does not require reducing agents
for its activity and is not inhibited by alky-
lating, mercaptide-forming or oxidizing
thiol reagents even at relatively high con-
centrations, suggesting that thiol groups
are not involved in the catalytic process.

On the basis of its physico-chemical
characterization, reported in the previous
work, PfMAT is a thermoactive and
thermostable homodimer with features
similar to those of other MAT from
Archaea such as MAT from Methanococ-
cus jannaschii (MjMAT),9 Thermococcus
kodakarensis (TkMAT)10 and Sulfolobus
solfataricus (SsMAT).11,12

The comparative kinetic investigation
previously reported shows that MAT from
P. furiosus is the most efficient catalyst for
AdoMet synthesis among the character-
ized MAT from Bacteria and Archaea
exhibiting the highest catalytic power
(kcat 7.5 sec¡1). Moreover, PfMAT shows
a better catalytic efficiency with both sub-
strates of the reaction than the other char-
acterized MAT (kcat/Km values that are
from 6 to 58 times higher than those of
the other MAT for methionine and from
2.5 to 151 times higher for ATP). These
features render PfMAT the most suitable
tool for the synthesis of AdoMet and Ado-
Met analogs of biotechnological interest.

The technological applications for
hyperthermophilic enzymes in organic
media are attracting more attention.13–15

Table 1. Effect of several water-miscible organic solvents on the stability of PfMAT at 50�C and 60�C.
The enzyme was incubated in stoppered glass tubes in 10 mM Tris-HCl, pH 8.0, with the compounds
to be tested. At the time indicated, aliquots were removed from each incubation mixture and assayed
for the residual PfMAT activity in standard conditions at 80�C

Residual activity

Compound 50�C 60�C

15 min 30 min 60 min 15 min 30 min 60 min

% %

None 100 100 100 100 100 100
50% methanol 100 100 100 59 28 16
50% ethanol 118 92 86 57 18 6
50% n-propanol 36 22 13 33 12 8
50% isopropanol 66 50 28 26 13 8
50% acetonitrile 90 89 80 73 64 42
50% DMSO 100 100 100 100 100 100

Figure 1. Effect of increasing concentrations of methanol, ethanol, acetonitrile, and DMSO on the
acivity of PfMAT at 50�C. The enzyme was assayed in standard conditions for 15 min in the pres-
ence of the solvent to be analyzed at different percentage from 5% to 30% (vol/vol). (^) Methanol;
(&) ethanol; (~) acetonitrile; (�) DMSO. Each error bar indicates the standard deviation ( § SD).
Values were the mean of triplicate analyses.

www.tandfonline.com 185Bioengineered



These enzymes, in fact, acting at harsh
conditions are expected to be powerful
tools in industrial biotransformation pro-
cesses. These observations prompted us
to investigate the stability of the enzy-
matic system responsible for the biogene-
sis of AdoMet in P. furiosus in different
water-soluble organic solvents.

PfMAT stability in water-miscible
organic solvents at 25�C is somewhat sur-
prising: after 24 h preincubation, the
enzyme was fully active in 50% methanol
and 50% isopropanol. About 82, 72 and
60% intial activity was still retained after
24 h of preincubation in 50% ethanol,
acetonitrile, and DMSO, respectively. In
50% n-propanol after 24 hours, however,
the enzyme loses 70% of activity.

To check the effect of various water-
miscible organic solvents on the thermo-
stability of PfMAT, the enzyme was incu-
bated in their presence for 15, 30 or
60 min at 50 or 60�C. As shown in
Table 1, DMSO does not affect the sta-
bility of PfMAT. The thermophilic
enzyme shows remarkable stability in
50% methanol, ethanol, and acetonitrile,
displaying 100%, 86% and 80% residual
activity, respectively, after 60 min prein-
cubation at 50�C, and still retaining 59%,
57% and 73% residual activity, respec-
tively, after 15 min preincubation at
60�C. A high destabilizing effect, to a dif-
ferent extent, was instead observable at
50�C and at 60�C in the presence of the
other organic solvents tested.

Based on these results PfMAT pos-
sesses a high stability at room temperature
in water-miscible organic solvents, even
when compared with other enzymes from
thermophilic sources, suggesting that

denaturation phenomena occur slowly in
these conditions. Since PfMAT remains
almost completely stable at 50�C up to
15 min in the presence of methanol, etha-
nol, acetonitrile, and DMSO, these condi-
tions have been chosen to teste the effect
of such compounds on the catalytic activ-
ity of the enzyme at concentrations from
5% to 30%. As shown in Fig. 1, about
40% of PfMAT activity is still observable
in the presence of 30% acetonitrile and
20% DMSO and more than 50% in the
presence of 30% methanol or ethanol.

In conclusion, the unique stability fea-
tures of PfMAT at high temperature,
combined with its general remarkable
organic solvent tolerance, make PfMAT
an excellent catalyst for the production of
AdoMet and AdoMet analogs of biotech-
nological interest.
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