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ABSTRACT: Rhodospirillum rubrum produces S-methyl-
thioadenosine (MTA) from S-adenosylmethionine in
polyamine biosynthesis; however, R. rubrum lacks the
classical methionine salvage pathway. Instead, MTA is
converted to S-methylthio-p-ribose 1-phosphate (MTR 1-
P) and adenine; MTR 1-P is isomerized to 1-methylthio-p-
xylulose S-phosphate (MTXu S5-P) and reductively
dethiomethylated to 1-deoxy-p-xylulose S-phosphate
(DXP), an intermediate in the nonmevalonate isoprenoid
pathway [Erb, T. J, et al. (2012) Nat. Chem. Biol, in
press]. Dethiomethylation, a novel route to DXP, is
catalyzed by MTXu S-P methylsulfurylase. An active site
Cys displaces the enolate of DXP from MTXu S5-P,
generating a methyl disulfide intermediate.
S equence-diverse RuBisCO-like proteins (RLPs), members
of the p-ribulose 1,5-bisphosphate carboxylase/oxygenase
(RuBisCO) superfamily,"* catalyze reactions in two different
pathways by which the ribose moiety of S-methylthioadenosine
(MTA) generated in polyamine biosynthesis is recycled. In
Bacilli a RLP catalyzes enolization of 2,3-diketo-S-methyl-
thiopentane 1-phosphate (DK-MTP 1-P) to 2-hydroxy-3-keto-
S-thiomethylpent-1-ene 1-phosphate (HK-MTP 1-P) in the
classical methionine salvage pathway (Figure 1A).> In
Rhodospirillum rubrum, a distinct RLP (MTRu 1-P 1,3-
isomerase) catalyzes isomerization of S-methylthio-p-ribulose
1-phosphate (MTRu 1-P) to a 3:1 mixture of 1-methylthio-p-
xylulose S-phosphate (MTXu 5-P) and 1-methylthio-p-riblulose
S-phosphate [MTRu S-P (Figure 1B)].* Genetic/metabolomic
studies established that MTXu S-P is the precursor to 1-deoxy-
p-xylulose S-phosphate (DXP) in the nonmevalonate pathway
for isoprenoid synthesis, with the reductive loss of methanethiol
catalyzed by a member of the cupin superfamily.” We now
report structural and functional characterization of one such
cupin.
In organisms that encode orthologs of MTRu 1-P 1,3-
isomerase, a proximal gene encodes a member of the cupin
superfamily. The cupin from R. rubrum was expressed in
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Figure 1. Reactions catalyzed by RLPs (A) in the classical methionine
salvage pathway in Bacilli and (B) in the production of DXP in R
rubrum.

Escherichia coli, and its X-ray structure was determined at 2.3 A
resolution. Cys 121 is proximal to a Mn*" ion (Figure 2) that
can coordinate to the substrate and stabilize an enolate anion
intermediate (vide infra).

In initial studies using 'H NMR, no reaction was observed
with a mixture of MTRu 5-P and MTXu 5-P. However, when
incubations using lower substrate concentrations were analyzed
by mass spectrometry (MS), formation of DXP and
methanethiol from MTXu 5-P was observed (two-electron
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Figure 2. Active site of the cupin from R. rubrum (Protein Data Bank
entry 3JZV).

reduction); the MTRu S-P is inert and remains in the reaction
mixture. Realizing that the cupin was stored in buffer containing
DTT and that a molar excess of DTT was present in the
incubations monitored by MS but not by NMR, we expected
that DXP would be observed by '"H NMR if a molar excess of
DTT were present. As shown in Figure 3B, DXP and
methanethiol were produced in the presence of excess DTT.
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Figure 3. "H NMR spectra of the cupin substrates and products. (A)
Mixture of MTRu 1-P and MTXu 1-P in H,O. (B) After reaction with
cupin in H,O in the presence of excess DTT (spectrum obtained with
solvent suppression). (C) Authentic DXP in H,0O. (D) Mixture of
MTRu 1-P and MTXu 1-P in D,0. (E) After reaction with cupin in
D,0. The resonances are color-coded according to the structures in
Figure 1.
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Two mechanisms can be envisioned for formation of DXP
(Figure 4): (1) f-elimination of methanethiol followed by
reduction of the 3,4-diketo intermediate (panel A) and (2)
attack of Cys 121 to eliminate the DXP enolate anion to form a
methyl disulfide adduct followed by reduction to release
methanethiol (panel B). In both mechanisms, the enolate anion
intermediate(s) can be stablilized by coordination to the metal
ion (Figure 2).

To distinguish between these mechanisms, the cupin was
incubated with a mixture of MTRu S-P and MTXu 5-P in the
absence of DTT (with “no” formation of DXP); the molecular
weight of the cupin was determined by MS. Prior to incubation,
the molecular weight was that predicted from the amino acid
sequence; following incubation, the molecular weight increased
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Figure 4. Possible mechanisms for the cupin-catalyzed reaction. (A)
Proton abstraction followed by elimination and reduction. (B)
Displacement of the enolate anion of DXP followed by reduction.

by 46 units, consistent with the incorporation of methanethiol
(CH,S). Trypsin digestion followed by tandem mass
spectrometry of the covalently modified cupin localized the
methanethiol to Cys 121 (Figure S). This observation suggests
that a disulfide is formed between Cys 121 and the
methanethiol group of the substrate.

The cupin also was incubated with MTRu 5-P and MTXu 5-
P in D,0; the '"H NMR spectrum (Figure 3E) revealed that
solvent deuterium was incorporated into the methyl group of
DXP but not the C3 hydrogen; ie., methanethiol was not
produced by pf-elimination. (The methyl group is fully
deuterated, because the I-methylene group of MTXu S5-P
undergoes rapid exchange with solvent hydrogen.*) The results
of the MS and NMR experiments are consistent with Cys 121
displacing the enolate anion of DXP to generate a methyl
disulfide intermediate (Figure 4B); consistent with this
mechanism, the C121A mutant displays no catalytic activity.

We designate this enzyme MTXu S-P methylsulfurylase. The
proposed mechanism is similar to that estabhshed for
tetrachlorohydroquinone dehalogenase (Scheme 1).° In these
reactions, glutathione attacks the intermediate obtained by
chloride elimination to form a glutathionylated adduct; the
adduct is reduced by displacement of the dihydroquinone
product (a mimic of an enolate anion) by a second molecule of
glutathione, generating glutathione disulfide.

The kinetic constants were measured at saturating
concentrations of several reductants in a coupled-enzyme
assay using DXP reductoisomerase (Table 1). Neither DTT
nor dihydrolipoate can be the in vivo cosubstrate. And, our
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Figure S. Localization of the methanethiol adduct to Cys 121. (A)
Doubly charged tryptic peptide corresponding to residues 112—128
with a methanethiol disulfide modification. (B) Tandem mass
spectrum of the peptide ion in panel A. The complementary fragment
ion pair bj," and y,," localize the methanethiol modification to Cys
121.
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Table 1
reductant ke (s7) K, (uM) ke/Ky (M7 s71)
DTT 7.8 39 2.0 x 10°
coenzyme A 9.6 94 1.0 x 10°
dihydrolipoate 4.3 46 9.3 x 10*
Cys 2.1 42 5.1 x 10*
glutathione 0.19 42 4.5 x 10°

current metabolomics and transcriptomics data are insufficient
to unequivocally identify the cosubstrate.” Regardless, we are
confident that the conversion of MTXu 5-P to DXP is the
physiological reaction.

The methylsulfurylase reaction allows the kinetic constants
for the reaction catalyzed by MTRu 1-P 1,3-isomerase (the R.
rubrum RLP) to be determined: k., = 1.3 s, K, = 50 uM, and
ke/Kin = 2.7 X 10* M™' s\, In our initial report describing the
1,3-isomerase, we estimated the value of k., as 0.5 s using 'H
NMR spectrosccgpy.4 Together with our genetic and metab-
olomic evidence,” we now are confident that the conversion of
MTRu 1-P to MTXu S-P is the physiological reaction. We do
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not understand why MTRu 1-P 1,3-isomerase is promiscuous
with respect to product formation (a 3:1 mixture of MTXu S-P
and MTRu 5-P): we have obtained no in vivo evidence that
MTRu S5-P is the precursor to any metabolite. However, as
expected, in vitro, the mixture of MTXu 5-P and MTRu S-P is
converted to DXP in the presence of the 1,3-isomerase.

With the functional characterization of the methylsulfurylase
reported here, the pathway from MTA to DXP in R rubrum
(Figure 1B) is now established.
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