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Abstract
S-adenosylmethionine (SAM) is a versatile small molecule used in many biological reactions. This
review focuses on the mechanistic consideration of SAM-dependent methylation and 3-amino-3-
carboxypropylation reactions. Special emphasis is given to methylation and 3-amino-3-
carboxypropylation of carbon atoms, for which both nucleophilic mechanisms and radical
mechanisms are used, depending on the specific enzymatic reactions. What is the logic behind
Nature’s choice of different reaction mechanisms? Here I aim to rationalize the choice of different
reaction mechanisms in SAM-dependent alkylation reaction by analyzing a few enzymatic
reactions in depth. These reactions include SAM-dependent cyclopropane fatty acid synthesis,
DNA cytosine methylation, RNA adenosine C2 and C8 methylation, and 3-amino-3-
carboxypropylation involved in diphthamide biosynthesis and wybutosine biosynthesis.

Introduction on SAM-dependent alkylation reactions: methylation and 3-
amino-3-carboxypropylation

S-adenosylmethionine (SAM) is a versatile molecule used in many biological reactions. It is
a commonly used methyl donor in numerous biologically important methylation reactions,
including DNA methylation, RNA methylation, and protein methylation. The 3-amino-3-
carboxypropyl (ACP) group of SAM can also be transferred to different acceptor molecules,
such as RNA and proteins. In addition to serving as a methyl donor and an ACP donor,
SAM is also involved in several other types of group transfer reactions. This has been
summarized nicely in a review paper by Fontecave, Atta and Mulliez[1]. Here, I will limit
the discussion to the methyl-transfer and ACP-transfer reactions of SAM (Figure 1),
focusing on the mechanistic considerations for such enzymatic transformations.

The positively charged sulfonium ion in SAM makes the three carbon atoms that are bonded
to the sulfur atom prone to attack by nucleophiles. Indeed, many of the methyl-transfer and
ACP-transfer reactions involve nucleophiles attacking the methyl and ACP carbons,
respectively. However, it has recently been demonstrated that several methyl-transfer and
ACP-transfer reactions use more complicated radical mechanisms. One example is the
methylation of C2 and C8 of an adenine ring in ribosomal RNA in bacteria[2–4]. The other
example is the ACP-transfer to a histidine residue in translation elongation factor 2 (EF2) in
a step required for diphthamide biosynthesis[5, 6]. These new mechanistic findings raised an
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interesting question: In SAM-dependent methyl-transfer or ACP-transfer reactions, when
should a simple nucleophilic mechanism be used, and when should a more sophisticated
radical mechanism be used? What is the logic behind Nature’s choice of chemistry in these
SAM-dependent alkylation reactions?

SAM-dependent N- or O-alkylation: nucleophilic mechanism
When the alkyl acceptor is a heteroatom (most commonly N, O, and S), the methyl or ACP-
transfer reactions occur via simple nucleophilic mechanism. This is because these
heteroatoms are nucleophilic due to the presence of lone pair electrons. Methylation of
heteroatoms is very abundant in biological systems [7]. One of the examples is protein
lysine methylation, which is known to occur via this simple nucleophilic mechanism.
Structures of protein lysine methyltransferases showed that the binding of SAM and the
protein substrate on the enzyme is consistent with an SN2 type of mechanism [8–10].

SAM-dependent ACP-transfer reactions are relatively rare compared with methyl-transfer
reactions. ACP-transfer to both O and N has been known (Figure 2). Examples of O-ACP
transfer include the biosynthesis of a bacterial betaine lipid diacylglyceryl-N, N, N-
trimethylhomoserine[11], and the biosynthesis of isonocardicin, a beta-lactam type
antibiotics[12]. Examples of N-ACP transfer are mainly from RNA modifications, such as
3-(3- amino-3-carboxypropyl) uridine [13–16] or acp3U and 1-methyl-3-(3-amino-3-
carboxypropyl) pseudouridine or m1acp3 Ψ̃ [17, 18]. An ACP-transfer reaction was also
demonstrated in the biosynthesis of 2-(3-amino-3-carboxypropyl)-isoxazolin-5-one, a
neurotoxic amino acid from Lathyrus odoratus[19]. A reaction that is closely related to the
ACP-transfer reaction is found in polyamine biosynthesis, in which SAM is decarboxylated
to decarboxy-SAM and then the 3-aminopropyl group is transferred[20]. For many of the N-
and O-ACP transfer reactions, the enzymes responsible for these reactions are not known
yet. Even for the few reactions that the enzymes are known[11, 12], no detailed structural
and mechanistic studies are available. However, preliminary evidence suggests that they also
use simple nucleophilic mechanisms, presumably similar to polyamine synthases[20]. For
example, radical SAM enzymes [21–23] are typically oxygen-sensitive because the [4Fe-4S]
cluster and the radical formed are prone to oxidation. Enzymes that catalyze these ACP-
transfer reactions, however, are not oxygen sensitive [11, 12], suggesting that they may use
simple nucleophilic mechanism. In addition, these enzymes bear weak sequence homology
to known methyltransferases that use simple nucleophilic mechanisms [11, 12].

SAM-dependent C-alkylation: multiple mechanisms
In SAM-dependent alkylation reactions, when the methyl or ACP acceptors are carbon
atoms, the enzymatic reaction mechanisms are more complicated and depend on the
electronic properties of the acceptor molecules. A few specific examples will be examined
below to illustrate this point and rationalize Nature’s choice of different reaction
mechanisms.

Examples of C-methylation
SAM-dependent cyclopropane ring formation—One interesting example of C-
methylation is the formation of cyclopropane on unsaturated fatty acids in bacteria (Figure
3A). Although the group that is eventually transferred is a methylene group, mechanistically
these reactions are similar to methylation reactions. Two enzymatic systems have been
studied, the E. coli cyclopropane fatty acid (CFA) synthase and mycolic acid cyclopropane
synthases from Mycobacterium tuberculosis [24–27]. Both types of enzymes make
cyclopropane rings using SAM and an alkene functional group in fatty acids. At least two
mechanisms have been proposed (Figure 3, B and C). In the first mechanism, the alkene acts
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as the nucleophile and attacks the methyl group of SAM, forming a carbocation
intermediate. The methyl group is then deprotonated and combines with the carbocation to
form the cyclopropane ring (Figure 3B). This mechanism was proposed based on the
observation that three highly homologous methyltransferases from M. tuberculosis catalyze
different reactions: one catalyzes the formation of a cyclopropane ring, one catalyzes the
formation of a methylated olefin, and the other catalyzes the formation of a methylated
hydroxy compound [28]. The result of these different reaction products from the three
homologous enzymes could be explained by the formation of similar carbocation
intermediates [28]. In the second mechanism, the methyl group of SAM is first deprotonated
to form a sulfonium ylide. The ylide then attacks the double bond to form the cyclopropane
ring, possibly facilitated by certain metal ions [25, 29, 30] (Figure 3C). The major
experimental support for this mechanism was from model organic reactions showing that
copper could catalyze the cyclopropanation of olefins by sulfur ylides [25, 29, 30]. No direct
experimental support has been reported for this mechanism. The formation of sulfonium
ylide typically requires strong bases, such as NaH. It was estimated that the pKa of trimethyl
sulfonium is about 29 [31]. If the methyl group in SAM has a similar pKa, it would be
difficult to deprotonate it under physiological condition. Several lines of experimental
evidence support the mechanism shown in Figure 3B is operating. One piece of evidence is
that in the crystal structure of the M. tuberculosis mycolic acid cyclopropane synthase,
McaA1, a positively charged lipid molecule was bound the enzyme, together with SAH [24].
The molecule is thought to mimic the carbocation intermediate in the reaction pathway.
Furthermore, the structures of the three mycolic acid cyclopropane synthases all have a
seven-stranded α/β fold [24], similar to other methyltransferases [7]. Second, vinylfluorine
and epoxide-containing substrate analogs were found to be inhibitors of E. coli CFA
synthase, which is consistent with the formation of a carbocation intermediate [32]. Third,
for E. coli CFA synthase, kinetic isotope effects measurements and kinetic studies with
SAM, Se-SAM, and Te-SAM are also consistent with the mechanism shown in Figure 3B
[25]. Interestingly, in the crystal structure of McaA1, a bicarbonate is bound at the enzyme
active site. This bound bicarbonate was proposed to be the general base that deprotonates the
methyl group in the carbocation intermediate [24]. The bicarbonate was bound by conserved
Tyr, His, and Glu residues. Mutation of the Tyr and His residue in E. coli CFA led to a
defective enzyme [26, 27], the activity of which can be rescued by high concentrations of
sodium bicarbonate [27]. This evidence further supports the hypothesis that the bound
bicarbonate is functionally important, although it is not clear why a bicarbonate would be
better suited to act as the general base to deprotonate the carbocation intermediate.

The cyclopropane synthase examples are important in the sense that they provide a reference
point to consider the mechanisms of SAM-dependent C-alkylation reactions. Substrates that
are more nucleophilic than or equally nucleophilic as an olefine can be alkylated via simply
nucleophilic mechanisms.

DNA cytosine C5 methylation—Another interesting SAM-dependent C-methylation
reaction is the methylation of the C5 position of cytosine in DNA (Figure 4A). DNA
methylation is an important epigenetic modification and has been the subject of intense
investigation [33]. The C5 position of cytosine is not nucleophilic. Although an enamine can
be nucleophilic (more nucleophilic than an alkene functional group), the enamine moiety in
cytosine is not nucleophilic due to the electron-withdrawing by the carbonyl and N3 (the
resonance structures 2 and 3, which have negative charges on N and O, should be more
stable than 1, Figure 4B). This point can also be seen from the calculated electrostatic
potential map of cytosine [34]. Therefore, C5 of cytosine cannot directly act as a
nucleophile. The electron-withdrawal by N3 and the carbonyl, however, makes the C5–C6
double bond electron deficient and prone to attack by nucleophiles (Figure 4C) in a reaction
that is similar to a Michael reaction. In DNA methyltransferases (DNMT), this nucleophile
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is the thiolate from a Cys residue [35–38]. The addition product, which is like a
deprotonated enamine, is nucleophilic and reacts with SAM via an SN2-like mechanism to
capture the methyl group. The resulting intermediate then eliminates the Cys of DNMT to
give the methylated cytosine product (Figure 4C). Therefore, methylation of C5 of cytosine
is an example of converting an electron deficient methyl acceptor to a nucleophile for the
methyl-transfer reaction by addition of an active site Cys thiolate. RNA uracil and cytosine
methylation uses the same mechanism [39–42]. This enzyme-assisted nucleophile formation
mechanism is also used in thymidylate synthase [43], but the methyl group comes from
methylene-tetrahydrofolate, not SAM, in the form of a methylene transfer reaction.

Methylation of C2 and C8 of adenine on 23S ribosomal RNA—Methylation of C2
and C8 of Ade2503 of bacterial 23S ribosomal RNA are catalyzed by two closely related
enzymes, Cfr and RlmN, respectively (Figure 5A) [44, 45]. RlmN is house-keeping
methylating enzyme [45], while methylation catalyzed by Cfr is a mechanism that confers
resistance to several antibiotics that target the ribosome [46]. The C2 and C8 of adenine
exist in two amidine functional groups (highlighted in red in Figure 5B), which indicates
that they are more likely to be electrophiles than nucleophiles. Although one can draw
resonance structures (5 and 6, Figure 5B) with negative charge on C2 and C8, these
resonance structures are not as stable as 4, in which the negative charge is on N7 (Figure
5B). The electrostatic potential map is consistent with this [34]. Since the amidine carbon is
electron-deficient, one can imagine an enzyme-assisted nucleophile formation mechanism,
similar to the one used in DNA methylation (Figure 4C). However, in this case, a Cys
thiolate attacking the C8 would generate an anion that cannot be stabilized by resonating the
negative charge to a more electron-deficient functional group (Figure 5C). In contrast, in the
case of DNA cytosine methylation, the anion generated can be stabilized by delocalizing the
electrons to the more electron-withdrawing carbonyl (Figure 5C).

Recently, significant progress has been made regarding the mechanism of RlmN and Cfr.
Consistent with the above analysis that nucleophilic mechanisms may be difficult, available
data suggest that the methylation of C2 and C8 of adenine in 23S rRNA uses a unique
radical mechanism. Both RlmN and Cfr belong to the radical SAM superfamily of enzymes,
with a conserved CX3CX2C motif for binding to a [4Fe-4S] cluster [47]. It was
demonstrated by Fujimori and coworkers that both enzymes contain Fe-S clusters, require
anaerobic conditions and the presence of a reductant for activity, and generate 5′-
deoxyadenosine as one of the products [2]. Under multiple turnover conditions, when
(methyl-d3)-SAM was used, the methyl group in the RNA product contained two deuterium
atoms, while the 5′-deoxyadenosine contained one deuterium (Figure 6A) [3]. When the
hydrogen on C2 or C8 is replaced with deuterium, the methyl group in the RNA product
contained one deuterium, while 5′-deoxyadenosine product is not labeled with deuterium
(Figure 6A) [3]. Based on the data, a mechanism was proposed, in which the 5′-
deoxyadenosyl radical abstract a hydrogen atom from the methyl group of another SAM
molecule, forming a radical cation, which then added to the adenine ring, leading to the
formation of methyl adenosine (Figure 6B).

On the other hand, Booker and coworkers[4] discovered that in single turnover reaction
conditions, when (methyl-d3)-SAM was used, the methyl group in the RNA product
contained no deuterium label (Figure 6C), which is different from the results of Fujimori
shown in Figure 6A. When RlmN was expressed in medium with (methyl-d3)-methionine,
under single turnover conditions, the methyl group in the RNA product contained two
deuteriums while the 5′-deoxyadenosine product contained one deuterium (Figure 6C) [4].
Further evidence was presented to show that the immediate methylene donor is a methylated
Cys residue (Cys355) of RlmN. The recombinant RlmN protein isolated from E. coli were
methylated on Cys355. A mechanism was proposed based on the experimental evidence
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(Figure 6D) [4]. In this mechanism, Cys355 is first methylated by a SAM molecule. The Fe-
S cluster then activate a second molecule of SAM to produce the 5′-deoxyadenosine radical,
which then abstract a hydrogen atom from the methyl group on Cys355. The Cys355-CH2
radical is then added to the adenine ring of the RNA substrate to form a nitrogen radical.
The radical can lose one electron to yield a positively charged intermediate, which can
subsequently be deprotonated to restore the adenine ring. For the release of the methylated
product from the covalent enzyme-product complex, Cys118 was proposed to act as the
nucleophile and electron donor, leading to the formation of a Cys355-Cys118 disulfide
bond. The involvement of Cys118 in the process is supported by the observation that RlmN
Cys118A mutant isolated contained RNA but wildtype RlmN did not [4].

The result of the isotope labeling experiments in Fujimori’s study is different from that in
Booker’s work (results shown in Figure 6A and 6C, respectively). It is possible that the
RlmN protein in Fujimori’s study was not methylated on Cys355. However, the mostly
likely reason for the difference is whether the enzymatic reaction was done under single
turnover or multiple turnover conditions. Even if RlmN was methylated in Fujimori’s study,
under multiple turnover conditions, the isotope labeling results would have been the same as
that shown in Figure 6A because under multiple turnover conditions, the methyl group on
Cys355 would only be transferred to a very small percentage (equivalent to the amount of
methylated enzyme) of the product formed.

Although the two mechanisms differ from each other in certain details and the two enzymes
are still under active investigation and debate, they do have several common features. Both
mechanisms involved the formation of a 5′-deoxyadenosyl radical and the reaction would
ultimately require two SAM molecules for one reaction. Most importantly, both mechanisms
suggest that the group that is directly transferred is a methylene group instead of a methyl
group. Thus, this type of enzyme should be more accurately termed “methyl synthases”
instead of “methyltransferases” [3].

Examples of C-(3-amino-3-carboxypropylation)
There are two known examples of ACP-transfer to carbon atoms. One is in the biosynthesis
of diphthamide, a modified histidine residue in archaeal and eukaryotic translation
elongation factor 2 (EF2), and the other is the biosynthesis of wybutosine in tRNA.
Available evidence suggests that these two ACP-transfer reactions use different mechanisms
[5, 6, 48, 49].

ACP-transfer reaction in diphthamide biosynthesis—The diphthamide
modification was proposed to occur in three steps (Figure 7A), with the first one being the
ACP transfer from SAM to the C2 of the imidazole ring.[50] Genetic studies identified four
genes, Dph1-Dph4, required for the ACP-transfer step in eukaryotes [51–55]. Dph1 and
Dph2 are homologous to each other. Recently, a fifth gene, WD85, was also suggested to be
involved in this step [56]. Among Dph1-Dph4, only one protein that is homologous to
eukaryotic Dph1 and Dph2 can be found in archaea. Using Pyrococcus horikoshii Dph2
(PhDph2), the ACP-transfer reaction has been reconstituted in vitro [5]. Although the
conserved CX3CX2C motif [47] that is found in most radical SAM enzymes is not present
in PhDph2, biochemical, structural, and spectroscopic data suggest that PhDph2 contains a
[4Fe-4S] cluster [5]. Furthermore, the in vitro reaction requires the presence of a reductant,
such as sodium dithionite. Therefore, PhDph2 looks like a radical SAM enzyme. However,
in contrast to the known radical SAM enzyme, the formation of 5′-deoxyadenosine was not
detected in the reaction. On the other hand, when the substrate protein was not present, the
formation of 2-aminobutyrate and homocysteine sulfinic acid was detected, which suggests
that the reaction occurs via an ACP radical (Figure 7B) [5]. A possible reaction mechanism
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has been proposed, in which the ACP radical is added to the imidazole ring and then a
hydrogen atom is eliminated to give the desired product [6]. This discovery is interesting
because it implies that the enzyme can control which C-S bond in SAM is broken by the
electron transfer event from the Fe-S cluster [57]. Thus, diphthamide biosynthesis requires a
new radical SAM enzyme that generates an ACP radical.

An interesting question is why Nature needs to come out with a different radical SAM
enzyme to carry out the chemistry of diphthamide biosynthesis? The C2 of the imidazole
ring is not nucleophilic since it resembles an amidine carbon, similar to the C2 and C8 of
adenine ring. Therefore, a simple nucleophilic mechanism is unlikely to operate here. If
using a traditional radical SAM enzyme to generate a 5′-deoxyadenosine radical, the
reaction presumably would need to proceed by abstracting the hydrogen on C2 of the
imidazole ring to form an imidazole radical, which would then capture the ACP group from
a SAM molecule. The problem with such a mechanism is that the bond energy of an sp2 C-H
bond is very high [58]. Energetically, it is not feasible for the 5′-deoxyadenosine radical to
abstract a hydrogen atom from an sp2 carbon atom. In contrast, when an ACP radical is
generated, it can add to the imidazole ring, avoiding the energetically unfavorable hydrogen
abstraction from an sp2 carbon.

ACP-transfer reaction in wybutosine biosynthesis—Wybutosine is a modified
nucleoside at the 3′-position adjacent to the anticodon of eukaryotic phenylalanine tRNA
[59]. The proposed biosynthesis pathway is shown in Figure 8 [48]. A traditional radical
SAM enzyme, Tyw1, is required for the formation of the imidazole ring, although detailed
reaction mechanism is not known yet [60]. The ACP-transfer step is catalyzed by Tyw2
[48], which has similarity to methyltransferases that catalyze nucleophilic methyl-transfer
reactions [48, 49]. The crystal structure of Tyw2 from archaeal species showed that the ACP
group, instead of methyl group, is directed to the RNA binding site [49]. This is constant
with a SN2 type of mechanism. Mostly likely, the substituted imidazole ring in the substrate
acts as the nucleophile to attack SAM, leading to the ACP transfer.

Why can the ACP transfer reaction in wybutosine simply use a nucleophilic mechanism?
This is especially interesting considering that in both ACP transfer reactions in diphthamide
biosynthesis and wybutosine biosynthesis, the ACP acceptors are imidazole rings. The logic
behind Nature’s choice of chemistry here can be rationalized based on the intrinsic
nucleophilicity of the carbon atom in the imidazole ring (Figure 9). As described above, the
C2 of the imidazole ring in diphthamide biosynthesis is electron deficient since it is in an
amidine functional group. In contrast, the ACP-accepting carbon atom of the imidazole ring
in wybutosine biosynthesis is electron rich because it can be considered as an enamine
(Figure 9). Resonance electron donation by one of the nitrogen atoms in the ring makes the
C-C double bond more electron rich than an isolated C-C double bond, such as that found in
the CFA synthase substrate.

Summary
From the several examples discussed above, some general principles can be devised to
rationalize, and perhaps more importantly, to predict the reaction mechanisms used in
different SAM-dependent enzymatic reactions. In general, the electronic properties of the
substrates, especially the atoms that will be alkylated, should be analyzed carefully. If the
methyl (or methylene in the case of RlmN/Cfr) or ACP acceptor is electron rich, a simple
nucleophilic mechanism would be used. These include methyl or ACP transfer to
heteroatoms, such as O, N, and S, and electron rich C atoms, such as those in an olefin (in
cyclopropane fatty acid biosynthesis) or an enamine (in wybutosine biosynthesis). When the
methyl/methylene or ACP acceptor is sufficiently electron deficient, such as C5 of cytosine,
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then a Cys thiolate can attack the electron deficient substrate and convert it to a good
nucleophile to carry out nucleophilic methyl-transfer. When the methyl/methylene or ACP
acceptor is neither electron deficient nor electron rich, a nucleophilic mechanism would be
difficult and radical mechanisms are required. Interestingly, all known examples (RlmN/Cfr-
catalyzed methylation and PhDph2-catalyzed ACP transfer) in this category involve the
amidine part of a heterocyclic compound.

The above summary and arguments are based on the assumption that if the electronic
properties of the alkyl acceptor allows the use of simple nucleophilic mechanisms, Nature
would choose to use nucleophilic mechanisms. Only when the chemistry is too difficult to
achieve via nucleophilic mechanisms, will Nature choose to use more complicated radical
mechanisms. Based on known reactions catalyzed by radical SAM enzymes [21–23], this
assumption seems to be correct. However, it is hard to predict whether there are to-be-
discovered enzymatic reactions that do not fit this assumption. Therefore, when using the
above summary and argument to predict the unknown enzymatic reaction mechanism, it
should be kept in mind that the assumption may not be correct in rare cases,
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Highlights

• Enzymatic reaction mechanisms for SAM-dependent alkylation reactions are
discussed.

• Focus on alkylation of carbon atoms, for which both polar and radical
mechanisms are used.

• The choice of polar or radical mechanism is rationalized

• The rationalization could help to predict mechanisms of new SAM-dependent
alkylation reactions
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Figure 1.
SAM-dependent methyl-transfer and ACP-transfer reactions.
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Figure 2.
Examples of ACP-transfer to O- or N-heteroatoms. In spermidine biosynthesis, SAM is first
decarboxylated and then a 3-aminopropyl group is transferred.
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Figure 3.
Methyl-transfer to C-C double bond to form cyclopropane rings. (A) The reaction catalyzed
by cyclopropane fatty acid synthase. (B) The proposed cyclopropane ring formation
mechanism that uses the olefine as the nucleophile. (C) The proposed cyclopropane ring
formation mechanism that involves the formation of a sulfonium ylide as the nucleophile.
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Figure 4.
Mechanism of DNA cytosine C5 methylation. (A) The DNA methylation reaction catalyzed
by DNA methyltransferase (DNMT). (B) Resonance structures of cytosine showing that C5
is not nucleophilic due to the presence of the carbonyl at C2. Resonance structure 3 is more
stable than 2, which is more stable than 1. (C) Nucleophilic attack by a Cys residue in
DNMT convert cytosine to a nucleophile, which then undergoes methylation in an SN2 type
reaction. Elimination of the Cys residue gives the methylated cytosine residue.
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Figure 5.
Ribosomal RNA methylation catalyzed by RlmN and Cfr. (A) The reactions catalyzed by
RlmN and Cfr. RlmN catalyzes the C8 methylation of adenine, while Cfr catalyzes the C2
methylation of adenine. (B) Both C2 and C8 of adenine exist in amidine functional groups,
which determine that they are electron deficient. Even though resonance structures (5 and 6)
with negative charges on C2 and C8 can be drawn, they are not as stable as the resonance
structures (such as 4) that have the negative charge on the more electronegative nitrogen
atom. (C) Adenine is also not suitable for enzyme-assisted nucleophile formation
mechanisms because the anion generated cannot be stabilized by an electron-withdrawing
group, as in the case of cytosine.
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Figure 6.
Mechanism of RlmN and Cfr-catalyzed rRNA methylation. (A) Isotope labeling
experiments by Fujimori and coworkers showed that a “CH2” group was transferred from
SAM and the H from C2 of adenine ended up on the methyl group. (B) The mechanism
proposed based on the data shown in (A). (C) Isotope labeling experiments by Booker and
coworkers showed that under single turnover conditions, the “CH2” group that was
transferred was not directly from the labeled SAM, but from a methyl group that was
covalently bonded to RlmN/Cfr. (D) The mechanism for RlmN proposed by Booker and
coworkers.
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Figure 7.
The ACP-transfer reaction mechanism in diphthamide biosynthesis. (A) The proposed
biosynthesis pathway of diphthamide. The first step is an ACP-transfer reaction. (B)
Proposed mechanism for the ACP-transfer reaction. The formation of the ACP radical is
supported by the detection of 2-aminobutyrate and homocysteine sulfinic acid when no EF2
was present in the reaction.
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Figure 8.
The proposed biosynthesis pathway of wybutosine. Tyw1 is a radical SAM enzyme
catalyzing the formation of the third ring in the modified base. Tyw2 is the enzyme that
catalyzes the ACP-transfer reaction.
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Figure 9.
The ACP-accepting carbon atoms in diphthamide biosynthesis and wybutosine biosynthesis
have different electronic properties, which determine the choice of different enzymatic
reaction mechanisms. In diphthamide biosynthesis, the carbon atom exists in an amidine
functional group and thus is electron deficient. In wybutosine biosynthesis, the carbon atom
exists in an enamine functional group, which is electron rich.
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