
Non-canonical radical SAM enzyme chemistry learned from 
diphthamide biosynthesis

Min Dong1, Yugang Zhang1, Hening Lin1,2,*

1Department of Chemistry and Chemical Biology, Cornell University, Ithaca, NY 14853, USA

2Howard Hughes Medical Institute; Department of Chemistry and Chemical Biology, Cornell 
University, Ithaca, NY 14853, USA

Abstract

Radical S-adenosylmethionine (SAM) enzymes are a superfamily of enzymes that use SAM and 

reduced [4Fe-4S] cluster to generate a 5′-deoxyadenosyl radical to catalyze numerous challenging 

reactions. We have reported a type of non-canonical radical SAM enzymes in the diphthamide 

biosynthesis pathway. These enzymes also use SAM and reduced [4Fe-4S] clusters, but generate a 

3-amino-3-carboxypropyl (ACP) radical to modify the substrate protein, translation elongation 

factor 2. The regioselective cleavage of a different C-S bond of the sulfonium center of SAM in 

these enzymes comparing to canonical radical SAM enzymes is intriguing. Here, we highlight 

some recent findings in the mechanism of this type of enzymes, showing that the diphthamide 

biosynthetic radial SAM enzymes bound SAM with a distinct geometry. In this way, the unique 

iron of the [4Fe-4S] cluster in the enzyme can only attack the carbon on the ACP group to form an 

organometallic intermediate. The homolysis of the organometallic intermediate releases the ACP 

radical and generates the EF2 radial.

Graphical Abstract

Radical S-adenosylmethionine (SAM) enzymes are a superfamily of enzymes that use SAM 

and [4Fe-4S] clusters to carry out diverse and chemically challenging reactions.1 Examples 

of radical SAM enzymes include lysine 2,3-aminomutase,2 biotin synthase,3 lipoyl synthase,
4 and pyruvate-formate lyase activating enzyme (PFL-AE).5 These radical SAM enzymes 

typically have a conserved CxxxCxxC motif that provides the three cysteine residues to bind 

the [4Fe-4S] cluster.1 Three of the four Fe atoms in the [4Fe-4S] cluster are coordinated by 
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the three cysteine residues, and the fourth Fe (also called the unique iron) is used to bind 

SAM. SAM binds the fourth Fe with the amino and carboxylate groups, and the binding 

positions the sulfonium group of SAM near the fourth iron.6 Such an arrangement allows 

electron transfer from the reduced [4Fe-4S]1+ cluster to SAM, generating a deoxyadenosyl 

radical, which is responsible for initiating downstream chemistry that happens to the 

substrate.

In the last ten years, a different type of radical SAM enzymes have been identified, which 

are involved in the biosynthesis of diphthamide, a post-translationally modified histidine 

residue on archaeal and eukaryotic translation elongation factor 2 (EF2).7, 8 This unique type 

of radical SAM enzymes has revealed some interesting chemistry, which is different from, 

but helps to understand, the chemistry of canonical radical SAM enzymes. Here, we briefly 

summarize the diphthamide biosynthetic radical SAM enzymes and provide several 

perspectives about their chemistry by comparing them to canonical radical SAM enzymes.

Diphthamide biosynthesis pathway and proteins required

Diphthamide is the target of diphtheria toxin, which selectively ADP-ribosylates 

diphthamide and shuts down protein synthesis of the host cells.9 The structure of the 

modification was determined in 1980.10–12 Seven genes are required for the biosynthesis of 

diphthamide13–17 and their protein products are responsible for the four-step biosynthesis 

(Fig. 1).15–19 Dph1–4 are required for the addition of 3-amino-3-carboxypropyl (ACP) 

group from SAM to histidine in EF2.20, 21 The ACP modified EF2 is then methylated by 

Dph5, which add four methyl groups to form methylated diphthine.20, 21 Dph7 is responsible 

for hydrolyzing the methyl ester from methylated diphthine.21 The last step of amidation is 

catalyzed by Dph6 to produce diphthamide.18

The first step of diphthamide biosynthesis is a complicated step involving at least four 

different proteins, among which the radical SAM enzyme Dph1-Dph2 heterodimer directly 

transfers ACP group from SAM to EF2. Dph3 serves as an electron carrier that is needed for 

reducing the [4Fe-4S]2+ in Dph1-Dph2. Dph3 is a versatile small protein that binds Fe with 

four conserved cysteine residues in a so called CSL zinc finger domain. Dph3 also 

participates in tRNA wobble uridine modification.22 tRNA wobble uridine modification 

requires a different radical SAM enzyme in the Elongator complex.23 Dph3 likely serve as 

electron carrier for Elongator complex as well. Yeast Cbr1 can utilize NADH to reduce 

Dph3.24 Deletion of Cbr1 slightly affects diphthamide biosynthesis but significantly affects 

wobble uridine biosynthesis, likely reflecting the relative amount of the two modifications 

and the different demands for the reducing equivalents.

The exact function of Dph4 is unknown. Dph4 contains a DnaJ domain25 and shares a 

similar CSL zinc finger domain with Dph3. Unlike Dph3, Dph4 cannot serve as the electron 

carrier needed to reduce Dph1-Dph226. The zinc finger domain prefers to bind iron over 

zinc.27 Its exact function in diphthamide biosynthesis remains to be elucidated.

Recently, another protein, Killer toxin insensitive gene 13 (Kti13), is reported to be 

important for the first step of diphthamide biosynthesis and Kti13 deletion decreases 
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diphthamide modification. Kti13 is also required for tRNA wobble uridine modification.
28–30 It was found to co-purify with Dph3.31 The binding of Dph3 to Kti13 inhibits the 

reduction of Dph3. The structure of Dph3 and Kti13 heterodimer was solved.32, 33 From the 

published structure, Kti13 restricts the reduction of Dph3 by blocking the access to the iron 

atom in Dph3. As Dph3 is the electron carrier important for reducing the Dph1-Dph2 

complex, it is counterintuitive why Kti13 is important for diphthamide modification. This 

paradox suggests that much remain to be understood about the first step of diphthamide 

biosynthesis.

Dph5 was first identified as a methyl transferase in diphthamide biosynthesis pathway.15, 20 

It was further confirmed by in vitro reconstitution of the second step diphthamide 

biosynthesis with diphthine synthetase in Pyrococcus horikoshii.34 PhDph5 can transfer 

three methyl groups to ACP modified EF2 and the trimethyl amino group can be eliminated.
34 Saccharomyces cerevisiae Dph5, in contrast, transfer four methyl groups into ACP 

modified EF2 to form methylated diphthine.21 Why yeast dph5 transfer four, instead of 

three, methyl groups is not known. It is especially intriguing as the methyl added to the 

carboxylate needs to be removed later by another enzyme, Dph7.21

Dph7 was initially identified as a gene involved in the first step of diphthamide biosynthesis 

in a human haploid cell genetic screening.35 However, it functions in a later step in the 

biosynthesis.19 Using mass spectrometry to study the biosynthesis product in Dph7 deletion 
yeast cell, Dph7 was identified as a methylesterase that convert methylated diphthine to 

diphthine, a result that was further confirmed by in vitro reconstitution.21 Furthermore, 

Dph7 is the first identified WD40 domain with an enzymatic activity. Its catalytic 

mechanism is currently unknown. The last step of diphthamide biosynthesis is catalyzed by 

the ATP-dependent enzyme Dph6, which was discovered by three different labs 

independently.19, 36, 37

Catalytic mechanism of the radical SAM enzyme involved in diphthamide 

biosynthesis

The first step of diphthamide biosynthesis is the transfer of an ACP group from SAM to a 

histidine residue of EF2. The enzyme that performs this reaction is a Dph2 homodimer in 

archaea, such as Pyrococcus horikoshii (PhDph2)7 or a Dph1-Dph2 heterodimer in 

eukaryotes.8 Initial characterization of this non-canonical radical SAM enzyme was done 

using PhDph2, but in later studies, yeast Dph1-Dph2 heterodimer was found to be similar. 

PhDph2 binds an air sensitive [4Fe-4S] cluster with three cysteine residues, similar to 

canonical radical SAM enzymes.7 However, the three cysteine residues are separated from 

each other by more than 100 amino acids, which is different from that in canonical radical 

SAM enzymes.7 PhDph2 also binds SAM. When reduced by dithionite, the [4Fe-4S] of 

PhDph2 reductively cleaves the Cγ,Met-S bond of SAM and transfer the ACP group to 

PhEF2. An ACP radical was proposed to be involved due to the following three 

observations: 1) A reduced [4Fe-4S] cluster is required to catalyze the reaction; 2) Proton 

and dithionite radical quenched products, 2-aminobutyric acid and homocysteine sulfinic 

acid, were detected in the reaction without substrate protein, PhEF2 (Figure 2);7 3) When a 
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carboxyallyl SAM analogue, SAMCA,38 was used in the reaction, dithionite-quenched 

carboxyallyl radical products were detected (Figure 2). However, no radical intermediate 

was directly observed in the reaction with SAM, and how it reacts with the imidazole ring on 

EF2 to form product was unaddressed.

Recently, rapid freeze-quench (RFQ) was used to trap catalytic intermediates involved in 

PhDph2 or Dph1-Dph2 catalyzed reaction.39 Electron paramagnetic resonance (EPR) and 

electron-nuclear double resonance (ENDOR) spectroscopy were used to characterize the 

trapped intermediates. These studies used the yeast Dph1-Dph2 system because the enzyme 

is active at room temperature, which is more convenient to use in the RFQ experiments. 

Interestingly, two EPR-active intermedates (I and II) were detected. Both intermediate I and 

II are kinetically competent, suggesting that they are intermediates in the reaction pathway. 

Intermeidate I has a signal with g = 2.036, 2.005, which was detected by EPR at 12 K. This 

species was not an ACP radical, but instead represents an organometallic complex involving 

the [4Fe-4S] cluster. This intermediate is similar to the organometallic intermediate recently 

reported for PFL-AE, which was assigned to organometallic complex with deoxyadenosyl 

forms a Fe-C5′ bond with the unique cluster iron.40 Further 57Fe and (methionine-13C5)-

SAM labeling experiments support that intermediate I involves both the ACP group and the 

Fe-S cluster.

In the presence of the substrate protein EF2, intermediate I forms first and then decays. As 

Intermediate I signal decreases, Intermediate II signal increases. Intermediate II appears to 

be an organic radical with g = 2 and a large hyperfine splitting (A = 120 MHz). The signal 

was saturated at 35 K, but readily observed at 70K. The organic radical involves the His699 

residue of EF2 because with the EF2 His699Ala mutant, intermediate II signal was not 

detected.

The intermediate II organic radical contains both His699 of EF2 and ACP from SAM based 

on isotope EPR analysis. The EPR-resolved doublet collapsed to a single peak of the organic 

radical trapped with EF2 protein containing 2H5-His. When Intermediate II was trapped with 

(methionine-13C5)-SAM, the X-band EPR spectrum showed additional splitting and 

broadening compared to that of the natural-abundance SAM.

The EPR spectrum of the organic radical nicely parallel the cross-linked protein-nucleic acid 

radicals formed in the reaction catalyzed by the radical SAM enzymes, Cfr41 and RImN.42 

Based on these and the structure of the final diphthamide product, an imidazole-derived 

organic radical was proposed (Figure 3).

Another interesting question that needs to be addressed is how the diphthamide biosynthetic 

radical SAM enzymes achieve the cleavage of a C-S bond in SAM that is different from all 

other canonical radical SAM enzymes. It has been suggested that for canonical radical SAM 

enzymes, SAM binds the [4Fe-4S] cluster in a way that allow the unique cluster Fe to carry 

out a backside attack on the C5′,Ade-SMet in a radical displacement reaction.43 Thus, it is 

easy to imagine that for the diphthamide biosynthetic radical SAM enzymes, SAM binds in 

a different orientation to allow a similar radical displacement reaction on a different C-S 

bond. Interestingly, recent X-ray crystal structures of archaeal Dph2 (PhDph2 and 
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Candidatus Methanoperedens nitroreducens Dph2 or CmnDph2) in complex with SAM 

provide a different answer. In both structures, the amino and carboxyl groups of SAM 

interacted with the unique Fe of the Fe-S cluster, similar to canonical radical SAM enzymes. 

Perhaps not surprisingly, SAM in both PhDph2 and CmnDph2 binds in a quite different 

orientation compared to that in canonical radical SAM enzymes such as PFL-AE(PDB 

3CB8). However, the surprising finding was that in the PhDph2 and CmnDph2 structures, 

the average Cγ,Met distance to the unique Fe is 3.7 Å, closer than SMet to the Fe (4.6 Å). In 

contrast, in the PFL-AE structure, the SMet is closer to the unique Fe than C5′,Ade, with an 

SMet-Fe distance of 3.2 Å. This distinct binding mode of SAM in the PhDph2 and CmnDph2 

structures provides important insights into the mechanism of the reaction and how a different 

C-S bond in SAM get cleaved. The proximity of the Cγ,Met and the unique Fe suggests that 

during the Cγ,Met-SMet bond cleavage, the electron is transferred from the Fe-S cluster via 

Cγ,Met to the σ* orbital of the Cγ,Met-SMet bond, while for PFL-AE and other canonical 

radical SAM enzymes, the electron is generally believed to be transferred from the Fe-S 

cluster via SMet.1 When the electron is transferred to Cγ,Met, the Cγ,Met-SMet bond is the 

only weak bond that can be broken, thus explaining the selectivity of the bond cleavage.

On the basis of the two captured intermediates and structural observations, a reaction 

mechanism for the first step of diphthamide biosynthesis was proposed (Figure 3). The 

unique iron of [4Fe-4S]+ cluster in PhDph2 or Dph1-Dph2 transfers two electrons (either a 

one-step two-electron transfer or two one-electron transfers) to the γ carbon of the 

methionine in SAM, generating a 3-amino-3-carboxypropyl-[4Fe-4S]3+ organometallic 

intermediate I and MTA. Intermediate I serves as a stabilized ACP radical. In the presence of 

the substrate EF2, the homolysis of the Fe-C bond releases the ACP radical, which reacts 

with the imidazole ring of His699 of EF2 and generates the organic radical intermediate II. 

Intermediate II then loses a proton and an electron to form an ACP-modified histidine.

It should be noted that even though the organometallic intermediate I is similar to that 

reported for PFL-AE (see Figure 4B),40 the formation mechanism may be different. For the 

formation of the PFL-AE organometallic intermediate, because the electron is transferred to 

the S atom, the deoxyadenosyl radical forms first and then recombines with the [4Fe-4S] 

cluster (two one-electron transfers). For the diphthamide biosynthetic radical SAM enzymes, 

because electrons are directly transferred to Cγ,Met, it is possible that Intermediate I is 

formed via a one-step two-electron transfer process instead of a radical mechanism that is 

similar to PFL-AE. However, the two mechanisms cannot be experimentally differentiated 

now.

Organometallic complex as stabilized radical intermediate could be a 

general strategy in biology.

Organometallic complexes are widely applied in chemistry, such as Grignard reagent, 

ferrocene, orgnaozinc reagents and intermediates of transition metal catalyzed coupling 

reactions. In biology, several organometallic catalysts are reported: the Fe, Fe-Fe and Ni-Fe 

hydrogenase,44 nitrogenases,45 Ni-C bond in acetyl-CoA synthase46 and the well-studied 
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vitamin B12.47, 48 The cobalt atom in B12 can form Co-C bonds with adenosyl, methyl, and 

cyano groups in adenosylcobalamin, methylcobalamin and cyanocobalamin, respectively.

Homolysis of Co-C bond in enzyme bonded adenosylcobalamin can generate a 5′-

deoxyadenosyl (5′-dA) radical and catalyze several difficult reactions, like in amino mutase, 

ribonucleotide reducase, and dehydratase.48 The homolytic cleavage of Co-C bond relies on 

the weak Co-C bond and the existence of three different oxidation states of Co (I/II/III). 

Similarly, radial SAM enzymes use a [4Fe-4S] cluster and SAM to generate a 5′-dA radical 

and catalyze numerous radical involved reactions. Recent study shows a Fe-C5′ 
organometallic intermediate in a canonical radical SAM enzyme PFL-AE.40 Similar to Co-C 

bond in AdoCbl, there is a Fe-C bond between adenosyl and the unique iron of [4Fe-4S] 

cluster (Figure 4). The homolysis of this Fe-C5′ bond generates the 5′-dA radical, which 

extracts a proton from the substrate and produces a glycyl radial. Now the work on the radial 

SAM enzymes in diphthamide biosynthesis also shows the presence of an organometallic 

intermediate, which acts as the ACP radical source and reacts with EF2 substrate to generate 

an EF2 radial. In this process, the [4Fe-4S] cluster also experiences three different oxidation 

states (I/II/III).

Overall, adenosylcobalamin and Fe-C organometallic intermediates in PFL-AE and 

dipthamide biosynthesis all serve as stabilized form of the highly reactive primary organic 

radicals. The homolysis of the organometallic intermediates release 5′-dA or ACP radicals 

and catalyze the downstream reactions. Such organometallic intermediates likely act to 

‘tame’ the reactive radicals generated by these enzymes. This may be a general strategy that 

nature uses to control radical reactions.
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Figure 1. 
Diphthamide biosynthesis pathway in eukaryotes.
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Figure 2. 
PhDph2-catalyzed reactions with SAM and SAMCA.
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Figure 3. 
The proposed reaction mechanism of the first step of diphthamide biosynthesis.
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Figure 4. 
Examples of organometallic intermediates serving as radical sources in biology. A, 

adenosylcobalamin; B, organometallic intermediate in PFL-AE; C, organometallic 

intermediate in Dph1-Dph2.
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