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Organometallic and radical
intermediates reveal mechanism
of diphthamide biosynthesis
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Diphthamide biosynthesis involves a carbon-carbon bond-forming reaction catalyzed
by a radical S-adenosylmethionine (SAM) enzyme that cleaves a carbon-sulfur (C-S)
bond in SAM to generate a 3-amino-3-carboxypropyl (ACP) radical. Using rapid freezing,
we have captured an organometallic intermediate with an iron-carbon (Fe—C) bond
between ACP and the enzyme’s [4Fe-4S] cluster. In the presence of the substrate
protein, elongation factor 2, this intermediate converts to an organic radical, formed
by addition of the ACP radical to a histidine side chain. Crystal structures of archaeal
diphthamide biosynthetic radical SAM enzymes reveal that the carbon of the SAM C-S
bond being cleaved is positioned near the unique cluster Fe, able to react with the
cluster. Our results explain how selective C-S bond cleavage is achieved in this

radical SAM enzyme.

iphthamide is a posttranslationally modi-
fied histidine residue on archaeal and eu-
karyotic translation elongation factor 2
(EF2), a protein essential for ribosomal
protein synthesis (7-3). Diphthamide bio-
synthesis involves at least four steps and seven
proteins (4). The first step of the biosynthesis is
the transfer of a 3-amino-3-carboxypropyl (ACP)
group from S-adenosyl-L-methionine (SAM) to
a histidine residue of EF2 (Fig. 1). The enzyme
that performs this reaction is a Dph2 (diphtha-
mide biosynthesis protein 2) homodimer in ar-
chaea, such as Pyrococcus horikoshii (PhDph2)
(5) or a Dph1-Dph2 heterodimer in eukaryotes
(6). Dph2 binds an essential [4Fe-4S] cluster and
is thought to use the reduced (1+) state of the
cluster to cleave the C,ye-S bond of SAM to
generate a 3-amino-3-carboxypropyl (ACP) radical.
The formation of the ACP radical is supported by
the PhDph2-catalyzed generation of 2-aminobutyric
acid and homocysteine sulfinic acid in the absence
of the substrate protein, PAEF2 (5). Additional
support for a radical mechanism was provided
by the reaction with a carboxyallyl SAM analog,
SAMc, (7). However, no radical intermediate has
been directly observed in the reaction with SAM
itself, and the detailed reaction mechanism re-
mains unknown.
Despite using the same components, a [4Fe-4S]
cluster and SAM, PhDph?2 is structurally unrelated
to the much larger family of 5’-deoxyadenosine
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radical (5'-dAe) forming radical SAM (RS) en-
zymes. In those enzymes, the Cs q.-S bond of
SAM is cleaved, generating a 5'-dAe that then
initiates downstream reactions (Fig. 1) (8). The
question of how the PADph2 homodimer or eu-
karyotic Dph1-Dph2 bind SAM and achieve a dif-
ferent SAM cleavage pattern remains unanswered.
Here, we report biochemical and spectroscopic
studies of two Kinetically competent intermedi-
ates that, together with x-ray
crystal structures of archaeal
Dph2 homodimers in complex
with SAM, allow us to propose
areaction mechanism for this
class of RS enzymes.

‘We used rapid freeze-quench
(RFQ) to arrest reaction mix-
tures, which were then ana-
lyzed by electron paramagnetic
resonance (EPR) and electron
nuclear double-resonance
(ENDOR) spectroscopies for
radical intermediates. Because
the optimum temperature of
PhDph2 is above 60°C, we
opted to use the yeast Dphl-
Dph2 system, which is active
at room temperature and thus N
more convenient for RFQ ex- |'\
periments. A solution con-
taining Dph1-Dph2 and SAM N
was mixed with dithionite |
and freeze-quenched at 500 ms [e)
to 4 min. Each sample dis- /
played a new EPR signal, with [6) N H,
g-parallel value (g))) = 2.036,
g-perpendicular value (g,)=

amaximum at 2 s quench time and decreased at
longer delays (Fig. 2A). This species is not an
ACP radical, which would not show such a high
g shift and would exhibit resolvable 'H hyper-
fine splittings from the methylene radical protons;
nor is it an S-based radical, which could exhibit
such g values but again would give resolved hyper-
fine 'H splittings. Based on these observations and
experience from previous work using SAMc, (7),
we interpreted this new species as having an
iron-sulfur cluster-based organometallic structure.
Importantly, the EPR spectrum and g values of
this species resemble those of the organometallic
intermediate that was detected in the RS enzyme,
pyruvate formate lyase-activating enzyme (PFL-AE)
and assigned to an Fe-5'-C bond between the de-
oxyadenosyl group and the unique cluster iron
(9). As confirmation, when this intermediate was
generated with *Fe-enriched enzyme, its EPR spec-
trum exhibited *Fe-hyperfine line broadening (fig.
S1). Thus, the reaction catalyzed by Dphl-Dph2
produces an organometallic intermediate. Its g
values follow the pattern of a [4Fe-4S1>* cluster,
81> & > 2 (10), where g, is sensitive to coordination
at the unique Fe, suggesting a possible formal
description of the intermediate as containing a
carbanion bound to an oxidized cluster.

To establish the structure of this interme-
diate, we collected RFQ ENDOR samples prepared
with (methionine-"*Cs)-SAM, in which the methi-
onine carbons of SAM were uniformly labeled
with *3C. Field-modulated continuous wave (CW)
ENDOR spectra obtained at 2 K of this sample
exhibits a **C doublet, with a *>C hyperfine cou-
pling constant of A = 7.8 MHz (Fig. 3A). This
coupling constant is comparable to 45, = 9.4 MHz
observed for the Fe-[5"-*C]-deoxyadenosyl bond

OH OH

substrate (X-H)

NH,
N
N
)
H N7 N °
3 o) + X

OH OH

2.005 at 12 K (fig. S1). The in-
tensity of this signal reached
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Fig. 1. PhDph2 and 5'-dA+-forming radical SAM enzyme
catalyzed reactions. The red asterisk labels C, pet of SAM.

1 of 4

8T0Z ‘2T Judy uo /6io Bewssusios aoualos//:diy wolj papeojumoq


http://science.sciencemag.org/

RESEARCH | REPORT

Fig. 2. X-band CW EPR spectra of

RFQ samples showing the formation
of the organometallic intermediate |
and organic radical intermediate Il. B/G
(magnetic field/Gauss). (A) Reaction of
reduced Dphl-Dph2 with SAM quenched
at various time points (T = 35 K).

(B) Reaction of reduced Dphl-Dph2
with SAM and EF2 quenched at various
time points (T = 35 K). (C) Reaction

of reduced Dphl-Dph2 with SAM and
wild-type EF2 quenched at 2 s and

2 min (T = 70 K). (D) Reaction of
reduced Dphl-Dph2 with SAM and

EF2 H699A mutant quenched at 2 s
and 2 min (T = 70 K). In early-time
spectra, a variable contribution at

g = 2 from an unidentified organic radical
enhances the intensity of the g, feature
of intermediate | relative to that at g

and distorts its shape; fig. S1 presents
spectra with little of the radical and

thus a more faithful lineshape of
intermediate |.

in the PFL-AE intermediate and together with
the *"Fe hyperfine broadening provides strong
support that this intermediate contains an Fe-C
bond. However, in this case, the Fe-bonded car-
bon must originate from the *C-labeled methi-
onine, presumably the C, yet.

In testing whether this organometallic spe-
cies (denoted intermediate I) was an active reac-
tion intermediate, we collected a RFQ EPR time
course in the presence of the substrate protein,
EF2. Intermediate I accumulated in the first 10 s
(Fig. 2B). At later time points, the intermediate I
signal diminished concomitantly with the appear-
ance of a doublet radical signal centered at g = 2
(Fig. 2B). This new signal, denoted intermediate
II, reached a maximum at 2 min quench time and
decreased at 4 min (Fig. 2B) in a process that
ultimately leads to product formation.

The intermediate II EPR signal was distorted
by saturation effect at 35 K (Fig. 2B) but was
readily observed at 70 K (Fig. 2C), where spin
relaxation is faster. Tentative assignment of the
doublet splitting to coupling to a single proton
with a large hyperfine splitting (4 = 120 MHz)
led us to hypothesize that this intermediate is
an organic radical generated when the organo-
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metallic intermediate I reacted with the enzy-
matic target, histidine 699 (H699) of yeast EF2.
To test this, we repeated the RFQ experiment
with the EF2 His® to alanine mutant (H699A).
With this EF2 mutant, only the organometallic
intermediate I was detected at both 2 s and 2 min
(Fig. 2D), and no intermediate II signal was
detected. This experiment provides strong sup-
port that intermediate I is chemically competent.

To test the proposed structure, intermediate IT
was RFQ-trapped with (methionine-"*Cs)-SAM.
The resulting X-band EPR spectrum showed
additional splitting of 4;,,(*>C) ~ 59 MHz and
broadening compared with that of the natural-
abundance SAM (Fig. 3B), demonstrating that
the radical incorporates the ACP group of SAM.
The EPR-resolved doublet, A("H) =~ 120 MHz,
observed for intermediate II collapsed to a sin-
glet when intermediate IT was prepared with
H,-His-labeled EF2 protein (Fig. 3B), confirm-
ing that the splitting observed with the natural-
abundance EF2 was associated with 'H of the
histidine residue on EF2. This was further con-
firmed by 'H ENDOR of intermediate IT with EF2,
which exhibited a nonexchangeable 'H signal
with the same coupling (fig. S2); an exchange-
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able coupling, A(*H) =~ 15 MHz not resolved in the
EPR spectrum was also seen. These results con-
firm that intermediate II is a radical produced
by the reaction of an ACP radical from inter-
mediate I with the imidazole ring of His®° of
the EF2 substrate.

Given the structure of the final diphthamide
product, a candidate for the structure of inter-
mediate II is an ACP-modified histidine radical,
as shown in Fig. 4. The shape of the "H doublet
in the EPR spectrum (Fig. 3B) and the strongly
coupled "H ENDOR signal (fig. S2) suggest that
the proton coupling is essentially isotropic, as
expected for a proton B to the spin in the N-2p-nt
orbital (Fig. 4 and fig. S3) (1I); the resolved **C
splitting in the EPR spectrum of intermediate 1T
(Fig. 3B) prepared with (methionine-'>C;)-SAM
must come from the carbon of the ACP fragment
bound to the His, again B to the spin site. The in-
dividual peaks of the "H doublet are broad enough
to contain unresolved N splitting introduced
by the spin density on the *N& of His (Fig. 4). As
shown in fig. S4, the EPR spectrum of the natural-
abundance radical is well simulated with a strong,
nearly isotropic 'H coupling (4; = 4, = 122 MHz;
A; = 103 MHz) and a highly anisotropic N
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Fig. 3. EPR and ENDOR spectra of
isotope-labeled intermediates

and crystal structures of
SAM-bound CmnDph2.

(A) 35 GHz CW *C ENDOR

spectra for intermediate | with
(methionine-*3Cs)-SAM. (B) Isotope
EPR study of the organic radical
intermediate Il on EF2 quenched at

2 min (T = 70 K). Intensity adjusted
for comparison. (C) Cluster and bound
SAM in the structure of CmnDph2
(left), in comparison with cluster and
bound SAM in the structure of PFL-AE
(right, PDB 3CB8) (13). Distances are
given in angstroms. The black and
brown asterisks label Cy pet Of

SAM and the differentiated iron

of the [4Fe-4S] cluster, respectively.
(D) Overlay of SAM and cluster

in CmnDph2 and PFL-AE structures.
(E) CmnDph2 active site showing

the binding of SAM. Hydrophobic
interactions with purine ring of

SAM are not shown for clarity.

hyperfine coupling (4, = A, = 4 MHz, A3 = 54 MHz).
N features seen in the ENDOR of the ”N-His
EF2 sample (fig. S5) likely are a superposition of
signals associated with the A4;/4, components of
this histidine nitrogen (assigned as N§ in Fig. 4;),
and those from the less strongly coupled His **Ne.
Finally, weakly coupled *C ENDOR signals seen
when intermediate II was prepared with **C-His
EF2 (figs. S5 and S6) are assigned to His carbons
bonded to the spin-bearing N& (Fig. 4) and ac-
count for the slight broadening in the compo-
nents of the 'H doublet in this isotopologue; an
exchangeable 'H seen in ENDOR (fig. S2) is
thought to reside on Ne of His.

The time scale for intermediate II formation
measured by EPR tracked that of intermediate I
decay, whereas the reaction product, ACP-modified
EF2 as quantified by mass spectrometry, accumu-
lates on the same time scale as the intermediate IT
decay (fig. S7). These results indicate that both
intermediate I and intermediate II are formed in
a kinetically competent fashion. Thus, we have
trapped two sequential intermediates, an organo-
metallic intermediate I, which gives rise to an
organic radical intermediate II, which goes on to
complete the first step of diphthamide biosynthesis.

Dong et al., Science 359, 1247-1250 (2018)
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To gain further understanding into the reac-
tion mechanism, we obtained crystal structures
of the RS enzymes involved in diphthamide
biosynthesis in complex with SAM. A 2.3-A res-
olution structure of [4Fe-4S]**-loaded PADph2
in complex with SAM showed some evidence of
SAM cleavage. A 2.1-A resolution structure of
Candidatus Methanoperedens nitroreducens Dph2
(CmnDph2) showed mostly uncleaved SAM. Both
structures showed average N-Fe and O-Fe dis-
tances of 2.3 and 3.1 A, respectively (Fig. 3C and
fig. S8), suggesting that, similar to 5-dAe-forming
RS enzymes, the amino and carboxylate groups of
SAM coordinate the unique Fe of the [4Fe-4S]
cluster in Dph2. This is consistent with our recent
study showing that both the amino and carbox-
ylate of SAM are important for the PADph2 and
Dphl-Dph2-catalyzed reactions (12).

However, SAM in both PADph2 and CmnDph2
binds with a distinct geometry compared with
that in 5’-dAe«-forming RS enzymes such as PFL-
AE (13) (Fig. 3D). We further obtained addition-
al crystal structures using both PADph2 and
CmnDph2 that support the geometry shown in
Fig. 3, C and D (see figs. S9 to S11). The SAM
binding site of CmnDph2 is shown in Fig. 3E.
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GIn**" forms hydrogen bonds with N6 and N7
of the adenine ring and the amide nitrogen of
Val*®® hydrogen bonds to N1. The adenine ring is
sandwiched between Phe®® and 11e?%%. Asp®®” and
Asp® form hydrogen bonds with the hydroxyl
groups of the ribosyl moiety, whereas Arg>®®,
His'®°, and Gly™® form hydrogen bonds with
the carboxylate of SAM.

Most strikingly, the C, ye; distance to the unique
Fe, as averaged over the PADph2 and CmnDph2
structures, is 3.7 A, which is closer than Sy to the
Fe (the Syei-Fe distance is 4.6 A). In contrast, in
the PFL-AE structure, the Sy is closer to the
unique Fe than Cs aqe, With an Sye—Fe distance
of 3.2 A (Fig. 3C). The observation that in PADph2
and CmnDph2, C, et Was closer than Sy to the
unique Fe suggests that during the C,ner-Syier
bond cleavage, the electron is transferred from
the Fe-S cluster via C, ye, Whereas for PFL-AE
(and generally believed for all 5-dAs-forming
RS enzymes), the electron is transferred from
the Fe-S cluster via Sye; (8).

Based on the two intermediates that we have
detected and the structures of PADph2 and
CmnDph2 in complex with SAM, we propose
a reaction mechanism for the first step of

o - ‘---
i Asp289
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Fig. 4. The proposed reaction mechanism of diphthamide biosynthetic RS enzymes.

diphthamide biosynthesis (Fig. 4). The unique
iron of a [4Fe-4S]* cluster in an archaeal Dph2 ho-
modimer or eukaryotic Dph1-Dph2 heterodimer
attacks the y carbon of the methionine in SAM,
generating a 3-amino-3-carboxypropyl-[4Fe-4S]>*
organometallic intermediate I and 5"-methyl-
thioadenosine (MTA). The organometallic inter-
mediate I is essentially a stabilized ACP radical.
In the presence of the substrate EF2, the Fe-C
bond can break homolytically, allowing the ACP
radical to react with the imidazole ring of the
histidine residue of EF2 and generate the or-
ganic radical, intermediate II. Intermediate II
then loses a proton and an electron to form an
ACP-modified histidine.

In the study of PFL-AE, it was noted that the
Fe-[5'-C]-deoxyadenosyl organometallic interme-
diate could be generated through a radical reac-
tion or nucleophilic reaction (9). In our case, the
formation of intermediate I could occur via homo-
Iytic reductive cleavage of SAM to form an ACP
radical, which then reacts with the unique Fe
(stepwise one-electron transfer) to form the or-
ganometallic intermediate 1. Alternatively, a con-
certed one-step, two-electron transfer (nucleophilic
attack on C, yie) can form intermediate I directly.
The fact that C, yer Was only 3.7 A away from the
unique Fe, whereas the sulfonium moiety was
4.6 A away (Fig. 3C), favors the latter mechanism,
although we cannot eliminate the homolytic
cleavage mechanism.

The structure also provides a simple solution to
the question, how does the archaeal Dph2 homo-
dimer or eukaryotic Dph1-Dph2 heterodimer
cleave a different C-S bond in SAM compared
with all 5'-dAs—forming RS enzymes? If the cluster
interacts with and transfers electrons to C, et
instead of Sy, the only C-S bond that can be

Dong et al., Science 359, 1247-1250 (2018)

broken in SAM is the C, yet—S bond. Previously,
Kampmeier proposed that a stereo-electronic con-
trol mechanism could explain the different cleav-
age patterns (14). This model rationalizes the C-S
bond cleavage in RS enzymes using a radical dis-
placement reaction, with the formation of an Fe-S
bond accompanying the cleavage of the C-S bond
(fig. S12). This radical displacement reaction also
requires that the C-S-Fe atoms involved in the
release of a radical on carbon are arranged roughly
colinearly. Thus, if SAM in archaeal Dph2 homo-
dimer or eukaryotic Dph1-Dph2 is bound in a con-
formation with Sy close to the Fe-S cluster and
colinear C, y—S-Fe arrangement, it would lead to
the cleavage of C, yie—S. However, our structure
indicates that in archaeal Dph2 homodimer, the
C,,Met is close to the unique Fe. The C, e, me-
diates electron transfer from the Fe-S cluster,
dictating which bond is cleaved. This is an im-
portant difference between diphthamide bio-
synthetic RS enzymes and 5'-dAs-forming RS
enzymes. Why does nature choose this way to
control the bond cleavage in diphthamide bio-
synthetic RS enzymes? Perhaps conformational
constraints on SAM prevent the C, ye-S-Fe co-
linear arrangement proposed by Kampmeier,
whereas the roughly colinear S-C, ye-Fe ar-
rangement as revealed by the structures is feasible
(fig. S12).

In summary, this study has explained how
diphthamide biosynthetic RS enzymes create the
EF2 product through cleavage of the C, ye—S
bond of SAM in a process that involves first an
organometallic intermediate, then a radical inter-
mediate that collapses to product. Together with
the recent study showing an organometallic inter-
mediate in a 5’-dAe-forming RS enzyme PFL-AE,
these studies further suggest that an organo-

16 March 2018

metallic intermediate may serve as a stabilized
form of the highly reactive primary organic radical
and provide a strong parallel between RS enzymes
and adenosylcobalamin-dependent enzymes.
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A quick freeze shows an enzyme's secrets

Organic radicals are chemically useful in enzymatic reactions but are often hard to observe, owing to their short
lifetimes. Dong et al. used rapid freeze-quench methods to trap two intermediates formed by a noncanonical radical
S-adenosylmethionine (SAM) enzyme: a fragmented SAM molecule bound to the iron-sulfur cluster through an
iron-carbon bond and a product-like radical. The structure of the SAM-bound enzyme reveals a noncolinear arrangement
of carbon, sulfur, and iron atoms. The arrangement of bonds suggests that the organometallic intermediate may be
created through a two-electron nucleophilic mechanism. A subsequent radical intermediate is formed on the protein
substrate and resolves by oxidation to form the amino acid product diphthamide.
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