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Biosynthesis of F,, precursor of the F,, cofactor, requires a
unique two radical-SAM domain enzyme and tyrosine as sub-

Laure Decampsl’zi, Benjamin Philmus®*, Alhosna Benjdia®, Robert White’, Tadhg P. Begley3* & Olivier

*Department of Biomolecular Mechanisms, Max-Planck Institute for Medical Research, Jahnstrasse 29, 69120 Heidelberg,

’Department of Biochemistry, Virginia Polytechnic Institute and State University, Blacksburg, Virginia 24061, United

synthase, suggests that it contains two subunits in Archaea and
Cyanobacteria (CofG/CofH) while it is a single large bifunctional
enzyme in Actinobacteria (FbiC)."> The enzyme possesses two
predlcted radical SAM (or radical AdoMet) domains (Cx;Cx,C
suggesting that it coordinates two [4Fe-4S] centers and
is likely to generate two 5'-deoxyadenosyl radicals (5-dA")* dur-
ing F( formation. In this communication, we report the successful
in vitro reconstitution and preliminary biochemical characteriza-
tion of the Fy-synthase catalyzed reaction, poising the system for
future inhibition and mechanistic studies.
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Figure 1: The biosynthesis of the deazaflavin chromophore of
F40 (Fo, 4). The structure of F,,, shown contains a single glutamic
acid (F40-1). This number is variable®.

Attempts to heterologously express the Fy-synthase
gene from M. tuberculosis gave very low yield of pure protein
despite using a construct with optimized codon usage. We thus
searched for a close relative with improved stability and selected
the Fi-synthase from a thermophilic organism (Thermobifida
fusca), with 60% sequence identity to the M. tuberculosis enzyme.
As shown in Figure 2A, we successfully obtained pure enzyme
which exhibits the typical brownish color of radical SAM en-
zymes and a UV-visible spectrum with the characteristic shoul-
ders at 330 and 420 nm (Fig. 2B, blue trace).'®'” This enzyme
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25 ABSTRACT: Cofactors play key roles in metabolic pathways.

26 Among them Fy;, has proved to be a very attractive target for the

27 selective inhibition of Archaea and Actinobacteria. Its

28 biosynthesis, in a unique manner, involves a key enzyme, Fy-

29 synthase. This enzyme is a large monomer in Actinobacteria

30 while it is constituted of two subunits in Archaea and

31 Cyanobacteria. We report here the purification of both types of

32 Fo-synthase and their in vitro activities. Our study allows us to
establish that Fj-synthase, from both types, uses S5-amino-6-

33 ribitylamino-2,4(1H,3H)-pyrimidinedione  and  tyrosine as

34 substrates but not 4-hydroxylphenylpyruvate as previously

35 suggested. Furthermore, our data support the fact that Fy-synthase

36 generates two S'-deoxyadenosyl radicals for catalysis which is

37 unprecedented in reaction catalyzed by radical SAM enzymes.

38 F4 is a deazaflavin derivative used as an essential co-

39 factor by enzymes involved in energy metabolism, antibiotic

40 biosynthes1s and DNA repalr in methanogenlc Archaea', Actino-

41 bacteria,™ Cyanobacteria* and Eukaryotes’. Nevertheless nurner—

42 ous Fuyo-dependent enzymes likely remain to be uncovered.® In

43 Mpycobacterium species, Fyo reduction plays an important role in

44 preventing nitrosative stress in macrophages and is also critical
for the activation of bicyclic nitroimidazoles, which are promising

45 antitubercular drugs.”® The Fu biosynthetic pathway has thus

46 emerged as a promising target against Mycobacterium tuberculo-

47 sis. While the redox role of Fyy is now well understood,’ the

48 mechanism of formation of its deazaflavin core (F,) is unknown

49 and has not yet been reconstituted in a biochemically-defined

50 system. This represents one of the last major unsolved problems

51 in cofactor biosynthesis.

52 The biosynthesis of the F, deazaflavin chromophore of

53 Fy0 is outlined in Figure 1. Labeling studies suggest that 4-

54 hydroxyphenylpyruvate (1) or tyrosine (2) and 5-amino-6-

55 ribitylamino-2,4(1H,3H)-pyrimidinedione (diaminouracil, 3) are

56 the precursors.'®!! Compound 1 is derived from tyrosine metabo-

57 lism and 3 is a precursor to riboflavin.'> As this oxidative cou-

58 pling occurs under anaerobic conditions, a simple oxygen-

59 dependent mechanism can be excluded. Sequence analysis of the

60 gene coding for the enzyme responsible of F, biosynthesis, Fo-
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contains 1.24+0.8 mole of Fe per mole of polypeptide. After recon-
stitution under anaerobic conditions, the enzyme exhibits in-
creased absorbance at 420 nm (Fig. 2B, red trace) and contains
9.5+1.2 mole of Fe per mole of polypeptide consistent with the
presence of two [4Fe-4S] centers in Fy-synthase. Two additional
shoulders could also be seen around the absorbance maximum at
280 nm suggesting that the isolated enzyme co-purified with
bound metabolites.
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Figure 2: Analysis of purified Fy-synthase (Thermobifida fusca).
A) SDS-PAGE analysis of the protein lane 1, MW: molecular
weight markers in kDa. B) UV-visible spectra of the “as isolated”
(dashed blue line) and the reconstituted (solid red line) enzyme.

The reconstituted Fy-synthase was reduced with sodium
dithionite and assayed for the production of 5'-deoxyadenosine
(5'-dA) from S-adenosyl-L-methionine (SAM). As shown, the
enzyme generated a new product with retention time of 13.6 min
(Fig. 3A). This product was identified as 5'-deoxyadenosine (5'-
dA) by co-migration with an authentic standard, its absorption
maximum at 257 nm and by mass spectrometry (Fig. 3B and
Supporting Information, Figure S1&S2). The formation of 5'-dA
did not require the presence of the potential substrates (1, 2 or 3),
a common feature of radical SAM enzymes."”
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Figure 3: A) HPLC analysis of the Fy-synthase reaction mixture
containing the enzyme and various components after 3 hours of
incubation. Blue trace: SAM + dithionite, Red trace: SAM + 1 +
3 + dithionite, Purple trace: SAM + 2 + 3 + dithionite, Green
trace: SAM without dithionite. B) MALDI-TOF MS analysis of
the compound eluting at 13.6 min.

HPLC analysis coupled with fluorescence detection of
the reaction mixture revealed the formation of trace amounts of a
product when Fy-synthase was incubated in the presence of SAM
and dithionite (Fig. 4A, blue trace). The product eluting at 18.5
min had the same retention time and UV-visible spectrum as
authentic F (Fig. 4A and Supporting Information, Figure S3&S4)
and MS analysis confirmed the expected mass of 363 Da (Fig.
4B). The dithionite-reduced enzyme produced low levels of 5'-dA
and F,, without the requirement of addition of substrates and
SAM, indicating that all the substrates were present, at low levels,
in the purified enzyme. This result was consistent with the unusu-
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al UV-visible spectrum of the enzyme, which exhibited a shoulder
around 290 nm. Surprisingly, addition of 1 and 3 did not increase
F, formation (Fig. 4A, red trace).

In vivo labeling studies were unable to differentiate
between 1 and 2 as F, precursors because these compounds are
readily interconverted due to the high level of tyrosine transami-
nase activity in the cell.'' As addition of 1 did not result in effi-
cient F, synthesis, 2 was a logical choice as an alternative sub-
strate. HPLC analysis of this reaction mixture showed a 77-fold
increase in F, synthesis over the reaction using 1 as substrate (Fig.
4A, purple trace). When the reaction was repeated using fully *C-
labeled tyrosine ([U-'">C]-2), MS analysis of the resulting product
showed the expected 7 Da mass increase (Fig. 4B), confirming
tyrosine as the source of the atoms shown in red in Fy (4) structure
in the Figure 1.
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Figure 4: A) HPLC analysis of the Fy-synthase reaction mixture
containing the enzyme and various components. Blue trace: SAM
+ dithionite, Red trace: SAM + 1 + 3 + dithionite, Purple trace:
SAM + 2 + 3 + dithionite, Green trace: SAM + 2 + 3 without
dithonite. B) MALDI-TOF MS analysis of the compound eluting
at 18.5 min. C) MALDI-TOF MS analysis of the product of the
SAM + [U-"C]-2 + 3 + dithionite reaction mixture.

Quantitative analysis showed that for each mole of F,
produced, 3.6£0.8 mole of 5'-dA were formed when dithionite
was used as the reductant. As dithionite-reduced radical SAM
enzymes are generally more prone to generate 5'-dA independent-
ly of the primary enzymatic product, we repeated this experiment
using the physiological system flavodoxin/flavodoxin reduc-
tase/NADPH to reduce the [4Fe-4S] cluster. Under these condi-
tions, the reaction was slower and the ratio of 5'-dA to F, was
close to 2.5 consistent with the abstraction of two H-atoms during
each catalytic cycle (Fig. 5).
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The reaction catalyzed by Fy-synthase is clearly a com-
plex transformation. To probe the function of the two distinct
radical SAM domains, we overexpressed, separately, CofG and
CofH in Escherichia coli. The Methanococcus jannaschii CofG
overexpressed well giving large quantities of soluble protein that
were determined to contain 1.7 mole of Fe per mole of polypep-
tide and exhibited the characteristic absorbance of [4Fe-4S] en-
zymes (Supporting Information, Figure S5A).
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Figure 5: Analysis of 5'-dA (blue trace) and F, (red trace) pro-
duction by Fy-synthase incubated anaerobically with SAM, 2 and
3 in the presence of flavodoxin/flavodoxin reductase/NADPH.

The Nostoc punctiforme PCC 73102 CofH was more
difficult to overexpress but gave good amounts of soluble protein
with 1.8 mole of Fe per mole of protein when expressed in the
presence of the suf operon of E. coli (Supporting Information,
Figure S5B).

When either CofG or CofH were incubated with SAM
and dithionite, 5'-dA was seen in the reaction mixture (Supporting
Information, Figure S6). This suggests that both proteins have the
ability to form the 5'-deoxyadenosine radical which they then use
for initiation of chemistry. Incubation of both CofG and CofH
with SAM, 2 and 3 generated a fluorescent product eluting at 11.5
min, only in the presence of sodium dithionite (Fig. 6A, red trace).
This product had a UV-visible spectrum and a mass spectrum
consistent with Fy. The ratio of 5'-dA to F, was higher than that
observed for the fused enzymes (4:1 early in the reaction and
increased at later times). The Fy-synthase activity required tyro-
sine (2), dithionite, SAM, CofG and CofH, but not diaminouracil
(3) (Fig. 6A, blue trace). The activity observed in the absence of 3
suggested that this substrate copurified with either CofG or CofH.
Denaturation of CofH with urea followed by diaminouracil deri-
vatization with diacetyl in trichloroacetic acid resulted in a fluo-
rescent peak that co-eluted with a reference sample of 6,7-
dimethyl-8-ribityllumazine." No bound metabolites could be
identified in denatured CofG. This suggests that diaminouracil (3)
is a substrate for CofH and that CofH is therefore likely to cata-
lyze the early steps in F, formation and CofG the later steps.

To determine if CofG and CofH functioned inde-
pendently and released a diffusible intermediate, each protein was
separately incubated with SAM, reduced methyl viologen (or
sodium dithionite), tyrosine (2) and diaminouracil (3), for 5-6 h.
After protein removal by ultrafiltration, the small molecule pool
from each reaction mixture was then incubated with SAM, 2, 3,
reduced methyl viologen (or sodium dithionite) and the protein
missing from the first incubation. Only in the sequential reaction
of CofH followed by CofG was F, synthesis observed (Fig. 6B).
This suggests that CofH produces a stable intermediate that is a
substrate for CofG and required for F, synthesis. This is also
consistent with the detection of trace amounts of 3 associated with
purified CofH described above.
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While the use of two separate adenosyl radical generat-
ing sites on a radical SAM enzyme has not been previously re-
ported, variations on this motif have been observed.
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Figure 6: HPLC analysis of the CofG and CofH catalyzed reac-
tions with fluorescence monitoring. A) Red trace: Chromatogram
of the full reaction mixture (CofG + CofH + SAM + 2 + 3 +
dithionite), Blue trace: Chromatogram of the full reaction mixture
lacking diaminouracil 3, Black trace: Chromatogram of the full
reaction mixture lacking CofG and CofH. B) Red trace: chroma-
togram of the deproteinized CofH reaction mixture (CofH + SAM
+ 2 + 3 + reduced methyl viologen) after treatment with CofG.
Blue trace: chromatogram of the deproteinized CofG reaction
mixture (CofG + SAM + 2 + 3 + reduced methyl viologen) after
treatment with CofH. Green trace: chromatogram of the depro-
teinized CofH reaction mixture (CofH + SAM + 2 + 3 + reduced
methyl viologen). Black trace: chromatogram of the deproteinized
CofG reaction mixture (CofG + SAM + 2 + 3 + reduced methyl
viologen). The chromatography conditions used here were differ-
ent from those used in Figure 4 (see Supporting Information).

MoaA is an enzyme involved in molybdopterin biosyn-
thesis and also utilizes two [4Fe-4S] clusters at its active site.'”*
Structural studies however demonstrate that the second cluster is
involved in GTP binding and does not catalyze adenosyl radical
formation. AIbA is an enzyme involved in subtilosin A biosynthe-
sis. Here the second cluster has been proposed to serve as an
electron acceptor during thioether formation.?'

Recently two radical SAM enzymes using tyrosine as
substrate have been identified and provide some insight as to the
mechanism of Fy-synthase. One (ThiH) is part of the biosynthetic
pathway to thiamin**** and the other (HydG) is involved in the
complex biosynthesis of the metal cofactor of [Fe-Fe] hydrogen-
ases.”* The C-terminal part of Fy-synthase in Actinobacteria and
the CofH enzyme (from Archaea and Cyanobacteria) exhibit
significant homologies with these two enzymes (Supporting In-
formation, Figure S7). Both ThiH and HydG form p-cresol as a
byproduct resulting from initial hydrogen atom abstraction of the
phenolic hydrogen of tyrosine. It is therefore possible that CofH
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catalyzes a similar H-atom abstraction leading to the formation of
a quinone methide (6, Fig. 7). Addition of diaminouracil would
give 7. A second hydrogen atom abstraction at the CofG site
would give 8. Loss of ammonia and deprotonation would give 10.
Cyclization to 11 and a final electron transfer back to the oxidized
[4Fe-4S] cluster would complete the formation of the deazaflavin
chromophore. Several variations on this proposal are possible and
experiments are currently underway to identify the product of the
CofH-catalyzed reaction and to test and refine this hypothesis.
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Figure 7: Mechanistic proposal for the reaction catalyzed by Fo-
synthase.

In conclusion, Fy-synthase is a novel radical SAM
enzyme that generates the adenosyl radical at two separate sites to
mediate the oxidative coupling of tyrosine (2) and diaminouracil
(3) to give the deazaflavin chromophore (4). Here we report the
successful reconstitution of the holoenzyme as well as its separate
domains, and develop the system to the point where it is now
ready for detailed mechanistic studies. We propose a mechanism
for Fy formation, which will guide these studies.
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