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Figure 17. High-Resolution MS analysis of MftA modification. (A) Starting MftA
material, (B) modified MftA material. Collected data for MS measurements are in black,
simulated spectra for the corresponded [M + 3H]** ions are in red.

To determine the location where the modification likely occurs, the [M + 3H]**
ions of both M1W MftA starting material and product were analyzed by tandem MS/MS.
The b- and y-ions (N- and C-terminal polypeptide leftovers of an amide bound break,
respectively) obtained from tandem MS/MS were used as a map to determine the position
where the change occurred. We were unable to find bai-ion and any y-ions in the product,

(Figure 18B) that would be related to starting material (Figure 18A), whereas all the other

b-ions that were also found in the starting material were presented, including bso.
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Figure 18. Tandem MS/MS analysis. (A) Starting MftA material, (B) Modified MftA
material. Found b-fragments are in red, found y-fragments are in blue. Predicted
fragments that were not found are in black [50].
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From all this data, we concluded that modification of MftA is the decarboxylation
at C-terminal tyrosine residue, with subtraction of two hydrogen atoms. Our first
hypothesis was that this loss of 2H occurs due to the formation of C,-Cg double bond at

the C-terminal residue (Figure 19).
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Figure 19. Initially proposed mechanism of the MftA modification by MftC.

5'-dAe radical abstracts hydrogen from Cg-position of C-terminal tyrosine

We proposed that 5'-dAe radical abstracts hydrogen from C,- or Cg- position of
tyrosine. To test this hypothesis and determine which hydrogen is abstracted, we labeled
MftA peptide with tyrosine deuterated at C,- and Cg- position, isolated 5'-dA formed in
the process of reaction and analyzed by high-resolution LC/MS. We expected that 5'-dA
would have a mass larger by 1 Da in case of a deuterium abstraction (5’-dA-D) instead of
a natural hydrogen. M1W MftA peptide was labeled with ring-2,6-D-, 2-D (at C,) or 3,3-
D> L-tyrosine (at Cp). According to the high-resolution LC/MS data (Figure S1A, S1B),
the level of deuterated tyrosine incorporation into the peptide was ~40% in case of C, and
~100% in Cgp. The concentrations of all the reagents were set to minimize the amount of
SAM consumed in order to increase the ratio of a deuterated 5'-dA presented versus
natural 5'-dA, expecting 1:1 ratio. The HPLC fractions of 5’-dA were collected and

analyzed by high resolution LC/MS. Analysis of a commercially produced 5’-dA (Sigma
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Aldrich), serving as a negative control, showed a mass of m/z = 252.1098 ([M + H]",
predicted 252.1091, Figure 20A), and simulation of 5'-dA-D spectrum predicts
appearance of a mass m/z = 253.1154 ([M + H]*, Figure 20B). After the reaction with C,-
deuterated tyrosine, 5'-dA had a signal of m/z = 252.1095 ([M + H]*, Figure 20C),
consistent with the negative 5'-dA control, whereas in case of Cp-deuterated tyrosine we
were able to find ~30% of 5-dA-D (m/z = 253.1158, [M + HJ]") in addition to the
unlabeled 5'-dA (m/z = 252.1095, [M + H]*, Figure 20D). From our findings, we can
propose that it is the Cg-hydrogen of the C-terminal tyrosine that is abstracted by 5'-dAs

radical as an initial step in the mechanism of MftA modification.
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Figure 20. High-Resolution MS data of 5’-dA fractions purified by HPLC from reactions
with deuterated labeled MftA variants. (A) 5'-dA control, (B) simulated spectra for 5’-dA
with incorporation of one deuterium, (C) 5'-dA from the reaction with C,-deuterated
Tyr30 MftA, (D) with Cg-deuterated Tyr30 MftA, (E) with Cg-deuterated Val29 MftA
variant.
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the M1W V29A starting material with m/z = 1176.18 ([M + 3H]**, Figure S4A) and
M1W V29A Product 2 with m/z = 1160.85 ([M + 3H]**, Figure S4B), which represents a
loss of 1C, 20 and 2H in a possible case of a decarboxylation with a double carbon-

carbon bond formation, proposed for the intermediate.

Figure 25. M1W V29A MftA modification by MftC leads to the predominance of
Product 2. (A) HPLC chromatograms of the reactions representing M1W V29A MftA
starting material (black) and its conversion into M1W V29A Product 1 and M1W V29A
Product 2 (red). (B) UV-visible absorbance spectra of M1W V29A MftA starting
material (black), M1W V29A Product 1 (red) and M1W V29A Product 2 (blue).

To determine the exact structure of M1IW V29A Product 2, we used H NMR.
The aromatic region of *H NMR spectrum (5 ~ 5.50 to 8.50 ppm) of the M1W V29A
starting material is proposed to be the same as the corresponding M1W MftA, because
valine-to-alanine change has no significant effect on the tyrosine residue within the
aromatic region. Therefore, we used *H NMR spectrum of M1W MftA starting material
as a reference (Figure 26A). After the reaction with MftC, the formed M1W V29A
Product 2 was purified by HPLC and analyzed by *H NMR. We noticed the appearance

of two new doublets at  ~ 6.27 and 7.25 ppm (Figure 26B) which represented formation

of a double carbon-carbon bond. The J-coupling constant of the well-resolved doublet at
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d ~ 6.27 ppm was 14.7 Hz, which is specific for trans-configuration of the double bond.

Considering the data obtained, we concluded that V29A mutation within MftA results in

the accumulation of an intermediate containing a double carbon-carbon bond in a trans-

configuration.
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Figure 26. Aromatic region of *H NMR spectra of M1W MftA starting material (A) and

M1W V29A Product 2 (B).

Based on the new hypothesis, the MftA Product 1 as a “final” product of MftC

reaction is proposed to have a cross-linking carbon-carbon bond between C, carbon of

the C-terminal tyrosine and a carbon in the penultimate valine side chain. To test this,

MftA was labeled with deuterated Dg-Val29. MftA contains three more valine residues

within the peptide chain, V13, V18, and V21, therefore they were mutated to isoleucine

residues as the amino acid with the closest similarity of side chain, in order to label V29
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only. According to the high-resolution LC/MS data (Figure S5A), the level of Dg-valine
incorporation into the peptide was ~50%. We would expect mass change of 47 Da during
the reaction because of the deuterium loss instead of natural hydrogen. After the reaction
with Dg-Val29 MftA, the product was 47 Da lighter with m/z = 1168.22 ([M + 3H]**,
predicted 1168.22, Figure S5B), which indicated a loss of 1C, 20, 1H and 1D. From this,
we can conclude that the penultimate valine is involved in the reaction, possibly involved
in a cross-linked product.

To determine which carbon was participating in the formation of a new bond,
MftA was labeled with specifically deuterated 3-D-Val29. The V13I/V181/V21l triple
mutant MftA was used to label V29 only. Again, we would expect that after the reaction
with MftC mass change of MftA would be 47 Da if the deuterium is abstracted from Cg-
position, and 46 Da in case of abstraction of a natural hydrogen from C,- or C,-position
of the penultimate valine. According to the high-resolution LC/MS data (Figure S6A), the
level of the 3-D labeled valine incorporation into the peptide was ~100%. After the
reaction with 3-D-Val29 MftA, the product was 47 Da lighter, with m/z = 1165.88 ([M +
3H]%, predicted 1165.88, Figure S6B), as in the case of Ds-Val29 MftA, which indicated
a loss of 1C, 20, 1H and 1D. Based on this, we propose that a possible cross-linking
occurs between the C-terminal tyrosine and the Cg-carbon of the penultimate valine.

The cross-linking is accompanied by an act of abstraction of a hydrogen from
Val29, which is probably performed by 5’-dAe radical. It should be noted that when the
penultimate valine was mutated to alanine, the corresponding Product 1 was a minor

product, which means that the cross-linking may still occurred at a lower efficiency. This
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is probably due to the relative instability of a primary radical compared to a tertiary one
formed in the reaction with participation of alanine and valine side chains, respectively.
To verify this, we collected the HPLC fraction of 5’-dA formed in the reaction with 3-D-
Val29 MftA and analyzed it by high resolution LC/MS, as described above. We found
~12% of 5’-dA-D with m/z = 253.1155 ([M + HJ]") in addition to the unlabeled 5'-dA with
m/z = 252.1100 ([M + H]*, Figure 20E). From this finding, we propose that the final
mechanism of MftA modification by MftC requires two equivalents of 5'-dAe radical to
perform the whole catalysis proceeding through formation of the decarboxylated

intermediate, resulting in the Val29-Tyr30 cross-linked final product (Figure 27).
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Figure 27. Revised mechanism of the MftA modification by MftC, including
transformation of the intermediate into the cross-linked final product.
Labile proton at MftA C-terminus is required for the catalysis
As we proposed initially, the possible mechanism of MftA modification includes
formation of a benzenone species from an intermediate radical (Figure 19). This step
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involves a loss of a phenolic proton, which then is taken back during decarboxylation.
That may be possible only if the proton is labile, e.g. exchanged easily. To test if the
labile proton is required for the reaction to proceed, we mutated the C-terminal tyrosine
in M1W MftA peptide to phenylalanine, serine and tryptophan. All the peptide variants
were verified by high-resolution LC/MS (Figure S7). Reactions with the mutants were
analyzed by HPLC with further analysis of UV-visible absorbance spectrum within 220-
340 nm region.

At first, we substituted the C-terminal tyrosine by phenylalanine (Y30F), which is
lacking the p-hydroxyl group and only contains a relatively inert hydrogen in its place.
HPLC analysis of the reaction mix did not show any possible product with this mutant
(Figure 28A). High-resolution LC/MS analysis also did not show appearance of any new
species distinct from the M1W Y30F starting material with a mass m/z = 1180.20 ([M +
3H]%, predicted 1180.20). This data suggests that the p-hydroxyl group is an important
component for MftC catalysis.

Next, we exchanged the C-terminal tyrosine to serine (Y30S) because it has a
hydroxyl group similarly to tyrosine. HPLC analysis showed new species formed during
the reaction with Y30S MftA. The starting material eluted at ~9.6 min, the possible
product appeared at ~10.1 min, both shared the maximum absorbance at ~278 nm in the
UV-visible absorbance spectrum (Figure 28B). In the LC/MS data for the reaction mix
(Figure 28B) we could find the starting material with a mass 1160.19 ([M + 3H]*") and
the corresponding decarboxylation product with loss of 46 Da (m/z = 1144.86, [M +

3H]%". In addition, we could observe appearance of a new species with m/z = 1150.19
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([M + 3H]*"), which was not shown by HPLC. Mass of this species is less by 30 Da than
that of the Y30S starting material, indicating the loss of 1C, 10, and 2H, which possibly
represents transformation of the serine into glycine. We can conclude that MftC can
perform both specific and even non-specific catalysis towards the peptide with a C-
terminal serine, which is not a natural substrate for this enzyme.

Finally, we substituted the C-terminal tyrosine by tryptophan (Y30W) because its
side chain has aromatic properties similar to tyrosine. In addition, a hydrogen bound to
the indole nitrogen has a similar pKa to tyrosine, as well. HPLC analysis showed
appearance of two new peaks: one was eluted at ~10 min and the other one showed up at
~11.8 min (Figure 28C). The first peak eluted before the M1W Y30W starting material
(at ~10.3 min). UV-visible absorbance spectrum of this species showed maximum
absorbance at 260 nm and a “shoulder” at ~280 nm. Further analysis of the reaction by
high-resolution LC/MS showed the starting material with a mass of m/z = 1193.21 ([M +
3H]%*") and the corresponding decarboxylation product with loss of 46 Da (m/z = 1177.87,
[M + 3H]®"). Besides those two, a new peptide-based species with a mass of m/z =
1276.24 ([M + 3H]*") was found. This species is 249.1 Da heavier than the starting
material. As we noticed, the mass of 5’-dA (251.1 Da) is close to that difference. This
compound was likely formed in the process of a covalent binding of one 5’-dA molecule
by the tryptophan residue, which would explain the loss of 2H to result in the exact mass
match. In this case, the addition of 5'-dA is likely to be responsible for the appearance of
the maximum absorbance at 260 nm, which is a characteristic pattern for adenosine. It

should also be noticed that abundance levels of this species and the starting material in
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the mass spectrum are almost the same, as well as the areas of the peaks on the HPLC
chromatogram related to the major product and the starting material. In this case, we can
match this peak to the corresponding heavy peptide species. Based on the data above, we
propose that MftC can catalyze not only decarboxylation of a C-terminal tryptophan,
which is not its natural substrate, but also a covalent addition of 5’-dA to this amino acid.

However, the exact position of this addition remains unknown.
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Figure 28. HPLC and high-resolution MS analysis of MftA mutants’ modification by
MftC. (A) M1W Y30F, (B) M1W Y30S, (C) M1W Y30W mutant. UV-visible
absorbance spectra of the corresponding species are presented as insets. In all cases, the
corresponding starting materials are colored in black, and the reacted peptide variants are
in red. Green line in UV-vis represents spectrum for 5’-dA bound M1W Y30W peptide
product.
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CHAPTER FOUR: DISCUSSION AND SUMMARY

MftC is a radical SAM enzyme that contains at least two [4Fe-4S] clusters. Iron-
sulfide quantification analysis of MftC from M. ulcerans Agy99 clearly showed the
presence of two [4Fe-4S] clusters. The RS-cluster was ligated by the 30-CX3CX®dC-37
motif; the C37A mutation in MftC resulted in loss of the cluster, and this mutant was not
able to perform SAM cleavage (data not shown). Location of the other cluster was not
determined precisely; its role in the catalysis remains unclear. Interestingly, the same RS-
SPASM protein from different species can ligate different amounts of [4Fe-4S] clusters,
two [61] or three [9]. Therefore, one cannot rule out the possibility for MftC to contain
three [4Fe-4S] clusters. Nevertheless, the exact number of the auxiliary clusters ligated
by MftC may not be critical for the catalysis.

Modification of MftA performed by MftC leads to the formation of two distinct
isomeric products, with a ~90:10 ratio of Product 1 to Product 2. In case of using V29A
MftA construct instead of the natural MftA, the ratio of the products was inverted. Since
MftC is unlikely to perform the proper catalysis on the unnatural substrate, the reaction
with the V29A MftA mutant was likely held at the halfway point of the entire
modification. Consequently, Product 2 is probably an intermediate and Product 1 is the
final product of the two-step modification of MftA. The intermediate was shown to
contain a carbon-carbon double bond at the C-terminal tyrosine leftover. Simultaneous
abstraction of an H-atom from the penultimate valine and vanishing of the carbon-carbon
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double bond at the C-terminal tyrosine leftover is likely a result of cross-linking between
these two residues. There is also a strong evidence that each step of this modification
requires an equivalent of 5'-dA- radical.

Since modification of MftA by MftC is only the first step of the mycofactocin
biosynthetic pathway, the product of this modification will serve as a starting material for
any subsequent step. It is not known which of the two products may be a natural substrate
for this. However, it has been shown recently that the creatininase MftE performs the
second step of the pathway, resulting in formation of VY** species containing a carbon-
carbon double bond [54]. That leads to the possibility that MftE used the intermediate
Product 2 as its substrate, rather than the final Product 1. However, this reaction was
performed in situ with MftC, and the product was never isolated as is. This leaves the
opportunity to speculate that MftE could cleave both Products 1 and 2, resulting in
formation of two distinct low molecular weight species. If this assumption is true, then
the preferred substrate would be considered as a natural intermediate of the mycofactocin
pathway. The LC/MS data provided in [54] showed presence of some ions derived from
the double-bond containing variant of VY** which is an indirect evidence that Product 2
might be a natural product of the reaction performed by MftC. Further investigation of
the low molecular weight products of MftE, including NMR analysis of their structures,
would help to determine the natural product of MftC.

Also, MftC was able to react with Y30S and Y30W MftA constructs, performing
its specific catalysis. According to the corresponding UV-visible spectroscopy data, it is

likely that the specific products formed during the catalysis contain a cross-link with the
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penultimate valine rather than a carbon-carbon double bond. However, the exact
structures of these products were not determined. In addition to that, MftC implemented
an unanticipated, non-specific catalysis on Y30S and Y30W, distinct for each construct,
resulting in formation of non-specific products. Since these constructs are not natural
substrates for MftC, it is unlikely that any of their corresponding products can undergo
further modifications of the mycofactocin pathway properly. Therefore, these constructs
have a potential to be used as possible inhibiting agents for this pathway, which might
potentially be critical for vital activity of Mycobacterium species. Construction of new
prospective drugs against M. tuberculosis could be based on these mutant variants of

MftA peptide.
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