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Biosynthesis of the RiPP trojan horse nucleotide
antibiotic microcin C is directed by the N-formyl of
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Microcin C7 (McC) is a peptide antibiotic modified by a linkage of the terminal isoAsn amide to AMP via
a phosphoramidate bond. Post-translational modification on this ribosomally produced heptapeptide
precursor is carried out by MccB, which consumes two equivalents of ATP to generate the N—P linkage.
We demonstrate that MccB only efficiently processes the precursor heptapeptide that retains the N-
formylated initiator Met (fMet). Binding studies and kinetic measurements evidence the role of the
N-formyl moiety. Structural data show that the N-formyl peptide binding results in an ordering of
residues in the MccB “crossover loop”, which dictates specificity in homologous ubiquitin activating
enzymes. The N-formyl peptide exhibits substrate inhibition, and cannot be displaced from MccB by the
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Introduction

Microcin C7 (McC) is a modified heptapeptide, produced by
some strains of E. coli. The terminal a-carboxylate of McC
peptide is conjugated to 5-phosphate of AMP via a phosphor-
amidate linkage to yield an aspartamide-adenylate that is linked
through an N-P bond (Fig. 1).%* McC is a RiPP (ribosomally
synthesized and post-translationally modified peptide),®
wherein the heptapeptide MRTGNAN (1 or 2), the product of the
mccA gene, is modified by the enzyme MccB to yield the ade-
nylate (3 or 4).** The peptide component of McC facilitates both
export from the producing strain through MccC major facili-
tator superfamily membrane transporter and import into
susceptible cells via the inner membrane YejABEF trans-
porter.*” Upon import into target cells, no-specific proteases
cleave the peptide conjugate to release a “warhead” - an inert
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avert toxicity in the cytoplasm of producing organisms.

analog of aspartyl adenylate 5, with non-hydrolyzable N-acyl
phosphoramidate link 6.*° The toxin inhibits aspartyl-tRNA
synthetase to halt protein synthesis.’

The adenylyl transfer reaction catalyzed by MccB consumes
two molar equivalents of ATP: the first is used for the attach-
ment of AMP to the a-carboxylate of the MRTGNAN peptide,
which subsequently undergoes an intermolecular reaction to
form a peptide-succinimide intermediate.'® Attack of the suc-
cinimidyl nitrogen from this intermediate onto the a-phosphate
of the second ATP equivalent forms the N-P bond. Hydrolysis of
the succinimide ring yields the modified peptide-adenylate in
which the terminal Asn encoded by the mccA gene is converted
to an isoAsn (i.e. an aspartamide).’ Export of the prodrug from
the producing organism is carried out by a member of the major
facilitator superfamily of membrane transporters (MccC).*

Biosynthetic clusters that produce McC-like compounds
universally contain only the genes encoding for an MccA-like
precursor peptide, the MccB adenylyltransferase and the
MccC transporter,** but often possess genes that install addi-
tional decorations on the peptide aspartamide-adenylate, such
as the 3-aminopropyl moiety found on McC 6.">** Producing
strains have developed strategies to avert toxic effects of
prematurely processed intact McC (3 or 4) in their cytoplasm.
Specifically, MccE and MccF carry out either toxin modification
or hydrolysis, respectively, to protect against accumulation
inside of the host.****

All RiPP systems must utilize means to guard against the
unregulated synthesis of the precursor peptide, which may
result in build-up of the modified bioactive product within the
cell. In most RiPP systems, this failsafe is ensured by the
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Fig. 1 (A) Biosynthetic gene cluster for the McC toxin from E. coli. (B)
MccB-catalyzed production of the peptide-adenylate resulting in
installation of an N-P linkage. (C) Chemical structures of aspartyl
adenylate generated by aspartyl-tRNA. Synthetase (5) and the pro-
cessed McC toxin (6). Mature McC toxin (6) has a tailoring aminopropyl
modification that increases it affinity for the target.

presence of the leader sequence in the processed substrate, as
the bioactive natural product is only elaborated upon removal of
the leader peptide by highly specific proteases, typically coupled
with extracellular export.* Seemingly, no such control point
exists for McC, and the catalytic efficiencies of MccE (kcar/Ky Of
7.1 x 10° M~ s71)* and MccF (keae/Ky of 3.95 x 10* M~ 57 )7
for toxin inactivation may not be sufficient to overcome toxic
buildup of 6 within the producing cell. Thus, McC biosynthesis
may be regulated by other means.

Results and discussion

The initial characterization of intact McC purified from
a producing strain showed that the molecule lacked a free
a-amino group.” Subsequent structural elucidation of the iso-
lated product using "H NMR was consistent with N-formylation
of the initiator Met of the peptide conjugate 4.° Moreover,
systematic analysis of substrate scope of the YejABEF importer
that internalizes intact McC into target cells demonstrated that
4 was a significantly better substrate than the peptide that
lacked the N-formyl moiety 3.* These data are consistent with
two possibilities: (a) that only the N-formylated precursor 2 is
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used in the McC biosynthetic pathway, and/or (b) that N-for-
mylation is necessary for toxin export out from producing cells.

In order to distinguish between these two possibilities, we
carried out HPLC analysis of the MccB adenylyltransferase-
catalyzed reaction products using each 1 and 2 precursor
peptides as substrates (Fig. 2A and B). Upon incubation of
deformyl peptide 1 (50 pM) with ATP and sub-stoichiometric
concentrations of MccB (1 uM), substantial amounts of the
substrate remain even after 1 hour, consistent with observa-
tions in prior studies using the same desformyl substrate
(Fig. 2A).***° In contrast, incubation of N-formylated peptide 2
(50 uM) with the enzyme resulted in the near complete
conversion of the substrate after 10 minutes (Fig. 2B). To
provide a quantitative assessment of the two substrates, we
carried out Michaelis-Menten kinetics of MccB using either 1 or
2 as substrates (Fig. 2C and D).

Consistent with the chromatographic analysis, the catalytic
efficiency of MccB using N-formylated 2 (kc./Kv of 3.6 X
10* M~ " s7") was nearly 12 000 times greater than that with the
desformyl 1 peptide (kca/Ky Of 3.0 M™" s71). Most notably, the
kinetic data with N-formylated peptide 2 are consistent with
strong substrate inhibition (K; of ~5.5 uM), as discussed below.

We next sought to understand the molecular rationale
underlying the observed four orders of magnitude difference in
catalytic efficiency observed with the N-formylated 2 relative to
desformyl 1 peptide. To this end, we determined the 1.6 A
resolution co-crystal structure of E. coli MccB in complex with
ATP, MgCl, and N-formylated MccA (2) (Fig. 3A; ESI Table S17).
In prior studies,* the substrate peptide was directed away from
the ATP-binding site. In contrast, our structure presents the
MccA substrate bound to MccB in a productive manner
consistent with the reaction scheme. Clear and continuous
electron density can be observed for the peptide aspartamide-
adenylate 4 (generated in situ) within the active site (Fig. 3B;
ESI Fig. S17).

The N-formyl moiety is situated in a pocket formed, along
one side, by Val240, and Ile243 of one MccB monomer and, on
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Fig. 2 (A and B) HPLC analysis of the time-course of the MccB

reaction progress using either (A) desformyl MccA 1 or (B) N-for-

mylated MccA 2 as a substrate. (C and D) Michaelis—Menten kinetics

curves for MccB with either (C) 1 or (D) 2 as a substrate. Error bars

represent standard deviation of the mean (n = 3).
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Fig. 3 (A) Structure of MccB homodimer bound to product 4. One
monomer is colored in gray and the other in pink and blue. (B)
Coordinates of the MccB-4 complex superimposed on a difference
Fourier map (Fops — Fealc) cOntoured at 2.5¢ using phases from the final
model with the coordinate of 4 removed prior to a round of simulated
annealing refinement. (C) Close-up view of the N-formyl binding
pocket of MccB.

the other side, by Gly23 and Glu26 from the other monomer
(Fig. 3C). The formyl oxygen is engaged with the backbone of
Gly23 and the side chain of Glu26. Perhaps as a result of the
productive binding mode for 4, electron density can also be
observed of residues Lys262 through Lys271, which correspond
to the “crossover loop” that connects the two active sites in
homologous ubiquitin-like protein activating enzymes (E1) (ESI
Fig. S21). These newly observed contacts reveal that a number of
residues located within the “crossover loop” engage in interac-
tions with the MccA peptide.

In order to validate the interactions with product observed in
the crystal structure, we analyzed the binding of wild-type MccB
to fluorescein isothiocyanate (FITC) labeled peptide (2) that is
not a substrate, yielding a K4 ~ 3.6 uM (ESI Table S2 and Fig. S3
and S41). Competition fluorescence polarization assays using
unlabeled 2 yields a K; ~ 9 uM. We next tested a panel of vari-
ants of MccB with amino acid substitutions at both the N-formyl
site, and at the crossover loop (Table 1; ESI Table S3 and Fig. S5-
S71). Removal of part of the N-formyl binding pocket in the
Ile243 — Ala variant results in near complete loss of binding to
2. Likewise, Ala mutation at residues along the Lys262-Lys271
crossover loop severely compromises binding, as is seen in
Val264Ala (Kg ~ 79 uM), and Tyr268Ala (K4 ~ 18 uM)
MccB derivatives, with substitutions of residues that line the
peptide-binding pocket (ESI Fig. S271). These data affirm the role
of the crossover loop in reinforcing productive binding of the
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Table 1 FP and competition FP binding data of MccB variants binding
to the N-formylated 2 substrate

Variant K4 (uM) ICso (nM) Ki (1M)  [Protein] (uM)
Y14A 143.40 + 35.90 NA NA NA
E26A 91.11 £ 4.70 NA NA NA
E26D 539.40 + 358.40 NA NA NA
E26Q 16.93 + 3.11 59.34 + 8.75 13.46 30
S212A 2.06 £ 0.05 6.99 + 1.02 2.87 2
F217A 8.85 + 0.88 32.07 £ 7.36 11.86 10
1243A >800 NA NA NA
V264A 79.17 £ 12.81 682.50 + 61.55 399.29 50
Y268A 17.57 £ 1.80 93.35 + 15.65 37.28 20
Y268F 4.15 + 0.37 36.83 £+ 3.18 15.14 5
H333A  5.01 £0.37 26.55 + 2.98 11.62 5

MccA substrate. The specificity of complementary interactions
between a given E1 activating enzyme and its cognate ubiquitin-
like protein (Ubl) substrate is a hallmark of the Ubl
activation.”>*

In order to gain additional inferences regarding MccB
substrate specificity based on homologous Ubl conjugation
systems, we carried out comparative analysis with the structure
of eukaryotic Els, namely those of Ubal in complex with
ubiquitin, Sae2 in complex with SUMO, and Uba3 in complex
with NEDDS8 (ESI Fig. S21).2*>* In each of these structures, the
residue corresponding to Arg72 in ubiquitin affects substrate
recognition via complementary interactions with residues in
the crossover loop of the cognate E1.>* In our co-crystal struc-
ture, Arg2* (the asterisk designates the numbering of residues
in the substrate) from the N-formylated precursor 4 is directed
towards the peptide binding clamp in the adjacent monomer,
where Tyr14 forms platform along one edge, and Glu26 wedges
in between the N-formyl oxygen of fMet1* and the guanidino
group of Arg2* (Fig. 3C). The importance of these residues is
highlighted by the nearly 40-fold increase in K4 (~143 uM) for
Tyr14 — Ala, and 25-fold increase in K4 (~91 pM) for Glu26 —
Ala MccB (Table 1; ESI Fig. S57).

As our kinetic measurements of MccB suggested substrate
inhibition (K; of ~5.5 uM) by the N-formylated 2, but not with
the desformyl 1 peptide, we analyzed differences in binding to
MccB in greater detail using competition fluorescence polari-
zation (FP) assays with FITC-labeled precursor peptides. Label-
free N-formylated 2 was able to efficiently compete with the
labeled peptide (K; ~ 9 uM) (Fig. 4A). In contrast, FITC-labeled
desformyl 1 only weakly bound to MccB with a K4 of
~378.7 uM (ESI Fig. S4 and S87). Notably, desformyl 1 could not
displace bound FITC-labeled N-formylated 2, even at concen-
trations greater than 5 mM (Fig. 4A), while N-formylated 2 was
able to displace FITC-labeled desformyl 1 with a K; ~ 52 uM (ESI
Fig. S91). Hence, N-formylation of the MccA precursor enables
substrate inhibition of MccB.

Based on our structural data, we hypothesized that the
interactions established between Glu26 in MccB and the fMet1*
and Arg2* of 2 may contribute to substrate inhibition. In order
to test this theory, we carried out Michaelis-Menten kinetics of
Glu26 — Ala MccB using N-formylated 2 as a substrate. This
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Fig. 4 (A) Competition FP binding curves of MccB using FITC labeled

N-formylated 2 as probe. (B) Michaelis—Menten kinetics curve for
Glu2é — Ala MccB with N-formylated 2 as substrate. Error bars
represent standard deviation of the mean (n = 3).

variant demonstrated a 33-fold decrease in catalytic efficiency
(keat/Kng of 1.1 x 10° M~ s™1) (Fig. 4B). More importantly, no
substrate inhibition by 2 was observed with Glu26 — Ala MccB,
confirming that the interactions between Glu26 of MccB, and
fMet1* and Arg2* of 2 play a role in mediating substrate inhi-
bition (Fig. 3C). Hence, Arg2* plays a role analogous to that of
Arg72 in ubiquitin in establishing the specificity of MccB with
the N-formylated MccA precursor peptide.

Conclusions

The inhibition of enzymatic turnover at high concentrations of
substrate is prevalent throughout primary metabolism, and
occurs across various classes of catalysts.”® Our studies high-
light a rare example of the use of substrate inhibition in
a natural product biosynthetic pathway. We have previously
demonstrated that an intrinsic transcription terminator located
between the mccA and mccB, coupled with a ribosome-mediated
stabilization of the monocistronic mccA transcript results in
a 20-fold excess of the precursor peptide, relative to the MccB
adenylase.”® The role of the interaction between Glu26 and
fMet1* and Arg2* of 2 in mediating substrate inhibition is
notable as similar interactions are conserved across various
classes of El-like activating enzyme and cognate substrates.
When the MccC-mediated efflux becomes saturated, production
of excess product 4 may result in processing and cellular
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toxicity, given that the immunity determinants have catalytic
efficiencies in the order of ~10* M~" s™'. Substrate inhibition
limits this unwanted situation, and excess production with
most RiPP natural products cellular toxicity is minimal, as the
leader peptide, required for post-translational modifications,
must be removed for bioactivity to appear. However, this is not
the case with McC as intracellular processing of endogenous 4
will liberate active toxin 6 within the producing organism. Thus,
inhibition of MccB by substrate 2 may restrict overproduction of
4 providing an expedient means to avert the unwanted buildup
of a toxic metabolite within the producing organism at condi-
tions of excess precursor peptide synthesis or decreased export
of mature compound.
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