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Formylation Domain: An Essential Modifying Enzyme for the Nonribosomal
Biosynthesis of Linear Gramicidin
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A broad variety of pharmacologically important compounds is
produced by nonribosomal peptide synthetases (NRPBkgse
enzymes consist of modules, each of which is responsible for the
incorporation of a distinct building block into the peptide product
during the often linear assembly line-like synthésidodules can
further be subdivided into catalytic core domains responsible for
activation, condensation, covalent binding, and modification of each
single building block Linear gramicidin is a 15 mer peptide
antibiotic with several known isoforms (Supporting Information)
produced byBacillus brevis ATCC 8185 via nonribosomal peptide
synthesig: 6 The bioactive form consists of twghelical monomers

which form an ion channel that can span the bacterial cell membrane

due to its hydrophobicity, thus leading to cell death. Both peptide

a} LgrA1 [Sfp], CoA b) ATP, Val G)
Pl , Wa
F et L —or i n
o ; N'C- fHaF §
SH -H4F S
fval OH @ OIS
[M-HI'= o <
Wl | S QD on g
HN \d)
=0 @
H

o]
8 Y |
A A

H

{

SH

5

6

7 8 9 min o

Figure 1. (a) The recombinant apo-enzyme -RCP (LgrALl) is converted

monomers are arranged in a linear head-to-head manner with thel© its corresponding active holo-form by transfer of thepgant moiety of

N-termini facing each other at the dimer interf&ce.

Characteristic for all linear gramicidins is the N-formylation of
the N-terminal valine or isoleucine residues by a so far unknown
mechanisn$.Although N-formylation is a common mechanism for
initiation of ribosomal protein biosynthesis in prokaryotes (for
detailed review, see Laursen et’glit is exceptional in nonribo-
somal peptide synthesis.

CoA, catalyzed by the 'gopant transferase Sfp. (b) Valine is ATP-
dependently activated by the A domain and covalently linked to the thiol
group of the holo-PCP. (c) Formylation of enzyme-bound valine is triggered
by addition of the formyl donor N10-fH4F. (d) FormyValine is cleaved

off by basic hydrolysis prior to detection.

In further experiments, F-APCP was analogously assayed with
leucine and isoleucine, and both formyéucine and formyt
isoleucine could be detected with overall yields of a mere 5%

Besides linear gramicidin, a second system, the anabaenopepsupporting Information), and this indicates an F domain specificity

tilides from Anabaenastrain 90, is known to produce N-terminally
formylated NRPS product8.Sequence analyses of the gene clusters

toward Val, as is reflected by the natural product mixture.
Sequence comparisons of the N-terminal part of the F domain

responsible for the production of gramicidin and anabaenopeptilidesyith several formyt-methionyl transferases (FMTs) suggested the

(IgrA-E andadpA-F) revealed the presence of a putative N-terminal
formylation domain in both cases: BdpA) and F (grA).+10

The aim of this study was to investigate the catalytic function
of the putative formylation domain and the mode of action of
N-formylation in linear gramicidin biosynthesis, testing its interac-
tion with the natural neighboring domains and the timing of the
initiation reaction of the NRPS assembly line.

The adenylation (A) domain of LgrAl has been described earlier
to activate valine Ky = 0.84 mM), with minor side specificities
toward leucine and isoleucing& = 2.4 mM)# As formyl—valine

presence of a binding motif typical for'iformyltetrahydrofolate
(fH4F).* Nevertheless, the sterically similar but more stable and
thus commercially available cofactorfH4F was also accepted
by the F domain and was, therefore, used in analogous formyl-
transferase assays. Both cofactors led to the formation of formylated
products, with an 18-fold higher formyl transfer ratio for thé&"N
fH4F cofactor, which was determined by time-dependent formyla-
tion assays.

To investigate the influence of formylaline on the initiation
of linear gramicidin biosynthesis, we performed elongation assays

was not accepted as a substrate by the A domain (Supportingysing the truncated dimodular system of LgrA FRACP-C-A-

Information), we hypothesized that valine bound to thgpant
cofactor of the adjacent peptidyl carrier protein (PCP) is the
substrate for the putative F domain.

We performed a formylation assay with the first module LgrA1
(F-A;-PCP) as described in Supporting Information (Figure- 1a
d), and subsequent analysis confirmed the formation of formyl
valine by both mass and retention time compared to gfolknyl—
valine standard. Valine, however, was not detectedicative of
a 100% yield in this enzymatic modification reaction (Figure 1).
When ATP was omitted, no enzyme-bound product could be
detected, and also no formation of formylaline was observed
from the solution in the absence of either HRCP or Sfp (data
not shown).

T Present address: Biozentrum der Univétdtasel, Klingelbergstrasse 50-70,
CH-4056 Basel, Switzerland.
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PCP since the complete synthetase LgrA (with the C-terminal
epimerization domain) was insoluble. As the second A domain
activates glycine only,we performed the assay with valine and
glycine as substrate amino acids (Figure-2a Subsequent HPLC-
MS analysis revealed the formation of the expected dipeptide
formyl—valyl—glycine (Figure 2f) only in the presence of the
formyl donor. Omission of the formyl donor led to a complete loss
of dipeptide formation (Figure 2f and g).

Similar results were obtained with either leucine or isoleucine
as substrate amino acids for R-RCP, even though we detected a
dramatic drop in formylation activity, which gives rise to the
assumption that the F domain exhibits a higher specificity toward
the valyl-4-ppant. This is also supported by the fact that formyl
valine is found predominantly at position 1 in the gramicidins.
The fact that free valine or valyl-AMP is not a substrate for the F

10.1021/ja0611240 CCC: $33.50 © 2006 American Chemical Society
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Figure 2. Formation of the dipeptide formylVal—Gly catalyzed by F-APCP-C-A-PCP. (a) Conversion of apenzymes to their corresponding helo

forms. (b) Valine and glycine are activated by the A domains and transferred onto the prosthetic group of the PCP domains. (c) Formylation of enzyme-
bound valine by the F domain using®fH,F. (d) Only when the formylation of valine had occurred in the previous step was the elongation reaction
catalyzed by the condensation (C) domain, generating the enzyme-bound dipeptid&R/gk) Product is cleaved off by hydrolysis prior to detection. (f)
HPLC-MS analysis of the assay reveals the formylated dipeptide-f@a} (blue), whereas no condensation product was found (black) when the cofactor
was omitted (c, g).

domain points to the need and function of the 20' fgant moiety tolerance of this domain make it an ideal candidate for future
onto which the substrate is covalently bound as a thioester. The Finvestigations involving the construction of hybrid NRPSs aiming
domain is quite small (24 kDa) compared to FMTs due to the fact at the production of linear N-terminally protected peptides in vitro
that the whole C-terminal subdomain of FMTs is missing. This and in vivo.
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isoleucytglycine and formyt-leucyl—glycine, respectively.
Our experimental data presented here are strong evidence tha%

the F domain is essential for the initiation of linear gramicidin o .
bi thesis. The fact that th ding A d in d t1‘H4F, radioactive ATP/PRexchange assays, enzyme preparation, assay
losynthesis. The fact that the corresponding omain does Not ;4 yetection methods, and LCMS data on formylation assays with

a‘?C‘?pt formyt-valine emphasizes t.he importance of the F domain F-A;-PCP. This material is available free of charge via the Internet at
within the assembly line synthesis performed by the NRPS. In http://pubs.acs.org.

addition, in vitro elongation assays in the presence of the first two
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