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ABSTRACT

Two natural products, diazepinomicin (1) and dioxapyrrolomycin (2), containing stable isotopic labels of
15N or deuterium, were used to demonstrate the utility of Fourier transform ion cyclotron resonance mass
spectrometry for probing natural product biosynthetic pathways. The isotopic fine structures of signifi-
cant ions were resolved and subsequently assigned elemental compositions on the basis of highly accu-
rate mass measurements. In most instances the mass measurement accuracy is less than one part per
million (ppm), which typically makes the identification of stable-isotope labeling unambiguous. In the
case of the mono-'>N-labeled diazepinomicin (1) derived from labeled tryptophan, tandem mass spec-
trometry located this '°N label at the non-amide nitrogen. Through the use of exceptionally high mass
resolving power of over 125,000, the isotopic fine structure of the molecular ion cluster of 1 was revealed.
Separation of the !N, peak from the isobaric >C'>N peak, both having similar abundances, demonstrated
the presence of a minor amount of doubly '°N-labeled diazepinomicin (1). Tandem mass spectrometry
amplified this isotopic fine structure (Am = 6.32 mDa) from mDa to 1 Da scale thereby allowing more
detailed scrutiny of labeling content and location. Tandem mass spectrometry was also used to assign
the location of deuterium labeling in two deuterium-labeled diazepinomicin (1) samples. In one case
three deuterium atoms were incorporated into the dibenzodiazepine core; while in the other a mono-
D label was mainly incorporated into the farnesyl side chain. The specificity of °N-labeling in dioxapyr-
rolomycin (2) and the proportion of the '>N-label contained in the nitro group were determined from the

measurement of the relative abundance of the *NO,!~ and '>NO,'~ fragment ions.

© 2008 Elsevier Ltd. All rights reserved.

1. Introduction

Natural products (NP) and their derivatives, having been fine
tuned by nature through evolutionary selection, have been the sin-
gle most important source of therapeutic agents owing to their un-
ique chemical structures and biological activities.!> Detailed
understanding of NP biosynthetic pathways is not only of funda-
mental scientific interest but also of great practical significance
in pharmaceutical research since the knowledge of the pathways
can be used to generate structural modifications through genetic
engineering.*® Incorporation experiments with stable isotopically
labeled precursors, for example, '°N-, and deuterium, is a common
and effective way to probe biosynthetic pathways. The incorpora-
tion patterns observed through labeling experiments is useful in
unraveling biosynthetic mechanisms.

Location of the atomic labels and accurate measurement of the
isotopic labeling content are critical in understanding biosynthetic
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mechanisms. Mass spectrometry offers the advantage of high sen-
sitivity, which is often required to evaluate the products of small-
scale incorporation experiments. Fourier transform ion cyclotron
resonance mass spectrometry (FTICR-MS or FTMS)®%’ with ultra-
high resolution and accurate mass measurement (AMM) capabili-
ties is particularly powerful in studying stable-isotope-labeled
compounds. Mass resolving power (resolution) was defined as
the ratio of the ion mass over the mass spectral peak full width
at half maximum peak height (FWHM). Since the mass resolving
power is proportional to the magnetic field strength, high-field
superconducting magnets were generally equipped with FTMS
instruments to achieve ultra-high mass resolving power while
minimizing the coalescence effect of the isotopic fine structure
peaks.® The exceptionally high mass resolving power routinely
achieved in FTMS enables the deconvolution of isotopic fine struc-
tures (i.e., combination of isobaric species with a difference in mass
of only a few mDa) within a nominal unit mass and thereby reveal
the presence and abundance of the stable isotopic label such as '°N
and D.° Measurement of the accurate mass values of the resolved
ions with 1-ppm accuracy leads to the unambiguous assignment of
elemental composition for totally unknown molecular or fragment
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ions (up to ~400Da).!° Tandem mass spectrometry (FTMS/MS
or FTMS") can be performed on an isolated single (nominal) isoto-
pic peak using either sustained off-resonance irradiation (SORI)
coupled with collision induced dissociation (CID)'! or infrared
multi-photon dissociation (IRMPD).!? The resulting fragment ions
can also be measured with ultra-high resolution and mass accuracy
to determine elemental compositions and fragmentation path-
ways, thereby facilitating the location of labeled atoms. Stable iso-
topic enrichments often complicates the natural isotopic
distribution, so that some labeling information might be masked
in a single (nominal) isotopic peak consisting of naturally occurring
and labeled isobaric peaks with a difference in mass of only a few
mDa, for example, the '’N,-labeled peak and the isobaric '*C'°N
peak with Am =6.32 mDa. In certain cases, the FTMS/MS can am-
plify this isotopic fine structure from mDa to the one Da scale
allowing detailed scrutiny of the labeling content and distribution.

Two novel natural products, diazepinomicin (1)'*'* and dioxa-
pyrrolomycin (2)'>1 (Fig. 1) are used in this report as examples to
illustrate the utility of FTMS in the study of biosynthetic pathways
through stable-isotope incorporation experiments. Diazepinomicin
(1), a dibenzodiazepine alkaloid was isolated from the fermenta-
tion broth of marine-derived Micromonospora sp. strains. The dib-
enzodiazepine core structure in 1 is exceptionally rare among
natural products; therefore the investigation of the precursors of
the diazepine ring system is of fundamental interest. In order to
probe the biosynthetic origin of the carbon skeleton and the nitro-
gen atoms in the core structure of 1, feeding experiments with a
series of >N and deuterium isotope-labeled precursors were car-
ried out and the resulting isotopically labeled products were ana-
lyzed using FTMS and FTMS/MS.

Dioxapyrrolomycin (2), a poly-halogenated, nitropyrrole-con-
taining antibiotic was isolated from a terrestrial actinomycete cul-
ture LL-F42248. A remarkable feature of this producing organism is
its ability to carry out direct biochemical nitration of the pyrrole
moiety.!” The mechanism of nitration in pyrrolomycin antibiotics
has been a topic of interest for many years, and consequently, sev-
eral research groups have provided valuable insights into possible
nitration mechanisms.'®-2° Despite these efforts, the biochemical
details of the origin of the nitro group in 2 remain ambiguous,
therefore incorporation experiments with a series of >N-labeled
precursors (arginine and proline) have been carried out in our
group to better understand the biosynthetic mechanism of dioxa-
pyrrolomycin nitration. Owing to its heavy chlorine content, dioxa-
pyrrolomycin (2) has a complex isotopic distribution, which is

3
Q—< /\)\/\/K/\/\CHS

o CH
/
N
HO
HN Diazepinomicin (1)
CogH34N204
HO OH

Exact Mass: 462.25186

Cl
NO,
Dioxapyrrolomycin (2)
Cl C12HgCI4N204
‘ AN Exact Mass: 381.90817
cl N Cl
H o (0]
~_—

Figure 1. Molecular structures of diazepinomicin (1) and dioxapyrrolomycin (2).

further compounded by the incorporation of the °N labels. Fortu-
nately, the nitro group can be readily cleaved and subsequently
measured by FTMS/MS.

The complete study of the biosynthetic pathways for diazepi-
nomicin (1) and dioxapyrrolomycin (2) will be published else-
where?! In this report, we will focus primarily on the results
from FTMS measurements that demonstrate its utility in probing
biosynthetic processes.

2. Results and discussion
2.1. Diazepinomicin (1)

Diazepinomicin (1), a novel bioactive alkaloid, was isolated
from the culture broth of a marine actinomycete belonging to the
genus Micromonospora. The same compound was also discovered
essentially simultaneously by Bachmann et al. and was advanced
into clinical development as an anticancer agent.'* FTMS analysis
of products derived from '>N-labeled L-tryptophan, deuterium-la-
beled ir-tryptophan (indole-Ds), and Dy4-L-tyrosine (phenyl-D,)
was employed to probe the biosynthesis of 1.

2.1.1. ®N-labeled diazepinomicin

When '°N,-labeled tryptophan was supplemented in the
growth medium, mono-'>N and !°N,-labeled diazepinomicin (1)
were produced as shown by nanoelectrospray FTMS analysis
(Fig. 2). In this experiment the singly labeled species was the major
product as evidenced by the [M+Na]'* and [M+H]'* molecular ions.
A smaller proportion of doubly '°N-labeled product is also ob-
served (ca. 17%), as well as approximately 7% of unlabeled material.
In the mass range two nominal mass units higher than the unla-
beled product, the >N, ions are resolved from the isobaric
13CI5N species, for both the [M+H]'* and the [M+Na]'* molecular
ions. The separation of these ions illustrates the tremendous
resolving power (125,000 FWHM, for the m/z 486 peak) of FTMS.
Without sufficient resolution (below 74,000), the doublet peaks
would have collapsed into one and could be mistakenly interpreted
as the naturally occurring '3C isotope of the mono-'>N-labeled 1
only, and the °N,-labeled species would be masked.

Since there are two nitrogen atoms in diazepinomicin, the dis-
tribution of label in the mono-'>N-labeled species was investigated
by FTMS/MS experiments. SORI-CID of the isolated ion at m/z 464
was employed to create fragment ions. In our previous report,'?
three major fragment ions at m/z 271, 259, and 243, were detected
using FTMS/MS for the isolated monoisotopic peak at m/z 463
[M+H]' for unlabeled 1 as shown in Figure 3A. The fragmentation
pathways are shown in the inset of Figure 3A. In the SORI-CID mass
spectrum of the isotopic peak at m/z 464 for [M+H]|'* of the
mono-'°N-labeled species, these fragment ions all appeared at
1 Da higher relative to their unlabeled counterpart peaks, as shown
in Figure 3B. The fragment ion at m/z 244, resulting from the exci-
sion of the farnesylamine portion of the amide moiety, still retains
the '°N label and therefore it is the non-amide nitrogen that was
labeled. A much less abundant peak at mjz 243.05287
(C13HoNO,™, pred, 243.05261) was also detected, corresponding
to the same sub-structure of m/z 244 without >N label, but it could
be accounted as the dissociation of the 'C isotope of the unlabeled
1 (~7% as shown in Figure 2), consequently the non-amide nitro-
gen in the mono-'>N-labeled 1 carried virtually all the mono-'>N
label.

The high specific incorporation of the '°N label into the non-
amide nitrogen is interpreted as an indication of the incorporation
of an intermediate directly derived from tryptophan, rather than a
general enrichment of the '°N pool through catabolism. It is postu-
lated that the tryptophan is first degraded into 3-hydroxyanthrani-
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Figure 2. Positive mode nanoelectrospray FTMS mass spectrum of '’N-labeled diazepinomicin (1) with '>N,-labeled tryptophan feeding.
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Figure 3. Positive mode nanoelectrospray FTMS/MS (IRMPD for C and SORI-CID for the rest) spectrum of the isolated [M+H]"* molecular ion for (A) unlabeled 1 at m/z 463
and the proposed fragmentation pathways (inset), (B) mono-'>N-labeled 1 at m/z 464 from '°N-labeled tryptophan feeding, (C) '°N,-labeled 1 at m/z 465 from '°N-labeled
tryptophan feeding, (D) Ds-labeled 1 at m/z 466 from tryptophan-Ds (indole-Ds) feeding, (E) mono-D-labeled 1 at m/z 464 from D4-1-tyrosine (phenyl-D,) feeding.

lic acid which is then incorporated through condensation with the
precursor of the other phenyl ring. In this process the ring nitrogen
of tryptophan is incorporated into the diazepine ring as the non-
amide nitrogen.

There is solid evidence to support the assignment of the re-
vealed '°N, isobaric peak as a real species rather than an artifact.

First, the same isotopic fine structure was detected for both the
[M+H]'" and the [M+Na]'* molecular ions. The measured mass
differences between the two isobaric peaks were 6.34 mDa and
6.65 mDa for the [M+H]' and [M+Na]'* molecular ions, respec-
tively, which agreed very well with the predicted Am =6.32 mDa
between '°N, and '>C'°N isobaric peaks. Secondly, the measured
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mass differences between the mono-'°N peak and the '°N, peak
were 0.99773 Da and 0.99731 Da for the [M+H]|'* and [M+Na]'*
molecular ions, respectively, which agreed very well with the pre-
dicted value of 0.99703 Da. Such small mass differences can be
measured very accurately and reliably and they are extremely
specific for peak assignments. Finally the high mass accuracy
for every resolved isotopic peak adds confidence to the
assignments.

The fragmentation behavior of the '°N,-labeled species was
studied by isolating the m/z 465 peak using a correlated harmonic
excitation fields (CHEF) and then dissociated by IRMPD (Fig. 3C).
The same three major fragment ions at m/z 272, 260, and 244 de-
tected in the SORI-CID mass spectrum of the m/z 464 (mono-'>N-
labeled 1) ion were detected again. In this case additional ions of
nominal mass +1 Da emerged for each of the three sub-structures
as shown in the expansion of Figure 3C. Two of these are narrowly
resolved doublet peaks at m/z 273 and m/z 261. The fragment ions
at mfz 272, 260, and 244 are the result of the dissociation of the
13C15N isotopic species contained in the precursor ion at m/z 465.
This '>C'>N species is also responsible for the generation of the
13C15N component of the doublet peaks at m/z 273 and m/z 261.
The remaining ion for each of the two doublet peaks at m/z 273
and m/z 261 was assigned an elemental composition containing
two >N atoms, as the result of the dissociation of the >N, species
contained in the precursor ion at m/z 465. The results obtained by
the FTMS/MS experiment amplified the isotopic fine structure of
the precursor ions from a few mDa scale to 1 Da scale, making
the assignment of '>N,-labeling unequivocal.

The relatively low abundance of the '°N label found in the
amide nitrogen suggests that this incorporation is less directly
linked to intact tryptophan. It may be that the nitrogen has been
recycled into the general metabolic pool of the organism through
catabolic pathways.

2.1.2. Deuterium-labeled diazepinomicin

When L-tryptophan (indole-Ds) precursor was supplemented in
the fermentation medium, Ds-labeled 1 was the most abundant
product as evidenced by the detection of the D3 versions of both
the [M+H]'* and [M+Na]!'* molecular ions in the positive mode
nanoelectrospray FTMS (Table 1 and Supplementary Materials
Fig. S1). Concurrently, the D,-labeled molecular ions were also de-
tected, but at much lower abundance. The measured relative abun-
dances for D,-labeled and unlabeled peaks ([M+Na]'*) were 4% and
10%, respectively, taking the abundance of the Ds-labeled peak as
100%.

To locate the sites of deuterium labeling, the FTMS SORI-CID
experiment was conducted on the [M+H]'* molecular ion at m/z
466 for the Ds-labeled species. The resulting mass spectrum
(Fig. 3D) is very similar to that detected for the [M+H]'* ion at
m/z 463 of the unlabeled 1 (Fig. 3A), except that the three major
fragment ions at m/z 246, 262, and 274 were all shifted three Da
(D3 - H3 =3.01883 Da; exptl, 3.01844 Da) higher relative to their
counterpart peaks detected for unlabeled 1. Therefore it was con-
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cluded that the dibenzodiazepine core structure carries all three
deuterium atoms. This finding is consistent with the previous
15N-labeling result with tryptophan showing catabolism to 3-
hydroxyanthranilic acid occurs prior to incorporation. Although it
is anticipated that the three deuterium atoms are on the phenyl
ring derived from tryptophan, there is no specific fragment ion in
the MS/MS data that directly supports this hypothesis. The precise
location of these atoms was determined on the phenyl ring in an
NMR experiment.?!

When Dg-i-tyrosine (phenyl-D4) was incorporated in the fer-
mentation medium, the resultant deuterium enriched product
had a very different labeling pattern as determined by FTMS (Sup-
plementary Materials Table S1). Under ultra-high resolution condi-
tions (300,000 FWHM) the isotopic fine structures were
completely resolved for the isobaric peaks at m/z 462, m/z 463,
and m/z 464 of the [M—H]'~ molecular ion (Fig. 4). Specifically,
the mono-deuterated peak was separated from the naturally
occurring 3C isotopic peak for the m/z 462 peak, demonstrating
the presence of the mono-D-labeled species with relative abun-
dance of 54% to the unlabeled species at m/z 461. The D,-labeled
peak was separated from the naturally occurring '3C, isotopic peak
and the '3CD isotopic peak of the mono-D-labeled species for the
m/z 463 peak, with relative abundance of 24%, and the Ds-labeled
peak was separated from the '>CD, isotopic peak of the D,-labeled
species for the m/z 464 peak, with relative abundance of 8% to the
unlabeled species at m/z 461. The proportion of mono-deuterated 1
could be estimated as 54%/(100% + 54% + 24% + 8%) = 29%. Like-
wise, the proportions of D,- and Ds-labeled 1 were estimated to
be 13% and 4%, respectively. Essentially the same isotopic fine
structures were detected for both the [M+H]'* (data not shown)
and the [M+Na]'* (Supplementary Materials Table S1) molecular
ions in the positive mode nanoelectrospray mass spectrum. The
molecular ion mass spectrum in the positive mode was not shown
here owning to its relatively poor quality compared with the neg-
ative mode mass spectrum. In comparison to the results obtained
in the tryptophan (indole-Ds) labeling experiments the incorpora-
tion rate was substantially lower, with the unlabeled product pre-
dominating. The ultra-high mass resolving power is essential to
completely resolve the isobaric peaks and therefore allow for de-
tailed interpretation of the stable isotopic incorporation. It would
be difficult to quantify any enrichment by low resolution mass
measurements in this case.

The protonated [M+H]'* molecular ion, instead of the deproto-
nated [M—H]'~, was selected for the FTMS/MS study to locate
the sites of deuterium labeling for the mono-deuterated species,
as the [M+H]'* molecular ion fragmentation pathways have been
fully characterized and used earlier to locate the labeling sites.
The m/z 464 peak from the [M+H]'" molecular ion, containing
two major isobaric ions '3C and D, was isolated using CHEF and
then dissociated by SORI-CID (Fig. 3E). The three major fragment
ions at m/z 271, 259, and 243 are essentially the same as those ob-
served in the SORI-CID mass spectrum of the [M+H]"* molecular
ion at m/z 463 for the unlabeled compound (Fig. 3A), indicating

Table 1

Accurate mass measurement for the D-labeled diazepinomicin with tryptophan-Ds feeding by nanoelectrospray FTMS.

Molecular ion Elemental Exptl Pred Error® (mDa) Structure assignment Rel. abun. (%) Portion® (%)

[M+H]™ CagH3s5N,0,4™ 463.26013 463.25914 0.99 Monoisotope 2 8
CagH33D,N,0,4™* 465.27069 465.27169 -1 D, labeling 2 8
CagH3,D3N,0,4™* 466.27855 466.27797 0.58 Ds labeling 20 84

[M+Na]'™* CagH34N,0,4Na’* 485.24198 485.24108 0.9 Monoisotope 10 8
CpsH3,D,N,04Na'* 487.25402 487.25363 0.39 D, labeling 4 4
CygH31D3N,04Na'™* 488.25934 488.25991 -0.57 Ds labeling 100 88

2 Errors (mDa) were calculated as experimental value — predicted value.
b See Section 4.3 for calculation details.
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Figure 4. Mass scale-expanded segment of the negative mode nanoelectrospray FTMS mass spectrum for deuterium-labeled diazepinomicin with D4-1-tyrosine (phenyl-D,4)
feeding. The resolved isotopic fine structures are plotted above, showing the D-, D,-, and Ds-labeled peaks.

clearly that the dibenzodiazepine core was not the primary site of
deuterium labeling. The deuterium-containing components of
these key fragment ions are resolved from the '3C species in the
expansion shown in Figure 3E. The low abundance of the deute-
rium-containing ions is simply an indication that the deuterium-
labeled tyrosine was thoroughly catabolized by the organism. Pre-
sumably additional deuterium atoms are distributed in the far-
nesyl moiety through incorporation of the catabolic products of
tyrosine.

2.2. Dioxapyrrolomycin (2)

In order to gain additional insight into the biosynthetic origin
of the nitro group in dioxapyrrolomycin (2), four feeding experi-
ments incorporating different combinations of '°N stable-iso-
tope-labeled precursors were carried out. Accordingly, cultures
of the producing organism were supplemented with (A) L-[*°N]-
proline and r-arginine, (B) 1-[!°N,]-guanidino-arginine and r-pro-
line, (C) L-[U'®Ng4]-arginine and i-proline, and (D) 1-[!°N]-proline.
The resulting !°N-labeled dioxapyrrolomycin samples were
investigated using FTMS and FTMS/MS. The structures and the
fragmentation pathways of the [M—H]'~ molecular ions of dioxa-
pyrrolomycin and its analogues have been studied in great de-
tail.’®!® Facile loss of formaldehyde from the methylenedioxy
group of 2 was readily induced by CID or in-source fragmentation
(Fig. 5). The -NO, group of 2 is readily cleaved and subsequently
detected in negative mode electrospray (ESI) FTMS SORI-CID or
IRMPD mass spectrometry. The measured isotopic distribution
of nitrogen in the NO,!~ fragment ion has been used to determine
the extent and specificity of incorporation of the various nitroge-
nous precursors.

Figure 5A-D shows the negative mode ESI FTMS spectra of '°N-
labeled 2 obtained under the growth conditions A-D, respectively.
Isotopic distributions with increasing complexity were observed,
owing to the four chlorine substituents and further complicated
by the incorporation of the >N-labels. Fortunately, the isotopic fine
structure is readily resolved with the high resolving power of FTMS
and the isotopic composition of the peaks can be reliably assigned.
Mono-'°N-labeled product was detected under conditions A and B,
together with the unlabeled species. The proportion of the
mono-'°N-labeled species was estimated (Section 4.4) as ~54%
with the remaining proportion (~46%) unlabeled in case A, and
50% was mono-°N labeled for case B (Supplementary Materials
Table S2).

In cases C and D doubly '°N-labeled dioxapyrrolomycin (2) was
produced together with the mono-'>N-labeled and unlabeled 2, as

shown in Figure 5C and D, respectively. The proportions of unla-
beled, mono-'°N labeled, and '°N,-labeled products are estimated
as ~14%, ~53%, and ~33%, respectively, for case C. In case D, unla-
beled 2 was negligible, while '>N,-labeled was the major species
(~77%) and the mono-'>N-labeled 2 was ~22%. (Supplementary
Materials Table S2).

The resolution of the isotopic fine structure is critical in case C
to separate the isobaric peaks for clear confirmation of the '°N,
enrichment, which would be likely masked under low resolution
mass measurements. Two major isobaric peaks were resolved for
the m/z 383 peak with achieved resolving power of over
257,000 as shown in the inset of Figure 5C (peak marked with
*), one with m/z 382.89776, corresponding to the heavier isotope
(3’Cl) of the unlabeled 2 (C;,H5Cls*’CIN,0,4!~, pred. 382.89794,
A =—-0.18 mDa), and the other with m/z 382.89460, correspond-
ing to the [M—H]'~ molecular ion of '>N,-labeled 2 (Supplemen-
tary Materials Table S2). A third isobaric peak at m/z 383 was also
resolved, corresponding to the heavier isotope ('>C) of the
mono-'°N-labeled 2 (C;;3CHsCI4N'>NO,'~, exptl. 382.90134,
pred. 382.90128, A = 0.06 mDa), but with much lower abundance.

The relative distribution of >N between the pyrrole and nitro
groups was evaluated by examination of the NO,!~ ion formed in
the FTMS/MS experiment. The negative mode ESI FTMS SORI-CID
experiments were conducted on the isolated m/z 382 peak
(mono-'"N) as shown in Figure 5A1-D1 with expanded view in
the inset of each spectrum showing the isotopic distribution of
the NO,'~ fragment ion. The unlabeled ('*NO,'") fragment ion
was the major species (Supplementary Materials Table S3) in
cases A and D, indicting that the nitro group was only marginally
labeled and consequently the >N label was predominantly incor-
porated into the pyrrole nitrogen. The portions of mono-!°N-la-
beled dioxypyrrolomycin (2) with the nitro group '°N-labeled
were estimated (Section 4.5) to be only 7% and 12% for cases A
and D, respectively (Table 2). In case A this is not unexpected
since it is known that proline is a direct precursor of the pyrrole
portion of 2. The low abundance of >N label in the -NO, group
for the mono-'>N-labeled species in case D is surprising since
the medium contained only !°N-proline as the sole nitrogen
source. This finding has led to the hypothesis that the organism
is capable of fixing nitrogen, as no other source of isotopic dilu-
tion was possible in the experiment. Additional experiments are
ongoing to investigate this phenomenon.

In contrast, the '>NO,!~ fragment ion is highly abundant in
cases B and C, (Fig. 5B1 and C1, Supplementary Materials Table
S3) showing that a large proportion of the mono- °N label is in
the nitro group. The proportions of mono-!°N-labeled 2 bearing a
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Figure 5. Negative mode ESI FTMS and FTMS/MS mass spectrum of the [M—H]'~ molecular ion for '°N-labeled dioxapyrrolomycin (2) isolated from feeding experiments with
(A) 1-[**N]-proline and 1-['#N]-arginine, (B) -['°N]-guanidino-arginine and 1-['#N]-proline, (C) .-[U'*N,]-arginine and 1-['#N]-proline, and (D) L-['°N]-proline. Insets in (A)

and (C) show the expanded view of the isotopic peaks labeled with asterisk.

Table 2
Portions of mono-'°N-labeled dioxypyrrolomycin (2) with the nitro group *°N-labeled
or unlabeled.

Case A Case B Case C Case D
1-['°N]-Pro, 1- 1-['°N;]-i-Arg, .- 1-[U'°N,4]-Arg, 1- 1-['°N]-
Arg Pro Pro Pro
Portion with '°NO,* 7 77 85 12
(%)
Portion with '“NO, 93 23 15 88
(%)

¢ See Section 4.5 for calculation details.

15N-labeled nitro group were estimated to be 78% and 86% for
cases B and C (Table 2), respectively, after correction for the inter-
ference of the '3C isotopic ion of the unlabeled 2 to the *NO,'~

fragment ion (Section 4.5). This rate of incorporation presumably
reflects the availability of the nitrogen atoms derived from arginine
to feed into the nitration pathway.

3. Conclusion

FTMS with its exceptionally high resolving power is a powerful
tool that can be used to reveal the isotopic fine structure for reli-
able interpretation of the chemistry of biosynthetic processes.
Highly accurate mass measurement capability makes the assign-
ment of elemental compositions of the ions unequivocal. FTMS/
MS enables the isolation of labeled fragment ions that aid in the
identification of specifically labeled atoms as well as providing
confirmation of the extent of label incorporation. Ultimately, the
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integrated use of high mass accuracy and ultra-high resolution
routinely achieved in FTMS and FTMS" experiments provides a
combination of tools that greatly facilitates the detection of sta-
ble-isotope labels on small quantities of material.

4. Experimental
4.1. FTMS experiments

High resolution mass spectra were obtained using a Bruker
Daltonics (Billerica, MA) APEX II FTICR mass spectrometer
equipped with an actively shielded 9.4 T superconducting magnet
(Magnex Scientific Ltd, UK), an external Bruker Apollo ESI source,
and a Synrad 50 W CO, CW laser. Its instrumentation details and
application capabilities have been published previously,?? and in
a recent review’ the FTMS application in natural products discov-
ery efforts based primarily on this instrument has been high-
lighted. Sustained off-resonance irradiation (SORI) coupled with
collision induced dissociation (CID) or infrared multi-photon dis-
sociation (IRMPD) was used to fragment the precursor ion to
determine the location of labeled atoms in diazepinomicin (1)
and dioxapyrrolomycin (2). Nanoelectrospray, with its low flow
rate and good sensitivity, was utilized to maintain longer period
ion signal for detailed experimental study while consuming very
limited quantities of natural product samples. About 5 1l sample
was loaded into nanoelectrospray tip (New Objective, Woburn,
MA) and a high voltage about 1000V was applied between the
nanoelectrospray tip and the capillary. Bruker Xmass software
(Versions 5 and 6) was used for data acquisition and analysis,
including the calculations for predicted masses with corrections
for the mass of the electrons responsible for the charge state of
the ion. Mass spectra were calibrated internally or externally
using Agilent ES tuning mix (G2421A). The reported errors (A)
are the differences between the experimental and predicted val-
ues expressed in mDa.

4.2. Calculations of the enrichment for >N-labeled
diazepinomicin (1)

The percentage of '’N,-labeled diazepinomicin (1) could be
calculated as follows: [A; —0.0037 *(A; — 0.0074 * Ag)] * 100/
[Ag + A1 — 0.0074 * Ap + Ay — 0.0037 * (A; — 0.0074 * Ap)], where Ay,
A, and A, are the measured relative abundances for the monoiso-
topic, '°N-, and '’N,-peaks for diazepinomicin (1), respectively.
Likewise, the percentage of mono-!>N-labeled 1 could be calculated
using (A; — 0.0074 * Ap) * 100/[Ao + A; — 0.0074 * Ag + A, — 0.0037
*(A; — 0.0074 * Ap)]. The coefficient 0.0074 is the calculated ratios
of the peak heights for the naturally occurring '°N isotopic peak
over the monoisotopic peak of unlabeled 1, using Bruker Xmass
software (version 5.02). Similarly, 0.0037 is the calculated ratios
of the peak heights for the naturally occurring '°N isotopic peak
over the first peak of the mono-'>N-labeled 1. The extra terms
with coefficients 0.0074 and 0.0037 were considered since the
naturally occurring >N isotopic peaks of the unlabeled and
mono-'°N-labeled 2 could be resolved with the routinely
achieved resolving power over 100,000 (FWHM), however, in
practice these terms are very small and thus can be omitted.
For the '’N-labeled diazepinomicin (1) sample reported in Section
2.1.1, the relative abundances of unlabeled, mono-'>N labeled,
and '’N,-labeled 1 for the sodium adduct ion ([M+Na]'*) are
10% (Ap), 100% (A;), and 23% (A;), respectively, taking the abun-
dance of the N peak as 100% for simplicity. The proportions of
1 with >N, and mono-'°N labels were then calculated as 17%
and 76%, respectively, using the formulas given above, and the
remaining proportion of 7% was unlabeled 1.

4.3. Calculations of the deuterium enrichment in
diazepinomicin (1) derived from L-tryptophan (indole-Ds)
feeding

The measured relative abundances for D,-labeled and unlabeled
diazepinomicin (1) ([M+Na]'*) were 4% and 10%, respectively, tak-
ing the abundance of the Ds-labeled peak as 100% (Table 1 and
Supplementary Materials Fig. S1). Therefore the proportion of
Ds-labeled 1 could be calculated approximately as 100%/
(10% + 4% + 100%) = 88%, the proportion of D,-labeled 1 as 4%/
(10% + 4% + 100%) = 4%, and the remaining ~8% for the unlabeled
species.

4.4. Calculations of the enrichment for '>N-labeled
dioxapyrrolomycin (2)

In the same way to calculate the incorporation extends for !°N-la-
beled diazepinomicin (1), the percentage of '°N,-labeled dioxapyr-
rolomycin (2) could be calculated as follows: [A, —0.0037 *
(A1 — 0.0074 * Ap)] * 100/[Ao + A; — 0.0074 * Ap + A, — 0.0037 * (A, —
0.0074 * Ap)], where Ay, A;, and A, are the measured relative
abundances for the monoisotopic, 1°N-, and !°N,-peaks for dioxapyr-
rolomycin (2), respectively. Likewise, the percentage of mono-!°N-la-
beled 2 could be calculated using (A; —0.0074*Ap)* 100/
[Ao+A; — 0.0074 * Ap + A, — 0.0037 * (A; — 0.0074 * Ag)].

4.5. Calculations of the extent of labeling in the nitro group of
mono-'°N-labeled dioxypyrrolomycin (2)

The portion (assumed x%) of the total mono-!°N-labeled 2 bear-
ing a '°N-labeled nitro group contributed solely to the >NO,'~
fragment, while the remaining portion (1 — x%) of the mono-'>N-
labeled 2 bearing a unlabeled nitro group contributed to the
14NO,'~ fragment ion. The '3C isotopic ion of the unlabeled 2 also
contributed to the '“NO,'~ fragment ion with Ay * 13% portion,
where A is the measured relative abundance of the monoisotopic
peak (unlabeled) and 13% is the calculated abundance ratio be-
tween the naturally occurring '3C and the monoisotopic peaks of
unlabeled 2. The measured !'NO,!7/!*NO,'~ abundance ratio
should equal to A; *x%/(A1 — Ay * x% + Ag * 13%), where A; is the
measured relative abundance of the mono-'>N-labeled peaks. The
solutions for x can be easily found (e.g., x =77 and 85 for cases B
and C, respectively).

4.6. FTMS/MS on the isolated m/z 383 peak of the ’N-labeled
dioxapyrrolomycin (2)

FTMS SORI-CID mass spectra on the isolated m/z 383 ion were
also acquired as shown in Figure 5A2-D2 for cases A-D, respec-
tively, to provide additional supporting evidences for the assign-
ments of the portions of mono-'°N-labeled 2 bearing a '°N-
labeled nitro group derived from the FTMS/MS of the mono-'°N-la-
beled ion at m/z 382. Pronounced isotopic patterns with the dom-
inant *NO,!~ ion over the much less abundant >NO,!~ ion were
detected for cases A and B (Fig. 5A2 and B2, Supplementary Mate-
rials Table S3). Such a result was much anticipated given that the
m/z 383 precursor ion for cases A and B represented mainly the
37C1 isotope of the unlabeled 2 where all nitrogen atoms are not
labeled. The increased abundance of the '>NO,'~ fragment ion with
~24% relative to *NO,'~ (100%) in case B resulted from the contri-
bution of the 3C isotopic ion of the mono-'>N-labeled 2, which has
a high portion (77%) of °N-labeled nitro group.

Different ®NO,'~/“N0,!~ isotopic pattern (Fig. 5C2, Supple-
mentary Materials Table S3) was detected for the m/z 383 precur-
sor ion (containing '°N,, 37Cl, and '>N'3C isobars, see Fig. 5C) in
case C, reflecting the collective contributions from the three major
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isobars. The dominant '°N, isobar yielded the '>NO,'~ only, while
the >N'3C isobar yielded mainly the '>NO,'~ with some portion of
14NO,'". The 3Cl isotopic ion from the unlabeled 2, where all
nitrogen atoms are not labeled, yielded only the '*NO,'~ fragment
ion. A dominant '>NO,!~ peak was detected in case D, reflecting
the major contribution from the abundant !°N,-labeled 2
(Fig. 5D2, Supplementary Materials Table S3), where both nitrogen
atoms were '°N-labeled.

4.7. Fermentation

I5N- and D-labeled diazepinomicin: 0.5 mg/mL each of >N,-1-
tryptophan, Dy-i-tyrosine (phenyl-D4) and i-tryptophan (indole-
Ds) were added into freshly prepared production medium
(Bennett’s, 10 mL ea, pH ~ 7.3). Labels were dissolved in Bennett’s
medium by applying heat (water bath at 50 °C) and sonication.
Following addition of the labels, the pH of the media was re-ad-
justed to ~7.3 by adding dilute NaOH, filter sterilized and trans-
ferred into culture flasks (50 ml Erlenmeyer). To each of the flasks
were added 5% sterilized HP-20 resin beads and 2% inoculum
(seed solution of the diazepinomicin producing organism
DPJ15). Flasks were incubated at 28 °C and 200 rpm and har-
vested after 4 days. The resin-bound '’N- and D-labeled diazepi-
nomicin analogues were extracted into MeOH, concentrated to
dryness and the crude residue was purified by HPLC (Phenome-
nex Luna 5pm C18, 250 x 10 mm; aqueous acetonitrile solvent
gradient).

I5N-labeled dioxapyrrolomycin: Dioxapyrrolomycin producing
culture (LL-F42248) was grown according to the general fermen-
tation conditions described previously.'® Under each of the
growth conditions (A-D), the standard production medium was
modified by omitting L-proline and NaNO; and adding 1.0 gL™!
of L-['">N]-proline and r-['“N]-arginine (case A), 1-['’N,]-guani-
dino arginine and i-['*N]-proline (case B), L-[U'°N4]-arginine
and 1-['“N]-proline (case C) and r-['°N]-proline (case D). Fer-
mentations were incubated at 28 °C and 200 rpm and harvested
after 3 days. The resin-bound pyrrolomycins were extracted into
acetone, concentrated to dryness and the crude residue was
purified by HPLC (Phenomenex Luna 5 pm C18, 250 x 10 mm;
aqueous acetonitrile solvent gradient) to obtain '°N-labebed
dioxapyrrolomycin.
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