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a b s t r a c t

Cyclosporin A (CyA), a cyclic undecapeptide produced by a number of fungi, contains 11 unusual amino
acids, and has been one of the most commonly prescribed immunosuppressive drugs. To date, there are
over sixty different analogs reported as congeners and analogs resulting from precursor-directed
biosynthesis, human CYP-mediated metabolites, or microbial bio-transformed analogs. However, there
is still a need for more structurally diverse CyA analogs in order to discover new biological potentials
and/or improve the physicochemical properties of the existing cyclosporins. As a result of the complexity
of the resulting mass spectrometric (MS) data caused by its unusual amino acid composition and its
cyclic nature, structural characterization of these cyclic peptides based on fragmentation patterns using
multiple tandem MS analyses is challenging task. Here, we describe, an efficient HPLC–ESI–ion trap MSn

(up to MS8) was developed for the identification of CyA and CyC, a (Thr2)CyA congener in which L-
aminobutyric acid (Abu) is replaced by L-threonine (Thr). In addition, we examined the fragmentation
patterns of a CyA analog obtained from the cultivation of a recombinant Streptomyces venezuelae strain
fed with CyA, assigning this analog as (γ-hydroxy-MeLeu6)CyA (otherwise, known as an human CYP
metabolite AM6). This is the first report on both the MSn-aided identification of CyC and the structural
characterization of a CyA analog by employing HPLC–ESI–ion trap MSn analysis.

& 2014 Elsevier B.V. All rights reserved.

1. Introduction

Cyclosporins are a group of closely related cyclic undecapep-
tides produced as secondary metabolites by a number of fungi,
mainly from Tolypocladium inflatum [1,2]. Cyclosporin A (CyA) is
the main component of this family of cyclic peptides containing
11 unusual amino acids (Fig. 1). CyA was first isolated as an anti-
fungal antibiotic [1], but was later discovered as immunosuppres-
sive agent [3]. Since its 1983 approval by the FDA for clinical use
for the prevention of graft rejection in transplantation, CyA has
been one of the most commonly prescribed immunosuppressive
drugs for the treatment of patients with organ transplantation and
autoimmune diseases [4].

Several natural CyA congeners with substitutions on the ring
structure have been isolated and identified (CyB to CyI, CyK to CyZ

and Cy26 to Cy32) so far [5]. Eighteen of the 32 analogs have a single
alteration with respect to amino acid exchange or lack of
N-methylation (i.e. CyC as (Thr2)CyA in which L-aminobutyric acid
(Abu) is replaced by L-threonine (Thr)), whereas fourteen are doubly
modified [5]. (Fig. 1) The structures of these congeners have been
determined by spectroscopic investigation and/or hydrolytic clea-
vage followed by the identification of amino acid profiles.

In addition to the above-described naturally occurring cyclospor-
ins, some cyclosporin analogs were produced by precursor directed
biosynthetic approaches. Feeding L-leucine (Leu) to the CyA-
producing fungus produced a new analog (MeLeu1)CyA, namely CyJ
which differs in position 1 from CyA [6]. The addition of DL-α-allyl
glycine (allylGly) to the culture media of fungus generated (allylGly2)
CyA. An exogenous supply of D-serine (Ser) led to the production of
(Ser8)CyA. CyC, CyD and CyG [7]. Also, there was a report for the
biosynthesis of ring-extended cyclosporine analogs [8]. The introduc-
tion of β-alanine (β-Ala) into position 7 or 8 of the ring instead of the
α-alanine makes 34-membered rings of CyA, such as (β-Ala7)CyA
and (β-Ala8)CyA. CyA could also be metabolized in human by
cytochrome P450 hydroxylase system CYP3A, to more than 30
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metabolites [9]. The most abundant CyA metabolites are (γ-hydroxy-
MeLeu9)CyA, (γ-hydroxy-BMT1)CyA, (Leu4)CyA, and (γ-hydroxy-
BMT1-γ-hydroxy-MeLeu9)CyA, which are differently annotated as
AM9 (otherwise, M1), AM1 (M17), AM4N (M21) and AM19 (M8),
respectively [10].

To date, several CyA analogs produced by microbial bioconver-
sion approaches have previously been reported [11,12]; all these
have been mostly isolated from large scale fermentations such as 30
L jar fermenter, and their structures were elucidated using nuclear
magnetic resonance (NMR) techniques. At first, a rare actinomycete,
Sebekia benihana, was reported to convert CyA into mono-hydroxyla-
ted analogs (γ-hydroxy-MeLeu4)CyA, (γ-hydroxy-Leu4)CyA, and di-
hydroxylated one (γ-hydroxy-MeLeu4-γ-hydroxy-MeLeu6)CyA, with
conversion yields of 35%, 4.5% and 8.6%, respectively. The structures
of these analogs were thought to correspond with those of the human
metabolic pathway. In 2005, the hydroxylation of CyA into AM1 and
AM9 was also examined by using actinomycetes, indicating that these
bioconversion patterns in actinomycete are similar to those observed
for humans. Recently, the complete CYPome of the above-mentioned
Sebekia benihana strain was constructed through Sebekia benihana
whole genome sequencing and in silico analysis [13]. From these
bioinformatics data, a CyA-specific P450 hydroxylase gene allowed for
the conversion of CyA into (γ-hydroxy-MeLeu4)CyA was identified. In
particular, this hydroxylated CyA analog has been reported to have
hair growth promoting potential, without any immunosuppressant
activity, typical of CyA [14]. Therefore, in spite of the large volume of
previous literature referring not only the biological activities of CyA
and its diversified analogs, but also the structure activity relationship
among them [5,15,16], there is still a need to modify the CyA structure
in order to discover new biological potentials and/or improve physi-
cochemical properties of the existing cyclosporins.

A number of high-performance liquid chromatography (HPLC)
methods for quantifying CyA and/or its metabolites with ultravio-
let (UV) or electrospray ionization–tandem mass spectrometry
(ESI–MS/MS) detection have been reported for therapeutic drug
monitoring of CyA and its metabolites in a variety of biological
fluids [17–21]. HPLC coupled with ESI–MS/MS detector appears to

be one of the most efficient analytical tools that are able to provide
definite chemical and structural evidences diagnostic for these
cyclic peptides.

Reported here is an attempt to (1) setup an efficient MSn

protocol for the structural characterization of CyA analogs using
CyA and CyC, (2) generate CyA analog by supplementing CyA into
a recombinant of Streptomyces venezuelae used as a biocatalyst,
and (3) validate the fragmentation pattern of the trace amount
of CyA analog, by comparison with the structurally related CyA
and CyC, using ion-trap MS (up to MS8). These detailed systematic
fragmentation pathways confirm the structure of the analog
as (γ-hydroxy-MeLeu6)CyA (known as a human CYP metabolite
AM6) (Fig. 1) [23]. Thus, this study can provide an MS/MS library
for the rapid probing MS data obtained from cyclosporins and
their analogs, the amount of which was insufficient for NMR
analysis.

2. Materials and methods

2.1. Chemicals and materials

Methanol (MeOH), ethyl acetate (EtOAc), and water were LC
grade and were supplied by J.T. Baker (Philipsburg, NJ, USA).
Standards CyA and CyC, and MS-grade formic acid were obtained
from Sigma (St. Louis, MO, USA). The solid-phase extraction (SPE)
cartridge (SampliQ C18 ODS, 3 mL/200 mg; Agilent Technologies,
Santa Clara, CA, USA) and vacuum manifold were obtained from
Waters (Milford, MA, USA). All other chemicals were of the highest
purity available.

2.2. Bioconversion and extraction

A recombinant strain of S. venezuelae, DHS2001, [24], in which the
pikromycin modular polyketide synthase (PKS)-encoding gene cluster
had been deleted, was grown on R2YE agar plates (40 mL/plastic Petri
plate) at 30 1C for 5 days. Prior to inoculation of the recombinant
strain onto the medium, CyA (200 mg dissolved in 20 mL of MeOH)
was spread onto the agar surface. All bioconversion experiments were
independently carried out in triplicate. The grown culture was diced
and extracted with 80 mL of MeOH. The extract was pooled and
concentrated under reduced pressure by means of a rotary evaporator
set at 45 1C. The residues were washed with 20 mL of water and were
then partitioned with an equal volume of EtOAc. The combined
organic phases were concentrated again under vacuum, followed by
reconstitution into 1 mLMeOH. Prior to performing the HPLC–ESI–ion
trap-MS analysis, a solid-phase extraction (SPE) cleanup column was
employed, not only to minimize the loss of low-level compounds of
interest, but also to remove unwanted impurities such as pigments
and particles, which were not readily dissolved in MeOH. The crude
MeOH extracts were diluted with 9 mL of water prior to being loaded
onto an SampliQ C18 ODS SPE cartridge (Agilent Technologies) which
had been previously conditioned with 3 mL MeOH followed by 3 mL
10% aqueous MeOH (v/v). The column was washed with 5 mL of
water and was then air-dried for about 30 s. The column was eluted
with 1.5 mL MeOH, evaporated to dryness at room temperature by
vacuum centrifugation, and kept in a freezer at �20 1C until analysis.
For analyses, the desired residue was reconstituted to 200 mL with
methanol. Twenty mL of this solution, corresponding to a culture
volume of 4 mL, was subjected to HPLC–ESI–ion trap-MSn analysis.

2.3. Method validation

The recoveries of the authentic CyA (final 1 mg mL�1) spiked into a
blank solid medium (R2YE agar kept at 30 1C for 5 days without
microbial inoculation) were determined to check the performance of

Fig. 1. Chemical structure of cyclosporin A (CyA), cyclosporin C (CyC) and (γ-
hydroxy-MeLeu6)CyA. The amino acids attached to the specific numbered positions
in the backbone of CyA are listed as below; (4R)-4-[(E)-2-butenyl]-4-methyl-L-
threonine1 (¼BMT1), L-Aminobutyric acid2 (¼Abu2), Sarcosine3 (¼Sar3), Methyl
leucine4 (¼MeLeu4), L-Valine5 (¼Val5), MeLeu6, L-Alanine7 (¼Ala7), D-Alanine8

(¼Ala8), MeLeu9, MeLeu10, Methyl valine11 (¼MeVal11).
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the SPE cleanup as well as matrix effect of the media on the isolation
of the CyA and its analogs during extraction and cleanup. The spiked
CyA was extracted as described above and analyzed further by HPLC–
ESI–ion trap MS2. The percentage recoveries of CyA were calculated
using three replicates, from a comparison of the chromatographic
peak areas obtained from both spiked blank samples with those from
the CyA working solutions. To evaluate the SPE cleanup procedure,
the intra- and inter-day precision and accuracy were examined by
analyzing CyA spiked (10, 50, and 200 ng mL�1) into a blank R2YE
medium with three replicates on three separate days, and are
presented as the relative standard deviations (RSD).

2.4. HPLC–ESI–ion trap-MSn

The HPLC system consisted of a Spectra SYSTEM P1000XR
quaternary pump, a Spectra series AS3000 autosampler equipped
with a 20 mL loop, all from ThermoFinnigan (San Jose, CA, USA). This
was lined into an LCQ ion-trap mass spectrometer (ThermoFinnigan,
San Jose, CA, USA). Isocratic chromatography was performed using
MeOH/water (90:10) containing 0.01% formic acid at a flow rate
of 200 mL min�1. The MS-compatible column (XTerra MS C18,
30�2.1 mm2, 2.5 mm; Waters) was operated at 30 1C over a period
of 60 min. MS analysis was performed using an ESI source, and data
were acquired in positive ion mode. A CyA standard solution
(10 mg mL�1 in MeOH) was used for tuning purposes. Infusion into
the mass spectrometer was performed as follows: the flow of
standard solution coming from the built-in syringe pump (5 ml/
min) was mixed with mobile phase (200 mL min�1) through a
T-piece with monitoring of the [MþNa]þ sodium adduct parent
ion at m/z 1224.9. The ESI source and MS parameters were auto-
matically optimized and saved in a tune file, which was used during
subsequent MSn investigations. The optimized instrument settings
were: capillary temperature, 300 1C; spray voltage, 6 kV, capillary
voltage, 13 V; tube lens offset voltage, 120 V and with the arbitrary
units for sheath gas flow and auxiliary gas flow set at 10 and 2,
respectively.

Multiple tandem MS produced collision-induced dissociation
(CID) spectra by trapping the [MþNa]þ ion for CyA and CyC or
CyA analog, for subsequent fragmentation experiments to produce
characteristic product ion spectra for each cyclosporin. On the
other hand, to evaluate the sensitivity and feasibility of this
analytical protocol for the quantitative determination of CyA,
authentic CyA spiked into a blank medium was quantified by
ESI–MS2 operated in selected reaction monitoring (SRM) mode.
This was done by choosing a mass ion that was set to trace a
transition of the sodium adduct ion to the product ion typical to
the selected analyte: CyA, m/z 1224.941112.8.

3. Results and discussion

3.1. Validation

The blank media supplemented with authentic CyA at 1 mg
mL�1 was extracted as described in “Bioconversion and Extrac-
tion” section in Experimental, and then the resulting extract was
then subjected to HPLC–ESI–MS2 analysis. The mean recovery of
authentic CyA spiked into a fermentation medium was 9473%.
There was a good linear correlation (r240.999) between the
amount of authentic CyA spiked into blank media (10, 50, 100,
150 and 200 ng mL�1) and the ESI–MS2 response (estimated as
peak height) operated in SRMmode. The detection limit (LOD) was
determined at 2.5 ng mL�1, whereas the limit of quantification
(LOQ) at a signal-to-noise ratio of 10:1 was estimated at approxi-
mately 5.3 ng mL�1. Intra- and inter-day precision and accuracy
using fermentation media spiked with authentic CyA at three

different levels (10, 50, and 200 ng mL�1) were examined. All
spiked samples were extracted as described, and analyzed further
by HPLC–ESI–MS2. The precision (RSD) were all below 5%, and the
intra-day and inter-day accuracy ranged from 88.2% to 94.8%
and 89.2% to 92.7%, respectively (Table 1). Therefore, these data
confirm that the combined use of both the organic solvent
partitioning and SampliQ C18 ODS SPE cleanup together with
the HPLC–ESI–MS2 detection at nanogram level is likely to be
sufficiently sensitive and reproducible for detecting CyA, its con-
gener or analogs produced from a fermentation broth.

3.2. MSn fragmentation studies on CyA and CyC

The fragmentation of CyA and CyC, which are commercially
available, was examined for positive ion mode operation by captur-
ing their sodium adducts [MþNa]þ at m/z 1224.9 and 1240.9 as
molecular ions, respectively. In this study, multiple tandem MS
(MSn) was used for the repeated trapping and fragmentation of
ions. An advantage of the ion-trap MS instrument is the ability
to switch between a full-scan MS and selected ion MS or MSn scan
of fragments, without a significant loss in sensitivity [25]. The
sodium adduct ions were used as the precursor ions for multiple
MS experiments. For CyA, the optimized relative collision energies
(% RCE) were 49%, 57%, 51%, 48%, 40%, 29% and 22% for MS2 to MS8,
respectively. These % RCE values were similarly applied to another
standard CyC, and also to the bio-converted CyA analog. Both CyA
and CyC were structurally analyzed using the following target
precursor and product ion combinations in the ion-trap mass spec-
trometer; CyA: m/z 1224.9, 1112.8, 1084.8, 787.7, 518.5, 391.5, 264.2
and 142.2; CyC: m/z 1240.9, 1128.8, 1100.8, 787.7, 518.5, 391.5, 264.2
and 142.2.

For CyA, MS2 gave major fragment ions at m/z 1206.8 [CyAþNa–
H2O]þ and 1112.8 [CyAþNa–MeVal11]þ and MS3 yielded a prominent
product ion from them/z 1112.8 fragment ion atm/z 1084.8, indicating
the loss of methyl amino function attached onto BMT1 (Fig. 2). MS4

experiments, targeting m/z 1084.8, gave the base product ion at m/z
787.7, which was formed by clustered losses of residual BMT1, together
with Abu2þSar3, and the subsequent loss of MeLeu4þVal5 was
displayed as a main product ion at m/z 518.5 in MS5 spectrum. MS6

provided a major product ion at m/z 391.5, which represents the loss
of MeLeu10, and MS7 yielded a prominent product ion at m/z 264.2,
depicting the successive loss of the neighboring MeLeu9. When
targeting the ion at m/z 264.2, a single product ion at m/z 142.2 was
present in the MS8 spectrum of CyA, corresponding to the remaining
Ala7þD-Ala8. Further investigation of the product ions yielded bymore
multiple MSn was not possible due to the decreased intensity of the
signal. These multiple tandemMS data for CyA are consistent with the
reported MSn analyses of the metal (lithium and nickel)-cationized
CyA [26].

Table 1
Accuracy and precision of the analyses of authentic CyA spiked into a blank
fermentation medium.

Concentration (ng mL�1) RSD (%) Accuracy (%)

Added Found (mean7SD)

CyA (n¼9)
Intra-day
10 8.82070.41 4.1 88.2
50 47.4272.35 4.7 94.8
200 187.779.21 4.6 93.9

Inter-day
10 8.92070.44 4.4 89.2
50 45.9672.16 4.3 91.9
200 185.479.81 4.9 92.7
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CyC is a (Thr2)CyA congener in which Abu2 is replaced by Thr2,
which means that a single hydroxyl function is appended onto the
position 2 of CyA (Fig. 1). MS2 capturing its sodium adduct at m/z
1240.9 gave a dominant fragment ion at m/z 1128.8 [CyCþNa–
MeVal11]þ , and MS3 acquisition yielded a diagnostic product ion at
m/z 1100.8, indicating the partial cleavage of BMT1 (Fig. 3). During
the multiple tandem MS analyses of MS2 and MS3, the values of m/z
of all the annotated product ions were 16 mass units greater than
that of CyA. On the other hand, MS4 experiments afforded a typical
product ion of MS4 of CyA at m/z 787.7, which was formed by
clustered losses of residual BMT1, together with Thr2þSar3. MS5 of
CyA, trapping m/z 787.7, gave a main product ion at m/z 518.5,
representing the successive loss of MeLeu4þVal5. MS6 and MS7

spectra showed the main product ions at m/z 391.5 (loss of
MeLeu10) and m/z 264.2 (sequential loss of MeLeu9), respectively.

A single product ion at m/z 142.2 was present in the MS8 spectrum
of CyC, corresponding to the remaining Ala7þD-Ala8. The above-
described five product ions (m/z 787.7, 518.5, 391.5, 264.2 and 142.2)
generated by MS4 to MS8 were identical to those obtained from the
same order of MSn experiments on CyA. Therefore, based on the
MSn fragmentation patterns of both cyclosporins, struct-
ural differences between CyA and CyC are expected between the
position 1 and 3 amino acids, supporting the replacement of Abu
with Thr at the position 2 of CyC. This detailed structural charac-
terization of cyclosporins could be obtained using multiple tandem
MS rather than single stage MS or MS/MS. Indeed, these selected
ion trapping processes could allow for an unambiguous assignment
of cyclic peptides. There have been some reports on the advantages
of using ion-trap MS for the characterization of cyclic peptidyl
products, including CyA [22,26–28], however, this is the first

Fig. 2. Assignment of (A) fragmentation patterns of CyA and (B) its CID product ion spectra obtained from MS2 to MS8. Fragment ion assignments are performed for all
diagnostic ions labeled below in the product ion spectrum.

Fig. 3. Assignment of (A) fragmentation patterns of a CyA congener, CyC and (B) its CID product ion spectra obtained from MS2 to MS8. Fragment ion assignments are
performed for all diagnostic ions labeled below in the product ion spectrum.
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demonstration that CyC as a congener of CyA could be structurally
identified using multiple MSn experiments.

3.3. Microbial bioconversion of CyA and HPLC–ESI–MS separation

S. venezuelae DHS2001 supplemented with CyA was cultivated
in R2YE solid media at 30 1C for 5 days led to a conversion of 40%
of the CyA into its analog (C1) (Fig. 4). The retention time of CyA
and its analog C1 were 42.6 and 38.0 min, respectively, by selecting
the specific ions at m/z 1224.9 and 1240.9 as [MþNa]þ from the
total ion chromatogram obtained from the extract of the fermen-
tation. As a (Thr2)CyA congener, CyC has the same molecular ion as
the sodium adduct at m/z 1240.9. Co-injection of CyC into the
culture extract, however, indicated that CyC is eluted at 34.6 min.
This implies that the bio-converted CyA analog, C1, has an identical
molecular ion peak to that of CyC, but differs in its structure. The
amount of the CyA analog obtainable from the bio-conversion
experiments was not sufficient to allow for further structure
elucidation using NMR spectroscopic analysis. Thus, by using the
MSn protocol setup for CyA and CyC, we examined the unknown
CyA analog (C1) in the extract to validate the applicability of the
MSn platform, as well as to characterize the structure of the
analog.

3.4. MSn characterization of bio-transformed CyA analog

MSn analysis under identical conditions to those used for CyA
and CyC were performed to obtain more detailed structural
information of the C1. MS2 targeting the sodium adduct of the
analog at m/z 1240.9 gave a dominant fragment ion at m/z 1128.7
[C1þNa–MeVal11]þ together with a product ion at m/z 1222.7

[C1þNa–H2O]þ , and MS3 acquisition yielded a single product ion
at m/z 1100.8, indicating the partial cleavage of BMT1 (Fig. 5). The
listed product ions observed through MS3 analyses were identical
to those from CyC, but their values were all 16 mass units more
than that of CyA. MS4 experiments of the C1 analog provided a
diagnostic product ion at m/z 803.5, corresponding to the clust-
ered losses of residual BMT1 together with Abu2þSar3. MS5 of C1,
trapping m/z 803.5, afforded a main product ion at m/z 534.5,
representing the successive loss of MeLeu4þVal5. MS6 and MS7

spectra showed a single product ion at m/z 407.5 (loss of MeLeu10)
andm/z 280.2 (sequential loss of MeLeu9), respectively. The above-
described four product ions (m/z 803.5, 534.5, 407.5 and 280.2)
generated by MS4 to MS7 were all 16 mass units more than those
obtained from the same order of MSn experiments on both CyA
and CyC. Instead, a single product ion at m/z 142.2 displayed in the
MS8 spectrum of C1 was identical to the same multiple MS
acquisition of CyA and CyC. Therefore, based on the comparative
profiles of fragmentation patterns found in a bio-converted CyA
analog, its sequence was disclosed and modification site was
located at the position 6 in CyA. To date, there could be above
60 CyA analogs reported: natural congeners, precursor directed
analogs, CYP-mediated metabolites or bio-transformed analogs
[5,7,11,13,23]. Among them, CyA analogs which exist as sodium
adducts [MþNa]þ at m/z 1240.9 could be listed as follows: CyC as a
natural CyA congener, (Ser8)CyA as a precursor-directed biosynthetic
analog, (γ-hydroxy-MeLeu6)CyA (otherwise, annotated as AM6), (γ-
hydroxy-MeLeu9)CyA (annotated as AM9) and (γ-hydroxy-BMT1)CyA
(AM1) as human CYP metabolites, (γ-hydroxy-MeLeu4)CyA as a bio-
converted analog. In particular, hydroxylation on the specific positi-
ons 1, 4 or 9 of CyA allows for the generation of a number of CYP
metabolites and bio-transformed analogs. Among them, the

Fig. 4. Representative chromatograms of (A) the extracts of the blank media fed with CyA, (B) the extracts obtained from the fermentation of a recombinant strain of S.
venezuelae supplemented with CyA, and (C) the above extracts spiked with authentic CyC. All were traced by the multiple selection of specific ions at m/z 1224.9 and 1240.9,
which were identical to the sodium adducts [MþNa]þ for CyA (retention time at 42.6 min), CyC (retention time at 34.6 min) and the bio-transformed molecule (retention
time at 38.0 min), respectively.
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hydroxylation site of AM6 is identical to the analog C1, and so, we
assigned C1 as a (γ-hydroxy-MeLeu6)CyA or AM6 [23]. Although the
microbial bio-transformed analog C1 is not novel CyA analog, this is
the first report on the structural identification of the CyA analog by
employing HPLC–ESI–ion trap MS as the MSn platform.

4. Conclusions

Using HPLC–ESI–ion trap-MS carried out under our chosen
conditions, the characteristic fragmentation pathways, not only for
CyA and CyC, but also a bio-converted CyA analog, were eluci-
dated, and their structures were proposed based on the major
fragment ions that were observed through multiple tandem MS
analyses. MSn acquisition was accomplished on an LCQ ion trap
mass spectrometer equipped with an electrospray interface oper-
ated in the positive ion mode. This is the first time that an ion trap
system has been used for the comparative characterization of
structurally related cyclosporins. The MSn platform presented here
allowed for more rapid and detailed studies of the fragmentation
behavior, by performing up to MS8 experiments; MSn spectra of
the corresponding CyA and CyC sodium adducts could be used as
an interpretative guide for the fragmentation spectra of unknown
analogs. Thus, using the MSn capability of the ion trap, the
structures of the bio-converted CyA analog present in the bacterial
fermentation could be characterized as (γ-hydroxy-MeLeu6)CyA
(known as AM6 in human CYP metabolites).

Acknowledgments

This work was supported by Basic Science Research Program
(20122039424, 20131014230) through the National Research Founda-
tion of Korea (NRF) and the Intelligent Synthetic Biology Center of
Global Frontier Project (20128054880, 20110031961) funded by the
Ministry of Science, ICT & Future Planning, and the grant (PJ0094834)
founded by the Next-Generation BioGreen21 program, Rural Devel-
opment Administration.

References

[1] M. Dreyfuss, E. Harri, H. Hofmann, Eur. J. Appl. Microbiol. 3 (1976) 125–133.
[2] R.M. Wenger, Biomed. J. 3 (1982) 19–31.
[3] J.F. Borel, Immunology 31 (1976) 631–641.
[4] N. Von Ahsen, A. Chan, Curr. Pharm. Des. 18 (2012) 4550–4555.
[5] S.A. Survase, L.D. Kagliwal, U.S. Annapure, R.S. Singhal, Biotechnol. Adv. 29

(2011) 418–435.
[6] A. Jegorov, V. Matha, P. Sedmera, V. Havlicek, J. Stuchlik, P. Seidel, P. Simek,

Phytochemistry 38 (1995) 403–407.
[7] R. Traber, H. Hoffmann, H. Kobel, J. Antibiot. 42 (1989) 591–597.
[8] A. Lawen, R. Traber, R. Reuille, M. Ponelle, J. Biochem. 300 (1994) 395–399.
[9] U. Christians, K.F. Sewing, Pharmacol. Ther. 57 (1993) 291–345.
[10] H. Brozmanova, I. Perinova, P. Halvova, M. Grundmann, J. Sep. Sci. 33 (2010)

2287–2293.
[11] M. Kuhnt, F. Bitsch, J. France, H. Hofmann, J.J. Sanglier, R. Traber, J. Antibiot. 49

(1996) 781–787.
[12] K. Ohta, H. Agematu, T. Yamada, K. Kaneko, T. Tsuchida, J. Biosci. Bioeng. 99

(2005) 390–395.
[13] M.J. Lee, H.B. Kim, Y.J. Yoon, K. Han, E.S. Kim, Appl. Environ. Microbiol. 79

(2013) 2253–2262.
[14] A. Shirai, H. Tsunoda, T. Tamaoki, T. Kamiya, J. Dermatol. Sci. 27 (2001) 7–13.
[15] K. Balakrishnan, A. Pandey, J. Basic Microbiol. 36 (1996) 121–147.
[16] Z. Rehacek, Z. De-xiu, Process Biochem. 26 (1991) 157–166.
[17] S. Baldelli, S. Zenoni, S. Merlini, N. Perico, D. Cattaneo, Clin. Chim. Acta. 364

(2006) 354–358.
[18] S.V. Kanduru, V. Somayaji, A. Lavasanifar, D.R. Brocks, Biomed. Chromatgr. 24

(2010) 148–153.
[19] C. Alvarez, I.W. Wainer, Talanta 79 (2009) 280–283.
[20] P.O. Hetu, R. Robitaille, B. Vinet, J. Chromatogr. B 883–884 (2012) 95–101.
[21] A. Buchwald, K. Winkler, T. Epting, BMC Clin. Pharmacol (2012), http://dx.doi.

org/10.1186/1472-6904-12-2.
[22] W.T. Liu, J. Ng, D. Meluzzi, N. Bandeira, M. Gutierrez, T.L. Simmons,

A.W. Schultz, R.G. Linington, B.S. Moore, W.H. Gerwick, P.A. Pevzner,
P.C. Dorrestein, Anal. Chem. 81 (2009) 4200–4209.

[23] B.D. Kahan, L.M. Shaw, D. Holt, J. Grevel, A. Johnston, Clin. Chem. 36 (1990)
1510–1516.

[24] S.K. Lee, J.W. Park, J.W. Kim, W.S. Jung, S.R. Park, C.Y. Choi, E.S. Kim, B.S. Kim,
J.S. Ahn, D.H. Sherman, Y.J. Yoon, J. Nat. Prod. 69 (2006) 847–849.

[25] A. Furey, A. Brana-Magdalena, M. Lehane, C. Moroney, K.J. James, M. Satake,
T. Yasumoto, Rapid Commun. Mass Spectrom. 16 (2002) 238–242.

[26] S.M. Williams, J.S. Brodbelt, J. Am., Soc. Mass Spectrom. 15 (2004) 1039–1054.
[27] C. Govaerts, E. Adams, A. Van Schepdael, J. Hoogmartens, Anal. Bioanal. Chem.

377 (2003) 909–921.
[28] C. Govaerts, C. Li, J. Orwa, A. Van Schepdael, E. Adams, E. Roets,

J. Hoogmartens, Rapid Commun. Mass Spectrom. 17 (2003) 1366–1379.

Fig. 5. Assignment of (A) fragmentation patterns of a bio-converted CyA analog, (γ-hydroxy-MeLeu6)CyA (known as a human CYP metabolite AM6) and (B) its CID product
ion spectra obtained from MS2 to MS8. Fragment ion assignments are performed for all diagnostic ions labeled below in the product ion spectrum.
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