IROA approach enabling detection of metabolites whose production is initiated or ceased in response to treatment .
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RESULTS IROA enables rapid assessment of the perturbation of targeted metabolic pathways

To establish IROA as a tool for evaluating mediators of targeted pathways, we assessed the

ABSTRACT

In previous IROA metabolomics protocols, treatment and control organisms were grown in medias Nocardiopsis sp. metabolome revealed by untargeted IROA UHPLC/MS eocte of biovridyl ousl rod ne/XR334 diketopi e (DKP
containing uniformly-labeled carbon sources with different 12C:13C ratios (95:5 vs. 5:95), pooled prior to High-resolution ESI+ and ESI- UHPLC/MS data for chemical extracts of bipyridyl treatment and no bipyridyl STECTS OF DIPYTIAY! On @ PrEvIoUsTy FEported notazine iketopiperazine (DKP)
chemical extraction and LC/MS. Analytes below the limit of detection for treatment or control group evaded control cultures, each supplemented with internal standard, revealed 1,332 pairs of corresponding 95:5 and b|osynthejc|c pathway frc?m Nocard|0!05|s sp.” (Fig. 4a). P.roductlon O_f nocazine/XR334 ,
recognition, since they did not form a pair of corresponding 12C- and 13C-enriched MS peaks. This limits the ~ 5:95*C:**C IROA MS peaks. Computation of the difference in molecular ion m/z‘s between fully 2C- and 3C- pathway final products (i.e. 2, 5, 10) |s.catalyzed b.y asulte of promiscuous Srzyines, with
utility of established IROA protocols for natural product studies, where molecules and their biosynthetic labeled peak pair signals supported that the number of carbon atoms in detected metabolites ranged from 2 to ::sfﬁ ?alfc:)of\r;):c?/c;s* Zseshergr;e::;ii:nd;:legfir: a(rFr;|nZj)udTE;elcRu(;sAo;s;:anso(IefI{]‘ef\el;;rliénMS
pathways are commonly identified by comparing metabolite profiles between natural product producing and 36 (Fig. 2). Y yaros . 5 . &- *a). . .

: . : . . : exact masses and carbon numbers consistent with DKPs 1-6 and 10 and amino acid
non-producing organisms (e.g. wild type vs. gene elimination mutant organisms). Here we devised an IROA 175+ cecursors leucine. ohenvlalanine. and tvrosine: DKPs 7-9 were not found within the IROA
protocol enabling the detection of metabolites whose production is initiated or halted in response to Fieure 2. Histoeram of the number of carbon atoms in each of P  PREY N 4 ’ . : : :

. L g ' g dataset nor upon manual inspection of the raw LC/MS data. The identity of the amino acid
experimental conditions. the 1,332 Nocardiopsis sp. metabolites detected by IROA e

N precursors was confirmed against LC/MS RT and exact mass of authentic standards and

LC/MS. The number of carbon atoms in each molecule was : . . :
- . structures of DKPs 1-6 and 10 confirmed by tandem mass spectra (Fig. 4b) of Nocardiopsis
|\| R | ' |\| 12 75-
INTRODUCTIO proposed by finding the myz difference between the fully **C sp. metabolites and commercial standards. The abundance of each nocazine/XR334

] ] ] _ and 13C-labeled molecular ion peak pair for each analyte. 50- _ , _ -
Over 65% of known microbial secondary metabolites are produced by actinomycetes. pathway precursor, intermediate, and product (Fig. 4a) was compared between bipyridyl
Nocardiopsis sp. prevail in a variety of environments and produce a vast variety of bioactive compounds with treatment (n = 4) and no bipyridyl control (n = 4) cultures. A similar trend was observed
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proven clinical use for treatment of microbial infections, cancer, and other maladies, including many Fearbors oG arelses along the pathways leading to final products 2, 5, and 10. For each, amino acid precursors
antibiotics that may aid as signaling molecules to protect their existence under different conditions, stressors _ . o . were upregulated in treatments, while downregulation of late stage intermediates and
and against competing microorganisms?. IROA LC/MS differentiates treatment and control Nocardiopsis sp. metabolomes and suggests the production .,y cts was observed (Fig. 4c below). This finding supports that bipyridyl perturbs the
Modified metabolomics-guided approach to investigate metabolites produced by Nocardiopsis. of novel metabolites: univariate and supervised/unsupervised multivariate analyses nocazine/XR334 pathway, and suggests a particularly negative impact on later stages of
The majority of Actinomycete genomes are not expressed under typical laboratory fermentation conditions, For each IROA MS peak pair detected from Nocardiopsis sp., the ratios of 95:5 1*C:*3C-labeled signals (from the pathway.
however experimental approaches such as the heterologous expression of biosynthetic genes and control or treatment, n = 4) and isotopic 5:95 1?C:13C-labeled signals (from standard) were determined. Figure 4c ——— 1 il
fermentation environment manipulation have shown promise for increasing expression of biosynthetic Control:standard and treatment:standard isotope ratio t-tests revealed that abundances of 253 metabolites T R A B og
genes. The success of these approaches is reliant upon accurate methods for the evaluation of metabolic were altered in response to bipyridyl treatment with p < 0.001 (not shown). PCA distinguished samples between P 6 I'E
changes in response to experimental manipulations. Typically MS-based metabolomics methods have relied control and treated group (Fig. 3a) and the PCA scree plot (Fig. 3b) showed that the first two PCs account for T g | asssnucamen
on isotopically labeled standards to ensure accurate identification as they behave physically and chemically most of the variation between groups. RF differentiated all treatments from controls (Fig. 3c), and the mean METHODS *Q‘\H £
identical to the analytes under measurement? q . . : : . . . of o

ecrease accuracy (MDA) was determined for individual metabolites (Fig. 3d). The 40 metabolites with highest

As such, in previous studies we implemented Isotope Ratio Outlier Analysis (IROA)3# global LC/MS
metabolomics to evaluate changes in the metabolome of a model Nocardiopsis species resulting from
treatment with an iron chelating reagent, bipyridyl. Although our previous IROA LC/MS approach revealed

Experiment design: Nocardiopsis sp. were maintained in media that promoted homogenous
growth. Cells were washed, and resuspended with inorganic buffer. 20ul aliquots of washed cell
suspension were added to 3 mL of isotopically defined (95% or 5% U-13C), until fully transformed to

MDA scores included molecules up- and downregulated in response to bipyridyl treatment spanning multiple
classes of primary metabolites. Molecules from amino acid pathways (i.e. L-phenylalanine, 4-guanidinobutanoic

several metabolites unique to the Nocardiopsis sp. it did not enable the detection of metabolites whose acid, 2-aminobenzoic acid, L-isoleucine) were prominent among metabolites with largest MDA values. the isotopic balance of the media. Bipyridyl treatment (n = 4) and no-bipyridyl control (n = 4)
production is initiate or halted in response to experimental conditions, namely the introduction of bipyridy!. A) g o : bacteria were fermented in uniformly 95:5 *2C:**C-labeled media alongside equivalent standard
Hence we modified our approach by deve|oping a set of standards that included metabolites produced in Figure 3. Multivariate analyses of bipyridyl treatment and 20 HC'HLN: # cultures in 5:95 *2C:13C-labeled media. Standard cultures were pooled to provide a mixture
response to the iron chelator 2,2’-bipyridyl (Fig. 1). no-bipyridyl control Nocardiopsis sp. metabolomes. (a) PCA f§“1: y o) . containing distinctly labeled isotopes of every metalf)olite.fr’om treatments or c?ntrols. I-;ach
v each score plot revealed the impact of bipyridyl. Data points 10 48 o treatment and cc')ntrol.culture was supplemented with this internal standard mixture prior to
/" Cultures in 95/5 12G/13C me dié"x“*-., treatment /. 0 O N corresponding to controls are shown in red (S001-S004); ® e o . chemical extraction with ethyl acetate. Samples were stored at -20 °C. |
= 7 and;?:trol ;(;E g\/ﬂ clearly differentiated from light blue data points PCAT comel LC-MS: Pooled (95%/5%) sample extracts were analyzed by reverse phase QHPLC—HBMS using an
.f'f“’:’h'“wﬁ'-. -';@R'*-'LJ"-. -“'}QIH'\-E\ -“"r’;- xﬁ'\ standard : . : ""iﬁ' - 'H_?l.x".x corresponding to treatments (S005-S008). (b) Scree plot of g S— Ace Excel PFP-C 18 2.1x100 mm, 2.0 um column. The UHPLC pump was a Dionex Ultimate 3000,
ey Ao\ %f; 33:-*} \ > PCA component variances. (c) RF analysis clearly segregated B S and the mass spectrometer was a Thermo Fisher Q-Exactive Orbitrap. Solvent A was 0.1% formic
%}3{)‘3 no bipy bipy samples between treatment and control groups. Data points i £ ; acid in water, and solvent B was acetonitrile. The collected data were initially processed by Xcalibur
. no bipy + bipy ﬁgggl;r; tri?;?j;:z N are colored as in (a). (d) RF variable importance plot for the ju : ; Workstation software (version 3.0).
\_ controls treatments lchemical — 40 metabolites contributing most toward RF separation of 8.0 . Data processing and analysis: The Thermo RAW datafiles were converted to mzXML data files
/" Cultures in 5/95 12C/'3C media ™\ p AT ~ treatment and control groups. Annotated metabolites . s ° oo which Werelimpc?r.ted.directly into the IROA CIusterFi.nd.er Software Program for peak picking and
H H 3 eIz g13p1028 associated with amino acid metabolism, based on the KEGG wilosl omporent b oo compound identification and the IROA portal for statistical analysis.
@ ;-“F:.'H mix | /o\ EWMJ g 1381223 database, are listed in green. Previously reported secondary : 8. I
B c’jstandardﬁ Z; f-' o Gowbors E Gcabons metabolites are named in red, and novel predicted MF with . REFERENCES
o bipy + bipy = 5 | g N >10C are in purple. Blue data points indicate metabolites ©) [ _ - _ - .
standards & &£ & P r eSS that decreased in response to bipyridyl treatment and N T | o 1. B.ennu.r T, Ravi Kumar A, Zlnjarde. 53, Jfa\vdekar V. Nocardiopsis species: a potential source of
N e reatment  standa orange indicates metabolites whose abundance increased. S00 e bioactive compounds. J. Appl. Microbiol. 2016; 120(1):1-16.
. IROA IROA 01|70 o 2. Chokkathukalam A, Kim D-H, Barrett MP, Breitling R, Creek DJ. Stable isotopic-labeling studies
N s e _ 02l R in metabolomics: New insights into structure and dynamics of metabolic networks.
Figure 1. Overview of IROA experimental approach for detecting metabolites whose production is up- or N Bioanalysis. 2014; 6(4):511-524.
downregulated or is exclusive to treatments or controls. This approach was used to evaluate impacts of 2,2’- Figure 4. Application of IROA metabolomics for evaluating 3. deJongF, Beecher C. Addressing the current bottlenecks of metabolomics: Isotopic Ratio
bipyridyl (bipy) on the Nocardiopsis sp. metabolome. Bipyridyl treatment (n = 4) and no-bipyridyl control (n = 4) impacts of small molecules on targeted natural product : , 5 5 Outlier Analysis (IROA"), an isotopic-labeling technique for accurate biochemical profiling”,
bacteria were fermented in uniformly 95:5 2C:'3C-labeled media alongside equivalent standard cultures in 5:95 biosynthetic pathways. Impacts of bipyridyl on Nocardiopsis QT = QU kT Bioanalysis. 2012; 4(18), 2303-14.
12C:13C-labeled media. Standard cultures were then pooled to provide a mixture containing distinctly labeled isotopes sp. production of DKPs 1-10 were evaluated. (a) Previously e e — 4. Stupp G5, Clendinen CS, Ajredini R, Szewc MA, Garrett T, Menger RF, Yost RA, Beecher C,
of every metabolite from treatments or controls. Each treatment and control culture was supplemented with this reported biosynthetic pathway for 1-10 includes aminoacyl e QMOS0 QA0 = QN0 Edison AS. Isotopic Ratio Outlier Analysis Global Metabolomics of Caenorhabditis elegans.
internal standard mixture prior to chemical extraction and LC/MS. The ratio of control (blue) or treatment (green) MS tRNA synthetase (AARS)-catalyzed ligation of amino acids T\ Losrmiom  osmmeimaw  asnmiseme Analytical Chemistry. 2013; 85(24), 11858-11865. doi: 10.1021/ac4025413.
signal integrals relative to corresponding differentially isotope-labeled standard signals (magenta) was determined. with tRNAs, followed by cyclodipeptide synthase (CDPS)- QC;@—*Q*):@—'OVN&A@ > FSiessen TW, von Tesmar AM, Marahiel MA. In.si.ghts .into 'fhe gen.erajcion Qf structural oﬁversity
Statistical comparison of these treatment:standard and control:standard isotope ratios enabled determination of  catalyzed formation of DKPs 1, 3, and 6 from different S SR S in a tRNA-dependent pathway for highly modified bioactive cyclic dipeptides. Chem Biol.
metabolites whose production was impacted by bipyridyl treatment. Evaluation of the m/z difference between fully combinations of aminoacyl-tRNAs [38]. Tailoring these DKP o Ji o ¢° P 2013; 20, 828-838, doi:10.1016/].chembiol.2013.04.017.
12C-labeled metabolites and fully 3C-labeled isotopes indicated the number of carbon atoms in each molecule, as intermediates by a cyclic dipeptide oxidase (CDO) and/or Ov/\g“E = Oj:(j:@
illustrated by the IROA peak pair for leucine from Nocardiopsis sp. methyltransferase (MT) leads to final products 2, 5, and 10. B ()(3)\( )/ cyc/o(L.phe.L.w;) N SUMMARY
(b) LC/MS2 supported identification of each DKP from T R G I IS
THEORY AND DISCUSSION Nocardiopsis sp. extracts. Comparison of MS2 fragments for T el ([T 1S The modified IROA analytical and bioinformatic metabolomics approach was used to
Bacteria utilize siderophores, low molecular weight binding iron-binding complexes, to acquire and ,;lr']:i'raz]g 6;;?\?;2;?;;;5“2:Z?;?e::eim?stzrjs5255;232(: it L T A s O L W W Interrogate. samples treated with and without |ron-chelat|on to look for potential
transport iron for important cellular processes. The effect of iron limitation on siderophore secondary . Nocardiopsis sp. natural products suggest broad-reaching metabolic consequences of
. . . . . . . confirmed by correspondence between observed fragments s | : bipyridyl (Fig. 3). Our study illuminates the impacts of bipyridyl on the metabolome of a
metabolite production was examined using a modified IROA Basic Protocol (Fig. 1). The approach enables shown in color with literature values. (c) Heatmap (see 3 ol | (12, del act 4 des the first imol , ‘ obal bolomics f
the measurement of metabolic changes, the removal of false data such as noise or artifactual peaks column) of mean (n = 4) log2 fold changes in abundance of i | | ‘ l JEm——" mode actanmycete and provides t f? Irst iImp gmentatlon of IROA globa meté olomics Tor
identified by the absence of 12C/*3C isotopic peak pair observed for each metabolite, and also the DKP pathway metabolites in response to bipyridyl — ”” —— > - = 34(, = study of.actlnomyce.t.es. Futu.re st.ud!e.s e antmpatgo.l to promote dere.pllcatlon of known
calculation of the number of carbon atoms which together with accurate mass for either of the treatment. From left-to-right, the heatmap is arranged ) I metabolites and facilitate rapid prioritization of promising novel metabolites.
monoisotopic peaks makes it possible to unambiguously determine the empirical formula for masses below according to the order of precursors leading to final DKPs 2, 8 Acknowledgements
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and detecting a broad range of metabolites from Nocardiopsis sp.

or Tyr residues of DKPs.



