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Abstract

Deinococcus radiodurans (Drad) is the most radioresistant organism known. Although 

mechanisms that underlie the extreme radioresistance of Drad are incompletely defined, resistance 

to UV irradiation-induced killing was found to be greatly attenuated in an NO synthase (NOS) 

knockout strain of Drad (Δnos). We now show that endogenous NO production is also critical for 

protection of Drad against γ-irradiation (3000 Gy), a result of accelerated growth recovery, not 

protection against killing. NO-donor treatment rescued radiosensitization in Δnos Drad but did not 

influence radiosensitivity in wild type Drad. To discover molecular mechanisms by which 

endogenous NO confers radioresistance, metabolite profiling studies were performed. Untargeted 

LC-MS-based metabolite profiling in Drad quantified relative abundances of 1,425 molecules and 

levels of 294 of these were altered by >5-fold (p< 0.01). Unexpectedly, these studies identified a 

dramatic perturbation in carotenoid biosynthetic intermediates in Δnos Drad, including a 

reciprocal switch in the pathway end-products from deoxydeinoxanthin to deinoxanthin. NO 

supplementation rescued these nos deletion-associated changes in carotenoid biosynthesis, and 

fully-restored radioresistance to wildtype levels. Because carotenoids were shown to be important 

contributors to radioprotection in Drad, our findings suggest that endogenously-produced NO 

serves to maintain a spectrum of carotenoids critical for Drad’s ability to withstand radiation 

insult.

INTRODUCTION

D. radiodurans (Drad) is an extremeophilic bacterium that is remarkable for its capacity to 

withstand exposure to extreme environmental stress, including desiccation, oxidants, 
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ultraviolet and ionizing radiation [1–5] This non-pathogenic and non-photosynthetic 

bacterium has gained particular notoriety as the most radioresistant organism known, able to 

withstand >10,000 Gy of ionizing radiation [2,5–7]. The extreme radioresistance of Drad is 

thought to arise from a synergy of multiple cellular defense mechanisms, including an 

extremely efficient system for repairing double-strand DNA breaks, high antioxidant 

activity, unusual cell envelope protective structure, and mechanisms that evolved to preserve 

protein functions.

Radiation insult can damage DNA, proteins, lipids and other macromolecules directly, and 

also via secondary radiation-induced reactive oxygen species (ROS) such as the hydroxyl 

radical [8,9]. Irradiation insult and secondary ROS cause single-and double-strand DNA 

breaks that, if repaired improperly or left unrepaired, can lead to mutation, genomic 

instability, and cell death [9–12]. Drad has highly efficient enzymatic DNA repair processes 

that allow for the rapid and unusually error free reassembly of DNA fragments caused by 

double strand DNA breaks [13–15]. However, the efficacy of these repair processes is 

contingent upon the preservation of enzymatic activities. Thus, protection of proteins from 

oxidation is a major determinant of radioresistance in Drad, and ROS-scavenging 

mechanisms additionally play a vital role in response to various environmental stressors. 

[16–18]. Consequently, Drad maintains powerful antioxidant mechanisms that prevent 

oxidation of proteins and thereby preserves the activity of DNA repair enzymes [16,18,19]. 

These mechanisms include efficient enzymatic ROS scavenging systems as well as small 

molecule antioxidants [20–22]. Indeed, Drad has developed powerful enzymatic 

mechanisms capable of detoxifying reactive species, mediated by scavenging enzymes such 

as superoxide dismutase, catalase, and peroxidase [19,23,24]. Exposure to radiation has been 

shown to induces expression of the above enzymes in Drad, and mutation of their cognate 

genes can result in increased sensitivity to radiation insult [20].

Surprisingly, incubation with ultrafiltered, protein-free Drad cell extract was shown to 

prevent oxidation of proteins in E. coli following exposure to extreme doses of ionizing 

radiation [22]. This latter finding suggests that small molecule antioxidants also comprise an 

element of Drad’s radio-defense systems. Notably, Drad contains C40 carotenoid pigments 

that give the bacterium its characteristic reddish-pink color and some of these carotenoid 

molecules are unique to Drad [25–27]. These long-chain, unsaturated terpenoids exhibit 

strong antioxidant properties in Drad, scavenging ROS and likely contributing significantly 

to radioresistance. Carotenoids are responsible for many of the colors of plants, animals, and 

microorganisms, functioning as accessory pigments in photosynthetic systems and playing 

vital roles in photoprotection that contributes to membrane fluidity and antioxidant defenses 

[28,29]. Drad synthesizes the unique carotenoid deinoxanthin from isoprenoid units, via a 

series of reactions catalyzed by carotenoid biosynthesis (Crt) enzymes [26]. It is notable that 

Drad mutants that are colorless due to a carotenoid synthesis deficiency exhibit enhanced 

sensitivity to ionizing radiation and ROS-induced oxidative damage, highlighting the 

importance of these membrane-localized pigments as potential contributors to Drad 

radioresistance mechanisms [21,30–33]. Deinoxanthin in particular has potent ROS-

scavenging activity, as demonstrated by its efficient ability to quench singlet oxygen and 

hydroxyl radicals (Lemee et al 1997, Ji 2010, Carbanou 1989) and accordingly has been 
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implicated as a major determinant of radioresistance in Drad. However, the deinoxanthin 

biosynthesis pathway in Drad and other carotenoid intermediates are incompletely 

characterized in terms of molecular identity and contribution to ROS scavenging efficiency. 

Moreover, regulatory mechanisms that control carotenoid biosynthesis in Drad are 

undefined.

In sum, the current dogma regarding the extreme radioresistance of Drad is that multiple 

passive and enzymatic antioxidant mechanisms serve to mitigate radiation-induced oxidative 

damage, preserve enzyme activities, and both efficiently and precisely promote the repair of 

radiation-induced DNA damage [14,16,17,22,34,35]. Yet, despite recent advances in our 

understanding of the physiological mechanisms underlying the enormous capacity of Drad 

to withstand radiation insult, underlying molecular mechanisms and regulatory processes 

await definition.

Despite 2 billion years of evolutionary separation from mammals, Drad is unusual for its 

expression of a nitric oxide synthase (NOS) hemi-enzyme that is highly homologous in 

sequence and structure to the oxygenase domain found in mammalian NOS isoforms 

[36,37]. Surprisingly, knock out of Drad nos (Δnos,) was found to sensitize Drad to UV 

irradiation-induced toxicity [36,37]. Indeed, following exposure to UV radiation (30m/cm2), 

Δnos Drad recover and replicate markedly slower and to a lesser extent, as compared with 

wild type Drad. In accord with the possibility that NO may also promote radioresistance in 

mammals, NOS inhibitor treatment has been shown to sensitization some mammalian 

tumors to the cytotoxic effects of ionizing radiation [38,39]. Together, these findings suggest 

that endogenously produced NO in both bacteria and mammals can afford protection against 

radiation-induced cell damage.

In attempt to uncover cytoprotective mechanisms in Drad, we employed an untargeted 

metabolite profiling to assess how loss of endogenous NO production impacts the small 

molecule composition of this bacterium. Notably, metabolomics offers a powerful “-Omics” 

approach for discovering differences in the expression of small molecules in complex 

biological matrices [40–42]. We reasoned that observed changes in Drad metabolite 

abundances that arise after loss of endogenous NO biosynthesis, can shed new light on the 

molecular basis for NO-mediated radioresistance.

RESULTS

Deletion of nos increases susceptibility of Drad to extreme ionizing radiation and this 
effect is rescued by exogenous NO supplementation

Following an 18 h exposure to extreme ionizing radiation from a γ-emitter (3000 Gy total 

dose), Δnos viable Drad decreased significantly, relative to wild type Drad (Fig 1A). Indeed, 

cell density measurements (OD600nm) showed that irradiated Δnos Drad decreased in 

abundance by over 83% post-irradiation, compared to non-irradiated controls and this 

recovery was more pronounced than in radiation-exposed wild type nos Drad, where cell 

density was reduced by only 35% (Fig. 1B). In contrast, the percentage of viable cells 

remaining after irradiation, measured as colony forming units (CFU), was not significantly 

different between wild type and Δnos strains (Fig. 1C). Thus, nos gene deletion does not 
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appear to influence the extent of cell death in response to γ-irradiation, but rather suppresses 

the ability of Drad to recover after an γ-radiation insult, as previously shown for UV-

irradiation [37]. Remarkably, exogenous NO supplementation with the NO-donating 

chemical DETA NONOate (25 μM) restored post-irradiation growth of Δnos to a degree that 

was equal to or greater than observed in non-irradiated controls (Fig. 2). In contrast, NO 

supplementation in nos-intact Drad did not influence growth recovery following irradiation-

insult (Fig. 2). Together, these findings suggest that endogenous NO production protects 

against γ-irradiation-induced growth arrest in Drad, and the level of endogenous NO 

synthesis in wildtype Drad is sufficient for maximal radioprotection.

Comparative metabolite profiling of wild type vs. Δnos Drad

Untargeted metabolite profiling was performed to assess the metabolomic consequences of 

nos gene deletion in Drad. Toward this end, untargeted metabolite profiling was performed 

essentially as described previously [40–42], employing C18 reverse phase (RP) 

chromatography for efficient resolution of hydrophobic molecules that were detected using 

ESI-MS (see metabolomic workflow in Fig. 3). This analytical strategy allowed separation, 

detection and relative quantification of diverse small molecule metabolites (50–1000 Da) for 

downstream analysis using chemometric analytical methods. These studies quantified 

relative abundances of 1,648 molecular features across all wild type nos and Δnos Drad 

extracts (Fig. 4). Considering only those features that could be detected in at least 80% of 

samples from at least one experimental group limited this dataset to 1,425 features, among 

the 1,648 total features observed across all samples (Fig. 4A). These molecular species were 

further considered for differential expression using chemometric profiling tools and 

algorithms (MassHunter Profinder in combination with MassProfiler Professional; Agilent 

Technologies, Santa Clara, CA).

The 1,425 observed features were further assessed by unsupervised pattern recognition and 

statistical analyses. Unsupervised Hierarchical Clustering analysis (HCA) and Principal 

Component Analysis (PCA) were performed to test for group differences in metabolite 

profiles. As seen in the HCA dendrogram (Fig. 4B), and 3-dimensional PCA plot (Fig. 4C), 

samples from Δnos Drad clustered closely - yet were distinct from wild type nos expressing 

Drad. By investigating loading scores for the PCA plot, one can identify metabolites that 

contribute to the greatest extent in separating the groups along each principal component 

axis. Applying this strategy, we observed differential expression of many tetraterpenoids 

(including C40 carotenoids) dominantly contributed to the ability of PCA to distinguish Δnos 

from wild type Drad. Loading scores for PC1 (x-axis) and PC2 (y-axis) indicated that 

molecules tentatively identified as carotene (C40H56), deoxydeinoxanthin (C40H54O2), 

deinoxanthin (C40H54O3), and deinoxanthin-glucoside (C46H64O8) were among the features 

contributing most to the separation between Drad genotype differences (Fig. S1). 

Unsupervised HCA, considering only known carotenoid biosynthesis pathway metabolites, 

further indicated global perturbations in carotenoid composition associated with nos-deletion 

(Fig. 4D). Notably, we also observed alterations in the abundance of molecules whose 

formulae matched metabolic intermediates that have been reported as unique to the 

carotenogenesis pathway of Drad [26], including, 2-deoxy-3′,4′-dihydrodeinoxanthin 

(C40H56O2), deoxydeinoxanthin (C40H54O3), and deinoxanthin (C40H54O3) (see Fig. 5).
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Differentially expressed metabolites in Δnos Drad

Unpaired t-tests, corrected for multiple hypothesis testing, confirmed diverse and significant 

nos deletion-associated alterations in the abundance of carotenoids. Indeed, these studies 

recognized 294 features, defined by chromatographic retention times, accurate mass and ion 

abundances, that were significantly altered in expression level by >5-fold, with p< 0.01. 

These differentially-abundant molecules comprised many membrane components such as 

glycerophospholipids, phosphoethanolamines and carotenoid pigments. Among these 294 

features with significant differences between groups, 9 molecules were tentatively identified 

as elements in the proposed carotenoid biosynthesis pathway of Drad (Unpaired t-tests, p < 

0.01; see Table 1).

Carotenoid biosynthetic pathways are depicted in Fig. 5A. Remarkably, marked differences 

in the abundance of 7 of these carotenoid pathway intermediates was evident in wild type 

nos vs. Δnos expressing Drad strains (Fig. 5B). Unpaired t-test results showed that levels of 

carotene (C40H56), 2-deoxy-3′,4′-dihydrodeinoxanthin (C40H56O2), deoxydeinoxanthin 

(C40H54O2), and deinoxanthin (C40H54O3) were significantly altered by nos-deletion (p < 

0.001). Unexpectedly, these findings revealed that deoxydeinoxanthin is the predominant 

carotenoid in the wild type Drad, whereas, deinoxanthin is the majority carotenoid 

constituent in Δnos Drad. Indeed, according to these relative abundance values, wild type 

Drad had a deoxydeinoxanthin: deinoxanthin ratio of 11:1 and this ratio was inverted to 1:7 

in Δnos Drad. Additionally, unpaired t-tests identified a compound corresponding in mass to 

the glucoside derivative of deoxydeinoxanthin (C46H64O7) and this species was significantly 

less in Δnos Drad (p < 0.001). Instead, deinoxanthin-glucoside (C46H64O8) was found to be 

the predominant glucoside species in nos-deleted Drad (p < 0.001, Figure 5B). With the 

exception of deinoxanthin (C40H52O4), and deinoxanthin-glucoside, the relative abundances 

of all other observed carotenoid molecules were significantly lower or unchanged in Δnos 

vs. wild type Drad (see Table 1 for comparative statistics).

Confirmation of carotenoid structure and identity by MS/MS analysis

LC-MS/MS analyses were conducted on metabolite extracts in attempt to validate the 

inferred structural identity of molecules that were altered by nos deletion in Drad. Using a 

quadrupole-TOF (Q-TOF), putative carotenoid species were fragmented in a collision cell 

and the ascribed molecular structures were assessed. AS shown in Fig. 6A–C, fragmentation 

of the molecule inferred to be deoxydeinoxanthin (m/z 567.414, [M + H]+) yielded daughter 

ions characteristic of a single hydroxyl group loss (m/z 549.405) as well as daughter ion that 

was indicative of a non-hydroxylated, but ketolated carotenoid β-ring fragment (m/z 139.111 

(Figure 6A–C). The structure and identity of deinoxanthin (C40H56O3, m/z 583.409, [M + 

H]+) was similarly validated in Δnos metabolite extracts (Fig. S2). Fragmentation of m/z 

583.409 [M + H]+ yielded daughter ions characteristic of two hydroxyl group losses (m/z 

565.395, m/z 547.393) as well as fragment ions indicative of a hydroxylated and ketolated 

carotenoid β-ring (m/z 155.106 & 137.096). The structures of deoxydeinoxanthin-glucoside 

(C46H64O7, m/z 729.463, [M + H]+) and deinoxanthin-glucoside (C46H64O8, m/z 745.459, 

[M + H]+) were also validated in wild type and Δnos Drad, respectively (Figs S3 and S4). 

These compounds yielded spectral peaks indicative of loss of glucose (−180 Da) as well as 

MS spectra that corresponded to fragments of deoxydeinoxanthin and deinoxanthin.
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Optical spectroscopy alone and with LC-MS confirms a decrease in total carotenoid 
abundance in Δnos vs. wild type nos Drad and an altered distribution of carotenoid 
species

The total carotenoid content of wild type and Δnos Drad was determined by photodiode 

array detection (PDA). PDA analysis of crude MeOH extracts of carotenoid pigments 

revealed significant decreases in total levels of carotenoids in Δnos, compared to wildtype 

nos Drad, based on absorbance at 448 and 470 nm (Fig. 7A and 7B, respectively). Rigorous 

absolute quantitative assessment of the carotenoid composition of wildtype and &Delta;nos 

Drad was conducted by diverting a fraction of the reverse phase LC flow used for MS 

detection to a PDA, allowing additional spectral characterization. This instrument 

configuration allowed simultaneous assessment of both absorbance and MS for each 

chromatographically-resolved carotenoid peaks of interest in Drad extracts. Absorbance at 

470 nm reconfirmed a marked perturbation in the distribution of carotenoid species in Δnos 

Drad, compared to carotenoids in Drad expressing wild type nos (Fig. 7A1, 7B1 and 7C1). 

Notably, extracted ion chromatographs (EICs) and MS spectra from these parallel analyses 

confirmed a reciprocal switch in the predominance of deoxydeinoxanthin (m/z 567.414, [M 

+ H]+) in wild tye Drad to deinoxanthin (m/z 583.409, [M + H]+) in nos-deleted Drad (Fig. 

7B2 and 7C2).

The carotenoid content in wild type and Δnos Drad was further quantified using an isocratic 

LC platform. Toward this end, metabolite extracts were normalized to absorbance at 470 nm 

and an equivalent quantity of each sample was analyzed using LC-PDA-MS. Results 

confirm a clear disturbance in carotenoid composition in Δnos vs. wild type Drad, 

characterized by an inversion in relative expression levels of deoxydeinoxanthin vs. 

deinoxanthin (Fig. S5).

Δnos and wildtype nos Drad express indistinguishable levels of known carotenoid gene 
(Crt) transcripts

Expression levels of mRNA transcripts for enzymes in the putative Deinococcus carotenoid 

biosynthesis (Crt) pathway were examined by quantitative real time PCR (q-RT-PCR) using 

primers for known Crt genes (see Table S1). Expression levels of CrtE (DR1395), CrtI 

(DR0861), CrtF (DR0091), CrtD (DR2250), and CrtO (DR0093) were quantified relative to 

gapdh (DR1343) expression levels. These qRT-PCR results revealed no significant changes 

in gene expression for any of the above listed carotenoid biosynthesis genes (Fig. S6). 

Primers for CrtB (DR0862), and CrtLm (DR0801) could not be effectively optimized after 

several attempts - hence relative expression levels of cognate transcripts in Drad were not 

quantified.

Exogenous NO application restores carotenoid biosynthesis in Δnos Drad

Pharmacological complementation with the slow-releasing NO-donor molecule DETA 

NONOate demonstrated that NO supplementation restores an apparent wildtype carotenoid 

profile in Δnos Drad. As shown by unsupervised HCA heatmaps (Fig. 8A and 8B), NO 

supplementation of Δnos Drad restored carotenoid precursors toward the levels observed in 

wild type Drad (i.e., complemented the defect elicited by nos deletion). Notably, restored 

species included carotene and phytoene. Additionally, DETA NONOate significantly 
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increased the abundance of the terminal carotenoid product deinoxanthin and astaxanthin (a 

bi-ring, keto-carotenoid), that was otherwise markedly decreased by nos deletion in Drad. 

Treatment with exogenous NO had no discernable effects on abundances of observed 

carotenoids in wild type Drad (Fig. 8A and 8B; p > 0.05)

Wild Type and Δnos Drad have similar antioxidant capacities

To determine the effect of nos deletion on the total antioxidant capacity of Drad, antioxidant 

capacity assays were performed on whole Drad extracts (Fig. S7A) as well as pigment-

enriched DMSO extracts of Drad strains (Fig. S7B). Results demonstrated no significant 

difference in antioxidant capacity of Δnos vs. wild type Drad strains, considering both 

whole-cell lysates and pigment-enriched Drad extracts.

DISCUSSION

Deletion of nos significantly sensitized Drad to cytostasis following exposure to extreme 

ionizing γ-irradiation (3000 Gy), pointing to a fundamental role of endogenous NO 

production as a contributor to Drad’s extraordinary radioresistance (Fig. 1). This 

radioprotective effect of NO did not arise from diminished radiation-induced cytostasis cell 

killing since the number of colony forming units (CFUs) after irradiation was unchanged in 

Δnos vs. wildtype Drad, instead nos was found to be required for rapid growth recovery. The 

radiosensitizing effect of nos deletion can be specifically ascribed to a depletion of NO 

levels, because repletion with exogenous NO fully complemented the growth defect in Δnos, 

but had no affect on the growth of wild type Drad following irradiation (Fig. 2). We 

subsequently employed an untargeted metabolite profiling approach in attempt to uncover 

potential mechanism(s) of endogenous NO-conferred radiation resistance in Drad.

Our metabolomic data revealed that nos deletion profoundly affects carotenoid biosynthesis 

and composition in Drad, which is known to contain various C40 carotenoid species in its 

multilayered cell envelope [25,43]. Notably, nos deletion resulted in significant alterations 

in the expression of carotenoid pigments unique to Drad [26,27,33]. These long-chain, 

unsaturated tetraterpenoid molecules have been reported to be essential elements of the 

bacterium’s antioxidant and radiation defense mechanisms [21,30–33]. Indeed, Drad 

mutants deficient in carotenoid biosynthesis are highly sensitized to radiation and oxidative 

insults, presumably due to marked free-radical scavenging abilities of carotenoids and 

necessity for protecting against protein and DNA structural damage after radiation insult 

[21,30,32,33,44]. As determined by untargeted metabolite profiling, nos deletion 

significantly affected the expression of major carotenoids including carotene, deinoxanthin, 

and deoxydeinoxanthin (Fig. 5 and Table 1). These compounds represent upstream 

precursors (carotene) as well as the terminal products (deinoxanthin/deoxydeinoxanthin) in 

Drad’s proposed carotenoid biosynthetic pathway (Figure 4) [26]. Additionally, novel 

deoxydeinoxanthin-and deinoxanthin-glucoside conjugates were detected in Δnos and wild 

type nos bacteria, respectively.

Deinoxanthin, not deoxydeinoxanthin, had previously been identified as the major 

carotenoid in wild type R1 Drad [27,30,31]. In order to reconcile the differences between 

our findings and previous reports, we conducted MS/MS fragmentation to determine the 
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structure and identity of Drad carotenoids. MS/MS analyses of pigment extracts confirmed 

that deoxydeinoxanthin and deinoxanthin are indeed the predominant carotenoids in wild 

type and Δnos, respectively (Fig. 6 and S2). Furthermore, these findings are consistent with 

a recent report that questioned the original findings of Lemme et al., [27] and support of our 

finding that carotenoids other than deinoxanthin can significantly predominate in wild type 

Drad [45].

Optical absorbance measurements on crude pigment extracts supported our MS-based 

finding of a significant decrease in total carotenoid abundance in Δnos and prompted a more 

rigorous combined MS-and optical absorbance-based analysis of pigment extracts. Results 

from the combined analytical platform confirmed that nos deletion elicits a profound 

increase in deinoxanthin and decrease in deoxydeinoxanthin (Fig. 7). These results further 

substantiated findings of untargeted metabolite profiling experiments; nos deletion decreases 

total carotenoid abundance, but also increases the ratio of deinoxanthin to 

deoxydeinoxanthin.

Pharmacological complementation experiments, using the long-lasting NO donor DETA 

NONOate, support the hypothesis that NO mediates carotenoid biosynthesis in Drad [46]. 

Application of exogenous NO to Δnos caused significant changes in carotenoid expression 

that were not observed in exogenous NO-treated wild type bacteria (Fig. 8). NO-induced 

changes in carotenoid expression caused Δnos to more closely resemble wild type bacteria in 

terms of carotenoid profile, increasing overall carotenoid abundance. The broad-spectrum 

effect of NO on carotenoid abundance suggests that NO may regulate carotenoid 

biosynthesis by a multiplicity of actions in Drad.

Quantitative real-time PCR (qRT-PCR) analyses were performed to investigate the 

possibility that NO was regulating the transcription of carotenoid biosynthesis (Crt) genes as 

a basis for alterations in carotenoid abundance. However, nos deletion was not found to be 

associated with significant differences in expression of Crt gene levels (Fig. S6).

NO is a bioactive signaling molecule widely recognized for its ability to affect protein 

activity via post-translational modifications (PTMs), such as S-nitrosylation of cysteine 

residues and nitrosylation of transition metals in proteins. Our finding that Crt gene 

transcript levels remained stable, while carotenoid levels profoundly changed, is in accord 

with the notion that NO regulates carotenoid biosynthesis through post-translational 

modification of Crt gene(s) rather than by influencing gene expression. Instead, we 

hypothesize that NO addition to catalytic domains of Crt enzymes provides a mechanistic 

basis for control of carotenoid biosynthesis. This may occur by outcompeting the binding of 

oxygen to non-heme iron containing catalytic domains of Crt enzymes or by S-nitrosylation 

of active-site thiols that interfere with or otherwise modulate the activity of multiple Crt 

enzymes [47]. This type of broad-spectrum modulation of Crt enzyme activities may explain 

the seemingly diverse effects of endogenously produced NO on carotenoid biosynthesis in 

Drad. Notably, the most profound and reproducible effect of nos deletion was a decrease in 

the ratio of deoxydeinoxanthin to deinoxanthin (Figs. 5 and S5). A putative hydroxylase that 

is as yet unidentified, is thought to covert deoxydeinoxanthin to deinoxanthin and we 

speculate that NO interferes with catalytic activity of this enzyme. Notaby, s constitutive 
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inhibitory action of NO on deoxydeinoxanthin hydroxylase would explain the apparent lack 

of deinoxanthin accumulation in wild type Drad and build-up as a result of nos-delection.

Carotenoids are notable for their potent antioxidant properties and have been implicated as 

critical elements in Drad’ s defense against oxidative insult. Proper carotenoid biosynthesis 

has previously been shown to be necessary for the maintenance of antioxidant activity and 

radioresistance to ionizing radiation in Drad [32,33,44,48]. Carotenoids have high potential 

for ROS-scavenging as demonstrated by their ability to quench singlet oxygen and oxidative 

free radicals such as the hydroxyl species [27,30,31]. Although there was a significant 

decrease in overall carotenoid abundance in Δnos (Fig. 7), as well as a decrease in growth 

recovery following extreme (3000 Gy) ionizing radiation (Fig. 1), the antioxidant capacity 

of Δnos was similar to wild type (Fig. S7). Together, these findings suggest that carotenoids 

contribute to radioresistance in Drad via mechanisms that do not depend on increased 

antioxidant activity.

This study identified novel and unreported deoxydeinoxanthin-and deinoxanthin-glucosides 

in Drad (Fig. S3 and S4). Glucoside derivatives of carotenoids stabilize the membrane in 

thermophilic bacteria, and were reported to contribute to their resistance to heat-induced cell 

death [29,49,50]. Although carotenoid-glucosides were not previously identified in Drad, 

carbohydrate-containing lipids have been shown and implicated as a determinant of 

radioresistance in Drad [51,52]. Interestingly, a gene with high homology to a carotenoid 

glucosyltransferase of the thermophilic bacterium Chlorobium tepidum was previously 

identified in Drad [26,53], it was not known to be functional. We now hypothesize that the 

carotenoid glucosyltransferase of Drad plays an important functional role in 

carotenogenesis. Indeed, wild type Drad carotenoid-glucosides were comprised of 

deoxydeinoxanthin conjugated to a glucose moiety, whereas Δnos Drad contained 

deinoxanthin-conjugated to glucose. Deoxydeinoxanthin and deinoxanthin differ only by a 

hydroxyl group on the cyclized β-ring (C2) of the molecule. The presence or absence of this 

functional group affects hydrophobicity and would likely promote incorporation into the cell 

envelope in different orientations, altering the characteristics of the membrane. This type of 

membrane misincorporation may extend to the respective novel carotenoid-glucosides, 

altering the membrane properties of Drad and decreasing resistance to environmental 

stressors such as heat and radiation.

Taken together, our studies affirm the utility of untargeted metabolite profiling to identify 

alterations in metabolism that are associated with gene deletion and dampened 

radioresistance in Drad. Our data indicate that endogenous NO generation plays critical roles 

in the maintenance of radioresistance, in association with altered patterns of carotenoid 

biosynthesis and diminished total carotenoid levels. These findings are mutually supportive 

of a model in which NO regulates Drad carotenoid biosynthesis which, in turn, facilitates the 

bacterium’s ability to withstand ionizing radiation. Further, we identified novel 

deinoxanthin-and deoxydeinoxanthin-glucosides in Drad, whose relative abundances were 

also profoundly and reciprocally altered by nos deletion. Carotenoid-glucosides, previously 

unreported in Drad, may have vital yet unappreciated roles in the maintenance of 

radioresistance. Indeed, membrane fluidity has been suggested as a determinant of 

radioresistance in Drad, and carotenoid-glucosides are known to play a vital membrane 
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stabilization role in thermophilic bacterium [49,50]. We propose that nos deletion-induced 

alterations in carotenoid composition alter the fluidity and photoprotective properties of 

Drad’s membrane, decreasing the ability of this bacterial master of radioresistance to 

withstand and recover from radiation insult.

MATERIALS AND METHODS

Bacterial strains and growth

Bacterial wild-type strain Deinococcus radiodurans (Drad) and nitric oxide synthase mutant 

(Δnos) were generously donated from Dr. Brian Crane (Cornell University, Ithaca, NY)[37]. 

Strains were cultured aerobically in TGY media (0.5% tryptone, 0.3% yeast extract, and 

0.1% glucose; pH 7) at 32°C to an optical density (OD600) of 0.8–1.0, and harvested for 

metabolomic analysis. To avoid light-induced changes in gene expression and metabolic 

activity, cells were grown in a light-shielded shaker-incubator set to 225RPM.

Cell density (growth curve) and colony forming unit (CFU) assays

Bacteria were diluted 1:100 in fresh TGY and grown under the conditions described above. 

Cell density as measured by OD600 was recorded as a function of time to construct growth 

curves. CFU assays were also conducted to determine the percentage of viable cells in each 

culture. Cells were plated on LB-agar plates (Sigma-Aldrich) and colonies were counted at 

72hrs and compared to controls.

Gamma irradiation

Drad bacterial strains were grown as noted above to an optical density (OD600) of 0.8–1.0. 

For irradiation-only studies, these cultures were harvested by centrifugation, resuspended in 

fresh TGY media, and exposed to 3000Gy of ionizing radiation (137Cs source) at room 

temperature using the Memorial Sloan Kettering Cancer Center irradiator. Following 

irradiation, an aliquot of each culture was used to dilute cells 1:100 in fresh TGY. Cell 

density, measured at OD600, was recorded as a function of time to construct growth curves. 

CFU assays were also conducted to determine the post-irradiation percentage of viable cells 

in each culture. Toward this end, an aliquot of each irradiated culture was plated on LB-agar 

plates (Sigma-Aldrich) and colonies were counted at 72 h post-irradiation (CFU assay) to 

quantify the percentage of viable cells in irradiated samples vs. controls. For irradiation with 

simultaneous NO-supplementation experiments, detaNONOate (Cayman Chemical 

Company, Ann Arbor, MI) was added to a final concentration of 25μM to TGY both 1-hour 

before and immediately following irradiation.

Metabolite extraction

Bacterial cultures were harvested by centrifugation and washed in ice-cold ddH2O 

(Millipore Direct-Q UV3 filtration system). Methanol (MeOH; −70°C) was used to rapidly 

quench metabolism and extract small molecule metabolites. Bacterial pellets were 

homogenized using a stainless steel bead beater (TissueLyser II; Qiagen, Valencia, CA). The 

homogenate was then pelleted by centrifugation (14,000 RPM, 4°C) and the supernatant was 

collected. Successive methanolic extraction steps were performed until the debris pellet was 

colorless, with homogenization and centrifugation after each volume. Methanolic 
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supernatants were pooled and vacuum centrifuged until dry (3 hours) using a vacuum 

concentrator (Eppendorf Vacufuge, Eppendorf, Germany), and stored at −80°C until the day 

of LC-MS metabolomic analysis. Vacuum concentration was conducted in the dark to avoid 

degradation of light-sensitive metabolites and pigments.

Normalization of metabolites to total protein

To account for differences in starting material between samples, a normalization based on 

total protein was conducted on the debris pellet that remained after methanolic extraction. 

0.2 M NaOH was added to each tissue pellet and these samples were heated for 20 min at 

95°C with frequent vortexing. The dissolved proteinaceous solution was spun down at 

10,000 RPM for 5 min to remove debris. A DC protein assay (Bio-Rad, Hercules, CA) was 

conducted on the supernatant. Total protein (μg) was calculated and recorded for each 

sample so that metabolite extracts could later be resuspended to equivalent concentrations.

Sample preparation for metabolomic analysis

Vacuum concentrated metabolite extracts were resuspended in 100% MeOH w/0.1% formic 

acid to their appropriate concentrations based on protein content from normalization steps. 

These resuspensions were spun at 15,000 RPM for 10 min to remove insoluble debris. The 

metabolite-containing supernatants from these samples were then transferred to 250 μL 

conical polypropylene vials, capped, and loaded into the LC autosampler for subsequent LC-

MS analysis. MeOH-diluted samples, at the desired concentration of protein equivalent, 

were injected into the LC-MS platform for chromatographic separation and MS detection.

Reverse phase (RP) LC-MS analytical platform

Metabolite extracts were analyzed on an Agilent model 1200/6230 Liquid Chromatography/

Accurate-Mass Time-Of-Flight mass spectrometry (LC-MS) system (Agilent Technologies, 

Santa Clara, CA) equipped with dual electrospray ionization source, using positive and 

negative ion-monitoring with reverse phase (RP) chromatographic separation. The LC 

system comprised a C18 Zorbax SB-AQ™ column (2.1 × 100mm) with 1.8 μm particle size 

(Agilent Technologies, Santa Clara, CA). A 0.5 μM guard column was placed in front of the 

RP column to prolong column lifetime (Upchurch Scientific, Oak Harbor, WA). The 

chromatography platform included a binary pump, on-line degasser, thermostat-regulated 

dual 54-well plate autosampler, and a temperature controlled column compartment set to 

8°C. LC parameters for RP chromatographic separation were as follows: 4 μl injection 

volume, 60°C column temperature, and a 0.4 ml/min mobile phase flow rate. The mobile 

phase solvents consisted ultrapure ddH2O w/0.1% formic acid (solvent A) and 100% 

acetonitrile w/0.1% formic acid (solvent B) with gradient steps as follows: 0–2 min, 10% B; 

2.1–17 min, to 95% B; 17.1–27 min, hold at 95% B; 27.1, drop to 10% B; 27.1–34.0 hold at 

10% B.

Post-column LC flow was analyzed by an Agilent model 6230 Accurate Mass time-of-flight 

(TOF) mass spectrometer, equipped with dual spray electrospray ionization (ESI) source. A 

separate isocratic pump was set to continuously deliver an internal reference mass solution 

(m/z 121.0509 and 922.0093 in positive ion mode, m/z 60.0172 and 966.0007 in negative ion 

mode) to the second ESI source, enabling continuous and automatic mass calibration during 
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sample analysis. Positive and negative mass spectra were acquired in 2 GHz (extended 

dynamic range) mode with 1.41 spectra/sec sampled over a mass/charge (m/z) range of 50–

1000 Daltons. The TOF capillary voltage was set at 3500 V, the fragmentor at 175V, the 

nebulizer pressure was 45 psi, and the nitrogen drying gas at 300°C, delivered at a flow rate 

of 10 l/min. Data were saved in centroid mode using Agilent MassHunter Workstation Data 

acquisition Software (B05.00).

Chemometric and multivariate analysis of untargeted LC-MS data and molecular feature 
extraction (MFE)

Raw LC-MS data files from all experiments were processed with Agilent MassHunter 

Qualitative Analysis Software (B05.00; Agilent Technologies) for downstream comparative 

data analysis using MassProfiler Professional (Agilent, B12.01) and MassHunter Profinder 

(B06.00), as described elsewhere [40,41]. The algorithm used for molecular feature 

extraction (MFE) treats all of the mass spectral data from the experiment as a large, three-

dimensional array of values (i.e., retention time, m/z, and ion abundance). It then searches 

for and aligns features (ions) with a common elution profile (e.g. identical m/z values and 

similar retention times). Aligned features are further grouped into distinct “compounds” 

based on natural abundance isotope patterns as well as their detection as dimers, common 

adducts, including those with salts, and neutral loss of H2O. Recursive analysis was also 

conducted to re-mine the raw data for missed features in order to eliminate false-positives 

and false-negatives.

MFE was restricted to the m/z range of 50–1000 Da and completed within the time-span of 

the LC gradient. Singly charged ions with two or more ion species (including an M+1 

isotope peak or adduct ion) and a minimum peak height of 250 ion counts were selected for 

MFE. The allowed adduct ions included H+, H−, Na+, & NH4
+. The continuously injected 

reference ions (m/z 121.0509 and 922.0093 in positive ionization mode as well as m/z 

60.0172 and 966.0007 in negative ionization mode) were excluded from analysis. 

Compounds with a minimum absolute peak height of 1000 counts were further filtered for 

between-sample alignment and statistical analysis.

Ion Alignment, Chemometric Profiling, and Multivariate analysis

MassProfiler Professional (Agilent, B12.01) was used to perform multivariate analysis on 

data sets. This chemometric software package employs an algorithm for data alignment 

across multiple groups and treats all imported files as a single dataset. Each aligned 

compound is associated with a neutral mass, retention time, and ion intensity. Between 

sample alignment of ions based on retention time (RT) and mass measurements was 

performed at this point as well. Alignment parameters allowed for a retention time window 

of 0.4 min and a mass tolerance of 10 mDa. Following feature alignment, unsupervised 

pattern recognition algorithm analysis was utilized to examine data sets for similarly 

changing features, expected and unexpected clusters, and the presence of outlying samples. 

All data considered in multivariate analysis were preprocessed by limiting the species 

considered to only singly-charged ions that were observed at 80% frequency or more in at 

least one treatment group. T-tests and ANOVA statistical analysis (with alpha error rate set 

to 5% or lower) were also conducted to determine what metabolites were significantly 
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different between experimental groups. A Benjamini Hochberg correction was applied to 

these analyses to adjust for false-positive discovery arising from multiple hypothesis testing. 

MassHunter Profinder (B06.00) was used to examine raw data chromatograms for accuracy 

and confirm trends seen in statistical analyses conducted by MassProfiler Professional.

Metabolite identification

As a first step in the structural identification of unknown metabolites, compounds were 

assigned tentative formulae by utilizing a molecular formula generator (MFG) algorithm. 

The MFG algorithm was used to generate and score molecular formula by calculating 

goodness-of-fit to accurate monoisotopic mass, isotope abundance ratios, and spacing 

between predicted isotope peaks. A putative compound formula was assigned based on the 

MFG result and further comparison to databases of known metabolites (both in-house and 

web-based) provided tentative metabolite identifications. An in-house metabolite database 

(discussed below) and several web-based, metabolomics-specific databases were utilized for 

metabolite identification.

Web-based metabolomics databases are available for identification of small molecule 

metabolites based on observed accurate mass and, in some cases, retention time. Databases 

utilized for identification in these experiments include (1) general mass spectral databases 

(METLIN), (2) large-scale molecular datasets of genes and small molecules (Kyoto 

Encyclopedia of Genes, KEGG; and Genomes BioCyc) and (3) biochemical databases 

(Chemspider) [54–56]. Searching unknown masses against any or all of these databases with 

mass error set to less than 10 ppm allows for confident assignment of molecular identities to 

ions.

In-house metabolite Database

Validation of tentatively assigned compound IDs was accomplished by attempting to match 

observed chromatographic retention times and/or fragmentation patterns with pure molecule 

standards. Notably, our laboratory generated an in-house metabolite database comprised of 

m/z and retention times for numerous common metabolites. This database is unique to our 

metabolomic platform, chromatographic separation techniques, and MS instrument 

parameters. Currently, over 150 compounds have been analyzed by LC-MS and annotated in 

our database. Searching untargeted data against this database can give confident molecular 

identifications and provide insight as to what molecules and metabolic pathways to more 

rigorously examine.

Molecules that remained unidentified after all database search options were exhausted were 

assigned tentative molecular formulae based on observed accurate mass and MFG scoring. 

Processed metabolomics datasets were then considered against relevant biochemical 

pathways in available databases (ex. KEGG & BioCyc) or literature to pinpoint the location 

of any possible metabolic dysfunction(s).

MS/MS fragmentation

MS/MS fragmentation was preformed to further characterize the molecular structure and 

identity of compounds of interest. The reverse phase LC system utilized in untargeted 
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profiling experiments was coupled to an Agilent model 6550A IFunnel Accurate Mass 

quadrupole time-of-flight (Q-TOF) mass spectrometer for fragmentation of target ions. LC 

parameters were maintained as described above. Mass spectra were acquired in 2 GHz 

(extended dynamic range) mode with 2.0 spectra/sec sampled over a mass/charge (m/z) 

range of 50–1000 Daltons. The Q-TOF capillary voltage was set at 3500V, the fragmentor at 

140V, the nebulizer pressure was 35 psi, and the nitrogen drying gas was 200°C, delivered 

at a flow rate of 14 l/min. Collision induced dissociation (CID) of target molecules was 

accomplished with a collision energy of 10eV. Data were saved in centroid mode using 

Agilent MassHunter Workstation Data acquisition Software (B.06.00).

Photdiode Array (PDA) detection

PDA analyses were performed on freshly extracted and non-vacuum concentrated 

methanolic metabolite extracts. A Hewlett Packard 8453 Diode array spectrophotometer was 

utilized to conduct a multi-wavelength absorbance scan (190–1100nm) of crude Drad 

extracts. The machine was blanked with the appropriate solvent sample and then crude 

pigment extract samples were analyzed. Absorption spectra were profiled between 190 and 

1100nm. Total carotenoid content was determined based on absorbance at 448nm, applying 

the protocol established by Donaldson [57]. Absorbance was also measured at 470nm to 

assess carotenoid content in bacterial strains.

LC-PDA-MS analysis

LC-PDA-MS examination of samples was accomplished by coupling the LC-MS 

metabolomics platform to an Agilent 1200 series PDA detector. The LC gradient employed 

in untargeted profiling analysis was again utilized for chromatographic separation. 

Absorbance at 470 nm ad 280nm was measured by PDA. Bypassing the PDA allowed for 

column effluent to be analyzed by MS. EICs of carotenoids were extracted from MS data 

and ascribed to absorbance peaks from PDA analysis. An isocratic LC elution with 

ACN:methanol:isopropanol (4:5:1) modified from [48] was also utilized as an alternative 

and complementary carotenoid separation technique.

qRT-PCR of D. radiodurans’ carotenoid biosynthesis enzymes

The expression levels of mRNA transcripts for enzymes in the putative Deinococcus 

radiodurans carotenoid biosynthesis (Crt) pathway were examined by quantitative real time 

PCR (q-RT-PCR). Designed primers are listed in Table S2. An Eppendorf Realplex2 

Mastercycler was used for the qPCR reaction and monitoring. Expression values were 

normalized to GAPDH and statistical comparisons were quantified using Prism 6 (GraphPad 

Software Inc.). The specificity of primers listed in Table S2 were confirmed by gel 

electrophoresis and Sanger sequencing (DNA Sequencing Core Facility at Cornell 

University, Ithaca, NY).

NO-supplementation/scavenging

For studies involving exogenous NO supplementation, the long lasting NO donor DETA 

NONOate (Cayman Chemical Company, Ann Arbor, MI) was added to a final concentration 

of 25 μM to TGY. Bacterial cultures were grown in NO-supplemented or scavenged media, 

Hansler et al. Page 14

Arch Biochem Biophys. Author manuscript; available in PMC 2017 January 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



as described above, to an optical density of 0.8–1.0 and harvested for metabolite profiling 

experiments.

Antioxidant capacity assays

Antioxidant capacity assays (Caymen Chemical Company, Ann Arbor, MI) were conducted 

on both whole cell extracts as well as pigment-enriched methanolic extracts from liquid 

Drad cultures. Fresh cell lysates or metabolite extracts resuspended in DMSO (50 μL) were 

spun down for 15 min at 7,500 RPM to remove insoluble cellular debris. This antioxidant 

assay relies on the principal that antioxidants in the sample inhibit the oxidation of ABTS 

(2,2′-Azino-di-[3-ethylbenzthiazoline sulphonate]) to ABTS•+ by a ferryl myoglobin radical 

formed from the reaction of metmyoglobin and hydrogen peroxide. ABTS•+ is a soluble 

chromogen that is green in color and concentration can be determined based on absorbance 

at 750 nm, where A750 decreases proportionally as the concentration of antioxidants in a 

given sample increases. Trolox, a water-soluble vitamin E analog, served as a reference 

antioxidant for generation of a standard curve. Assays were conducted according to the 

manufacture’s instructions, with the antioxidant capacity of each sample being calculated as 

molar equivalents of Trolox antioxidant standard.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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NO production by D. radiodurans (Drad) is required for its extreme resistance to γ-

irradiation

Untargeted metabolite profiling uncovered broad metabolic effects of nos deletion in 

Drad

NO was revealed to be required for physiological carotenoid biosynthesis in Drad

NO supplementation of nos-null Drad restored both carotenoid biosynthesis and 

radioresistance

Carotenoids are contributors to radioresistance in Drad and may mediate 

radioprotection by NO

Results demonstrate the power of untargeted metabolite profiling for biological 

discovery
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Figure 1. Δnos is more susceptible to ionizing radiation than wild type Drad
Panel A: Growth curves (monitored by OD600) are depicted. Dashed lines indicate growth of 

wild type nos and Δnos Drad following exposure to extreme ionizing radiation (γ-radiation, 

3000 Gy). Cultures were grown to OD 0.8–1.0 and irradiated followed by 1:100 dilution in 

fresh TGY media and monitoring of growth. Panel B: Relative growth of Δnos and wild 

type nos Drad with and without 18hrs post-irradiation. Panel C: The percentage of viable 

cells in post-irradiated samples from Panel B was determined based on colony forming 

assays (CFU/ml) and compared to controls. Data are plotted as mean +/− SD of three 

biological replicates. Statistical significance was assessed using one-way ANOVA and 

Tukey post-hoc testing. (*p<0.05, **p<0.01, ***p<0.001).
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Figure 2. Exogenous NO rescues irradiation-induced growth defects in Δnos Drad
Panel A and B: Following exposure to ionizing radiation (γ-radiation, 3000 Gy), 

supplementation of wildtype Drad with exogenous NO (treatment with 25 μM DETA 

NONOate) had no significant effect on growth recovery. Panel C and D: In contrast, 

exogenous NO treatment increased Δnos Drad growth to a level greater than that of non-

irradiated controls and opposed the growth-suppressing action of ionizing radiation. Data are 

plotted as mean +/− SD of three biological replicates. The relative growth of Δnos and wild 

type nos Drad compared to controls in panels B and D was evaluated statistically at 18hrs 

post-irradiation using one-way ANOVA and Tukey post-hoc testing. (*p<0.05, **p<0.01, 

***p<0.001).
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Figure 3. Untargeted metabolite profiling workflow
Δnos and wild type nos Drad cultures were harvested and subjected to metabolite profiling 

as depicted. Upon isolation, metabolism was rapidly quenched and metabolites were 

extracted by immersion in −70°C methanol (100%), followed by bead-assisted 

homogenization. Metabolite extracts were vacuum concentrated and stored at −80°C until 

LC-MS analysis. Residual tissue pellets were retained for protein assay and protein levels 

were used to normalize LC-MS injected metabolite extracts. Dried down extracts were 

resuspended in 100% methanol + 0.1% formic acid and an equivalent of 6.0 μg protein was 

injected for metabolite profiling and chemometric analysis, as described in Materials & 

Methods. Chemometric profiling, multivariate analysis, and pathway analysis were 

conducted using MassProfiler Professional B12.0 software (Agilent Technologies).
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Figure 4. Untargeted metabolite profiling comparison of Δnos and wild type nos Drad
Depicted LC-MS data were acquired using reverse phase (RP) chromatography and positive 

ion MS detection. Metabolite extracts of 5 independent cultures from each of wild type nos 

and Drad Δnos were analyzed. Panel A: Plot of retention time vs. neutral mass depicting 

1,425 distinct features that were observed in at least 80% of samples from at least one group. 

Color coding of features is arbitrary, serving only to aid in visual discrimination. Panel B: 

Unsupervised Hierarchical Clustering Analysis (HCA), with samples color-coded by 

genotype, displays the expression pattern and clustering of these 1,425 metabolites 

quantified. Each column represents a single sample with horizontal hash marks representing 

metabolites and their relative abundances, color-coded by normalized expression values with 

red greatest and blue least. HCA was clustered according to a Euclidean distance metric and 

Ward’s linkage rule. Panel C: Principal Component Analysis (PCA) plot showing 3D 

visualization of similarities and differences in the metabolite composition of each Drad 

sample. Each data point corresponds with a single sample and is colored by genotype, 

representing the projection of 1,425 features considered in the first three principal 

components (PC). Principal component 1 (X-axis) accounted for over 36.66% of the 

variability between metabolite samples and principal component 2 (y-axis) and 3 accounted 

for 13.64% and 12.54%, respectively. As depicted by HCA and PCA, Δnos clustered 

independently of wild type samples. Panel D. Unsupervised HCA considering only 

molecules tentatively identified as carotenoids, with samples color-coded by genotype. 

Notably, 7 carotenoids in Drad’s biosynthesis pathway were found to be differentially-
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expressed between Δnos and wild type nos Drad, as assessed by unpaired t-test (p<0.01, see 

Table 1).
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Figure 5. Carotenoid biosynthesis pathway in wildtype Drad and apparent perturbation in
Δnos Drad.

Panel A: Solid black arrows refer to carotenoid biosynthesis (Crt) enzymes and biosynthesis 

steps that have been experimentally confirmed; adapted from (Tian and Hua, 2010). Red 

arrows indicate the hypothetical reactions catalyzed by a putative 2-hydroxylase that is 

presumably responsible for the conversion of deoxydeinoxanthin to deinoxanthin. Dashed 

black arrows refer to a glucosyltransferase enzyme in Drad whose function and metabolic 

products was described in this work, but which has yet to be fully characterized. 1: Putative 

2-Hydroxylase; 2: enzyme with homology to glucosyltransferase in Chlorobium tepidum 

(CruC; DR_0089); 3: enzyme with homology to acetyltransferase in Chlorobium tepidum 

(CruD; DR_0090); 4: C-3′,4′ desaturase (CrtD; DR_2250); 5: Carotene ketolase (CrtO: 

DR_0093); 6: C-1′-2′ hydratase (CruF: DR_0091); 7: Lycopene cyclase (CrtLm: DR_0801); 

8: Phytoene desaturase (CrtL; DR_0861). Panels B & C: Relative abundances of carotenoids 

known to be involved in D. radiodurans carotenoid biosynthesis. Notably, 

deoxydeinoxanthin was the predominant carotenoid species observed in wild type, whereas 

deinoxanthin was the predominant species in Δnos Drad. Panel D: Unpaired t-test results are 

depicted for carotenoid metabolites from Table 1 that were found to have statistically 

significant differences in abundance in nos vs. wild type Δnos Drad. Error bars are mean ion 

counts +/− SD, compared by unpaired t-test (* p<0.05, **p<0.01, ***p<0.001).
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Figure 6. Fragmentation and identification of deoxydeinoxanthin (m/z 567.414 [M + H]+)
MS/MS fragmentation confirmed the structure and identity of deoxydeinoxanthin in wild 

type Drad. Panel A: MS/MS fragmentation spectra of deoxydeinoxanthin at 10eV collision 

induced dissociation (CID). Fragmentation yielded a daughter ion characteristic of a 

hydroxyl group loss (m/z 549.405 ([M+H]+ - 18), as well as a unique β-ring fragment at m/z 

139.111. Panel B: Schematic describing inferred deoxydeinoxanthin fragmentation and 

structural rearrangement of the 139.111 ion unique to this compound. Panel C: Proposed 

structure of deoxydeinoxanthin.
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Figure 7. Photodiode array (PDA) analysis demonstrates that total carotenoid abundance is 
significantly decreased and the major species differs in Δnos vs. wildtype nos Drad
Panel A: Total carotenoids abundance, measured by PDA at absorbance 448 nm shows 

significant decreases in total carotenoid content in Δnos compared to wild type nos Drad 

(unpaired t-test). Panel B: Absorbance at 470 nm, further confirms a significant decrease in 

carotenoid abundance in Δnos Drad (*p<0.05, **p<0.01, ***p<0.001). Error bars represent 

mean ion counts +/− standard deviation of the means. Panel A1: LC-resolved carotenoid 

profile of wild type (black trace) and Δnos (red trace) Drad, measured by PDA at absorbance 

470 nm. A reverse phase C18 column and gradient elution was performed for resolution of 

carotenoids, as described in Methods. Panel B1/B2: Extracted ion chromatographs (EIC) for 

deoxydeinoxanthin (m/z 567.414, [M + H]+) indicate that deoxydeinoxanthin is the major 

carotenoid species in wild type and is significantly depleted in Δnos Drad. Panel C1/C2: 

EIC for deinoxanthin (m/z 583.409, [M + H]+) shows that deinoxanthin is the predominant 

species in Δnos Drad.
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Figure 8. Exogenous NO exposure alters carotenoid biosynthesis in Δnos but not wildtype nos 
Drad
Panel A: Unsupervised HCA, comparing relative levels of carotenoids and precursor 

molecules in Drad with and without nos, before and after NO exposure following treatment 

with DETA NONOate (DETA, 25 μM). Results show a clear separation of Δnos + DETA 

from untreated Δnos and that NO treatment elicited a restoration of carotenoid profile to 

more closely resemble wild type Drad. Panel B: Expanded view of carotenoid profile in 

Δnos Drad, with and without DETA treatment. Of 35 observed carotenoids, 12 were found 

to be differentially-expressed between Δnos and Δnos + DETA by unpaired t-testing (p< 

0.01, Table 4.2). Note that exogenous NO supplementation had no significant effects on 

carotenoid abundances in wild type nos Drad (p>0.05).
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