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Abstract 

To provide mechanistic constraints to interpret nitrogen (N) and oxygen (O) isotope ratios of 

nitrate (NO3
-
), 

15
N/

14
N and 

18
O/

16
O, in the environment, we measured the enzymatic NO3

-
 N and 

O isotope effects (
15

ε and 
18

ε) during its reduction by NO3
-
 reductase enzymes, including (a) a 

prokaryotic respiratory NO3
-
 reductase, Nar, from the heterotrophic denitrifier Paracoccus 

denitrificans, (b) eukaryotic assimilatory NO3
-
 reductases, eukNR, from Pichia angusta and from 

Arabidopsis thaliana, and (c) a prokaryotic periplasmic NO3
-
 reductase, Nap, from the photo-

heterotroph Rhodobacter sphaeroides. Enzymatic Nar and eukNR assays with artificial viologen 

electron donors yielded identical 
18

ε and 
15

ε of ~28‰, regardless [NO3
-
] or assay temperature, 

suggesting analogous kinetic mechanisms with viologen reductants. Nar assays fuelled with the 

physiological reductant hydroquinone also yielded 
18

ε ≈ 
15

ε, but variable amplitudes from 21‰ 

to 33.0‰ in association with [NO3
-
], suggesting analogous substrate sensitivity in vivo. Nap 

assays fuelled by viologen revealed 
18

ε:
15

ε of 0.50, where 
18

ε ≈ 19‰ and 
15

ε ≈ 38‰, indicating a 

distinct catalytic mechanism than Nar and eukNR. Nap isotope effects measured in vivo showed 

a similar 
18

ε:
15

ε of 0.57, but reduced 
18

ε ≈ 11‰ and 
15

ε ≈ 19‰. Together, the results confirm 

identical enzymatic 
18

ε and 
15

ε during NO3
-
 assimilation and denitrification, reinforcing the 

reliability of this benchmark to identify NO3
-
 consumption in the environment. However, the 

amplitude of enzymatic isotope effects is apt to vary in vivo. The distinctive signature of Nap is 

of interest for deciphering catalytic mechanisms, but may be negligible in most environments 

given its physiological role.  
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Introduction 

Nitrogen (N) is an essential plant nutrient, whose availability has substantial influence on the 

productivity of terrestrial and marine ecosystems [reviewed by Gruber and Galloway, 2008]. It 

is thus important to understand the sources and sinks and cycling of bioavailable nitrogen on 

local, regional and global scales. To this end, the naturally occurring stable N and O (oxygen) 

isotope ratios of nitrate (NO3
-
; 

15
N/

14
N and 

18
O/

16
O, respectively) provide a useful tracer to 

investigate N cycling in the environment [reviewed by Casciotti, 2016; Kendall et al., 2007]. By 

convention, isotope ratios are reported using delta notation, where δ
15

N
 

 = 

([
15

N/
14

N]sample/[
15

N/
14

N]air - 1) x 1000 and δ
18

O = ([
18

O/
16

O]sample/[
18

O/
16

O]SMOW - 1) x 1000, in 

units of per mille (‰). The δ
15

NNO3 and δ
18

ONO3 register the isotopic imprints of NO3
-
 sources, 

as well as those imparted by transformations to which it was subject. NO3
-
 isotopes thus integrate 

the spatial and temporal variability inherent to N transformations in the environment, which is 

difficult to capture otherwise. Measured in tandem, the coupled δ
15

NNO3 and δ
18

ONO3 further 

provide complementary signatures of co-occurring N transformations that could not be 

disentangled from measurements of δ
15

NNO3 alone [reviewed by Casciotti, 2016]. 

The two major biological NO3
-
 consumption pathways in the N cycle are NO3

-
 assimilation 

and denitrification. Denitrification refers to the microbially-mediated respiratory reduction of 

NO3
-
 to N2 gas. Both of these reactions impart N and O isotopic enrichments to the unconsumed 

NO3
-
 pool. During assimilation and denitrification, NO3

-
 containing the light isotopes, 

14
N and 

16
O, reacts faster than heavy isotopologues, leading to a progressive enrichment of both 

15
N and 

18
O of the remaining NO3

-
 pool as it is consumed [Granger et al., 2004; Granger et al., 2008]. 

The degree of isotopic discrimination is quantified by the kinetic isotope effect, ε = (
light

k/
heavy

k – 

1) x 1000, expressed in per mille (‰), where the 
light

k and 
heavy

k are the respective reaction rate 

coefficients for the heavy and the light isotope-bearing molecules [Mariotti et al., 1981].   

Culture studies of NO3
-
 consumption by phytoplankton and by denitrifying bacteria have 

revealed that the N and O isotope discrimination of the heavy isotopologues of NO3
-
 occurs 

intracellularly during enzymatic bond-breakage by the respective assimilatory and respiratory 

NO3
-
 reductases [Granger et al., 2004; Granger et al., 2008; Karsh et al., 2014; Needoba et al., 

2004; Shearer et al., 1991]. The isotopic enrichment of internal NO3
-
 propagates to the external 

medium due to passive cellular efflux, given a favorable electrochemical gradient. The 

magnitude of the organism-level N and O isotope effects recorded in the external medium 
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(
15

εorganism and 
18

εorganism) thus reflect the fraction of NO3
-
 effluxed out of the cell relative to 

cellular NO3
-
 uptake, where εorganism = efflux/uptake * εenzyme [Granger et al., 2004; Granger et 

al., 2008; Karsh et al., 2012; Needoba et al., 2004; Shearer et al., 1991]. A peculiar 

characteristic of both assimilatory and respiratory NO3
-
 isotope dynamics is that the O-to-N 

enrichments observed in NO3
-
 co-vary equivalently (∆δ

18
O:∆δ

15
N = 1), such that 

15
εorganism = 

18
εorganism, regardless of growth conditions or isotope effect amplitudes [Granger et al., 2004; 

Granger et al., 2008; Granger et al., 2010; Kritee et al., 2012; Wunderlich et al., 2012]. This 

coupling reflects that imparted internally by NO3
-
 reductase [Granger et al., 2004; Granger et 

al., 2008; Karsh et al., 2014], as confirmed by in vitro enzymatic assays of the eukaryotic 

assimilatory NO3
-
 reductase (eukNR) from the fungus Aspergillus sp. and from the diatom 

Thalassiosira weissflogii [Karsh et al., 2012]. The eukNR assays also revealed invariant 

enzymatic isotope effects amplitudes, 
15

εeukNR coupled to 
18

εeukNR, of ~27‰ for both of the 

experimental NO3
-
 reductases [Karsh et al., 2012]. The enzymatic N and O isotope effects are 

thus coherently higher than the upper end of the observed assimilatory N and O isotope effects 

(εeukNR > εorganism), which range from 0 to 20‰ in culture cultures of eukaryotic phytoplankton 

[Granger et al., 2004; Montoya and McCarthy, 1995; Needoba et al., 2003; Wada and Hattori, 

1978; Waser et al., 1998], and from 5 to 10‰ at the surface ocean [Altabet, 2001; DiFiore et al., 

2006; Karsh et al., 2003; D.M. Sigman et al., 1999; Waser et al., 1999; Wu et al., 1997].  

The amplitude of the enzymatic isotope effects of Nar, the bacterial respiratory NO3
-
 

reductase, has not been verified directly in vitro, nor has its O-to-N coupling. The organism-level 

isotope effects for denitrification (henceforth referred to as 
15

εdenit) observed in cultures and in 

the environment cover a broader range than observed for NO3
-
 assimilation, from 2 to 30 ‰ 

[Barford et al., 1999; Brandes et al., 1998; Granger et al., 2008; Kritee et al., 2012; M. Voss et 

al., 2001; Wellman et al., 1968]. This suggests that the enzymatic isotope effects,
15

εNar (coupled 

to 
18

εNar), may be upwards of 30‰, and that the ratio of cellular NO3
-
 efflux to uptake may be 

much higher during denitrification than during NO3
-
 assimilation [Granger et al., 2008; Kritee et 

al., 2012], given frequent observations of 
15

εdenit ≥ 25‰ [e.g., Barford et al., 1999; Granger et 

al., 2008; Wellman et al., 1968]. 

Identifying the controls on the magnitude of the isotope effects for denitrification, 
15

εdenit, has 

implications, among others, for constraining source and sink terms of reactive N to the global 
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ocean. In particular, NO3
-
 isotope ratios and associated 

15
εdenit amplitudes provide a conserved 

metric from which to construct a mass balance of nitrogen sources and sink terms to the global 

ocean [Brandes and Devol, 2002]. Such exercises, however, generally diagnose a massive, yet 

improbable, imbalance in the modern oceanic N budget [Brandes and Devol, 2002; Deutsch et 

al., 2004; DeVries et al., 2013; Eugster and Gruber, 2012], calling into question the validity of 

current estimates of the denitrification 
15

εdenit in the ocean [Kritee et al., 2012]. The 
15

εdenit 

amplitude in the denitrifying water column at western ocean margins is generally estimated to be 

on the order of 25‰ [Brandes et al., 1998; M. Voss et al., 2001]. The variability of 
15

εdenit in 

cultures, however, and its potential correlation with the cellular reduction rates therein [Kritee et 

al., 2012], may portend of comparable mutability in the environment [Buchwald et al., 2015; 

Casciotti et al., 2013].  

 Characterizing the origin of the invariant ∆δ
18

O:∆δ
15

N coupling of NO3
-
 during it reductive 

consumption is also crucial to the study of N isotopes in the environment. In marine denitrifying 

systems, ∆δ
18

O:∆δ
15

N trajectories greater than 1 been observed in oxygen deficient zones of 

Eastern Pacific and Indian Oceans, which are best explained by the isotopic signal of 

denitrification partially overprinted by NO3
-
 production by nitrification [Bourbonnais et al., 

2015; Buchwald et al., 2015; Casciotti and McIlvin, 2007; Casciotti et al., 2013; Gaye et al., 

2013; D. M. Sigman et al., 2005]. In contrast, a ∆δ
18

O:∆δ
15

N coupling of ~0.6 is customarily 

associated with dissimilative NO3
-
 attenuation in freshwater lakes and groundwater aquifers 

[Kendall et al., 2007]. This characteristic signal has traditionally been interpreted as reflecting 

the unique isotopic imprint of denitrification [Amberger and Schmidt, 1987; Aravena and 

Robertson, 1998; Böttcher et al., 1990; Kendall et al., 2007]. However, this clearly conflicts 

observations from marine systems and from culture and enzymatic studies. Workers who have 

acknowledge this discrepancy invoke fundamental differences in fractionation between marine 

and freshwater denitrifying systems, including mutability of the Nar-mediated ∆δ
18

O:∆δ
15

N 

trajectory [Knöller et al., 2011], or a substantial contribution of the auxiliary Nap NO3
-
 reductase 

to bulk NO3
-
 reduction in freshwater systems [Frey et al., 2014; Wenk et al., 2014a]. 

Alternatively, the divergence in ∆δ
18

O:∆δ
15

N coupling in freshwater systems compared to 

culture observations may portend of biological NO3
-
 production by nitrification and/or anammox 

imprinted on the isotopic signal of denitrification [Granger and Wankel, in review; Wenk et al., 

2014b; Wunderlich et al., 2013]. 
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Finally, isotope fractionation associated with enzymatic reactions can provide information 

about an enzyme’s kinetic mechanism. Karsh et al. [2012] observed that the enzymatic isotope 

effect of eukNR 
15

εeukNR (couple to 
18

εeukNR) remained invariant regardless NO3
-
 concentration. 

The insensitivity of εeukNR to substrate concentrations is consistent with two potential catalytic 

mechanisms, in which NO3
-
 either binds to the pre-reduced enzyme, or in which NO3

-
 is in rapid 

equilibrium with the oxidized enzyme [Karsh et al., 2012]. The enzyme-level N and O isotope 

effects of sister enzymes Nar and Nap may similarly provide constraints on their respective 

catalytic mechanisms.  

We investigated NO3
-
 N and O isotope fractionation during its reduction by a prokaryotic 

respiratory Nar, a prokaryotic auxiliary Nap, as well as eukaryotic assimilatory eukNAR NO3
-
 

reductase enzyme from cell homogenates or from purified extracts, in order to (a) provide 

additional insights into physiological mechanisms of NO3
-
 isotope fractionation during its 

reductive consumption, (b) further establish the O-to-N coupling as robust benchmark to 

interpret NO3
-
 isotope distributions in the environment, and (c) investigate the kinetic 

mechanisms of Nar and Nap compared to that of eukNR. The results corroborate trends observed 

previously for other eukaryotic assimilatory NO3
-
 reductases [Karsh et al., 2012], and provide 

direct observations of N and O isotope effects imparted by the respective prokaryotic 

dissimilatory Nar and Nap NO3
-
 reductases. The observations further reveal that the amplitude of 

NO3
-
 reductase enzymatic isotope effects are prone to vary under certain conditions, which has 

implications for understanding their catalytic mechanisms and the expression of enzymatic 

isotope effects in vivo.  

Materials and Methods 

NO3
-
 reductase assays 

Enzymatic assays were conducted on (a) cell homogenates from the denitrifying bacterial 

strain Paracoccus denitrificans (American Type Culture Collection [ATCC] 19367) cultured 

under anaerobic vs. aerobic conditions to favor expression of Nar vs. Nap nitrate reductase, 

respectively (as Nap is expressed during aerobic growth of P. denitrificans, whereas Nar is 

expressed during anaerobic growth [Sears et al., 1997]), (b) cell homogenates from the photo-

heterotrophic bacterial strain Rhodobacter sphaeroides (Deutsche Sammlung von 

Mikroorganismen [DSM] 158) cultured aerobically, targeting the expression of Nap, specifically, 

as R. sphaeroides does not possess Nar, and (c) purified extracts of recombinant eukaryotic 
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assimilatory NO3
-
 reductases (eukNR) from the flowering plant Arabidopsis thaliana 

(AtNaR:  E.C. 1.7.1.1) and from the yeast Pichia angusta (YNaR1: E.C. 1.7.1.2), both purchased 

from NECi (nitrate.com). 

(a) Preparation of P. denitrificans cell concentrates  

P. denitrificans was cultured in medium containing 30 g L
-1

 Bactro™ tryptic soy broth 

supplemented with 300 µmol L
-1

 KNO3, 1 mmol L
-1

 NaNH4, and 100 µmol L
-1

 K2HPO4. NH4
+
 

was added in excess of nutritional requirements in order to inhibit the expression of the bacterial 

assimilatory NO3
-
 reductase, Nas, thus ensuring that NO3

-
 was reduced by Nar and/or Nap 

exclusively [Bender and Friedrich, 1990]. Media were sterilized by autoclaving for 1 hour. A 

large culture was initiated in an acid-washed 2 L Erlenmeyer flask and grown at room 

temperature while continuously purged with lab air. After 3 days, when cell density was 

maximal, the flask was sealed to cut off the oxygen supply and allow for the inception of 

denitrification. After 14 hours, the absence of NO3
-
 and NO2

- 
was verified, at which point cells 

were harvested by centrifugation for 20 minutes at 12,000 g.  The cell pellet was resuspended in 

a 100 µmol L
-1

 potassium phosphate buffer solution [pH 7.9] containing Halt™ Protease 

Inhibitor Cocktail (to minimize protein breakdown) and 100 µmol L
-1

 ethylenediaminetetraacetic 

acid (EDTA). The cell concentrate was immediately flash frozen in liquid nitrogen, and 

transferred to a -80º freezer for long term storage.   

An additional culture of P. denitrificans was grown under aerobic conditions to favor the 

expression of Nap and the suppression of Nar.  Media specifications and growth conditions were 

as above. The culture, however, was purged with air continuously until harvest, to inhibit the 

expression of Nar [Korner and Zumft, 1989].  Prior to harvest, the culture was kept on ice during 

transport to the centrifuge to minimize any expression of Nar when cells were not actively 

purged with air. Cells were concentrated by centrifugation for 20 minutes at 12,000 g at 4˚C. 

Cell pellets were resuspended in buffered solution and flash frozen as above. 

(b) Preparation of R. sphaeroides cell concentrates  

In order to provide cellular extracts for Nap reductase assays, the photo-heterotrophic 

bacterial strain R. sphaeroides was grown in a modified RCV medium (4 g L
-1

 MgSO4, 1.5 g L
-1

 

CaCl2, 40 mL L
-1

 1% wt/vol EDTA; [Weaver et al., 1975]) containing 4 g L
-1

 Bactro™ tryptic 

soy broth amended with 300 µM KNO3and 0.05 g L
-1

 NaNH4. NH4
+
, added in excess to inhibit 

the expression of the prokaryotic assimilatory nitrate reductase Nas and ensure all NO3
-
 was 
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being reduced by Nap. After autoclaving w1 mL L
-1

 filter-sterilized Teknova T1001 trace-metal 

mix and 1 mL of filter-sterilized f/2 vitamins were added to the medium [Guillard, 1975]. A 

large batch culture was initiated in an acid washed 2 L Erlenmeyer flask and grown at room 

temperature while continuously purged with lab air. Cells were harvested by centrifugation, and 

resuspended in buffered solution as above. 

R. sphaeroides cultures were also initiated in the above-described medium in order to 

monitor the evolution of NO3
-
 isotopes in vivo in two experimental treatments. Two consecutive 

sets of experimental cultures were grown aerobically (without aeration), either directly on the 

bench top (still) or on a rotary shaker, to compare isotope effects between the two treatments, 

and to further compare in vivo to in vitro NO3
-
 isotope effects associated with Nap. 

(c) Commercial stocks of purified eukaryotic NO3
-
 reductases (eukNR) 

Freeze dried, commercially prepared purified eukaryotic nitrate reductase (eukNR) enzyme 

preparations from Arabidopsis thaliana and Pichia angusta (1 enzyme unit = 1 µmol NO3
-
 

reduced min
-1

 at 25º C) were reconstituted in 1 mL of the accompanying assay buffer solution 

(25 mmol L
-1

 KH2PO4 [pH 7.5], 25% glycerol vol/vol, 25 µmol L
-1

 EDTA).   

Enzymatic assay preparations 

Initial Nar assays were conducted with anaerobically-cultured P. denitrificans cell 

suspensions taken directly from the frozen stock with no additional preparation (Table 1). In all 

subsequent cell suspension assays (P. denitrificans and R. sphaeroides), the frozen stock of cell 

suspension was thawed in ice water to minimize enzyme degradation, and working fractions 

were supplemented with 1% v/v Triton-X 100 and subjected to 2 freeze-thaw cycles in liquid 

nitrogen to further promote membrane breakdown and protein solubilization. P. denitrificans 

assays were conducted either at room temperature (~20º C) or in a cold room maintained at 4º C 

to assess potential temperature effects on the enzymatic isotope effect of dissimilatory nitrate 

reductases. Prior to performing these experiments, all reagents were pre-chilled to 4º C in the 

cold room. All R. sphaeroides and eukNR assays were conducted at room temperature. 

Assays were conducted in 15 mL conical polypropylene centrifuge tubes. Assay preparations 

contained 0.5 or 1 mL of cell suspension or of purified eukNR in buffer solution, 0.2 to 2.5 mL of 

200 µmol L
-1

 reducing agent – either membrane-permeant benzyl viologen dichloride [Sigma-

Aldrich, CAS: 1102-19-8], methyl viologen dichloride hydrate [Sigma-Aldrich, CAS: 75365-73-

0], or hydroquinone (for dissimilatory reductases only; [MP Organics; CAS: 123-31-9]) –  0.2 or 
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1 mL of 10 mmol L
-1

 KNO3 to a final concentration of 200 or 1000 µmol L
-1

, and the remaining 

volume of 100 mmol L
-1

 phosphate buffer [pH 7.9] containing 100 µmol L
-1 

to a final assay 

volume of 10 mL. After removing an initial 1 mL aliquot for quantitation of initial [NO3
-
] and 

[NO2
-
] and δ

15
NNO3, the reaction was commenced by the addition of 1 mL of 57 mmol L

-1
 

sodium dithionite in 29 mmol L
-1

 sodium bicarbonate, which reduces the electron donor. Initial 

[NO3
-
] and [NO2

-
] values are corrected for this dilution. Sequential 1 mL samples were drawn 

approximately every 90 seconds during room temperature assays and every 3 minutes during 

assays conducted at 4°C. Samples were mixed vigorously on a vortex mixer for 30 s immediately 

upon collection to halt the reaction through oxidation of the methyl or benzyl viologen or 

hydroquinone. In order to ensure complete cessation of enzyme activity, samples were placed in 

an 80º C water bath for 2 to 10 minutes. In selected assays, additional subsamples (~ 50 µL) 

were drawn throughout the assay reactions for determination of [NO2
-
], which was measured 

upon sample collection.  

NO2
-
 was then removed from the assay sub-samples via the addition of 55 µL 4% (wt/vol) 

sulfamic acid in 10% vol/vol HCl [Granger and Sigman, 2009].  In two assays (Fig. S1; Table 

1), subsets of samples were also subject to an alternate NO2
-
 removal method using ascorbic acid 

under He purging [Granger et al., 2006] to compare NO2
-
 removal effectiveness at elevated 

[NO2
-
] to [NO3

-
] ratios (Fig. S1; Table 1). Following nitrite removal, samples were returned to 

neutral pH with the addition of dilute NaOH and frozen for short-term storage.  

Determination of [NO2
-
] and  [NO3

-
] 

[NO2
-
] was measured in the 50 µL samples by chemiluminescence detection on a NOx 

analyzer (model T200 Teledyne Advanced Pollution Instrumentation) following reduction to 

nitric oxide (NO) in a heated iodine solution [Garside, 1982]. Following NO2
-
 removal, [NO3

-
] 

was similarly determined by chemiluminescence detection on the NOx analyzer following 

conversion to NO in a heated vanadium solution [Braman and Hendrix, 1989].   

Determination of NO3
-
 δ

15
N and δ

18
O 

NO3
-
 δ

15
N and δ

18
O were determined with the denitrifier method [Casciotti et al., 2002; D. 

M. Sigman et al., 2001], wherein denitrifying bacteria lacking terminal nitrous oxide reductase 

(P. chlororaphis f. sp. aureofaciens ATCC 1398) quantitatively convert NO3
-
 in aqueous 

samples to N2O gas, which is then extracted, purified and analyzed through a modified Thermo-

Scientific Gas Bench II and Delta V Advantage gas chromatograph isotope ratio mass 
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spectrometer.  Samples were standardized through comparison to reference standards IAEA-N3, 

USGS-34, and USGS-32, which have δ
15

N (vs. air N2) and δ
18

O (vs. V-SMOW) of 4.7‰ and 

25.6‰, -1.8‰ and -27.9‰, and 180‰ and 25.6‰ respectively [Böhlke et al., 2003; Gonfiantini 

et al., 1995] after individually being referenced to pure N2O injections from a common reference 

gas cylinder. Samples were also corrected for a bacterial ‘blank’ when present, defined as any 

N2O produced by bacteria in the absence of sample injection.  

Estimates of the N and O isotope effects, (
15

ε and 
18

ε, respectively) were derived by fitting 

NO3
-
 δ

15
N and δ

18
O to the linear equations [Mariotti et al., 1981]:  

ln�δ N�� + 1
 = ln�δ N������
�� + 1
 + �	ln	(����)

��   [1a] 

ln�δ O�� + 1
 = ln�δ O������
�� + 1
 + �	ln	(����)

��   [1b] 

Error on respective slopes, corresponding to ε, was calculated using model II geometric mean 

regression analysis that factors error associated with individual measures on both the x- and y-

coordinates [Peltzer, 2007; Sokal and Rohlf, 1995]. Standard deviations for δ
15

N and δ
18

O were 

calculated from analytical replicates. Measurement errors for [NO3
-
] were assigned a 3% of the 

reported [NO3
-
], a representative estimate based on the mean precision of [NO3

-
] measured from 

standards of known concentrations. For graphical presentation, the isotope ratio measurements 

were plotted against the ln[NO3
-
] in a simplified version of the Rayleigh model in which the 

slope to the linear fit approximates 
15

ε and 
18

ε (e.g., δ
15

N= δ
15

Ninitial - 
15

εln[NO3
-
]; [Mariotti et 

al., 1981]). 

Results 

[NO3
-
] decreased with time in all nitrate reductase assays (Fig. S2a). In assays where [NO2

-
] 

was measured concurrently, it accumulated to a concentration equivalent of the coincident NO3
-
 

drawdown (Fig. S3). Dissimilatory Nar NO3
-
 reductase assays with benzyl or methyl viologen 

generally had faster initial reaction rates than corresponding assays with hydroquinone at a given 

cell concentration (Fig. S2b). For a given reductant, initial reaction rates were faster at higher 

initial NO3
-
 concentrations, though not consistently so, and catalytic rates were faster for assays 

conducted at room temperate (20˚C) compared to 4ºC  (data not shown).  

As [NO3
-
] decreased, the δ

15
N and δ

18
O of the residual NO3

-
 pool increased concomitantly. 

NO2
-
 removal with sulfamic acid was only effective to a point around 1:25 to 1:50 [NO3

-
]:[NO2

-
], 

in keeping with the limitations of the method [Granger and Sigman, 2009], evidenced by a 
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tendency for observed [NO3
-
] to plateau at low relative concentrations (around 20-40 µM) in 

association with haphazard O vs. N isotope ratios (Fig. S1). Two assays in which NO2
-
 in sub-

samples was removed with ascorbic acid [Granger et al., 2006] in lieu of sulfamic acid 

confirmed a complete NO3
-
 drawdown and coherent Rayleigh distillation at lower [NO3

-
], 

contrasting corresponding assay sub-samples treated with sulfamic acid (Fig. S1; Table 1). Thus, 

estimates of isotope effects describe the Rayleigh trend minus points in which δ
15

N and δ
18

O 

were decoupled and incoherent.  

Among all P. denitrificans assays (anaerobic or aerobic cell suspensions), the progressive 

increase in δ
15

N with decreasing [NO3
-
] was similar to the corresponding δ

18
O increase, 

regardless of reductant type, of initial [NO3
-
], of assay temperature, and of whether cell 

suspensions were fully lysed (Table 1, Fig. 2a). The relative change in δ
18

O (∆δ
18

O = δ
18

O - 

δ
18

Oinitial) vs. that in δ
15

N (∆δ
15

N = δ
15

N - δ
15

Ninitial), hereafter referred to as ∆δ
18

O:∆δ
15

N, 

averaged 0.97 ± 0.01(σ) among P. denitrificans assays. The O-to-N coupling persisted regardless 

of curvature in Rayleigh space, observed predominantly in assays fuelled by hydroquinone (HQ). 

The magnitude of the 
15

εenzyme (and coupled 
18

εenzyme) determined by Rayleigh linearization 

differed among P. denitrificans Nar assays fuelled by viologen reductants, from 6.6 and 28.9‰ 

(Table 1; Fig. 2a). The lowest values on the order of 6 to 9‰ were observed only in initial assays 

with unlysed cell suspensions fuelled by benzyl viologen. Subsequent assays with lysed cell 

suspensions fuelled by either benzyl or methyl viologen yielded a narrow range of isotope effects 

averaging 27.9 ± 0.9(σ)‰ among assays (n = 6 assays), irrespective of initial [NO3
-
] or of assay 

temperature. Viologen-fuelled assays of P. denitrificans cultured aerobically to favor the 

expression of Nap had 
15

εenzyme of 27.2 ± 1.3(σ)‰ (n = 1 assay) similar to corresponding assays 

with anaerobic cell suspensions (Table 1; Fig. 2). Among all viologen-fuelled assays, the δ
15

N 

(and δ
18

O) change remained roughly linear with decreasing [NO3
-
], save for one assay conducted 

at 4˚C, where 
15

εenzyme (and 
18

εenzyme) appeared to decrease at lower [NO3
-
]. 

Assays of lysed P. denitrificans homogenate fuelled by hydroquinone (HQ) yielded a broader 

range of 
15

εenzyme values (and 
18

εenzyme) in lysed cell suspensions, from 21.7‰ to 33.0‰ (Table 1; 

Fig. 2). Higher 
15

εenzyme (and 
18

εenzyme) values were largely associated with higher initial [NO3
-
] of 

1 mmol L
-1

, averaging 29.0 ± 2.3(σ)‰ among assays (n = 13 assays). Lower 
15

εenzyme (and 

18
εenzyme) values largely corresponded to assays with 200 µmol L

-1
 initial [NO3

-
], averaging 24.2 
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± 3.0(σ)‰ among assays (n = 5). An Analysis of Variance signaled significant differences in 

15
εenzyme means among three assay groups (F(2,22) = 8.99, p = 0.001): A Tukey post-hoc test 

specified that the lower 
15

εenzyme values at HQ-fuelled assays with low initial [NO3
-
] differed 

significantly from 
15

εenzyme in HQ-fuelled assays with high initial [NO3
-
] (p ≤ 0.01), and from 

15
εenzyme in viologen-fuelled assays with both low and high [NO3

-
] (p ≤ 0.05), suggesting a 

sensitivity of 
15

εenzyme (and 
18

εenzyme) to [NO3
-
] specific to HQ assays (Fig. 3). The 

15
εenzyme values 

of HQ-fuelled assays at high [NO3
-
], however, did not differ significantly from viologen-fuelled 

assays. All assays fuelled by HQ showed evidence of a progressive decrease of 
15

εenzyme (and 

18
εenzyme) as [NO3

-
] decreased during the reactions (Fig. 2a), further suggesting a sensitivity of 

isotope effects to NO3
-
 concentrations in HQ assays. 

Enzymatic NO3
-
 reductase assays conducted with cell suspensions of R. sphaeroides revealed 

more elevated 
15

εenzyme, averaging 37.4 ± 3.9(σ)‰ in two assays, with a corresponding 
18

εenzyme of 

18.7 ± 1.9(σ)‰, resulting in a ∆δ18
O:Δδ

15
N of 0.50 ± 0.01 (Table 1, Fig. 4). Isotope effects did 

not appear to decrease with [NO3
-
], which reached 150 µmol L

-1
. The isotope effects in growing 

cultures of R. sphaeroides were substantially lower than in corresponding enzymatic assays, 

averaging 19.6 ± 3.3(σ)‰ and 11.7 ± 1.7(σ)‰ for 
15

εenzyme and 
18

εenzyme (n = 7 assays) 

respectively, corresponding to a mean ∆δ18
O:Δδ

15
N ratio of 0.57 ± 0.03 (Table 2; Fig. 4). In the 

two growth experiments, cultures that were still vs. placed on a shaker during growth did not 

show systematic differences in N and O isotope effects. Isotope effects of the growing cultures 

appeared to decrease progressively at NO3
-
 concentrations ≤ 120 µmol L

-1
. 

Assays conducted with commercial stocks of purified eukNR from Arabidopsis thaliana 

(AtNar) and Pichia angusta (yeast- YNar) fuelled by MeV at 400 µmol L
-1

 initial [NO3
-
] yielded 

N isotope effects 25.6 ± 1.1(σ)‰ (n = 1 assay) and 27.6 ± 0.6(σ)‰ (n = 2 assays), respectively 

(Table 1, Fig. 5). The ∆δ
18

O:∆δ
15

N was ~1 for both enzymes, 0.99 ± 0.01 and 0.94 ± 0.01 AtNar 

and YNar, respectively  

Discussion 

Near equivalent N and O isotope fractionation by Nar 

The O-to-N isotope coupling among all nitrate reductase assays of P. denitrificans cultured 

anaerobially was consistently on the order of ~1, regardless of reductant type, initial NO3
-
 

concentration, or assay temperature. This confirms that Nar, the bacterial respiratory nitrate 
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reductase, fractionates the heavy N and O isotopologues of NO3
-
 equivalently. This isotopic 

signal is consistent with those typically observed in pure cultures of denitrifiers [Granger et al., 

2008; Kritee et al., 2012; Wunderlich et al., 2012], corroborating unequivocally that bond 

breakage by the Nar nitrate reductase enzyme is the dominant fractionating step during 

respiratory denitrification. The distinctive ∆δ
18

O:∆δ
15

N signature of 1 associated with respiratory 

denitrification provides a benchmark for environmental studies, whereby respiratory NO3
-
 

consumption can be identified from NO3
-
 isotope distributions, and distinguished from co-

occurring N transformations. Our data further challenge the notion that the O-N coupling of 

denitrification is variable [Knöller et al., 2011].  By itself, the invariant coupling of unity thus 

fails to explain the ∆δ
18

O:∆δ
15

N ratio of 0.5 to 0.7 observed in association with N loss in 

groundwater aquifers and lakes. The coupling below 1 may be indicative of NO3
-
 production 

therein, by nitrification or anammox, co-incident with denitrification, thus overprinting the 

∆δ
18

O: ∆δ
15

N of 1 [Granger and Wankel, in review].   

Variable amplitude of the enzymatic N and O isotope effects of Nar 

The magnitude of the observed N and O isotope effects varied among P. denitrificans Nar 

assays. Lower 
15

ε (and 
18

ε) values of ~6-10 ‰ in unlysed cell suspensions likely reflected 

incomplete equilibration of intracellular vs. external NO3
-
 pools, thus dampening propagation of 

the Nar-mediated enzymatic isotope effect to the external buffer. The isotope effects observed 

among lysed cell suspensions, in contrast, ostensibly reflect the enzyme-level isotope effects, 

15
εNar and 

18
εNar, unfettered by the influence of NO3

-
 uptake into and export from the cells – 

which can lower observed isotope effects (Fig. 1). Values of 
15

εNar (coupled to 
18

εNar) in assays 

with lysed cell suspensions of P. denitrificans varied in association with the type reductant 

fuelling nitrate reductase activity. Viologen-fuelled assays yielded 
15

εNar and 
18

εNar values on the 

order of ~28‰, which were relatively invariant regardless of initial [NO3
-
] or assay temperature. 

The value of 28‰ is in the general range of maximum isotope effects observed for 

denitrification in cultures [Barford et al., 1999; Granger et al., 2008; Wellman et al., 1968] and 

in the environment [Brandes et al., 1998; M.  Voss et al., 2001]. A recent study, however, 

reported a more elevated 
15

ε for Nar purified from Escherichia coli of 31.6‰ using benzyl 

viologen as a reductant [Carlisle et al., 2014]. This estimate, however, derived from a 2-point 

regression on the δ
15

N of the NO2
-
 product and is thus subject to considerable uncertainty.  

Nevertheless, there are reports of higher denitrification isotope effects in vivo [Kritee et al., 
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2012], including some observation of a 
15

εdenit upwards of 31‰ for P. denitrificans grown in our 

laboratory [Dabundo, 2014].  

Elevated 
15

εNar (coupled 
18

εNar) values, as high as 33‰, observed in some HQ-fuelled Nar 

assays are consistent with reports of equally elevated isotope effects in cultures. The higher εNar 

values were associated with high initial NO3
-
, whereas lower εNar values generally occurred at 

lower initial NO3
-
, revealing a sensitivity of εNar to [NO3

-
], specifically in HQ-fuelled assays. 

Moreover, in all HQ assays, εNar decreased progressively at lower relative [NO3
-
] – regardless of 

initial [NO3
-
] – further revealing an influence of ambient [NO3

-
] on εNar amplitudes.  

The apparent sensitivity of εNar to [NO3
-
] in the HQ-fuelled assays suggests that εNar is likely 

variable in vivo. Interpretation of NO3
-
 isotope dynamics of denitrifiers thus far have rested on 

the assumption that εNar is invariant in vivo, such that εdenit is modulated exclusively by the ratio 

of cellular NO3
-
 uptake and efflux [Granger et al., 2004; Karsh et al., 2014; Kritee et al., 2012; 

Wunderlich et al., 2012]. The current observations uncover additional complexity inherent to the 

expression of the organism-level denitrification isotope effects, which are likely sensitive to 

intracellular [NO3
-
] in addition to the ratio of uptake and efflux. Therefore, predictive or 

diagnostic constraints of the denitrification isotope effects necessitate a better understanding of 

cellular biochemistry and energetics in relation to environmental conditions. 

Mechanistic basis of εNar variability during catalysis 

Analogous sensitivity of enzymatic isotope effects to substrate concentrations has been 

documented for Nir, the respiratory NO2
-
 reductase of denitrifiers [Bryan et al., 1983], which 

showed lowered N isotope effects in vitro at lower NO2
-
 concentrations vs. higher isotope effects 

at lower reductant concentrations. The authors argued that catalytic rates of NO2
-
 reductase, 

mediated by substrate and reductant concentrations, influence the expression of the intrinsic 

enzymatic isotope effect, εintrinsic, associated specifically with bond breakage. As described 

therein, enzyme-mediated chemical reactions often involve multiple steps in addition to the 

chemical reaction itself, and the magnitude of the observed isotope effect for a unidirectional 

enzyme-mediated reaction depends on the degree to which the isotopically-sensitive step of 

catalysis is rate-limiting. In the case of Nar, NO3
-
 reduction requires the succeeding reduction of 

three enzyme subunits as electrons are transferred from the quinol pool to the molybdenum 

active site of enzyme before the final reduction can take place. The speed of this electron transfer 
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could affect the overall reaction rate of Nar and, and consequently, the isotope effect. This is best 

explained by considering the irreversible enzymatic reaction, where: 

           [2] 

Once a substrate (S) binds with its enzyme (E) at a specific forward reaction rate, kforward to 

form an enzyme-substrate complex (ES), the substrate has one of two fates: it is either converted 

to product (P) by the enzyme at a specific catalytic rate, kcat, or it is released from the enzyme at 

a specific back reaction rate kback, rejoining the substrate pool. Theoretically, the observed 

isotope effect is then dependent on the relative reaction rates of catalysis and release (Eq. 

3;[Cook, 1991; O'Leary, 1980]).  

 ������ =
 !"#$!"%!&'	

(&)#
(*)&+
,

�'(&)# (*)&+
,

 	   [3] 

where �intrisic is the isotope effect associated specifically with the catalytic step, quantified as 

αintrisic  = 
light

kcat/
heavy

kcat  (such that εintrisic (‰) = (αintrisic -1) * 1000). If all substrate that binds the 

enzyme is converted to product, the observed enzymatic isotope effect, αenzyme, will be one, such 

that εenzyme (where εenzyme = (αenzyme – 1) * 1000), will be zero, assuming no fractionation 

associated with binding; this occurs if the rate of catalysis (kcat) is fast relative to the rate of 

unbinding (kback), such that the ‘commitment to catalysis,’ kcat/kback, is large, dampening the 

expression of the intrinsic enzymatic isotope effect, εintrinsic (Eq. 3).  At the other limit, when kback 

is extremely fast relative to kcat, the full intrinsic isotope effect εintrinsic is expressed in the residual 

substrate.   

In our experiments, kcat for Nar was likely modulated by the reductant type. The viologen 

reductants donate electrons directly to the molybdenum active site [Campbell, 2001], whereas 

hydroquinone, which is the in vivo electron donor, donates to the cytochrome b subunit of Nar, 

requiring the electrons to sequentially reduce the Fe-sulfur clusters of the other two Nar subunits 

in turn before reaching the active site (Fig. 6). Thus, electron transfer to the active site of Nar, 

and consequently catalysis, are expected to be slower via hydroquinone than viologen. In this 

respect, viologen-fuelled assays generally proceeded more rapidly than corresponding assays 

fuelled by HQ (Fig. S2). 
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By speeding up kcat relative to kback, viologen reductants likely increase the commitment to 

catalysis [Campbell, 2001], which could lower the isotope effect observed in the residual NO3
-
 

pool in assays fuelled by viologen compared to HQ. Therefore, the rate of internal electron 

transfer intrinsic to reduction by HQ likely influences the overall enzymatic reaction rate of Nar, 

such that the isotopically sensitive step of N-O bond breakage is not exclusively rate-limiting in 

the enzymatic reaction. The observed tendency for some higher isotope effects in HQ assays 

compared to analogous assays with viologen at high initial [NO3
-
] appear to validate this 

premise, as a lower commitment to catalysis in HQ assays would engender a higher expression 

of the intrinsic enzymatic isotope effect, εintrinsic, which could be as high as 33‰, the highest 

observed εNar. Admittedly, εNar values were not consistently more elevated in HQ assays 

compared to viologen assays, suggesting potentially overlooked influences of experimental 

conditions on catalytic rates among assays. Importantly, the elevated isotope effects observed in 

some HQ assays are likely not the result of analytical error, because both the NO3
-
 concentrations 

and the NO3
-
 isotopic analyses were conducted across multiple days with internal standards 

behaving as expected. Also, the possibility of incomplete cell lysis does not explain the 

variability in HQ-fuelled isotope effects, as analogous variability would also have been manifest 

in MeVi-fuelled assays. Thus, higher isotope effects in some HQ assays at high initial [NO3
-
] 

portend of slower electron shuttling to the active site of the enzyme compared to corresponding 

viologen assays, decreasing the commitment to catalysis, thus increasing expression of intrinsic 

enzymatic isotope effect.  

In turn, the lower observed εNar values in HQ-fuelled assays at lower initial [NO3
-
], as well 

tendency for εNar to decrease with [NO3
-
] among all HQ assays, support the notion that lower 

substrate concentrations render substrate binding partially rate-determining relative to the 

catalytic rate, thereby reducing the proportion of substrate unbinding (kback/kcat) from the enzyme. 

An increased commitment to catalysis at low [NO3
-
] consequently manifests as a lowered 

expression the intrinsic enzymatic isotope effect, εintrinsic, resulting in εNar as low as ~21‰ in 

some HQ-fuelled assays. 

Based on the above reasoning connecting the commitment to catalysis to the observed εNar, 

temperature could also exert some influence on the magnitude of εNar, given the temperature 

sensitivity of enzymatic rate reactions. We hypothesized that reducing temperature would slow 

kcat, potentially leading to a more elevated kback/kcat and a concurrently elevated isotope effect. 
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However, assays conducted at 4ºC with either viologen or HQ reductants had comparable isotope 

effects to corresponding assays at room temperature. It is possible the decrease in temperature 

did not influence the catalytic rate sufficiently to generate an observable difference in εNar, or 

that the lower temperature slowed kback proportionally to kcat, such that the commitment to 

catalysis remained roughly the same.  

Although not explored here, the concentration of reductant (HQ) could also influence 

commitment to catalysis and consequent enzymatic isotope effects, as per the respiratory NO2
-
 

reductase Nir [Bryan et al., 1983]. Lower reductant concentrations could decrease commitment 

to catalysis, thus increasing the enzymatic isotope effect, whereas saturating reductant 

concentrations would tend to increase commitment to catalysis, and consequently decrease the 

enzymatic isotope effect. Thus, expression of the enzymatic isotope effect in vivo is likely 

sensitive to intracellular [NO3
-
] in relation to the cellular energetics that influence the redox state 

of the quinone pool at the cell membrane [Dabundo, 2014].  

The substrate sensitivity of εNar suggests an enzymatic mechanism in which the rate of 

electron transfer is partially rate-determining. In this respect, electron transfer is cited to 

constitute a rate-determining step of catalysis by eukaryotic NO3
-
 reductases [Barbier and 

Campbell, 2005; Skipper et al., 2001] which may have analogous kinetic mechanisms to Nar. 

However, substrate sensitivity of εNar was not observed among assays fuelled by methyl or 

benzyl viologen – save for a single assay at lower temperature. This result is puzzling, because 

substrate sensitivity of εNar should be even more evident given the increase in kcat promulgated by 

viologen compared to HQ. In this respect, Karsh et al. (2012) similarly documented an invariant 

isotope effect of ~27‰ for NO3
-
 reduction by eukNR of Aspergillus sp. and of the diatom 

Thalasiossira weissflogii in enzymatic assays fuelled by methyl viologen at different initial 

[NO3
-
]. Nevertheless, the authors recognized a potential sensitivity to reductant type by way of 

its effect on kcat, had assays also been conducted with the in vivo electron donors NADH and 

NAD(P)H. The authors further stipulated that if εNAD[P]H ≅ εMeVi, then the rate of electron transfer 

does not influence the magnitude of the isotope effect, suggesting that (a) NO3
- 

binds to a 

reduced molybdenum (IV) center that has already received electrons, such that the electron 

transfer rate does not influence the catalytic rate, or that (b) NO3
-
 binds to an oxidized Mo(VI) 

center, but the substrate is in a state of rapid equilibrium with the enzyme, such that the rate of 

dissociation, kback >> kcat, the rate of catalysis. This leads to a commitment to catalysis 
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approaching zero and thus an observed isotope effect equal to that of the intrinsic isotope effect 

for N-O bond rupture, εintrinsic, regardless of electron transfer rate. As such, εintrinsic of eukNR 

could be on the order of 27‰. Conversely, if εNAD[P]H > εMeVi , this would indicate that (c) NO3
-
 

binds to an oxidized Mo(VI) center where changes in kcat effected by reductant type modulate the 

commitment to catalysis and the consequent enzymatic isotope effect. Our results for Nar 

indicate that εNar-HQ can be both larger or less than εNar-MeVi depending on [NO3
-
], suggesting that 

NO3
-
 is binding an oxidized Mo(VI) center, and that commitment to catalysis is influenced by 

both the rate of internal electron transfer and by the concentration of NO3
-
. Therefore, substrates 

do not appear to be in rapid equilibrium with the enzyme, and the intrinsic enzymatic isotope 

effect associated specifically with bond breakage, εintrinsic-Nar, is ≥ 33‰. We posit that eukNR may 

exhibit similar dynamics when fuelled by in vivo reductants. Nevertheless, the insensitivity of 

both εNar (and εeukNR; [Karsh et al., 2012]) to [NO3
-
] in viologen-fuelled assays remains difficult 

to reconcile, and portends of a different kinetic mechanism of the enzyme with viologen electron 

donors than with in vivo quinone reductants. Indeed, Nar has been shown to display two 

catalytically competent yet kinetically distinct forms that can be reversibly interconverted as a 

function of electrochemical potential and substrate concentration [Anderson et al., 2001; Elliott 

et al., 2004; Jepson et al., 2004]. 

N and O isotope effects of the periplasmic NO3
-
 reductase, Nap 

Assays of cell homogenates of P. denitrificans grown aerobically, intended to capture isotope 

effects associate with NO3
-
 reduction by the periplasmic Nap NO3

-
 reductase, yielded enzymatic 

isotope effects indistinguishable from those of corresponding Nar assays, namely, a 

∆δ
18

O:∆δ
15

N ratio of ~1 and enzymatic isotope effects ~27‰ in viologen-fuelled assays (Table 

1; Fig. 4). A number of potential scenarios can explain these observations. For one, the assays 

may have captured the enzymatic activitiy of Nar in lieu of Nap, if the former was expressed 

constitutively during aerobic growth. Nap may either not be expressed during aerobic growth 

(though some evidence points to the contrary; [Sears et al., 1997]) or its activity may be 

negligible compared to that of Nar. Alternatively, the Nap enzyme expressed by P. denitrificans 

may impart similar isotope effects on NO3
-
 than Nar. Our results do not permit distinction among 

scenarios. We suspect that the assays were dominated by Nar activity, given the distinctive 

isotopic signature imparted on NO3
-
 by Nap in other bacterial strains (see below). However, 

unlike other NO3
-
 reductase groups, a high degree of functional and genetic diversity is 
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recognized among Nap enzymes [Sparacino-Watkins et al., 2014], which could be associated 

with different catalytic mechanisms among Nap enzymes, potentially manifest in NO3
-
 isotope 

effects. Thus, the observations are inconclusive with respect to characterizing the isotope effects 

of Nap in P. denitrificans. 

The periplasmic dissimilatory NO3
-
 reductase Nap assayed from R. sphaeroides cell 

homogenates showed patters of NO3
-
 isotopic fractionation distinct from those of P. 

denitrificans. Assays were associated with a ∆δ
18

O:∆δ
15

N ratio of ~0.5, rather than ~1 observed 

for Nar. Moreover, the amplitudes of 
15

εNap of 39‰ is substantially more elevated than 
15

εNar, 

whereas the corresponding 
18

εNap amplitude of 19‰ is lower than most observed values for 

18
εNar. Assuming that enzymatic isotope effects are associated specifically with bond-breakage 

and are not incurred from binding and unbinding of NO3
-
 to the enzyme [Campbell, 2001], the 

dissimilar enzymatic ∆δ
18

O:∆δ
15

N ratios portend of differences in εintrinsic, thus, in the respective 

transition states of Nar and Nap, indicating different kinetic mechanisms. This is surprising, 

given that (a) there are high structural and functional similarities between the catalytic sites of 

Nap and Nar and that (b) analogous catalytic mechanisms are hypothesized for the two enzyme 

groups [Coelho and Romão, 2015]. Both Nap and Nar belong to the dimethylsulfoxide (DMSO) 

reductase family of molybdoenzymes, in which the Mo active site is coordinated by two 

molybdo-pterin guanidine dinucleotide (MGD) molecules, each providing two bi-dentate 

dithiolene ligands (Mo[MGD]2; [reviewed by Moreno-Vivian et al., 1999; Sparacino-Watkins et 

al., 2014]. The coordination of Nap’s Mo atom is completed with a cysteine or selenium-cysteine 

ligand, whereas Nar’s is completed with an asparginine ligand. Both enzyme groups also possess 

an additional oxo/hydroxo/ water ligand at the Mo atom. However, Nap is located in the bacterial 

periplasm, whereas Nar spans the inner bacterial membrane, with the NO3
-
 reduction site 

oriented toward the cytoplasm. Nap receives electron from the ubiquinol pool via a membrane-

anchored cytochrome c subunit that shuttles the electrons to a second, periplasmic subunit with 

cytochrome c groups, followed by an iron sulfur cluster in the catalytic subunit that relays 

electrons to the Mo[MGD]2 center. Nar receives electrons from the ubiquinol pool via a 

membrane bound bi-heme cytochrome b subunit that relays electrons to a soluble subunit 

consisting of three [4Fe-4S] clusters and one [3Fe-4S] cluster, then to the membrane-bound 

catalytic subunit via a [4Fe-4S] cluster to the Mo[MGD]2 center (Fig. 6; ). The active site of Nap 

is reportedly specific to NO3
-
, save for observations of selenite reduction mediated by Nap 
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[Gates et al., 2011] whereas Nar’s is relatively non-specific and has been observed binding with 

other mono-charged anions such as fluoride, nitrite, formate, chlorate and bromate [George et 

al., 1985; Jormakka et al., 2004].  

The catalytic mechanisms of NO3
-
 reduction by both Nap and Nar are currently though to 

involve direct oxygen atom transfer to the Mo atom [Coelho and Romão, 2015]. However, ab 

initio computations on model complexes for Nap and Nar active sites suggest that NO3
-
 

reduction mediated by direct oxo-transfer to the Mo atom should incur equivalent intrinsic N and 

O isotope effects for both enzyme types, on the order of ~33‰ [Guo et al., 2010]. The 

discrepancy between computed vs. observed isotope effects for Nap suggests that the catalytic 

mechanism currently posited for Nap may be inaccurate, and that NO3
-
 reduction at the active 

site of Nap involves a different bonding environment than currently stipulated.  

The enzymatic isotope effects measured in R. sphaeroides cell homogenates were nearly 

two-fold greater than those observed in the growing cultures of R. sphaeroides, whereas the 

enzymatic ∆δ
18

O:∆δ
15

N ratios (0.50) were roughly comparable to those observed in cultures 

(0.57). Nevertheless, the isotope effects and ∆δ
18

O:∆δ
15

N ratios of the R. sphaeroides cultures 

are consistent with the range reported previously for cultures of R. sphaeroides [Granger et al., 

2008], as well as similar to values observed in growing cultures of the autotrophic Epsilon-

protoebacterium Sufurimonas gotlandica [Frey et al., 2014], which oxidizes sulfide for 

autotrophic carbon fixation while using NO3
-
 as an electron donor via the periplasmic Nap NO3

-
 

reductase. The reduced isotope effects in R. sphaeroides cultures compared to in vitro could be 

hypothesized to indicate that εNap is not fully expressed in the external medium due to incomplete 

equilibration of periplasmic and external NO3
-
 pools. Yet, because Nap is a periplasmic enzyme 

(Fig. 1), the expression of εNap in the external medium is ostensibly not modulated by active 

transport and cellular efflux. Porin channels in the outer membrane of gram-negative bacteria 

allow the free diffusion of small hydrophilic molecules such as NO3
-
 in and out of the 

periplasmic space ([Galdiero et al., 2012]; Fig. 1), presumably enabling complete 

homogenization between the periplasmic and external NO3
-
 pools, which should permit full 

expression of enzymatic isotope effects of periplasmic enzymes. Moreover, reduced expression 

of the εNap in vivo cannot be explained by diffusion limitation of [NO3
-
] into the periplasm to the 

active site of Nap, because bacterial cells are too small and NO3
-
 concentrations too high to result 

in a diffusive boundary layer, as argued previously [Granger et al., 2008; Kritee et al., 2012; 
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Pasciak and Gavis, 1974]. In this respect, the similarity between isotope effects amplitudes in 

still vs. shaken cultures of R. sphaeroides observed here supports the notion that incomplete 

equilibration of periplasmic and external NO3
-
 does not adequately explain the large offset from 

the enzymatic isotope effects measured in vitro. Nevertheless, Frey et al. [2014] reported a 

higher isotope effect for cultures of S. gotlandica that were shaken during growth vs. still 

cultures, a result they ascribed to putative intra-bottle gradients in [NO3
-
] caused by a higher 

degree of consumption by clumped cells at the bottom of the flasks in the still cultures, and 

consequent diffusion limitation of NO3
-
 to the periplasmic enzyme site of the clumped cells. If 

viable, this mechanism should have evidenced a progressive decrease in apparent isotope effects 

as NO3
-
 was depleted. However, isotope effects in the still cultures of S. Gotlandica were 

reduced from the onset of growth at highly elevated [NO3
-
], and remained unchanged throughout 

growth, inconsistent with rationalizations involving diffusion limitation. Moreover, the in vitro 

enzymatic isotope effects observed here remain considerably higher than the values among 

shaken cultures of S. Gotlandica (
15

ε = 19 - 28 ‰ ref), in which 
15

εNap should have been 

expressed fully, given complete equilibration of periplasmic and external NO3
-
 pools ensured by 

shaking. Therefore, assuming that R. sphaeroides and S. Gotlantica have analogous Nap 

enzymes, diffusion limitation does not to explain the relatively reduced isotope effects observed 

in cultures compared to in vitro for both R. sphaeroides and S. Gotlantica. Rather, we posit that 

the reduced isotope effects of Nap in cultures compared to in vitro, as well as any differences in 

isotope effects in vivo, occur because the amplitude of Nap is variable in vivo, sensitive to 

catalytic rates as modulated by [NO3
-
] in relation to cellular reductant concentrations, in analogy 

to Nar and Nir. The apparent decrease of 
15

εNap (and 
18

εNap) with [NO3
-
] in the growing cultures 

of R. sphaeroides (Fig. 4a) is consistent with this hypothesis. It follows that Nap assays fuelled 

by the in vivo reductant (ubiquinone) in lieu of viologen would reveal substrate sensitivity of 

εNap. Admittedly, the seeming lack of sensitivity of εNap to [NO3
-
] in vitro in MeVi assays 

remains puzzling, as per observations with Nar, but could reflect the documented occurrence of 

kinetically distinct catalytic forms of the Nap enzyme [Frangioni et al., 2004]. 

While interesting from a biochemical perspective, the significance of NO3
-
 isotope effects 

imparted by Nap for interpretation of environmental NO3
-
 isotope distributions may be limited, 

as Nap is not apt to account bulk NO3
-
 consumption in most environments. Unlike assimilatory 

and respiratory NO3
-
 reductases that have conserved functionality (i.e., Nar, eukNR and Nas, the 
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bacterial assimilatory NO3
-
 reductase), Nap is functionally diverse [reviewed by Sparacino-

Watkins et al., 2014]. Nap is generally cited to provide a means of disposing of excess electrons 

for maintenance of electro-chemical balance during photo-heterotrophic growth and during 

growth on reduced carbon substrates, and is required for transition to anaerobeosis among 

heterotrophic denitrifiers [Sparacino-Watkins et al., 2014]. In contrast to Nar, NO3
-
 reduction by 

Nap does not directly generate a proton-motive force across the cytoplasmic membrane, and thus 

is not a respiratory enzyme in-and-of-itself – although sulfide-oxidizing Epsilon-protoebacteria 

are capable of NO3
-
 respiration via Nap [Kern and Simon, 2009]. In this respect, Nap has been 

postulated to influence the NO3
-
 ∆δ

18
O:∆δ

15
N in systems where sulfide oxidation is coupled to 

NO3
-
 reduction [Frey et al., 2014; Wenk et al., 2014a]. Nap is further hypothesized to account for  

∆δ
18

O:∆δ
15

N ratios < 1 prevalent in freshwater systems [Frey et al., 2014], although this premise 

requires that Nap effectuate the majority of NO3
-
 reduction therein. Given the universality of the 

characteristic ∆δ
18

O:∆δ
15

N ratio of ~0.6 in groundwater aquifers and lakes [Kendall et al., 

2007], its origin is explained more parsimoniously by the isotopic imprint of NO3
-
 production, by 

nitrification and/or anammox, superimposed on that of respiratory denitrification by [Granger 

and Wankel, in review].  

N and O isotope effects of eukaryotic assimilatory NO3
-
 reductases, eukNR 

The commercially prepared pure extracts of recombinant eukNR from Arabidopsis thalania 

and Pichia angusta both yielded a ∆δ
18

O:∆δ
15

N ratio ~1, and 
15

εeukNR of ~27‰,  consistent with 

previous observations in viologen-fuelled assays of purified eukNR from Aspergillus sp., and in 

cell homogenates of the diatom T. weissflogii [Karsh et al., 2012]. The ∆δ
18

O:∆δ
15

N coupling 

and amplitude of N and O isotope effects observed among eukNR enzymes is also identical to 

values observed here in viologen-fuelled assays of Nar. This suggests similar catalytic 

mechanisms of eukNR and Nar enzymes groups. In this respect, eukNR enzymes cluster in a 

monophyletic group deriving from Nar enzymes [Stolz and Basu, 2002]. Both groups are 

mononuclear, hexadentate molybdoenzymes, although eukNR belongs to the sulfite oxidase 

family of molybdoenzymes with a single molybdopterin moiety involved in Mo coordination 

[Campbell, 1999], whereas Nar belongs to the dimethyl sulfoxide oxidase (DMSO) reductase 

family where coordination of the Mo active site involves two molybdopterin moeities. In this 

respect, the isotopic similarities between the two imply similar transition state structures of NO3
-
 

bound to Mo during catalysis. 
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Interestingly, the eukNR of Pichia angusta expressed recombinantly in yeast (YNar) 

constitutes a “simplified” eukaryotic NO3
-
 reductase consisting of the amino-terminal fragment 

extending to the molybdo-pterin binding site that forms the enzyme active site [Barbier et al., 

2004]. It does not include the cytochrome b reducing fragment nor the heme-iron containing 

domain of eukNR, which are involved in electron transfer to the Mo active site. Viologen-fuelled 

NO3
-
 reduction of this simplified NO3

-
 reductase replicates isotope effects observed for whole 

eukNR enzymes, consistent with the notion that viologen transfers electrons directly to the Mo 

active site. In this respect, the invariant ∆δ
18

O:∆δ
15

N ratio ~1 observed among eukNR enzymes 

and for Nar reinforces the notion that the isotopic coupling is intrinsic to the bond-breaking step 

at the catalytic site of both enzymes types, thus remaining invariant regardless of reductant type.  

In analogy to Nar, the amplitude 
15

εeukNR (and 
18

εeukNR) may be sensitive to catalytic rate, as 

modulated by the concentration of native reductants NADH and/or NADPH, in relation to [NO3
-

]. Such a sensitivity could explain why the enzymatic isotope effect, εeukNR, inferred from 

cultures of diatoms is on order of 22‰ [Karsh et al., 2014; Needoba et al., 2004], rather than 

27‰ assumed based on viologen-fuelled eukNR assays. This premise needs to be tested directly.  

Conclusions 

Our results demonstrate that NO3
-
 reduction by the respiratory NO3

-
 reductase Nar, like 

eukNR, imparts an invariant ∆δ
18

O:∆δ
15

N ratio of ~1 on residual NO3
-
, reinforcing that 

characteristic isotopic signature provides a robust benchmark to distinguish NO3
-
 consumption 

by denitrification and assimilation from co-occurring N transformations. While tightly coupled to 

each other, the amplitude of the enzymatic isotope effect in vivo is likely variable, sensitive to 

internal [NO3
-
] in relation to cellular reductant pools. This dynamic is consistent with a kinetic 

mechanism wherein the catalytic rate modulates overall expression of the intrinsic isotope effect 

at the enzyme level. Similarly, Nap enzymatic isotope effects showed an invariant ∆δ
18

O:∆δ
15

N 

ratio of ~0.5, analogous to corresponding culture observations, yet relatively muted isotope 

effect amplitudes in vivo, which  may result from a sensitivity of Nap isotope effects to cellular 

reductant pools and ambient [NO3
-
]. Together, these finding compel a re-evaluation of the 

physiological mechanisms leading to variations in organism-level isotope effects during 

assimilatory and dissimilatory NO3
-
 reduction.  
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Enzyme Prep Culture 

 

Cells 

lysed 

Reductant [red] 

(µM) 

[NO3
-]initial 

(µM) 

Assay 

T (˚C) 

NO2
- removal 15

εεεεenzyme ± σσσσ 

(‰) 

18
εεεεenzyme ± σσσσ  

(‰) 

∆δδδδ
18O:∆δδδδ

15N 

± σσσσ 

N = 

P. denitrificans Anaerobic No BeVi 200 200 20 sulfamic 6.6 ± 0.8 6.4 ± 0.7 0.97 ± 0.02 8 

P. denitrificans Anaerobic No BeVi 200 200 20 sulfamic 10.2 ± 0.9 10.0 ± 0.6 0.98 ± 0.01 5 

P. denitrificans Anaerobic No BeVi 200 700 20 sulfamic 8.9 ± 0.3 9.0 ± 0.4 1.01 ± 0.01 5 

P. denitrificans Anaerobic No BeVi 200 1000 20 sulfamic 8.4 ± 0.8 8.7 ± 0.5 1.03 ± 0.01 5 

P. denitrificans Anaerobic Yes BeVi 200 200 20 sulfamic 27.1 ± 1.0 26.5 ± 0.9 0.97 ± 0.01 4 

P. denitrificans Anaerobic Yes BeVi 200 1000 20 sulfamic 27.0 ± 1.6 27.0 ± 1.4 1.00 ± 0.01 4 

P. denitrificans Anaerobic Yes BeVi 200 1000 20 sulfamic 28.6 ± 2.1 27.4 ± 1.1 0.95 ± 0.01 4 

P. denitrificans Anaerobic Yes MeVi 200 200 20 sulfamic 27.1 ± 0.9 26.5 ± 0.9 0.97 ± 0.01 4 

P. denitrificans Anaerobic Yes MeVi 200 1000 20 sulfamic 28.9 ± 1.0 26.6 ± 0.9 0.92 ± 0.01 4 

P. denitrificans Anaerobic Yes MeVi 200 1000 4 sulfamic 28.7 ± 1.2 27.6 ± 1.9 0.97 ± 0.01 5 

P. denitrificans Aerobic Yes MeVi 200 1000 20 sulfamic 26.3 ± 2.2 26.0 ± 1.9 0.99 ± 0.01 8 

P. denitrificans Aerobic Yes MeVi 200 1000 20 sulfamic 28.2 ± 1.6 27.4 ± 1.6 1.00 ± 0.01 11 

P. denitrificans Anaerobic Yes HQ 200 200 20 sulfamic 21.8 ± 3.6 21.4 ± 3.1 0.98 ± 0.01 3 

P. denitrificans Anaerobic Yes HQ 200 200 20 sulfamic 28.6 ± 1.1 26.9 ± 0.5 0.92 ± 0.03 3 

P. denitrificans Anaerobic Yes HQ 200 200 20 sulfamic 22.9 ± 1.5 24.0 ± 1.5 1.04 ± 0.01 4 

P. denitrificans Anaerobic Yes HQ 200 200 20 sulfamic 25.8 ± 3.3 26.4 ± 3.4 1.02 ± 0.01 4 

P. denitrificans Anaerobic Yes HQ 200 200 20 ascorbate 21.7 ± 1.9 19.9 ± 1.7 0.90 ± 0.01 10 

P. denitrificans Anaerobic Yes HQ 200 1000 20 sulfamic 33.0 ± 4.3 31.8 ± 4.1 0.96 ± 0.01 3 

P. denitrificans Anaerobic Yes HQ 200 1000 20 sulfamic 31.5 ± 2.9 29.7 ± 2.7 0.93 ± 0.01 5 

P. denitrificans Anaerobic Yes HQ 500 1000 20 sulfamic 31.8 ± 2.9 30.4 ± 1.9 0.95 ± 0.01 7 

P. denitrificans Anaerobic Yes HQ 50 1000 20 sulfamic 30.8 ± 0.3 29.6 ± 0.4 0.95 ± 0.01 7 

P. denitrificans Anaerobic Yes HQ 200 1000 20 sulfamic 27.5 ± 1.5 26.4 ± 1.4 0.96 ± 0.01 11 

P. denitrificans Anaerobic Yes HQ 200 1000 20 sulfamic 26.5 ± 1.0 26.0 ± 0.9 0.98 ± 0.01 10 

P. denitrificans Anaerobic Yes HQ 200 1000 20 sulfamic 29.6 ± 1.2 28.4 ± 1.2 0.95 ± 0.01 13 

P. denitrificans Anaerobic Yes HQ 200 1000 20 sulfamic 28.4 ± 1.2 27.9 ± 1.2 0.99 ± 0.01 12 

P. denitrificans Aerobic Yes HQ 200 1000 20 sulfamic 30.2 ± 3.6 28.3 ± 3.9 0.95 ± 0.01 12 

P. denitrificans Anaerobic Yes HQ 200 1000 4 sulfamic 26.1 ± 1.3 24.5 ± 1.4 0.91 ± 0.10 6 

P. denitrificans Anaerobic Yes HQ 200 1000 4 sulfamic 26.3 ± 1.4 25.9 ± 1.4 0.98 ± 0.01 8 

P. denitrificans Anaerobic Yes HQ 200 1000 4 sulfamic 27.3 ± 2.3 26.6 ± 2.2 0.98 ± 0.01 6 

P. denitrificans Anaerobic Yes HQ 200 1000 4 ascorbate 27.9 ± 0.7 26.7 ± 0.8 0.95 ± 0.01 9 
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Table 1. Estimates of NO3
-
 N and O enzymatic isotope effects and the ratio of O and N isotopic fractionation (∆δ

18
O:∆δ

15
N) for NO3

-
 

reductase assays of cell homogenates of P. denitrificans and of R. sphaeroides, and of purified eukNR extracts (AtNar and YNar).

 R. sphaeroides Aerobic Yes MeVi 200 300 20 sulfamic 37.4 ± 3.9 18.7 ± 1.9 0.50 ± 0.01 10 

R. sphaeroides Aerobic Yes MeVi 200 300 20 sulfamic 39.8 ± 4.8 19.9 ± 2.4 0.49 ± 0.01 8 

AtNar - - MeVi 200 400 20 sulfamic 25.6 ± 1.5 25.5 ± 1.1 0.99 ± 0.01 13 

YNar - - MeVi 200 900 20 sulfamic 28.0 ± 2.5 27.5 ± 2.3 0.94 ± 0.01 12 

YNar - - MeVi 200 400 20 sulfamic 27.2 ± 2.3 25.0 ± 2.0 0.93 ± 0.01 10 
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Table 2. NO3
-
 N and O isotope effects and the ratio of O-to-N fractionation (∆δ

18
O:∆δ

15
N) 

during aerobic growth of R. sphaeroides in still cultures vs. cultures on shaker. 

Experiment Culture [NO3
-
]initial 

(µM) 

15
εεεεorganism ± σσσσ    

((((‰) 

18
εεεεorganism ± σσσσ 

(‰) 

∆δδδδ
18

O:∆δδδδ
15

N 

± σσσσ 

N= 

1 No shake 2000 23.0 ± 2.1 13.6 ± 2.3 0.59 ± 0.03 6 

1 No shake 2000 18.4 ± 2.8 10.3 ± 2.4 0.56 ± 0.03 4 

1 Shake 2000 13.1 ± 3.9 8.3 ± 3.7 0.62 ± 0.04 5 

2 No shake 300 22.6 ± 2.2 12.7 ± 2.3 0.56 ± 0.01 7 

2 No shake 300 20.9 ± 1.8 11.6 ± 2.0 0.56 ± 0.01 7 

2 Shake 300 19.0 ± 2.0 10.6 ± 2.5 0.55 ± 0.01 4 

2 Shake 300 20.1 ± 1.7 11.4 ± 2.2 0.57 ± 0.01 7 
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Figure Captions 

Figure 1. Schematic of NO3
-
 N and O isotope fractionation by the bacterial respiratory Nar and 

auxiliary Nap NO3
-
 reductases of denitrifiers such as P. denitrificans. NO3

-
 diffuses into the 

periplasm where it can be reduced to NO2
-
 by Nap, which is expressed during aerobic growth 

and/or during transition to anaerobeosis. Assuming complete equilibration of external and 

periplasmic NO3
-
 pools, the enzymatic N and O isotope effects of Nap are expressed fully in 

external NO3
-
. During anaerobic growth, NO3

-
 is transported actively across the cell membrane, 

where is reduced to NO2
-
 by the membrane-bound respiratory Nar. The enzymatic N and O 

isotope effects imparted on internal NO3
-
 by Nar are propagated to the external medium as 

unconsumed NO3
-
 effluxes out of the cell, given a favorable electro-chemical gradient across the 

cytoplasmic membrane. The enzymatic N and O isotope effects of Nar are thus expressed 

partially in external NO3
-
, as a function of cellular NO3

-
 uptake to efflux. 

Figure 2. (a) NO3
-
 δ

15
N versus ln[NO3

-
] for enzymatic NO3

-
 reduction assays by P. denitrificans 

cell homogenates. Assays were conducted with homogenates from anaerobic vs. aerobic cultures, 

of unlysed vs. lysed cells, with benzyl viologen, methyl viologen, or hydroquionone, at 1 mmol 

L
-1

 vs. 200 µmol L
-1

 initial [NO3
-
], and at room temperature vs. 4 ˚C. The slope of the linear 

regression for each assay approximates the N isotope effect, 
15

εenzyme. (b) NO3
-
 δ

18
O plotted 

against the corresponding δ
15

N for P. denitrificans NO3
-
 reductase assays. A line with a slope of 

1 is shown for reference.  

Figure 3. Mean 
15

εenzyme observed for viologen-fuelled (BeVi/MeVi) assays, 

compared to hydroquinone-fuelled (HQ) assays at 1000 µmol L
-1

 initial [NO3
-
] and 

hydroquinone-fuelled assays at 200 µmol L
-1

 initial [NO3
-
]. The mean 

15
εenzyme among HQ 200 

assays differed significantly from that of both HQ 1000 assays (p** ≤ 0.01) and BeVi/MeVi 

assays (p* ≤ 0.05). 

Figure 4. (a) NO3
-
 δ

15
N versus ln[NO3

-
] for growing cultures of R. sphaeroides, and for assays 

of enzymatic NO3
-
 reduction by R, sphaeroides cell homogenates. Two sets of cultures were 

initiated at 400 µmol L
-1

 vs. 2 mmol L
-1

 initial [NO3
-
], respectively, and grown on the bench-top 

or on a shaker. Enzymatic assays were conducted at 250 µmol L
-1

 initial [NO3
-
] and fuelled by 

methyl-viologen. (b) NO3
-
 δ

18
O plotted against the corresponding δ

15
N for cultures of R. 

sphaeroides, and for assays of enzymatic NO3
-
 reduction by R. sphaeroides cell homogenates. 

Respective slopes of 1 and 0.5 are shown for reference.  
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Figure 5. (a) NO3
-
 δ

15
N versus ln[NO3

-
] for purified recombinant eukaryotic NO3

-
 reductases of 

A. thaliana (AtNar) and P. angustus (YNar). Assays were initiated at 400 µmol L
-1

 (AtNar and 

YNar) and 900 µmol L
-1

 NO3
-
 (YNar) and fuelled with methyl viologen. (b) NO3

-
 δ

18
O plotted 

against the corresponding δ
15

N for AtNar and YNar enzymatic assays. A slope of 1 is plotted for 

reference. 

Figure 6. Illustration of the subunit arrangement and co-factor content of the ubiquinol NO3
-
 

reductase (Nar) and the locations of electron transfer by reductants hydroquinone (in vivo 

reductant) and benzyl or methyl viologen (artificial reductant). Cyt b denotes the trans-

membrane b-type cytochrome subunit, and 3Fe-4S and 4Fe-4S indicate iron-sulfur clusters of 

varying forms within both the secondary and catalytic subunits. Mo[MGD]2 denotes the 

molybdenum active site in the catalytic subunit. Figure reproduced from [Berks et al., 1995]. 
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Figure 2. (a) NO3
- δ15N versus ln[NO3

-] for enzymatic O3
- reduction assays by P. denitrificans cell 

homogenates. Assays were conducted with homogenates from anaerobic vs. aerobic cultures, of unlysed vs. 
lysed cells, with benzyl viologen, methyl viologen, or hydroquionone, at 1 mmol L-1 vs. 200 µmol L-1 initial 
[NO3

-], and at room temperature vs. 4˚C. The slope of the linear regression for each assay approximates 
the N isotope effect, 15εenzyme. (b) NO3

- δ18O plotted against the corresponding δ15N for P. denitrificans O3
- 

reductase assays. A line with a slope of 1 is shown for reference.  
Fig. 2  
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Figure 3. Mean (± SE) 15εenzyme observed for viologen-fuelled (BeVi/MeVi) assays, compared to 
hydroquinone-fuelled (HQ) assays at 1000 µmol L-1 initial [NO3

-] and hydroquinone-fuelled assays at 200 
µmol L-1 initial [NO3

-]. The mean 15εenzyme among HQ 200 assays differed significantly from that of both HQ 
1000 assays (p** ≤ 0.01) and BeVi/MeVi assays (p* ≤ 0.05).  

Fig. 3  
190x179mm (300 x 300 DPI)  
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Figure 4. (a) NO3
- δ15N versus ln[NO3

-] for growing cultures of R. sphaeroides, and for assays of enzymatic 
NO3

- reduction by R. sphaeroides cell homogenates. Two sets of cultures were initiated at 400 µmol L-1 vs. 2 
mmol L-1 initial [NO3

-], respectively, and grown on the bench-top or on a shaker. Enzymatic assays were 
conducted at 250 µmol L-1 initial [NO3

-] and fuelled by methyl-viologen. (b) NO3
- δ18O plotted against the 

corresponding δ15N for cultures of R. sphaeroides, and for assays of enzymatic NO3
- reduction by R. 

sphaeroides cell homogenates. Respective slopes of 1 and 0.5 are shown for reference.  
Fig. 4  
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Figure 5. (a) NO3
- δ15N versus ln[NO3

-] for purified recombinant eukaryotic NO3
- reductases of A. thaliana 

(AtNar) and P. angustus (YNar). Assays were initiated at 400 µmol L-1 (AtNar and YNar) and 900 µmol L-1 
NO3

- (YNar) and fuelled with methyl viologen. (b) NO3
- δ18O plotted against the corresponding δ15N for AtNar 

and YNar enzymatic assays. A slope of 1 is plotted for reference.  
Fig. 5  
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Figure S1. Comparison of  NO3
-  δ15N and δ18O measurements following NO3

- removal with 
sulfamic acid or with ascorbate. (a) NO3

-  δ15N vs. [NO3
-] (log scale) in enzymatic NO3

- reduction 
assays by P. denitrificans cell homogenates. Assays were fuelled by menthyl viologen, at 1 mmol 
L-1 vs. 200 µmol L-1 initial [NO3

-].  (b) NO3
- δ18O plotted against the corresponding δ15N. A line 

with a slope of 1 is shown for reference. 
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Figure S2. (a) NO3
- consumption vs. time for representative NO3

- reductase assays with equiva-
lent enzyme concentrations, fuelled with viologen vs. hydrquinone, at two initial [NO3

-]. (b) 
Negative log of fractional NO3

- consumption (-ln[NO3
-]/NO3

-]initial) vs. time. Initial slopes 
approximate  specific reaction rates at corresponding assay conditions.

-
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Figure S3. NO3
- consumption vs. time for a representative NO3

- reductase assay, and concurrent 
accumulation of NO2

-. 
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