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ABSTRACT: Increasing studies have recognized that the enzymatic nitrate—nitrite
isotopic exchange reaction may be a potential breakthrough to update our understanding
of the nitrogen cycle. However, fundamental aspects of this reaction remain poorly
understood, limiting our comprehensive understanding of the nitrogen cycle. In this study,
we present the first coupled measurements of nitrate and nitrite dual isotopes at natural
abundance across the Antarctic summer to uncover the environmental factors influencing
enzymatic isotopic exchange. East Antarctic surface waters exhibit the most anomalous
nitrate and nitrite isotope signatures and a more pronounced equilibrium isotope effect
compared to West Antarctica. This feature may be attributed to the regulation of
enzymatic isotopic exchange reaction by temperature, and we infer that there might be a
tipping point in the expression of its intensity. Given the warming of Antarctic waters due
to global climate change, particularly in West Antarctic, we hypothesize that such reaction
could have an amplified impact on nitrogen isotope dynamics. Further analyses
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incorporating data from beyond the Southern Ocean also suggest that functional differences in the nitrite oxidoreductase enzyme
itself are a critical contributing factor. Overall, our study provides new insights into the mechanisms underlying the enzymatic
isotopic exchange reaction, with broad implications for models of the modern upper ocean nitrogen cycle and paleoceanographic

reconstructions of ancient nitrogen cycle dynamics.
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1. INTRODUCTION

Nitrogen (N) is a key biogenic element for the growth of all
living organisms on Earth. Its cycling, primarily driven by
diverse microbial communities, is closely linked to the cycling
of other elements such as carbon and phosphorus,’ playing a
significant role in global climate change and the functioning of
Earth’s ecosystems. To capture the key transformation
processes and their interactions within the N cycle network,
various approaches have been developed, with stable N and
oxygen (O) isotopes being widely and successfully em-
ployed.”™ Nitrate (NO;~) and nitrite (NO,”) are two key
forms in the N cycle, and many studies have employed their N
and O isotope ratios as tracers to provide invaluable insights
into element cycling in ancient, modern, and future Earth’s
ecosystems, particularly in marine systems.””” To fully exploit
such recorded information, both the typical N transformation
processes and their N and O isotopic fractionations must be
clarified.

The enzymatic NO;™- NO, ™ isotopic exchange reaction (the
exchange of N and O atoms between NO;~ and NO,), a
recently recognized and misunderstood process beyond the
canonical N cycle processes (e.g., N assimilation, N, fixation,
nitrification, denitrification, etc.), has profound implications for
advancing our understanding of the N cycle.”'"* This
reaction operates at the enzyme level and is believed to be
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catalyzed by nitrite oxidoreductase (NXR), a key enzyme of
NO, -oxidizing bacteria (NOB).>'*""* The enzymatic iso-
topic exchange reaction between NO;™ and NO,™ occurs due
to the reversible expression of NXR, which facilitates the
bidirectional microbial oxidation of NO,” and reduction of
NO;~."*7"% Although this reaction involves biogeochemical
interconversions between NO;™ and NO,™, it appears to differ
from canonical N conversion processes in that it does not
significantly alter the substrate concentrations (NO;~ and
NO,”). Instead, it seems to primarily affect the isotopic
distribution between NO,;~ and NO,”.”'® Therefore, the
enzymatic NO;™- NO, ™ isotopic exchange operates more like a
microbially mediated “physical” exchange, directly and
uniquely impacting the isotopic systematics of N and
0 2310-12

Current single-isotope measurements of oceanic NO;~ or
NO, ™ show specific patterns that differ from those predicted
by the canonical N cycle.”>'”"" The enzymatic NO,~ - NO,~
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Figure 1. Distribution of dual isotopes of NO;~, NO; + NO,~, and NO, in the surface waters of East and West Antarctica. The black boxes

indicate sites with the most anomalous isotopic signatures.

isotopic exchange causes distinct changes in the N [6"°N =
(®N/"*Ngomple /N/M Ny, — 1) X 1000%0] and O [6°0 =
(130/‘6053mple /"0/"0ysmow — 1) X 1000 %o] isotopic
composmons of NO,™ and NO;~,>'>"" especially for NO,~,
where 6"Nyo, is drarnatlcally reduced and 60y, is
significantly increased.”” The current understanding of the
inverse variations of 6"°Nyq, and 8Oy, is still limited.”’
Some insights may be derived from the bidirectional reactions
involved in the enzymatic NO;~ - NO,™ isotopic exchange.
Generally, microbes preferentially utilize lighter isotopes (e.g.,
“N and '°0) over heavier isotopes (e.g, N and '*0),
resulting in products that are enriched in *N and 'O relative
to the reactants.” For example, during NO;~ reduction, a
normal kinetic isotope effect results in NO,™ being enriched in
1N and O relative to NO;~.'*"” It is important to note that
during the reduction of NO;~ to NO,”, O atoms are
partitioned between NO,” and NO; . At this branching
point, a branching O isotope effect occurs, with 80
preferentially binding to the resulting NO,™.'* Conversely,
an inverse kinetic isotope effect in the NO,™ oxidation results
in the residual NO,~ (reactant) belng enriched in "N and '°O
relative to the produced NO,~.'*" Accordingly, with the
enzymatic isotopic exchange reaction, §"*Nyo, is expected to
continuously decrease as NO,™ becomes enriched in '*N.” For
6"%0y0y the branchmg O isotope effect in NO;~ reduction
(20—-30%0) " is greater than the 1nverse O isotope effect in
NO,~ oxidation (—8%o to —1%o),"® leading to a net increase
in §"®0yo,.” It is crucial to note that NO,™ also undergoes O
isotope exchange with H,O. This exchange process alters the
5'80 of NO,™ and is influenced by abiotic factors such as pH
and temperature.”'® Given the unique alterations in the
isotopic compositions of NO;~ and NO,” induced by the
enzymatic NO,~ - NO,” isotopic exchange,””'°™"* this
reaction may interfere with estimates of N isotope effects in
NO;™ assimilation, affecting reconstructed paleo-variations in
upper ocean nutrients and atmospheric carbon dioxide during
glacial/interglacial periods.'' Additionally, it may impact
biogeochemical models of N turnover and the estimation of
global ocean N budget2310 2 The unexzplamed NO,~

oxidation in oxygen-deficient zones (ODZs)™*~*° may also
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be attributable to this reaction.'” Consequently, this reaction
challenges the canonical N cycle. However, two crucial
questions remain unresolved: whether this reaction occurs in
the world’s oceans and what environmental factors regulate the
N and O isotopic exchange systematics.”'*~"* The influence
of the enzymatic NO;™- NO,” isotopic exchange reaction
remains underexplored, limiting its integration into the global
N cycle and constraining our understanding of N cycle
dynamics in a changing world.

Increasing evidence indicates that enzymatic NO;™ - NO,~
isotopic exchange occurs in the Southern Ocean mixed
layer,””'%"" making it an ideal natural laboratory. The
mechanisms driving this reaction in the Southern Ocean may
offer further insights into the N cycle in low- and mid- latitude
oceans. Dual isotopes of NO,™ are more capable of capturing
the signal of enzymatic NO;™ - NO,~ 1sotop1c exchange but are
rarely reported in the Southern Ocean.””® Here, we present the
first large-scale coupled measurements of natural abundances
of NO;™ and NO,™ dual isotopes across different regions of the
Southern Ocean (Figures 1 and S1), aiming to reveal the
spatial patterns of enzymatic NO;~ - NO,™ isotopic exchange
and to explore the environmental factors driving its variability.
Additionally, we assess whether this reaction is globally
widespread by combining NO,™ isotope data from the surface
or mixed layers of the world’s oceans.

2. METHODS

2.1. Sampling. Samples were collected from November
2020 to April 2021 onboard the R/V Xuelong and R/V Xuelong
2 in the East (Weddell Sea, Cosmonaut Sea, and Prydz Bay)
and West (Amundsen Sea) Antarctic waters (Figures 1 and
S1). A total of 25 sites across 7 transects were sampled. Both
NO;™ and NO,™ isotope samples were collected from depths
of 0—-200 m wusing a Seabird SBE 911 conductivity—
temperature-depth (CTD) rosette sampler. NO;~ isotope
samples were collected in 125 mL high-density polyethylene
bottles (Nalgene) and acidified with sulfamic acid (1 mL of 2.5
mM sulfamic acid in 25% hydrochloric acid) to remove any
measurable NO,™ and preserve the samples.””** NO,™ isotope
samples were collected in 250 mL high-density polyethylene
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Figure 2. Depth profiles of NO,”, NO;~, and NO; + NO, concentrations, along with their dual isotopes. (a and b) Profiles of NO,™ and
NO;~ in East (represented by red, gray, blue, and yellow lines) and West Antarctic waters (shown in brown, green, and black lines). (c and d)
Profiles of dual isotopes in NO,™ (concentrations above 0.25 M) in East (red, gray, blue, and yellow lines) and West Antarctic waters (brown,
green, and black lines). The gray shading represents the range of 5'°Nyo, and §'®Oyq, variations attributable to the canonical N cycle (refer to
Supporting Information Text S1 for details). (e and f) The relationship between the N and O isotopic compositions of NO;~ and NO;~ + NO,~ at
various depths. Green represents data from 0 to 25 m, while orange represents data from 25 to 150 m and deeper.

bottles (Nalgene). The pH of these samples was adjusted to 12
by adding 5 to 5.5 mL of 6 M sodium hydroxide to prevent O
isotope exchange between NO,” and H,0 during stor-
agre, 289,830

2.2. Hydrochemical Analysis. Temperature, salinity, and
chlorophyll a were directly measured using precalibrated
probes equipped on the CTD. Dissolved oxygen (DO) was
measured with an SBE oxygen sensor and calibrated against
discrete measurements using Winkler titration. Nutrient
samples were filtered GF/F filters (47 mm, Whatman) and
frozen immediately after collection via CTD. NO;~ and NO,~
concentrations were determined using a Four-channel
Continuous Flow Technicon Auto-Analyzer ITI (AA3, Bran-
Luebbe, Germany) and a QuAAtro flow analyzer (Seal,
Germany) via flow injection technique, employing the
Greiss-Tlosvay colorimetric method.”" The procedure included
reagent preparation (cadmium column, sulfanilamide, and N-
(1-naphthyl) ethylenediamine), preparation of primary and
secondary standards, and correction for blanks and refractive
index. Nutrients were analyzed with a precision of 5% and
detection limits of 0.02 and 0.07 umol L' for NO;~ and
NO,", respectively.”

2.3. Isotopic Analysis. The 6"°N and 5'®0 of NO,™ were
determined using the bacterial method.”*™** Briefly, samples
were first neutralized with sodium hydroxide, then NO;™ was
quantitatively converted into nitrous oxide (N,O) by cultured
denitrifying bacteria lacking N,O reductase (Pseudomonas
aureofaciens, ATCC #13985). For NO,™ isotope analysis, the
azide method was employed to reduce NO,~ to N,0.*" Due to
the detection limit of this method, only samples with NO,~
concentrations exceeding 0.25 ymol/L were used to determine
6N and 60 of NO,~””®’ Given the high pH of the
samples, the concentration of acetic acid was increased to 7.84
M to ensure effective NO,~ reductions.””*”** To maximize
the yield of N,O, 10 mL of each sample was transferred to a
headspace vial for reactions.”>*’ To avoid interference from
N,O potentially present in the sample, all sample solutions
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were purged with high-purity helium. The §"*N and 60 of
NO;™ + NO,” were calculated from the measured concen-
trations and isotopic compositions of NO;~ and NO,™ using
an isotope mass balance.

The isotopic composition of N,O was automatically
extracted, purified, concentrated and analyzed online using a
Thermo Finnigan Gasbench II purge-trap system interfaced
with a DELTAP™ XP isotope ratio mass spectrometer. The
isotopic standards for NO,~ (USGS-34: §"°N = —1.8%o, 5'°0
—27.9%0; IAEA-N3: 5N = 4.7%o, §'°0 = 25.6%¢"" and two
in-house reference materialsLAB-Mix1: 6'*N = 89.3%o, 620 =
—1%0; LAB-Mix2: §"N = 14.6%0, 5"*0 = —23.09%o0) and for
NO,” (RSIL-N23: 6N = 3.7%o, 60 = 11.4%0; RSIL-
N7373: 6'°N = =79.6%0, 6'°0 = 4.5%0; RSIL-N10219: §"°N =
2.8%0, 6'%0 = 88.5%0)'® were preserved and processed in the
same procedure as the samples to calibrate the isotope values.
Specifically, the slope of the NO,™ isotopic standard curves,
prepared using the same water,” ranged from 0.82 + 0.01
(5180N20-measured VS 5180N02-known) to 049 =+ 0.01
(6" Ny20measured VS 0" Nyoztmown)for NO,™ concentrations
of 0.5—1 uM, and 0.80 + 0.01 to 0.47 + 0.01 for 0.25—0.5 uM.
The reaction solution volume for each sample and standard
was kept constant to minimize possible pH dependence in the
azide reduction reaction and the effect of solution volume on
the purge and trap procedures to recover analyte N,0.°"*’
The N content of the standards was matched to the samples to
minimize the effect of sample size on 6N and 50
analyses.”””” The mean standard deviations for all replicate
measurements of samples and standards in this study were
0.3%o for "N and 0.4%o for §'°0, respectively.

3. RESULTS

3.1. Nitrite and Nitrate Dual Isotopes. Compared to the
upper ocean in mid- and low-latitudes, nutrient concentrations
in the upper Southern Ocean are relatively hi%her (Figures 2a,
2b and S2), likely due to limitations in light”® or iron.”” As a
result, simultaneous measurements of N and O isotopes of
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Figure 3. Exchange and fractionation effects of N and O isotopes in enzymatic NO;™- NO, isotopic exchange. The light gray box illustrates the
O isotope exchange between NO,™ and ambient H,O molecules (abiotic equilibration), occurring concurrently with the enzymatic NO;™ - NO,~

isotopic exchange reaction (dark gray).

NO,™ and NO;™ are feasible in this region. Our results show
that surface NO,™ in different sectors of the Southern Ocean
exhibits extremely low 6"* Ny, and anomalously high 'Oy,
(Figures 1a, 1d, 2¢, and 2d). The average values of 5Ny, in
the surface waters of the Amundsen Sea, Weddell Sea,
Cosmonaut Sea and Prydz Bay are —37.2 & 4.5%0, —60 =+
1.7%0, —64.6 + 5.7%o0, and —65.7 =+ 12.1%0 respectively, and
the average values of 5'®Oyg, are 39.8 + 4.1%o, 52.4 + 2.7%o,
63.0 + 3.8%0, and 56.2 + 2.6%o, respectively. These values are
significantly anomalous compared to the §'*Nyo, (—38%o to
0%0) and 5" 0y, (3.3%o0 to 23.9%o0) reported in the majority
of the upper ocean.”"*”***°~* Eyrthermore, we also estimate
the theoretical extremes of §"Nyo, (—39.8%0¢) and 6'*0yq,
(29.2%0) in the upper ocean based on the canonical N cycle
framework and associated isotope effects (The gray shading in
Figure 2c, 2d, see support information for details). However,
these theoretical extremes fail to explain the observed NO,~
isotopic anomalies (The gray shading in Figure 2c, 2d).
Clearly, our results are consistent with the previously reported
5" Nyoy (as low as =90%o0) and 'Oy, (as high as 63.3%0)
in the Southern Ocean,>'' where such anomalies have been
attributed to enzymatic NO;~ - NO,” isotopic exchange
reaction.””'”'" In fact, this reaction provides the most
plausible explanation, as it can impart extremely low 8N
and anomalously high 60 to NO, ™ '® ! which is fully
consistent with the signals we observed.

Interestingly, these anomalous isotopic signals in NO,”
show spatial variations in East (Weddell Sea, Cosmonaut
Sea, and Prydz Bay) and West Antarctica (Amundsen Sea),
with larger anomalies in the former (Figure la, 1d). Similarly,
the "N and §'*0 of NO;~ and NO;~ + NO,™ are significantly
different in the surface waters of West and East Antarctica
(Figurel). In East Antarctic surface waters, the §"*N of NO;~
is higher than that of NO;~ + NO,~, and the difference in 6'*0
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between the two is most significant, which is consistent with
the large anomalies of 5'°N and §'*0 in NO, ™ observed in East
Antarctica (Figurel).

With increasing depth, the 6Ny, value gradually increased
to —3.4 + 0.5%o, while the §"* Oy, decreased to 9.6 + 0.6%o
(Figure 2c, 2d). These values are distinctly different from those
at the surface and fall within the range indicative of the
canonical N cycle,”'” suggesting that surface anomalies have
not persisted (Figure 2¢, 2d). This gradual disappearance of
NO,™ isotope anomalies with depth is consistent across both
East and the West Antarctic waters, with no discernible
differences (Figure 2c, 2d). Similarly, the §'°N and §'°0
differences between NO;~ and NO;~ + NO,™ also decrease
with depth (Figure 2e, 2f), consistent with the disappearance
of NO,~ isotopic anomalies at greater depths (Figure 2c, 2d).
The isotope profile observed implies a transition from a state
of strong enzymatic NO;~ - NO,™ isotopic exchange at the
surface to one dominated by canonical N cycle processes.

3.2, Isotope Systematics. To understand the N and O
isotope systematics in the enzymatic NO;~ - NO,™ isotopic
exchange, we estimate the equilibrium N and O isotope effects
(ISEeq, No2-no3 = [(PN/"N)yoo/ (PN/MN)yos 1] x
1000%0) and lggeq, NO2-NO3 = [(180/160)N02/ (180/160)N03
— 1] X 1000%0) based on a reported approach that assumes
isotopic exchange between surface NO;~ and NO,™ is in
equilibrium.” The estimated 158% No2-No3 and 188% NO2-NO3
values for the Amundsen Sea, Weddell Sea, Cosmonaut Sea,
and Prydz Bay are —43.8 + 4.6%o0 and 36.6 + 3.9%0, —67.0 +
1.7%0 and 49.5 + 2.5%0, —73.2 + 5.1%0 and 60.8 + 2.8%o,
—68.8 + 10.4%0 and 53.8 + 1.5%o, respectively. The average
values of 158% No2-No3 and 188% NO2-No3 In Antarctic waters are
—632 + 132%o0 and 50.2 + 10.2%o, respectively. The
estimation of 1585% No2-No3 is very close to the theoretical
value derived from the molecular vibration frequencies of '*N-

https://doi.org/10.1021/acs.est.5c02246
Environ. Sci. Technol. 2025, 59, 6074—6084


https://pubs.acs.org/doi/10.1021/acs.est.5c02246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c02246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c02246?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.est.5c02246?fig=fig3&ref=pdf
pubs.acs.org/est?ref=pdf
https://doi.org/10.1021/acs.est.5c02246?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

Environmental Science & Technology

pubs.acs.org/est

80
~
é 60 F
40 |
20 =
Se@B
20 | @) :
_40 _: O------------------------------------------@-‘
-60 F
-80 | (a)
_100 1 1 1 1 1 1
-5 0 5 10 15 20 25 30
Temperature (°C)
70.0
@
400} WASW R?=0.54 0"
~ ~
N P<0.01 & 600t
S 500 s
~ o
a =)
S ool e Z 500}
4 ) 3
S z
s T O@ § 200 @
& EASW o e ww ’ @
© 800 8 R?=0.04 = R?=10.14
P (b) 300} . ’ . . P=0.09
T Ts Slo o5 00 05 10 20 -15 10 05 00 05 10
Temperature (°C) Temperature (°C)

Figure 4. Effect of temperature on N and O isotopic exchange in the NO; - NO, system in Antarctic waters. Panel a illustrated the
relationship between 6"*Nyq, and 5'%0y, with temperature in the mixed layer of the global oceans. The purple box indicates the temperature
range where NO,™ isotopes exhibit abnormal behavior (from —1.8 to 3.8 °C). The black box represents the variation range of §"*Nyo, and §'* Oy,

as defined by the canonical nitrogen cycle.”"

Data for Antarctic and Arctic waters are sourced from this study and our previous reseach,”” while

data for mid- and low-latitude waters are from other rep01rts.4'5’17’18’57’59_61 Panel b shows 158% No2-N03 against temperature for East and West

Antarctic waters, and panel ¢ shows '

Antarctic surface waters, respectively.

€. NO2-NO3 3gainst temperature for the same regions. WASW and EASW denote East Antarctic and West

and "*N-bearing NO;~ and NO,™ at 0 °C ("¢, nornos =
—63.6 + 4.9%0),'’ supporting the reliability of our
calculations. According to our estimations, the value of the
188% No2-No3 1s smaller than the lsgeq,NOZ-NOS) which is
attributed to differences in the way N and O isotopes are
exchanged (Figure 3). Unlike the isotopic exchange of N,
which is limited to NO;~ and NO,”,”'" the exchange of O
atoms also occurs simultaneously with ambient H,O
molecules, incorporating 18O-depleted atoms. This results in
the estimated 188% NO2-No3 being an “apparent” isotope effect,
with its magnitude being less than ]585% No2-No3- Note that the
estimated 158% NO2-No3 IS negative, while the 1885% NO2-NO3 1S
positive, indicating that the enzymatic NO;™ - NO,™ isotopic
exchange reaction will modify the §"°N and 6'*0 of NO;™ or
NO,™ in opposite directions (Figure 3).” This behavior is
distinctly different from the isotope effects typically observed
in canonical N cycle processes, which generally exhibit
consistent directional trends.*” For example, during the
oxidation of NO,”, N and O isotope effects lead to a
simultaneous reduction in the isotopic values of §"*Nyo, and
500y " Similarly, during the reduction of NO;~, N and
O isotope effects result in a simultaneous increase in the
isotopic values of residual NO;~.'®'"” This contrast under-
scores the distinctive nature of enzymatic isotope exchange in
altering the isotopic composition of NO,” and NO;7,
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distinguishing it from other N cycle processes.”” For the
reverse modification of NO,” and NO;~ dual isotopes, this
may relate to the combined effects of N and O isotope effects
occurring during two N transformation processes involved in
enzymatic isotopic exchange reaction.”

The 1585% No2-No3 and 188% No2-No3 In the Weddell Sea,
Cosmonaut Sea, and Prydz Bay in East Antarctica are close to
each other, but they are larger than the values in the
Amundsen Sea in West Antarctica. This spatial heterogeneity
indicates differences in the processes controlling the NO,~
cycle in East and West Antarctic, providing valuable insights
into regional variations in isotope dynamics and serving as
tracers for unraveling the complex interactions of the N cycle.
Considering that the 158% Noz2-No3 and 188% NO2-No3 Obtained in
this study in the Amundsen Sea are similar to previous findings
in the same region,” it indicates a stable expression of
enzymatic NO;™ - NO,™ isotopic exchange reaction in specific
ocean regions.

4. DISCUSSION

4.1. Environmental Controls on Enzymatic NO;™ -
NO,™ Isotopic Exchange. Our combined measurements of
NO;~ and NO,” isotopes reveal the presence of enzymatic
isotopic exchange reaction in both East and West Antarctica,
albeit with spatial variability. Despite the significance of this
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intriguing and complex N cycle process, the environmental
regulation of this bidirectional exchange remains un-
clear.”'97'* Some studies suggest that the reversible
expression of NXR prefers low pH” and reducing environ-
ments,">~'° but this is inconsistent with the environmental
characteristics of the upper waters in East and West Antarctica.
Therefore, understanding which environmental factors regulate
the expression of NXR reversibility in East and West Antarctic
surface waters is essential.

Previous studies in the Southern Ocean have identified light
as a possible environmental factor mediating the enzymatic
NO;~ - NO,™ isotopic exchange.”'”"" When the mixed layer
deepens seasonally, NOB that was originally active in the
deeper layers is transported to the mixed layer, where it is
inhibited by light, thereby stimulating the NXR-catalyzed
NO;~ - NO, isotopic exchange reaction.'’ A later study
suggested that short-term changes in mixed layer depth may be
more effective in transporting nitrifiers from deeper layers."'
Additionally, as sea ice melts, nitrifiers that originally lived in
the sea ice and adapted to low-light environment are
introduced into the ambient water and exposed to stronger
light, stimulating the reversible expression of NXR and
facilitating enzymatic NO;~ - NO,™ isotopic exchange.'' The
relationship between NO,™ isotope anomalies and light also
indicated that a high- hght environment may be more
conducive to this reaction.” If light is indeed the key
environmental factor, it would be expected that stronger or
weaker expressions of this reaction would be observed in
mixed-layer waters throughout the world’s oceans, where
photoinhibition of nitrifying organisms is present.”' >
However, we have not observed the presence of enzymatic
NO;™ - NO,™ isotopic exchange in surface waters or mixed
layers at mid- and low-latitudes (see below), suggesting that
light may not be the key environmental regulator of this
reaction.

Although our findings suggest a potential link between DO
and NO,~ isotope anomalies, such as more pronounced NO,~
isotope anomalies at high DO and similar spatial variations in
isotopic anomalies and DO (Figures 1, S2 and S3), this
contradicts the idea that NXR may favor DO-limited
conditions to exhibit its reversibility'*~" and thus stimulate
an enzymatic isotopic exchange reaction.'” This implies that
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the role of DO in enzymatic isotopic exchange reaction may
need to be seriously considered in ODZs.'” Therefore, the
operation of enzymatic isotopic exchange reaction in the upper
Southern Ocean must be regulated by other key factors.
However, no significant relationships were observed between
158% NO2-NO3 O 188% No2-No3 and nutrients, salinity and
chlorophyll a (Figures S2 and S3).

Temperature may be a crucial environmental variable
regulating the enzymatic NO;~ - NO,~ isotopic exchange.
The relationship between dual isotopes in NO,” and
temperature in various oceanic regions shows that isotopic
anomalies only occur in low-temperature environments (—1.8
to 3.8 °C), reflecting the connection between temperature and
enzymatic isotopic exchange (Figure 4a). Additionally, the
relationship between ', nosnos (or *&, nosnos) and
temperature in different sectors of the Southern Ocean further
illustrates that, within the low-temperature range, the
enzymatic NO;~ - NO,™ isotopic exchange reaction may be
enhanced with increasing temperature (Figure 4b, 4c). Further
analysis of the theoretically calculated 158% Noznos . and the
158% No2-No3 We obtained in the Southern Ocean shows that
e,
higher temperature scenarios (Figure 5), consistent with the
mid- and low-latitude ocean temperature ranges where no
isotopic anomalies are observed (Figure 4a). The relationship
between 1586% No2-No3 and temperature changes at higher and
lower temperatures, indicating a tipping point for the
enzymatic NO;-NO," isotopic exchange (FigureS). Accord-
ing to the fitting equation: ¢, no2.no3 = —69.14 - ¢ %% +
0.6858 - ¢ (t: measured temperature) (Flgure S), we
estimate the temperature threshold for this reaction to be
approximately 0.44 °C. While this value serves as a useful
reference point for understanding this reaction, it should be

no2-no3 decreases with increasing temperature under

interpreted with caution due to inherent uncertainties
stemming from the limitations of the data set and the
assumptions employed in the estimation. Nevertheless, our
analysis suggests that the actual threshold likely falls within a
similar range, providing meaningful insights into the temper-
ature dependence of the enzymatic isotopic exchange reaction.

Due to the more complex O isotopic systematics compared
to N, no 188% No2-No3 Values have been reported at different
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temperatures, especially at high temperatures. As shown in
1586% No2-No3 above, there is a temperature threshold for
enzymatic NO;~ - NO,™ isotopic exchange. Therefore, it is
reasonable to expect that 188% No2-No3 may decrease with
increasing temperature in high-temperature environments.
This seems plausible. The O isotope exchange between
NO,” and H,0 is a purely thermodynamic equilibrium
process, and its 188% No2-m20 only depends on abiotic factors
such as temperature and pH." Therefore, the trend of
188% NO2-H20 1s easier to predict than that of 188% NO2-NO3 1D
the enzymatic NO;™- NO,™ isotopic exchange reaction. In fact,
according to the fitting equation given by Buchwald and
Casciotti (2013), '*¢,, nos-r0 Will decrease at higher temper-
atures at fixed pH." Figure 4a and 4b show that due to the
interference of 1886% No2-H20, the change of 188% NO2-NO3 1S
smaller than that of 158% No2-No3- However, since the
temperature rises only in a narrow range (Figure 4c), the
decrease in 188% No2-H20 18 small and thus has a limited impact
on 188% Noz2-No3- If the temperature rises significantly, the O
isotope exchange between NO,~ and H,O will become more
pronounced,” thereby amplifying its impact on the §'*Oyq,
produced by the enzymatic NO;™-NO,™ isotopic exchange.
This may result in a decrease in the §'*0y, since 188% NO2-NO3
is much larger than 188% NO2-H200 and 188% Noz2-H20 further
decreases at higher temperatures.” Consequently, the esti-
mated apparent 1882,1/ Noz2-No3 could be expected to decrease.
This aligns with the established relationship between
158% No2-no3 and temperature (Figure S), providing further
validation that the expression of enzymatic NO;~ - NO,~
isotopic exchange shifts in response to temperature changes.
To provide a feasible explanation for the observed tipping
point in the expression intensity of the enzymatic isotopic
exchange reaction, we propose a framework based on the
isotopic behavior of sulfur and O in intracellular sulfate.'>>’
This framework suggests that the reversibility of metabolic
pathways regulates the net isotopic fractionation (**¢,,,), which
reflects the combined influence of the kinetic isotope effect
(**ewn) and the isotopic equilibrium between reactants and
products as dictated by thermodynamics (**e,y). The relation-
ship can be described by the following equation:>
34enet = (348eq - 34gkin) Xf+ 348kin (l)
where the f represents the ratio of the forward to the reverse
reaction in a reversible process. This ratio indicates the degree
of reversibility of the reaction, ranging from 0 (indicating an
irreversible transformation) to 1 (representing equilibrium
between reactants and products, i.e., complete reversibility).>’
When the net reaction rate of an enzyme-catalyzed reaction is
limited (as f approaches 1), the net isotope effect in the
enzymatic reaction will approximate the 34eeq. Conversely,
when the net reaction is unrestricted (as f approaches 0), it
tends to reflect the 3*,.>> The known reversibility of NXR
implies that its reversible activity may generate isotopic
dynamics analogous to the sulfur and O isotopic fractionation
observed in intracellular sulfate-related processes.'”>> Accord-
ingly, the estimated 1586% Noz2-No3 aligns closely with the
theoretical 158% no2-no3 at 0 °C (Figure S), indicating that
the enzymatic isotopic exchange reaction is nearly fully
reversible (f approaches 1). However, as the temperature
decreases further, the estimated 158% NO2-No3 begins to deviate
(Figure S). Instead of increasing in magnitude as predicted by
theoretical calculations,'’ it starts to decline, resulting in a
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tipping point (Figure S). This characteristic is likely related to
changes in the relative expression of intrinsic kinetic isotope
effects and the isotopic equilibrium between reactants and
products governed by thermodynamics (i.e., deviations of f
from 1).>° At this stage, the net isotope effect tends toward the
kinetic isotope effect. However, since the magnitude of the
kinetic isotope effect (for instance, the kinetic N isotope effect
during NO,™ oxidation is —12.8%o) '318 is smaller than that of
the lsseq’ No2.nos (—69.2%0 - —51.4%0),'° the overall
magnitude of the net isotope effect is expected to decrease.
Therefore, the occurrence of the tipping point is closely
associated with changes in f. According to the flux—force
relationship, f can be associated with the thermodynamic forces
of chemical transformations:>”

f= eAGr/RT ( 2)
where R represents the gas constant, T denotes the
temperature at which the chemical transformation occurs,
and AG, indicates the actual free energy change associated
with the specific chemical transformation.”” It can be observed
that the variation of f is related to temperature, suggesting that
the occurrence of the tipping point may be temperature-
dependent. Furthermore, the isotope effect of enzyme-
catalyzed reactions may represent a nonlinear polynomial
function of the overall enzymatic reaction rate, with the
polynomial coeflicients corresponding to the number of steps
within the metabolic pathway.”> This implies that the
complexity of the metabolic process is reflected in the
mathematical representation of reaction rates. From a
microbial perspective, enzymatic reactions are inherently
temperature-sensitive, with activity typically exhibiting a linear
response within specific temperature ranges.‘6_5 However,
deviations from linearity occur beyond these ranges due to
thermal stress or enzymatic instabili_téy, indicating the presence
of a critical temperature threshold.”°~>" This threshold likely
represents a tipping point in microbial physiology, charac-
terized by significant changes in metabolic efficiency or
enzymatic performance, thereby highlighting the intricate
interplay between temperature and microbial activity.”®™>’
These observations suggest that temperature not only
modulates enzymatic reaction dynamics but also potentially
governs the metabolic adaptability of microbes under varying
thermal conditions. Nevertheless, further investigation is
required to understand the mechanistic underpinnings of this
temperature-dependent behavior, particularly in the context of
complex enzyme-catalyzed pathways.

Collectively, the expression of enzymatic NO;~ - NO,~
isotopic exchange reaction may be regulated by temperature,
with a tipping point in intensity occurring at a specific
threshold. Identifying this tipping point holds significant
implications for future studies of the N cycle in the Southern
Ocean, as it is likely to be reached under ongoing
warming.®’~°® We hypothesize that this reaction may intensify
in the near future under scenarios of moderate global
warming,*® with changes in West Antarctic waters likely to
be faster than in East Antarctic waters due to faster warming
rates in the former.”’ %

4.2, An evaluation of NO;™ - NO,™ isotopic exchange
in global upper oceans. The question of whether enzymatic
NO;™ - NO,™ isotopic exchange is ubiquitous in the global
upper ocean remains unanswered. Considering that §'*Nyq,
and 5'®Oyp, can better capture the signal of this reaction, we
collected and compared isotope data of NO,™ reported in the
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global ocean to provide an initial evaluation of this issue
(Figure 6). 24892240748 Except for the primary NO,~
maximum layer, NO,™ concentrations in other oceanic mixed
layers are generally low.”**”*"#>%7% Therefore, the NO,~
isotope data were generally obtained at the primary NO,~
maximum.”**”***~* Qur data from various regions of the
Southern Ocean indicate that §'*Nygo, and 60y, are still
influenced by enzymatic isotope exchange reaction at depths of
up to S0 m (Figure 2c and d). This influence may extend to
depths of up to 100 m, as suggested by previous studies.” This
suggests that if similar conditions exist in other ocean regions,
the isotopic composition of NO,” at depths of 0—100 m
should capture the signal of enzymatic isotopic exchange.
However, the range of reported values of §"*Nyo, (—38%o to
0%0) and 5'*0y 0, (3.3%o to 23.9%o) in other oceanic regions
can be explained by canonical N cycle processes and their
isotope effects.”**?*>**~* Thys, we only observe anomalies
in " Nyo, and §"® Oy, in the upper waters of the Antarctic,
highlighting the uniqueness of the Southern Ocean (Figure 6).

The low-temperature characteristic of the Southern Ocean is
significantly distinct from the relatively higher temperatures in
mid- and low-latitude oceans (Figure S2). This temperature
disparity could account for the weaker or absent enzymatic
isotopic exchange in mid- and low-latitude regions, as lower
temperatures are likely more conducive to promoting this
reaction (Figures 4 and S). It is important to highlight that, in
tropical ODZs, the temperature dependence of the enzymatic
isotopic exchange requires careful consideration, as the
reversible expression of NXR tends to favor reductive
environments.”~"> This suggests that oxygen limitation may
also play a significant role in the enzymatic isotopic exchange
reaction within these ODZs.'> Therefore, a thorough
examination of the mechanisms of this reaction under varying
environmental conditions is crucial to further understanding its
driving factors.

For the low-temperature Arctic Ocean, the available data do
not indicate the occurrence of enzymatic NO;~ - NO,~
isotopic exchange reaction (Figure 6). Although Arctic waters
are cooler than mid- and low-latitude oceans, they are still
warmer than our estimated temperature thresholds (0.44 °C),
particularly where data are currently available (3.35 + 1.72
°C).” Theoretically, a signal from enzymatic NO;~ - NO,~
isotope exchange should be present at this temperature, albeit
weakly. In this context, besides environmental factors, the key
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enzyme NXR, which drives the isotopic exchange, must be
considered. NXR is a membrane-associated enzyme with two
distinct phylogenetic types.”””® One is the cytoplasmic NXR,
found in Nitrobacter, Nitrococcus and Nitrolancetus,”" while the
other type is the periplasmic NXR, found in Nitrospira and
Nitrospina.””~”> Both types of NXR belong to the complex
iron—sulfur-molybdenum enzyme family (CISM)">7* and
consist of three subunits: NxrA (a), NxrB (), and NxrC
(y)."*” The cytoplasmic NXR is associated with cytosolic
nitrate reductase (NAR),*”’° whereas the periplasmic NXR is
more closely related to type II enzymes of the dimethyl
sulfoxide (DMSO) reductase family.”””>”* The periplasmic
NXR oxidizes - NO,™ to - NO;™ in the periplasmic space while
hydrolyzing water molecules, generating a proton-driven
potential that provides energy to the respiratory chain through
ATP and NADH production. In contrast, the cytoplasmic
NXR relies on an electron transport protein to first transport
NO,™ into the cell, where it is then oxidized to produce ATP
and NADH for cellular metabolism.”” NOBs with cytoplasmic
NXR require energy to transport NO,” and NO;™ across the
cytoplasmic membrane, potentially creating a physiological
bottleneck®” and making them more sensitive to environmental
inhibition. The fact that NXR functions differently depending
on its location suggests it may also regulate the enzymatic
NO;™ - NO,™ isotopic exchange reaction. Therefore, if such a
reaction is present, the NOB species would likely belong to
Nitrobacter, Nitrococcus, and Nitrosococcus. Nitrococcus, the
dominant NOB species in the marine environment,”” has been
shown to drive enzymatic isotopic exchange reaction at room
temperature rather than at specific low temperatures.'> This
implies that differences in NXR function due to varying NOB
species may be a factor in the Arctic Ocean, where enzymatic
isotopic exchange reaction has not yet been observed despite
the relatively low temperatures.” In light of this, we propose
that future studies leveraging microbial genomics and
ecological analyses should be conducted for further validation.

5. IMPLICATIONS

Our study employs dual isotopes of NO;~ and NO,” to
investigate the enzymatic NO; - NO,™ isotopic exchange
reaction in the Southern Ocean and the global ocean. We
identify the regulatory role of temperature in this enzymatic
isotopic exchange reaction, which complements previous
understanding that primarily focused on light as the sole
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controlling factor in the mechanism of this reaction. Building
on this, we predict future patterns of enzymatic isotopic
exchange reaction in the Southern Ocean, which have
significant implications for the N cycle and its coupling with
the carbon cycle in the Southern Ocean. Furthermore, we
provide a characterization of the enzymatic isotope exchange
reaction in the global ocean, suggesting a fundamental role for
the NXR in this process.

The enzymatic NO;~ - NO,™ isotopic exchange reaction
represents a complex process that involves NOBs, which are
increasingly recognized as critical yet remain poorly under-
stood in marine environments. Future research should
emphasize these bacteria and their key enzymes to develop a
more comprehensive understanding of the enzymatic isotopic
exchange reaction and its environmental drivers.
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