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The light-driven reduction of dinitrogen (N3) to ammonia (NH3) catalyzed by a cadmium sulfide (CdS) nano-
crystal-nitrogenase MoFe protein biohybrid is dependent on a range of different factors, including an appropriate
hole-scavenging sacrificial electron donor (SED). Here, the impact of different SEDs on the overall rate of Ny
reduction catalyzed by a CdS quantum dot (QD)-MoFe protein system was determined. The selection of SED was
guided by several goals: (i) molecules with standard reduction potentials sufficient to reduce the oxidized CdS
QD, (ii) molecules that do not absorb the excitation wavelength of the CdS QD, and (iii) molecules that could be
readily reduced by sustainable processes. Earlier studies utilized buffer molecules or ascorbic acid as the SED.
The effectiveness of ascorbic acid as SED was compared to dithionite (DT), triethanolamine (TEOA), and hy-
droquinone (HQ) across a range of concentrations in supporting N» reduction to NH3 in a CdS QD-MoFe protein
photocatalytic system. It was found that TEOA supported N, reduction rates comparable to those observed for
dithionite and ascorbic acid. HQ was found to support significantly higher rates of N reduction compared to the
other SEDs at a concentration of 50 mM. A comparison of the rates of Ny reduction by the biohybrid complex to
the standard reduction potential (E°) of the SEDs reveals that E° is not the only factor impacting the efficiency of
hole-scavenging. These findings reveal the importance of the SED properties for improving the efficiency of hole-
scavenging in the light-driven N5 reduction reaction catalyzed by a CdS QD-MoFe protein hybrid.

1. Introduction

The enzyme nitrogenase catalyzes all biological reduction of dini-
trogen (N2) to ammonia (NHgs), the largest contributor of fixed nitrogen
into the biosphere [1,2]. Nitrogenase, found widely across the bacterial
and archaeal domains of life, is known to exist in three isoforms [3-5],
with the Mo-dependent isoform being the most widely distributed, best
studied, and paradigm for the group [3,4,6-10]. The Mo-nitrogenase is
composed of two component proteins, called the MoFe protein and Fe
protein, that work together to reduce Ny (Fig. 1). The delivery of each
electron from the Fe protein to the MoFe protein is coupled to the hy-
drolysis of at least 2 ATP molecules to 2 ADP + 2 Pi molecules [11-13].
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This requirement for ATP hydrolysis represents a significant energy
demand, limiting utilization of nitrogenase for generation of fixed ni-
trogen [14]. Efforts in recent years have been directed at delivering
electrons to the MoFe protein without the need for the Fe protein and
ATP hydrolysis [9,15-17]. Earlier studies with a MoFe protein with
amino acid substitutions showed reduction of hydrazine to ammonia
using Eu(Il)-ligand complexes as reductant [16,17]. More recently,
studies with wild-type MoFe protein have shown that it is possible to
connect the MoFe protein to an electrode as the source of electronsto
drive Ny reduction to NHs, although as yet the rates of N5 reduction are
very low [18]. It has also been demonstrated that photo-driven electron
transfer within a cadmium sulfide (CdS) nanocrystal (NC) as either
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Fig. 1. Cartoon depiction of electron delivery to the MoFe protein of nitroge-
nase from either the Fe protein component of nitrogenase or from photoexcited
CdS quantum dots (CdS QD), with electrons provided by a sacrificial electron
donor (SED). CdS QD can reduce both the P cluster and FeMo-co, with transfer
from the P cluster to FeMo-co unknown in this system.

nanorod (NR)- or quantum dot (QD)-MoFe protein biohybrid complexes
can achieve significant rates of Ny reduction, thereby allowing the use of
renewable solar energy to drive the reaction and eliminating the need
for ATP hydrolysis [19,20]. In these complexes, absorption of light by
the CdS nanocrystal excites an electron from the valence band to the
conduction band, creating a strong reductant that can transfer an elec-
tron to a bound MoFe protein (Fig. 1) [21]. The transfer of an electron
results in an oxidized CdS QD, leaving behind a positively charged hole
in the valence band that must be scavenged by an electron-donating
small molecule (sacrificial electron donor (SED)), to regenerate the
resting state CdS QD [22-24]. Among the many factors that are essential
to the achieving N, reduction in a photo-driven biohybrid, the rate of
hole-scavenging by SED is an important one. The earlier work demon-
strating that a productive complex between CdS QD and nitrogenase
MoFe protein can be formed [25] allows investigation of the key pa-
rameters in this complex biohybrid, including the impact of different
hole-scavenger electron donors.

In the initial studies of CdS-MoFe protein biohybrids, the SED was
the buffer HEPES or ascorbic acid (AA) [19,20,26,27]. These two SEDs
have limitations, including HEPES being expensive and formation of
oxidized AA radicals that disproportionate to limit recycling with the
possible formation of damaging side reactions [28]. Additionally, both
SEDs are used in high concentrations, resulting in high ionic strengths in
solution, which can alter the colloidal stability of the electrostatically-
stabilized nanocrystal-enzyme complexes. Herein, the role of different
SED molecules on the overall rate of light-driven Ny reduction in a CdS
QD-MoFe protein biohybrid was examined. It is shown that different
SED can have an impact on the overall rate of N, reduction catalyzed by
this system, demonstrating that optimization of the hole-scavenging
reaction can improve the matching of oxidation and reduction reac-
tion kinetics to improve the overall conversion efficiencies.

2. Results and discussion

The selection of possible SED molecules that could support Ny
reduction by a CdS QD-MoFe protein complex was first guided by small
molecules with sufficiently negative standard reduction potentials to
provide a thermodynamically favorable electron transfer to the valence
band of CdS QD (~ + 2 V vs NHE) [26,29]. Second, the SED should not
absorb light at the wavelength maximum used to excite the CdS QD
(405 nm excitation) due to competition for the same incident photons
that would limit efficient excitation of CdS QD and subsequent pro-
ductive electron transfer to MoFe protein. Third, the oxidized SED
should be readily reduced by a sustainable chemistry, such as electro-
chemically. Finally, the SED should be soluble in aqueous solutions
employed for QD-MoFe protein reactions. These constraints eliminated
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many of the most commonly used small molecule, electron mediators
employed with redox active proteins, such as the one-electron reduced
viologen derivatives [30], which absorb in the visible wavelength region
used to excite the CdS QD and also can be further reduced by the excited
CdS QD.

Prior studies on the reactivity of the CdS QD-MoFe protein system
have utilized buffer molecules (e.g., HEPES) and ascorbic acid (AA) as
SEDs [19,20]. These molecules meet most of the criteria presented
above. However, neither of these are readily re-reduced by sustainable
processes such as reduction at an electrode. Here, three candidates were
selected for comparison to the aforementioned SED molecules to func-
tion as hole scavengers in a CdS QD-MoFe protein catalyzed N reduc-
tion reaction. In these studies, CdS QDs of 3.4 nm diameter with 3-
mercaptopropionate (MPA) as the ligand (Fig. S1) was utilized as
these nanocrystals have been demonstrated to be effective in delivering
electrons to the MoFe protein to support N, reduction [20,21,31,32].
Dithionite (DT) is a commonly used reductant [33]. Triethanolamine
(TEOA) has been utilized as an SED for other photo-driven redox systems
[22,34]. Likewise, hydroquinone (HQ) is representative of a large family
of compounds that have desirable properties for use as a SED, including
accessible reduction by electrodes [22,35-38].

Initially, the ability of DT, TEOA, and HQ to support Ny reduction
activity by a CdS QD-MoFe protein complex were compared to AA at a
fixed time (60 min) and a single SED concentration (50 mM). As can be
seen in Fig. 2, 50 mM DT, AA, and TEOA all supported significantly
higher rates of Ny reduction by the complex compared to 5 mM DT.
Furthermore, 50 mM HQ supported a significantly higher N reduction
activity (~50% increase) compared to the other SEDs that were tested.
These findings reveal that use of AA as a SED does not result in optimal
rates of Ny reduction catalyzed by this biohybrid system and point to HQ
as a better choice as an SED.

Next, the dependence of the rates of Ny reduction by the biohybrid
system on the concentration of the different SED was examined (Fig. 3).

Dithionite shows an initial increase in rate followed by a decrease in
rate across the concentration range, with a maximum rate observed at
50 mM and a significant decrease in the rate at higher concentrations
(100 mM). This decrease in activity is expected to result from the in-
crease in solution ionic strength, which is known to interfere with the
formation of the CdS-MoFe protein complex [21]. Ascorbic acid and
TEOA show a steady increase in Ny reduction across the concentration
range up to 100 mM, consistent with previous studies [26]. HQ
demonstrated an increase in N; reduction rate up to 50 mM followed by
a decrease in rate. The maximum rate supported by HQ at 50 mM, ~180
nmol NHz/nmol MoFe protein/h, was 1.5-fold higher than that observed
for DT at 50 mM, and comparable to the rates observed for TEOA and AA
at 100 mM. Taken together, these results demonstrate that in earlier
studies, use of AA as the SED led to limiting hole scavenging reaction
kinetics and lower overall Ny reduction rates. The overall rates of Ny
reduction can be significantly enhanced by using optimal concentrations
of a non-ionic SED that minimize electrostatic effects that have been
shown to inhibit binding to the negatively charged surface of the MPA-
capped QD [25]. Further, it is clear that the new SEDs examined here,
DT, TEOA, and HQ, can function as effective hole scavengers, with HQ
being particularly interesting since it supports the highest rates of Ny
reduction by the complex at the modest concentration of 50 mM.
Further, a large family of HQ derivatives are readily available and are
reducible via electrochemical methods [35-38].

The reduction of Ny to NHj in these studies was quantified by
analysis of NH3 using a fluorescence assay with reference to a NH4Cl
standard curve [39], which was further confirmed using an 15NH3/1H
NMR assay [20]. In this assay, 15N2 is used as the substrate and the
product >NH; was quantified using 'H NMR, as previously described
[40]. As shown in Figs. S2-S5, the quantification of NH3 by both the
fluorescence and NMR detection methods were very similar, confirming
that the fluorescence detection method used in these studies is accu-
rately measuring N5 reduction.
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Fig. 2. Electron donor structures shown (panel A). Ammonia production by CdS QD-MoFe protein in the presence of various electron donors (panel B). Samples were
prepared by mixing 50 mM MOPS pH 7.0, 5 mM sodium dithionite, 0.5 pM CdS QD-MoFe protein and the specified electron donor at 50 mM. Assays were run by

illuminating for 1 h at a wavelength of 405 nm and an output power of 30 mW.
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Fig. 3. Product formation by CdS QD-MoFe protein as a function of SED concentration. Assays were performed in 50 mM MOPS pH 7.0 with 5 mM sodium dithionite
(with the exception of dithionite as the only electron donor, where dithionite concentration is represented on the x-axis) and illuminated for 1 h at a wavelength of
405 nm and an output power of 30 mW. Electron donors tested were dithionite (panel A), ascorbic acid (panel B), triethanolamine (panel C), and hydroquinone

(panel D).

It was of interest to establish the progress of N, reduction catalyzed
by the CdS QD-MoFe protein complex across the time of reaction. This
was established for 50 mM HQ. As shown in Fig. 4, there was an increase
in NH3 formation over time, although the rate of NH3 formation de-
creases with time of reaction. The decrease in the rate of N5 reduction is
obvious when the specific activity (nmol NH3/min/nmol MoFe protein)
is plotted against the time of the reaction (Fig. 4, panel B). The non-
linearity of these data suggests some important observations. First, the
specific activity observed for the CdS QD-MoFe protein system at a 60
min time point greatly underestimates the initial specific activity of
these systems. The initial specificity activity observed with HQ as SED at
the earliest time is 6.5 nmol NH3/min/nmol MoFe protein. That is about
4% of the maximum specific activity for N, reduction catalyzed by the Fe
protein(2MgATP) — MoFe protein system of ~150 nmol NH3/min/nmol

MoFe protein [12]. At 60 min, the specific activity is down to 2.9 nmol
NH3/min/nmol MoFe protein. The results shown in Fig. 4 illustrate that
the CdS QD-MoFe protein system loses activity over time, suggesting
instability in one or more of the components under light-driven turnover
conditions. This observed loss of activity could be a result of damage to
the MoFe protein caused by CdS or SED radicals that are generated
during light activated electron transfer reactions. Loss of activity in a
CdS - hydrogenase complex was ascribed to inactivation of the hy-
drogenase [26]. Understanding the contributors to this instability
should provide further insights into ways to stabilize the system to
enable longer term sustained rates of Ny reduction.

The effectiveness of the different SEDs examined in this study in
functioning as hole scavengers for photoexcited QDs can be considered
in the context of the standard reduction potentials of the SED [22,33].
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Fig. 4. Product formation (panel A) and specific activity (panel B) of CdS QD-MoFe protein as a function of time. Samples were prepared by mixing 50 mM MOPS pH
7.0, 5 mM sodium dithionite, 0.5 pM CdS QD-MoFe protein and 50 mM hydroquinone. Assays were run by illuminating for 1 h at a wavelength of 405 nm and an

output power of 30 mW.

These are plotted, along with the approximate band edge potentials of
the 3.4 nm CdS QD, in Fig. 5. As can be seen, all the SEDs examined here
have E° values significantly more negative than the valence band of the
CdS QD, and thus all of these SEDs have sufficient driving force for
thermodynamically favorable hole-scavenging. Therefore, it is apparent
that the small differences in the hole-scavenging ability of SEDs exam-
ined here to support N reduction by the CdS QD-MoFe protein complex
shown in Fig. 3 are not simply a result of the E® values. This lack of a
simple potential dependence illustrates some of the complexities of the
nanocrystal-enzyme systems. In addition to having different rate con-
stants for hole scavenging, different SEDs may have different chemical
interactions with the nanocrystals, which will impact the overall rate of
the bimolecular hole-scavenging reaction at the same SED concentra-
tion, and the impact on the ionic strength of the solution has been shown
to impact the nanocrystal-enzyme binding, which is electrostatic in
nature [25]. Nonetheless, it is interesting to note that despite different
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Fig. 5. Kinetic model for electron movement through the CdS QD-MoFe protein
complex shown above, with reduction potentials of the conduction band and
valence band of the CdS nanoparticle and the midpoint potentials of the
sacrificial electron donors shown below. (The potential of dithionite is depen-
dent on pH and concentration).

chemical structures of the SEDs examined here, all support significant
rates of hole scavenging, illustrating that a wide range of SEDs can work
for this system. Having the ability to use a range of SEDs allows for se-
lection of molecules that have other desirable features, such as rapid
reduction at an electrode surface.

The finding here that the choice and concentration of SED can
significantly alter the overall rate of N, reduction by the CdS QD-MoFe
protein complex reveals that the rate of hole scavenging can be limiting
to the overall rate of the reaction [41-44]. This observation can be
considered in the context of the different rates for the important electron
transfer reactions in this system (Fig. 5, panel A). The rate of electron
transfer (rg7) from the photo-excited CdS QD to MoFe protein plays a
critical role in achieving the N reduction reaction. High electron flux
from CdS QD to MoFe protein complexes is critical to driving Ng
reduction, due to the flux-dependence of product formation by MoFe
protein. The flux of electrons to a bound MoFe protein depends on the
rate of excitation (r7) of electrons into the CdS conduction band (CB),
which is proportional to photon flux, and the probability that the elec-
tron is injected (i.e., injection efficiency). In turn, electron transfer
competes with the recombination between electrons in the CB and holes
in the VB (ry), and removal of the photoexcited hole favors electron
transfer to MoFe protein [21]. More effective hole scavengers should
increase the lifetime of the electrons in the CB, and thus increase the
quantum efficiency of electron transfer from the CdS QD to the MoFe
protein, in turn increasing the rates of N reduction. Additionally, hole
removal prior to subsequent excitation maximizes the probability of
generation of the next photoexcited electron (recall that N, reduction is
a many-electron process). Therefore, more efficient SEDs aid N3 reduc-
tion in at least two ways.

As already mentioned above, HQ is a representative of a large family
of electrochemically recyclable quinone compounds [35-38]. The dis-
covery here that HQ can function as effective hole-scavenging SED for a
CdS-MoFe protein complex to support No reduction to NHg illustrates
how N reduction can be coupled to water oxidation with light as the
energy source (Fig. 6). The key missing reaction to realizing such a
system was the discovery of an electron mediator (SED) that can shuttle
electrons from the cathode to the VB of the CdS QD. Here it is shown that
HQ is effective as an SED for the CdS-MoFe protein complex in sup-
porting N5 reduction. Earlier studies have demonstrated that HQqx can
be readily reduced at an electrode [35-38], thus completing the circuit
that would be necessary to allow the reduction of N5 to be linked to
water oxidation using light as the source of energy.

3. Conclusions

The studies presented here reveal that the SED can significantly
impact the rate of hole scavenging reactions, which in turn alters the
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Fig. 6. Concept for coupling N, reduction to NH3 coupled to water oxidation
using light. Panel A shows an electrochemical cell with water oxidation
occurring in the anodic chamber and N, reduction occurring in the cathodic
chamber driven by light (solar cell). Panel B shows an expanded view of the
cathode chamber reaction for integrating electron delivery from the cathode to
the CdS-MoFe protein hybrid via an SED.

overall rates of Ny reduction catalyzed by a light-driven CdS QD — MoFe
protein system. Three newly employed classes of SEDs, DT, TEOA and
HQ, were found to be effective hole scavengers, with some superior
properties compared to the SED utilized in prior studies (AA). At a
concentration of 50 mM, HQ supports a specific activity of N, reduction
that is 50% higher than the rates observed with the other SEDs examined
here. These studies clearly show that the rate of hole scavenging can be
rate limiting to the overall rate of Ny reduction in the CdS QD — MoFe
protein system. It is also clear that the efficacy of the SED is not simply a
function of the E°, but rather other factors are controlling the kinetics of
electron transfer from the SED to the oxidized CdS QD. The impact of
hole-scavenging on the overall rate can be understood by considering
the competing electron transfer pathways, with faster hole scavenging
likely leading to increasing the lifetime of the photo-excited electrons in
the CB of the CdS QD, thereby increasing the quantum efficiency of
electron transfer and flux of electrons from the CdS QD to the MoFe
protein in support of N5 reduction. These findings provide an SED that
can mediate electron transfer between an electrode and the CdS QD.

4. Experimental
4.1. General procedures

All chemicals, unless otherwise noted, were obtained from Sigma-
Aldrich (St. Louis, MO) and used without further purification. Adeno-
sine-5"-triphosphate (ATP, disodium trihydrate, Ultra-Pure) was pur-
chased from Gold Biotechnology (St. Louis, MO). Hydrogen, argon, and
nitrogen gases were purchased from Air Liquide America Specialty Gases
LLC (Plumsteadville, PA). The argon and nitrogen gas were passed
through an activated copper-catalyst to remove dioxygen contamination
prior to use. 15N2 gas (> 99.8 atom% I5N, > 99%) was purchased from
Sigma-Aldrich (St. Louis, MO) and used without further purification.
Proteins and buffers were handled anaerobically in septum-sealed serum
vials under an inert atmosphere (argon or dinitrogen), on a Schlenk
vacuum line, or anaerobic glove box (Teledyne Analytical Instruments,
MO-10-M, Hudson, NH). The transfer of gases and liquids were done
with gastight syringes.

4.2. Nitrogenase expression and protein preparations

Molybdenum nitrogenase MoFe protein and Fe protein were
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expressed in Azotobacter vinelandii strain DJ2102 (Strep-tag MoFe pro-
tein) and DJ884, respectively. The MoFe and Fe protein were purified
according to chromatographic methods described elsewhere [45]. Pu-
rified proteins were concentrated using a Millipore solvent-resistant
stirred cell under an Ar atmosphere with appropriate molecular
weight cutoff filters. Protein purities (>95%) was assessed using SDS-
PAGE with Coomassie Brilliant Blue. Protein concentrations were
determined using the Biuret method.

The proteins’ activity assays were performed in 9 mL crimp-sealed
vials containing 1 mL of 100 mM MOPS at pH 7.0 buffer with an ATP
regeneration system (6.7 mM MgCl,,30 mM phosphocreatine, 5 mM
ATP, 0.2 mg/mL creatine phosphokinase, and 1.2 mg/mL BSA) with 10
mM sodium dithionite under Ar. For the specific activity of MoFe pro-
tein, 0.5 mg/mL Fe protein and 0.1 mg/mL MoFe protein were applied.
For the specific activity of Fe protein, 0.125 mg/mL Fe protein and 0.5
mg/mL MoFe protein were used instead. Reactions were kept at 30 °C
with constant shaking and terminated after 8 min by the addition of 300
pL of 400 mM EDTA (pH 8.0). Hydrogen gas was quantified using
published methods resulting in measured specific activities of ~2000
nmol Hy min~! mg™! protein for both proteins.

4.3. Nanoparticle synthesis

The 3.4 nm CdS QD was synthesized using a previously reported
procedure from Hamachi et al. [46] using the sulfur precursor, O—(4-
Methoxyphenyl)-O’ (p-tolyl) thiocarbonate. The cadmium oleate pre-
cursor was synthesized using a modified previously described procedure
[47,48]. CdO (5 mmol) and acetonitrile (4 mL) were added to a 25 mL
Erlenmeyer flask and stirred at 0 °C in an ice bath. While stirring, tri-
fluoroacetic anhydride (5 mmol) and trifluoroacetic acid (1 mmol) were
added to the CdO mixture. The solution was then removed from the ice
bath and allowed to warm to room temperature overnight. This resulted
in a clear and colorless solution. Then oleic acid (10.05 mmol) and
triethylamine (11.3 mmol) were added to dichloromethane (20 mL) in a
50 mL round bottom flask. The cadmium solution was then added
dropwise to the dichloromethane solution and the mixture was refluxed
for one hour. The reaction was then cooled slowly to room temperature
and the round bottom flask was placed in the freezer overnight to
crystallize the product. The product was filtered on a glass frit and
washed three times with cold methanol. After washing, the final product
was collected and vacuum dried yielding a fine white power.

The O-(4-methoxyphenyl)-O' (p-tolyl) thiocarbonate precursor was
synthesized using the previously reported procedure from Hamachi
et al. [46] Briefly, a solution of 4-methoxyphenol in benzene and a so-
lution of O—(p-tolyl) chlorothionoformate in benzene were prepared.
The 4-methoxyphenol solution was added to the O—(p-tolyl) chlor-
othionoformate solution. Then pyridine was added dropwise, with the
solution color changing from yellow to orange. The reaction mixture was
then refluxed for 10 min, and the solution turned a pale-yellow color
with a white crystalline precipitate. The colored benzene solution was
then washed with water, saturated brine, and then dried over sodium
sulfate. The final product was collected by removing the volatiles in
vacuo yielding a white powder. The product was recrystallized using
methanol.

Cadmium oleate (0.244 g), 99% oleic acid (0.226 g), and hexadecane
(20.10 g) were added to a 50 mL three neck round bottom flask. The
mixture was then heated to 90 °C and placed under vacuum for 1 h. The
solution was then placed under argon and heated to 240 °C. Once at
240 °C, the O — (4-methoxyphenyl) — O (p-tolyl) thiocarbonate solution
(0. 0822 g in 1.50 mL diphenyl ether) was injected and the QDs grew for
45 min. The QDs were then precipitated with acetone, centrifuged, and
the supernatant was removed. The QDs were then dissolved in hexanes.
The unreacted cadmium oleate was removed by precipitation with the
addition of acetone in 0.5 mL increments. The solution was then
centrifuged for 1 min to separate the unreacted cadmium oleate from the
supernatant. The supernatant was collected and the QDs were
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precipitated with additional acetone. The solution was centrifuged, and
the supernatant was discarded. The QDs were then washed with
toluene/methanol two additional times. The final oleate capped CdS
QDs were dissolved in 500 pL of anhydrous toluene and stored in the
glovebox before being ligand exchanged.

The 3-mercaptopropionic acid (MPA) ligand exchange follows a
previously reported procedure [26]. In the glovebox, the native-oleate
capped CdS QDs were added into ~1 mL of anhydrous toluene. MPA
(0.136 g) and tetramethylammonium hydroxide (0.300 g) were added to
15.00 g of methanol. The MPA methanol solution (700 pL) was added to
the QDs in toluene. The solution then turned optically transparent,
indicating the native oleate ligands exchanged to MPA. The QDs were
then transferred to a 50 mL centrifuge tube and approximately 1 mL of
methanol was used to rinse out any remaining QDs in the glass vial. The
QDs were then precipitated using anhydrous toluene (~35 mL) and
collected using centrifugation. The QDs were then dried under vacuum
and the final product was then redissolved in Millipore water and stored
under an Ar atmosphere until use.

4.4. Photochemical substrates reduction assays of CdS:MoFe protein
biohybrid system

All photochemical reactions were conducted in septum-sealed
transparent vials with a total volume of 1.5 mL containing 500 pL of
50 mM MOPS buffer at pH 7.0 with different electron donors, the con-
centrations of which are specified in Figure legends. Regardless of the
SED added, all reaction mixtures contained 5 mM dithionite. Illumina-
tion of all reaction mixtures was performed with a 405 nm LED diode
light source (Ocean Optics) at ~30 mW (~ 4.9 mW cm 2 at the sample).
For a typical procedure, samples were prepared in glovebox under
argon. Assay buffer was prepared by mixing a stock solution of 50 mM
MOPS at pH 7.0 with 100 mM SED in 50 mM MOPS at pH 7.0. A 1:1 ratio
of CdS:MoFe protein was prepared by addition of 500 nM CdS and 500
nM MoFe protein to the assay buffer containing the specified SED. Ny
turnover samples were degassed on a Schlenk line and put under natural
abundant Ny or 15N2. Prepared samples were illuminated for 60 min
with constant stirring. Ammonia was quantified using the fluorescence
method as described previously [39] or a 'H NMR method [20,40].
Samples for 'H NMR quantification of ammonia were prepared by
addition of 1 M HSO4 to the reaction solution to achieve a final con-
centration of 0.1 M HySO4. Samples were then vortexed and centrifuged
at 14,000 RPM for 5 min and the supernatant was collected for 'H NMR
analysis done using a Bruker Avance III 500 MHz spectrometer equipped
with a Bruker TXI triple resonance probe. Spectra were acquired at 298
K with 512 scans with 10% deuterium oxide (D,O) added into an
inserted capillary tube as the locking agent. The concentrations of the
ammonia were determined by comparison of the peak areas to a stan-
dard curve generated with either **NH{ or 'NHJ.
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