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4 ABSTRACT: N-hydroxylating monooxygenases (NMOs) are a subclass of flavin-
5 dependent enzymes that hydroxylate nitrogen atoms. Recently, unique NMOs that
6 perform multiple reactions on one substrate molecule have been identified.
7 Fosfazinomycin M (FzmM) is one such NMO, forming nitrosuccinate from aspartate
8 (Asp) in the fosfazinomycin biosynthetic pathway in some Streptomyces sp. This work
9 details the biochemical and kinetic analysis of FzmM. Steady-state kinetic investigation
10 shows that FzmM performs a coupled reaction with Asp (kcat, 3.0 ± 0.01 s−1) forming nitrosuccinate, which can be converted to
11 fumarate and nitrite by the action of FzmL. FzmM displays a 70-fold higher kcat/KM value for NADPH compared to NADH and has
12 a narrow optimal pH range (7.5−8.0). Contrary to other NMOs where the kred is rate-limiting, FzmM exhibits a very fast kred (50 ±
13 0.01 s−1 at 4 °C) with NADPH. NADPH binds at a KD value of ∼400 μM, and hydride transfer occurs with pro-R stereochemistry.
14 Oxidation of FzmM in the absence of Asp exhibits a spectrum with a shoulder at ∼370 nm, consistent with the formation of a C(4a)-
15 hydroperoxyflavin intermediate, which decays into oxidized flavin and hydrogen peroxide at a rate 100-fold slower than the kcat. This
16 reaction is enhanced in the presence of Asp with a slightly faster kox than the kcat, suggesting that flavin dehydration or Asp oxidation
17 is partially rate limiting. Multiple sequence analyses of FzmM to NMOs identified conserved residues involved in flavin binding but
18 not for NADPH. Additional sequence analysis to related monooxygenases suggests that FzmM shares sequence motifs absent in
19 other NMOs.

20 ■ INTRODUCTION
21 Flavin-dependent monooxygenases (FMOs) are a large family
22 of enzymes known for their catalytic versatility.1 FMOs are
23 commonly found in natural product biosynthetic pathways,
24 where they play a major role in the addition of functional
25 groups essential for bioactivity.1,2 This family has been
26 categorized into eight classes, A−H, according to structural
27 and mechanistic characteristics.3 Our group has been studying
28 several members of class B FMOs as these enzymes perform
29 highly specific oxidations useful for biomedical and biotechno-
30 logical applications.4−9

31 N-hydroxylating monooxygenases (NMOs) are members of
32 class B FMOs that harness the redox power of the flavin
33 cofactor to oxidize nitrogen atoms. Characterization of
34 prokaryotic and eukaryotic NMOs involved in siderophore
35 biosynthesis has provided a detailed description of their
36 structure and mechanism of action.5,10−17 In recent years, this
37 family has expanded with the discovery of nitro-forming
38 NMOs.18−22 Nitro-containing compounds, such as nitro-
39 alkanes, are highly valued industrial chemicals due to their
40 application as solvents and intermediates for organic synthesis
41 of pharmaceutical drugs23,24 with an annual production of over
42 a million tons in the United States.25 Nitro-synthesis depends
43 on high temperatures and acidic conditions, resulting in large
44 amounts of environmentally hazardous waste.24 Because of
45 this, there has been great interest in improving nitro-formation,
46 including biosynthetic applications.24,26−30 In addition to these
47 methods, nitro-forming NMOs are potential candidates for

48biotechnological applications as an alternative to current nitro-
49synthesis techniques.
50Fosfazinomycin M (FzmM) is a nitro-forming NMO that is
51involved in the biosynthesis of the natural products
52 s1fosfazinomycin A and B (Scheme 1A) in some Streptomyces
53sp.18 These compounds exhibit antifungal activity and contain
54a unique hydrazide core, which is an uncommon motif in
55natural products.31−34 FzmM has been shown to play a role in
56hydrazide bond formation18−20 by catalyzing the oxidation of
57L-aspartate (Asp) to nitrosuccinate (Scheme 1B). In the
58biosynthesis of cremeomycin, the FzmM homologue CreE has
59been shown to catalyze the same reaction.22 Based on what has
60been reported for CreE and on nitrogen oxidation chemistry,
61the reaction of FzmM is believed to involve a six-electron
62oxidation on the primary amine of Asp, consuming three
63molecules of NADPH and oxygen to form nitrosuccinate
64(Scheme 1B).21,30 In this work, we describe the kinetic
65characterization of the nitro-forming NMO FzmM providing a
66detailed report of its mechanism toward the formation of
67nitrosuccinate.
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68 ■ EXPERIMENTAL PROCEDURES

69 Materials. All substrates were purchased from Sigma-
70 Aldrich (St. Louis, MO). NAD(P)H and NAD(P)+ were
71 purchased from Research Products International (Mt Prospect,
72 IL), and deuterated nicotinamide phosphate (4R)-[4-2H]-
73 NADPD was synthesized following previously published
74 protocols.35 Protein BLUEstain ladder from GoldBio was
75 used for sodium dodecyl sulphate−polyacrylamide gel electro-
76 phoresis (SDS-PAGE) gel analysis. Oneshot BL21 (DE3)
77 Escherichia coli cells were purchased from Thermo Fisher
78 Scientific (Waltham, MA) for protein expression. Codon-
79 optimized genes coding for FzmM and FzmL (NCBI accession
80 numbers: WP_053787792 and WP_053787793, respectively)
81 were synthesized by GenScript (Piscataway, NJ). FzmM was
82 subcloned into pET15b, and FzmL was subcloned into
83 pET28a for N-terminal 6xHis tag expression.
84 FzmM Expression and Purification. Recombinant
85 FzmM was expressed from a pET15b vector by IPTG
86 induction. Transformed cells were grown in 50 mL of LB
87 media supplemented with 0.1 mg/mL ampicillin overnight.
88 Flasks6 of 1 L LB media supplemented with ampicillin were
89 inoculated with 8 mL of the pre-growth culture and shaken at
90 37 °C and 250 rpm until an optical density of 0.6 was obtained.
91 Each flask was induced with 0.1 mM IPTG, the temperature
92 lowered to 18 °C, and the cultures were shaken overnight. The
93 cells were harvested by centrifugation at 5000g and stored at
94 −70 °C.
95 Cell paste (∼40 g) was suspended by constant stirring at 4
96 °C into 150 mL of buffer A [50 mM potassium phosphate (pH
97 7.5), 300 mM NaCl, 20% glycerol, and 5 mM imidazole]
98 supplemented with 1 mM phenyl methyl sulfonyl fluoride, 1
99 mg/mL lysozyme, 1 mg/mL DNase, and 1 mg/mL RNase.
100 Cells were lysed by sonication, and the insoluble cellular
101 content was separated from soluble lysate by centrifugation at
102 30,000g for 1 h at 4 °C. Three in-tandem 5 mL nickel-
103 immobilized metal affinity chromatography (IMAC) columns
104 were equilibrated with buffer A using an AKTA prime system
105 (GE Healthcare, Chicago, IL). The supernatant was loaded

106onto the IMAC columns and washed with ∼40 mL of a
107mixture of 90% buffer A and 10% buffer B (50 mM potassium
108phosphate, pH 7.5, 300 mM NaCl, 20% glycerol, and 300 mM
109imidazole). The enzyme eluted at ∼180 mM imidazole using a
110combination of 40% buffer A and 60% buffer B. The fractions
111containing FzmM were pooled together and incubated with 50
112μM FAD for 15 min on ice. The sample underwent buffer
113exchange into 100 mM potassium phosphate, pH 7.5, 10%
114glycerol, and 1 mM TCEP using an AKTA prime system
115equipped with a HiPrep 26/10 desalting column (Cytiva,
116Marlborough, MA). Protein was flash frozen in liquid nitrogen
117and stored at −70 °C.
118FzmL Expression and Purification. Recombinant FzmL
119was expressed from a pET28a vector using an autoinduction
120method described previously.4 Cell harvest and storage were
121the same as described above.
122For purification of FzmL, buffer A was 25 mM HEPES, pH
1237.5, 300 mM NaCl, and 10 mM imidazole and buffer B was 25
124mM HEPES, pH 7.5, 300 mM NaCl, and 300 mM imidazole.
125Cells (∼20 g) were suspended in 150 mL buffer A. Cell lysis
126was performed, as described above for FzmM. Columns were
127washed with ∼40 mL of 30 mM imidazole (90% buffer A: 10%
128buffer B) before eluting the protein with 100% buffer B.
129Protein was buffer exchanged into 25 mM HEPES, pH 7.5, and
130100 mM NaCl and flash frozen for long-term storage.
131Oxygen Consumption. Enzyme activity was measured by
132following the consumption of oxygen using a Hansatech Clark-
133type oxygen electrode system (Amesbury, MA). The initial
134velocity was determined by measuring the slope of oxygen
135consumption within the first minute of reaction initiation. The
136total volume was 1 mL of 100 mM potassium phosphate, pH
1377.5, and 10% glycerol. The reaction was initiated with 0.5 μM
138FzmM unless specified differently. The steady-state kinetic
139parameters were determined by measuring the initial velocities
140(v0) of the reaction with varying concentrations of Asp
141(0.015−7.5 mM) with 1 mM NADPH or NAD(P)H (0.010−1
142mM) with 15 mM Asp. The v0/[E] was plotted as a function of

Scheme 1. (A) Structures of Fosfazinomycin A/B.32 (B) FzmM Performs a Six Electron Oxidation on L-aspartate (Asp) with
NADPH and Oxygen as Substrates to Produce Nitrosuccinate.31 Nitrosuccinate is Then Converted to Nitrite and Fumarate by
the Fumarase-like Enzyme FzmL.18,30 The Nitrogen-Labeled Red Represents Nitrogen Incorporated into Fosfazinomycin A/B
from the Nitrite of Asp
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143 the substrate concentration and fit to the Michaelis−Menten
144 equation (eq 1).
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146 where kcat denotes the reaction turnover number, KM is the
147 substrate concentration at half kcat, [E] is the total FzmM
148 concentration, and [S] is the concentration of the substrate.
149 The molar equivalent of NADPH and Asp consumed was
150 determined by measuring the rate and amount of oxygen
151 consumed when 3 μM FzmM was reacted with 50 μM Asp and
152 50 (1 to 1), 100 (1 to 2), 150 (1 to 3), or 300 (1 to 6) μM
153 NADPH.
154 Inhibition by NADP+ was measured by varying concen-
155 trations of NADPH (0−1 mM) in the presence of 10 mM Asp
156 at fixed concentrations of NADP+ (0−1 mM). The data were
157 analyzed by global analysis using the competitive inhibition
158 model on GraphPad Prism (San Diego, CA) using eq 2. All
159 variables are the same as defined in eq 1 with [I] representing
160 the concentration of the inhibitor and Ki being its dissociation
161 constant.
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163 The primary kinetic isotope effects (KIEs) using (4R)-
164 [4-2H]-NADPD was determined by measuring enzyme activity
165 at varying concentrations (0−1 mM) in the presence of 10
166 mM Asp. The steady-state parameters were determined using
167 eq 1. The ratio of steady-state kinetic variables with NADPH
168 over the parameter NADPD was reported as the KIE.
169 Enzyme activity at different pHs was determined using the
170 buffers [100 mM potassium phosphate with 10% glycerol (pH
171 6.0−7.5) and 100 mM Tris-Cl with 10% glycerol (pH 7.5−
172 9.0)]. Assays were performed varying Asp (0.05−7.5 mM) at 1
173 mM NADPH. The data were analyzed using eq 1, and the
174 determined kcat and kcat/KM were plotted as a function of pH.
175 Data that presented a curve with a single pKa value were fit
176 with eq 3 while those that exhibited a bell-shaped curve
177 indicative of two pKa values were fit with eq 4. The upper and
178 lower pH limits of the curves are described as C and A,
179 respectively.
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182 Asp Consumption. The consumption of Asp was
183 measured using fluorenylmethyloxycarbonyl chloride
184 (FMOC-Cl) and 1-adamantylamine (ADAM) derivatization.36

185 Assays were performed at a total volume of 100 μL with 1 μM
186 FzmM, 1 mM Asp, and 5 mM NADPH and incubated at 25 °C
187 with constant agitation. Time points were taken between 0 and
188 60 min. Aliquots of 30 μL of the reaction mixture were
189 quenched with 200 μL of acetonitrile and the precipitant
190 removed by centrifugation. A 130 μL volume of the quenched
191 reaction was transferred and mixed with 25 μL of 0.2 M borate,
192 pH 8.5. Derivatization was initiated with 3.4 μL of 150 mM
193 FMOC-Cl prepared in acetonitrile, and the reaction was
194 incubated for 5 min at room temperature. The reaction was

195quenched by the addition of 158 μL of 40 mM ADAM
196prepared in 50% acetonitrile. The assay was shaken (100 rpm)
197for 15 min and centrifuged before 10 μL of the sample was
198injected for separation, using a Phenomenex Luna 5 μm C18
199column attached to a Shimadzu HPLC equipped with a
200photodiode array detector set to monitor the wavelength at
201263 nm. Samples were eluted over a gradient of 20−100%
202buffer B for 50 min where buffer A was 0.1% trifluoroacetic
203acid (TFA) in HPLC grade water and buffer B was 0.1% TFA
204in acetonitrile. Consumption of Asp was measured using a
205standard curve from 0 to 1 mM Asp.
206Nitrite Formation. Nitrite detection was accomplished
207using a Griess reagent kit (Invitrogen, Waltham, MA). A 1.5
208mL of assay of 100 mM potassium phosphate (pH 7.5) and
20910% glycerol containing 10 μM FzmL, 0.75 mM NADPH, and
2105 mM Asp was initiated with 0.5 μM FzmM. Aliquots at a
211volume of 250 μL were taken at 5−120 min and quenched
212with 250 μL of 0.1 N HCl. The quenched sample was analyzed
213by mixing 150 μL of the sample with 20 μL of the Griess
214reagent and 130 μL of water on a 96-well plate and incubating
215for 30 min. The samples were measured at 548 nm using a
216SpectraMax M5 microplate reader (Molecular Devices, San
217Jose, CA). A standard curve was constructed with sodium
218nitrite and used to determine the nitrite concentration of the
219samples.
220Hydrogen Peroxide Formation. To determine the rate of
221uncoupling of FzmM, reactions were performed at 0.5 μM
222FzmM, 10 mM Asp, and 1 mM NADPH in 100 mM potassium
223phosphate, pH 7.5, and 10% glycerol. Reactions were
224incubated for 1−10 min and quenched as per the instructions
225in the Pierce quantitative hydrogen peroxide kit (Thermo-
226Fisher). For detection, assays were transferred to a 96-well
227plate, and the absorbance at 562 nm was measured. A standard
228curve was constructed and used to determine the initial rate of
229hydrogen peroxide formation. The measurement of hydrogen
230peroxide formation using catalase was accomplished by
231comparing the rate of oxygen consumption of the enzyme
232under saturating conditions in the presence or absence of 1
233mg/mL catalase.
234Thermal Shift. SYPRO Orange dye was used to determine
235the thermal changes in FzmM and FzmL adapted from a
236previously reported procedure.37 Assays were prepared in a
237Hard-Shell 96-well PCR plate (BioRad, Hercules, CA) mixing
2382 μL of a 10× stock of fluorescent dye prepared from 5000×
239SYPRO Orange protein gel stain (ThermoFisher, Waltham,
240MA), 0.5 mg/mL of each enzyme, and select buffer to a final
241volume of 20 μL. To determine the change in the thermal shift
242when FzmM was reduced, 2 mM of NAD(P)H, 2 mM
243NAD(P)+, 5 mM DT, or a combination of these was added to
244the reaction mix. To determine the effects of pH, 100 mM
245potassium phosphate with 10% glycerol (pH 6.0−7.5) and 100
246mM Tris-Cl with 10% glycerol (pH 7.5−9.0) were used. A
247CFX qPCR system (BioRad) was programed to heat from 20
248to 90 °C at a rate of 2 °C per minute. Changes in fluorescence
249were measured every 30 s using the FRET filter channel. The
250temperature of enzyme melting (Tm) was determined from the
251data collected using the Boltzmann equation described in a
252previous publication using GraphPad Prism.37

253Stopped-Flow Spectrophotometry Assays. Stopped-
254flow assays were conducted using an SX20 stopped-flow
255spectrophotometer with a photodiode array detector from
256Applied Photophysics (Surrey, UK). Anaerobic conditions
257were obtained by storing the equipment inside a COY
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258 Laboratories’ (Grass Lake, MI) anaerobic chamber. Prepara-
259 tion of the sample handling unit, buffers, proteins, and
260 substrate samples was accomplished following previously
261 published methods.38 Assays were performed in 100 mM
262 potassium phosphate, pH 7.5, and 10% glycerol.
263 All assays studying the reductive half-reaction were
264 measured at 4 °C using a water bath for temperature
265 regulation. 7.5 μM FzmM was reacted with 0. 0.075−3 mM
266 NADPH or 0.05−0.7 mM NADH (concentrations after
267 mixing). Spectral changes from 190 to 850 nm were recorded
268 on a logarithmic scale for 100 s or 300 s. The wavelength at
269 450 nm during reduction was fit with a single exponential
270 decay (eq 5) when reacted with NADH and double
271 exponential decay equation (eq 6) when reacted with
272 NADPH. Changes that occurred to the reductive half-reaction
273 in the presence of Asp were measured by adding 30 mM Asp
274 to the NADPH solutions or incubating FzmM with 30 mM
275 Asp prior to mixing.
276 The primary KIEs of the reductive half-reaction of FzmM
277 were studied using isotopically labeled (4R)-[4-2H]-NADPD.
278 Anaerobically prepared enzyme was reacted with 2.5 mM of
279 NADPD, and spectral changes were measured over 150 s. The
280 absorbance changes at 450 nm were fit with double
281 exponential decay (eq 6).

= +−A A Ce k t
nm 1

obs1
282 (5)

= + +− −A A A Ce ek t k t
nm 1 2

obs1 obs2
283 (6)

284 where Anm is the absorbance at a specific wavelength, An is the
285 amplitude of a specific phase, kobsn is the observed rate of a
286 specific phase, t is the time, and C is the final absorbance at the
287 specific wavelength.
288 For the oxidative half-reaction, reduced enzyme solution was
289 prepared by reacting 15 μM of FzmM with 15−20 μM
290 NADPH. The reduced enzyme was reacted with 0−550 μM
291 oxygen, and spectroscopic changes were recorded over 300 s.
292 Reactions with the substrate were performed by mixing 20 mM
293 Asp with oxygen or incubating it with reduced enzyme before
294 mixing and measuring for 30 s. Absorbance changes at 370 and
295 450 nm were fit with a single exponential rise equation (eq 7).

= − +−A A D(1 e )k t
nm 1

obs
296 (7)

297 where all the variables are defined the same as described for
298 eqs 5−7 with the exception of D, which represents the initial
299 absorbance value. Oxidation at varying concentrations of Asp
300 was measured by reacting reduced enzyme with 300 μM O2
301 mixed with Asp to a final concentration of 0−10 mM.
302 Measurements were recorded for 150 or 30 s. Changes in
303 absorbance at 370 nm and 450 nm were fit to eq 7.
304 The kobs was plotted as a function of the substrate
305 concentration. For data that exhibited a hyperbolic trend, eq
306 8 was applied.
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308where [S] is the substrate concentration, kmax is the maximum
309rate, and KD is the dissociation constant of varying ligands.
310When kobs was not dependent on the substrate concentration,
311the average of these values was reported. To determine the
312bimolecular rate constant of C(4a)-hydroperoxyflavin for-
313mation (kOOH), the data were fit to a linear equation and the
314slope reported. For the slow phase of reduction and the
315oxidation at 450 nm, the observed rates did not change over
316substrate concentrations, and the average was reported.
317Size-Exclusion Chromatography. The oligomeric states
318of FzmM and FzmL were determined using an AKTA prime
319plus FPLC. A High Prep 16/60 Sephacryl S-200 HR (GE
320Healthcare) column was equilibrated with 50 mM potassium
321phosphate, pH 7.5, and 100 mM NaCl at a flow rate of 1 mL/
322min. A standard curve consisted of ferritin (440 kDa), aldolase
323(160 kDa), conalbumin (75 kDa), and ovalbumin (43 kDa)
324from the high-molecular-weight marker kit (GE Healthcare)
325supplemented with tobacco etch virus protease (27 kDa) and
326RNase (13 kDa) (Sigma-Aldrich). A 500 μL of the enzyme
327sample at a final concentration of 1 mg/mL was passed
328through a 0.22 μM filter and injected onto the column. For
329samples where FzmM and FzmL were combined or contain 10
330mM Asp, there was a 15 min incubation period on ice prior to
331the injection.
332A standard curve was constructed by calculating the Vav of
333each standard’s retention time using eq 9 where Ve is the
334elution volume of the sample, V0 is the retention time of the
335void sample (blue dextrin), and VT is the total column volume.

=
−
−

V
V V
V V

( )
( )av

e 0

T 0 336(9)

337These values were plotted against log (MW) and used to
338determine the apparent molecular weight of the unknown
339sample using its elution volume. Protein containing fractions
340were collected and analyzed by 12% acrylamide SDS-PAGE.

341■ RESULTS
342Protein Expression and Purification. Recombinant
343FzmM and FzmL were expressed as N-terminus 6xHis-fusion
344proteins (in pET15b and pET28a, respectively) and purified
345using IMAC to >95% homogeneity, as determined by SDS-
346PAGE (Figures S1 and S2). The protein yield for FzmM was 1
347± 0.3 mg protein per 1 g of the cell pellet and had an FAD
348incorporation of 50 ± 4% (Figure S3). The extinction
349coefficient of FAD bound to FzmM at pH 7.5 is 13.5 mM−1

350cm−1 at 450 nm. FzmL was purified at a yield of 10 ± 1 mg per
3511 g of the cell pellet.
352Steady-State Kinetics. FzmM exhibited activity with Asp
353with a kcat of 3.0 ± 0.01 s−1 and a KM of 600 ± 50 μM when
354 t1f1NADPH was used as the substrate (Table 1 and Figure 1A).

Table 1. Steady-State Kinetic Parameters of FzmMa

varying substrate constant substrate kcat, s
−1 KM, μM kcat/KM, mM−1 s−1 Dkcat

Dkcat/KM

Asp NADPH 3.0 ± 0.01 600 ± 50 5 ± 0.4 N.A.b N.A.b

NADPH Asp 3.3 ± 0.01 24 ± 0.5 140 ± 30 N.A. N.A.
NADH Asp 0.6 ± 0.04 300 ± 80 2 ± 0.5 N.A. N.A.
(4R)-[4-2H]NADPD Asp 1.8 ± 0.05 22 ± 2 80 ± 8 1.7 ± 0.07 2 ± 0.4

aConditions: 100 mM potassium phosphate (pH 7.5) and 10% glycerol with 10 mM Asp or 1 mM NADPH; the reported values are the mean and
the errors are the standard deviation of four experiments. bN.A., not applicable.
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355 When the potential substrates L-glycine, L-alanine, L-glutamate,
356 L-asparagine, L-glutamine, and L-leucine were tested at 10 mM
357 concentration, no activity above background was observed
358 (Figure S4A). Similarly, the observed activity with Asp at 1
359 mM was not reduced when 10 mM of these compounds was
360 present, suggesting that the tested substrates did not bind
361 FzmM or that the KD values were much higher than that for
362 Asp (Figure S4B). Since oxygen consumption can occur
363 without product formation (e.g., uncoupled reaction forming
364 hydrogen peroxide), the consumption of Asp was monitored,
365 and a decrease in the Asp concentration was observed under
366 the same conditions (Figure S5). In addition, when this

367reaction was performed in the presence of FzmL, nitrite
368formation was detected (Figure S6). Multiple turnovers were
369confirmed by reacting 50 μM Asp with up to a three-molar
370 f2equivalent of NADPH (Figure 2A). When a ratio of 1:6
371Asp:NADPH was tested, oxygen was rapidly consumed up to 3
372mol NADPH followed by an uncoupled reaction (Figure 2B).
373These results are consistent with FzmM performing multiple
374reactions on a single substrate molecule consuming 3 mol of
375NADPH and 3 mol oxygen for 1 mol Asp.
376The catalytic efficiency with NADPH is ∼70-fold higher
377than that for NADH, originating mainly from a 12-fold lower
378KM value and a 5-fold higher kcat value for NADPH (Table 1;

Figure 1. FzmM steady-state activity. (A) Initial activity of FzmM at increasing concentrations of Asp. (B) Initial activity of FzmM at increasing
concentrations of NADPH (black) and NADH (red).

Figure 2. Change in the oxygen consumption of 3 μM FzmM at different concentrations of NADPH. (A) Enzyme reaction at 150 μM NADPH
and no Asp (gray), 50 μM Asp and 50 μM NADPH (light blue), 50 μM Asp and 100 μM NADPH (blue), and 50 μM Asp and 150 μM NADPH
(dark blue). (B) Enzyme reaction with 300 μM NADPH and no Asp (gray), 50 μM Asp and 300 μM NADPH (red), and the amount of oxygen
consumed at 50 μM Asp and 300 μM NADPH when activity with no Asp is subtracted (orange). The total consumed oxygen for reactions was 52
± 3 μM (light blue), 107 ± 8 μM (blue), 153 ± 9 μM (dark blue), and 150 ± 20 μM (orange).
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379 Figure 1B). Product inhibition studies with NADP+ show that
380 the oxidized product is a competitive inhibitor versus NADPH

f3 381 with a Ki value of 70 ± 4 μM (Figure 3). The stereospecificity

382of the hydride transfer step was studied by measuring the
383primary KIEs with (4R)-[4-2H]-NADPD on the steady-state
384parameters, and a KIE value on kcat (

Dkcat) of 1.7 ± 0.07 and 2
385 f4± 0.4 for D(kcat/KM) was observed (Figure 4A; Table 1). These
386results show that flavin reduction is partially rate limiting in the
387catalytic cycle and that the reaction proceeds with a pro-R
388stereospecificity.
389Hydrogen Peroxide Formation. The activity of some
390FMOs can be uncoupled, meaning that instead of formation of
391a hydroxylated product, hydrogen peroxide is produced. Thus,
392to determine whether the reaction of FzmM is uncoupled, we
393measured the formation of hydrogen peroxide at saturating
394 f5concentrations of NAD(P)H and Asp (Figure 5). From this
395experiment, it was determined that the reaction was only 3%
396uncoupled with NADPH and 25% with NADH. Similar results
397were observed when continuous hydrogen peroxide detection
398with catalase was performed (data not shown). It is worth
399noticing that when Asp is not under saturating conditions,
400higher uncoupling is observed (Figure S6).
401Reductive Half-Reaction. Stopped-flow spectrophotom-
402etry was used under anaerobic conditions to determine the
403kinetic parameters of the reaction of FzmM with NAD(P)H
404 t2(referred to as the reductive half-reaction) (Table 2). The
405reaction with NADPH resulted in bleaching of the peak at 450
406nm in a biphasic process that occurred with a fast (kfast,NADPH)
407 f6and slow phase (kslow,NADPH) (Figure 6). The majority of the
408change in absorbance occurred in the fast phase consisting of
409∼85% of the amplitude change. The fast phase at 4 °C was 17-
410fold larger than the kcat at room temperature and was
411dependent on the NADPH concentration with a KD value of
412440 ± 30 μM. Performing this reaction in the presence of Asp
413slightly increased kfast with no significant differences whether
414Asp was mixed with NADPH (Table 2, Asp) or incubated with
415the enzyme (Table 2, Asp*). The slow phase of the reaction
416remained constant at the various NADPH concentrations, was

Figure 3. Inhibition of FzmM by NADP+. Initial velocities of FzmM
at increasing concentrations of NADPH in the presence of 0 mM
(●), 0.25 mM (○), 0.5 mM (◆), and 1 mM (□) NADP+ in 100 mM
potassium phosphate, pH 7.5, and 10% glycerol. Inset, the double-
reciprocal plot showing a y-intercept consistent with a competitive
inhibition mechanism by NADP+. The Ki was determined to be 70 ±
4 μM using the competitive inhibitor model on the GraphPad Prism
(eq 2). The reported error is the standard deviation of three
experiments.

Figure 4. KIEs on steady-state kinetics and reductive half-reaction of FzmM. (A) Initial velocity of FzmM at varying concentrations of NADPH
(black) or (4R)-[4-2H]-NADPD (red). The value and error bars are the mean and standard deviation of three different experiments. (B) Observed
rate of enzyme reduction at 450 nm at 2.5 mM NADPH (black) or (4R)-[4-2H]-NADPD (red). NADPL represents the concentration of NADPH
and (4R)-[4-2H]-NADPD.
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417 present with or without Asp, and corresponded to the 10−15%
418 amplitude change. This slow phase might be related to enzyme
419 that was damaged in the degassing process. With NADH, in
420 the absence of Asp, a single phased reaction was measured.
421 The rate constant of reduction with NADH (apparent
422 kred‑app,NADH) was much slower than the kfast and kfast,NADPH,
423 and the apparent KD value was higher (Figure S7 and Table 2).
424 The stereochemistry of hydride transfer was probed by
425 measuring the KIE on the reductive half-reaction with
426 deuterated (4R)-[4-2H]-NADPD. The KIE on the kfast (

Dkfast)
427 was 5 ± 0.1, confirming pro-R stereospecific hydride transfer
428 (Figure 4B and Table S1).
429 Oxidative Half-Reaction. The oxidative half-reaction
430 (FzmM reduced by NADPH reacted with molecular oxygen)
431 was also studied using stopped-flow spectrophotometry. The
432 early time points showed a shoulder at ∼370 nm consistent
433 with the formation of a C(4a)-hydroperoxyflavin intermediate

f7 434 (Figure 7). This shoulder was only well-defined when no Asp

435was present and decayed into oxidized flavin after ∼10 s. The
436rate constant of formation of this intermediate (kOOH) was very
437fast, dependent on the oxygen concentration, and enhanced in
438the presence of Asp (Table 2 and Figure S8). In the absence of
439Asp, the rate constant of oxidation, which reports intermediate

440decay through H2O2 elimination (kH2O2
), was over 130-fold

441slower than the reaction kcat and remained unchanged with
442increasing concentrations of oxygen (Figure S9). The reaction
443with Asp, representing flavin dehydration after Asp hydrox-
444ylation (kOX), did not increase much as a function of the
445oxygen concentration (Figure S8). When the concentration of
446oxygen was kept constant and the concentration of Asp varied,
447the observed rate at 450 nm increased with a KD,Asp being 7 ±
4480.3 mM (Figure S9). At the lowest tested concentration of Asp,
449the observed rate at 370 nm was already enhanced compared
450to the reaction without substrate and remained unchanged
451with increasing concentrations of Asp (not shown).
452Determination of the Oligomeric State. Size-exclusion
453chromatography (SEC) was used to determine the oligomeric
454states of recombinant FzmM (predicted mass 68.9 kDa) and
455FzmL (predicted mass, 50.9 kDa). From these experiments, it
456was determined that the apparent molecular weight of FzmM
457is 60 ± 4 kDa and FzmL is 250 ± 10 kDa (Figure S10 and
458Table S2). These masses correlate to FzmM existing as a
459monomer and FzmL as a pentamer in solution. When these
460enzymes were incubated together prior to sample loading, no
461changes to the peak retention times were detected, and both
462proteins eluted separately (Figure S10B). There was no
463difference when the same experiment was repeated in the
464presence of Asp (data not shown).
465Thermal Shift Experiments. The melting temperature
466(TM) of FzmM and FzmL was determined under varying buffer
467conditions by measuring changes in relative fluorescence using
468SYPRO orange dye. From this experiment, it was determined
469that FzmM exhibits a TM of 37.5 ± 0.2 °C and FzmL exhibits a
470TM of 68.1 ± 0.02 °C under standard conditions (100 mM
471potassium phosphate, pH 7.5, and 10% glycerol). When the TM
472value of FzmM was calculated in the presence of FzmL, the
473Tm value was unchanged (∼37.0 °C), similarly the Tm for
474FzmL did not significantly change in the presence of FzmM
475(∼68 °C) (not shown). The stabilization of FzmM in the
476presence of NADPH, NADH, NAD+, and sodium dithionite
477(DT) was evaluated (Figure S11). These experiments showed
478that NADP+ stabilizes FzmM; however, flavin reduction
479provides further stabilization since NADPH exhibits the
480highest increase in thermal stability.

Figure 5. Initial velocity of oxygen consumption (blue) compared to
the initial velocity of hydrogen peroxide formation (gray) under
saturating conditions. Assays were performed with 0.5 μM FzmM, 10
mM Asp, 0.5 mM NADPH, or 1 mM NADH in 100 mM potassium
phosphate, pH 7.5, and 10% glycerol. The rates of oxygen
consumption were 3.8 ± 0.01 s−1 (NADPH) and 0.8 ± 0.04 s−1

(NADH), and the rates of hydrogen peroxide formation were 0.1 ±
0.01 s−1 (NADPH) and 0.2 ± 0.02 s−1 (NADH). The values are the
mean and the errors are the standard deviation of three experiments.

Table 2. Rapid-Reaction Kinetic Parameters of FzmMa

kinetic constant no Asp Asp Asp*

kfast,NADPH, s
−1 50 ± 1 60 ± 2 59 ± 0.2

kslow,NADPH, s
−1 0.6 ± 0.01 0.7 ± 0.1 0.2 ± 0.04

KD,NADPH, μM 400 ± 30 400 ± 30 450 ± 3
kred‑app,NADH, s−1 0.2 ± 0.002 N.A.b N.A.
KD‑app,NADH, μM 900 ± 10 N.A. N.A.
kOOH, M

−1 s−1 50,000 ± 5,000 70,000 ± 4,000 100,000 ± 10,000
kH2O2, s

−1 0.03 ± 0.002 N.A. N.A.
kOX, s

−1 N.A. 5 ± 0.5 4 ± 0.7
KD,Aspartate, mM N.A. 7 ± 0.3 N.A.

aConditions: 100 mM potassium phosphate, pH 7.5, and 10% glycerol at 4 °C in the absence of Asp (no Asp), mixed with 10 mM Asp (Asp), or
incubated with 10 mM Asp (Asp*); the values are the mean and the errors are the standard deviation of four experimental replicates. bN.A., not
applicable.
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481 pH Effects. The steady-state kinetic parameters were

482 measured as a function of pH, and changes to the kcat and

t3 483 kcat/KM values were calculated (Table 3; Figure S12). From

484 this experiment, the kcat of FzmM is shown to be influenced by

485pH, exhibiting a short optimal range of 7.5−8.0 with a decrease

486at low and high pH values. Analysis of the pH profile shows

487that there is a group that is required to be deprotonated with a

488pKa value of 6.8 ± 0.01 and another that needs to be

Figure 6. FzmM reduction with and without Asp. (A) Spectral changes in FzmM reacted with 150 μM NADPH without Asp from 380 to 600 nm
over 180 s. (B) Spectral changes in FzmM reacted with 75 μM NADPH with Asp from 380 to 600 nm over 100 s. Reduced flavin is depicted in
brown, and oxidized flavin is depicted in orange. (C) Changes in absorbance of FzmM at 450 nm without Asp at increasing concentrations of
NADPH (0.1−3 mM) (orange). (D) Changes in absorbance of FzmM at 450 nm with Asp at increasing concentrations of NADPH (0.1−3 mM).
Changes in panel (C,D) were fitted with double exponential decay (eq 6). (E) Observed rate of reduction at 450 nm without Asp at increasing
concentrations of NADPH for the fast (black) and slow phase (red). (F) Observed rate of reduction at 450 nm with Asp at increasing
concentrations of NADPH for the fast (black) and slow phase (red).
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489 protonated with a pKa value of 8.7 ± 0.02 (Figure S12A). The
490 catalytic efficiency exhibits an upward rise from pH 6.0 to 7.5
491 before plateauing. This profile is consistent with a group that
492 needs to be deprotonated for activity with a pKa value of 7.3 ±
493 0.04 (Figure S12B). The effect of pH on FzmM stability was
494 explored by measuring the TM of the enzyme under buffers
495 ranging from a pH of 6.0 to 9.0 (Figure S12C). The TM of the
496 protein remained unchanged in a pH range of 7.0−9.0. At a

497pH lower than 7.0, however, FzmM became increasingly less
498stable with a TM of 31.6 ± 0.5 °C at pH 6.0.

499■ DISCUSSION

500NMOs have been under investigation for many years with the
501best characterized examples being the L-ornithine monoox-
502ygenases SidA from Aspergillus fumigatus and PvdA from
503Pseudomonas aeruginosa.5,13−17,39−46 These enzymes perform a

Figure 7. Sample of FzmM oxidation with and without Asp. (A) Spectral changes in reduced FzmM reacted with 250 μM O2 from 300 to 700 nm
over 100 s. (B) Spectral changes in reduced FzmM incubated with Asp reacted with 250 μM O2 from 300 to 700 nm over 60 s. Reduced flavin is
depicted in brown, the experimental C(4a)-hydroperoxyflavin intermediate is shown in blue, and oxidized flavin is shown in orange. Because of the
rapid reaction with Asp, the increase in absorbance at 450 nm with the C(4a)-hydroperoxyflavin intermediate shown in panel B is expected to be
oxidized enzyme. (C) Changes in absorbance of the FzmM reaction with oxidation in the absence of Asp at 370 nm (blue) fit with a single
exponential rise equation, 450 nm (orange) fit with a double exponential rise equation. (D) Changes in absorbance of the FzmM reaction with
oxidation with Asp at 370 nm (blue) fit with a single exponential rise equation and at 450 nm (orange) fit with a single exponential rise equation
(eq 7). Both panels C and D depict traces at increasing concentrations of oxygen.
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504 single hydroxylation of the N-atom on the side chain of L-
505 ornithine forming hydroxylamine, which is part of the
506 hydroxamate moiety of siderophores. Despite their prevalence
507 in natural product pathways, little is known about NMOs
508 outside of siderophore biosynthesis.13 Here, we present a
509 detailed kinetic study of a nitro-forming NMO involved in
510 fosfazinomycin biosynthesis. Because SidA is the NMO
511 prototype, we will compare our results to those from SidA
512 studies.
513 FzmM exhibits a highly coupled and specific reaction, with
514 Asp and NADPH as its preferred substrates. When this
515 reaction is performed in the presence of FzmL, nitrite
516 formation is detected. These results are consistent with Asp
517 undergoing multiple oxidations by FzmM forming nitro-
518 succinate, which is cleaved into nitrite and fumarate by
519 FzmL (Scheme 1B). This is consistent with a previous
520 report.18 The specificity of the reaction resembles that of SidA,
521 which performs a coupled reaction with L-ornithine and
522 NADPH.4,12 Additionally, no activity was measured when
523 different substrates were tested. The pH studies on the steady-
524 state activity of FzmM describe a very narrow range of optimal
525 pH (Figure S12).
526 It has been shown with SidA, and other NMOs, that the
527 reductive half-reaction is the slowest step of the overall
528 catalytic cycle.13,15,40−42 However, the kred is ∼100 times faster
529 in FzmM with NADPH compared to SidA despite having a

530∼500-fold higher KD value (Table 2) (kinetic values of SidA
531are kred 0.6 s−1 and KD ∼ 1 μM).42 FzmM shows a preference
532for NADPH as the kred is at least ∼250-fold faster than that
533with NADH. Measurements of TM show that when FzmM is
534reduced with NADPH or DT supplemented with NADP+,
535there is an ∼4 °C positive shift (Figure 7). This shift only
536occurs with NADP(H), further confirming the specificity for
537this substrate. These data also suggest that the interactions
538between FzmM and the 2′ phosphate on the ribose sugar of
539NADP(H) trigger a conformational change that likely brings
540the nicotinamide closer to the active site facilitating the fast
541reduction reaction and stabilization of the C(4a)-hydro-
542peroxyflavin. Oxidation follows a canonical class B FMO
543mechanism that requires the formation and stabilization of a
544C(4a)-hydroperoxyflavin intermediate. In the presence of Asp,
545intermediate formation is enhanced 2-fold and, at air saturated
546conditions, flavin oxidation occurs at a rate roughly similar to
547the kcat. Thus, oxidation of Asp or dehydration of the
548hydroxyflavin is likely, at least partially, rate limiting in the
549catalytic cycle. NADP+ was shown to be a competitive
550inhibitor of NADPH, indicating that it binds to oxidized
551FzmM and, therefore, is the last product to leave the active site.
552These features are common of a class B FMO mechanism
553 s2(Scheme 2). The catalytic cycle of FzmM is initiated by the
554binding of NADPH, which rapidly transfers the pro-R hydride
555on the nicotinamide ring to the N(5) position of the flavin,
556reducing it to a flavin hydroquinone (Scheme 2A−C). The
557reduced flavin then reacts with oxygen forming a C(4a)-
558hydroperoxyflavin intermediate that is stabilized by
559NADP+(Scheme 2D). In the absence of Asp, this intermediate
560slowly decays into hydrogen peroxide as part of an uncoupled
561reaction. In the presence of Asp, a ternary complex between
562NADP+, Asp, and the C(4a)-hydroperoxyflavin intermediate is
563formed (Scheme 2E). The primary amine of Asp performs a
564nucleophilic attack on the distal oxygen of the C(4a)-
565hydroperoxyflavin forming N-hydroxy-Asp, which is released

Table 3. pKa ValuesThe Reported Error is the Standard
Deviation of Four Experimentsa

kinetic constant pKa1 pKa2

kcat 6.8 ± 0.01 8.7 ± 0.02
kcat/KM 7.3 ± 0.04 N.A.b

aConditions: 100 mM potassium phosphate (pH 6.0−7.5) and 10%
glycerol or 100 mM Tris-Cl (pH 7.5−9.0) and 10% glycerol. bN.A.,
not applicable.

Scheme 2. Proposed Mechanism of the First Enzymatic Turnover of FzmM. Each Cycle Begins with Oxidized Enzyme (A).
NADPH Binds to the Enzyme (B) and Rapidly Transfers the pro-R Hydrogen of the Nicotinamide Ring to the N5 Position of
the FAD Moiety Forming Flavin Hydroquinone (C). Oxygen Then Reacts with the Reduced Flavin Forming a C(4a)-
Hydroperoxyflavin Intermediate (D). In the Absence of Asp, this Intermediate Decays Forming Hydrogen Peroxide and
Oxidized Flavin (A). When Asp is Available, the Substrate Binds (E) and Performs a Nucleophilic Attack on the Distal −OH
Group of the Flavin Intermediate Forming RNH2-OH, which is Then Released with Water (F). The Product and NADP+ are
Then Released, and the C(4a)-Hydroxyflavin Decays into Water and Oxidized Flavin. The Determined KD of Asp at 7 ± 0.3
mM is Believed to be Correlated to Binding of Asp to the Hydroxy-Flavin40,46
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566 with water (Scheme 2E−F). NADP+ is released, priming
567 FzmM for a new catalytic cycle (Scheme 2F−A). Previous
568 work has measured the accumulation of N-hydroxy-Asp when
569 excess Asp was available.18 This suggests that N-hydroxy-Asp is
570 released and rebinds later for further oxidation. Rapid reaction
571 kinetic analysis showed an increase in the kox as a function of
572 Asp (Figure S10), with a KD of ∼7 mM, which is much higher
573 than the Km value. It is possible that after release of N-hydroxy-
574 Asp, another Asp binds, with lower affinity, to the
575 hydroxyflavin. Similar results were reported for SidA.39,46

576The oligomeric states of FzmM and FzmL were determined
577using SEC. FzmM exists as a monomer in solution resembling
578PvdA (Figure S10A and Table S2)47 where FzmL exists as a
579pentamer in solution (Table S2). When the enzymes were
580incubated together and then analyzed by SEC, both eluted
581separately (Figure S10). Similarly, the thermal stability of the
582proteins was unchanged when FzmM and FzmL were
583combined. These results suggest that these two enzymes do
584not interact or have very low affinity, and the nitrosuccinate
585product is transferred from FzmM to FzmL via diffusion.

Figure 8. Sequence alignment of FzmM with its homologue from Streptomyces cremeus (CreE, Uniprot: A0A0K2JL70) and other NMO members.
The NMOs used are L-ornithine N5 monooxygenase from Aspergillus fumigatus (SidA; NCBI: AAT84594.1), L-ornithine N5 monooxygenase from
Pseudomonas aeruginosa (PvdA; Uniprot: Q51548), and L-ornithine N6 monooxygenase from Kutzneria sp. (Ktz; Uniprot: A8CF85). The T-Coffee
server was used for the sequence alignment, and the software Jalview was used for visualization.48,49 Residues are colored blue depending on
percent identity. Residues highlighted in yellow are involved in FAD binding, green are involved in NADPH binding, pink are conserved active-site
residues in SidA, and red is the “(F/V)ATGY” motif commonly found in NMOs.14 Residues involved in FAD binding (yellow) and some active-
site residues in SidA (pink) are conserved in FzmM and CreE, while residues involved in NADPH binding (green) are not. Specific residues
mentioned in the discussion are numbered.
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586 Several site-directed mutagenesis studies have been
587 performed on SidA contributing to the elucidation of the
588 structure−function relationship in this enzyme. This knowl-
589 edge can provide insights into the potential function of
590 conserved residues in FzmM. Thus, the amino acid sequences
591 of FzmM, CreE (51% identity), SidA (15% identity), PvdA
592 (14% identity), and KtzI (14% identity), a structural-
593 characterized ornithine hydroxylase, were aligned to determine

f8 594 amino acid conservation (Figure 8). Residues R121, Q80, and
595 S610 of FzmM were aligned to R144, Q102, and S469 of SidA,
596 which have been shown to be associated with FAD binding or
597 C(4a)-hydroperoxyflavin stabilization.12,43−45 The FAD-bind-
598 ing motif GXGXXG and some residues that are structurally
599 associated with FAD binding such as P26 and W64 (P49 and
600 W90 in SidA) are also present.16,17 Key residues involved in
601 NADPH binding in NMOs were absent in the FzmM amino
602 acid sequence. This includes the SidA residues: R279 which is
603 involved in NADPH selectivity, S257 essential for NADP+

604 orientation, the Tyr-loop which undergoes major conforma-
605 tional changes as a part of NADPH binding, and the signature
606 NMO “(F/V)ATGY” motif.11,16,42,47 The absence of these is
607 significant as it suggests that dinucleotide substrate binding
608 utilizes different structural features than that described in other
609 NMOs. This could explain its unique kinetics during reduction
610 and the multiple oxidation reaction. The residues and
611 structures that form NADPH and Asp-binding sites remain
612 to be identified.
613 FzmM was also aligned to FMO and Bayer-Villager
614 monooxygenase (BVMO), a subclass of class B monoox-
615 ygenases, to explore sequence similarities17,50−52 (Figure S13).
616 There was alignment of R386 and W598 in FzmM to
617 BVMO838 (R337 and W502), PAMO (R336 and W500), and
618 CHMO (R329 and W492). These two residues are well-
619 conserved in BVMOs and are essential for enzyme reduction
620 and substrate conversion.53−55 The conserved arginine
621 interacts with the amide nitrogen of NADP,+53−56 while the
622 conserved tryptophan is central in the variable “control loop”
623 in BVMOs, which undergoes conformational changes during
624 reduction.52,55 We found partial alignment to the type I BVMO
625 signature motif FXGXXXHXXXWP associated with NADPH
626 binding (residues G207-P216 in FzmM).53,55 When sequences
627 sharing 48−88% identity to FzmM were aligned, this region
628 exhibited a pattern of GLX(Y/H)XXPXNP maintaining the
629 Gly, His, and Pro residues observed in the original motif
630 (Figure S14). It is possible that these aligned regions serve a
631 similar purpose in FzmM for NADPH binding as they do in
632 BVMOs.
633 In summary, this report provides a detailed kinetic analysis
634 with a focus on the first turnover performed by a nitro-forming
635 enzyme from the NMO family. While FzmM exhibits traits
636 characteristic of NMOs, its high reactivity with NADPH, in
637 addition to the lack of conservation of NADPH-interacting
638 residues, provides evidence of a structure and mechanism that
639 differs from what has been established for other NMOs. It is of
640 great interest to determine the structure of FzmM; however,
641 efforts to do so have remained unsuccessful. Future studies will
642 focus on the multiple turnovers performed by FzmM, which
643 should provide greater mechanistic insights into this enzyme.
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