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Kinetic Characterization and Identification of Key Active
Site Residues of the L-Aspartate N-Hydroxylase, CreE
Sydney B. Johnson,[a] Hannah Valentino,[a] and Pablo Sobrado*[a, b]

CreE is a flavin-dependent monooxygenase (FMO) that catalyzes
three sequential nitrogen oxidation reactions of L-aspartate to
produce nitrosuccinate, contributing to the biosynthesis of the
antimicrobial and antiproliferative nautral product, cremeomy-
cin. This compound contains a highly reactive diazo functional
group for which the reaction of CreE is essential to its
formation. Nitro and diazo functional groups can serve as
potent electrophiles, important in some challenging nucleo-
philic addition reactions. Formation of these reactive groups
positions CreE as a promising candidate for biomedical and
synthetic applications. Here, we present the catalytic mecha-
nism of CreE and the identification of active site residues critical

to binding L-aspartate, aiding in future enzyme engineering
efforts. Steady-state analysis demonstrated that CreE is very
specific for NADPH over NADH and performs a highly coupled
reaction with L-aspartate. Analysis of the rapid-reaction kinetics
showed that flavin reduction is very fast, along with the
formation of the oxygenating species, the
C4a� hydroperoxyflavin. The slowest step observed was the
dehydration of the flavin. Structural analysis and site-directed
mutagenesis implicated T65, R291, and R440 in the binding L-
aspartate. The data presented describes the catalytic mecha-
nism and the active site architecture of this unique FMO.

Introduction

Cremeomycin is a light-sensitive compound that has potent
antitumor effects against murine leukemia L-1210 cells and has
also displayed broad antimicrobial effects against both Gram-
positive and Gram-negative bacteria and several fungal
species.[1,2] Cremeomycin was first isolated in 1967 from
Streptomyces cremeus by the Upjohn Company and in 1995 the
chemical structure and physical properties were determined.[1,2]

The structure features a novel diazocarbonyl functional group
(Scheme 1A). The synthesis of diazocarbonyl functional groups
has long been of interest for biomedical and synthetic
applications because of their ability to serve as reactive
intermediates in challenging organic synthesis reactions such as
cycloadditions and C� H insertions.[3] Cremeomycin and other
diazocarbonyl compounds have been successfully chemically
synthesized, however, the syntheses utilize chemicals that are
harmful to the environment and the yields are limited.[3–5]

Therefore, the biosynthesis of cremeomycin presents an excit-
ing opportunity to utilize enzymes from the biosynthetic

pathway to synthesize cremeomycin and potentially other
diazo-containing compounds in an environmentally friendly
and efficient manner.

Recently, the biosynthetic pathway of cremeomycin from
Streptomyces cremeus was elucidated (Scheme 1).[6] In this
pathway, the diazo moiety has been proposed to be formed by
a N� N bond between nitrite and 3-amino-2,4-dihydroxyben-
zoate, catalyzed by the ATP-dependent fatty acid� coenzyme A
(CoA) ligase, CreM (Scheme 1A).[7] Nitrite formation was shown
to occur from the reactions of a flavin-dependent monooxyge-
nase (CreE) and a nitrosuccinate lyase (CreD) (Scheme 1B).[6,8]

The formation of nitrite by these enzymes is also an opportunity
to form a highly reactive functional group without the need for
environmentally harmful chemicals or high temperatures.[9] The
mechanisms of CreD and CreM have been previously studied
and therefore, this work is focused on the characterization of
CreE, an enzyme central to both nitro and diazo group
formation.[7,10]

CreE is a recently identified member of the vast and diverse
enzyme family called flavin-dependent monooxygenases
(FMOs).[6,8] FMOs require a flavin prosthetic group in the form of
flavin adenine dinucleotide (FAD) or flavin mononucleotide
(FMN) to catalyze oxygenation reactions of a variety of
substrates for many different biological purposes.[11,12] FMOs are
divided into eight subclasses (A� H) based on their structure
and mechanism. The structure of a homologous enzyme to
CreE from Streptomyces sp. V2 L-aspartate N-monooxygenase
(SV2� NMO) shows that these enzymes are members of class B
of the FMO family.[13] The structures of class B FMOs feature two
Rossmann nucleotide binding folds, of which one is responsible
for FAD binding and the other binds NADPH/NADP+.[11] The
kinetic mechanism can be divided into two parts: the reductive
and oxidative-half reactions. The reduction of class B FMOs can
take place in the absence of substrate, known as the “bold”
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mechanism of flavin reduction.[12,14] After reduction, the NADP+

is retained, which is a hallmark of class B.[14] In the oxidative-half
reaction, the bound NADP+ stabilizes the oxygenating inter-
mediate, the C4a� hydroperoxyflavin, preventing the wasteful
uncoupling of this intermediate to hydrogen peroxide.[14,15] Class
B is further divided into four subclasses based on the substrate
and reaction specificity: the flavin-containing monooxygenases,
Baeyer-Villiger monooxygenases (BVMOs), nitrogen hydroxylat-
ing monooxygenases (NMOs), and YUCCAs.[11] CreE a member
of the NMO subclass enzymes, which catalyze nitrogen
oxidation reactions and are highly specific for their
substrate.[11,16] However, CreE is an unusual member of this
subclass, because the enzyme catalyzes three sequential
hydroxylation reactions of L-aspartate to yield nitrosuccinate, in
contrast to the typical single oxidation reaction of NMOs
(Scheme 1B).[8,11,13,17]

Here we present the kinetic characterization of CreE.
Steady-state kinetic studies demonstrated that CreE is stereo-
specific for L-aspartate and that the oxidation is highly coupled.
Rapid-reaction kinetic analysis showed fast flavin reduction and
C4a� hydroperoxyflavin formation steps and a slow flavin
dehydration step. Multiple sequence alignment with related
enzymes coupled with structural analysis of a CreE model and
the crystal structure of SV2� NMO identified potential active site
residues. Site-directed mutagenesis and biochemical character-
ization showed critical roles for T65, R291, and R440 in substrate
binding and oxygenation. These findings lay the foundation for
CreE as a promising candidate for enzyme engineering and
chemoenzymatic biomedical applications.

Experimental Procedures

Materials

The gene encoding for CreE (UniProt ID: A0A0K2JL70) cloned into
pMAL-c4x plasmid was obtained from Genscript Biotech (Piscat-
away, NJ). The gene encoding for TbADH (UniProt ID: P14941)
cloned into pET-28a plasmid was also obtained from Genscript
Biotech. Escherichia coli BL21(DE3) and OneShot TOP10 chemically
competent cells were purchased from Invitrogen (Carlsbad, CA). All
reagents were purchased from Research Product International
(Mount Prospect, IL) unless otherwise stated. Glucose oxidase, d8-2-
isopropyl alcohol, fumarate, D-aspartate, and Amicon molecular
weight cutoff centrifugal filters were obtained from Sigma Aldrich
(St. Louis, MO). L-aspartate was purchased from Fisher Scientific
(Hampton, NH). Protein purification was carried out on a Cytiva
(Marlborough, MA) AKTA Start system using MBPTrap High Perform-
ance and HisTrap Fast Flow 5 mL columns. Sonication was carried
out with a Fisher Scientific Sonic Dismembrator Model 500
(Hampton, NH). Enzyme activity was measured using a Hansatech
Clark-type oxygen electrode system (Norfolk, UK) to measure
oxygen consumption. Rapid-reaction kinetics were monitored using
an Applied Photophysics (Surrey, UK) SX-20 stopped-flow instru-
ment housed in a COY Laboratories (Grass Lake, MI) anaerobic
chamber. All gas tanks were purchased from Airgas (Randor, PA).
Data deconvolution was carried out using Applied Photophysics
Pro-KIV software (Surrey, UK) and data analysis was performed
using the Synergy Software (Reading, PA) program, Kaleidagraph
and the GraphPad Prism software (Boston, MA).

Protein Expression and Purification

The pMAL-c4x-CreE plasmid was transformed into chemically
competent E. coli BL21(DE3) cells. CreE was expressed as a N-
terminal fusion to maltose binding protein (MBP) as described by
Fox, et. al., 2009.[18] The cells were grown in autoinduction medium
at 37 °C and 250 RPM until an optical density at 600 nm of 4.0 was
reached. The temperature was lowered to 18 °C and cells were

Scheme 1. Biosynthetic pathway of cremeomycin in Streptomyces cremeus. A) L-aspartate semialdehyde (ASA) and dihydroxyacetone phosphate (DHAP) are
cyclized to 3-amino-4-hydroxybenzoate (3,4-AHB) by the class I aldolase homolog CreI and 3-dehydroquinate synthase II homolog CreH. The cyclization likely
proceeds through the formation of a C� C bond formed by CreI. 3,4-AHB is hydroxylated by the flavin-dependent monooxygenase, CreL, to produce 3-amino-
2,4-dihydroxybenzoate (3,2,4-ADHB). 3,2,4-ADHB is O-methylated by the SAM-dependent methyl transferase, CreN, producing 3-amino-2-hydroxy-4-
methyloxybenzoate (3,2,4-AHMB). 3,2,4-AHMB is diazoated resulting from the nitrite and ATP-dependent reaction catalyzed by the fatty acid� CoA ligase,
CreM, to cremeomycin. The nitrogen in the diazo group that originates from nitrite is shown in red. B) Nitrite is produced by the 6-electron oxidation of L-
aspartate to nitrosuccinate by the flavin-dependent monooxygenase, CreE, and elimination of nitrite by the nitrosuccinate lysase, CreD, forming
nitrosuccinate.
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grown overnight. The cells were harvested by centrifugation and
stored at � 70 °C until purification.

For protein purification, the cell pellet was thawed on ice and
resuspended in 5 mL per gram of cells in Buffer A (50 mM
potassium phosphate, pH 7.5, 300 mM NaCl, 10% glycerol). The
solution was supplemented with 1 mM phenylmethylsulfonyl
fluoride (PMSF), 25 μg/mL lysozyme, 10 μg/mL DNAse I, and 10 μg/
mL RNAse and was stirred at 4 °C for 20 min. The cell suspension
was sonicated at 70% amplitude for 15 minutes, with the pulse on
for 5 seconds and off for 10 seconds. The lysate was centrifuged at
16,000 x g and 4 °C for 45 minutes to pellet the insoluble material
and cell debris. The supernatant was loaded onto two-in tandem
5 mL MBPTrap columns equilibrated in Buffer A at 2.5 mL/min using
an AKTA Start system. The columns were washed with Buffer A until
the absorbance value decreased to baseline levels. CreE� MBP
fusion was eluted using a in A over 15 column volumes at 5 mL/
min and was collected in 5 mL fractions. The CreE� MBP fusion
eluted between 25 mM and 50 mM maltose. Fractions were
analyzed by SDS-PAGE for purity and fractions with pure protein
were pooled. The protein was diluted to 5 mg/mL to avoid
precipitation and was dialyzed overnight at 4 °C into 100 mM
potassium phosphate, pH 7.5, 150 mM NaCl, 1 mM tris(2-
carboxyethyl)phosphine� hydrochloride (TCEP� HCl), 10% glycerol
(Buffer C). The MBP tag was cleaved by adding Tobacco Etch Virus
(TEV) protease to the dialysis bag at a ratio of 1 : 30 (TEV: fusion
protein).

To remove the MBP, TEV protease, and any uncleaved protein, the
sample was loaded onto a 5 mL HisTrap column equilibrated in
Buffer C at 2.5 mL/min. Cleaved CreE has a low affinity to the
HisTrap column and was eluted and isolated from the TEV using a
gradient of 0 to 100% of Buffer D (50 mM potassium phosphate,
pH 7.5, 300 mM NaCl, 300 mM imidazole, 10% glycerol) over 15
column volumes at 5 mL/min and 5 mL fractions were collected
(CreE elutes between 5–20 mM imidazole). Fractions were analyzed
by SDS-PAGE for purity and fractions with pure protein were
pooled. Pooled fractions were dialyzed for four hours at 4 °C into
the storage buffer (100 mM potassium phosphate, pH 7.5, 150 mM
NaCl, 1 mM TCEP� HCl, 10% glycerol). The protein was flash-frozen
as 10 μL droplets and stored at � 70 °C. The protein concentration
was measured by Bradford assay and the FAD-bound extinction
coefficient was calculated as previously described.[19,20]

Synthesis of (R)-[4-2H-]-NADPH

For kinetic isotope effect studies NADPH and (R)-[4-2H]-NADPH
were synthesized as described by Jeong, et. al. with some
modifications.[21] 5.5 mM NADP+, 1 M d8-2-isopropyl alcohol (for (R)-
[4-2H]-NADPH synthesis) or 1 M 2-propanol (for NADPH synthesis),
and 2.5 μM of Thermoanaerobacter brockii alcohol dehydrogenase
(expression and purification described below; TbADH) were added
to 25 mM Tris� HCl, pH 9.0. The reaction was allowed to proceed for
20 minutes at 40 °C and was stirred at 125 RPM in an incubator until
the A260/A340 ratio reached a value of�2.8. The solutions were
filtered with a 3 kDa Amicon molecular weight cut-off centrifugal
filter to remove the enzyme. The filtrate was lyophilized to afford
the products as light-yellowish powder. The product was stored at
� 70 °C and was resuspended in 100 mM potassium phosphate,
pH 7.5, 100 mM NaCl immediately prior to usage.

TbADH was expressed in E. coli BL21(DE3) as a 6x His Tag fusion in
pET-28a using the same procedures as described for CreE. TbADH
was purified using Ni2+� NTA chromatography. Cells were lysed
using the same procedures as described for CreE in 25 mM
Tris� HCl, pH 7.3, 300 mM NaCl, 5 mM imidazole, 0.1 mM TCEP� HCl.
The insoluble proteins and cell debris were removed using the

same procedures as described for CreE. TbADH was loaded onto
two-in tandem HisTrap, 5 mL columns at 2 mL/min. The columns
were washed with 10% of 25 mM Tris� HCl, pH 7.3, 300 mM NaCl,
300 mM imidazole, 0.1 mM TCEP� HCl, for 5 column volumes.
TbADH was eluted using a gradient elution of to 100% 25 mM
Tris� HCl, pH 7.3, 300 mM NaCl, 300 mM imidazole, 0.1 mM
TCEP� HCl, over 15 column volumes and pure fractions were pooled
as assessed by SDS-PAGE. The protein was dialyzed into a storage
buffer of 25 mM Tris� HCl, pH 7.3, 100 mM NaCl, 0.05 mM ZnSO4

overnight with stirring at 4 °C. The protein was flash frozen as 10 μL
droplets and was stored at � 70 °C.

Oxygen Consumption Assay

All oxygen consumption assays were performed using an Oxygraph
+ system from Hansatech Instruments (Norfolk, UK). Assays were
performed in 100 mM potassium phosphate, pH 7.5, 100 mM NaCl
(1 mL total volume). The concentration of CreE (and mutant
enzymes) was 0.5 μM unless otherwise noted. All reactions were
initiated by the addition of NADPH. In experiments where the
NADPH concentration was varied (0.01–1 mM), L-aspartate was held
constant at 20 mM. When L-aspartate was varied (0.075 mM–
20 mM), NADPH was kept at 1 mM unless otherwise noted. For
experiments where D-aspartate was varied (2.5 mM–100 mM),
NADPH was also kept at 1 mM. When NADH was varied (0.25–
4 mM), 1 μM enzyme was used and L-aspartate was held at 20 mM.
For T65A, R291A, and R447A, 1 μM of enzyme was used to obtain
rates above background at all concentrations tested. With T65A,
R291A, and R440A, L-aspartate was varied at higher concentrations
to reach saturation (10 mM–1000 mM). Eq. (1) was used to
determine the turnover number (kcat), and Michaelis-Menten
constant (KM). Reactions under saturating conditions were per-
formed in the presence of 1 mg/mL catalase to determine the
reaction coupling as previously described.[22]

v0

ET½ �
¼

kcat S½ �
ðKM þ S½ �Þ (1)

Rapid-Reaction Kinetic Analysis

The reductive and oxidative-half reactions of CreE were inves-
tigated using an Applied Photophysics SX20-stopped-flow spectro-
photometer enclosed an anaerobic chamber. Oxygen was removed
from the enzyme sample, buffer, and substrate stock as described
previously.[17,23] NADPH was transferred directly to the chamber and
resuspended in the anaerobic activity buffer (100 mM potassium
phosphate, pH 7.5, 100 mM NaCl). For all stopped-flow experiments,
the concentrations listed are after mixing. Flavin reduction was
investigated by mixing various concentrations of NADPH (125–
4000 μM) with 10 μM CreE at 5 °C. Kinetic isotope effect experi-
ments were determined using 4 mM of (R)-[4-2H]-NADPH and
NADPH. Absorbance changes between 200–800 nm were recorded.
The flavin reduction was monitored by measuring the decrease in
absorbance at 448 nm was fit to Eq. (2) to obtain the observed rate
constant of the fast phase (kred1) and of the slow phase (kred2). A448 is
the absorbance at 448 nm, A is the amplitude of the phase, t is
time, and C is the final absorbance at 448 nm. The observed rates
obtained as a function of NADPH concentration were fit to Eq. (3),
to determine the rate constant for flavin reduction (kred) and
dissociation constant (KD) for NADPH.

A448 ¼ C þ A1e� k1tð ÞþA2e� k2tð Þ (2)
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kobs ¼
kred S½ �
ðKD þ ½S�Þ

(3)

For the flavin oxidation experiments, reduced CreE was prepared
by manually mixing 10 μM CreE with 15 μM NADPH. Saturated
oxygenated buffer was prepared as previously described.[23]

Oxidation was investigated at atmospheric oxygen concentrations
(300 μM). Absorbance changes between 200–800 nm were re-
corded. Formation of the C4a� hydroperoxyflavin was monitored at
373 nm and traces were fit to Eq. (4) to obtain the observed rate
constants (kOOH). The flavin oxidation was monitored at 448 nm to
obtain the k1 for the decay and k2 for the increase. In both of these
equations, Anm is the absorbance values at a specified wavelength,
A0 is the initial absorbance, and AΔ is the amplitude of the
absorbance change at a specified wavelength. In the absence of
aspartate k2 in Eq. 5 reports the value for kOX, which is the decay of
the C4a� hydroperoxyflavin. In the presence of aspartate, reports
the value for kOH, which is the decay of the C4a� hydroperoxyflavin.
All data fitting was carried out with KaleidaGraph. Spectral
deconvolution was carried out with a three-step model that
accounted for the reduced enzyme, the C4a� hydroperoxyflavin,
and the oxidized flavin.

Anm ¼ ADð1 � e� kOOHtð ÞÞ þ A0 (4)

Anm ¼ AD1e� k1tð Þ þ AD2ð1 � e� k2tð Þ
Þ þ A0 (5)

Site-Directed Mutagenesis

All mutants of CreE were generated using the Q5 Site-Directed
Mutagenesis Kit from New England Biolabs by following the
instructions from the manufacturer. Plasmids containing the desired
mutation were confirmed by Sanger DNA sequencing at the
Genomic Sequencing Center in the Fralin Life Science Institute at
Virginia Tech. All mutant enzymes were purified in the same
manner as the wildtype and will be referred to as T65A, R291A,
R440A, R443A, and R447A from hereon.

Bioinformatics and Structural Analysis

CreE was aligned to homologs and to other class B NMOs using
MAFFT from the European Bioinformatics Institute.[24] The alignment
was visualized by the Escript3.0 server.[25] The structural model of
CreE was predicted using the AlphaFold2 ColabFold server.[26,27] The
structure was validated using QMEAN from the Swiss Institute of
Bioinformatics.[28] Structural alignment was conducted using the

protein structure comparison service PDBeFold at European Bio-
informatics Institute.[29] Visualization of all protein structures were
conducted with PyMOL by Schrödinger.[30]

Results and Discussion

Protein Expression and Purification

Recombinant CreE was expressed as an N-terminal fusion to
maltose-binding protein in E. coli BL21(DE3) cells using auto-
induction media. The CreE� MBP fusion protein was purified
using amylose affinity chromatography. CreE was cleaved from
MBP by TEV protease and was isolated using Ni2+� NTA
chromatography. Cleaved CreE was isolated at a yield of 1.5�
0.1 mg of protein per gram of cell (Figure S1). The UV-visible
spectrum of CreE displayed absorption peaks at 380 and
448 nm, indicating the protein was bound to a flavin cofactor
(FAD) with 60�5% incorporation (Figure S1). The extinction
coefficient of the FAD bound CreE was calculated to be
12.5 mM� 1 · cm� 1.

Steady-State Kinetic Analysis

The steady-state kinetic parameters of CreE were determined
using an oxygen consumption assay. A kcat of 4.28�0.07 s� 1 and
a KM of 0.82�0.06 mM were measured with L-aspartate, which
are similar to previously reported values for homologous
enzymes (Figure 1 & Table 1).[13,17] We observed little change on
the kcat value with D-aspartate but noted a ~23-fold increase in
the KM value, suggesting that CreE preferentially binds L-
aspartate (Figure 1 & Table 1). A previous report showed that
SV2� NMO was not active with D-aspartate by monitoring the
rate of NADPH oxidation.[13] It is likely that an appropriate
concentration of D-aspartate was not used to observe signifi-
cant activity in this report.[13] We also measured the steady-state
kinetic parameters with NADPH and NADH. Compared to
NADPH, we observed a ~5.6-fold decrease in the kcat value and
~39-fold increase in the KM value with NADH (Figure 1 &
Table 1). These findings indicate that CreE significantly prefers

Table 1. Steady-State Kinetic Results for the CreE Wildtype Enzyme.

Varied Substrate Fixed Substrate kcat (s
� 1) KM (mM) kcat/KM (M� 1 · s� 1)

L-aspartate NADPH 4.28�0.072 0.82�0.06 5,200�310

D-aspartate NADPH 4.96�0.120 19�1.2 300�10

NADPH L-aspartate 4.51�0.073 0.030�0.001 150,000�8,200

NADH L-aspartate 0.810�0.034 1.16�0.091 700�40

(R)-[4-2H]-NADPH* L-aspartate 2.35�0.071 0.037�0.002 66,000�7,300

NADPH* L-aspartate 4.68�0.062 0.038�0.002 122,000�6,150

Conditions: 100 mM potassium phosphate, 100 mM NaCl, pH 7.5. Errors reported are from the data fitting analysis, except for the kinetic isotope effect,
where the error is the standard deviation of three independent experiments. NADPH that was synthesized as described in the material and methods is
indicated was an asterisk. *A Dkcat value of 2.0�0.2 was calculated by determining the ratio between the kcat values calculated with NADPH and (R)-[4-2H]-
NADPH. The errors were propagated from three independent experiments.
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NADPH over NADH for catalysis and binding, which is in
agreement with a previous publication.[17]

FMOs typically couple oxygen activation to substrate
hydroxylation, preventing the wasteful production of hydrogen
peroxide known as uncoupling.[31–33] Because the oxygen
consumption assay cannot distinguish between substrate
hydroxylation and uncoupling, we performed reactions in the
presence and absence of catalase at saturating conditions.
Catalase will convert the hydrogen peroxide that is produced to
molecular oxygen and water, lowering the oxygen consumption
rate. At saturating conditions (0.5 μM CreE, 1 mM NADPH,
20 mM L-aspartate or 100 mM D-aspartate), we were unable to
detect changes to the rate in the presence of catalase with L-
aspartate, indicating the reaction is highly coupled. We
observed that CreE is slightly less coupled with D-aspartate
(84�6 %). In contrast, a similar experiment with NADH showed
that CreE is only 47�3% coupled with this substrate, further
supporting a significant preference for NADPH over NADH. To
determine the kinetic isotope effect associated with hydride
transfer, we measured the steady-state kinetic parameters with
(R)-[4-2H]-NADPH. The results show a kinetic isotope effect value
on kcat (

Dkcat) of 2.0�0.2, indicating that hydride transfer is only

partially rate-limiting and proceeds with proR stereochemistry,
which is consistent with several studies of related FMOs.[17,33–37]

We also measured the effect on the initial rate with NADPH in
the presence of various NADP+ concentrations. The data
showed a minimal effect on the kcat, with increases in the KM

value, which is consistent with NADP+ acting as a competitive
inhibitor (Figure S2).[17,38] A KI value for NADP+ of 0.31�
0.07 mM was calculated (Figure S2).

Rapid-Reaction Kinetic Analysis

We studied the reductive and oxidative-half reactions of CreE
using anaerobic stopped-flow spectroscopy. The reduction of
CreE was measured by monitoring the bleaching of the
absorbance at 448 nm at various NADPH concentrations (0.125–
4 mM). The reduction occurred in two phases, where the fast
phase (kred1) was responsible for ~92% of the total amplitude
change (Figure 2). The rate of reduction of the fast phase at 5 °C
was 110�3.5 s� 1 and was dependent on the concentration of
NADPH with a KD value of 0.72�0.05 mM, which agrees well
with a report of a homologous enzyme, FzmM (Figure 2 &

Figure 1. Steady-state kinetic analysis of CreE. Initial rates measured as a function of A) L-asp concentration (0.075–20 mM) and B) D-asp concentration (2.5–
100 mM) were fit to Eq. (1). C) Initial rates measured with NADPH (black), synthesized NADPH (blue), and (R)-[4-2H]-NADPH (pink) were fit to Eq. (1). All
cofactors were tested between 0.01–1 mM. D) Initial rates measured with NADH (0.25–4 mM) were fit to Eq. (1).
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Table 2).[17] We measured the kinetic isotope effect value on the
reductive-half reaction using a saturating concentration of (R)-
[4-2H]-NADPH (4 mM). A kinetic isotope effect on the fast phase
(Dkred1) of 4.4�0.1 was calculated, indicating that hydride
transfer is the significant rate-limiting step within the reductive-
half reaction. These findings also support that hydride transfer
proceeds with proR stereochemistry, as is the case with related
FMOs.[17,33–37] The slow phase was not dependent on the NADPH
concentration and was not isotope sensitive and likely
originated from enzyme that was damaged during the degass-
ing process (Table 2).

The oxidative-half reaction was monitored for the formation
of the predicted oxygenating species, the
C4a� hydroperoxyflavin (373 nm), and for the oxidation of the
flavin (448 nm) in the presence and absence of L-aspartate at
atmospheric oxygen concentrations (~300 μM). Deconvolution
of the oxidation spectra in the absence of substrate showed the
spectrum of the reduced flavin, the C4a� hydroperoxyflavin, and
the oxidized flavin (Figure S3).[39] In the absence of L-aspartate,
we observed that the C4a� hydroperoxyflavin forms fast upon
mixing of the reduced enzyme with oxygen at a rate (kOOH) of
54.5�3.40 s� 1 (Figure S3 & Table 3). We note that the spectrum
of the C4a� hydroperoxyflavin has a small decrease in the
~448 nm region compared to the reduced spectra (Figure S3).
Fitting of the rapid decrease at ~448 nm calculated a rate of
250�20 s� 1. This indicates that this spectral change happens at

a rate much faster than kcat and may be related to changes in
the active site that are required to form the
C4a� hydroperoxyflavin. The rate of flavin oxidation (kOX) in the
absence of L-aspartate was slow at 0.088�0.013 s� 1 (Figure S3
& Table 3). These results demonstrate that the intermediate is
stable and only uncouples to hydrogen peroxide in the absence
of L-aspartate very slowly.[12–14,17,22,40]

In the presence of L-aspartate, the rate of formation of the
C4a� hydroperoxyflavin was similar to the rate obtained in the
absence of L-aspartate (Figure 3 & Table 3). However, spectral
deconvolution was not able to detect the
C4a� hydroperoxyflavin completely independent from partially
oxidized enzyme as indicated by the increase at ~448 nm
(Figure 3). Furthermore, the rate constant for flavin dehydration
(kOH) is ~109-fold faster than kOX (Figure 3 & S3 & Table 3). This is
consistent with L-aspartate hydroxylation occurring very fast.
We did observe a small decrease in the absorbance at the

Figure 2. Reductive-half reaction of CreE. A) Reduction spectra of CreE at 4 mM NADPH over 30 seconds. The first recorded spectrum after mixing is in black
and after 30 sec in orange. The spectra in gray are every 3 seconds. The arrow indicates the change in absorbance as time increases. B) Representative
experimental traces at each NADPH concentration tested were fit to Eq. (2). The arrow indicates the direction of increase in the NADPH concentration. C)
Fitting of the observed rates (fast phase (black), slow phase (orange)) at each NADPH concentration tested (0.125–4 mM) were fit to Eq. (3). The black
dimonorange dimonds are the values obtains fro the slow phase of reduction.

Table 2. Reductive-Half Reaction Results.

Cofactor kred1 (s
� 1) kred2 (s

� 1) KD (mM) kred1/KD (M� 1 · s� 1)

NADPH 110�3.5 1.8�0.16 0.72�0.05 119,000�4,000

R-[4-2H]-NADPH* 26.8�1.10 1.3�0.19 N.A. N.A.

NADPH* 119�2.10 1.2�0.23 N.A. N.A.

Conditions: 100 mM potassium phosphate, pH 7.5, 100 mM NaCl and 5 °C. Errors reported are from the data fitting analysis, except for the kinetic isotope
effect, which is the standard deviation of three independent experiments. NADPH synthesized following the procedures described in materials and methos
are marked with an asterisk. *A Dkcat value of 4.4�0.1was calculated by determining the ratio between the kcat values calculated with NADPH and (R)-[4-2H]-
NADPH. The errors were propagated from three independent experiments.

Table 3. Oxidative-Half Reaction Results.

Conditions kOOH (s� 1) kOH (s� 1) kOX (s
� 1)

No substrate 54.5�3.40 N.A. 0.088�0.013

+L-asp 46.6�3.87 10.1�0.120 N.A.

Conditions: 100 mM potassium phosphate, 100 mM NaCl, pH 7.5. Errors
reported are the standard deviation of three replicates.
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beginning of the traces at ~448 nm and determined a rate of
205�27 s� 1, which closely resembles the rate obtained for this
decrease in the absence of L-aspartate, suggesting the substrate
presence does not impact this process (Figure 3). Class B
enzymes have been proposed to utilize a “cocked-gun”
mechanism in which the C4a� hydroperoxyflavin is stabilized by
the bound NADP+ until the substrate is available for oxygen-
ation to prevent the wasteful production of hydrogen
peroxide.[15,39,41,42] The finding of a stable C4a� hydroperoxyflavin
in CreE and the enhancement in the rate of flavin oxidation
aligns well with the “cocked-gun” mechanism proposal (Ta-
ble 3).

kOH was the slowest step that was observed in the catalytic
cycle, yet it is ~2-fold faster than the kcat value measured for
CreE (Tables 1 & 3).[38] This was also observed for FzmM, where
kOH was ~1.6-fold faster than the kcat value.

[17] Because CreE (and
FzmM) catalyzes three rounds of oxidation, it is possible that

flavin dehydration of the second or third oxidation step
becomes slower and could correspond to the observed kcat
value. Alternatively, NADP+ release might be the slow step in
the catalytic cycle, however, given that NADPH must re-bind to
kickstart the next reduction, this seems unlikely. Additionally, in
the prototype NMO, SidA, NADP+ release is fast, and the
hydride transfer is the rate-limiting step, thus it is clear that the
multiple oxidizing NMOs have different kinetic control.[15,35]

Structural Analysis

Recently, the crystal structure of SV2� NMO (55% identity to
CreE) was solved with FAD and NADP+ bound (Figure S4).[13] We
generated a structural model of CreE using AlphaFold2 and
compared it to the structure of SV2� NMO. The structure of
SV2� NMO and the model of CreE align well (RMSD=1.24 Å)

Figure 3. Oxidative-half reaction results in the presence of 20 mM L-aspartate. A) Spectra of 10 μM reduced CreE upon reaction with 300 μM oxygen over
60 seconds. The arrows indicate the direction of the absorbance changes as time increases. B) Deconvolution of the spectra from panel A. The predicted
spectrum of the reduced flavin is in black, the C4a� hydroperoxyflavin is in blue, and the oxidized flavin is in orange. C) Experimental replicate traces (blue) at
the 373 nm (absorbance corresponding of the C4a� hydroperoxyflavin) were fit to Eq. (4). D) Experimental replicate traces (orange) at the 448 nm (absorbance
corresponding of the oxidized flavin) were fit to Eq. (5). In panels C&D, the black lines are the fittings to three independent replicates.
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and both have two Rossmann-nucleotide binding folds, which
is consistent with L-aspartate N-hydroxylases belonging to class
B of the FMO family (Figure S4).[11] The SV2� NMO structure was
solved with L-aspartate bound to the enzyme, but it is not
bound in a conformation that is suitable for catalysis (Fig-
ure S5).

We performed the site-directed mutagenesis of several
residues adjacent to the flavin, which were selected using
knowledge of the binding site of the well-studied NMO, SidA,
and recent work with SV2� NMO.[13,41,43] It was shown with SidA
that upon formation of the C4a� peroxyflavin, the NADP+ ribose
2’-OH donates a proton to form the C4a� hydroperoxyflavin.[41]

This suggests that the C4a� hydroperoxyflavin forms between
the flavin C4a and the NADP+ ribose 2’-OH, indicating that the
substrate atom that is to be hydroxylated needs to be in this
vicinity. In the structure of SV2� NMO, NADP+ is bound in the
same conformation and location as that observed in SidA and
other NMOs.[31,38,44] Thus, we considered that residues that were
positively charged and/or could participate in hydrogen bond-
ing within ~10 Å from the NADP+ ribose 2’-OH and the
pyrimidine ring of flavin could be involved in binding L-
aspartate (Figure S5). Using these parameters, T65, R291, R440,
and R443 were selected. These residues are conserved in other
L-aspartate N-hydroxylases, however, they are not conserved in
single oxidizing and well-studied NMOs (Figure S6). We mutated
T65, R291, R440, and R443 to alanine to test their role in
substrate binding (Figures S5 & S6). We also mutated R447 to
alanine because it is found in an arginine-rich helix that is only
conserved in multiple oxidizing NMOs and was previously
proposed to facilitate substrate entry and binding alongside the
other arginine residues in the helix, R440 and R443 (Figures S5
& S6).[13] Also of note, R291, R440, and R443 are conserved in
other multiple oxidizing NMOs, PcxL and HpxL, which act on
chemically similar substrates to L-aspartate (2-aminoethyl-
phosphonate) (Figure S6).[45] It is likely that the substrates of
PcxL and HpxL share similar active site interactions as with
CreE.

Steady-State Kinetic Characterization of Mutant Enzymes

Each of the mutant enzymes were expressed and purified in the
same manner as CreE with very similar results. We measured
the steady-state kinetic parameters with L-aspartate for each of

the mutant enzymes using the oxygen consumption assay. With
T65A, we observed a ~2.5-fold decrease in the kcat value and a
~28-fold increase in the KM value (Figure S7 &Table 4). R440A
gave similar results to T65A with ~1.8-fold decrease the kcat
value and a ~40-fold increase in the KM value (Figure S7
&Table 4). Remarkably, R291A had a similar decrease in the kcat
value (~3-fold), but we also observed a ~290-fold increase in
the KM value (Figure S7 &Table 4). Together, these findings
support that T65, R291, and R440 are important for binding L-
aspartate and are key active site residues. With R443A, we
observed a ~1.4-fold decrease in the kcat with no change in the
KM value (Figure S7 & Table 4). R447A did not change the KM

value either, but a ~2.5-fold decrease in the kcat value was
observed (Figure S7 & Table 4). These results do not support a
role for R443 or R447 in substrate binding. To test if the
decreases in the kcat value could be caused by a decrease in the
reaction coupling we measured the initial rate constant in the
presence of and in the absence of catalase with the oxygen
consumption assay under saturating conditions. T65A and
R447A were highly coupled, while R291A, R440A, and R443A
were all very uncoupled (Table 4). A high degree of uncoupling
could suggest that R291A, R440A, and R443A impact the
stability of the C4a� hydroperoxyflavin and/or the ability to
correctly orient L-aspartate in a position for optimal catalysis.

Conclusions

In this work we have described the catalytic mechanism of CreE
and have identified residues involved in binding L-aspartate.
The catalytic cycle of CreE begins with the binding of NADPH
followed by the fast stereospecific proR hydride transfer
completing the reductive-half reaction (Scheme 2). In the
oxidative-half reaction, the reduced flavin reacts with molecular
oxygen to form the C4a� hydroperoxyflavin (Figures 3 & S3 &
Scheme 2). In the absence of L-aspartate, the
C4a� hydroperoxyflavin is stable and only eliminates to hydro-
gen peroxide very slowly (Figures S3 & Table 3). In contrast, in
the presence of L-aspartate, oxidation is ~109-fold faster
(Figures 3 & S3 & Table 3). After binding of L-aspartate,
hydroxylation occurs via nucleophilic attack by the deproto-
nated amino group of L-aspartate to C4a� hydroperoxyflavin,
forming N-hydroxy-aspartate and the C4a� hydroxyflavin
(Scheme 2). The C4a� hydroxyflavin is dehydrated to regenerate

Table 4. Steady-State Kinetic Results with Mutant Enzymes and L-aspartate.

Enzyme kcat (s
� 1) KM (mM) kcat/KM (mM� 1 · s� 1) % Uncoupled

T65A 1.69�0.040 22.8�1.70 0.075�0.005 5�2

R291A 1.37�0.020 235�20.0 0.006�0.001 87�5

R440A 2.40�0.030 32.9�1.80 0.073�0.003 61�3

R443A 3.09�0.060 0.88�0.09 3.5�0.30 44�2

R447A 1.69�0.040 0.82�0.09 2.1�0.21 N.D.

Conditions: 100 mM potassium phosphate, 100 mM NaCl, pH 7.5. Errors reported are from the data fitting, expect for the % uncoupled, where the error is
the standard deviation of three independent experiments.
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the oxidized flavin and upon release of NADP+, the second
oxidation reaction takes place. As has previously been pro-
posed, N-hydroxy-aspartate remains bound while awaiting the
two next rounds of hydroxylation (Scheme 2).[13] While it is not
clear what is the rate-limiting step, because flavin reduction,
substrate hydroxylation, and flavin dehydration are faster than
the kcat value, it is possible that flavin dehydration step in the

second or third oxidation reaction are the slowest steps
(Scheme 2). Alternatively, resetting the protein after all three
oxidation reactions by releasing nitrosuccinate and/or the final
NADP+ molecule could represent the rate-limiting step
(Scheme 2).

The activity of CreE presents the opportunity to produce
nitro functional groups in an environmentally friendly manner,

Scheme 2. Proposed reaction scheme of CreE. The first oxidation reaction begins with the binding of NADPH to the oxidized enzyme (EOX), which is followed
by the transfer of the proR hydride from the C4 position of the NADPH nicotinamide to the flavin, generating the reduced enzyme in complex with NADP+

(Ered� NADP+). The C4a� hydroperoxyflavin (EOOH� NADP+) is formed upon the reaction of Ered� NADP+ with oxygen. The C4a� hydroperoxyflavin is stable, however it
decays slowly in the absence of L-aspartate (dashed gray lines).EOOH� NADP+ complexes with the L-aspartate, producing the enzyme-substrate complex (EOOH� NADP
+� L-asp). L-aspartate is then hydroxylated, forming N-hydroxy-aspartate and the C4a� hydroxyflavin (EOH� NADP+� N� OH-asp). After flavin dehydration and the release
of NADP+, the first oxidation cycle is complete. The second oxidation is initiated by binding of NADPH to the EOX� N� OH-asp. After hydride transfer, the
Ered� NADP+� N� OH-asp reacts with molecular oxygen to form the EOOH� NADP+� N� OH-asp. After hydroxylation the EOH� NADP+� N-di� OH-asp would form. We propose that the N-
di� hydroxy-aspartate is hydrolyzed to nitroso� aspartate, which serves as the substrate for the next round of oxidation. Following the same mechanism as the
second oxidation, nitroso� aspartate is retained and upon release of NADP+ the third oxidation can begin. NADPH binds the EOX� nitroso-asp and reduces the
enzyme to form the Ered� NADP+� nitroso-asp. Molecular oxygen reacts with the Ered� NADP+� nitroso, forming the EOOH� NADP+� N� OH-asp. After the third hydroxylation, the
EOH� NADP+� nitrosuccinate complex is formed. Upon release of nitrosuccinate and NADP+, the substrate-free, oxidized enzyme is regenerated (EOX). Considering that
flavin dehydration is the slowest step observed in the oxidation with L-aspartate, we propose that this step might be the rate-limiting step (RLS). Alternatively,
the release of the final NADP+ or nitrosuccinate could be or contribute to RLS.
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however, the substrate binding site was not known, hindering
enzyme engineering efforts. Steady-state kinetic analysis of
mutant enzymes showed that T65, R291, and R440 play a role in
L-aspartate binding, while R443 and R447 do not (Figure 4,
Figure S7 & Table 4). More studies will be required to determine
if the decrease in the reaction coupling observed with R291A,
R440A, and R443A is caused by improper substrate orientation
and/or an increased instability of the C4a� hydroperoxyflavin.
When considering that the position of L-aspartate should have
the amino group in close proximity to the distal oxygen of the
C4a� hydroperoxyflavin, it is clear that R291 and R440 are found
in a position not optimal for binding L-aspartate in both the
crystal structure of SV2� NMO and the model of CreE (Figure S5).
Thus, rotation of the side chains must occur to accommodate
binding to positions that have not yet been observed in
crystallo (Figure 4). It is possible that the predicted flexibility of
the active site residues in CreE is involved in resetting the
protein after each hydroxylation step and could be unique to
multiple oxidizing FMOs.

In summary, we have determined the catalytic mechanism
of CreE with L-aspartate, which agrees with closely related
enzymes.[13,17] Site-directed mutagenesis revealed residues that
are involved in binding L-aspartate in the position in which
catalysis takes place, facilitating future enzyme engineering for
biomedical and synthetic applications to expand the substrate
scope of this novel nitro-forming FMO.

Supporting Information

A file containing Figures S1–S7 is provided.
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Figure 4. Proposed binding site of L-aspartate (blue). Predicted positions of residues involved in binding L-aspartate. T65 would remain in a similar position as
observed in the structure of SV2� NMO and the model of CreE due to a hydrogen bond between the N3 of the flavin isoalloxazine and the hydroxyl group of
the residue. The side chains of R291 and R440 would rotate towards the predicted substrate binding site to allow ionic interactions with the carboxyl groups
of L-aspartate. R291 is predicted to interact with T65.
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