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ABSTRACT: Flavin-dependent azoreductases have been applied R R
to a wide range of tasks from decolorizing numerous azo dyes to _ H
releasing azo-conjugated prodrugs. A general narrative reiterated in N=N AzoR N_H AzoR

! . —_— S
much of the literature suggests that this enzyme promotes NADH NADH
sequential reduction of both the azo-containing substrate and its COOH COOH
corresponding hydrazo product to release the aryl amine if and only if R provides

components while consuming two equivalents of NAD(P)H. resonance stabilization

Indeed, such aryl amines can be formed by incubation of certain R AzoR R* NH,
azo compounds with azoreductases, but the nature of the substrates /©/ ~NADH K;/[/ + @E
capable of this apparent azo bond lysis remained unknown. We HzN HN COOH

have now prepared a set of azobenzene derivatives and

characterized their turnover and products after treatment with azoreductase from Escherichia coli to discover the structural basis
regulating aryl amine formation. Without resonance donation by aryl substituents, reduction ceases at the hydrazo product. This
indicates that azoreductases do not act on the hydrazo bond. Instead, aryl amine formation depends on a spontaneous hydrazo bond
lysis that is promoted by resonance stabilization and subsequent reduction of the quinone-like intermediate by azoreductase.
Experimental and computational approaches confirm the substituent dependence of this process. With knowledge of this
requirement, full release of aryl amines from azo-conjugates can now be designed and applied with confidence.

B INTRODUCTION Azoreductases are broadly distributed in nature although
most studies have focused on those from aerobic prokar-
yotes.*>!? These variously use NADH or NADPH to reduce a
bound flavin mononucleotide (FMN) within a flavodoxin-like
fold. The reduced flavin in turn transfers a hydride equivalent
to form a presumptive hydrazo intermediate that is rarely
detected (Figure 1B)."* This in turn may generate two amine
products with the consumption of a second equivalent of
NAD(P)H. Crystal structures of a variety of azoreductases are
available and describe a rather large and accessible active site
that can accommodate a wide variety of azo dyes in agreement
with kinetic studies.”’’ Although amine products were
identified from the reduction of various azo substrates by
azoreductases, no formal examination of the catalytic
mechanism has been published to our knowledge. Typically,
enzyme participation is invoked or presumed during the
reduction of both the azo-containing substrate and its hydrazo
intermediate.'”'> Two alternative pathways were proposed for
the reduction of the azo prodrug balsalazide including one that
involved a nonenzymatic decomposition of the hydrazo
intermediate. This was suggested after crystallographic analysis

Azobenzene was first reported almost 200 years ago and
discovery of the first azo dye, aniline yellow, soon followed."
More recently, azobenzene derivatives have been used to
create optical materials, photoswitches, molecular machines,
and self-immolative polymers." The first synthetic antibiotic
prontosil featured an azo group as well. Upon reduction of this
group in vivo, an active sulfanilamide antibiotic is released
(Figure 1). Since this discovery, the azo group has been
integrated into a broad range of prodrugs including balsalazide
and related derivatives for treating ulcerative colitis.” An
equivalent prodrug strategy has also been successfully extended
to anticancer drugs such as gemcitabine (Figure 1C),
methotrexate, and a platinum complex.3 In each case, drug
release depends on the ability of an azoreductase to transform
the azo substrate to its corresponding aniline products.” This
activity is commonly conferred by our microbiota and
consequently incorporation of an azo appendage serves as a
very convenient approach for releasing therapeutic compounds
into our colon. As a corollary, azo dyes are subject to a similar
reduction, but their metabolites can be toxic and carcino-
genic.”® The potential for generating deleterious products has
not deterred the application of azoreductases in the environ- Received: November 15, 2024
ment for bioremediation of industrial waste streams.” Revised:  December 10, 2024
Further applications of azoreductase involve the incorporation Accepted:  December 12, 2024
of azo groups into the design of cleavable linkers in Published: December 21, 2024
proteomics,'’ biosensors in living cells'' and traceable drug

delivery."
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Figure 1. Enzymatic azoreduction and azoreductase-activated prodrugs. (A) Reduction of prontosil by AzoR, (B) an implied hydrazo intermediate
in reduction of prontosil, and (C) two representative azo prodrugs. The active therapeutics are highlighted in blue and released after reduction by

azoreductase.

Scheme 1. Enzymatic Reduction of 4-FCH,-Azo by AzoR"
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“(A) Complete reduction to form aQM and (B) reduction halted at the hydrazo intermediate and subsequent elimination, addition, and oxidation

to form 4-HOCH,-Azo.

revealed a surprising misalignment between balsalazide (Figure
1C) and the flavin of an azoreductase.”'® Without context, this
observation remains ambiguous since active site binding
geometry is not necessarily indicative of mechanism or
regiochemistry as evident from the nonproductive alignment
of various substrates in the active site of FMN-dependent

17,18

nitroreductases. Still, lysis of the hydrazo bond was also

230

thought to occur spontaneously for certain examples after
incubating azo dyes with cytochrome P450."

Our interest in azoreductase derived from a desire to
generate azaquinone methide intermediates (aQM) enzymati-
cally for alkylation of biological macromolecules. Only limited
information on the reactivity of these electrophiles under
physiological conditions was available in comparison to the
extensive literature on the analogous quinone methides.”’™*

https://doi.org/10.1021/acschembio.4c00779
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Without definitive instruction from the literature on
azoreductases, we assumed a fluoromethyl derivative (4-
FCH,-Azo) of the common azoreductase substrate methyl
red would generate a transient para-fluoromethyl aniline (A2)
that rapidly eliminates to form the para aQM (Scheme 1).
Instead, no reduction was observed beyond the hydrazo
intermediate as described below. Motivated by this un-
successful design, we aimed to create guidelines for reliable
release of the amine components from azo compounds by
examining the substituent dependence of product formation.
This report demonstrates through experimental and computa-
tional methods that resonance donation by ortho or para
substituents is a prerequisite for nonenzymatic lysis of the
hydrazo bond. The azoreductase from Escherichia coli
consumes one equivalent of NADH to generate the hydrazo
intermediate and one equivalent of NADH to reduce the
quinone-like intermediate formed after spontaneous decom-
position of the hydrazo intermediate. The hydrazo bond is not
subject to direct reduction by the azoreductase.

B RESULTS AND DISCUSSION

Unexpected Products Formed by Azoreduction of a
Fluoromethyl-Substituted Azobenzene. Methyl red is
used as a reliable substrate for characterizing azoreductases
from numerous organisms based on its model behavior and
ease of assay.””'””" 2-Aminobenzoic acid and 4-
(dimethylamino)aniline have been confirmed as the products
of its reduction by azoreductase as expected for the full
conversion of an azo group to its component aryl amines.”°
These products attracted our attention for generating aQM
intermediates through an enzyme-controlled reduction.
Release of a suitably prepared aniline derivative would produce
an aQM in a complementary process to hydrolysis of acylated
aniline derivatives.”””" A fluoromethyl group was selected here
to minimize the potential of direct nucleophilic substitution at
the benzylic position prior to enzymatic generation of the
anticipated aQM precursor (Scheme 1). The desired 4-FCH,-
Azo was constructed using a Baeyer—Mills reaction that
couples an aryl amine to a nitrosoarene (see below and the
Supporting Information).””*° Azoreductase from E. coli
(AzoR) was selected as a prototypical azoreductase based on
its availability through in situ PCR and prior characterization
that included crystal structures of its oxidized, reduced, and
ligand-bound forms.”*?"

Routine incubation of 4-FCH,-Azo with AzoR and NADH
under neutral conditions generated two products detected by
LC-MS (Scheme 1 and Figure S1). No lysis of the azo bond
was detected. Instead, 4-HOCH,—Hydrazo was observed and
thought to form by water addition to a hydrazo-quinone
methide (hQM) produced upon spontaneous elimination of
HF from the hydrazo product (H1) (Scheme 1). 4-HOCH,-
Azo was also observed and likely derived from spontaneous
oxidation of 4-HOCH,—Hydrazo by ambient O,.*” This latter
product was not the result of direct substitution at the benzylic
position since 4-FCH,-Azo was inert to equivalent incubations
lacking AzoR and NADH (Figure S1).

The carboxylic substituent is common to methyl red and 4-
FCH,-Azo and thus not implicated in the resistance of 4-
FCH,-Azo to full reduction and release of the anticipated
aniline derivative (A2, Scheme 1). Thus, the replacement of
the electron-rich dimethylamine with the fluoromethyl group
most likely caused the unexpected product profile. This result
suggested that the criteria for prodrug release by azoreduction
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was not sufficiently characterized by prior literature and likely
required inductive or resonance contributions from an
electron-donating group (EDG). To test this hypothesis, a
series of azobenzene derivatives has now been synthesized with
a range of substituents and characterized with AzoR.

Design and Synthesis of Azobenzenes to Correlate
Substituent Effects and Product Profiles Generated
from Azoreduction Promoted by AzoR. To provide a
systematic correlation between aryl substituents and azo bond
lysis, substrates were designed to vary the inductive and
resonance contributions. Initially, the dimethylamino group of
methyl red was replaced by hydroxyl (HO), methoxy (MeO),
N-acetylamino (AcHN), methyl (Me), and cyano (NC)
groups and the carboxylate group was retained for water
solubility and enzyme recognition. Baeyer—Mills reactions
were a(gain performed to construct the key azo bonds (Scheme
2).”**" In this reaction, the aniline derivatives serve as

Scheme 2. Synthetic Strategies to Access Azobenzenes with
(A) an Electron-Withdrawing Group (NC) and (B)
Electron-Donating Groups (R = HO, MeO, AcHN, Me)“

CN
NH, NO N=N
Sail e a5
———
COOMe NC COOH
1 5 4-NC-Azo

R
(B) NO NH N=N/©/
O L e (X
—_—
coOMe R COOH
2 4-R-Azo

R = HO, MeO, AcHN, Me

4-R-aniline

“a. AcOH, rt; b. NaOH, MeOH, 60 °C. For details, see the Methods
section and the Supporting Information.

nucleophiles to react with the electrophilic nitrosoarene.
Typically, EDGs on the aniline component promote coupling
and likewise, electron-withdrawing groups (EWGs) suppress
reaction.”® Therefore, the nitrosoarene was generated from the
aryl nitrile to maximize the yield of 4-NC-Azo (Scheme 2A).
Conversely, a nitrosoarene of the methyl benzoic acid
component was coupled to the aniline derivatives with EDGs
(Scheme 2B). In both strategies, the nitrosoarenes were
synthesized by oxidization of the corresponding amines with
Oxone™. As a final step, the methyl esters were hydrolyzed
under basic conditions to provide the desired substrates for
AzoR (Supporting Information).

Catalytic Efficiency and Binding Affinity of AzoR for
4-R-Azo. The set of potential substrates described above were
first assessed for their turnover and binding with AzoR to
provide the necessary context for subsequent product studies.
4-R-Azo consumption was monitored over time using reverse-
phase (C18) HPLC analysis and shown to proceed linearly
over the time required for determining catalytic efficiency
(Figure S2). The substrate dependence of catalysis was next
measured by varying 4-R-Azo concentration with a fixed
concentration of NADH (200 M) in 25 mM Tris pH 7.4 with
50 mM NaCl and 5% DMSO (Figure S3). The catalytic
efficiencies (k./K,) for 4-R-Azo consumption are quite
similar (20—36 X 10* M™' s7") except for 4-Me-Azo that was
consumed at a 3- to 5-fold lower efficiency (7 X 10° M™' s7")

https://doi.org/10.1021/acschembio.4c00779
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(Table 1 and Figure S3). In general, substituents at the C4
position had minimal impact on the initial rate of catalysis. A

Table 1. Binding Affinity and Catalytic Efficiency of AzoR
with Substituted Azobenzene Derivatives”

binding and kinetic substituent
4-R-Azo parameters products® constant
(Nfﬂt/slffi X
R Ky (uM) 10° hydrazo anilines o or
Me,N  N/A® 100 + 4 - 015 —098
HO 240 + 10 20+ 1 - + 0.33 —0.70
MeO 370 + 40 36+2 + + 0.29 —0.56
AcHN 67+ 5 21 +1 + + 0.31 —-0.31
Me 400 + 60 7+1 + - 0.01 —0.18
NC 450 + 40 20+ 1 + - 0.51 0.1S5

“Data represents an average of three independent measurements and
their uncertainty is the standard deviation. For details, see the
Methods section and the Supporting Information. “Could not be
measured due to interference by the absorbance of the substrate.
“Reactions were performed for 3 h at 25 °C with 100 yM substrate,
200 uM NADH, and 20 nM AzoR in 25 mM Tris pH 7.4, 50 mM
NaCl, and 5% DMSO (25 °C). Products were detected by LC-MS; +,
detected; —, not detected. “Inductive parameter (o7) and resonance
effects parameter (oy) from ref 3S.

greater influence of these substituents is evident in the affinity
of 4-R-Azo for AzoR. These measurements relied on the ability
of substrates to quench the fluorescence of the oxidized form
of FMN. Subsequent catalysis is prevented since the oxidized
FMN requires reduction prior to turnover. The Ky of 4-R-Azo
spanned over almost a 7-fold range but did not correlate with
catalytic efficiency nor substituent size or polarity (Table 1 and
Figure S4). Greatest affinity was measured for 4-AcHN-Azo
while the weakest affinity was measured for 4-NC-Azo.
Molecular docking of this set of substrates based on a crystal
structure of AzoR (PDB: 2298) was performed using
AutoDock Vina® to rationalize the relative affinities for the
active site. Binding of 4-AcHN group included polar
interactions with the backbone amide of Ala-114 (2.9 A) and
the hydroxyl group of Tyr-120 (3.0 A) that are not shared with
the other substituents (Figure S5). In contrast, key interactions
between the azo nitrogens and Tyr-120 (3.3 and 4.0 A) are
common to all of the substrates although previous mutagenesis
studies suggested that Tyr-120 was more influential for binding
NADH than methyl red.”*

Product Identification of Azoreduction. Products of
AzoR catalysis were identified by LC-MS to learn the structural
criteria for limiting transformation to a hydrazo derivative or
allowing full lysis of the azo bond to release the corresponding
aryl amines. Substituent effects had not previously been
examined to identify the role of electronics in this dichotomy
but our initial observations already indicated that the 4-FCH,
group was insufficient to generate the amine products (Scheme
1). The 4-R-Azo series was designed to test a range of
resonance and inductive contributions. Those with electron
pairs readily available for resonance donation (R = Me,N and
HO) generated the aryl amines exclusively as commonly
expected from the literature (Table 1 and Figure S6).252¢
Substituents with a lesser tendency for resonance donation (R
= MeO and AcHN) yielded a mixture of the hydrazo and
amino products under equivalent conditions and finally the
electron-donating and -withdrawing substituents lacking
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resonance contributions (R = Me and NC) were limited to
the hydrazo products without detectable formation of their
component amines (Figure S7). As illustrated by this trend,
resonance contributions are a key determinant of the product
profile. This is further supported by the general correlation
between the reaction products and the substituent resonance
constants (oy) of the functional group at the 4-position (Table
1).>> No equivalent pattern was evident for the inductive
constants (o;, Table 1). Likewise, redox potential does not
appear to influence turnover of this series of substrates. The
most readily reduced substrate should be that containing the
strongest EWG,*® 4-NC-Azo, but this was not reduced to its
hydrazo product with the greatest catalytic efficiency nor did it
form its amino products (Table 1). Future design of azo-
conjugated prodrugs should include an EDG constituent
capable of strong resonance donation to ensure release of the
desired amino product.

Chemical reduction of 4-HO-Azo and 4-Me-Azo by sodium
dithionite (10 equiv) yielded equivalent results to those
generated by AzoR. The azo bond lyzed to yield its amine
product Al for the resonance-stabilized 4-HO-Azo but only
the hydrazo product was formed by 4-Me-Azo (Figure S8).
Collectively, these results are best explained by one of the
previously untested conjectures that the hydrazo product
spontaneously decomposes in an enzyme-independent proc-
ess.'”"” Conversion of 4-R-Azo to its hydrazo derivative by
AzoR is invariant to the R group but subsequent hydrazo bond
lysis requires the R group to provide stabilization for a
developing positive charge to allow formation of the electron-
deficient benzoquinone imine (Scheme 3A). This scheme is

Scheme 3. . Proposed Mechanism of Azo Bond Lysis and
Formation of Its Two Aryl Amine Products”

'.X H+\ C;(

)@ D LT

: :N=N AzoR : :N—H‘-’ ‘)
COOH COOH

(A)

NADH NAD
4-R-Azo X=NR,, OR 4-R-Hydrazo
+
NH, X
spontaneous ©i .
—_—
COOH HN
A1 benzoquinone
imine
(B) Y YH
AzoR
NADH NAD* OH
Y =NH, O

?(A) Enzymatic reduction to form a hydrazo product. (B) Subsequent
enzymatic reduction of a transient quinone to consume the second
equivalent of NADH.

consistent with the dominant effect of resonance contributions
and lack of correlation to the reduction potentials of the
substrates. The second equivalent of NADH consumed in the
standard methyl red reaction is not involved in reduction of the
hydrazo bond but rather in an AzoR-dependent reduction of
the quinone intermediate (see below).

https://doi.org/10.1021/acschembio.4c00779
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Confirmation That Resonance Donation Is the
Principal Determinant for Complete Lysis of the Azo
Bond after Initial Formation of the Hydrazo Product by
AzoR. As a complementary approach to demonstrate the
significance of resonance donation in product determination,
the hydroxyl group of 4-HO-Azo was shifted to the meta (3-
HO-Azo) and ortho (2-HO-Azo) positions. All of these
provide the inductive effects of a hydroxyl group but only
substitution at the 2- and 4-positions allows for the resonance
stabilization that is suggested above to be critical for amine
formation (Scheme 3). The two new derivatives were
synthesized in analogy to those of the 4-R-Azo series (Scheme
§3).””*° Their affinity for the oxidized form of AzoR was in the
range of those measured for the 4-R-Azo series with K; values
of 210 and 140 uM for the 3-HO-Azo and 2-HO-Azo isomers,
respectively (Figure S4). However, neither was consumed by
AzoR as efficiently as the 4-R-Azo series. The k./K,, for 3-
HO-Azo was 40% lower than that of 4-Me-Azo, the slowest of
the series and the k., /K, for 2-HO-Azo was 2.6-fold lower
than that of 4-Me-Azo (Figure S3). Still, both were processed
by AzoR to yield the anticipated products that are dictated by
resonance contributions. Incubation of 3-HO-Azo under
standard conditions with 200 kM NADH and AzoR yielded
only its hydrazo product as observed by LC-MS (Figure S9).
In contrast, no hydrazo product was detected after an
equivalent incubation of 2-HO-Azo with AzoR and instead
its amine Al and 2-hydroxyaniline were evident (Figure S9).
Since the 2-aminobenzoic component is invariable in this
investigation, the product profile must be controlled by the
differing hydroxy group positions. Again as proposed above,
release of aryl amine from a complete lysis of the azo bond
requires substituents to labilize the hydrazo bond and strongly
stabilize the electron-deficient intermediate through resonance
(Scheme 3).

Benzoquinones as Substrates for AzoR to Form a
Reduced Product. No evidence suggests that the hydrazo
products of AzoR reaction are reduced by AzoR. For example,
the hydrazo derivatives generated from 4-Me-Azo, 4-NC-Azo,
and 3-HO-Azo persist in the presence of AzoR and NADH.
Still, two equivalents of NADH are consumed when lysis of the
azo bond leads to the release of its two amine components.'>'°
The first NADH drives the FMN-dependent conversion of the
azo substrate to its hydrazo product and the second NADH is
expected to drive a subsequent FMN-dependent reduction of a
benzoquinone imine intermediate to its hydroquinone product
(Scheme 3B). Azoreductases, like nitroreductases, are known
to promote a variety of reactions in addition to their
namesakes including quinone reduction,”*”™*° and thus,
azoreductase also likely catalyzes the cryptic reduction of the
intermediate cation to its stable aniline product.

Attempts were made to synthesize benzoquinone imine to
test if AzoR could catalyze its reduction. Unfortunately,
oxidation of 4-aminophenol with silver(I) oxide*' did not
provide an isolable product after multiple trials. This is
consistent with the rapid decomposition of its N-acetylated
derivative with a half-life of ~11 min in 0.1 M sodium
phosphate pH 4.0.*>** As an alternative, para-benzoquinone
was selected as a model substrate to measure the relative
propensity for AzoR to promote quinone versus azo bond
reduction. AzoR (330 nM) fully converted para-benzoquinone
(500 uM) to its hydroquinone product within 2 min in the
presence of NADH (500 M) (Figure S10). This reaction was
enzyme-dependent and had a catalytic efficiency (k./K,)
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greater than 3.7 X 10° M™' 57!, a magnitude 3 orders more
than that of the initial azoreduction (Table 1 and Figure S11).
If the rate of quinone reaction is driven in part by reduction
potential, then turnover of para-benzoquinone imine would
likely have proceeded even faster than that observed for para-
benzoquinone since the reduction potential of the former
(2e7/2HY, E = 0.79 V vs NHE) is higher than the later (2¢7/
2H*, E = 0.64 V vs NHE).*** Accordingly, azoreduction and
not quinone reduction is likely rate-determining for the overall
turnover of AzoR. Accumulation of a quinone intermediate
appears negligible after spontaneous and fast hydrazo bond
lysis (Scheme 3)."*

Assessing Spontaneous Hydrazo Bond Lysis with
DFT Calculations. The oxidative lability of hydrazobenzenes
in the presence of O,°” and the decomposition of some of its
2- and 4-substituted derivatives described above complicate
direct experimental approaches to identify the structural and
electronic requirements for spontaneous N—N bond lysis. As
an alternate, computational methods were applied to examine
hydrazo bond lysis and predict which hydrazo compounds are
inclined to lyse spontaneously.

Hydrazobenzene (HAB) and 4-hydroxyhydrazobenzene (4-
HO-HAB) were used as model compounds to investigate the
requirements for facile N—N bond lysis (Scheme 4).

Scheme 4. Spontaneous Lysis of a (A) Neutral and (B)
Protonated Form of Hydrazobenzene (R = H, HAB) and 4-
Hydroxyhydrazobenzene (R = HO, 4-HO-HAB)

R -
(A) _ r R
H NH +R
by~ — ™ O~ O
o . .
R -
. _
® o L e Y
'\bu ©/ N e 4©/
»f . .

Differences between the Gibbs free energies of the hydrazo
intermediate and its lysis products were used to estimate the
propensity for reaction of the neutral and protonated species.
Lysing the neutral HAB and 4-HO-HAB (Scheme 4A) is
highly endothermic with AG values of 81 and 62 kcal/mol
(Table S1), respectively. Such transformations would be very
unlikely under standard laboratory conditions. The lack of
reaction for the neutral species was further confirmed by the
absence of a defined transition state (TS) for dissociation of
the N—N bond as the potential energy surface was scanned
with increasing N—N bond lengths. This analysis was stopped
at a N—N distance of 3.39 A (Figure 2A) beyond which no TS
is likely to exist. Within this scope, a TS would have been
indicated by a decrease in the energy of the nascent
intermediates. The enthalpic barriers (AE) of N—N bond
lysis remain very similar to the free energy of reaction, AG.
Therefore, neither the neutral HAB nor the neutral 4-HO-
HAB decomposes spontaneously. In both cases, the high
energy of transformation can be ascribed to the necessary
charge separation and aniline anion formation.

An alternative mechanism could involve protonation of the
hydrazo bond to avoid formation of the nascent aniline anion.
While the pK, of azobenzene is low (estimated between —2.5
and —1.6),">"" its basicity would increase dramatically as the
departing nitrogen becomes electron-rich. The energy
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Figure 2. Lysis of the N—N bond in (A) neutral and (B) protonated HAB
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and 4-HO-HAB was simulated by relaxed scans for which the relative
from the optimized structure (0.05 A increase per step, 40 steps) using

associated with lengthening of the N—N bond was then also
calculated for the protonated HAB and protonated 4-HO-
HAB in search of a reasonable TS (Scheme 4B). Again, a
continual increase in energy (AE) was generated as the N—N
distance increased for the protonated HAB suggesting no TS
(Figure 2B). In contrast, elongating the N—N bond of the
protonated 4-HO-HAB exhibited an increase and then
decrease of AE as expected when passing through a TS. In
this case, an N—N distance of 2.07 A presented a maximum
AE of less than 13 kcal/mol for 4-HO-HAB, a value
significantly lower than the maximum AE of HAB (>20
kcal/mol). The preferential lysis of the protonated 4-HO-HAB
is consistent with full conversion of 4-HO-Azo to its amine
components while derivatives such as 4-Me-Azo remain at the
hydrazo level after incubation with AzoR and NADH (Table
1).

The thermodynamic and kinetic barriers for the range of
substituents in the 4-R-Azo series were next calculated for their
protonated form and compared to the experimental results
above (Table 2). N—N bond lysis remained unfavorable for

Table 2. Thermodynamic Equilibria and Kinetic Barriers for
Bond Lysis of Protonated Hydrazo Compounds”

substituent (R) AG (kcal/mol) AG* (kcal/mol)

4-Me,N -88 6.0
4-HO 11 11
4-MeO 9.3 11
4-AcHN 9.7 13
4-Me 21 /
4-H 28 /
4-NC 37 /
3-HO 29 /

“Structures of starting hydrazo compounds, corresponding TS, and
products were individually optimized using DFT (M06-2X//6-311G+
+#% / /IEFPCM,water). “/” suggests no TS.

hydrazo compounds lacking resonance stabilization (R = Me,
NC). Neither substituent stabilizes the electron-deficient
intermediate to allow for bond dissociation. With the
contributions of the Me,N, HO, MeO, and AcHN groups at
the 4-position, the AG decreases to 11 kcal/mol or less for the
cationic intermediate. The value for the Me,N substituent is
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most favorable. Reaction may also be favorable when the HO
analog releases a dissociable proton. Neither the MeO or
AcHN substituents can dissipate their positive charge by
proton release and thus formation of the benzoquinone imine
is limited based on their AG (Table 1).

Transition states are evident by computation for all azo
derivatives containing resonance-donating substituents and
their kinetic barriers are only slightly higher in general than the
energy associated with the reaction intermediates. Based on the
Eyring equation’®*’ and rate equation®® for a first-order
reaction, an activation free energy (AG*) of 11 kcal/mol (R =
HO, MeO) suggests a half-life for the hydrazo product of 13 us
at 298 K. Thus, spontaneous and rapid N—N bond lysis is
highly likely for R = Me,N, HO, MeO, and AcHN. In
agreement with the experimental data above, the energy gain
(AG) and the kinetic barrier (AG¥) increase significantly for a
derivative containing a HO substituent at the 3-position
compared to that at the 4-position. Thus, the experimental
observations of the R-Azo series with azoreductase align with
computational analyses of hydrazo intermediates and should
guide future predictions on the product profiles for
azoreductase catalysis.

B CONCLUSIONS

Experimental and computational results described in this
article break the myth surrounding enzymatic azoreduction. At
least for AzoR, hydrazo bond lysis is not enzyme-dependent
and not all azo substrates yield their two amine components
after turnover. AzoR is responsible for the reduction of azo
compounds to their hydrazo products and subsequent reaction
relies on the resonance donation of substituents in conjugation
with the hydrazo bond to promote its spontaneous lysis.
Previously, participation of an EDG was suggested during
studies with azobenzene derivatives and cytochrome P450 but
no later investigations defined causality for hydrazo bond
decomposition.”” Similarly, a nonenzymatic lysis of the
hydrazo bond was invoked to explain an unusual orientation
of the azo-containing drug balsalazide (Figure 1) in a crystal
structure with an azoreductase from Pseudomonas aeruginosa.'®
Again, no subsequent attention confirmed the catalytic activity
of this orientation. Consequently, the literature predominantly
repeated the expectation that azoreductases catalyze the
reduction of both the azo and hydrazo bonds."”
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Here, we describe a systematic study to demonstrate the
importance of resonance donation from aromatic substituents
as the primary determinant of hydrazo bond lysis. The strength
of a resonance contribution may now be used to predict the
tendency for azoreductase to yield either a hydrazo product or
release the two amine components of the original azo
substrate. Furthermore, benzoquinone imines, rather than
hydrazobenzene derivatives, are most likely the substrates that
consume the second equivalent of NADH during AzoR
catalysis. DFT calculations are consistent with the exper-
imentally determined tendency for decomposition of hydrazo
derivatives and together provide an opportunity a priori to
design substrates that generate the desired product(s). For this,
an activation free energy of less than 13 kcal/mol should
predict at least fractional decomposition of the hydrazo
product enabling release of the amine components. All
commercial azo prodrugs, such as prontosil and olsalazine,
and the azo prodrug of germcitabine (Figure 1C) contain
functional groups for resonance donation at the appropriate
positions for release of their medicinally active component.
Whether these were generated by trial and error or through
unpublished knowledge on the structure—activity relationship
is not clear but now guidelines are available for future design of
azo compounds for in vivo activation.

B METHODS

General Strategy for Constructing Azo Bonds. An aqueous
solution of Oxone™ (8 eq., 0.8 M) was added quickly to a DCM
solution of the chosen aryl amine (0.3 M). The mixture was stirred at
RT under N, for 2 h. The crude mixture was then extracted with 20
mL DCM and washed sequentially with 20 mL of the following: 1 N
HCI, satd. NaHCO;, and brine. The organic phase was dried over
anhydrous MgSO, and concentrated under reduced pressure. The
crude product was directly used in the next step by adding AcOH to
make a 0.15 M solution and combining this with the corresponding
aniline (1.1 equiv) for azo bond formation. The reaction mixture was
stirred at RT under N, for 16 h. The solvent was removed by rotary
evaporation. The resulting residue was diluted with 20 mL EtOAc and
washed with 20 mL 1 N HCI and 20 mL satd. NaHCO;. The organic
phase was dried over anhydrous MgSO, and concentrated under
reduced pressure. The collected product was purified by silica column
chromatography using solvent systems of hexane/EtOAc or DCM/
EtOAc to give the desired azobenzene derivative. Full details are
provided in the Supporting Information.

Expression and Purification of AzoR. E. coli Rosetta 2 (DE3)
cells containing pET24a-AzoR-His6 (see the Supporting Information)
were inoculated into LB medium (20 mL) with kanamycin (50 ug/
mL) and incubated overnight at 37 °C with shaking (220 rpm). The
culture was then diluted (1:50, v/v) into LB medium (0.5 L) with
kanamycin (SO pg/mL) and incubated at 37 °C with shaking (220
rpm) for 3 to S h until the ODy, reached 0.60. After the culture was
cooled below 18 °C in the refrigerator, isopropyl B-p-1-thiogalacto-
pyranoside (IPTG) was added to a final concentration of 0.2 mM.
Expression of the protein continued at 18 °C with shaking (220 rpm)
for 20 h. Cells were harvested by centrifugation (5000g, 4 °C) for 30
min and stored at —80 °C.

Frozen cell pellets were thawed at RT and resuspended in ~25 mL
of lysis buffer (50 mM sodium phosphate pH 7.4, 500 mM NaCl, 10%
glycerol, 25 mM imidazole) with a vortex mixer. FMN (~300 mM)
was added to the suspension to enhance its occupancy in AzoR. Cells
were then lysed by an EmulsiFlex-C3 homogenizer (Avestin) with 3—
4 passes at ~17,000 psi. Cell debris was removed by centrifugation at
35,000g for 30 min and the supernatant was passed through nickel-
nitrilotriacetic acid (Ni-NTA) resin (Thermo Fisher Scientific, pre-
equilibrated with 3 column volumes of lysis buffer) by a benchtop
Econo pump (Bio-Rad) at a flow rate of 1 mL/min. The Ni-NTA
column was then attached to an AKTA protein purification system
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(GE Healthcare) and washed sequentially with 25, 60, and 80 mM
imidazole in buffer B (50 mM sodium phosphate pH 7.4, S00 mM
NaCl, 10% glycerol) for 2—3 column volumes each at a flow rate of 1
mL/min. The target protein was finally eluted with 250 mM imidazole
in buffer B for 2—3 column volumes. The eluted protein was
supplemented with ~300 yM FMN and incubated on ice overnight to
further increase the FMN occupancy. Finally, the solution was
exchanged into storage buffer (50 mM Tris pH 7.4, 300 mM NaCl,
10% glycerol) using a gravity-driven PD-10 desalting column (GE
Healthcare) following the manufacturer’s instructions. This solution
was concentrated with a 30 kDa molecular-weight cutoft centrifugal
filter unit (Amicon), flash-frozen with liquid nitrogen in aliquots, and
stored at —80 °C. The purified enzyme was analyzed by 12% SDS-
PAGE with Coomassie brilliant blue staining. Enzyme concentration
was determined by ultaviolet—visible (UV—vis) absorbance at 280 nm
(€250 nm = 15,930 M~'cm™, estimated by the ExPASy ProtParam
tool) after correcting for the contribution from bound FMN (A,g,/
Ay = 1.57).°" The FMN occupancy of the purified enzyme was
estimated by the ratio of enzyme-bound FMN (determined by UV—
vis at 450 nm, €,50 ;m = 12500 M~'cm™ for FMN) over the total
protein concentration.”® A typical yield of azoreductase from a 250
mL cell culture was 32 mg with 65% FMN occupancy.

Product Identification after Enzymatic Reduction. Enzyme
reactions were incubated in brown Eppendorf tubes with 100 uM
substrate, 200 uM NADH, and 20 nM AzoR in buffer A (25 mM Tris
pH 7.4, S0 mM NaCl, $% DMSO) at 25 °C for 3 h without stirring.
The enzyme was removed from the solution with an Amicon
centrifugal filter (10 kDa MWCO), and the resulting filtrate was
analyzed with a Waters Xevo UPLC-MS with electrospray ionization
(ESI) and q-TOF MS/MS analyzer using a flow rate of 0.3 mL/min
(see the Supporting Information for details).

Kinetic Assay for Azoreduction. The indicated concentration of
azo substrates, 20 nM AzoR, and 200 uM NADH were incubated in
buffer A at 25 °C. Tryptophan (100 uM) was added as internal
standard for quantification, and then the reaction was quenched after
2—30 min by adding acetonitrile to a final concentration of 11%.
Consumption of substrates was monitored by reverse-phase C18
HPLC (solvent program: 0—2 min: 5% B, 2—7 min: 5—15% B, 7—12
min: 15-35% B, 12—22 min: 35—60% B, 22—27 min: 60—95% B,
27-32 min: 95% B, 32—3S5 min: 95%—5% B, 35—45 min: 5% B.
Solvents A: 100 mM ammonium formate pH 4.0, B: acetonitrile). All
experiments were performed in triplicate. The substrate dependence
of V/[E] was fit to a linear regression using Origin 9.0 and k,./Ky
values and uncertainties were obtained from the slope.

Binding of Substrates to AzoR. AzoR (1 yM) in buffer A was
stirred gently at 25 °C while titrating with azo ligands. Binding of the
ligands was monitored by a diagnostic quenching of FMN,,
fluorescence (A, 450 nm, A,, 524 nm). All experiments were
performed in triplicate. Dissociation constants were calculated by
plotting the remaining fluorescence relative to the initial fluorescence
(AF/F,) with respect to total enzyme ([E],) and total ligand ([L])
using eq 1 (Origin 9.0) as described previously.”*~>*

F AF
=14+ —
E E

K, + [Elp + [L] — (K + [El; + [L])* — 4[E];[L]
2[E];

(1)

Molecular Docking. The structure of 4-R-Azo was obtained from
Avogadro to generate conformations of minimal energy. Water and
ions were removed from the protein structure but hydrogen atoms
were included. Each 4-R-Azo ligand was docked into the active center
of AzoR (PDB: 2298) using AutoDock Vina** applying the standard
protocol of flexible docking. The lowest-energy complex model was
selected for superimposition. All structural images were generated
using PyMOL (version 2.5.8).

Free Energy Calculations. Quantum chemical calculations by
DEFT were used to calculate the free energy and energy barrier for the
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decomposition of neutral and protonated hydrazobenzenes into their
cationic intermediate and aniline anion/aniline (Scheme S5). For all
reactions, the free energy change AG was obtained as the Gibbs free
energy differences between substrate and products.

AGneu(’ral = Ganiline anion T Gcationic intermediate Ghydrazo
AGpmtonated = Ganiline + Gcationic intermediate Gpromnated—hydrazo

The energy barrier AG* represents the free energy difference of the
transition state (if found) and the hydrazo starting material. Note that
transition states were only found for N—N bond lysis of protonated
hydrazobenzenes with certain substituents. See Table S2 for raw data.

b =
AGprotonated - Gfransiﬁon state Gprotonafed-hydrazo
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