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ABSTRACT

Molecular oxygen (Oy)-utilizing enzymes are
among the most important in biology. The
abundance of O, its thermodynamic power, and the
benign nature of its end products have raised
interest in oxidases and oxygenases for
biotechnological applications. While most O-
dependent enzymes have an absolute requirement
for an Os-activating cofactor, several classes of
oxidases and oxygenases accelerate direct reactions
between substrate and O, using only the protein
environment.  Nogalamycin  monooxygenase
(NMO) from Streptomyces nogalater is a cofactor-
independent enzyme that catalyzes rate-limiting
electron transfer between its substrate and O,. Here,
using enzyme-kinetic, cyclic voltammetry, and
mutagenesis methods, we demonstrate that NMO
initially activates the substrate, lowering its pKa by
1.0 unit (AG™= 1.4 kcal mol). We found that the
one-electron reduction potential, measured for the
deprotonated substrate both inside and outside the
protein environment, increases by 85 mV inside
NMO, corresponding to a AAG” of 2.0 kcal mol?
(0.087 eV) and that the activation barrier, AG, is
lowered by 4.8 kcal mol™ (0.21 eV). Applying the
Marcus model, we observed that this suggests a
sizable decrease of 28 kcal mol? (1.4 eV) in the
reorganization energy (A), which constitutes the
major portion of the protein environment’s effect in
lowering the reaction barrier. A similar role for the
protein has been proposed in several cofactor-

dependent systems and may reflect a broader trend
in O-utilizing proteins. In summary, NMO’s
protein environment facilitates direct electron
transfer, and NMO accelerates rate-limiting
electron transfer by strongly lowering the
reorganization energy.

Reactions between organic molecules and
O, power aerobic life. While O, is a
thermodynamically  powerful oxidant, well-
described Kinetic (1,2) and thermodynamic (2,3)
barriers render it largely inert under ambient
conditions. This lack of apparent reactivity protects
biological molecules from unwanted oxidations. In
order to harness its oxidizing power, nature has
evolved several organic and metallocofactors
capable of binding and donating electrons to O, (4-
8). The partially reduced forms of O (superoxide
or peroxide anions) are both activated for oxidizing
exogenous substrates and sheltered inside proteins,
where they may access substrates selectively (9).

Several classes of oxidases and oxygenases
are known that directly catalyze reactions between
substrates and O- in a cofactor-independent manner
(10), and are broadly termed cofactor-independent
oxidases and oxygenases (ClOs). Examples of
these are the  antibiotics  biosynthesis
monooxygenases (ABMs), a large family of
enzymes involved in the synthesis of bacterial
antibiotics. These catalyze oxidations and
oxygenations of mono-, tri-, and tetracycline
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natural products through the direct interaction of
the substrate and O, (11-16).

Working with a member of this class
known as nogalamycin monooxygenase (NMO),
we previously compared the mechanisms of the
catalyzed and uncatalyzed reactions of dithranol, a
tri-cyclic  anthraquinol  analog  of  12-
deoxynogalonic acid (Scheme 1) (17). With the
substrate in its deprotonated, monoanionic form
(dithranol™), we observed rate-limiting electron
transfer in both the uncatalyzed and catalyzed
reactions, where the presence of the protein led to
an approximate 2000-fold increase in the reaction
rate (17). While modest, this increase is nonetheless
of interest, as it suggests ways in which the protein
environment alone can accelerate reactions with O,
in both natural and designed enzymes that exploit
this abundant, “green” oxidant.

Here, we have begun to quantify how the
enzyme activates both the organic substrate and Oo.
Because the rate-limiting step is an electron
transfer, Marcus Theory can be applied. The
Marcus model states that the activation barrier
(AGY) for electron transfer is a function of how the
chemical environment influences the free energy
difference (AG?) between the ground (reduced) and
le” oxidized states, and the energy required to
reorganize the reactants and solvent in the excited
state (A).

Because of the simplicity of our system - a
small, structurally characterized 34 kDa enzyme
which lacks a cofactor - and our ability to study the
uncatalyzed reaction in parallel, we were able to use
the Marcus model to directly assess how the protein
environment lowers the barrier to electron transfer
between a simple substrate and Ox.

RESULTS

Pure wild-type (WT) and mutant NMO
were prepared in high yields. Hiss-NMO was
purified as a homodimer in average yields of 50
mg/L of culture for WT, 20 mg/L for the N18A, and
30 mg/L for the N63A variant. Pure enzyme had a
measured subunit molecular weight of 16.85 kDa
(MS); calculated 16.98 kDa. The discrepancy was
attributed to loss of part of the histidine tag before
or during MS analysis. Typical values for the
specific activity of freshly-prepared enzyme with
saturating (=5 times Ky) dithranol in air-saturated
buffer, consisting of 0.1 M CAPS, 0.3 M NaCl,
36% (v/v) 2-methoxyethanol (CAPS-ME), pH 9.8,
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25 °C, were: 47 £ 7 upM minuM? NMO (WT),
0.41£0.1 uM minuM™* NMO (N18A), and 0.15 +
0.006 uM min*uM? NMO (N63A). The enzyme
retained full activity for at least 25 min in the 2-
methoxyethanol (ME) containing buffer, after
which activity began to decline.

NMO lowers the pKa, of the bound
substrate. The pKa of free dithranol in solution is
7.9 £ 0.4, but when bound to WT NMO the value is
lowered by 1.0 pKa unitto 6.9 + 0.2 (Figure 1). This
suggests that NMO plays a role in promoting
formation of the reactive dithranol™ at physiological
pH and temperature (pH 7, 25 °C), an effect
corresponding to AGY = 1.4 kcal mol?* (18).
Previously, we saw that catalytic activity was
significantly reduced in two active site asparagine
mutants of NMO (17). To probe whether these are
involved in lowering the substrate pK,, pH titrations
were carried out for the enzyme-substrate (ES)
complexes of the N18A and N63A variants,
yielding values of 7.8 + 0.2 and 7.7 £ 0.1,
respectively (Figure S1). Hence, both N18 and N63
appear to be involved in facilitating the
deprotonation reaction.

The uncatalyzed oxygenation of dithranol™
has a modest barrier. A discontinuous HPLC
method was used to monitor the initial rate of
dithranol- oxygenation under pseudo-first order
conditions (constant O, concentration, pH 9.8, 25
°C). Dithranone, dithranol, and bisanthrone have
well-resolved peaks with retention times of 2.3, 2.7,
and 3.2 min, respectively (Figure S2). The rate of
dithranol-  oxygenation increased with O;
concentration, with the highest attainable dissolved
[O2] (935 uM) resulting in exponential loss of the
initial 200 uM dithranol™ within 2.5 min (Figure
S3). In each case, dithranone formed in a 1:1 ratio
with dithranol”. Due to the slow oxidation of
dithranol, especially at low temperatures and [O5],
the method of initial rates was used to find k™ (17).
[dithranol-]¢/[dithranol-Jiniiar Of the initial, linear
portion of the curve was plotted versus time (Figure
2), yielding a slope equal to k” (eq 7), where k™ is
equal to the rate constant, k, times [O2] (eq 7).
Plotting measured k™ values versus [O] (Figure S4)
yielded lines of increasing steepness as both [O;]
and temperature were increased (Figures 2 and S4).
In (k) was then plotted as a function of temperature
(1000 R'TY), using eq (4), which yielded a
negative linear relationship from which ea =15+ 1
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kcal mol and the pre-exponential term, In (A) = 26
* 2, were determined (Figure 3, Table 1).

NMO lowers the activation barrier for
oxidizing dithranol™. Oxygenation of dithranol™ in
the presence of NMO is significantly faster than the
uncatalyzed reaction and similarly increases in rate
with [O-] (Figure 4, S5, Table 1). Analogous to the
uncatalyzed reaction, the rate of dithranol™
oxidation with NMO also increases as temperature
is increased (Figure 4). For the enzymatic reaction,
Kea/ Km(O2) is used in place of a second order rate
constant, as described in materials and methods and
in prior work by our group and others (5,17,19).
The plot of In (kea/Km(O2)) versus 1000 R1T 1 has a
negative linear slope, giving an activation energy e,
= 6.0 £ 1 kcal mol* and In (A) = 19 + 3 (Figure 3,
Table 1). The activation energy is lower than the
uncatalyzed reaction by ~ 2.5-fold.

Temperature dependence of NMO mutants.
Both N18A and N63A show significantly reduced
catalytic efficiency compared to WT NMO (Figure
S6, Table 1). We examined the temperature
dependence of kea/Km(O2) for these mutants in
order to measure their activation energies.
However, neither mutant exhibited any Kkinetic
sensitivity in changes to temperature (Figure S6).
We were therefore unable to use the Arrhenius
relationship to determine the activation barriers for
these mutants.

The protein environment does not
significantly change the free energy, AG”, for
dithranol™ oxidation. Oxidation peak potentials (E;)
for the one electron oxidation of dithranol™ to form
the dithranyl radical were measured for free
dithranol™ and the NMO-dithranol™ complex using
cyclic voltammetry (CV) (Figures 5 and S7). Using
eq (10) and k = 2.6 x 10° M s}, the dimerization
rate constant that has been applied to describe
coupling by several other phenolic radicals (20),
allowed for the calculation of E”, the redox
potential under standard conditions at constant pH
(25 °C, 1 M ionic concentration, pH 9.8) for bound
and unbound dithranol™ (Table 1). The presence of
NMO does not significantly change E?. These
values are reported vs Ag/AgCI (in 3 M NaCl)
instead of vs SHE, as there was no suitable redox
system for our mixed solvent system that could be
used to account for the junction potential. Prior
studies have used a correction factor for this in both
aqueous (21) and mixed solvent systems (22).
However, caution should be taken when doing so,
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especially if an organic solvent is used (23,24). To
reference the dithranol” oxidation to the half-cell
potential of O, + e~ — Oy, we applied the correction
factor below:

Eghe = EQgager +0.209V at 25 °C

EY; for O+ e — Oy, is-0.16 V (5). We then used
eq (9) to solve for AG? of electron transfer to O, for
unbound and bound dithranol™ (Table 1). There was
only a modest increase in the free energy when
dithranol™ is bound to NMO. Hence, the presence
of NMO causes a small shift in the free energy
toward a more endothermic electron transfer.
Reorganization energy is the major driver
for lowering activation energy in NMO. According
to Marcus Theory, the activation barrier of an
electron transfer (AGY) can be parameterized via
AG® for the electron transfer reaction and the
reorganization energy (1), as shown below:

s _ (460
AGH = 1)

A is defined as the energy required to reorganize the
nuclei of substrate, product, and their immediate
solvent environment without electron transfer
occurring.

For electron transfer from dithranol” to O,
the activation barrier is 14 kcal mol™; however, in
the presence of WT NMO, the barrier is lowered to
9.2 kcal mol™. Using the measured values for AG°
,AG*, and eq (1), the reorganization energy is 40
kcal mol* for the reaction between O, and
dithranol-, and 12 kcal mol! for the NMO-
dithranol™ complex (Table 1). Hence, NMO acts to
lower the activation barrier of rate-limiting electron
transfer via a 28 kcal mol? shift in the
reorganization energy.

Note that, because the Marcus equation (1)
is a second-order polynomial in A, there are two
real, positive solutions, Aow and Anigh, fOr a given
AG? > AG°. When AG’ = AGY, there is no kinetic
barrier to reaction, and any change to the
reorganization energy (for which there is only one
solution) increases AG*. Therefore, Anigh represents
the normal case in which AG’ is proportional to A
and AG? and where an increase in the driving force
for an electron transfer corresponds to an increase
in rate. Aow represents the counterintuitive case
where the chemical environment lowers AG’ for
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electron transfer by increasing the reorganization
energy and/or AG* This inversion is physically
possible; however, the range of AE? over which a
normal (i.e., proportional) relationship between
AG* and ) is predicted by Marcus Theory is given
by the square root of the product of the two
solutions for the reorganization energy, i.e., +\(hiow
Anigh). For the parameters in Table 1, the normal
ranges were +0.32V and 0.39V for the
uncatalyzed and catalyzed cases, respectively. This
suggests that a normal relationship between AG*
and A should exist (37). Values for Anigh are
therefore reported.

DISCUSSION
Oy is nature’s premiere oxidant: naturally
abundant,  relatively  nontoxic,  kinetically

challenged, but thermodynamically powerful. O--
utilizing processes must overcome the intrinsic
barriers to O, activation, which can be understood
in the context of the self-exchange reaction between
O; and O, (AG” = 0 kcal mol?). Applying the
Marcus relationship [eq (1)] to this reaction gives
AG = \/4. Using ket = 4.5+ 1.6 x 10° M stas an
aqueous rate constant for O; to O electron transfer,
Roth and Klinman estimated a barrier of AG* = 11.5
kcal mol? and A = 46 kcal mol™. The value for A
was further broken down as the sum of inner-shell
(Ain = 16 kcal mol?) and outer-shell (Aout = 30 kcal
mol™*) contributions. A, is defined as the energy
needed to change the internal coordinates of the
reactant state to the product state, without transfer
of the electron. A.: is the energy required for
reorganizing the solvent medium from the reactant
to the product state, likewise without transfer of the
electron. Hence, Aouw, Or the energy cost for
reorganizing the surrounding polar/aqueous
medium, dominates the intrinsic barrier for electron
transfer to O in the solvent environment.

Marcus theory suggests that proteins can
lower the intrinsic barrier to O activation in two
ways. First, the protein environment can impose a
rigid and structured network of dipoles that pre-
organize the active site to minimize molecular
reorientations during charge transfer (25), thereby
lowering A (Ain + Aou). Second, an enzyme can
stabilize the product state, in which an electron has
been fully transferred from the substrate to yield O,
or, the initial, resting state may be destabilized (i.e.,
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substrate activation). These effects are observed in
AG°.

A further key component of the biological
strategy for O, use is the cofactor. O-activating
enzymes are most often populated with tightly
anchored, intrinsically O,-reactive organic- or
metallocofactors,  within an  evolutionarily
optimized protein active site environment. This
obviates the need to produce a wholly unigue active
site for each O.-dependent reaction; rather, an
already optimal protein-cofactor motif efficiently
activates O,, and the remainder of the active site is
adapted toward accommodating the oxidation
substrate.

Cofactorless oxidases and oxygenases like
NMO have only the protein environment itself for
O activation; as such, they illustrate what a natural
or engineered protein environment may achieve in
the absence of the protein-cofactor motif, and how.
To understand O, activation by NMO, we first
noted from prior work that the deprotonated,
monoanionic substrate (dithranol™) reacts with O;
much more rapidly than its neutral/protonated
counterpart. In the mixed aqueous/organic buffer
used throughout this study, the native pKa for
dithranolH < dithranol™ + H* was previously
measured at 7.9 + 0.4. Here, the pKa for the ES
complex was shown to be a full pH unit smaller (6.9
+ 0.2), corresponding to an energetic contribution
of AG? = 1.4 kcal mol™. Two conserved active site
asparagines, N18 and N63 (Figure 6), appear to
play roles in lowering the pK. of the bound
substrate and are likewise essential for catalysis to
occur at an appreciable rate. They are flanked by
two water molecules, which may aid in the
deprotonation event. Hence, one role of the protein
environment is to activate the substrate by
deprotonation, a reaction that happens independent
of the presence or absence of O.. A rate-limiting
electron transfer was previously demonstrated for
the reaction between the NMO-dithranol™ complex
(the predominant species above pH 6.9) and O,
forming a radical pair (17). We therefore examined
the energetics of this process here.

The reaction barrier (activation energy, &,
and the related quantity AG*) was measured for
both the uncatalyzed and catalyzed conversion of
dithranol |02 to dithranyle|*O,- via the temperature
dependence of the reaction rate. Prior work
demonstrated that this reaction proceeds via rate-
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limiting formation of <O, (17). We were therefore
able to use the second-order rate constant, k, for the
uncatalyzed and kca/Km(Oz) for the catalyzed
reactions. The latter term encompasses all
microscopic reaction steps up to and including the
rate-limiting step and was used as a surrogate for a
second order rate constant for electron transfer. A
similar approach has been used by others elsewhere
(5,19). For unbound dithranol-, a barrier of AG* =
14 kcal mol?, close to the intrinsic barrier for self-
exchange, was measured using the e, derived from
an Arrhenius plot (Figure 3, Table 1).

When the dithranol™ is part of an NMO-
dithranol™ complex, the barrier height lowers
substantially, to AG’ = 9.2 kcal mol™. The
observation of similar pre-exponential factors (A)
for both the catalyzed and uncatalyzed processes
suggests the electron transfer occurs over a short
distance and with similarly high probabilities,
whether the reaction occurs inside or outside of the
protein environment (26). Hence, the effect of the
enzyme is to lower the reaction barrier by
approximately 5 kcal mol™.

In order to understand how the protein
environment does so, we determined the free
energy change for the catalyzed and uncatalyzed
electron transfer. E? was measured for the
dithranol |dithranyle half reaction in buffer and
compared with the value measured for the NMO-
dithranol™ complex, via a voltammetric method that
has previously been used to measure E° for rapidly
dimerizing phenolic radicals (20,27). We
previously observed that two dithranyls rapidly
dimerize to form bisanthrone (17). As shown in
Table 1, E” is minimally modulated by the protein
environment. The corresponding values of AG? for
the catalyzed and uncatalyzed reactions, in which
dithranol’|O, converts to dithranol«|*O>", differed by
only 2.0 kcal mol* (CAPS-ME, pH 9.8, 25 °C).
This is comparable in magnitude to the energy
required to lower the pK, of dithranol in the NMO-
dithranol complex by 1.0 unit (1.4 kcal mol™). We
concluded that the protein environment had little
destabilizing effects on the reactants or stabilizing
effects on the products. This is in spite of the
presence of the residues N18 and N63 in proximity
to the presumptive substrate binding site, which
though uncharged, could in principle serve to
stabilize O, through the resonance form in which
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the amide side chain has a charge on its nitrogen
atom.

The similarity in values of AG? for the
catalyzed/uncatalyzed electron transfer suggested
that the predominant role of the protein
environment is to lower A, which it does by a
sizable 28 kcal mol? (Table 1). Notably, both the
uncatalyzed and catalyzed reactions between
dithranol™/O, are unaffected by light, indicating that
photoexcitation yielding an inner-sphere electron
transfer is not at work. We therefore conclude the
change in A is dominated by a lowering of Aout, OF
outer sphere reorganization of the protein and
solvent. In addition, the reaction is pH-dependent
whereas Ai, is unaffected by changes in pH (5).

Roth et al. found that glucose oxidase
lowers the activation barrier of rate-limiting
electron transfer from the flavin cofactor to O, via
lowering Aout by 19 kcal mol? (5,19). This was
accomplished by a single point positive charge in
the active site by Hisb16H*, as the effect was
eliminated above the histidine’s pKa (5,19). The
catalytic importance of a single positive charge in
the active sites of flavoprotein oxidases has been
described in numerous examples (28,29). Though
the source of the catalytic effect and its specific
assignment to A has not been studied in enough
examples to demonstrate its generality, the
conservation of positively charged residues in many
flavoprotein oxidases suggests it could be (28).
Recently, Olshansky et al. showed that
ribonucleotide reductase (RNR), which contains a
ferric-tyrosyl radical cofactor, catalyzes proton-
coupled electron transfer (PCET) via lowering of
the reorganization energy by 21 kcal mol™* (30).
PCET must occur between the two subunits, o, and
B2, of RNR (35 A apart). It was found that the
conformational changes of the oy subunit were
responsible for enabling PCET and subsequent
lowering of L. These recent studies of electron
transfer, along with classic studies of azurin and
cytochromes (31-33), all point to the importance
of A in cofactor-dependent proteins.

CONCLUSIONS

The NMO protein environment facilitates direct
electron transfer from an anionic substrate to O in
the absence of a cofactor. Analogous to enzymes
that use either an organic or metal-dependent
cofactor in a well-evolved active site environment,
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NMO accelerates rate-limiting electron transfer via
lowering of the reorganization energy, where the
magnitude of the effect in NMO is robust. This may
be a general feature of O,-activating enzymes, and
one that could conceivably be mimicked in
engineered proteins.

EXPERIMENTAL PROCEDURES

Expression and purification of NMO. The
gene encoding the N-terminally Hise-tagged NMO
(pBad vector) was received as a kind gift from the
Schneider laboratory, University of Turku, Finland.
The NMO was expressed and purified as previously
described (11). The purified enzyme mass was
verified by electrospray ionization  mass
spectrometry. Site-directed mutants of NMO were
available from a prior study and were expressed and
purified using the same protocol as for WT NMO.

Dithranol stocks and reaction media.
Dithranol (1,8-dihydroxy-9,10-
dihydroanthracen-9-one, MP Biomedicals) was
used as a surrogate for the natural NMO substrate,
12-deoxynogalonic acid (Scheme 1). 10 mM stocks
were prepared in septum-sealed vials inside an
anaerobic chamber (Coy) using dimethylsulfoxide
(DMSO) that had been previously rendered
anaerobic via multiple cycles of evacuation and
purging with Ar. Stock concentrations were
verified using the extinction coefficient for
dithranol™ at pH 9.8, €3g7om = 18 (0.2) mM* cm™,
The DMSO stock was diluted into reaction media
consisting of 1:2 (v/v) buffer:2-methoxyethanol
(ME). The organic ME component was essential for
solubilizing the substrate and product. The buffer
contained 0.1 M CAPS, 0.3 M NaCl in doubly
distilled H>O, adjusted to pH 9.8.

Titration of the ES complex. All pH
titrations were performed by a discontinuous
method using a different buffer for each pH due to
instability of the enzyme when concentrated acid or
base is added. Titrations of free dithranol™ and its
NMO complex were performed in a Coy anaerobic
chamber using an HP8453 spectrophotometer. 100
MM dithranol” or 50 uM NMO-dithranol- complex
(WT, N18A, or N63A) was incubated in various
buffers (below) for 3 min before the absorbance
was measured. The pKa was determined by plotting
the absorbance at 354 nm (decreasing) and 440 nm
(increasing) as a function of pH and fitting the data
to a curve describing a single pKa, transition:

Protein-mediated O; activation

y = (B x 107 + A x 10P)/(107H + 107Ka)  (2)

where A and B are the highest and lowest
absorbance values, respectively.

Buffers at varying pH were prepared as
follows: citric acid/trisodium citrate (pH 5.5, 6.0),
BES (pH 6.5, 7.0, 7.5), tricine (pH 8.0, 8.5), CHES
(pH 9.0), and CAPS (pH 10.0, 11.0). Before
adjustment to the desired pH with HCI or NaOH,
ME was added to each of the ten solutions,
consisting of 200 mM buffer and 300 mM NacCl, to
a final concentration of 36% v/v.

Determination of the activation energy (ea)
for the non-enzymatic reaction. The Arrhenius
equation quantifies the exponential relationship
between a rate constant (k) and temperature (T),
with the activation energy . in the exponential
term:

k = Ae*aRT = [k kgT/h] e%/RT (3)
Taking the natural logarithm gives:
In (k) = In (x keT/h) - e/RT 4

Here kg is the Boltzman constant; h is Planck’s
constant; R is the universal gas constant; and k = 1
if the electron transfer is adiabatic, expected here
since the electron donor and acceptor are proximal.
The reaction between dithranol” and O; is expected
to be second order, yielding the following rate
equation:

dithranol™ + O, — products (5)
rate = -d[dithranol"]/d[t] = k[dithranol][O2]  (6)

The uncatalyzed reaction was monitored
under constant concentrations of dissolved O (200-
1200 uM), maintained via a continuous O2/N>
purge. Dissolved [O,] was measured using a Clark
type O: electrode (Yellow Springs Instruments)
calibrated to air-saturated doubly distilled H,O and
corrected for ambient pressure and temperature.
Dithranol~  disappearance  was  monitored
discontinuously over time by HPLC (see below)
from stirred 2 mL solutions of 460 uM dithranol™ in
CAPS-ME, pH 9.8. As the O concentration was
held constant and only the linear, initial portion of
the reaction was monitored, the pseudo-first order
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and initial rate approximations allowed equation (6)
to simplify to:

rate = d[dithranol~]/dt, = K'[dithranol Jinitial,
where k” = k [03] (7)

Values for k” were obtained similarly using the
method of initial rates in our prior work (17). This
allowed us to avoid complications due to slow
reaction times, especially at the lowest
temperatures and [O2].

A line was fitted via least squares regression to
a plot of [dithranol~]/[dithranol Jinitia VErsus time to
obtain an initial rate, and eq (7) was used to solve
for k. A plot of k™ versus [O] was then used in turn
to solve for the slope, k. Values of k measured in
this way at a series of temperatures (10-25 °C) were
then used to generate an Arrhenius plot. In (k)
versus 1000 R*T* was fit to a line by least squares
regression analysis (Kaleidagraph) and ea was
computed from its slope, using eq (4).

Analysis of reactants and products by high-
performance liquid chromatography (HPLC).
Quantification of reactants and products was
performed on an Agilent 1100 LC system (Agilent
Technologies, Santa Clara, CA) equipped with a
G1315B diode array detector. Each sample or
standard was injected at a volume of 20 uL onto a
Hypersil Gold PFP 5 um, 4.6 x 150 mm column
(Thermo Scientific) maintained at 50 °C. Buffers
used to separate the analytes of interest were 0.1%
(viv) TFA in water (A) and 0.1% (v/v) TFA in
acetonitrile (B). The separation was carried out with
a gradient: 40% A (0-1 min, 1.5 mL/min), 50% A
(2-2 min, 1.5 mL/min), 15% A (2-3 min, 2.0
mL/min), 15% A (3-3.8 min, 2.5 mL/min), 40% A
(3.8-4.0 min, 1.7 mL/min), 40% A (4-4.1 min, 1.5
mL/min). Analytes were monitored at 354 nm
(dithranol), 368 nm (bisanthrone), and 430 nm
(dithranone). Integrated intensities of reactant and
product were compared against standard curves to
determine concentration.

Determination of the activation energy, &,
for the NMO-dithranol” complex. The enzyme-
catalyzed oxygenation of dithranol™ (eq 5) was
previously monitored over time under both single-
turnover and steady state conditions (17). The
steady state kinetic parameter kca/Km(O2) has been
used as a surrogate for the second order rate
constant k (5,17). This parameter includes all
microscopic steps up to and including the rate-

Protein-mediated O; activation

limiting step and has the same units as k. We
previously showed that kea/Km(O2) and k were close
in magnitude (17), where the latter was measured
by stopped flow for the reaction between the
anaerobic NMO-dithranol~ complex and O.. We
consequently used the temperature dependence of
Keat! Km(O2) for determining the Arrhenius behavior
of the NMO-catalyzed reaction here.

Initial rate versus substrate concentration
plots were generated as a function of [O2] (80 —
1200 uM) using a Clark-type O electrode (Yellow
Springs International) in a temperature-controlled
chamber (2 mL) with constant stirring. Buffer
(CAPS-ME, pH 9.8) was equilibrated with a
defined O2/N, gas mixture. Saturating (>5X Kw)
dithranol™ (500 puM) was then added and the linear
background O, consumption recorded. After one
minute, 4 UM NMO was added to initiate the
enzymatic reaction and the consumption of O, was
monitored. Initial velocities (vi, Kaleidagraph) of
each reaction were fit from the first 5-10% of the
progress of reaction curves, corrected for non-
enzymatic O, consumption. The plot of v; versus
[O2] was fit to the Michaelis-Menten equation (8)
including the effects of cooperativity (H = hill
coefficient):

__ Vmax[S]"
Vi= i+ [s) ®)

Values of In kea/ Km(O2) measured at 5-37 °C were
plotted versus 1000 R*T? and fit to the Arrhenius
relationship, eq (4). Triplicate experiments were
performed for each starting [O2].

Measurement of cyclic voltammetry for the
uncatalyzed and catalyzed reactions. CV
experiments were performed with a SP-50
potentiostat (BioLogic) and EC-lab software using
a three-electrode cell comprised of a glassy carbon
rod encased in polychlorotrifluoroethylene
(PCTFE) as a working electrode (CH Instruments),
a platinum coil as a counter electrode (CH
Instruments), and a fritted AgQ/AgCI electrode
(BASI) as the reference electrode filled with 3 M
NaCl (0.209 vs. SHE). The working electrodes
were prepared immediately prior to each CV by
thoroughly polishing on 0.05 pm alumina powder
and sonicating in doubly distilled (Millipore) water
for 1 min.

Buffer (CAPS-ME, 30% (v/v) glycerol, pH
9.8) was made anaerobic by alternating argon
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purges and vacuum cycles and then brought into a
Coy anaerobic chamber. Final solutions had a
concentration of 30% (v/v) glycerol to keep the
enzyme from aggregating. Solutions of either 1 mM
dithranol™ or 1 mM NMO-dithranol™ complex
were prepared in the Coy chamber and transferred
with a crimp sealed vial into an electrochemical cell
blanketed with argon gas (Airgas UHP 300,
99.999%). Argon was continually passed above the
degassed solution during the experiment to create
an inert blanket, maintaining anaerobic conditions.
All measurements were conducted at 25 °C. The
ohmic drop was measured to be less than 200 Q,
which translated to an iR drop of less than 2 mV for
measured currents in the 0.1-1 pA range. A scan
rate of 10 mV s was used to first reduce the
solution, followed by an oxidative scan. The
irreversible oxidation peak current could then be
measured. The potential was referenced against the
measured  experimental Ag/AgCl  potential.

Ag/AgCl calibration. A hydrogen reference
electrode (Hydroflex, EDAQ) was placed into a
buffered solution (pH = 1.68, Oakton) and allowed
to soak overnight. A Ag/AgCl electrode (BASI)
was placed into the solution and allowed to
approach equilibrium for at least 30 min. The
potential between the two electrodes was monitored
until the drift was less than 1 mV.

Data analysis for determining AG”. The
Nernst relationship below illustrates how the free
energy (AGY% can be determined from the
experimentally measured electrochemical
potential, where electron transfer to O, at pH 9.8
is treated by replacing AG° with AG”":

AG” = -nF{E” [02] - E” [ES, S} (9)

n is the number of electrons (1 in this case), F is
Faraday’s constant (96,485.33 C/mol), and E*' [ES,
S] is the redox potential of dithranol™, in the
presence (ES) or absence (S) of NMO, and E?' [O-]
is the half-cell reduction potential to reduce O, to
superoxide. All potentials are expressed as vs

Protein-mediated O; activation

Ag/AgCl, as a suitable mediator was unable to be
found for our mixed solvent system; thus, the
junction potential could not be accounted for and
referenced to the standard hydrogen electrode.
Phenolic compounds including dithranol
are known for their irreversible voltammograms,
due to the tendency of the one-electron oxidized
species to dimerize (20,27). The equation for
determining phenolic redox potentials, E°, in an
irreversible one electron oxidation (20) is shown:

0.902RT  RT , 4kCORT
Ep =E0+————_—In—— (10)
where E, is the measured irreversible potential
peak, R is the universal gas constant, F is Faraday’s
constant, n = 1, CCis the initial [dithranol ], v is the
scan rate, and k describes the dimerization rate
constant of bisanthrone formation from two
dithranyl radicals. The dimerization constants for
phenolic compounds have been approximated to be
extremely rapid and near the diffusion limit: 10° M-
! sec? (20). Historically, and in our own stopped
flow experiments (data not shown) anthrone-like
compounds are observed to behave similarly to
simple phenols (27,34-36); we therefore used k =
2.6 x 10° M? s, a value commonly used for
phenolic radicals (20).

To determine the effect of the enzyme on
the E” of dithranol™, the difference in the midpoint
potential for the substrate (S) and enzyme-substrate
(ES) was calculated using

AEgs s = Eps — Eg' (11)
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The abbreviations used here are: NMO, nogalamycin monooxygenase; CIOs, cofactor-independent
oxidases and oxygenases; ABMs, antibiotics biosynthesis monooxygenases, ME, 2-methoxyethanol,
CAPS-ME, 0.1 M CAPS, 0.3 M NaCl, 36% (v/v) 2-methoxyethanol; CV, cyclic voltammetry; PCTFE,
polychlorotrifluoroethylene; SHE, standard hydrogen electrode; RNR, ribonucleotide reductase; PCET,
proton-coupled electron transfer

Table 1. Kinetic and thermodynamic data for oxidation of dithranol™ and its complex with WT and

variant NMO.

dithranol™ WT NMO- N18A NMO- N63A NMO-
(uncatalyzed) dithranol™ dithranol™ dithranol™

k (O2) or kea/Km (02)2° | 3.4 £ 0.2 7400 + 300 90 = 60 32+10

€a (kcal mol ™) 15+1 6.0+1 ND* ND

In Aabc 26 +2 19+3 ND ND

AH? (kcal mol)d 14+1 54+1 ND ND

AS (kcal mol* K)2¢ | 0.0013 = 0.013 ND ND

AG’ (kcal mol1)2f 14+1 92+1 ND ND

E? (V) vs Ag/AgCI®" | -0.048 +0.007 | 0.037 +0.010 0.027 + 0.009 0.029 £ 0.002

AG? (kcal mol?)’ 7.4+0.2 9.4+0.3 9.1+£0.2 9.2 £0.05

A (kcal mol)! 40 12 ND ND

aAll values derived from measurements made at 298 K and pH 9.8.

Units of M1s
°From equation 4
IAHY = g,- RT

*AS'=In (A/xZ) x ke with k=1, Z = 10" M s and In A recorded in table

'AG" = AH’ + TAS
9From equation 10

f‘pH—independent reduction potentials
'From equation 9 and E° (O) =-0.37 V vs Ag/AgCl
IFrom equation 1, AG', and AG” recorded in table

KND = not determined
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Step 1
OH O OHO OH OH OH OH O OH O OH
“‘ d“ |
Step 2

OH O OH OH O OH

OH O

o dithranone

Scheme 1. Proposed pathway for the oxygenation of dithranol~and 12-deoxynogalonic acid. Dithranol,
the substrate analog of 12-deoxynogalonic acid (12-deoxynogalonic acid-specific substituents in gray),
transfers an electron to O, forming a dithranyl radical and superoxide pair in a step that prior work suggests
is rate limiting (RLS) (Step 1). This occurs faster under basic conditions where the starting substrate is an
anion. In Step 2, the radicals recombine to form a peroxy adduct that breaks down to dithranone and water.
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Figure 1. NMO lowers the pK, of dithranol. Spectrophotometric titrations of A) 50 uM dithranol or B)
the NMO-dithranol complex (100 uM dithranol + 150 uM WT NMO) in buffer over pH 5.8-10.9 reveal
that NMO lowers the pKa by 1.0 unit. All pH titrations were performed by a discontinuous method using a
different buffer for each pH due to instability of the enzyme when concentrated acid or base is added. See
methods for buffers used. The pH 5.8 (dotted black line) and pH 10.9 spectra (solid black) are highlighted.
Insets: The absorbance at 354 nm (black circles) and 440 nm (red squares) is plotted versus pH and fit to a
sigmoidal curve to obtain values for pK, (eq 2): 7.9 + 0.4 (free dithranol) and 6.9 + 0.2 (NMO-dithranol
complex). Error bars represent +1 standard deviation of three or more independent titrations.
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Figure 2. Second order rate constants for the uncatalyzed reaction between dithranol™ and O, were
measured as a function of increasing temperature. The method of initial rates for pseudo-first order
reactions was used to determine k™ for dithranol™ oxidation at 210-280 (black circles), 460-550 (red
diamonds), 710-850 (green triangles), and 940-1175 (blue squares) uM O; in CAPS-ME, pH 9.8 at A) 10
°C,B) 15°C, C) 20 °C, and D) 25 °C. The reactions were stirred under constant [O_], with the green arrow
showing increasing [O2]. The slope of the line for [dith]/[dith]o vs time gives k™ (eq 7). Error bars represent
+1 standard deviation of three or more independent experiments for each time point.
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Figure 3. Arrhenius plots were used to measure the activation barriers for NMO-catalyzed and
uncatalyzed dithranol™ oxygenation. The natural log of either A) In (k) (O2) (uncatalyzed) or B) (Kcat/Km)
(O,) (catalyzed) determined from Figures 2-3 and S4 at variable temperatures was plotted as a function of
1000 R T and fit to a linear equation (eq 4). The activation energy for the uncatalyzed reaction is 15 + 1
kcal mol™, whereas that of the NMO catalyzed reaction is 6.0 + 1 kcal mol™. Error bars represent +1

standard deviation of three or more runs.
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Figure 4. Michaelis-Menten curves for NMO-catalyzed dithranol™ oxidation at varying temperatures.
Initial rates for dithranol™ oxidation in the presence of 4 uM NMO in buffer (CAPS-ME, pH 9.8) were
measured as a function of O, concentration and fit to the Michaelis-Menten equation (eq 8). Dithranol” was
saturating (>5x Kwm) at 500 uM, and the O, consumption was monitored via O electrode with respect to
[O2] at 5 (red triangles), 10 (black circles), 15 (green triangles), 20 (blue squares), 25 (teal right angles), 30
(pink angles), and 37 (orange inverted triangles) °C. As expected, the rate increases with increasing
temperature (represented by the arrow). Error bars represent the error in the slope from the linear regressions
of three or more runs.
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Figure 5. E?” and AG?’ for free and NMO-bound dithranol™ have similar values. CV was run using A)
1 mM dithranol™ and B) 1 mM NMO-dithranol™ complex in air-saturated buffer (CAPS-ME, 30% (v/v)
glycerol, pH 9.8) at 25 °C. The arrow indicates the scan direction (in the oxidative direction). Ep, the
potential where the current reaches a maximum, was used in equation (10) to determine the standard cell
redox potential of dithranol oxidation. E' for free and bound dithranol™-0.048 + 0.007 and +0.037 + 0.01
V, respectively. To calculate the standard free energy of electron transfer from dithranol™ to O, equation
(9) was used: AG?” free dithranol™ = 7.4 £ 0.2 and bound dithranol™ = 9.4 + 0.3. Binding the substrate to
WT NMO makes the reaction more endothermic by 2.0 kcal mol™.
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v , -
Figure 6. NMO active site pocket has residues that are conserved across the ABM superfamily. The
crystal structure of the active site cavity of WT NMO is shown, with ethylene glycol bound (PDB code:
3KG0). NMO contains a very hydrophobic active site, with several amino acids that are conserved across
other members of the ABM superfamily. These include N18, N63, F82, and W67 (17), shown in gold. The
latter is the only strictly conserved residue amongst ABMs. Although mutation of this residue results in
severely diminished activity (11), its role has yet to be elucidated. Also shown are the two water molecules
that flank N18 (W188) and N63 (W130), which are 2.8 and 3.0 A, respectively; they may play a role in the
deprotonation of dithranol and lowering the pKa.
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