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The C1 (reductase) subunit of 4-hydroxy-phenylacetate
(4-HPA) 3-hydroxylase (HPAH) from the soil-based bacterium
Acinetobacter baumannii catalyzes NADH oxidation by molecular
oxygen, with hydrogen peroxide as a by-product. 4-HPA is a potent
allosteric modulator of C1, but also a known urinary biomarker for
intestinal bacterial imbalance and for some cancers and brain de-
fects. We thus envisioned that C1 could be used to facilitate 4-HPA
detection. The proposed test protocol is simple and in situ and
involves addition of NADH to C1 in solution, with or without
4-HPA, and direct acquisition of the H,O, current with an
immersed Prussian Blue—coated screen-printed electrode
(PB-SPE) assembly. We confirmed that cathodic H;O, amper-
ometry at PB-SPEs is a reliable electrochemical assay for intrinsic
and allosterically modulated redox enzyme activity. We further
validated this approach for quantitative NADH electroanalysis and
used it to evaluate the activation of NADH oxidation of C1 by
4-HPA and four other phenols. Using 4-HPA, the most potent
effector, allosteric activation of C1 was related to effector
concentration by a simple saturation function. The use of C1 for
cathodic biosensor analysis of 4-HPA is the basis of the develop-
ment of a simple and affordable clinical routine for assaying 4-HPA
in the urine of patients with a related disease risk. Extension of this
principle to work with other allosteric redox enzymes and their
effectors is feasible.

Allosteric up- or downregulation of enzyme activity is the
result of protein evolution toward more efficient physiological
function (1-4). Binding of an activator or inhibitor to the
enzyme and a subsequent conformational change affect sub-
strate/protein interaction either through changes in binding
affinity (“K-systems”) or in turnover rate (“V-systems”). Allo-
steric enzymes thereby synchronize complex cellular meta-
bolic pathways through positive or negative feedback and
mediate neuronal and endocrine chemical cell signaling (5-9).
Recently, technological biocatalysis, using enzymes for green
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and sustainable chemical synthesis, has begun to explore
allosteric features of native or genetically engineered protein
catalysts in industrial process design, with enhanced vyields,
purity, and structural integrity of the product (10-12). Simi-
larly, allosteric enzymes have been suggested as signal-
generating elements of biosensors in the analysis of the
products of enzymic processes, disease biomarkers and soil,
water, air, and food pollutants (13).

Electroanalysis of reactants is the basis of the widely used
clinical and home-care blood glucose meters that use strip-like
sensor platforms with glucose oxidase on the working elec-
trodes for amperometric sample testing (14). However, even
60 years after Clark and Lyon’s influential launch of ampero-
metric glucose biosensing (15), the potential of this simple
methodology has not yet exploited allosteric enzymes. The po-
tential advantage of using allosteric enzymes as chemically
tunable biological recognition elements on electrodes is that the
activity of the immobilized signalling protein, and thus the sensor
current, is altered by an activating or inhibiting modulator. The
dependence of the allosteric effect on modulator concentration
also permits assay of the allosteric modulator, widening the range
of analytical applicability. Despite this useful practical feature,
electrochemical biosensing with allosteric enzymes remains an
underdeveloped practice, and the few published examples either
work with rather complex designs of the sensor readout or
require specially synthesized nanomaterials as components of
the immobilization matrix in order to generate an adequate
signal (16—21). Thus, the utilization of allosteric enzymes on
electrode surfaces and the design of simple and sustainable
strategies for allosteric electrochemical assays of substrate or
effector is a topical issue, with many methodological opportu-
nities. Cheap, computerized devices for electroanalysis are now
on the market and, in the case of compact cigarette-box-sized
amplifiers, have the advantages of portability and a small bench
footprint. Combining miniaturized apparatus with ampero-
metric biosensing by natural or genetically modified allosteric
enzymes may lead to novel analytical solutions for biomarker,
drug, and environmental pollutant testing.
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Disease biomarker detection with allosteric reductase C1

With the above considerations in mind, we studied the allo-
steric reductase subunit C1 of a hydroxylase from soil-based
Acinetobacter baumannii (22—25). This has an FMN prosthetic
group and oxidizes NADH to NAD"; in the holo-enzyme it is
reoxidized by the C2 subunit, which hydroxylates 4-HPA, but in
the absence of C2, the reduced prosthetic group can be reoxi-
dized by molecular oxygen, a reaction that is allosterically acti-
vated by 4-HPA. C1 was used as a model allosteric enzyme in the
nonoptical assay of NADH oxidation by cathodic H,O, amper-
ometry, in a high-sensitivity, interference-free assay. This simple
electroanalytic procedure could also be used to measure the
enhancement of the rate of enzymic NADH oxidation by known
allosteric activators of C1, to assess the relative strength of allo-
steric modulation by 4-HPA and structurally similar phenolic
compounds, and provide a simple assay for the effector. 4-HPA is
recognized as a urinary indicator for dysbiosis (26—28), a critical
imbalance of the human microbiota, and for certain types of
brain degeneration (29), diabetic nephropathy (30), and cancer
(31, 32). The proven quality of the proposed amperometric C1
activity assay is thus an important advance toward simple and
cheap 4-HPA biomarker analysis in urine samples, with a po-
tential for monitoring clinical health and personal well-being.
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Apart from the possibility of an effective 4-HPA assay, the
novel bioelectrochemical methodology may also serve as a
complementary means of NADH detection, an optional
screening tool for performance tests with genetically engineered
allosteric C1 variants, and with suitable adaptations, a tactic for
work with other allosteric redox enzymes.

Results

Adaptation of HO, amperometry for analytical readout of C1
activity

The substrate of C1 is the reduced form of nicotinamide
adenine dinucleotide (NADH), which is oxidized to NAD™. As
the reaction typically takes place in an aerobic environment,
redox recycling of C1 occurs through electron transfer to
dissolved oxygen, with production of hydrogen peroxide,
which, due to its ambivalent redox character, can be quantified
by anodic oxidation or cathodic reduction.

In an initial test, CI in solution was assayed using a platinum
disk working electrode (WE) operated in amperometric anodic
oxidation mode with a detection potential of +600 mV versus
the reference electrode (RE) and challenged with successive

B 4-HPA

NADH H,0,
-
0.5+
— -1.04
(=]
]
=
S 154
o
2.0+
2.5 r———r————r——r——r——r—
0 200 400 600 800 1000 1200 1400 1600 1800
Time (s)
D
40 -
°
‘i 30 - o® e
=2 25
= [ ]
g ® 20
£ 207 L] 15
O
é 10
y =0.01x + 0.1869
10 - L] 5 R?=0.9968
0 v v .
/ 0 1000 2000 3000
0 T T T T .
0 2000 4000 6000 8000 10000
[H,0,, uM]

Figure 1. Anodic and cathodic electrochemical detection of H,0, with test of interference. A and B are the amperometric current responses of a Pt disk
and a PB-SPE WE to serial additions of 50 uM of 4-HPA, NADH, and H,0, at detection potentials of +600 and -100 mV versus RE, respectively. C, is a typical
amperogram from a H,0, calibration trial with a PB-SPE at —100 mV vs. RE. D, is the H,0, calibration plot derived from the measurement shown in (C). The
electrolyte in (A), (B), and (C) was 50 mM sodium phosphate buffer, pH 7. Data points and error bars represent the means and standard deviations of

triplicate analyses.
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Figure 2. A, Cathodic H,0, amperometry in the standard addition mode for quantification of the analyte in a model sample of 100 pM con-
centration. The target, H,0,, was measured with a PB-SPE at a potential of —~100 mV versus RE. The electrolyte was 50 mM sodium phosphate buffer, pH 7.

B, Standard addition plot constructed with the data presented in (A).

additions of small aliquots of the C1 effector 4-HPA, the C1
substrate NADH, and the reaction product H,O,. Increased
anodic currents were detected not only with addition of the
diagnostic target H,O, but also with 4-HPA and NADH
(Fig. 1A). The initial test was then repeated with a Prussian
Blue (PB)-modified screen-printed carbon disk electrode (PB-
SPE) WE as the H,O, sensor with a detection potential of —
100 mV versus RE. In contrast to the signal pattern seen in the
anodic test with a Pt-disk WE, a measurable current, now for
cathodic reduction, was seen with the analyte H,O,, but not
with the effector 4-HPA or the substrate NADH (Fig. 1B).
With response times below 10 s, single H,O, concentration
increases as low as 2 uM led to reproducible and easily
analyzed stepwise increases in cathodic sensor current
(Fig. 1C). The response of cathodic PB-SPEs to H,O, was
reliably linear up to around 2000 puM, with a sensitivity of
0.01 pA pM™, while at higher analyte levels, the curve
approached a plateau, due to signal saturation (Fig. 1D).

The analytical performance of PB-SPE-based H,O, amper-
ometry was further tested with quantitative assays of the target
in model samples. In triplicate repetitions of measurements in
the standard addition mode, the concentration of
100 uM H,O, in the model samples showed an acceptable
recovery of (109.0 + 2)% (Fig. 2).

C1 activity screening with cathodic H,0, readout: allosteric
activation monitoring

Cathodic H,O, amperometry with PB-SPEs polarized at —
100 mV versus RE was expected to reliably report production
of H,O, from O,, on oxidation of NADH to NAD" by the
allosterically-activated C1 subunit. A set of four amperometric
PB-SPE recordings was carried out to confirm that the elec-
trochemical method could also report the marked difference
between the turnover rates of C1 with and without addition of
the effector 4-HPA. In initial control runs with only enzyme or
only NADH added to the electrolyte, no rise of cathodic cur-
rent above residual level was detected (Fig. 3, solid and dotted
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black traces). On the other hand, a constantly increasing
cathodic sensor current was observed when 50 pM NADH was
added to buffer containing 1 uM C1 (Fig. 3, blue trace). The
immediate signal increase on addition of the substrate visu-
alized the onset and continuation of enzymic H,O,
production. The final steady current indicated complete con-
sumption of NADH, with a stable H,O, solution concentra-
tion corresponding to the added substrate concentration.
Establishing a screen for allosteric enzyme activation was a
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Figure 3. Measurement of NADH oxidation by C1, with and without
allosteric activation, by cathodic H,0, amperometry. The blue trace is
the amperometric current response of a PB-SPE at -100 mV versus RE in
phosphate buffer, pH 7 containing 1 uM C1, with addition of 50 uM NADH
about 360 s after the start of the trial. The red trace is the amperometric
current response of a PB-SPE at —100 mV versus Ag/AgCl in sodium phos-
phate buffer containing 1 uM C1 and 100 uM 4-HPA with addition of 50 uM
NADH about 360 s after the start of the trial. The steady signal increase after
addition of NADH shows the development of the cathodic current for the
reduction of enzymically produced H,O,; the curve slopes (Al/At) thus are
indicators of normal (blue trace) and accelerated (red trace) NADH oxidation
by C1. The plateau signifies full consumption of the substrate in each case.
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further goal, and the last test was for a measurable increase in
the rate of change of the the HyO, current when the effector
4-HPA was added to the trial buffer before the substrate
NADH (Fig. 3, red trace). The slopes of the traces indicate the
rate of H,O, production and thus correspond to the normal
(Fig. 3, blue trace) and accelerated (Fig. 3, red trace) rates of
NADH oxidation by C1. Under the conditions of the trial
allosteric activation by 4-HPA produced an almost 12-fold
increase in the turnover rate of CI1.

Utilization of C1 reductase and cathodic H,0, amperometry
for quantitative NADH analysis

The observation of a linear correlation between NADH
oxidation by C1 and the increase in H,O, concentration in the
reaction buffer solution allowed cathodic H,O, amperometry at
PB-SPEs to be used for the quantification of NADH in the
media. In test trials, 1 pM C1 was dissolved in sodium phosphate
buffer (50 mM, pH 7) and 100 uM 4-HPA was added to produce
allosteric activation of the enzyme. Sequential additions of
NADH to the test solution produced a series of stepped in-
creases in the cathodic WE current (Fig. 4A). Plots of the
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background-corrected current step magnitudes against the
actual NADH concentration were linear up to about 600 uM,
while above this limit the current traces approached a maximum
through C1 saturation with substrate (Fig. 4B). Using additions
of 50 uM NADH, quantification was performed in the standard
addition mode (Fig. 4, C and D). Triplicate repetition of the
analysis of the 50 tM model sample revealed an acceptable re-
covery (109.2 + 2.5%, n = 3) of the adjusted concentration. The
practical limit of detection (LOD) of amperometric NADH
biosensing with dissolved C1 was 2 pM.

Evaluation of allosteric activation of C1 by 4-HPA, using
cathodic H,0, amperometry

The previous section verified that the proposed electro-
chemical methodology was sufficiently fast and sensitive to
monitor in situ generation of H,O, by Cl-catalyzed oxidation
of NADH and to differentiate reaction rates with and without
allosteric activation. Because the allosteric effect is produced
by binding of the effector to a regulatory site on the enzyme, it
was expected to show concentration dependence and satura-
tion, and the rate of H,O, generation, reflected in the slopes of
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Figure 4. Quantitative detection of NADH by C1 with cathodic H,0, amperometry. A, is the amperometric H,0, current response of a PB-SPE at -
100 mV versus RE in trial buffer with 1 uM C1 and 100 uM 4-HPA with sequential additions of small aliquots of NADH. B, is the NADH calibration plot derived
from the measurement shown in (A). Data points and error bars represent the means and standard deviations of triplicate analyses. C, is an amperometric
recording of NADH quantification in the standard addition mode for a sample with 50 uM NADH and three additions of 50 uM NADH. D, standard addition
curve constructed with the data of the trace in C. Electrolyte for the measurements in (A) and (C) was 50 mM sodium phosphate buffer, pH 7.
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Figure 5. Evaluation of concentration-dependent allosteric C1 activation by 4-HPA by cathodic H,0, amperometry. A, the amperometric H,0,
current responses of a PB-SPE at ~100 mV versus RE in sodium phosphate buffer, pH 7 containing 1 uM C1 and 5-500 uM 4-HPA, with 50 uM NADH added
about 360 s after the start of recording. B, changes of the slopes (Al/At) of the H,0, current traces (AS = S;ppa — Sno anpa) In (A) plotted against the
concentration of the allosteric effector, 4-HPA. Data points and error bars represent the means and standard deviations from triplicate analyses. The line
through the data points is a fit based on the Michaelis-Menten function. The maximum rate change of allosterically enhanced enzymatic H,O, production
and the effector concentration for half-maximal activation (apparent dissociation constant, Ky) are 37 nA s and 103 uM, respectively. The inset shows the

first six points of the plot on an expanded scale.

the H,O, current recordings, increased with increased con-
centration of 4-HPA in the measuring buffer (Fig. 5A).
Increasing concentrations of the allosteric effector produced a
linear increase in rate up to about 100 pM and then a gradual
approach to a plateau as the effector-binding sites became
saturated (Fig. 5B). The data were fitted with the Michaelis—
Menten function, the maximum rate of H,O, production be-
ing 37 nA s and the apparent Ky (effector concentration for
half-maximal activation) 103 puM. The lowest 4-HPA con-
centration to produce a measurable increase in the rate of
NADH oxidation was 1 pM.

Cathodic H,O, amperometry as a tool for the assessment of
C1 activators

The discovery of effective allosteric regulators of an enzyme
such as the reductase studied here and a comparison of their
activatory or inhibitory effects are important considerations
when the protein is being exploited for biotechnological,
biomedical, or analytical purposes. Cathodic H,O, amperom-
etry at PB-SPEs has therefore been used to assess the allosteric
interaction with C1 of four phenolic compounds with structural
similarity to the most potent known activator, 4-HPA (22-25).
This trial involved the 2- and 3-isomers of 4-HPA, 4-hydroxy-3-
methoxy-phenylacetate, and 3(4-hydroxy-phenyl)-propionate.

As shown in the amperometric recordings in Figure 6, the
compounds studied can be divided into three groups, with
weak, moderate, or strong ability to activate NADH oxidation
by C1, compared with the activity in the absence of any
modulator. 4-HPA was identified as the most effective acti-
vator, followed by 3-HPA. 2-HPA, on the other hand, had
almost no effect on the turnover rate, and 4-hydroxy-3-
methoxy-phenylacetate and 3-(4-hydroxy-phenyl)-propionate
were moderately effective.

SASBMB

Isothermal titration calorimetry (ITC)-based determination of
the dffinities of the phenol derivatives for C1

The molecular affinities for C1 of the five phenolic com-
pounds that had been electrochemically screened were also
evaluated by ITC (33). As a routine, the phenol derivatives
were used to fill the ITC syringe and to titrate C1 solution in
the ITC sample cell. Figure 7 shows examples of thermograms
obtained during the ITC trials, together with the corre-
sponding plots of the integrated heat of the thermogram
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Figure 6. Allosteric activation of C1 by hydroxyphenyl analogues,
measured by cathodic H,0, amperometry. The plots show amperometric
H,0, current responses of a PB-SPE at -100 mV versus RE in sodium
phosphate buffer, pH 7 containing 1 uM C1 plus 100 uM allosteric effector,
with 50 yM NADH added about 360 s after the start of recording. The
chemical structures of the phenolic allosteric effectors are shown on the
right.
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Figure 7. ITC assessment of the interaction between reductase C1 and four allosteric activators: the top panels show the raw data for (A) 4-HPA, (B)

3-HPA, (C) 4-hydroxy-3-methoxy phenylacetate, (D) 3-(4-hydroxyphenyl)

propionate and (E) 2-HPA and, as insets, the chemical structures of the

five organic compounds. The bottom panels show the binding isotherms created by plotting the integrated heat peaks against the molar ratio between
enzyme and activator. Data points were fitted for a one-site model with variable stoichiometry, N. The insets of the bottom panels of A-E are the ther-

modynamic profiles for binding of the various phenols to C1.

troughs for particular injections versus the molar ratio be-
tween the phenolic ligand and its binding partner C1.

The values of the related stoichiometries (N), reaction
enthalpy (AH®), the Gibb’s free energy (AG®), the entropy term
(-TAS°), and the dissociation constant (Kj) were extracted
from the heat plots of phenol/C1 interactions, using the One
Set of Sites Model. In the insets to Figure 7, A-E, AH°, AG°, —
TAS® are shown as thermodynamic profile plots, and the

6 J Biol. Chem. (2021) 296 100467

numerical values of Ky are provided in Table 1, which sum-
marizes the outcome of triplicate ITC analyses of 4-HPA and
3-HPA and duplicate analyses of 2-HPA, 4-hydroxy-3-
methoxy phenyl-acetate, and 3-(4-hydroxyphenyl) propio-
nate. The conclusions were (1) 4-HPA had the lowest value of
Ky, followed by 3-HPA and 4-hydroxy-3-methoxy phenyl-
acetate, (approximately fourfold higher) and 2-HPA and
3-(4-hydroxyphenyl) propionate (20-fold higher) (2), the AG®

SASBMB
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Table 1

Summary of the thermodynamic parameters Ky, AH°, -TAS°, and AG° and the binding stoichiometry N for the interaction of hydroxyphenyl
derivatives with the C1 subunit of 4-hydroxyphenylacetate (4-HPA) 3-hydroxylase from Acinetobacter baumannii

Activator analogues Ky (pM) AH® (kcal/mol) AG° (kcal/mol) -TAS® (kcal/mol) N (site #)
4-Hydroxyphenyl 10.22 + 0.27 -20.27 £ 1.11 -6.66 + 0.20 1347 + 1.11 1.22 + 0.12
-acetate
3-Hydroxyphenyl 36.43 + 6.90 -18.90 + 2.21 -6.07 + 0.09 12.87 + 2.10 1.20 + 0.09
-acetate
4-Hydroxy-3-methoxy —phenylacetate 3945 + 5.75 -3.03 £ 0.05 -6.02 + 0.12 -2.99 + 0.03 2.51 + 0.34
3-(4-Hydroxyphenyl) -propionate 173.50 £ 6.50 -5.28 + 0.01 -5.13 + 0.02 0.14 + 0.04 241 +0.21
2-Hydroxyphenyl -acetate 220.50 + 13.44 -8.78 + 091 -4.99 + 0.04 3.79 + 0.87 0.95 + 0.04

Values are the means of triplicate (4-HPA, 3-HPA) and duplicate (4-hydroxy-3-methoxy phenylacetate, 3-(4-hydroxyphenyl) propionate and 2-HPA) determinations by isothermal
titration calorimetry (ITC). Mean values and standard deviations from three experiments are listed.

values were negative for all five phenols and favorable to
binding in all five cases (3), AH® was negative for all phenol/C1
interactions but heat release was greater for the 4- and 3-HPA
isomers than for the other compounds, and (4) the —TAS®
term was markedly positive for the three HPA isomers but for
4-hydroxy-3-methoxy-phenylacetate was moderately negative
and for 3-(4-hydroxyphenyl)-propionate only slightly positive.

Discussion

Redox enzymes fulfill essential physiological functions
through their involvement in cellular metabolism, cell prolif-
eration, growth, and apoptosis and also in cell-to-cell
communication, while some isolated native or genetically
engineered redox enzymes are used in the food, pharmaceu-
tical, and biotechnology industries for chemical synthesis.
Redox enzymes are also used as specific biosensors in clinical
diagnostics and environmental and pharmaceutical analysis.
For such applications, redox enzymes with allosteric binding
sites that modulate their activity may offer strategies for
optimization of process efficiency or biosensor performance.
Because redox enzyme activity results in the appearance of
electroactive chemical species, electrochemical analysis is a
convenient and cost-effective alternative to spectroscopic
biochemical assays for testing the potency of allosteric effec-
tors of a biocatalyst and for assessing the concentration
dependence of allosteric effects.

Here, the allosterically activated reductase C1 subunit of 4-
hydroxy-phenylacetate 3-hydroxylase from A. baumannii
served as a model for which an amperometric readout of activity
could be established. A hurdle for realization of the methodology
was the shared tendency to oxidation of the C1 substrate NADH,
its phenolic allosteric activators and H,O,, the product of C1
reoxidation by O, during conversion of NADH to NAD".
Accordingly, useful HyO, current signals following enzymic
NADH oxidation could not be acquired using anodic detection
(Fig. 1A). However, interference was avoided with cathodic
determination of H,O, at the surface of screen-printed carbon
electrodes that carried a PB coating as a catalyst for H,O,
reduction. The complete absence of substrate and effector
reduction (Fig. 1B) and a reducing current response proportional
to H,O, concentration (Figs. 1Cand 2) allowed cathodic PB-SPEs
to be used in electrochemical assays of C1 activity (Fig. 3). Their
satisfactory performance and potential for sensitive C1 activity
screening were verified with 1 pM C1, activated with 100 uM 4-
HPA, in which the response of PB-SPEs to increasing
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concentrations of NADH was calibrated by NADH quantification
in the standard addition mode (Fig. 4). The signal proportionality
(up to 600 uM NADH) and recovery of 50 uM NADH in prepared
model samples (better than 110%) replicated the analytical figures
of merit of recently introduced amperometric biosensors with
fully 4-HPA-activated C1 immobilized in a thin-film electrode
redox polymer coating (20). The practical limit of NADH detec-
tion (LOD) of amperometric NADH biosensing with dissolved
(here) and immobilized C1 (20) was 2 and 15 pM, respectively.
The lower LOD for the electrochemical bioassay with dissolved
C1 was likely to be because NADH had freer access to C1 in so-
lution than with the reductase immobilized within the redox
polymer. It is worth mentioning that use of C1 as an immobilized
element of redox polymer-based biosensors, as proposed in earlier
published work (20, 21), could form the basis of a personal urinary
test device with screen-printed electrode strips modified with the
enzyme-polymer layer. For urinary 4-HPA analysis in clinical
laboratories and as an analytical tool for inspection of libraries of
effector candidates and/or genetically engineered redox enzyme
variants, work with C1 in solution is more practical because of its
simplicity and speed and because it avoids the extra steps needed
to prepare biosensors modified with a redox polymer.

Urine samples from healthy volunteers have 4-HPA con-
tents of 55 to 110 uM (28, 32, 34) while those from subjects
with dysbiosis (28) or breast cancer (32), for instance, have
concentrations many times higher. As 4-HPA levels as low as
1 uM are detectable and the linear range of the signal response
extends up 100 pM, the proposed methodology of 4-HPA
biosensing is feasible as an alternative assay for urinary dys-
biosis and cancer analysis. Urinary H,O, concentrations up to
about 10 uM have been reported (35). Though our PB-SPEs
detect low concentrations of H,O,, its presence in urine
should not affect urinary 4-HPA measurements as it would
just cause a small offset in the cathodic signal recordings, with
the enzymatically generated H,O, signal appearing as an
analyzable trace, enabling HPA quantification.

Cathodic H,O, amperometry was used to evaluate activity
changes of soluble C1 produced by several potential allosteric
effectors, added to the reaction buffer before NADH. An alter-
native physicochemical technique for characterizing interactions
between large and small molecules in solution is isothermal
titration calorimetry (ITC) (33). In the present work, ITC iden-
tified favorable enthalpies and unfavorable entropies defining the
binding of 4-, 3-, and 2-HPA to C1 (Fig. 7, A, B and E); N-values
for these interactions were close to 1.0, suggesting a 1:1
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stoichiometry of binding by HPAs. The observed dominance of
the enthalpic over entropy contributions implied that the ener-
getics of hydrogen bond formation and van der Waals coopera-
tivity favored HPA/C1 interaction and outweighed the
disadvantageous entropy loss in the process. Finally, 4-, 3-, and 2-
HPAs bound to C1 with AG® values of —6.8, —6.0, and —5.0 kcal/
mol (Table 1). This Gibb’s free energy ranking is consistent with
the relative C1 activity data from the electrochemical work in this
study and with spectroscopic analysis (22), both of which rank 4-
HPA, 3-HPA, and 2-HPA as the strongest, median, and weakest
allosteric activators of C1. Analysis of the ITC thermograms of
the other two compounds tested, 4-hydroxy-3-methoxy phe-
nylacetate (Fig. 7C) and 3-(4-hydroxyphenyl) propionate
(Fig. 7D), showed C1 interaction with N-values greater than 2
(Table 1), suggesting multiple and independent binding sites
with similar affinities. Data analysis using the “T'wo Sets of Sites”
model produced unsatisfactory fits with higher Chi-squared
values. Thus, we believe the data obtained with the “One Set of
Sites” model are reliable. Possibly addition of a methoxy group to
the aromatic phenylacetate structure and the lengthened
aliphatic chain of the propionate species produced nonspecific
binding to C1, as well as specific binding to the allosteric site.
However, stimulation of C1 activity may be restricted to one
binding site. A marked difference between the behavior of the
three HPA isomers, the methoxy variant, and the propionate
species is the entropy contribution to their interaction with C1.
For the methoxy-modified 4-HPA, the —TAS° term is negative
and thus favorable to binding, while for the propionate —TAS”° is
virtually zero (Table 1). Multiple binding of these two com-
pounds may result in substantial release of bound water mole-
cules and the entropy gain from desolvation would then be a
stabilizing factor for effective complex formation with Cl1.
Finally, the Gibb’s free energy changes are —6.1 and —5.2 kcal/
mol, respectively (Table 1). The ITC results suggest they are less
potent C1 activators than 4-HPA but stronger effectors than 2-
HPA, consistent with electrochemical and spectroscopic testing.

We found good correlation between the electrochemical
assessment of relative allosteric effectiveness and the binding
strength determination by I'TC. However, the concentration of 4-
HPA producing half-maximal activation of C1 (103 uM) was
about tenfold higher than the K4 measured by ITC (10.2 pM).
This may reflect multiple steps in the allosteric activation and
does not affect the usefulness of electrochemistry as a technique
for assaying 4-HPA in biological samples. More generally, the
potential of H,O, amperometry as an analytical tool for allosteric
redox enzyme assays has been demonstrated, as long as oxygen is
the electron acceptor in recycling the enzyme. Amperometric
identification and assessment of allosteric modulation by an
effector candidate are easily perfomed, using a simple experi-
mental arrangement without the involvement of extra signaling
enzymes and/or chromophore supplementation. The proposed
concept of allosteric amperometric NADH biosensing with dis-
solved C1 is new and, as its H,O,-based substrate signaling is
amplified by 4-HPA, most importantly a realistic basis for the
detection of the effector as medical biomarker in urine. An
approved clinical trial on urine samples from patients with dys-
biosis, brain disfunction, or cancer will be the next step.
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Conclusion

Cathodic H,O, amperometry at screen-printed electrodes
was demonstrated to be a successful alternative assay technique
for redox enzymes that reduce dissolved oxygen during redox
state recycling. Using the allosteric reductase C1 subunit from
A. baumannii as model, the electrochemical bioassay allowed
real-time monitoring of NADH conversion rates. Measure-
ments in the absence and presence of allosteric C1 effectors
offered an easy and quick method of assessing the potency of
potential molecular stimulants. The relative strengths of five
phenols as activators of C1-catalyzed NADH corresponded with
those determined using optical assays, with 4-HPA the most
potent. The proposed methodology is thus applicable to
screening allosteric redox enzymes for practical applications,
especially when combined with robotic electroanalysis (36—42)
or electrochemical minicells for fluid testing (43—45). The re-
sults of this study may encourage consideration of voltammetric
or amperometric detection as an economical and convenient
alternative to spectroscopic methods, for initial screening of
library members from engineered enzyme synthesis though not
necessarily for detailed kinetic or mechanistic studies. Adapta-
tion to enzymes other than the reductase Cl1, e.g, for pyranose
and glucose oxidase genetic engineering studies, is feasible. Our
future aims are further simplification of the electrochemical
redox enzyme assay, its integration into a microplate-based
electrochemical format for automated sample handling and
minicells for sustainable allosteric biosensing, use for in-
spections of libraries of C1 mutants, and most importantly,
exploration of the feasibility of its application to 4-HPA
biomarker analysis in urine samples from dysbiosis, brain
degeneration, and cancer patients, in an approved clinical study.

Experimental procedures
Reagents, materials, and solutions

The 4-hydroxyphenylacetate reductase subunit (C1-HPAH)
from A. baumannii was isolated and purified as described in
previously published reports [22—-25]. All chemicals for solution
preparation and flavin mononucleotide (FMN) were obtained as
analytical grade Sigma Aldrich products through local distributor
S.M. Chemical Supplies Co Ltd (Bangkok, Thailand). Reduced
B-Nicotinamide adenine dinucleotide disodium salt hydrate
(B-NADH), 2-hydroxyphenyl-acetate,  3-(4-hydroxyphenyl)
propionate, 4-hydroxy-3-methoxy-phenyl-acetate, 3-hydroxy-
phenylacetate, and 4-hydroxy-phenylacetate were from
Acros Organics (Geel, Belgium). Commercial superstable
PB-SPEs were products of RUSENS Ltd (Moscow, Russia).

Sodium phosphate buffer solution (50 mM, pH 7) was
prepared from mixtures of NaH,PO, and Na,HPO, in ultra-
pure deionized water. In total, 10 mM stock solutions of
phenolic compounds were prepared in 50 mM sodium phos-
phate buffer (pH 7), and 10 mM stock solution of NADH was
prepared in 10 mM tris-buffer, pH 10.

All H,O,, NADH, and 4-HPA determinations were per-
formed in triplicate on standard solutions in sodium phos-
phate buffer of pH 7, and results are reported as means +
standard deviations.
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Instrumentation
Electroanalysis

Amperometry was carried out with a 910 PSTAT mini
potentiostat  from  Metrohm Instruments (Herisau,
Switzerland). Testing used two different three-electrode ar-
rangements: (1) a common 3-mm-diameter Pt disk WE from
Gamry Instruments (Warminster, PA, USA) with a coiled Pt
wire as counter-electrode (CE) and an Ag/Ag wire RE. (2) The
three integrated electrodes of the RUSENS PB- SPE platform.
WE of the assembly was the centered PB electrocatalyst-coated
carbon disk, CE a carbon semicircle surrounding the WE, and
RE a small disk of Ag/AgCl next to the WE/CE assembly.

The electrolyte/buffer for all electrochemical C1 studies,
50 mM sodium phosphate buffer, pH 7, was held in a 10 ml glass
beaker on a magnetic stir plate and all data were acquired at room
temperature (25 °C). Amperometric data analysis was handled
with Origin and 50-point FFT-based smoothing was applied
prior to graph plotting to reduce the effect of electrical noise.

Isothermal calorimetry

The instrument for the ITC measurements of binding of
potential phenolic effectors to C1 was a MicroCal PEAQ-ITC
device from Malvern Panalytical (Malvern, UK). The binding
reaction took place in a reaction cell that was initially filled with
280 pl of 100 uM C1 in 50 mM sodium phosphate buffer pH 7,
containing 1 mM FMN, (for 4-HPA and 3-HPA), and with
280 pl of 200 uM C1 in the same buffer (for the other activator
analogues). The binding reaction was initiated by injection of
the phenolic compounds into the stirred C1-containing buffer
in the reaction cell (3.2 pl for each of 13 injections of a 1.5 mM
solution of 4-HPA or 3-HPA and 1.32 ul for each of 30 in-
jections of a 10 mM solution of the other activators). Multiple
injections were applied to allow saturation of available allosteric
sites to take place and the peak sizes in the ITC heat plots
became constant, as dilution, rather than molecular interaction,
became the source of heat changes. The MicroCal PEAG-ITC
software integrated the individual peaks of the original heat
plots at the end of a trial and created graphs of the integrated
peak area versus the molecular ratio of molecular binding
partners (Wiseman plots). From isotherm fitting, the instru-
ment software then calculated the dissociation constant Ky,
binding enthalpy AH°, entropy change, AS°, and finally the
Gibb’s free energy change, AG® and the stoichiometry N, for the
Cl:phenol complex. The means and standard deviations of
three- (4-HPA, 3-HPA) and twofold (2-HPA, 4-Hydroxy-3-
methoxy phenylacetate and 3-(4-Hydroxy-phenyl) propionate)
repetitions of the determinations of the best-fit parameter
values for AH®, AS°, AG®, and N are listed in the Table 1.
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All data are contained within this article.
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