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Abstract
Several polyphenolic compounds, including twelve flavonols and a variety of lower molecular weight
compounds were found to diminish the effects of CuZnSOD on NMR relaxation of fluoride ion in a pH
and concentration dependent manner. While we originally thought the effect arose from binding of
the compounds to the enzyme active site, several lines of evidence indicated that active polyphenols
reduced the paramagnetic copper(II) form of the enzyme to the diamagnetic copper(I) form, thereby
giving false positive indications of enzyme inhibition in the NMR assay. First, docking experiments
failed to provide a satisfactory explanation of the SAR. Second, effects on the enzyme’s EPR spectrum
indicated that catechols could bind the active site copper leading to enzyme reduction. Third, while
these reactions did not proceed to completion in aerobic solution, they did so under inert atmosphere. Fourth, experiments employing superoxide producing compounds demonstrated that loss of
NMR activity did not prevent the enzyme from redox cycling. Thus, while the polyphenols appeared
to inhibit the enzyme in the NMR assay, the compounds did not inhibit the enzyme’s reactions with
superoxide.
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1. Introduction
While inhibitors of superoxide dismutase enzymes (SODs) could be valuable tools for the study and manage*
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ment of oxidative stress, few compounds with this activity have been discovered. Based on the report that the
steroid metabolite 2-methoxyestradiol (2ME) and related compounds inhibited CuZnSOD [1]-[3], we began a
study of the effects of planar polyphenolic compounds on the enzyme. While physiological effects of this compound were originally thought to arise from its effects on SOD activity, it was later shown that 2ME did not inhibit the enzyme [4].
We began our study by looking at a number of flavonoids, a class of polyphenolic natural products. Flavonoids display both antioxidant and prooxidant activities [5] [6] that are associated with their widely ranging biological activities. Their antioxidant activities have variously been attributed to inhibition of xanthine oxidase [5]
as well as metal sequestering [7] [8] mand radical scavenging [5]. Pro-oxidant activities have been attributed to
the generation of reactive species (including superoxide) upon aerobic oxidation and to DNA damage by flavonoid/copper complexes [9] [10]. This latter activity has been proposed as a mechanism for their antibacterial and
anticancer activities [11]. In addition to their redox related activities, flavonoids are known to bind to proteins
[12] and to inhibit a variety of enzymes [13], including ATPase [14], topoisomerases [15], integrases [16] and
protein kinases [17]-[20].
Conventional assays for SOD activity use redox-active chromaphores to monitor the fate of superoxide generated in situ by enzymatic or chemical means [21]. In the case of 2 ME, it was suggested that redox reactions of
the chromaphore used in the assay caused the erroneous appearance of inhibitory activity. In addition, Huang et
al. [1] and Soulere et al. [22] both reported that redox reactions of compounds from screening libraries with
component(s) of the assay led to false results. The problem of false positives and false negatives arising from
unaccounted side reactions of either superoxide or redox active chromaphores with compounds from the library
under investigation must be expected for all assays that require the generation and/or use of chemically reactive
substrates [1] [22]. Rapid disproportionation of superoxide in either neutral or acidic media also introduces complications in discovering SOD inhibitors.
Viglino et al. [23] and Rigo et al. [24] [25] demonstrated that CuZnSOD greatly accelerated the NMR relaxation of the fluoride ion 19F nucleus, and that the effect could be used to assay this enzyme [23] [26]. Recent papers by Bertini et al. [27] and Leung et al. [28], describe use of proton relaxation (PRE) [29] methods to screen
for compounds that bind to the active sites of other paramagnetic metalloenzymes. Because NMR methods use
stable reporter nuclei to monitor accessibility of the metal ion at the enzyme active site, we reasoned that using
these methods to screen for SOD inhibitors would circumvent complications associated with superoxide reactivity. NMR relaxation methods monitor the effects that paramagnetic metal ions at the enzyme active site have on
spin coherence of observed nuclei in the NMR experiment. The SOD/fluoride interaction is especially sensitive
and can be used to quantify CuZnSOD activity at enzyme concentrations as low as 10−7 M [24]. Since reaction
of superoxide with the oxidized SOD is also believed to require contact with the active site metal ion [30], we
reason that any compound that binds the enzyme in a way that prevents access to the active site metal ion should
prevent both 19F relaxation and also catalytic activity. We have reported that 19F NMR relaxation could be used
to measure rates at which fluoride ion contacts the metal center in selected complexes of iron(III) and manganese(II), and that these rates correlate with the rates at which the complexes react with superoxide [31], suggesting that these NMR methods could also be applied to discover compounds that prevent metal complexes
from reacting with superoxide.
While the original objective of this work was to use NMR methods to search for inhibitors of CuZnSOD, redox reactions involving the enzyme and compounds under investigation led to several false positives. We believe that paramagnetic NMR relaxation can be used as a convenient measure of active site accessibility, but investigators must be careful that reactions that produce the diamagnetic reduced form of the enzyme do not interfere with the assay.

2. Experimental Section
2.1. General Methods
CuZnSOD from bovine erythrocytes was purchased from MP Biologicals. Flavonoids were purchased from Indofine Chemical Corporation. Buffers, NaF, trifluoroacetate (tfa), and other reagents were purchased from commercial sources and used without purification. 19F NMR spectra were acquired at 283 MHz (300 MHz 1H frequency) using a JEOL Eclipse NMR spectrometer. NMR solutions were prepared with 20 mM buffer, 20 mM
NaF, 10% (v/v) D2O, and sufficient enzyme to give an easily measurable increase in transverse relaxation rate
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(R2 = 1/T2). Typically, the effects of potential inhibitors were measured under conditions where inhibitor-free,
enzyme-containing control gave T2 values between 7 and 50 ms.

2.2. Compound Screening by NMR
Screening experiments employed a one-dimensional experiment using 2 mM trifluoroacetate (tfa) as an internal
reference. While the one dimensional experiments employed the CPMG pulse sequence, spectra were acquired
at a single relaxation delay. The 19F resonance integrals for fluoride and tfa were compared to determine the effects of potential inhibitors on the NMR relaxation activity of the enzyme.

2.3. EPR Spectroscopy
CuCl2 or CuZnSOD (50 µM), were allowed to incubate for known times with or without 10 mM polyphenol in
100 mM buffer, (either Tris, pH 8 or glycine/NaOH, pH 11) at room temperature. Samples without buffer were
prepared using the same concentrations in deionized water, and the pH was adjusted by addition of NaOH to the
appropriate value. Sample volumes were 0.2 mL. EPR spectra were measured at 120 K on a Bruker EMX spectrometer in quartz EPR tubes (0.3 mm i.d.). EPR samples were flash-frozen in liquid nitrogen and loaded into a
pre-cooled cavity. Reported spectra are the average of five scans with a modulation amplitude of 10 G, modulation frequency of 100 kHz, microwave power of −1.0 mW, microwave frequency of 9.432 GHz, time constant
of 40.96 ms, conversion time of 81.92 ms, and a sweep width of 1000 G centered at 3100 G. Spectra were corrected for residual cavity signal.

2.4. Metal Sequestering
A 2 mL sample containing approximately 4400 units of SOD (20 mM glycine buffer, pH 10) was divided into
two aliquots and 16.2 μL of either DMSO or 123 mM methyl 3,4-dihydroxybenzoate (4, MDHB) solution in
DMSO were added. The control and 4 containing solutions were allowed to equilibrate overnight at room temperature. Aliquots of the experimental and control solutions were removed for analysis of total copper and the
high molecular weight components were removed from the remaining samples using YM-10 membrane filtration devices (10 KDa molecular weight cutoff, Millipore). Aliquots of the four samples were treated with
aqueous HNO3 and copper concentrations were determined by Inductively Coupled Plasma Optical Emission
Spectroscopy (ICP-OES) using a Perkin Elmer ICP-OES Optima 4100 DV spectrometer.

2.5. Characterizing Inhibition of NMR Activities
DMSO solutions with a range of polyphenol concentrations were prepared by serial dilution at 50 times their intended final concentration. NMR samples were prepared by addition of 12 µL aliquots of these DMSO solutions
to 588 µL enzyme/buffer/fluoride solution. Thus, NMR solutions containing varied concentrations of polyphenol were prepared with a constant 2% (v/v) DMSO. Fluoride ion 19F transverse relaxation rates were determined
by the standard CPMG method [32]. Fractional enzyme activities (A) in the NMR assay were calculated for inhibited solutions according to Equation (1);

A=
( R2,obs − R2,− ) ( R2,+ − R2,− ) ,

(1)

where R2,obs, R2,+ and R2,− are the transverse relaxation rates of the sample and controls containing either the
same amount of enzyme or none, respectively. Inhibition profiles were determined by measuring fractional activities of samples as a function of polyphenol concentration.

2.6. Computational Experiments
The Molecular Operation Environment (MOE) program (Chemical Computing Group, Montreal) was used to
dock nine flavonol structures to the active site of molecule 1 from the 1PU0 structure of CuZnSOD. Flavonolstructures were built and energy minimized in MOE as anions, deprotonated at the 4’ position. The enzyme
structure was energy minimized after proton positions and partial charges had been assigned. Atoms within 12 Å
of the copper atom were considered part of the active site. The flavonols were docked to the selected active site
using the Triangle Matcher placement method. The docked poses were energy minimized using Force Field mi-
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nimization and the energies of the poses were scored using the London DG method.

2.7. Effects of Oxygen on Inhibition of CuZnSOD NMR Relaxation by Polyphenols
Samples of enzyme in buffered solution were sparged with argon and aliquots of either MTHB or quercetin were
added anaerobically. Using the NMR assay, samples were tested periodically for several hours, and again after
overnight incubation.

3. Results and Discussion
3.1. Enhancement of Fluoride Ion 19F NMR Relaxation by CuZnSOD
The effects of oxidized CuZnSOD on fluoride ion 19F NMR relaxation can be monitored using one-dimensional
experiments if an internal reference is present in the assay solution. To illustrate, the effects of CuZnSOD on 19F
NMR spectra of solutions containing F− and tfa are presented in Figure 1. Panel A in this figure shows the spectrum in the absence of enzyme, panel B shows the spectrum of the same solution but with ~10−7 M CuZnSOD
added. Both spectra were acquired in one transient using a CPMG pulse sequence [32] with a 100 ms relaxation
delay. These spectra demonstrate that SOD causes diminution of the peak intensity of the fluoride resonance relative to that of the tfa resonance. Inhibiting the NMR relaxation activity of the enzyme restores the intensity of
the fluoride resonance.

3.2. Effects of Polyphenols on NMR Relaxation Enhancement by CuZnSOD
A variety of polyphenolic organic compounds were tested for their abilities to inhibit 19F NMR relaxation by
CuZnSOD. In an initial screen of seven natural products (apigenin, biochanin a, coumestrol, coumestrol dimethyl ether, quercetin, genistein, and daidzein), only quercetin: 1) affected a diminution of the 19F NMR relaxation rate. We note that the loss of activity did not occur in the absence of 1, nor does it appear to result from
non- specific interaction governed by hydrophobicity; Overnight incubation of enzyme with more hydrophobic
compounds such as apigenin; 2) had no effect on the relaxation activity of the enzyme. Subsequently, we measured the effects of a series of related compounds, including a variety of flavonoid natural products and lower
molecular weight species. The effects of the compounds on the NMR relaxation rate were strongly dependent on
pH, molecular structure, compound concentration, and dissolved oxygen. Structures of these compounds and
further details of their interactions with the enzyme in aerobic solution are presented in the Supplemental section
of this manuscript.

3.3. The Effects of pH on Inhibition of NMR Activity
The effects of pH on the NMR activity were consistent with activity requiring deprotonation of a phenol group,
1 was less potent at pH 7 than at pH 8, and inhibitory activity dropped off even more significantly under acidic
conditions. The pH dependence should not be surprising since flavonols typically have pKa values around 7, 9,
and 11 [33]-[37] and precipitate from neutral or acidic solutions [15]. To further probe the pH dependence, we
measured the effects of small molecules including benzoic acid and ester derivatives on NMR relaxation by the

Figure 1. Effect of SOD on 19F spectra. Panel (a): One transient CPMG spectrum of
diamagnetic F− (20 mM NaF) and tfa (5 mM) solution at 282 MHz (100 ms relaxation; 300 MHz sectrometer). Panel (b): Effect of ~100 units CuZnSOD.
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enzyme. Results of these experiments indicated that: 1) deprotonation of a carboxylic acid was not sufficient to
induce inhibitory activity; 2) phenolic deprotonation is required; and 3) deprotonation of the enzyme at high pH
renders it more susceptible to reaction. These results are described in greater detail in Supplemental Section 5.7.

3.4. The Effects of Polyphenol Structure on NMR Relaxation Activity of CuZnSOD
The effects of twelve flavonoids and nine additional low molecular weight compounds on CuZnSOD NMR activity in aerobic aqueous solution were measured at pH 8.0. Inhibition of the NMR activity under these conditions depended strongly on compound structure; flavonols having hydroxyl groups at the 3, 3’ and 4’ positions
were more effective than lower molecular weight polyphenols or flavonoids lacking any of these groups. Representative results are shown in Figure 2 for inhibition of the NMR activity by the flavonol, myricetin (3).

3.5. The Effects of Polyphenol Concentration on CuZnSOD NMR Relaxation Activity
As shown in Figure 3, enzyme activity (calculated as described in the experimental section) was decidedly
non-linear with polyphenol concentration. For many of the polyphenols, the behavior was consistent with aggregation limiting the availability of the active species. In most cases, the inhibitory behavior was well modeled
by assuming a monomer/dimer equilibrium, with the monomer being the active species; The trend line in Figure
3 represents behavior expected for such a case. The concentration dependence of the fluorescence spectra of
several flavonols supported this hypothesis. From the concentration dependence of the NMR activity inhibition
data and the fluorescence data, it was possible to develop a structure/activity relationship for NMR activity inhibition by polyphenols. Inhibition of NMR activity by flavonols required hydroxyl groups at the 3, 3’ and 4’ positions. More detailed descriptions of our fluorescence results and of how NMR activities varied with compound
structure are provided in the Supplemental Section.

3.6. Investigating the Possible Loss of Copper from SOD
Since the 3’ and 4’ hydroxyl groups constitute a catechol group on the flavonoid B ring, and since catechols (including 1 [38]) form stable copper complexes [39] we considered the possibility that the catechol might chelate
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the active site metal ion. Examples of species that inhibit CuZnSOD by interacting with the active site copper ion
include low molecular weight anions (like cyanide and azide [40]-[44]) and chelating agents like dithiocarbamates
[45]-[48]. We note that catechol was among compounds reported to inhibit CuZnSOD by interacting with the active site copper [49]. The association equilibrium constant reported for copper binding by 1 (log(K) = 9.45 [50]),
however, is below the threshold reported for inhibition of SOD by metal binding (log(K) = 12.6) [49].
While the low molecular weight CuZnSOD inhibitor diethyldithiocarbamate (DDC) acts by sequestering Cu2+
from the enzyme active site [48], our results indicate that methyl-dihydroxybenzoate (MDHB, 4) does not act by
this mechanism. In these experiments, we determined the concentrations of low molecular weight copper in enzyme samples after incubation in the presence and absence of 4. Copper concentrations were determined by inductively coupled plasma optical emission spectroscopy (ICP-OES). Low molecular weight fractions were isolated using Millipore YM-10 centrifugal concentration devices. Since the YM-10 device retains species larger
than 10,000 Daltons, copper detected in the elutant should only arise from low molecular weight species. In
these experiments, concentrations of copper in the low molecular weight fractions were not significantly affected by pre-incubated with the NMR inhibitor 4. In the 4 treated sample, 21% of the initial copper eluted as
low molar mass material while 18% of copper in the control sample eluted. We conclude that the loss of NMR
activity could not be attributed to the compound sequestering the metal from the enzyme.

3.7. Results of Computational Experiments
To evaluate the feasibility of an inhibition mechanism where the compounds bound the metal in the active site,
we used the Molecular Operating Environment (MOE, Chemical Computing Group, Montreal, Canada) suite of
programs to dock the flavonoids to the 1PU0 structure of CuZnSOD. While these experiments indicated that the
active site could accommodate the flavonols, most poses generated by docking calculations did not present the
flavonol in contact with the enzyme copper atom. While it was possible to generate the proposed active site by
tethering the flavonol B ring to the copper via the 3’ and 4’ hydroxyl groups, energy minimization did not return
significantly stabilized structures. Thus, the docking results did not help rationalize the observed structure activity relationship.

3.8. Results of EPR Studies
To investigate the effects of the compounds on the active site copper, we measured the EPR spectrum of the
oxidized enzyme in the presence and absence of two low MW polyphenols (4, MDHB and 5, MTHB) at pH 8
and 11. Representative EPR spectra collected at pH 8 are presented in Figure 4. In the absence of polyphenol,
EPR spectra of CuZnSOD are consistent with the reported spectra at both pH 8 and 11, (g = 2.28, A = 178 [51]).
As shown in Figure 4(a), addition of 10 mM 4 (MDHB) to the enzyme results in a spectrum with sharp features
that resemble those in the spectrum of Cu2+-MDHB (prepared from CuCl2 and presented for comparison in the
upper trace). Comparing the signal intensities in the spectra of CuZnSOD obtained before addition of 4 to that
obtained 24 hours later, it appears that the total Cu2+ concentration is not grossly affected by the compound.
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Figure 4. Panels (a) and (b) show the effects of MDHB (4) and MTHB (5) on the EPR spectrum of CuZnSOD at pH 8. For
each panel, the lower trace shows the spectrum of the enzyme without added compound, the middle trace was recorded after
24 h incubation of enzyme with the polyphenol, and the upper trace shows the effect of the polyphenol on the spectrum of
free copper(II) ion.
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While the similarity of the spectrum to that of the Cu2+ complex of 4 suggests coordination, the centrifugal concentration experiments described above indicate that copper is not lost from SOD under these conditions. Thus,
4 does appear to coordinate copper in the active site of the protein.
In contrast to the effects of 4, addition of 10 mM 5 (MTHB) at pH 8 (Figure 4(b)) has less of an effect on the
features of the spectrum but caused the resonance intensity to diminish with time. After 24 hour incubation with
10 mM 5, the Cu2+ resonance was nearly unobservable. We have verified that 5 reduces free Cu2+ at both pH 8
and 11 with loss of EPR signal. The increased ability of 5 (relative to 4) to reduce Cu2+ to Cu+ has been observed
previously by EPR spectroscopy [52]. The difference in activities most likely reflects the difference in the redox
potentials of the two compounds (Epa values for 4 and 5 are 0.380 and 0.293 V, respectively) [39]. At pH 11, addition of either 4 or 5 to CuZnSOD resulted in a diminution of the Cu2+ signal intensity with time and a yellowing of the solution, indicating oxidation of the polyphenol (data not presented) [53]-[56]. In the case of 5, a
sharp feature consistent with the resonance of a semiquinone radical (g = 2.003 [56]) was transiently observed in
the EPR spectrum (data presented in Supplemental section, part 5.10.). Sharp features were also observed at
frequencies consistent with resonances of the Cu2+ complex of 5 at this pH.

3.9. Effects of Oxygen on Inhibition of the NMR Activity
The effects of oxygen on inhibition of the NMR activity were studied using either 1 mM 5 (MTHB) or 50 µM 1
(quercetin) (concentrations where ~50% inhibition of the NMR activity is observed in aerobic solution). In contrast to the behavior in aerobic environment, overnight incubation of CuZnSOD with either 1 or 5 under inert
atmosphere resulted in complete loss of NMR activity. The activity versus time profiles for these experiments is
presented in Figure 5. Sparging the completely inhibited samples with O2 resulted in a nearly total restoration of
NMR relaxation activity. These results are inconsistent with the possibilities that inhibition of the enzyme NMR
activity involves reaction with oxygen radicals generated by aerobic oxidation of the organic compounds or with
the products of such an oxidation.

3.10. Mechanism by Which Polyphenols Inhibit NMR Relaxation by CuZnSOD
Our results suggest that redox reactions (Equation (2) and Equation (3)) account for NMR activity inhibition.
2Cu 2 + ZnSOD + catechol → 2Cu + ZnSOD + quinone + 2H +

(2)

2Cu + ZnSOD + O 2 + 2H + → 2Cu 2 + ZnSOD + H 2 O 2

(3)

Copper(II) salts will oxidize catechols [57] and are known to catalyze their aerobic oxidation to quinones
[58]. The redox hypothesis predicts that the degree of apparent inhibition induced by a given reducing agent in
aerobic solution would reflect the steady state concentrations of oxidized and reduced enzyme. Since the reactions in Equation (2) and Equation (3) appear to proceed to completion, and since Equation (3) is independent of
the identity of the polyphenol, the SAR for the aerobic inhibition of NMR activity should reflect differences in
the forward rate constants for Equation (2) for the different flavonols. These rates, in turn, are expected to reflect
the differences in redox potentials of the compounds. A log/log plot of equilibrium constants calculated from
published redox potentials versus IC50 values from our NMR experiments (Figure 6) shows that the two parameters correlate. While a rigorous analysis would require substantially more data, the results presented in Figure 6 qualitatively support the hypothesis.
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Figure 5. Under inert atmosphere, SOD NMR activity by either 1 mM 5 (MTHB) or 50 M 1 (quercetin).
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Since the Cu+ form of the enzyme is an intermediate in the enzymatic reaction, the redox hypothesis predicts
that reaction with the polyphenols would not affect the ability of the enzyme to catalyze superoxide dismutation.
To test the redox competence of the inhibited enzyme, we measured the effect of 1 on the steady state concentration of oxidized CuZnSOD under redox cycling conditions. Rigo et al. [25] [26], demonstrated that treating
the oxidized enzyme with superoxide causes the NMR relaxation activity of CuZnSOD to decrease by about
half, as a steady state mixture of the reduced and oxidized enzyme is established. The position of the steady state
was reported to vary for different batches of the enzyme. We used a mixture of phenozine methosulfate (pms)
and NADH to generate superoxide [59] and monitored its effect on fluoride relaxation by CuZnSOD. While 1 is
known to react with superoxide, the rate constant for this reaction is much lower than that for reaction of superoxide with CuZnSOD (5 × 104 versus 2 × 109 M−1∙s−1, respectively) [60] [61]. Thus, the interference of 1 with
the reactions of superoxide with the enzyme should be minimal. Results of this experiment are shown in Figure
7. The open triangles show the effects of superoxide on NMR relaxation by the enzyme in the absence of 1. The
filled diamonds show the effects of 10 µM 1 on the reaction. The filled diamonds show that, prior to the addition
of pms/NADH, the NMR relaxation activity of the 1 containing sample was ~67% that of the control. After addition of pms/NADH, the sample containing 1 lost relaxation activity, although at a lower rate than the control
sample. Eventually the control and 1 containing samples reached the same relaxation rates. This result suggests
that CuZnSOD forms the same steady state mixture of reduced and oxidized enzyme whether 1 is present in the
solution or not. Thus, inhibition of the enzyme NMR relaxation activity by flavonoids appears to arise from reduction of the enzyme to give a product that is inactive in the NMR assay but retains its ability to catalyze superoxide dismutation.

4. Conclusion
In summary, we have demonstrated that enhancement of the fluoride ion 19F NMR relaxation rate by CuZnSOD
can be assayed in one dimensional experiments using tfa as an internal reference. Using this technique, we have
screened a variety of compounds for CuZnSOD inhibitory action and have discovered that flavonols inhibit the
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Figure 6. IC50 values correlate with equilibrium constants calculated using flavonol oxidation potentials.
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NMR relaxation activity of the enzyme. Our results indicate that inhibition of the NMR relaxation activity occurs via electron transfer. Interpretation of the inhibition data was complicated by aggregation of the inhibitors.
Experiments with superoxide generating compounds indicated that reactions with the flavonoids did not prevent
subsequent redox cycling of the enzyme.
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Appendix 1

1.1. Supplemental Section (Reaction of Oxidized CuZnSOD with Poly-Phenols, Summers,
et al.)
1.1.1. Inhibition of the NMR Relaxation Activity of CuZnSOD by Flavonoids in Aerobic Solution
Interpretation of inhibition constants (Kinh); The effects of flavonols and lower molecular weight compounds on
NMR relaxation enhancement by CuZnSOD were measured as described in the Experimental section of the
manuscript. Normalized activities of inhibitor containing solutions were calculated as;
A=
R2,obs − R2,C 2 R2,C1 − R2,C 2 , where R2,obs , R2,C1 , and R2,C 2 are the transverse relaxation rates of the
observed sample and of a positive control containing enzyme but no inhibitor and negative control containing
neither enzyme nor inhibitor, respectively. Data were originally treated as if inhibition resulted solely from
binding of the polyphenols to the enzyme active site (Equation (S1)).

(

)(

)

Inh + SODactive  SODinactive

1 K inh =
[ Inh ][SODactive ] [SODinactive ]

(S1)

Our work (described in the Results and Discussion section), however, subsequently showed that NMR inhibition likely results from both binding to the enzyme and from electron transfer to the paramagnetic copper, with
the latter probably giving the more important contribution to the most active compounds. If, as we propose, the
relaxation activity of the enzyme is determined by steady state ratio of oxidized to reduced enzyme in aerobic
solution is determined by the rates of the reactions in Equation (S2) and Equation (S3), then differences between
apparent inhibition constants should reflect differences in the rates of reaction (S2) (Equation (S4)):
Cu 2 + ZnSOD + Inh → Cu + ZnSOD + Inh ⋅+ k1

(S2)

Cu + ZnSOD + O 2 → Cu 2 + ZnSOD + O 2 ⋅− k2

(S3)

K inh = k1 [ Inh ] k2 [ O 2 ]

(S4)

Chemical structures of the flavonoids used in this study are presented in Figure 8.
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1.1.2. Flavonol Aggregation Equilibrium Constants
As discussed in the Results and Discussion section of this manuscript, plots of 1/A-1 were distinctly non-linear
with polyphenol concentration. We attribute this to dimerization and higher order aggregation of the compounds
in aqueous solution. Equation (S1), above describes how the inhibitory activities of flavonoids could be affected
by dimerization, this is a simplified scenario and the fluorescence data indicate that higher order aggregation
occurs for some compounds. Characterizing such behavior requires consideration of trimerization, characterized
by an equilibrium constant (Ktrimer, defined in Equation (S5)). In the general case, the total mass of material must
be distributed between monomer, dimer, trimer, etc., as in Equation (S6). While a fuller description of aggregation would require an equilibrium constant for each multimer considered, our data could be modeled adequately
assuming that only monomer, dimer and trimer were present in significant concentrations. For example, more
than 98.8% of the variance in the fluorescence spectra of solutions containing from 1 to 512 M 3 could be accounted for by the three species.
K trimer = [ trimer ] [ dimer ][ monomer ]

(S5)

[ Inh ]0 =
[ Inh ] + 2 ( Inh )2  + 3 ( Inh )3  +

(S6)

[ Inh ]0 =
[ Inh ] + 2 K dimer [ Inh ]2 + 3K dimer K trimer [ Inh ]3 +

(S7)

A complete description of the behavior predicted by the involvement of trimers would require solution of a
third order polynomial. While roots of the cubic equation can be calculated, the exact solution does not lend itself to least squares refinement since solutions having an imaginary component can arise under different scenarios. To simplify the calculation, we made two simplifying assumptions. First, we limited our model by assuming 1/Ktrimer would always be greater than or equal to 1/Kdimer. Since the individual units all carry a negative electronic charge, it is reasonable that electrostatic repulsion will destabilize larger aggregates relative to smaller
ones. Our second assumption was that the concentration of monomer could be approximated by that calculated
in the absence of trimerization (the dimer only case). The validity of this assumption can be assessed by comparing calculated distribution information for different assumed values of Ktrimer. Figure 9 shows the fraction of
monomer for a system with 1/Kdimer = 20 M assuming different values for 1/Ktrimer. The dashed line represents
the dimerization only case, the solid blue and black lines represent the cases where 1/Ktrimer = 20 and 100 M, respectively. Comparing the solid blue line to the dashed line shows that even in the worst case (when dimerization and trimerization constants are equal), the effect does not grossly distort the concentration profile. As
shown by comparison of the solid black and dashed lines, the fit improves with an increasing difference in the
two constants.

[ Inh ] =

( −1 + (1 + 8K

[ Inh ]0 )

1/ 2

dimer

) ( 4K

dimer

)

(S8)

In the dimerization only case, Equation (S7) gives a quadratic and the concentration of monomer can be estimated using Equation (S8). The remaining material can be partitioned between dimer and trimer using Equation

mass fraction
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monomer
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Figure 9. Distribution diagram for monomer concentration for the case where 1/Kdimer = 20. The dashed black line represents
the fraction of monomer for the case of where no trimerization occurs. The solid blue and black lines present the behavior for
1/Ktrimer = 20 and 100 M respectively.
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(S5) and Equation (S6). Modeling the data in this way allowed us to approximate concentrations of monomer,
dimer, and trimer for any total inhibitor concentration given an assumed combination of equilibrium constants.
Molar fluorescence coefficients for the monomer, dimer, and trimer were then estimated by least squares optimization to minimize the difference between predicted and measured spectra. To illustrate, we will consider two
cases, one where trimerization was not important at low concentrations (myricetin, 3) and the other where trimerization was important (gossypin, 6). The observed and predicted fluorescence data for 6 are presented in Figure
10. Panels A and B in this figure show the measured and calculated emission spectra, while panel C shows the
sensitivity of the fit (as the sum of the squares of the residuals) to changes in 1/Kdimer and 1/Ktrimer. As shown in
panel C, the best fit of the data was achieved when 1/Kdimer was between 5 and 30 M and 1/Ktrimer was between
40 and 60 M. While uncertainties would be best considered on a log scale, we chose to report these using the
more accepted linear scale.
In contrast to the behavior of 6, 3 appeared to only form significant amounts of trimer at the highest concentrations where fluorescence spectra were recorded. The effects of concentration on the emission spectrum of 3
are presented in Figure 3 of the manuscript and in Figure 11 and Figure 12, here. As noted in the manuscript,
the normalized fluorescence spectra of the 3 at low concentrations displayed isosbestic behavior within experimental uncertainty. Figure 10 shows the normalized fluorescence spectrum of myricetin ranging from 1 to 64 M
with expanded regions surrounding the four isosbestic points. Uncertainties in fluorescence intensities can be
gauged from noise levels in the spectra. We conclude that only two major 3-containing species are present between 1 and 64 M. When fluorescence data for all measured wavelengths are considered, the best fit is found at
1/Kdimer = 24 M. From the plot of the SSR parameter versus the assumed 1/Kdimer, we estimate the uncertainty of
this value as ~5 M.
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Figure 10. Observed and modeled emission spectra of 6. (a) Measured spectra recorded at concentrations ranging from 1 to
512 mM. (b) Spectra calculated using least square minimization. (c) Sensitivity of the sum of the squares of residuals to
changes in Kdimer at three values of Ktrimer.
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Figure 11. (a) Normalized fluorescence spectra of myricetin at concentrations between 1 and 64 M. Panels (b) and (c) show
expanded regions displaying isosbestic like behavior.
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Figure 12. Inhibition of CuZnSOD by myricetin (3). Data from two independent experiments. Trend lines show behavior
predicted for cases where 1/Kdimer = 20 M and 1/Kinh = 5.3, 6.0, and 6.6 M. Error bars assume 10% uncertainty in (1/A-1) and
7% uncertainty in concentration.

Uncertainties in 1/Ktrimer were too great to justify reporting their values. Even when we have evidence for significant trimerization at lower concentrations, our fitting parameter (SSR) was relatively insensitive to changes
in this parameter. As shown in Panel C of Figure 11, SSR curves overlapped substantially when 1/Ktrimer was
between 40 and 60 M. Further, evidence against higher order aggregation is not sufficiently compelling to argue
that deviation arose from trimerization alone.
1.1.3. Experimental Uncertainties
Uncertainties in the results of NMR experiments arise from a number of factors. For these experiments, samples
were prepared by a series of steps. The mass of solid inhibitor was measured to ~1%. The solid sample was dissolved in a volume of DMSO that is known to ~2%. DMSO solutions of descending concentration were prepared by serial dilution. NMR solutions were prepared by dilution of one of the DMSO solutions in enzyme
containing buffer. If each dilution added another 2% uncertainty, then the highest concentration NMR sample
should have an inhibitor concentration known to approximately 7%, and each subsequent sample is known to 2%
lower accuracy. Thus, accumulation of errors leads the concentrations of more dilute solutions to be less certain
than those of more concentrated samples. Measured relaxation rates (R2 values) were reproducible to within ~3%
on a given sample and activities were determined from measurements of three samples (the experiment and two
controls). Since the 1/A-1 value is the ratio of two differences (Equation (1), Experimental Section), the greatest
accuracy is achieved at unity with uncertainty increasing at both larger and smaller values. In the worst case, we
estimate that 1/A-1 values should be good to within 10%. Experimental reproducibility can be gauged by comparing the results of independent measurements of inhibition by the same compound. Figure 11 shows inhibition curves for two measurements using 3. Error bars in this figure show 10% uncertainty in 1/A-1 and 7% in
concentration.
1.1.4. Uncertainties in Kinh Values
Using limits on 1/Kdimer established by the fluorescence experiments (20 and 40 M), it is possible to estimate
limits on acceptable values of Kinh. The dependence of enzyme activity on total added inhibitor comes from
substituting the monomer concentration from the fluorescence experiments into Equation (S1). Trend lines in
Figure 11 represent behaviors predicted for 1/Kdimer = 20 M and 1/Kinh values of 5.3, 6.0, and 6.6 M. The two
outer values represent the limiting values where the error bars on the 80 M data point still contain the projected
value. A similar analysis conducted using 1/Kdimer = 40 M gave a best fit value for 1/Kinh of 7.7 M with limits of
6.9 and 8.4 M. This analysis leads us to report values of Kdimer and 1/Kinh for 3 as 24 ± 6 and 6.8 ± 1.6 M, respectively. Values and uncertainties in Kdimer and 1/Kinh for the other inhibitors were determined similarly.
1.1.5. Structure/Activity Relationship for Inhibition of the NMR Relaxation Activity of CuZnSOD by
Flavonoids
Comparing the 1/Kinh values in Table 1 shows that having hydroxyl groups at the 3, 3’, 4’ and 5’ positions enhance inhibition. The effects of hydroxyl substitution at the 3 position can best be seen by comparing the activity

374

Table 1. CuZnSOD inhibitory and dimerization data for selected flavonoids at pH 8.0.
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Compound

IC50 (M)

Kdimer−1 (M)a

1/Kinh (M)b

Ep/2 vs NHE (V)c

1, Quercetin

12

30

12

0.271

>1000

59

>200

3, Myricetin

6.7

24

6.8

6, Gossypin

39

12

13

0.6

10

2, Apigenin

d

7, Fisetind

69

8, TetHF

140

9, Taxifolin
d,e

10, Kaempferol

0.361

200

0.391

660

0.361

d

820

7

9

d

>1000

330

>200

11, TriHF

12, Morin

d,e

>1000

14, Syringetin

>1000

13, Luteolin

0.211

0.421

Notes: a) 1/Kdimer values should be accurate to within a factor of three. b) 1/Kinh values should be accurate to within a factor of two c) Half wave potentials for flavonoid oxidation, adjusted for comparison to the normal hydrogen electrode, NHE. Values are from reference S7. d) Kdimer could not be
determined accurately from fluorescence data. e) IC50 estimated by extrapolation of reciprocal activity versus [Inh]0.5 plot.

of 1 (1/Kinh = 24 M) to that of 13 (1/Kinh > 200 M). These two compounds only differ at the 3 position where 1
has the hydroxyl group and 13 has hydrogen. We considered the possibility that the importance of the
3-hydroxyl group to inhibition arises from its ability to tautomerize to give a ketone at this position. To test this
hypothesis, we measured the effect of 9 on the enzyme. The structure of 9 differs from that of 1 in that the bond
between the 2 and 3 position carbon atoms is a single bond in 9 whereas it is a double bond in 1. Thus, the 3 hydroxyl group on 1 may tautomerize to give a ketone while 9 cannot. Comparing IC50 values for the compounds
in Table 1 shows that inhibition by a mixture of 9 isomers was similar to that displayed by other active flavonoids. We conclude that tautomerization of the 3 position hydroxyl is not critical to inhibition.
It is apparent that compounds containing the catechol moiety on the B ring are more effective inhibitors than
are compounds that do not. For example, 10 (having a single B ring hydroxyl group) is much less effective
against CuZnSOD than 1 (having B ring hydroxyl groups at the 3’ and 4’ positions). Further, the importance of
the catechol can be seen by comparing the inhibitory activities of two isomeric flavonols, 12 and 1. The structures of the compounds differ in the positions of the hydroxyl groups on the B ring. While 1 has hydroxyl groups
on the 3’ and 4’ positions, the 12 hydroxyls are at the 2’ and 4’ positions. As was the case with 10, 12 is also a
poor inhibitor.
In contrast to the dramatic effects observed when substitution patterns on the B ring are changed, the number
and positions of hydroxyl groups on the A ring had a lesser impact on inhibition. We measured the inhibitory
activities of five active compounds that only differ in A ring substitution patterns (1, 6, 7, 8, 11). While IC50
values (reported in Table 1) varied by up to a factor of 10, further analysis indicated that the differences arose
primarily from differences in the flavonol dimerization constants. Further, comparing the activities of 1 and 6
indicates that incorporation of a bulky glucose moiety on the A ring had little effect on anti-SOD activity. From
these results, we conclude that substitution on the A ring has relatively little impact on the SAR.
1.1.6. The NMR Activity Inhibition by Low Molecular Weight Polyphenols
To determine what structural features of the flavonols contributed to their activities toward the enzyme, we investigated a variety of other low molecular weight compounds. Structures of compounds used in this study are
presented in Figure 13. Of these compounds, only 4 and 22 (gallic acid and MTHB) showed significant inhibition at concentrations below 500 M. Compounds 3, 17 and 18 (IC50 = 3.0, 2.0, and 3.5 mM, respectively) were
representative of those with the lower activities.
At pH 9 or below, 4 reacts with CuZnSOD in such a way as to prevent NMR relaxation activity of the enzyme. The reaction appears reversible, with an equilibrium constant of ~3 mM. At pH greater than 9, a second,
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irreversible reaction occurs. The rate of this second reaction is pH dependant in a way consistent with deprotonation occurring at the enzyme and not at the inhibitor.

1.1.7. Effects of 4 and 5 on SOD Activity at pH below ~9
We measured the effects of 4 concentration on the activity of CuZnSOD at pH ranging from 7.0 to 11.5. Our
results indicate that a deprotonated form of the compound is responsible for SOD inhibition. At pH of 7 or less,
4 is predominantly charge neutral (pKa = 8.13) and a concentration of 4 mM does not appreciably diminish SOD
activity. At pH 8 and 9, the activity of CuZnSOD decreased with increasing concentration of 4. A plot of the reciprocal of the normalized activity (A, defined in the experimental section) versus inhibitor concentration was
linear (Figure 14), consistent with the reversible binding of the inhibitor to the enzyme. Results of a number of
experiments indicate that NMR inhibition by 4 at pH 8 is reversible. For example, the fraction of enzyme inhibited by 4 decreased when samples were diluted, consistent (within experimental uncertainty) with the inhibition
reversible ligand binding. In addition, removing MDHB by gel filtration restored relaxation activity of the enzyme. We note that these behaviors may arise due to addition of oxygen in the manipulation of samples.
Effects of pH on inhibition by 4: At pH greater than 10, a second reaction appears to occur between 4 and
CuZnSOD. The kinetics of the second reaction could be conveniently monitored by NMR. Representative kinetic results are presented in Figure 15 for reaction of CuZnSOD with 1 mM 4. As shown in this figure, the data
do not extrapolate back to 100% activity at the time of mixing (the zero point on the y axis). The activity of the
enzyme at the intercept in Figure 15 is consistent with the equilibrium described above at pH 9.
At a constant 4 concentration (1.0 mM), the extrapolated value of the activity at the time of mixing was not
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Figure 13. Structures of low molecular weight polyphenols used in this study.
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Figure 14. At pH 8, MDHB (4) inhibits NMR relaxation of SOD in a concentration dependent
manner. The trend line shows behavior for a reversible reaction, Kapp = 3.0 mM.
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Figure 15. Normalized SOD activity decays with pseudo-first order kinetics in 1 mM4, pH 11.0.
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influenced by pH over the range from 9 to 11.5 (data not shown) indicating that the binding constant is not
grossly affected by pH. Continuation of the study to pH greater than 11.5 was not possible due to the pH dependent loss of enzyme activity documented elsewhere [62]. In contrast, the rate of the slower step increased dramatically with pH over this range (Figure 16). Since the pKa of 4 (reportedly 8.12, Perron, et al.) is well below
the pH where the reaction becomes significant, the necessary deprotonation likely occurs at the enzyme. The
trend line in Figure 12 shows the effect predicted if the pH dependence of the second step arose from a reaction
requiring deprotonation of an SOD active site lysine with a reported pKa of 10.8 [62].
When compared to 4, 5 is a much more effective inhibitor of SOD NMR relaxation activity at low concentration. The pronounced curvature of the plot suggests that 5 is strongly aggregated at mM concentration. If this is
the case, then NMR inhibition at the lowest concentrations of 5 should best reflect the effects of the monomeric
compound. The data from Figure 17 shows that inhibition by 5 was significant at micromolar concentrations of
inhibitor. While gallols (such as 5) are better ligands than catechols (such as 4), the difference between the
slopes of Figure 17 and Figure 18 at very low concentrations seems inconsistent with the effect arising due to
differences in metal binding constants alone. Consistent with results of our EPR studies, we believe the difference in the redox behaviors of the two compounds accounts for the difference in their activities in the NMR assay: While 4 appears to inhibit the activity by binding to the enzyme, 5 effectively reduces the enzyme as well.
Gallic acid (22) behaved similarly to 5.
1.1.8. Inhibitors of Zinc Metalloenzymes Were Ineffective against CuZnSOD
We examined the effects of a series of chelating agents that are known to inhibit zinc enzymes by binding the
active site metal. While acetohydroxamic acid (25), maltol (26), thiomaltol (27), and 2-mercaptopyridine Noxide (28) have been reported to inhibit zinc containing metalloproteinases with IC50 ranging from 25 mM to 35
M [63], none significantly affected the NMR activity of CuZnSOD at mM concentrations.

k obs (min-1)
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Figure 16. Effect of pH on pseudo-first order rate constant (kobs)
for the irreversible decomposition of the MDHB/CuZnSOD complex.
1.4
1.2
1
0.8
0.6
0.4
0.2
0
0
2
4
MTHB concentration (mM)

Figure 17. Effect of 5 concentration on SOD activity.
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Figure 18. Chelating inhibitors of zinc containing metalloenzymes.
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1.1.9. Inhibition of CuZnSOD NMR Activity by Catechol, 2- and 4-Mercaptophenol,
and 1,2-Benzeneditiol
We measured the effects of 29, 30, and 31 (Figure 19) to investigate the effects of sulfur incorporation on the
NMR inhibiting activity of catechol. The results of this experiment (presented in Figure 20), indicate an increase in potency with added sulfur. While this result could arise due to increased metal affinity [64]-[67], it
more likely reflects a shift in the redox potentials of the compounds.
OH

SH

OH

SH

OH

29

SH

30

31

Figure 19. Structures of 1, 2 disubstituted benzenes.
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Figure 20. Anti-SOD activities of 29 (catechol), 30 (2-mercaptophenol) and 31 (1,2-benzenedithiol) increase with sulfur incorporation.

1.1.10. EPR Data for CuCl2 and CuZnSOD upon Addition of MTHB and MDHB
EPR data for CuCl2 and CuZnSOD upon addition of MTHB and MDHB. Numbers in brackets are estimated
values.
Sample Componentsa

Time

g (ACu G)

Color

MTHB (unbuffered, pH 8)

1 min

2.003b

dark yellow

1 min

b

MTHB (unbuffered, pH 11)
CuCl2 + MTHB (unbuffered, pH 8)

1 min

2.003

dark yellow
d

light yellow

d

~2.294 (178), 2.051 (33)

CuCl2 + MTHB (unbuffered, pH 11)

1 min

~2.294 (178), 2.051 (33)

dark yellow

MDHB (unbuffered, pH 8)

1 min

2.003b

light yellow

1 min

b

MDHB (unbuffered, pH 11)
CuCl2 + MDHB (unbuffered, pH 8)

1 min

2.003

yellow
d

light yellow

d

~2.294 (178), 2.051 (95.33)

CuCl2 + MDHB (unbuffered, pH 11)

1 min

~2.294 (178), 2.051 (95.33)

light yellow

CuCl2 (pH 8)

-

2.284 (178), 2.05 (65)c

colorless

CuCl2 + MTHB (pH 8)

1 min

d

colorless

d

2.292 (170), 2.051 (21)

CuCl2 + MTHB (pH 8)

1h

2.292 (170), 2.051 (21)

colorless

CuCl2 + MTHB (pH 8)

24 h

-

faint yellow

CuCl2 + MDHB (pH 8)

1 min

2.292 (170), 2.051 (21)d

colorless

d

colorless

d

colorless

CuCl2 + MDHB (pH 8)
CuCl2 + MDHB (pH 8)

1h
24 hr
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Continued
CuCl2 + EC (pH 8)

1 min

2.291 (175), 2.051 (22)d

brown

CuCl2 + EC (pH 8)

1h

2.291 (177), 2.051 (22)d

brown

CuCl2 + EC (pH 8)

24 hr

2.291 (177), 2.051 (22)d

brown

CuCl2 (pH 11)

-

c

colorless

d

2.288 (178), 2.051 (22)

CuCl2 + MTHB (pH 11)

1 min

2.287 (178), 2.051 (33)

faint yellow

CuCl2 + MTHB (pH 11)

1h

2.051 (33)d

faint yellow

CuCl2 + MTHB (pH 11)

24 h

2.051 (33)d

CuCl2 + MDHB (pH 11)

1 min

dark yellow
d

colorless

d

2.294 (178), 2.051 (36)

CuCl2 + MDHB (pH 11)

1h

2.294 (178), 2.051 (36)

faint yellow

CuCl2 + MDHB (pH 11)

24 h

2.294 (178), 2.051 (36)d

faint yellow

CuCl2 + EC (pH 11)

1 min

2.290 (185), 2.051 (28)d

brown

d

brown

d

CuCl2 + EC (pH 11)

1h

2.293 (181), 2.051 (28)

CuCl2 + EC (pH 11)

24 hr

2.291 (185), 2.051 (28)

brown

SOD (pH 8)

-

2.286 (132)

colorless

SOD + MTHB (pH 8)

1 min

2.314 (132)

colorless

SOD + MTHB (pH 8)

1h

2.318 (132)

colorless

SOD + MTHB (pH 8)

24 h

-

faint yellow

SOD + MDHB (pH 8)

1 min

2.281 (142), 2.051 (21)d

colorless

SOD + MDHB (pH 8)

1h

2.282 (142), 2.051 (21)d

colorless

d

colorless

d

SOD + MDHB (pH 8)

24 h

2.284 (142), 2.051 (21)

SOD + EC (pH 8)

1 min

2.273 (142), 2.059 (22)

brown

SOD + EC (pH 8)

1h

2.290 (146), 2.060 (24)d

brown

SOD + EC (pH 8)

24 hr

2.290 (170), 2.051 (23)d

brown

SOD (pH 11)

-

2.285 (126)

colorless
d

b

SOD + MTHB (pH 11)

1 min

2.321 (134), 2.051 (33) , 2.003

SOD + MTHB (pH 11)

1h

2.051 (33)d

faint yellow

SOD + MTHB (pH 11)

24 h

2.321 (134), 2.051 (33)d

dark yellow

SOD + MDHB (pH 11)

1 min

2.284 (126)

colorless

SOD + MDHB (pH 11)

1h

2.284 (126)

faint yellow

SOD + MDHB (pH 11)

24 h

2.284 (126)

faint yellow

SOD + EC (pH 11)

1 min

2.289 (175), 2.052 (28)d

brown

d

brown

SOD + EC (pH 11)

1h

2.288 (176), 2.052 (28)

SOD + EC (pH 11)

24 hr

-

a

faint yellow

brown
b

samples were prepared in Tris buffer (pH 8) or in glycine/NaOH buffer (pH 11) unless otherwise specified; g value for MTHB or MDHB semiquinone radical; cestimated g and A values for Cu2+-buffer complex; destimated g and A values for MTHB, MDHB or EC hyperfine coupling with Cu2+.
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