Supporting Information

Trihydroxybenzaldoximes are redox cycling inhibitors of ThDP-dependent DXP synthase

Charles R. Nosal*, Ananya Majumdar™, Netzahualcoyotl Arroyo-Curras’, Caren L. Freel Meyers*

tDepartment
iChemistry-

Figure S1.
Figure S2.
Figure S3.
Figure S4.
Figure S5.
Figure S6.
Figure S7.
Figure S8.
Figure S9.

Figure S10.
Figure S11.
Figure S12.
Figure S13.
Figure S14.
Figure S15.
Figure S16.
Figure S17.
Figure S18.
Figure S19.
Figure S20.
Figure S21.
Figure S22.
Figure S23.
Figure S24.
Figure S25.
Figure S26.

of Pharmacology and Molecular Sciences, Johns Hopkins University School of Medicine, Baltimore, MD, 21205, USA
Biology Interface Graduate Training Program, Johns Hopkins University, 3400 N. Charles Street, Baltimore, Maryland

21218, United States.
> Biomolecular NMR Center, Johns Hopkins University, Baltimore, Maryland 21218, United States

Table of Contents
Ki determination of 1 on DXPS hOMOIOGS. .....ccuvviiiiiiiiiiieiie e S3
Inhibition of ADH and PDC at pH 7 and 8 DY L .......cooiiiiiiiiiiiieee e S4
Ki determination of 1 on ECR478A, EcD427A, ECH431A, and ECR99A .........ooovvvvvvvvvviiiiiieen, S5
NMR detection of nonenzymatic decarboxylation of pyruvate ............cccccevvieiiiineiiie e S6
pH dependence of nonenzymatic decarboxylation of pyruvate ............cccccevveviiineiieiiecnnnn S7
NMR detection of pyruvate consumption in HEPES pH 8. S7
NMR detection of pyruvate consumption in TriS PH 8 ......cccoiiiiiiiiiiii e S8
Mechanism of nonenzymatic oxidative decarboxylation of pyruvate by ROS................ccoeoveee. S9
pH dependence of autoXidation OF L...........ccoiiiiiiiiiiie e S10
NMR detection of pyruvate consumption in the presence of ascorbate .............ccccccevveevvnennne S11
Mechanism of redox cycling of 1 with ascorbate.............cccevvviiiiie i S11
NMR detection of pyruvate consumption in the presence of catalase.............cccccceevvvvernnnnnn S12
Pre-saturation *H-NMR of > 10 MM 1 in HEPES PH 8......ceovevvivieceeceecee e S13
Anaerobic Ki determination Of L...........ccoiiiiiiiiiiii e S14
Ki determination 0 3 aN0 4 .........ooiiiiiie e S14
Cyclic Voltammograms of cateChol SAR .........cvvi i S15
Long Range H-1>N HSQC NIMR 0F 8......ccocoiviiiiieiiceeceee sttt S16
Experimental scheme for detection of reduction of 1 by DXPS .........ccccooveiiiie v, S17
Long Range H-1>N HSQC NMR 0of 8 With aSCOIDAte ...........cccvevvvvereeriierieeeeeesees e, S18
Long Range H-1>N HSQC NMR 0f 8 With DXPS ........c.ccooviiiieeeeeeeceeeeeee e, S18
Long Range H-°>N HSQC NMR of 8 with Pyruvate and D-GAP...........c..cccevvvvrrevirrnenennn, S19
Long Range H-1°>N HSQC NMR of 8 with DXPS, Pyruvate and D-GAP...........ccccoevvee.. S20
Long Range H-1°>N HSQC NMR of 8 with DXPS and PYruvate...............ccccocoeveeevevrevenenn. S21
NMR detection of DXPS reaction ProdUCTS..........cc.eeeiiuieeiiiiee i see e S22
Mechanism of acetate formation from reduction of 1 ..........cccccoiiiiiiiii i S23
Raw amperoteric i-t measurements of reactions With L............ccocceeiiiiiii i, S23

S1



Figure S27. Color change of oxime 1 based on redoX FOrm ..........cooviiiiieiic i S24
Figure S28. Full CVs of 8 measured on gold UME ...........cooiiiiiiiioiiiieeeciee e S24
FIGUIe S29. TH-NIMR OF 3....oiuiiiciiecetee ettt ettt ettt s ettt n ettt e et s ee e, S25
Figure S30. BBC-NIMIR OF 3. .ottt ettt ettt ettt n ettt e st s e e, S26
Figure S31. HRMS deteCtion OF 3R.........c.oiiiiiicieecee et S27
Figure S32. HRMS deteCtion 0F 30 ........c.ciuiiiiicieiee ettt S28
FIQUIE S33. HPLC OF 3 ..ttt ettt ettt et S29
FIgUIe S34. TH-NIMR OF 8.ttt ettt S30
FIgUre S35. BBC-NIMR OF 8....c.ouiiiieeeeeeeececee ettt sttt S31
Figure S36. HRMS detection Of 8R.............cooviiiiiiiiciecce e, S32
Figure S37. HRMS deteCtion 0F 8 ..........ciiiiiieieieeeceeeec ettt S33
FIQUIE S38. HPLC OF 8 ...ttt ettt ettt S34
Table S1. Summary of aPPArent KiS OF L.........ooiiiiiiiiiieiie et S35
Table S2. Summary of apparent Kis 0f 1, 2, 3, @N0 4 ......ooooieiiiie e S35
[ (=] £ T0T= O | £=To [ PSP T PP UR PP S36

S2



A) _ 5

1K =4.7 0.5 1M . 0uM1 K, =2.3+0.1 uM -+ OpM1
17 - 5uM1 _ - 25uM1
[ c
E - 10 M1 E"U- -4 5uM1
§_5 - 20 M1 = >+ 10 pM1
g 2 5] - 20 UM 1
e ] o

O-¥rrrrrrrrrrrrrrrrr T o -¢4r-r-rrrrrrrresesYsterreTT

200 400 0 200 400
B [Pyr] (uM) [D-GAP] (uM)

) K =16.4£22 M o OpM1 K =6.51£0.8 yM o 0uM1
- - 5uM1 _ - 5uM1
c =
E & 15pM 1 E “a 10 pM 1
2 ¥ 30 uM 1 = ¥ 20uM 1
P ~ 50 pM 1 P ~+ 40 UM 1
© v
o 1

C) [Pyr] (uM) [D-GAP] (M)
81K =2.8+0.2 M . OuMA
1K =33+02uM
. - 125 M1 i H o OpM1
=
E —& 25 uM1 T - Sumi
5 . - 5uM1 £ 5 -+ 10 uM 1
° - 10 M1 z ) ¥ 20pM1
& 2 Y T o 20uM1 £
3 4 ®
\®) \*
0 Hor —————
0 200 400 °""""'200"'"""400 """
[Pyr] (uM)

[D-GAP] (uM)

Figure S1. Determination of K; for 1 against DXPS homologs. Determination of apparent K; for 1, varying
pyruvate (left, uncompetitive) or D-GAP (right, competitive) on A) ECDXPS, B) PaDXPS, and C) DrDXPS.
Error bars represent standard deviation from 3 replicates at each concentration. Standard error of the mean for
reported K; values was determined from 3 replicates.
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Figure S2. Evaluation of inhibitory activity of 1 in the PDC-ADH coupled system. A) ADH was not inhibited
significantly by 1 up to a concentration of 200 uM, the highest concentration that does not significantly interfere
with absorbance measurements in the coupled assay. Initial rates were arithmetically corrected for background
(no substrates). Standard error of the mean was calculated from six replicates B) Inhibition of PDC by 1 (0 and
200 uM) is not observed at pH 7 or 8. Standard error of the mean was calculated from three replicates.
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Figure S3. K; determination of 1 on ECR478A, EcD427A, EcH431A, and EcCR99A. Determination of
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apparent K; of 1 under conditions of varying pyruvate (uncompetitive) on A) ECR478A, B) EcD427A, C)
EcH431A, and D) ECR99A. E) Apparent K; determination of 1 varying D-GAP (competitive) on ECR99A.
Standard error of the mean for reported Ki values was determined from 3 replicates.
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Figure S4. NMR detection of nonenzymatic decarboxylation of pyruvate. In the anaerobic chamber, reaction
mixtures containing HEPES (50 mM, pH 8), MgCl, (2 mM), NaCl (100 mM), ThDP (1 mM), D20 (10%), and
either DXPS (200 nM) or an equivalent volume of DXPS dialysis buffer were incubated with sodium pyruvate-
13C; for 5 min at 4°C. Reactions were initiated via addition of 1 (500 uM) and incubated for 15 min before
quenching by boiling at 4°C for 5 min followed by vortex. Samples were removed from the chamber and filtered
using 10 kDa cutoff microcentrifuge filters via centrifugation at 13000 rpm for 10 minutes at 4°C. Gadobutrol
(250 uM) was added post centrifugation. 1D *H detected H{*3C} and Hs{*3C} spectra via a proton multiplicity
filter were acquired (Bruker Avance 600 MHz). Significant pyruvate consumption detected as the evolution of
acetate was observed in the absence of DXPS, suggesting an alternative reaction occurred.
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Figure S5. Detection of pH dependence of nonenzymatic decarboxylation of pyruvate. Reaction mixtures
containing D20 (10%), sodium pyruvate-*Cs, and either gadobutrol (250 uM) (A, B) or an equivalent volume
of water (C, D) were incubated for 5 min at 4°C. Reactions were initiated via addition of 1 (500 uM) and
incubated or 15 min before transfer to NMR tubes. 1D *H-NMR and 1D *H detected H{*3*C} and Hs{*3C}
spectra via a proton multiplicity filter were acquired (Bruker Avance 600 MHz). HEPES (3 mM, pH 8.2) was
then added to NMR tubes and spectra were acquired again. Nonenzymatic decarboxylation of pyruvate was
observed as the formation of acetate post-addition of HEPES (B, D) regardless of gadobutrol. Additionally,
changes in *H-NMR spectra of 1 indicate oxidation occurred after addition of HEPES (A, C).

S7



B) Pyruvate

HAO HEO
Acetate
HAR HgR HcR
HCO ﬂg
A
HEPES pH 8, Aerobic Rep 2 A\ HEPES pH 8, Aerobic Rep 2
HEPES pH 8, Aerobic Rep 1 HEPES pH 8, Aerobic Rep 1
T T T T I I I I I I I I I I I T I I T I 1 I I I I T T 1
82 80 78 76 74 72 70 68 6.6 64 6.2 6.0 58 56 ppm 24 22 20 18 16 14 12 10 08 06 04 ppm
Pyruvate
C) [A~ Hg" Hcl D)
Jk X Bt L A
HEPES pH 8, Anaerobic Rep 2 HEPES pH 8, Anaerobic Rep 2
JL A JL_J\ A
HEPES pH 8, Anaerobic Rep 1 HEPES pH 8, Anaerobic Rep 1
T I I T I I I I I I I I I I I T I I T I 1 I I I I I T 1
82 80 78 76 74 72 70 68 6.6 64 6.2 6.0 58 56 ppm 24 22 20 18 16 14 12 1.0 08 06 04 ppm

Figure S6. NMR detection of pyruvate consumption in HEPES pH 8. Oxime 1 (500 uM) was incubated with
sodium pyruvate-13Cs (500 uM) in the presence of HEPES buffer (50 mM, pH 8) either aerobically (A, B) or
anaerobically (C, D). Oxidation state of 1 (A, C, Bruker Avance, 600 MHz) and consumption of pyruvate (B, D,
Bruker Avance 600 MHz) was determined by *H-NMR (A, C) or 1D H detected H{**C} and Hz{**C} spectra
via a proton multiplicity filter (B, D) as described in the Materials and Methods section. Oxime 1 was partially
oxidized in HEPES pH 8 under aerobic conditions but not in the absence of Ox.



A) B) Pyruvate

Acetate

Hp° Hg®
» N ) J
R NS W W A
Tris pH 8, Aerobic Rep 2 Tris pH 8, Aerobic Rep 2
Tris pH 8, Aerobic Rep 1 Tris pH 8, Aerobic Rep 1
T I T I I I I I I I T T T I 1 I T I T T T T I T T I T 1
82 80 78 76 74 72 70 68 66 64 6.2 6.0 58 56 ppm 24 22 20 18 16 14 12 10 08 06 04 ppm
Pyruvate
C) D)
HaR Hg® HcR
Acetate
B \ A 1L A
Tris pH 8, Anaerobic Rep 2 Tris pH 8, Anaerobic Rep 2
L R ' \ N .
Tris pH 8, Anaerobic Rep 1 Tris pH 8, Anaerobic Rep 1
I I I I I I I I I I I T T I 1 T T T T T T T T T T T T 1
82 80 78 76 74 72 7.0 68 6.6 64 6.2 6.0 58 56 ppm 24 22 20 18 16 14 12 10 08 06 04 ppm

Figure S7. NMR detection of pyruvate consumption in Tris pH 8. Oxime 1 (500 uM) was incubated with
sodium pyruvate-1*Cs (500 pM) in the presence of Tris buffer (50 mM, pH 8) either aerobically (A, B) or
anaerobically (C, D). Oxidation state of 1 (A, C, Bruker Avance, 600 MHz) and consumption of pyruvate (B, D,
Bruker Avance 600 MHz) was determined by *H-NMR (A, C) or 1D H detected H{**C} and Hs{**C} spectra
via a proton multiplicity filter (B, D) as described in the Materials and Methods section. Oxime 1 was mostly
oxidized in Tris pH 8 under aerobic conditions but not in the absence of Oa.
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Figure S8. Mechanism of nonenzymatic oxidative decarboxylation of pyruvate by ROS. Oxime 1 is oxidized
under alkaline aerobic conditions, generating ROS superoxide in the process. Superoxide reacts to form H.O>
which further reacts with pyruvate to induce oxidative decarboxylation, resulting in the end products acetate and
bicarbonate we observe by NMR. Catalase (CAT) catalyzes the reduction of H20; to form water and O, which in
turn oxidizes 1. Superoxide is also capable of inhibiting catalase, so an excess of CAT was used to prevent loss
of ROS scrubbing activity.
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Figure S9. pH dependence of autoxidation of 1. Oxime 1 (500 uM) was incubated aerobically with sodium
pyruvate-*Cs (500 uM) in the presence of MES buffer (50 mM, pH 6.2) (A, B), phosphate buffer (50 mM, pH
7) (C, D), or CHES buffer (50 mM, pH 9) (E, F). Oxidation state of 1 (A, C, E, Bruker Avance, 600 MHz) and
consumption of pyruvate (B, D, F, Bruker Avance 600 MHz) was determined by *H-NMR (A, C, E) or 1D *H
detected H{*3C} and H3{*3C} spectra via a proton multiplicity filter (B, D, F) as described in the Materials and
Methods section. Oxime 1 was oxidized at neutral and basic pH, and coinciding pyruvate consumption was
observed. At acidic pH, 1 was mostly reduced and no acetate formation was detected.
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Figure S10. NMR detection of pyruvate consumption in the presence of ascorbate. Oxime 1 (500 uM) was
incubated aerobically with sodium pyruvate->Cs (500 uM) in the presence of HEPES buffer (50 mM, pH 8) and
ascorbate (5 mM). Oxidation state of 1 (A, Bruker Avance, 600 MHz) and consumption of pyruvate (B, Bruker
Avance 600 MHz) was determined by *H-NMR (A) or 1D *H detected H{*3*C} and Hs{*3C} spectra via a proton
multiplicity filter (B) as described in the Materials and Methods section.. Oxime 1 was reduced in the presence
of ascorbate but nonenzymatic consumption of pyruvate still occurred.
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Figure S11. Mechanism of redox cycling of 1 in the presence of ascorbate. Ascorbate exacerbates the
formation of ROS from the autoxidation of 1 by reducing the oxidized form of 1 to initiate a redox cycle in which
ROS are continuously generated while there is a supply of oxidant (O2) and reductant (ascorbate).
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Figure S12. NMR detection of pyruvate consumption in the presence of catalase. Oxime 1 (500 uM) was
incubated aerobically with sodium pyruvate->Cs (500 uM) in the presence of HEPES buffer (50 mM, pH 8) and
catalase (0.25 mg/mL). Oxidation state of 1 (A, Bruker Avance, 600 MHz) and consumption of pyruvate (B,
Bruker Avance 600 MHz) was determined by *H-NMR (A) or 1D *H detected H{*3*C} and Hs{*3C} spectra via a
proton multiplicity filter (B) as described in the Materials and Methods section. Oxime 1 was mostly oxidized in
the presence of catalase and nonenzymatic consumption of pyruvate was not observed.
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Figure S13. Pre-saturation *H-NMR of > 10 mM 1 in HEPES pH 8. Oxime 1 (12.5 mM) was prepared
aerobically in HEPES (100 mM, pH8) and D,O (10%). *H-NMR (JEOL JNM-ECZL500R 500 MHz) was
collected using a pre-saturation method to suppress the water peak. Oxime 1 was primarily in the reduced state at
this concentration in contrast with other NMR experiments performed at sub-mM concentrations.
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Figure S14. K; determination of 1 under anaerobic conditions. Determination of apparent Ki of 1 under
anaerobic conditions varying pyruvate (A, uncompetitive) and D-GAP (B, competitive) on WT ECDXPS is shown.
Standard error of the mean for reported K; values was determined from 3 replicates
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Figure S15. K; determination of 3 and 4. Determination of apparent K; of 3 (A, B) and 4 (C, D) varying pyruvate
(A, C, uncompetitive) or D-GAP (B, competitive; D mixed) on WT EcDXPS is shown. Initial rates in experiments
with compound 4 were corrected arithmetically for background. Standard error of the mean for reported K; values

was determined from 3 replicates
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Figure S16. Cyclic Voltammograms of catechol SAR. CVs of buffer (A), 1 (B), 2 (C), 5 (D), 6 (E), and 7 (F)

are shown. Oxidation (O) and reduction (R) peaks are marked for clarity. The start and direction of voltage
scanning are indicated by a black arrow. G) Oxidation and reduction potentials of 1, 2, 5, 6 and 7.
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Figure S17. Long Range *H->N HSQC NMR of 8. The chemical shift of °N detected in the indirect dimension
varied by ~40 ppm depending on redox state of 8. Moving forward, the spectral width along °N has been reduced
for optimized data acquisition, resulting in the folding of the NR and N° peaks along the **N dimension (Fig 8,
S19-23). Here, the actual >N chemical shifts for N® (335 ppm) and N° (374 ppm) are shown.
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Figure S18. Experimental design to detect DXPS-catalyzed reduction of 1. In this experiment, 8 was
preincubated in Tris (50 mM, pH 8) under aerobic conditions to promote the oxidized form. Solutions were then
brought into the anaerobic chamber to deoxygenate. Reactions were then initiated and mixtures incubated at 25
°C for 1 hour before being quenched by boiling at 95 °C for 5 min and vortexing. Reactions were then transferred
to NMR tubes, capped with septa, and wrapped with parafilm to exclude oxygen during spectra acquisition.
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Figure S19. Long Range *H->N HSQC NMR of 8 incubated with ascorbate. Oxime 8 (500 uM) was
incubated (as described in the Materials and Methods section) with ascorbate (5 mM) to verify the experimental
workflow could be used to detect reduction of 8. Total reduction was seen in the presence of ascorbate.
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Figure S20. Long Range *H->N HSQC NMR of 8 incubated with DXPS. Oxime 8 (500 uM) was incubated
(as described in the Materials and Methods section) with DXPS (1 uM) to verify the dependency of substrates
on reduction of 8. Oxime 8 was maintained mostly in the oxidized form in accordance with predictions.
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Figure S21. Long Range *H->N HSQC NMR of 8 incubated with pyruvate and b-GAP. Oxime 8 (500 uM)
was incubated (as described in the Materials and Methods section) with pyruvate (2 mM) and D-GAP (500 uM)
to verify the dependence of DXPS in the reduction of 8. Some reduction of 8 (A) was observed via LR H-°N
HSQC concurrent with acetate formation in the 1D H{**C} and Hs{*3C} filtered experiment (B) which could
result from residual ROS produced in solution during the initial aerobic incubation.
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Figure S22. Long Range *H->N HSQC NMR of 8 incubated with DXPS, pyruvate and b-GAP. Oxime 8
(500 uM) was incubated (as described in the Materials and Methods section) with DXPS (1 uM), pyruvate (2
mM) and D-GAP (500 uM) to detect reduction of 8. Reduction of 8 (A) was observed via LR *H-®N HSQC
concurrent with acetate and DXP formation in the 1D H{*3C} and Hs{*3C} filtered experiment (B).
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Figure S23. Long Range *H->N HSQC NMR of 8 incubated with DXPS and pyruvate. Oxime 8 (500 uM)
was incubated (as described in the Materials and Methods section) with DXPS (1 uM) and pyruvate (2 mM) to
detect reduction of 8. Reduction of 8 (A) was observed via LR *H-®N HSQC concurrent with acetate formation
in the 1D H{**C} and Hs{**C}iltered experiment (B).
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Figure S24. NMR detection of DXPS reaction products. Reactions with DXPS (1 uM), pyruvate (2 mM) and
D-GAP (500 uM) were conducted in the absence of 8 as described in the LR *H-®N HSQC experiments (S19-
23, Materials and Methods) as controls to detect product formation via the 1D H{**C} and Hz{**C} filtered
experiment. A) Reactions containing DXPS, pyruvate, and D-GAP produced larger quantities of DXP relative to
acetate. B) A mixture of pyruvate and D-GAP was stable under these conditions. C) A small amount of acetate

was formed in the presence of DXPS and pyruvate.
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Figure S25. Mechanism of acetate formation from reduction of 1. After decarboxylation of LThDP, 1 is
reduced by subsequent E-Carbanion, forming acetyl-ThDP which undergoes hydrolysis to form acetate.
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Figure S26. Raw amperoteric i-t measurements of reactions with 1. Raw traces of amperoteric i-t
measurements of reactions containing 1 (1 mM) and A) DXPS (10 uM), B) pyruvate (2 mM) + D-GAP (500
uM), C) DXPS (10 uM) + pyruvate (2 mM) + D-GAP (500 uM), and D) DXPS (10 uM) + pyruvate (2 mM).
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Figure S27. Color change of oxime 1 based on redox form. Oxime 1 displays distinct color differences

depending on redox state. When oxidized (right), oxime 1 turned the solution pink, and when reduced (left),
oxime 1 turned the solution yellow.
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Figure S28. Full CVs of 8 measured on gold UME. CV of 8 before and after reaction with DXPS (10 uM),
pyruvate (2 mM), and d-GAP (500 uM). A dramatic decrease in measured electrochemical reduction is seen
with no corresponding change in oxidation, suggesting they are not coupled.
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Figure S29. 'H-NMR of 3
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Figure S30. 3C-NMR of 3
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Figure S31. HRMS detection of 3R
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Figure S32. HRMS detection of 3°
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Figure S33. HPLC of 3
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Figure S34. 'H-NMR of 8

S30




130 140 150
P I B

12.0

11.0

9.0

OH

8.0

7.0

HO
OH

2.0 3.0 4.0 5.0 6.0

1.0

(thousandths)

. I " L
B s e B i B e et L i B e B B S an e T e R e
220.0 210.0 200.0 190.0 180.0 170.0 160.0 150.0 140.0 130.0 120.0 110.0 100.0 90.0 80.0 70.0 60.0 50.0 400 300 200 100 O -10.0 -20.0
/|

JARY | ‘
VAN Y

53 ¢ g g2
s = & 8 =
- o wy oo o
v ~” - (=] (=]

X : parts per Million : Carbonl3

Figure S35. 3C-NMR of 8
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Figure S36. HRMS detection of 8R
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Figure S37. HRMS detection of 8°
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Figure S38. HPLC of 8. Shoulder peak is predicted to be 8 in a different oxidation state from the primary peak.
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Enzyme K; Vary Pyruvate KIKWT K; Vary D-GAP KIKWT
(HM) (HM)
WT EcDXPS 4705 1 231041 1
WT PaDXPS 16.4+22 35 65115 28
WT DrDXPS 28+02 06 33102 14
WT EcDXPS 51.0+6.6 10.9 109+3.3 4.7
(-O2)
EcD427A 48+024 1.0 ND ND
EcH431A 1.1£0.1 0.2 ND ND
EcR99A 30 +1 6.5 87+12 3.8
Table S1. Summary of apparent Kis of 1.
Compound K; Vary Pyruvate MOl K, Vary D-GAP Mol
(M) (M)
1 47+0.5 Uncompetitive 23+0.1 Competitive
2 156+ 0.72 Noncompetitive? 3.92 +0.58° Competitive?
3 175+ 0.6 Uncompetitive 12.4+1.9 Mixed
4 56 + 11 Uncompetitive 23.8+0.6 Mixed

Table S2. Summary of apparent Kis of 1, 2, 3, and 4.
aValues for 2 reported by Bartee et al.
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