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ABSTRACT
Dehydrogenases are an important target for the development of

cancer therapeutics. Dehydrogenases either produce or consume

NAD(P)H, which is fluorescent but at a wavelength where many

compounds found in chemical libraries are also fluorescent. By

coupling dehydrogenases to diaphorase, which utilizes NAD(P)H

to produce the fluorescent molecule resorufin from resazurin, the

assay can be red-shifted into a spectral region that reduces

interference from compound libraries. Dehydrogenases that pro-

duce NAD(P)H, such as isocitrate dehydrogenase 1 (IDH1), can be

read in kinetic mode. Dehydrogenases that consume NAD(P)H,

such as mutant IDH1 R132H, can be read in endpoint mode.

Here, we report protocols for robust and miniaturized 1,536-well

assays for WT IDH1 and IDH1 R132H coupled to diaphorase, and

the counterassays used to further detect compound interference

with the coupling reagents. This coupling technique is applicable

to dehydrogenases that either produce or consume NAD(P)H, and

the examples provided here can act as guidelines for the de-

velopment of high-throughput screens against this enzyme class.

INTRODUCTION

I
nterest in targeting dehydrogenases for the treatment of

diseases, such as cancer, has been growing.1,2 Dehy-

drogenases play a role in metabolism and, as such, have

an effect on the proliferation of rapidly dividing cells.

Thus, there is a need to be able to rapidly develop dehydro-

genase assays that efficiently detect hits while minimizing

interference from compounds in the chemical libraries. A

dehydrogenase is an enzyme that catalyzes the removal of

hydrogen from a substrate and the transfer to an acceptor in

an oxidation–reduction reaction, usually utilizing NAD+ or

NADP+. NADH and NADPH levels can be measured directly in

biochemical assays by virtue of their intrinsic fluorescence

(excitation = 340 – 30 nm, emission = 460 – 50 nm). However,

profiling the fluorescence properties of a large chemical li-

brary revealed that a significant percentage of library com-

pounds were fluorescent in the spectral region of NAD(P)H,

which leads to assay interference, while a much lower

percentage of compounds would interfere at longer wave-

lengths.3 Fluorescence interference in assay design is dis-

cussed in more detail in this issue by Hall et al.4 When

possible, assays can be designed to minimize interference

from a library, and one technique is to red-shift the assay to

longer wavelengths. The diaphorase/resazurin assay is such a

red-shifted assay that can be used as a primary assay (the

authors’ preference) or secondary confirmatory assay. Dia-

phorase utilizes NAD(P)H to convert the dye resazurin to

the fluorescent molecule resorufin. As resorufin fluoresces

at 585 nm, the coupled diaphorase/resazurin reaction can be

used to red-shift dehydrogenase biochemical assays into a

spectral region that reduces interference from blue-fluorescent

compound library members.

We will describe the development of diaphorase/resazurin-

coupled assays with the target isocitrate dehydrogenase 1

(IDH1). Mutations in IDH1 at position R132 have been shown

to lead to a neomorphic production of 2-hydroxyglutarate, an

oncometabolite (Fig. 1).1 Mutations in IDH1 are found in a

variety of cancers, including gliomas, and have therefore been

the subject of inhibitor discovery programs.5 We and others

have previously reported the development of assays for

screening mutant and wild-type (WT) IDH1.6–8 While WT

IDH1 produces NADPH, the mutant enzyme consumes

NADPH, and in both cases we utilized the diaphorase/

resazurin coupling reaction. This work led to the develop-

ment and characterization of an alpha-ketoglutarate (a-KG)-

competitive probe inhibitor of IDH1 R132H and IDH1 R132C

that was WT sparing.6,7 This inhibitor was characterized with a

384-well format assay for the WT and mutant IDH1 enzymes.

The technical protocol reported here provides a detailed

description of the 1,536-well format quantitative high-

throughput screening (qHTS)9 IDH1 R132H assay that was

used to screen compounds (PubChem AID 602179) from the

Molecular Libraries Small Molecule Repository (MLSMR) li-

brary and the WT IDH1 assay that was used as a counterscreen

(PubChem AID 623995). These two examples show how ki-

netic assays can be developed for NADPH producing assays
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such as WT IDH1 and how endpoint assays can be developed

for NADPH consuming assays such as IDH1 R132H. While

diaphorase coupling strategies for IDH1 have been utilized

previously,6–8 the intention herein is to highlight the general

importance of this strategy and describe in detail how assays

can be designed for dehydrogenases using WT IDH1 and IDH1

R132H as examples that produce and consume NADPH, re-

spectively. In addition, diaphorase is able to utilize both

NADPH and NADH as a substrate.10,11 Therefore, the protocols

reported here using diaphorase for coupling can be used for

almost any dehydrogenase enzyme, irrespective of the en-

zyme direction being assayed or the preference for NADH

versus NADPH.

MATERIALS AND METHODS
Reagents and Consumables

NADPH, NADP+, resazurin, isocitrate, a-KG, protease-free

BSA, b-mercaptoethanol, and diaphorase (Clostridium kluy-

veri) are from Sigma Aldrich (St. Louis, MO). Magnesium

chloride, Tris pH 7.5, and sodium chloride are from Quality

Biological (Gaithersburg, MD). Protein was acquired from

beryllium (Bedford, MA) and stored at -80�C until use. WT

IDH1 = residues 1–414 and IDH1 R132H is the same but with

the single R132H point mutation. Black solid medium-binding

1,536-well plates (Greiner, Monroe, NC) were used for all as-

says described herein.

Compound Plates
Compounds were dissolved and titrated in dimethyl sulf-

oxide (DMSO) and plates were prepared as described previ-

ously with the library formatted into columns 5–48.12 A

DMSO control plate was made using columns 1–4 and a CyBi-

Well (CyBio, Jena, Germany) to transfer compounds from a

384 plate into the 1,536-well plate. The final concentration

range of the compounds in the IDH1 R132H assay was 76–

0.15 mM for the cherrypick plates and 76 mM to 2 nM for

the original qHTS plates, and the final concentration range of

the compounds in the WT IDH1 assay was 114–0.2 mM for the

cherrypick plates.

qHTS Protocol WT IDH1
WT IDH1 (3 mL) was added to the black solid bottom 1,536-

well assay plate using a flying reagent dispenser (FRD;

Beckman Coulter, Fullerton, CA). A pintool (Kalypsys, San

Diego, CA) was used to transfer 23 nL of compound solution

(library and control) to the 1,536-well assay plates. After

30 min of incubation at room temperature, 1 mL of buffer

containing isocitrate, NADP+, diaphorase, and resazurin was

added to initiate the reaction. The final concentration of

DMSO in the 4 mL reaction was 0.57%. The plate was rapidly

transferred to a ViewLux (PerkinElmer, Waltham, MA) and the

fluorescence product resorufin was measured (excitation =
525 nm, emission = 598 nm) in kinetic mode. For individual

experiments, the timing of reads varied depending on the

number of plates. In initial optimization experiments, the

plates were read continuously from t = 0 to t = 30min at *30-s

intervals to determine the linear range. For the high-

throughput screening (HTS), the plates were read within the

predetermined linear range at t = 0 and t = 10 min. The ro-

botic system used has been described previously.13

qHTS Protocol IDH1 R132H
IDH1 R132H (3 mL) was added to the black solid bottom

1,536-well assay plate using an FRD (Beckman Coulter). A

pintool (Kalypsys) was used to transfer 23 nL of compound

solution (library and control) to the 1,536-well assay plates.

After 30 min of incubation at room temperature, 3 mL of buffer

containing NADPH and a-KG was added to initiate the reac-

tion. The final concentration of DMSO in the 6 mL reaction

was 0.38%. After 60 min of incubation, 3 mL of diaphorase/

resazurin was added leading to a total volume of 9 mL. The

plate was transferred to an Envision (PerkinElmer) after 5 min

and the fluorescence product resorufin was measured (exci-

tation = 540 nm, emission = 590 nm) in endpoint mode. The

robotic system used has been described previously.13

Analysis of qHTS Data
Screening data were corrected and normalized, and using

in-house algorithms, concentration–response curves were

generated.9 Percent activity was computed from the delta at

10 min (i.e., subtracting the fluorescence at t = 10 min from

t = 0 min) after checking that the assay was linear up to 15 min

for WT IDH1, and from the endpoint data for IDH1 R132H.

The no-enzyme column with DMSO was normalized as 100%

Fig. 1. Assays can be designed for dehydrogenases that produce
or consume NAD(P)H. (A) NADPH production by wild-type IDH1.
(B) NADPH consumption by IDH1 R132H. IDH1, isocitrate dehy-
drogenase 1.
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inhibited, and the column with all components and DMSO was

normalized as 0% inhibited.

RESULTS AND DISCUSSION
In this technical brief, we describe the application of coupling

diaphorase to two dehydrogenases (WT IDH1 and IDH1 R132H).

In one case, we were able to use kinetic mode (WT IDH1) and in

the other, we utilized endpoint mode (IDH1 R132H).

WT IDH1 can be run in kinetic mode because it produces

NADPH, the substrate for diaphorase. Assays can be designed

to bias hits toward particular mechanisms of action.14 Here

compounds that bound outside of the NADP+ pocket were

desired, so the concentration of IDH1 substrate NADP+ was in

excess of the Km and the concentration of isocitrate was set to

just above the Km. The Kms for WT IDH1 had been previously

determined using a stopped flow spectrophotometer and were

49 mM for NADP+ and 65 mM for isocitrate.1 The Km for di-

aphorase for NADPH was reported as 1.1 mM for rat,15 but the

exact Km for the diaphorase utilized herein was not measured.

The amount of WT IDH1 enzyme was selected during initial

assay design to have a good assay window (t = 10 min to

t = 0 min) and a linear response at 10 min. A no-enzyme

negative control (0·) was used to normalize the data along

with full reaction (1·) positive control. 0· enzyme values

corresponded to full inhibition (100% inhibitory activity) and

1· WT IDH1 enzyme values were used to normalize to no

inhibition (0% inhibitory activity). The detailed protocol for

WT IDH1 is displayed in Table 1.

Briefly, enzyme is added to the plate followed by com-

pounds, which are allowed to equilibrate with enzyme for

30 min before addition of the substrates and detection re-

agents. During this time, a preread can be performed to assess

the inherent fluorescence of the compounds being tested.

Addition of the substrates initiates the enzymatic reaction

(t = 0), and the plate is immediately transferred to a plate

reader to begin kinetic measurements. When multiple plates

are being run, the kinetics can be measured with just two

reads—an initial read (t = 0) and a final read (t = 10 min; in the

linear region). This allows subsequent plates to be read during

the 10-min incubation, optimizing the total assay run time. If

only one plate is being run (or during assay optimization),

collecting multiple data points (t = 0, 0.5, 1, ., 10 min) allows

the signal to be plotted to ensure the delta (change in signal) is

obtained in the linear region. Active inhibitors result in a

decrease in fluorescence production over time relative to in-

active compounds, concordant with a decrease in WT IDH1

enzyme activity and less formation of NADPH product, which

is the substrate needed by diaphorase for the production of the

fluorescent resorufin product. To apply this type of protocol to

another dehydrogenase that produces NADH or NADPH, it is

important to determine the (enzyme) that produces a linear

response in a time frame that is manageable to one’s assay

handling system, be it robotic or manual. Additional consid-

erations are to ensure that both diaphorase and resazurin are

in excess and not rate limiting, so that the assay is indeed

reporting on the kinetics of the enzyme of interest.

In contrast to WT IDH1, IDH1 R132H was run in endpoint

mode, because both IDH1 R132H and diaphorase use NADPH

as their substrate. As such, if added simultaneously, they

would be competing for substrate. Instead, the mutant IDH1

enzyme assay is run until *80% completion, at which time

the diaphorase/resazurin detection reagents are added. Three

controls are used, a no-enzyme control (represents 100% in-

hibition), a control with no enzyme and no NADPH (represents

reaction run to 100% completion), and the full reaction

components along with DMSO vehicle control (represents the

full uninhibited reaction). These three controls allow the %

conversion to be readily calculated. For each new lot of IDH1

R132H enzyme, the concentration of enzyme and/or the time

of reaction should be reassessed to ensure that the reaction

Table 1. Protocol for Wild-Type IDH1 qHTS Assay

Step Parameter Value Description

1 Dispense enzyme 3mL WT IDH1

2 Pin-transfer controls 23 nL 1:3 dilution

3 Pin-transfer

library compounds

23 nL 115–0.2mM dilution

series

4 Read fluorescence Endpoint ViewLux, fluorescence

5 Incubation time 30 min Room temperature

6 Dispense substrate/

detection

1mL NADP+, isocitrate,

resazurin, diaphorase

7 Read fluorescence 10 min, kinetic ViewLux, fluorescence

Step Notes
1. 0.06mg/mL WT IDH1, 2.67 mM b-mercaptoethanol, 150 mM NaCl, 20 mM Tris

pH 7.5, 10 mM MgCl2, 0.05% protease-free BSA.

2. Pintool (V&P Scientific) transfer (tip wash sequence, DMSO, IPA, 3-s vacuum dry).

3. Pintool (V&P Scientific) transfer (tip wash sequence, DMSO, IPA, 3-s vacuum dry).

4. 525 nm excitation, 598 nm emission, bodipy mirror, 0.5-s exposure, single read.

5. Lidded plate.

6. 0.24 mM NADP+, 0.08 mg/mL diaphorase, 0.05 mM resazurin, 0.32 mM

isocitrate, 150 mM NaCl, 20 mM Tris pH 7.5, 10 mM MgCl2, 0.05% protease-

free BSA.

7. 525 nm excitation, 598 nm emission, bodipy mirror, 0.5-s exposure, read at

time = 0 and time = 10 min.

DMSO, dimethyl sulfoxide; IDH1, isocitrate dehydrogenase 1; qHTS, quan-

titative high-throughput screening; WT, wild type.
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conditions achieve *80% completion. This represents an

optimal conversion for signal to background, but avoids in-

flating the measured IC50 by overcooking the reaction.14 As for

WT IDH1, compounds that bound outside of the NADPH pocket

were desired, so the concentration of NADPH used was well in

excess of the Km, and the concentration of a-KG was set to just

above the Km.14 The Kms have been previously reported for

IDH1 R132H using a stopped flow spectrophotometer in two

studies and were 820 or 965mM for a-KG and 0.044 or 0.44mM

for NADPH.1,6 The amount of IDH1 R132H enzyme was selected

such that 80% conversion was reached at 60min as determined

by an NADPH standard curve. The detailed protocol is dis-

played in Table 2, and the experiment was run at room tem-

perature. Briefly, IDH1 R132H is added to the plate and

incubated for 30min with compounds. During this time, a

preread can be done to assess the inherent fluorescence of the

compounds being tested. Then, NADPH and a-KG are added to

initiate the reaction. After 60 min of reaction, diaphorase and

resazurin are added and the plate is read after 5 min.

When very large quantities of plates are being run, the re-

agents should be kept on ice until dispensed, but the plates are

still incubated at room temperature. It is important to allow

NADPH powder to warm to room temperature before opening

to prevent wetting. In addition, since NADPH can oxidize, it is

preferable to prepare it immediately before an assay, or to

store aliquots frozen until use. The solution of NADPH should

be nearly colorless and becomes visibly yellow upon oxida-

tion. This color change is the basis for the original colorimetric

NAD(P)H assay. Bottles containing NADPH were protected

from light during the assay.

While red-shifting the assay away from the NAD(P)H ex-

citation and emission spectral regions will limit some of the

artifacts caused by fluorescent compounds, it does not limit

the possibility of interference entirely, so counterassays are

crucial. As for all assays, it is important to consider what other

phenomena, other than the desired biology, could contribute

to an apparent hit in these assays. Compounds can interfere

with an assay by fluorescing at the detection wavelength or

quenching the fluorescence, as detailed in Hall et al. in this

issue.4 To detect library compound fluorescence, the assay plate

can be preread before adding the substrate to initiate the re-

action. To detect quenching, resorufin (available commercially)

alone can be plated in assay buffer, and compounds of interest

can be added to determine whether they are able to quench the

fluorescence of the product. Last, it is possible that compounds

may interfere by inhibiting or activating the coupling enzyme,

diaphorase, a phenomenon studied extensively for another

coupling enzyme, luciferase.16 To assess this, one can run a

counterassay in which the protein of interest (WT IDH1 or IDH1

R132H) is omitted and instead a mixture of NADPH/NADP+ at

the approximate % conversion anticipated from the reaction is

added to a plate in assay buffer (e.g., 80% conversion of IDH1

R132H, the counterassay would be run with 80% NADP+ and

20% NADPH), compounds are added, and then the diaphorase/

resazurin detection is added and the plate is read after 5 min.

Compounds that show an effect in this counterassay would

indicate that they interfered with one or more of the detection

assay components and can be triaged.

As mentioned earlier, the protocol for IDH1 R132H was

used to screen the MLSMR library (PubChem AID 602179).

Figure 2A shows the overall hit rate for the original diaphorase-

coupled IDH1 R132H assay screened against over 300,000

compounds and the hit rate of the 761 compounds that were

cherrypicked and retested, and Figure 2B shows the Z0 ob-

tained from the automated assay validation across multiple

plates. The assay has a respectable Z0 (0.77 – 0.04) and the hit

Table 2. Protocol for IDH1 R132H qHTS Assay

Step Parameter Value Description

1 Dispense enzyme 3 mL IDH1 R132H

2 Pin-transfer controls 23 nL 1:3 dilution series

3 Pin-transfer library compounds 23 nL 115–0.2mM dilution series

4 Read fluorescence Endpoint ViewLux, fluorescence

5 Incubation time 30 min Room temperature

6 Dispense substrate 3mL NAPDH/a-KG

7 Incubation time 60 min Room temperature

8 Dispense detection reagents 3mL Diaphorase/resazurin

reagents

9 Incubation time 5 min Room temperature

10 Read fluorescence Endpoint Envision, fluorescence

Step Notes
1. 0.5mg/mL IDH1 R132H, 4 mM b-mercaptoethanol, 150 mM NaCl, 20 mM Tris

pH 7.5, 10 mM MgCl2, 0.05% BSA into columns 2–3, 5–48; same buffer but

with no enzyme in column 1 and 4.

2. Pintool (V&P Scientific) transfer (tip wash sequence, DMSO, IPA, 3-s vacuum dry).

3. Pintool (V&P Scientific) transfer (tip wash sequence, DMSO, IPA, 3-s vacuum dry).

4. 525 nm excitation, 598 nm emission, bodipy mirror, 0.5-s exposure, single read.

5. Lidded plate.

6. 0.016 mM NADPH, 2 mM a-KG, 150 mM NaCl, 20 mM Tris pH 7.5, 10 mM

MgCl2, 0.05% BSA into columns 1–3, 5–48; same buffer but no substrates

into column 4.

7. Lidded plate.

8. 0.06 mg/mL diaphorase, 0.036 mM resazurin, 150 mM NaCl, 20 mM Tris pH

7.5, 10 mM MgCl2, 0.05% BSA into all columns.

9. Lidded plate.

10. 540 nm excitation, 590 nm emission, bodipy mirror, 10 flashes.
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rate was manageable for follow-up studies. During the assay,

after addition of compounds to the enzyme, the fluorescence is

measured (i.e., a preread) to determine the inherent fluores-

cence of the compounds themselves. The 2,153 initial com-

pounds that were designated as active or inconclusive (either

had single-point activity or a low R2 combined with low

efficacy) were assessed for inherent fluorescence during

the preread (Fig. 2C) and were designated as strongly fluo-

rescent, moderately fluorescent,

or weakly fluorescent based on

their fold increase in fluorescence

over the basal level. Assessing

WT IDH1 activity was important

for the project, so hits from the

IDH1 R132H screen were cherry-

picked and tested against WT

IDH1. A representative timecourse

for a compound active against

WT IDH1 is shown in Figure 3A.

As the concentration of the ac-

tive inhibitor increases, the rate

of increase in signal is decreased.

The signal is linear throughout

the time measured. The WT IDH1

assay also has a respectable Z0

Fig. 2. Assay characteristics for IDH1 R132H. (A) Pie charts re-
presenting the results from screening diaphorase-coupled IDH1
R132H against the MLSMR collection (PubChem AID 602179). The
hit rate of the initial IDH1 R132H primary screen is depicted on the
left where compounds are classified as active, inactive, or incon-
clusive (i.e., single-point activity or low efficacy and low R2). A total
of 761 active and inconclusive compounds were cherrypicked and
retested, and their activity breakdown is shown on the right. (B)
Plot of Z0 versus plate number for the online IDH1 R132H validation
assay. (C) The fluorescence properties of the cherrypick com-
pounds themselves. The primary IDH1 R132H assay contained a
preread step after compound addition and before starting the
enzyme reaction to identify compounds that were themselves
fluorescent and would interfere with the detection of resorufin
fluorescence. Weak fluorescence = less than twofold of basal fluo-
rescence, moderate fluorescence = twofold to fivefold of basal fluo-
rescence, strong fluorescence = greater than fivefold of basal
fluorescence, and clean = no interference.

Fig. 3. Assay characteristics for WT IDH1. (A) Single-well reaction timecourses for WT IDH1 and
varying concentrations of an inhibitor. The top concentration of inhibitor is the lowest line on the
graph (100% inhibition; 57 mM), and as the inhibitor is diluted, the slope increases as the reaction
moves from complete inhibition (red line) to no inhibition ( purple line; 0.00097 mM). (B) Plot of Z0

versus plate number compiled from 14 small independent experiments. WT, wild type.

Fig. 4. Heatmap of the cherrypick library. The left column shows
the compounds that inhibited IDH1 R132H (blue). The center col-
umn shows the WT IDH1 coupled assay (resorufin detection), and
the right column shows the WT IDH1 uncoupled assay (NADPH
detection). Compounds that were fluorescent in the WT assays are
green, compounds that decreased the assay signal (quenchers or
possible true WT IDH1 true hits) are red, and inactives are gray.
Hierarchical clustering analysis was done using Spotfire Deci-
sionSite 8.2.
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(0.83 – 0.06) as shown in Figure 3B, which depicts Z0 data from

14 small independent experiments. For WT IDH1, both cou-

pled and uncoupled HTS assay strategies were considered

initially. Figure 4 shows a heatmap of the inhibitors of IDH1

R132H confirmed to be active in the cherrypick experiment

alongside the results from the WT IDH1 counterscreen run in

coupled and uncoupled formats. Compounds that were

themselves fluorescent in the WT IDH1 assay or that decreased

the signal are highlighted. True hits of WT IDH1 would be

found within the compounds that decrease the signal in both

the WT IDH1 coupled and uncoupled assays. As had been seen

with other libraries,3 there is a much higher proportion of

compounds with the potential to have fluorescence interfer-

ence that will impact assay quality using the NADPH readout

versus the red-shifted resorufin readout. As it is still possible

that, but not very likely, a compound could interfere with the

assay in other ways (e.g., aggregation), confirming direct

binding of a particular compound of interest to the target is

important and example methods that have been used for IDH1

R132H include surface plasmon resonance and microscale

thermophoresis.6

The protocols detailed here describe assays that measure

biochemical reactions generating NADPH or utilizing NADPH.

These protocols provide a good starting point for the devel-

opment of assays for other dehydrogenases that make or

utilize NAD(P)H. These coupled assays should find utility as

either a primary assay or a confirmatory assay in dehydro-

genase drug development campaigns.
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a-KG ¼ alpha-ketoglutarate

FRD ¼ flying reagent dispenser

IDH1 ¼ isocitrate dehydrogenase 1

MLSMR ¼ molecular libraries small molecule repository

qHTS ¼ quantitative high-throughput screening

WT ¼ wild type
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