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SUMMARY:
SAMHD1 is a deoxynucleoside triphosphate triphosphohydrolase with critical roles in human health and disease. Here we present a versatile enzyme-coupled SAMHD1 activity assay, deployed in a 384-well microplate format, that allows for the evaluation of small molecules and nucleotide analogues as SAMHD1 substrates, activators, and inhibitors.

ABSTRACT:
Sterile alpha motif and HD-domain-containing protein 1 (SAMHD1) is a pivotal regulator of intracellular deoxynucleoside triphosphate (dNTP) pools, as this enzyme can hydrolyze dNTPs into their corresponding nucleosides and inorganic triphosphates. Due to its critical role in nucleotide metabolism, its association to several pathologies, and its role in therapy resistance, intense research is currently being carried out for a better understanding of both the regulation and cellular function of this enzyme. For this reason, development of simple and inexpensive high-throughput amenable methods to probe small molecule interaction with SAMHD1, such as allosteric regulators, substrates, or inhibitors, is vital. To this purpose, the enzyme-coupled malachite green assay is a simple and robust colorimetric assay that can be deployed in a 384-microwell plate format allowing the indirect measurement of SAMHD1 activity. As SAMHD1 releases the triphosphate group from nucleotide substrates, we can couple a pyrophosphatase activity to this reaction, thereby producing inorganic phosphate, which can be quantified by the malachite green reagent through the formation of a phosphomolybdate malachite green complex. Here, we show the application of this methodology to characterize known inhibitors of SAMHD1 and to decipher the mechanisms involved in SAMHD1 catalysis of non-canonical substrates and regulation by allosteric activators, exemplified by nucleoside-based anticancer drugs. Thus, the enzyme-coupled malachite green assay is a powerful tool to study SAMHD1, and furthermore, could also be utilized in the study of several enzymes which release phosphate species.

INTRODUCTION:
Sterile alpha motif and histidine-aspartate domain-containing protein 1 (SAMHD1) is a central regulator of nucleotide homeostasis in mammalian cells1 with many roles in human health and disease2. This enzyme is capable of hydrolyzing deoxynucleoside triphosphates (dNTPs) into their cognate deoxynucleoside and inorganic triphosphate molecules3,4, with this activity being allosterically regulated by (d)NTP abundance (reviewed in reference5). Each SAMHD1 monomer contains two allosteric sites (AS1 and AS2) and one catalytic site, and the formation of the active enzyme requires the ordered assembly of a homotetramer upon (d)NTP binding. Dimerization of SAMHD1 monomers is first triggered through the binding of a guanine triphosphate (GTP or dGTP) to AS1, and subsequent tetramerization is achieved when an additional dNTP molecule binds to AS2, enabling substrate access to the catalytic site and subsequent hydrolysis.

SAMHD1 substrates include the four canonical dNTPs3,4 together with some base and sugar modified nucleotides, including the triphosphate metabolites of several nucleoside-based drugs used in the treatment of viral infections and cancer, several of which can also serve as allosteric activators6–11. In consequence SAMHD1 modulates the efficacy of many of these compounds in disease models7–15, and furthermore, in the case of the deoxycytidine analogue cytarabine (ara-C), which has remained standard-of-care therapy for acute myeloid leukemia (AML) for decades, actually dictates treatment efficacy in this disease7,8,16. SAMHD1 is thus a potential biomarker and therapeutic target to improve the efficacy of nucleoside-based therapies17, and accordingly, we and others have sought to identify strategies to inactivate SAMHD1 in cells. We proposed the use of viral protein X (Vpx) as a biological inhibitor to target SAMHD1 for degradation inside cancer cells7, however, this approach has a number of limitations (discussed in reference12), and we also recently reported an indirect approach to suppress SAMHD1 activity via inhibition of ribonucleotide reductase which we demonstrated in various models of AML18. A number of studies have sought to identify small molecules capable of directly inhibiting SAMHD1, and to date, several such molecules have been reported, however, only documenting inhibition in vitro6,9,19–22. In consequence, a lack of small molecules that potently inhibit SAMHD1 activity in cells coupled with the complex mechanisms of SAMHD1 catalysis of nucleoside-based therapeutics, underscores the need for further investigation. Thus robust and ideally high-throughput amenable methods for probing small molecule interaction with SAMHD1 are ideal in order to identify substrates, allosteric regulators and inhibitors, of this clinically relevant enzyme.

Several methodologies are available that directly measure the dNTPase activity of SAMHD1, such as thin-layer chromatography (TLC)9,20,23 and high-performance liquid chromatography (HPLC)9,21, but these are not readily amenable to high-throughput setups. One exception is the assay reported by Mauney et al., which exploits the ability of SAMHD1 to hydrolyze bis (4-nitrophenyl) phosphate (b4NPP) to p-nitrophenol and p-nitrophenyl phosphate when Mn2+ is used as the activating cation, resulting in a colorimetric change that can be readily measured in a microwell plate21. This assay has been successfully used for the identification and characterization of SAMHD1 inhibitors, but it should be noted that hydrolysis does occur in the absence of (d)NTP activators and in the presence of a likely non-physiological activating cation, both being important caveats to consider. This also renders this assay less applicable to the study and identification of allosteric regulators of SAMHD1.

In this context, an enzyme-coupled approach combined with the malachite green reagent, as detailed in this report, can be a versatile method to indirectly measure the dNTPase activity of SAMHD1 and, furthermore, interrogate the impact of various small molecules upon it. The malachite green assay is a robust and reliable colorimetric technique for the detection of free inorganic phosphate (Pi), based on the formation of a molybdophosphoric acid complex that leads to a colorimetric change measured at 620 nm24. As SAMHD1 hydrolysis releases the triphosphate group from nucleotide substrates, it is thus necessary to couple this reaction with a (pyro)phosphatase activity, which will generate free inorganic phosphate, prior to the addition of the malachite green reagent. The malachite green assay is sensitive and cost effective and has been widely used for the identification and characterization of inhibitors and substrates for enzymes that release inorganic phosphate groups either in their reactions or in the presence of a coupling enzyme. It has been widely applied in characterization of the ATPase activities of helicases25–27, or the study of CD73 enzymatic activity, which mediates the degradation of AMP to adenosine and inorganic phosphate28. Additionally, when coupled, it has been employed in the discovery of antibiotic drugs targeting the UDP-2,3-diacylglucosamine pyrophosphatase LpxH, an essential enzyme in most Gram-negative pathogens29. With regards to cancer research, the enzyme-coupled approach has been extensively deployed against the NUDIX hydrolases, a family of nucleotide metabolizing enzymes, both in the characterization of substrates30–32 and in the identification and development of drugs and chemical probes33–36.

With regards to the dNTPase SAMHD1, this approach has been utilized in several reports. Using exopolyphosphatase Ppx1 from Saccharomyces cerevisiae as the coupling enzyme, this assay was used to test several nucleotide analogues as either substrates, activators, or inhibitors of SAMHD1, and resulted in the identification of the triphosphate metabolite of the anti-leukemic drug clofarabine as an activator and substrate6. Additionally, with inorganic pyrophosphatase from Escherichia coli as the coupling enzyme, it has been employed in the screening of a library of clinically approved compounds against SAMHD1 to identify inhibitors20. In our research, we utilized this approach to show that ara-CTP, the active metabolite of ara-C, is a SAMHD1 substrate but not allosteric activator7 and subsequently used this assay to show that several small molecules that could sensitize AML models to ara-C in a SAMHD1-dependent manner, actually did not directly inhibit SAMHD118. In this report, we will detail this versatile method and demonstrate its applicability, in a high-throughput amenable setup, for the identification of inhibitors, activators, and substrates of SAMHD1.

[bookmark: _Hlk65582319]PROTOCOL:
A schematic overview of the methods below is depicted in Figure 1 and a detailed list of materials and reagents is available in the Table of Materials.

1. Preparation of assay buffers.

1.1 Preparation of stock buffers.

NOTE: As the assay is sensitive to the detection of phosphates, which can be commonplace, rinse glassware three times with ultrapure or double-distilled water to avoid contamination. All buffers can be stored at room temperature (RT).

1.1.1 Prepare 1 L of SAMHD1 reaction buffer (RB) stock solution (25 mM Tris-Acetate pH 8, 40 mM NaCl, 1 mM MgCl2) by dissolving 4.5 g Tris Acetate, 2.3 g NaCl, and 0.2 g MgCl2, in approximately 800 mL of water before adjusting to pH 8 and final volume.

1.1.2 Prepare 5 mL of 0.1 M TCEP stock solution by diluting 1 mL of 0.5 M TCEP into 4 mL of water.

1.1.3 Prepare 50 mL of 11% Tween-20 stock solution by diluting 5 mL of 100% Tween-20 into 44.5 mL of water. Tween-20 is light sensitive.

1.1.4 Prepare 50 mL of 0.5 M EDTA stop solution by dissolving 9.3 g EDTA in approximately 40 mL of water before adjusting to pH 8 and final volume.

1.1.5 Prepare Malachite Green (MG) stock solution (3.2 mM malachite green in H2SO4) by slowly adding 60 mL concentrated sulfuric acid to 300 mL water in a brown glass bottle. Cool the solution to RT and dissolve 0.44 g malachite green.

CAUTION: The reaction of sulfuric acid with water is exothermic and so the bottle may heat up causing a build-up of pressure; ensure this pressure is released frequently.

NOTE. The resulting orange solution is light sensitive (hence brown bottle) and stable for at least 1 year at RT. Precipitate may form over time, ensure only the supernatant is used.

1.1.6 Prepare 50 mL of 7% ammonium molybdate stock solution by dissolving 3.75 g ammonium molybdate in 50 mL of water.

NOTE: Precipitate may form over time, ensure only the supernatant is used.

1.2. Preparation of complete assay buffers

NOTE: This should be done on the day of the experiment

1.2.1 Prepare complete SAMHD1 RB (25 mM Tris-Acetate pH 8, 40 mM NaCl and 1 mM MgCl2, 0.3 mM TCEP, 0.005% Tween-20). Use previously prepared 11% Tween-20 and 0.1 M TCEP stocks to add these components at a final concentration of 0.005% for Tween-20 and 0.3 mM for TCEP to the SAMHD1 RB stock.

1.2.2 Prepare EDTA stop solution (25 mM Tris-Acetate pH 8, 40 mM NaCl and 1 mM MgCl2, 0.3 mM TCEP, 0.005% Tween-20, 7.9 mM EDTA). To complete SAMHD1 RB, use 0.5 M EDTA stock solution to add EDTA to a final concentration of 7.9 mM.

1.2.3 Prepare MG working solution (2.5 mM malachite green, 1.4% ammonium molybdate, 0.18% Tween-20) by mixing 10 parts of MG stock solution with 2.5 parts of 7% ammonium molybdate and 0.2 parts of 11% Tween-20.

2. SAMHD1 inhibition assay and determination of compound IC50

NOTE: Final assay conditions are shown in Table 1.

2.1. Preparation of compounds in assay plate

NOTE: Small molecular weight compounds are typically dissolved in 100% DMSO and nucleotide analogues in water. Stock concentration ranges from 10 to 100 mM and is influenced by the potency and solubility of the compounds, together with the DMSO tolerance of the assay. Check that the final DMSO concentration in the reaction does not exceed 1% to ensure enzyme activities are not affected by this solvent. It is good practice to test the tolerance of the assay to the solvent prior to the experiment.

2.1.1 Prepare serially diluted test compounds at 100x final concentration in the relevant solvent (e.g., 100% DMSO for small molecules or water for nucleotide analogues) in a clear round-bottomed polypropylene 96-well plate using either a multichannel pipette or automated liquid handling equipment.

NOTE: Depending upon compound stability, dilution plates can be prepared in advance, sealed, and stored at -20 °C. Allow plates to equilibrate to RT before continuing the protocol.

2.1.2 Using complete SAMHD1 RB, dilute compounds to 25x final concentration (to maintain the final solvent concentration below 1%) and transfer 5 µL to the appropriate wells of a clear 384-well flat-bottomed assay plate. Repeat the procedure with solvent-only control samples.

2.2. Preparation of reaction components

NOTE: This should be done on the day of the assay. Recombinant human SAMHD1 and E. coli pyrophosphatase (PPase) aliquots are stored long term at -80 °C diluted at 9.1 mg/mL and 23.0 mg/mL, respectively, in storage buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 10% glycerol, 2 mM TCEP). Once thawed, aliquots are stored short-term at -20 °C.

2.2.1 Prepare enzyme (SAMHD1/PPase) master mix by diluting recombinant human SAMHD1 protein and recombinant PPase in complete SAMHD1 RB to 4x desired final concentration, thus 1.4 µM SAMHD1 and 50 U/mL PPase.

2.2.2 Prepare activator/substrate dGTP by diluting dGTP stock (typically 10 or 100 mM in water) in complete SAMHD1 RB to 2x final concentration, thus 50 µM dGTP.

2.3. Perform the assay

NOTE: All assay components should be equilibrated to RT. Liquid additions can be performed with either a multichannel pipette or a bulk reagent liquid dispenser.

2.3.1 To 384-well assay plate containing compound dilutions and solvent only controls, dispense 5 µL of SAMHD1/PPase master mix. To no enzyme control wells, dispense 5 µL of complete SAMHD1 RB. Pre-incubate enzyme and compounds for 10 min at RT.

2.3.2 To all wells, dispense 10 µL of 2x dGTP solution to start the reaction.

2.3.3 Incubate the reaction for 20 min at RT.

2.3.4 Stop the reaction by dispensing 20 µL EDTA stop solution to all wells.

NOTE: The experiment can be paused here if desired.

2.3.5 Add 10 µL MG working solution to all wells.

CAUTION: MG working solution contains sulfuric acid.

2.3.6 Ensure mixing of well contents using an orbital microwell plate shaker and centrifugation at 1,000 x g for 1 min.

2.3.7 Incubate the plate for 20 min at RT.

2.3.8 Read the absorption at 630 nm wavelength in a microwell plate reader.

2.4 Data visualization and analysis

2.4.1 Calculate the average and standard deviation of the positive and negative control wells (positive, complete reaction with solvent; negative, dGTP alone with solvent). Calculate Z-factor37 as an indicator of assay quality.

2.4.2 Normalize each absorbance value to the mean values of the positive and negative controls, setting the positive control as 100% SAMHD1 activity and the negative control as 0% SAMHD1 activity.

2.4.3 Plot SAMHD1 activity (%) as a function of compound concentration and fit a four-parameter variable slope dose-response curve, allowing determination of compound IC50.

3. SAMHD1 activator and substrate screen

NOTE: Final assay conditions are shown in Table 2. Recombinant SAMHD1 and PPase aliquots are stored long term at -80 °C diluted at 9.1 mg/mL and 23.0 mg/mL, respectively, in storage buffer (20 mM HEPES pH 7.5, 300 mM NaCl, 10% glycerol, 2 mM TCEP) at -80 °C. Once thawed, aliquots are stored short term at -20 °C.

3.1 Preparation of nucleotide analogues in assay plate

3.1.1 Dilute nucleotide analogue stocks (typically 10 or 100 mM in water) to 4x final concentration in complete SAMHD1 RB, in our case 800 µM nucleotide analogue, and transfer 5 µL to the appropriate wells of a 384-well assay plate.

3.2 Preparation of reaction components

NOTE: This should be done on the day of the assay

3.2.1 Prepare enzyme (SAMHD1/PPase) master mix by diluting recombinant human SAMHD1 protein and recombinant E. coli PPase in complete SAMHD1 RB to 2x desired final concentration, thus 0.7 µM SAMHD1 and 25 U/mL PPase.

3.2.2 Prepare PPase alone solution by diluting recombinant E. coli pyrophosphatase in complete SAMHD1 RB to 2x desired final concentration, thus 25 U/mL PPase.

3.2.3 Prepare activators GTP (AS1) and dGTPαS (AS1 and AS2) diluting stock (typically 10 or 100 mM in water) in complete SAMHD1 RB to 4x final concentration, thus 50 µM GTP or dGTPαS.

3.3 Perform the assay

NOTE: All assay components should be equilibrated to RT. Liquid additions can be performed with either a multichannel pipette or a bulk reagent liquid dispenser.

3.3.1 To 384-well assay plate containing nucleotide analogues, dispense 5 µL of the activator (either GTP or dGTPαS) or complete SAMHD1 RB to the appropriate wells.

3.3.2 Start the reaction by dispensing 10 µL of SAMHD1/PPase master mix, PPase alone, or complete SAMHD1 RB to the appropriate wells.

3.3.3 Incubate the reaction for 20 min at RT.

3.3.4 Stop the reaction by dispensing 20 µL EDTA stop solution to all the wells.

NOTE: The experiment can be paused here if desired.

3.3.5 Add 10 µL MG working solution to all the wells.

CAUTION: MG working solution contains sulfuric acid.

3.3.6 Ensure mixing of well contents using an orbital microwell plate shaker and centrifugation at 1,000 x g for 1 min.

3.3.7 Incubate the plate for 20 min at RT.

3.3.8 Read the absorption at 630 nm wavelength in a microwell plate reader.

3.4 Data visualization and analysis

3.4.1 Calculate the average absorbance values for the PPase only reaction wells (negative control or background signal).

NOTE. As a positive control of SAMHD1 allosteric activator and substrate, dGTP can be included in the plate. In this case, you may use this condition to calculate Z-factor as an indicator of assay quality.

3.4.2 Subtract the background value from the corresponding wells in the SAMHD1/PPase reactions.

3.4.3 Plot corrected absorbance values for each nucleotide analogue with buffer, GTP, and dGTPαS conditions.

REPRESENTATIVE RESULTS:
The protocol outlined in Figure 1 describes the basic workflow for utilizing the enzyme-coupled malachite green assay to probe the interaction of small molecules with the dNTPase SAMHD1 and can be adapted in a number of ways to interrogate different biochemical questions. In the representative results discussed in the below paragraphs, we illustrate examples of using this assay to determine the inhibitory properties of small molecules toward SAMHD1 and to test whether different nucleotide analogues are substrates and/or activators of this enzyme.

The results shown in Figure 2 illustrate several core principles of this assay. The malachite green reagent allows the colorimetric detection of inorganic phosphate through the formation of a phosphomolybdate malachite green complex, and accordingly, this approach can be applied to the study of enzymatic reactions whose product is phosphate. To demonstrate the sensitivity of this method to detect free inorganic phosphate, Figure 2A shows the absorbance values obtained with increasing concentrations of Na3PO4 following a 20 min incubation with the malachite green reagent. While the signal reaches saturation at 0.25 mM Na3PO4, the linear detection range of phosphate is visible from 0.004 to 0.03 mM (Figure 2A, right panel), in agreement with other studies that reported a phosphate linear range up to 10–20 M using the malachite green assay38.

SAMHD1 is a dNTPase that releases inorganic triphosphate when hydrolyzing a dNTP molecule, and thus in order to generate free inorganic phosphate for detection by malachite green, a coupling enzyme is required. Inorganic pyrophosphatase (PPase) from E. coli has been shown useful for this purpose, both with regard to SAMHD17,20, but also other nucleotide metabolizing enzymes30,33,35. Additionally, SAMHD1 is an active dNTPase when as a homotetramer, and this requires allosteric activation by (d)NTPs, specifically a guanine triphosphate (GTP or dGTP) at AS1 and any dNTP as AS2. Subsequently, the catalytic site becomes accessible for substrate binding and the enzymatic reaction takes place. As dGTP fulfils the requirements for binding to AS1 and AS2, and is a substrate, use of this nucleotide in the inhibition assay greatly simplifies the workflow. Figure 2B illustrates the requirement of the different assay components to achieve measurable SAMHD1 activity indicated by an increase in absorbance at 630 nm. Neither SAMHD1 nor PPase alone are capable of generating inorganic phosphate in the presence of dGTP, consistent with the documented activities of these enzymes. However, in the condition in which all the assay components are present (SAMHD1, PPase, and the dGTP activator/substrate) we observe an increase in signal. The Z factor37 of the example shown here (taking no enzymes + dGTP as a negative control and SAMHD1/PPase + dGTP as a positive control) was 0.74, indicating a robust assay.

One of the potential applications of the enzyme-coupled SAMHD1 activity assay is the identification of inhibitors through high-throughput screening (HTS). Thus, in this report, we validate the detection of SAMHD1 inhibition in this assay using a diverse set of compounds already described in the literature. Seamon et al. evaluated the dose-dependent inhibition of canonical nucleosides toward SAMHD1 using a similar assay as shown here, and found that deoxyguanosine (dGuo) was the only canonical nucleoside able to significantly inhibit SAMHD1, with an IC50 value of 488 µM20. A HTS of FDA-approved drugs performed with the direct b4NPP assay revealed several hits that inhibited SAMHD1 activity at micromolar concentrations, from which lomofungin was the molecule that most potently inhibited SAMHD1 dNTPase activity in vitro, exhibiting an IC50 of 20.1 µM when determined in the presence of dGTP as a substrate21. Additionally, the four ,-imido-dNTP analogs have also been identified as competitive inhibitors of SAMHD1 using the MDCC-PBP sensor and SAMHD1 coupled to Ppx activity, which showed that the inhibitory constants of the dNMPNPP analogs were in the low micromolar / high nanomolar range6,22. Thus, to demonstrate that the enzyme-coupled SAMHD1 activity assay can be used to identify SAMHD1 inhibitors, dGuo, lomofungin and 2'-deoxythymidine-5'-[(α,β)-imido]triphosphate (dTMPNPP), were used to validate the technique. Figure 3A illustrates the dose-response curves obtained for these compounds, showing that increasing concentrations effectively inhibit SAMHD1 activity. The mean IC50 values obtained for these molecules from three independent experiments (± standard deviation) were as follows: dGuo = 361.9 ± 72.8 µM, lomofungin 6.78 ± 3.9 µM, and dTMPNPP = 2.10 ± 0.9 µM. As an example of a negative result, the impact of hydroxyurea (HU) on SAMHD1 activity was also determined. HU is an inhibitor of ribonucleotide reductase, and, although it limits SAMHD1 ara-CTPase activity in various AML models, the effects of HU on SAMHD1 were shown to be indirect and rely on perturbing the allosteric regulation of SAMHD118. The dose response curve of HU is shown in Figure 3B, and no changes in SAMHD1 activity were observed with increasing HU doses, demonstrating that HU does not inhibit SAMHD1 activity in vitro.

Another use of the enzyme coupled SAMHD1 activity assay is to interrogate whether nucleotides and their analogs are substrates and/or allosteric activators of this enzyme, which is illustrated in Figure 4. In this experiment, canonical nucleotides, as well as the active metabolites of several anti-cancer nucleoside analogs, such as cytarabine (ara-CTP), clofarabine (Cl-F-ara-ATP), and gemcitabine (dF-dCTP), were tested as SAMHD1 substrates and activators. Due to the complex allosteric regulation of SAMHD1, the reaction is performed in the presence of GTP as an AS1 activator or the non-hydrolysable dGTP analog 2’-deoxyguanosine-5’-(α-thio)-triphosphate (dGTPS), which can occupy AS1 and AS2. SAMHD1 activity in the presence of the tested nucleotide analog and GTP indicates that the nucleotide is able to bind to the secondary allosteric site and catalytic site (i.e., AS2 activator and substrate), while SAMHD1 activity with the nucleotide analog and dGTPαS indicates the nucleotide can only occupy the catalytic site (i.e., only a substrate). If the nucleotide is able to bind to both the AS1 and AS2 allosteric sites and to the catalytic site, SAMHD1 will be active in the presence of the nucleotide alone, as shown in the case of dGTP. The results show that all canonical dNTPs are able to bind to the AS2 site and to the catalytic site. In the case of nucleotide analogs, clofarabine triphosphate is an AS2 activator and a substrate, whereas cytarabine triphosphate is only able to occupy the catalytic site. On the other hand, no activity was observed with gemcitabine triphosphate, suggesting that under the conditions tested gemcitabine triphosphate is not able to act as allosteric effector nor substrate. Although this result is consistent with previous predictions9, later crystallization and kinetic studies10 revealed that gemcitabine triphosphate is able to bind the SAMHD1 catalytic pocket, and that it is indeed a substrate of the enzyme. However, in the latter study10, the authors show that the hydrolysis rate is considerably lower compared to other reported substrates, such as cytarabine triphosphate, thus explaining why we were not able to observe this with this screening setup.

Altogether, these representative results validate the use of the enzyme coupled SAMHD1 activity assay as a robust technique for the identification and characterization of SAMHD1 inhibitors, allosteric regulators, and substrates. However, similar to all experimental approaches, this method has its caveats, and so orthogonal assays (e.g., using a different assay technology) should be used to further validate findings.

FIGURE AND TABLE LEGENDS:

Figure 1: Schematic overview of the protocol described in this article.

Figure 2: Enzyme-coupled SAMHD1 activity assay. (A) Na3PO4 standard curve in the malachite green assay. Na3PO4 serial dilution (2-fold) was prepared from 1 mM to 0.004 mM in triplicate and incubated with malachite green reagent for 20 min. Raw absorbance values over the full range of tested concentrations are shown in the left panel and the linear range in the right panel. Representative of two independent experiments shown. (B) Validation of enzyme-coupled activity assay. SAMHD1 (0.35 µM) and/or PPase (12.5 U/mL) in the presence or absence of activator/substrate dGTP (25 µM) were incubated for 20 min in the enzyme-coupled activity assay. Quadruplets from a representative of two independent experiments shown with raw absorbance values plotted, bars, and error bars indicate mean and SD.

Figure 3: Evaluating compounds for SAMHD1 inhibition in the enzyme-coupled activity assay. Dose response of lomofungin (0.78–100 µM), 2'-deoxythymidine-5'-[(α,β)-imido]triphosphate (dTMPNPP, 0.01–100 µM) and deoxyguanosine (dGuo, 10–1,500 µM) (A) or hydroxyurea (HU) (0.78–100 µM) (B) in the enzyme-coupled SAMHD1 activity assay with dGTP (25 µM) as activator/substrate. Percentage activity relative to reaction controls from individual replicates plotted (DMSO + SAMHD1/PPase + dGTP = 100% activity, DMSO + dGTP = 0% activity) with a representative of three experiments shown.

Figure 4: Evaluating nucleotide analogs as SAMHD1 allosteric activators and substrates in the enzyme-coupled activity assay. Canonical nucleotides and selected triphosphate metabolites of anticancer drugs cytarabine (ara-CTP), clofarabine (Cl-F-ara-ATP), and gemcitabine (dF-dCTP), were tested at 200 µM in the enzyme-coupled SAMHD1 activity assay in the presence or absence of GTP or non-hydrolysable dGTP analog dGTPαS (12.5 µM). Normalized absorbance values from individual experimental replicates plotted, mean and SD are indicated. Representative of two independent experiments shown, adapted from our previous study7.

Table 1: Summary of the final conditions in the enzyme-coupled assay for inhibitors screening.

Table 2: Summary of the final conditions in the enzyme-coupled assay for allosteric regulators screening

DISCUSSION:
The enzyme-coupled activity assay detailed here is a high-throughput-amenable colorimetric assay allowing the indirect measurement of dNTP hydrolysis by SAMHD1. This method exploits the ability of inorganic PPase from E. coli, which when included in excess in the reaction mixture, converts each inorganic triphosphate generated by SAMHD1 into three individual free phosphates that can be quantified using the simple and economical malachite green reagent. We provide this assay in a 384 microwell plate format, which is ideal for screening of compound libraries, and demonstrate the applicability and versatility of this technique in the identification and characterization of SAMHD1 inhibitors, activators, and substrates.

As with all in vitro biochemical screening assays, there are a number of critical steps and important considerations, and many of these are discussed in-depth in the freely available Assay Guidance Manual39. Integrity of the purified recombinant enzymes, both SAMHD1 and the coupled enzyme inorganic PPase, is extremely important, and should be confirmed prior to establishing the assay. And accordingly, each new purification of these enzymes should be subject to some level of batch testing, as batch-to-batch variabilities could introduce inconsistencies in results. Ideally, use of an orthogonal direct assay, such as HPLC, which allows detection of both the substrate and reaction product, should be used to verify the dNTP triphosphohydrolase activity of the purified recombinant SAMHD1 being used.

Regarding limitations of this assay, the principle one is that it measures the dNTPase activity of SAMHD1 in an indirect manner, exploiting the activity of inorganic PPase, which has a number of implications. It is important to confirm that PPase possesses little to no activity toward nucleotides used in the assay, and likewise, that inhibitory small molecules identified possess no activity toward PPase. Thus, with regard to screening, a counter-screen against PPase can be an important consideration. The presence of PPase in the reaction also makes it critical to use an orthogonal assay to confirm findings. With regard to direct activity assays, a number of them have been reported to date, including TLC9,20,23 and HPLC9,21, which accurately detect substrate exhaustion and product formation. Additionally, the b4NPP assay21, which is also high-throughput, could be used to test potential inhibitors; however, it is not ideal to test substrates or allosteric activators. Biophysical assays, such as differential scanning fluorimetry (DSF), which we have previously reported with SAMHD118, can also be particularly powerful in identifying and characterizing ligands. Another limitation of the assay, specifically as shown in the setup here for identifying substrates and activators, is the use of the non-hydrolysable dGTP analog dGTPαS as an AS1 and AS2 activator. While this allows activation of SAMHD1 with no observable activity in the assay, dGTPαS is a competitive inhibitor of SAMHD1, and thus the use of high concentrations will inactivate the enzyme. As our understanding of SAMHD1 progresses, future studies could utilize molecules that exclusively occupy each site of SAMHD1, thus negating this potential issue.

As we have shown here, this method is versatile and can be used to address a number of biochemical questions. We have described two variations of this assay, one for the identification of allosteric regulators and substrates of SAMHD1, and another for the characterization of inhibitors, but further adaptations can be made. With regard to potential inhibitors, this assay, being microwell plate-based, makes it well suited for downstream mechanism of action studies39,40. Similarly, for further characterization of substrates and allosteric regulators, this technique can be used to determine kinetic parameters of catalysis, as we performed for the active metabolite of cytarabine and clofarabine7. However, one drawback is that the enzyme-coupled assay reported here is an endpoint assay, and so, although well-suited for screening, a continuous assay would be better suited for some mechanistic studies. Arnold et al. reported a continuous enzyme-coupled assay that utilizes the biosensor MDCC-PBP6, which relies on the use of the periplasmic phosphate binding protein (PBP) labeled with coumarin maleimide (MDCC) fluorophore that can bind to a free phosphate group. MDCC-PBP is very sensitive and enables the quantification of very low phosphate concentrations, with the sensor’s time of response being in the millisecond to second timescale.

SAMHD1 plays a number of important functions in human health and disease2 many of which could be linked to its central role in the maintenance of intracellular dNTP levels1. Thus, identification of a high-quality chemical probe toward the dNTPase activity of SAMHD1 would be a powerful tool in defining these links, and the enzyme-coupled assay reported here could be readily employed to identify such probes. Furthermore, as nucleoside-based drugs, many of which are modulated by SAMHD1, are a diverse and important group of therapeutic41; chemical probes could be further developed into drugs to target SAMHD1 in the clinical setting, with the aim of enhancing the efficacy of these therapies. It is also critical to understand the full extent of the interaction of these nucleoside-based compounds with SAMHD1, a question which can be addressed utilizing this enzyme-coupled assay too. Taken together, the enzyme-coupled SAMHD1 activity assay as reported here, is a low-cost, versatile, high-throughput assay that can be used to further our understanding of this important enzyme.
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