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Abstract

Tetrahydrobiopterin (BH4) is an essential cofactor for the nitric oxide (NO) synthases and the 

aromatic amino acid hydroxylases. Insufficient BH4 has been implicated in various cardiovascular 

and neurological disorders. GTP cyclohydrolase 1 (GTPCH-1) is the rate-limiting enzyme for de 

novo biosynthesis of BH4. The authors have recently shown that the interaction of GTPCH-1 with 

GTP cyclohydrolase feedback regulatory protein (GFRP) inhibits endothelial GTPCH-1 enzyme 

activity, BH4 levels, and NO production. They propose that agents that disrupt the GTPCH-1/

GFRP interaction can increase cellular GTPCH-1 activity, BH4 levels, and NO production. They 

developed and optimized a novel time-resolved fluorescence resonance energy transfer (TR-

FRET) assay to monitor the interaction of GTPCH-1 and GFRP. This assay is highly sensitive and 

stable and has a signal-to-background ratio (S/B) greater than 12 and a Z′ factor greater than 0.8. 

This assay was used in an ultra-high-throughput screening (uHTS) format to screen the Library of 

Pharmacologically Active Compounds. Using independent protein–protein interaction and cellular 

activity assays, the authors identified compounds that disrupt GTPCH-1/GFRP binding and 

increase endothelial cell biopterin levels. Thus, this TR-FRET assay could be applied in future 

uHTS of additional libraries to search for molecules that increase GTPCH-1 activity and BH4 

levels.
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INTRODUCTION

Tetrahydrobiopterin (BH4) is an essential cofactor for all three isoforms of nitric oxide 

synthases (NOS) and the aromatic amino acid hydroxylases, tryptophan hydroxylase, 

phenylalanine hydroxylase, and tyrosine hydroxylase. In the case of the NOS enzyme, BH4 

is involved in the reduction of a ferrous oxygen complex to an iron-oxy species that 

hydroxylates L-arginine to produce nitric oxide (NO). In the absence of BH4, the ferrous 

oxygen complex dissociates to release superoxide, a situation referred to as NOS 

uncoupling.1

GTP cyclohydrolase 1 (GTPCH-1) converts GTP to dihydroneopterin triphosphate (H2NTP) 

and is the first and rate-limiting enzyme in the pathway for the de novo synthesis of BH4. 

The GTP cyclohydrolase 1 feedback regulatory protein (GFRP) is an important modulator of 

GTPCH-1 enzyme activity. In vitro, GFRP inhibits GTPCH-1 activity in the presence of 

BH4 by forming a complex with GTPCH-1. This diminishes the Vmax of GTPCH-1, as 

shown by our own laboratory and others.2,3 Crystal structures of the GTPCH-1/GFRP 

complex have shown that BH4 is bound at the interface of these two proteins.4 We have 

recently demonstrated that endogenous GFRP inhibits GTPCH-1 activity, thereby limiting 

BH4 levels and NO production in human endothelial cells.3 We therefore speculate that 

measures that cause dissociation of GTPCH-1 and GFRP would increase GTPCH-1 activity 

and ultimately BH4 production.

Because of its critical role in promoting catalytic activities of NOS and the aromatic amino 

acid hydroxylases, BH4 deficiency could contribute to a variety of cardiovascular, 

metabolic, and neurological disorders. As examples, NOS uncoupling due to BH4 deficiency 

has been documented in experimental models of hypertension,5 atherosclerosis,6 and insulin 

resistance.7 Unfortunately, oral administration of BH4 is problematic because of its 

propensity for oxidation, limited bioavailability, and poor cellular uptake. Agents that 

disrupt the binding of GTPCH-1 and GFRP might therefore have therapeutic potential 

because they would reduce GFRP inhibition of GTPCH-1 and enhance intracellular BH4 

production.

Here, we present details of the development, optimization, and validation of a novel time-

resolved fluorescence resonance energy transfer (TR-FRET) assay that monitors the 

interaction of GTPCH-1 and GFRP. The goal of this TR-FRET assay was to quantitatively 

measure the GTPCH-1/GFRP interaction and to provide a method that can be used for high-

throughput screening (HTS) to identify compounds that disrupt this protein–protein 

interaction. After optimization, this assay demonstrated an excellent signal-to-background 

ratio (S/B) and a Z′ factor compatible with an effective HTS. We then used this assay in a 

1536-well ultra-HTS (uHTS) format to screen the Library of Pharmacologically Active 

Compounds (LOPAC). Further validation of positive hits was performed using confirmatory 

protein–protein interaction and cellular activity assays. This HTS approach could be used to 

identify small molecules that would be useful in the treatment of diseases associated with 

BH4 deficiency.
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MATERIALS AND METHODS

Basic assay design

In our TR-FRET assay system, His-tagged human GTPCH-1 is conjugated to a europium 

chelate via a europium–anti-His antibody as the FRET donor, and glutathione S-transferase 

(GST)–tagged human GFRP is conjugated to an allophycocyanin (APC) flurophore via an 

APC–anti-GST antibody as the FRET acceptor (Fig. 1). The binding of GTPCH-1 to GFRP 

in the presence of necessary cofactors brings europium and APC into close proximity so that 

energy transfer from an excited-state europium to APC occurs. The europium chelate 

functions as a long-lifetime (e.g., >100 ms) fluorescent donor, whereas APC is a 

conventional fluorophore with a short lifetime (e.g., <100 ns). By exciting the europium 

complex with pulsed light and gating the emission with a 50-μs delay, background emission 

from the short lifetime acceptor can be eliminated.8 The ratio of the emission of APC at 665 

nm and europium at 615 nm reflects the extent of the interaction between GTPCH-1 and 

GFRP.

Reagents

Europium–anti-His and allophycocyanin (APC)–anti-GST antibodies were purchased from 

PerkinElmer (Waltham, MA). Library of Pharmacologically Active Compounds (LOPAC) 

was from Sigma-Aldrich (St Louis, MO). All other reagents were of highest purity and were 

obtained from Sigma-Aldrich.

DNA constructs

Human GTPCH-1 cDNA was obtained form GeneCopoeia (cat. no. EX-X0381-M07) and 

was cloned into the pET-30a(+) vector (EMD Biosciences, Madison, WI) to create the 

pET-30a/GTPCH-1 construct. The human GFRP cDNA was synthesized by GenScript 

(Piscataway, NJ) and cloned into the pGEX-5X-3 vector (GE Healthcare, Piscataway, NJ) to 

create the pGEX-5X-3/GFRP construct. DNA sequencing was used to confirm construct 

sequences (Agencourt Biosciences, Beverly, MA).

Protein expression and purification of recombinant proteins

Escherichia coli (strain BL21) was transformed with pET-30a/GTPCH-1 and pGEX-5X-3/

GFRP constructs and cultured overnight in LB medium. The culture was then diluted 1:100 

with prewarmed LB and incubated at 37 °C with vigorous shaking. Recombinant His-

GTPCH-1 and GST-GFRP were obtained by isopropyl-β-d-thiogalactopyranoside (IPTG; 

0.5 mmol/L) induction for 4 h at 30 °C. His-GTPCH-1 was purified by passing through a 

nickel column, and GST-GFRP was purified by using the B-PER GST Fusion Protein 

Purification Kit (Thermo Scientific, Rockford, IL).

TR-FRET measurements

The assay buffer (FRET buffer) contained 20 mM Tris (pH 7.5), 0.01% Nonidet P40, and 50 

mM NaCl. Black 384-well and 1536-well microplates (Corning Costar, Cambridge, MA) 

were used and FRET signals were recorded on an EnVision Multilabel plate reader 

(PerkinElmer). Europium was excited at 337 nm (laser), and emission from europium donor 
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and APC acceptor was measured at 615/7.5 and 665/7.5 nm, respectively. All FRET signals 

were expressed as FRET ratios, such that FRET = Emission665 nm/Emission615 nm × 104. 

The FRET signal window was considered the difference between the maximal FRET value 

recorded for bound GTPCH-1/GFRP and the minimal FRET value (background), recorded 

in the absence of GFRP.

Assay development and optimization

The TR-FRET assay was first performed in 384-well microplates with a total volume of 30 

μL per well. To determine the binding affinity of GTPCH-1 to GFRP, His-GTPCH-1 was 

serially diluted into FRET buffer and mixed with GST-GFRP (80 nmol/L), cofactors for 

GTPCH-1/GFRP interaction (10 μmol/L BH4, 100 μmol/L GTP, and 100 μmol/L ascorbic 

acid), europium–anti-His antibody (1 nmol/L), and APC–anti-GST antibody (50 nmol/L). A 

30-μL volume of this mixture was dispensed into each well, incubated at room temperature 

for up to 20 h, and measured on the EnVision Multilabel plate reader. Likewise, the binding 

affinity of GST-GFRP to His-GTPCH-1 was determined by serial dilutions of GST-GFRP 

into FRET buffer, containing 80 nmol/L His-GTPCH-1, 10 μmol/L BH4, 100 μmol/L GTP, 

100 μmol/L ascorbic acid, 1 nmol/L europium–anti-His antibody, and 50 nmol/L APC–anti-

GST antibody.

To determine the assay performance for HTS, the signal-to-background ratio and the Z′ 

factor were calculated based on the following equations: S/B = μb/μf, where μb and μf are 

the FRET signals for bound (b) GTPCH-1/GFRP and free (f) GTPCH-1 or GFRP alone, 

respectively. The difference between mean signals from bound and free was represented by 

(μb-μf). The Z′ factor was calculated using the following equation: Z′ = 1 – (3 × SDb + 3 × 

SDf)/(μb-μf), where SDb and SDf are the standard deviations for bound (b) and free (f) 

conditions.9 The Z′ factor reflects the quality of the assay and quantifies the suitability of a 

particular assay for use in HTS. A Z′ factor between 0.5 and 1.0 indicates an excellent assay 

for HTS. Assay stability was evaluated by monitoring interaction of GTPCH-1 and GFRP 

after incubation times from 10 min to 20 h. The effect of DMSO on the maximal signal was 

evaluated by increasing solvent percentage up to 10% and measuring after a 5-h incubation 

at room temperature.

HTS format

The suitability of the TR-FRET assay for ultra-HTS (uHTS) was determined by performing 

the assay in a 1536-well plate format. All reaction volumes were scaled down to a total of 5 

μL per well in a 1536-well plate. His-GTPCH-1 (80 nmol/L), GSTGFRP (80 nmol/L), 

europium–anti-His antibody (1 nmol/L), and APC–anti-GST antibody (50 nmol/L) were 

diluted in FRET buffer and mixed together. The reaction mixture (5 μL) was dispensed to 

1536-well plates, and FRET signals were measured using the EnVision Multilabel plate 

reader with laser excitation at 337 nm. The S/B ratios and Z′ factors were calculated as 

described above.

Dose responses were examined to confirm positive compounds from the initial HTS 

screening and to identify those with potencies in the micromolar range. For the IC50 

determinations, serial dilutions of compounds were performed in 100% DMSO with a 
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twofold dilution scheme starting at the highest concentration at 50 μmol/L in the final assay. 

The assay was performed at 2% DMSO final concentration using conditions described for 

the primary HTS screen.

To validate the HTS assay and identify active compounds, pilot screening using the LOPAC 

library was carried out in a 1536-well format. Briefly, the assay mixture was dispensed at 

4.5 μL per well into 1536-well black assay plates. The library compounds were added as 0.1 

μL of 1-mmol/L DMSO stocks using a pintool integrated with Beckman NX (Beckman 

Coulter, Brea, CA) to reach a final compound concentration of 21.7 μmol/L. The final 

DMSO concentration was 2.2% (v/v). To test the reproducibility of the assay, pilot 

screening was carried out at four replicates per sample. As a control, we included wells 

containing only one binding partner and DMSO without testing compounds. Assay plates 

were incubated at room temperature for 2 h, and the FRET signal was measured using the 

EnVision Multilabel plate reader with a laser excitation at 337 nm and emissions at 615/7.5 

nm and 665/7.5 nm.

GST pull-down assay

To validate the identified positive compounds from TR-FERT assay, we developed a GST 

pull-down assay to test the effect of compound on the dissociation of GFRP and GTPCH-1 

binding in vitro. To detect association of GST-GFRP with His-GTPCH-1, the ProFound 

Pull-Down GST Protein:Protein Interaction Kit (Thermo Scientific) was employed. Purified 

GST-GFRP recombinant protein (0.7 μg) was first incubated with glutathione agarose beads 

for 1 h at 4 °C and then incubated with 0.7 μg of purified His-GTPCH-1 recombinant 

protein in the FRET buffer containing 10 μmol/L BH4, 100 μmol/L GTP, and 100 μmol/L 

ascorbic acid. Protein complexes were eluted from glutathione and then separated on a 

12.5% gel by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PA GE), 

followed by Western blot analysis using anti-His tag and anti-GFRP antibodies.

Cell culture and cellular BH4 measurement

Human aortic endothelial cells (HAECs) were purchased from Lonza (Walkersville, MD) 

and used between the third and sixth passages. Cellular biopterins (BH4 and more oxidized 

species) were measured by high-performance liquid chromatography (HPLC) as previously 

described.10

Data analysis

Assay data were analyzed using Bioassay software from CambridgeSoft (Cambridge, MA). 

The effect of compounds on the binding of GFRP and GTPCH-1 was expressed as % of 

Control and was calculated with the following equations based on data from each plate: % of 

Control = (FRETcompound – FRETbackground)/(FRETcontrol – FRETbackground) × 100, 

where FRETcompound is the FRET ratio from a well with a test compound. FRETcontrol is 

an average FRET signal from wells without a test compound, which defines maximal FRET. 

FRETbackground is an average FRET ratio from wells lacking GST-GFRP, which defines 

minimal FRET. Compounds that caused % Control <70 were defined as positives. IC50 

values were defined as the concentration of compounds that caused a 50% reduction in assay 

signal.
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Data were expressed as mean ± standard error of the mean. Analysis of variance (ANOVA) 

was employed for multiple comparisons, and when one group was served as a control, the 

Dunnett post hoc test was used. A value of p < 0.05 was considered significant.

RESULTS

Development of the TR-FRET GTPCH-1/GFRP binding assay

To develop a TR-FRET assay that monitors the interaction of GTPCH-1 and GFRP, 

titrations of GTPCH-1 and GFRP proteins were carried out to determine the conditions that 

generate an optimal TR-FRET signal. As shown in Figure 2A, B, increasing concentrations 

of either His-GTPCH-1 or GST-GFRP dose-dependently increased the TR-FRET signal. 

The TR-FRET signal reached a maximum at approximately 80 nmol/L for both proteins. 

The fact that equal molar amounts of GTPCH-1 and GFRP were required to produce a 

maximal FRET value is in accordance with the previous finding that the ratio of GTPCH-1 

and GFRP in the GTPCH-1/GFRP complex is 1:1.11 In keeping with this, the Kd values for 

binding of GTPCH-1 with GFRP and for GFRP with GTPCH-1 were similar (15.9 and 52.1 

nmol/L, respectively; Fig. 2A,B). In both titrations, the quality of the assay was evaluated by 

calculating S/B ratios and Z′ factors over the concentration ranges. A maximal S/B ratio of 

12 was obtained at 80 nM of His-GTPCH-1 and GST-GFRP, and the Z′ factor was 

approximately 0.8 at these concentrations (Fig. 2C,D). The Z′ factor of an assay reflects the 

variability of an assay and the suitability for HTS, and a Z′ factor between 0.5 and 1 reflects 

a reliable and robust assay.9 The Z′ factor of 0.8 for our assay indicates that it is very 

effective.

The FRET signal increased progressively up to 6 h after mixing GTPCH-1, GFRP, and 

cofactors and decreased slightly thereafter (Fig. 3A). Thus, this assay provides sufficient 

stability for compound screening. HTS often employs compound libraries that are dissolved 

in DMSO. We therefore tested assay tolerance to DMSO at concentrations commonly used 

in screening. There was no appreciable decline in FRET signal with up to 10% DMSO in the 

384-well plate format (Fig. 3B). The S/B ratios and Z′ factors remained constant at various 

DMSO concentrations (Fig. 3C). The use of high-density microplates, most prominently 

1536-well plates, allows miniaturizing screening volumes to realize proportional savings in 

reagent costs. We therefore examined the assay performance in a 1536-well plate format. 

There were no appreciable changes in assay signal, S/B ratio, or Z′ factor in response to 

increasing concentrations of DMSO in the 1536-well plate format (Fig. 3B,C). This suggests 

that after optimization, the TR-FRET assay to monitor the GTPCH-1/GFRP interaction is 

suitable for uHTS in a 1536-well plate format. Taken together, these results demonstrate that 

this TR-FRET assay provides a simple, reliable, and robust readout for monitoring the 

GTPCH-1/GFRP interaction and discovering small molecules that disrupt this interaction.

Assay validation of uHTS for GTPCH-1/GFRP interaction inhibitors: pilot screening of the 
LOPAC library

The GTPCH-1/GFRP TR-FRET assay was validated for use in an uHTS format by a pilot 

screening of LOPAC, which is a collection of 1280 pharmacologically active compounds 

frequently used for HTS assay validation.12,13 The average S/B ratio and Z′ factor observed 
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during LOPAC screening were consistent with our assay validation studies (Fig. 4A,B). 

Compounds that inhibited the binding of GTPCH-1 to GFRP by more than 30% were 

considered potential positives, and the screening results for the LOPAC library are shown in 

Figure 4C. Of the 1280 compounds, 15 were identified as potential positives, which resulted 

in a hit rate of 1.2%. Subsequent dose-response curves for these positive compounds were 

performed, and representative results for three positives are shown in Figure 4D–F. These 

compounds—cis-diammineplatinum(II) dichloride, carboplatin, and protoporphyrin IX—

were confirmed to inhibit the interaction of GTPCH-1 and GFRP with IC50s in the 

micromolar range. These findings suggest that this TR-FRET assay, developed to discover 

compounds that inhibit the binding of GTPCH-1 and GFRP, is suitable for HTS and can be 

adapted for large-scale compound screening.

Conformation of the hits from the LOPAC pilot screening

We further examined the ability of cis-diammineplatinum(II) dichloride, carboplatin, and 

protoporphyrin IX to disrupt the interaction of GTPCH-1 and GFRP in a GST pull-down 

assay (Fig. 5A–C). Dose-response curves and IC50 values of the compounds were obtained 

from the densitometry of the GST pull-down assay (Fig. 5D–F). The GST pull-down assay 

confirmed that these compounds can inhibit the interaction of GTPCH-1 and GFRP dose-

dependently in the low micromolar range.

Given these results, we then performed additional studies to evaluate the ability of these 

compounds to increase endothelial levels of BH4. The above identified agents were added to 

cultured human aortic endothelial cells for 24 h, and subsequent changes in biopterin levels 

were measured using HPLC. We found that carboplatin and protoporphyrin IX increased 

biopterin levels in cultured endothelial cells at low micromoloar concentrations, with 

carboplatin eliciting a fourfold increase in biopterin levels at the concentration of 25 μmol/L 

(Fig. 6). These results demonstrate the feasibility of the TR-FRET assay and subsequent 

confirmatory steps to identify compounds that can enhance endogenous production of BH4.

DISCUSSION

In the present study, we have designed, optimized, and validated a homogeneous TR-FRET 

assay to monitor the interaction of GTPCH-1 and GFRP proteins. The goals in establishing a 

robust and simple to use assay for measuring GTPCH-1 and GFRP interactions were, first, 

to allow the quantification of this interaction in vitro and, second, to optimize conditions for 

identifying small-molecule regulators of this interaction in an HTS format. This TR-FRET 

assay demonstrates a good Z′ factor and S/B ratio and exhibits high stability, solvent 

tolerance, and good assay performance in small volumes, indicating that it is particularly 

well suited for uHTS in a 1536-well format. This assay can be performed in a simple “mix-

and-read” approach and has been validated as robust and reliable for discovery of small 

molecules that disrupt the GTPCH-1/GFRP interaction. We further confirmed the utility of 

this assay by studying identified compounds in a GST pull-down assay and in cell culture. 

Thus, our newly developed TR-FRET assay might prove useful in screening larger chemical 

libraries to identify compounds that could increase cellular BH4 levels. To our knowledge, 
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this is the first TR-FRET assay developed for monitoring the interaction of GTPCH-1 and 

GFRP and for discovery of small molecules that disrupt this interaction.

As a second approach for compound screening, we employed a GST pull-down assay and 

identified three compounds that dose-dependently inhibited the GTPCH-1/GFRP interaction 

in vitro. The false positives from HTS might be caused by their interference with 

fluorescence in the TR-FRET assay, and this can be eliminated by testing the compounds 

using the GST pull-down assay. Some compounds might also interfere with antibody 

binding to the target proteins and thus would artificially disrupt the TR-FRET signal. Such 

compounds would also be identified as false positives. These considerations emphasize the 

need for the secondary screening using an independent assay such as the GST pull-down 

approach. Cellular uptake of compounds might also be limited, and therefore further 

screening using cultured cells is necessary.

Using these sequential screening approaches, we identified two compounds that can increase 

endothelial BH4 levels at low micromolar concentrations. Carboplatin is an alkylating agent 

used for a variety of cancers, including ovarian and lung carcinoma.4 It has significant side 

effects, including severe myelosuppression. Interestingly, higher concentrations of 

carboplatin failed to elicit an increase in cellular biopterin levels. This is possibly due to the 

cellular toxicity of this agent at higher concentrations. It is conceivable that modification of 

the carboplatin structure could yield compounds that would increase cellular BH4 without 

toxicity. Protoporphyrin IX is a precursor to heme, myoglobin, and other compounds such as 

catalase. Protoporphyrin IX has been used as a specific probe to activate heme oxygenase. 14 

Our studies indicate that it might have additional effects in increasing cellular BH4 and 

activities of BH4-dependent enzymes, such as NOS. We have not examined the 

effectiveness of these specific drugs in vivo and therefore do not propose that they have 

therapeutic benefit in increasing cellular BH4 in intact animals. Our proof-of-principle study 

does show that this optimized uHTS approach can be used to screen larger libraries for 

discovery of other molecules that increase endogenous production of BH4.

The mechanisms by which these compounds dissociate GTPCH-1 and GFRP remain 

unknown. A common mechanism for inhibiting protein–protein interaction is that small 

molecules bind at the interface of the interaction. Crystal structure analysis of GTPCH-1/

GFRP complex suggests that that Arg235 and Glu236 of GTPCH-1 in the C-terminal region 

directly interact with GFRP.11 A yeast two-hybrid assay15 and studies from our own 

laboratory (data not shown) have demonstrated that the complete N-terminal peptide of 

GTPCH-1 is required for interaction with GFRP. Compounds that interfere with binding 

between these regions could disrupt the GTPCH-1/GFRP interaction. In addition, the 

compounds could also cause allosteric inhibition by inducing conformational changes of the 

proteins. Further investigation using methods that address the compound binding to the 

proteins, such as X-ray crystallography, would help define the exact mechanisms of the 

action of these compounds.16 These identified compounds might serve as tools to facilitate 

the further study of the GPTCH-1 and GFRP interaction.

BH4 is an essential cofactor for NOS and a key regulator of NOS activity and coupling. BH4 

also functions as a critical cofactor for the aromatic amino acid hydroxylases and thus 
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modulates several neurological processes. BH4 deficiency has been found in experimental 

models of various cardiovascular diseases, such as hypertension,5 atherosclerosis,17 and 

diabetes.7 Oral BH4 supplementation has been shown effective in ameliorating these 

conditions in animal models,5,18 but the effect of BH4 in humans is likely limited because of 

its poor bioavailability and cellular uptake.19 Accordingly, Antoniades et al.20 reported that 

patients with coronary artery disease have paradoxically high biopterin levels in the plasma 

but low biopterin levels in vessels. Thus, compounds identified by our screening approaches 

to increase intracellular BH4 biosynthesis could have therapeutic potential in treating 

diseases associated with intracellular BH4 deficiency.

In summary, we have successfully developed a one-step mix-and-read TR-FRET assay for 

monitoring the interaction of GTPCH-1 and GFRP. This TR-FERT assay is highly sensitive 

and stable and exhibits robust performance in an uHTS format with an S/B ratio greater than 

12 and a Z′ factor greater than 0.8. We have employed this assay in uHTS, and results from 

a pilot screening showed that positive hits from the primary screening exhibit activity in an 

independent protein binding assay and in cell culture. Screening of larger chemical libraries 

and additional structure activity work are needed to identify compounds that could be used 

therapeutically.
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FIG. 1. 
Design of a time-resolved fluorescence resonance energy transfer (TR-FRET) assay for 

monitoring the interaction of GTP cyclohydrolase 1 (GTPCH-1) and GTP cyclohydrolase 

feedback regulatory protein (GFRP). The assay measures the TR-FRET signal upon the 

binding of a His-tagged GTPCH-1 protein conjugated with a europium–anti-His antibody 

and glutathione S-transferase (GST)–GFRP conjugated with an allophycocyanin (APC)–

anti-GST antibody. Binding of GTPCH-1 and GFRP allows energy transfer from europium 

to APC and increases the fluorescence emission at 665 nm.
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FIG. 2. 
Optimization of the GTP cyclohydrolase 1 (GTPCH-1)/GTP cyclohydrolase feedback 

regulatory protein (GFRP) time-resolved fluorescence resonance energy transfer (TR-FRET) 

binding assay. (A) Effect of titrations of His-GTPCH-1 into solutions of glutathione S-

transferase (GST)–GFRP, europium–anti-His, and allophycocyanin (APC)–anti-GST with 

the necessary cofactors for binding. (B) Effect of titrations of GST-GFRP into solutions of 

His-GTPCH-1, europium–anti-His, and APC–anti-GST with the necessary cofactors for 

binding. (C) Z′ factors and signal-to-background (S/B) ratios across the His-GTPCH-1 

titration. (D) Z′ factors and S/B ratios across the GST-GFRP titration.
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FIG. 3. 
Time-resolved fluorescence resonance energy transfer (TR-FRET) assay stability. (A) TR-

FRET signals of glutathione S-transferase (GST)–GTP cyclohydrolase feedback regulatory 

protein (GFRP) titration assay at various time points. (B) Z′ factors across the time course of 

the assay. (C) Effect of various concentrations of DMSO on the FRET signal using the 384-

well and 1536-well plate formats. (D) Z′ factors and signal-to-background (S/B) ratios for 

assay with increasing DMSO concentrations using the 384-well and 1536-well plate 

formats.
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FIG. 4. 
Ultra-high-throughput screening (uHTS) format assay validation. The time-resolved 

fluorescence resonance energy transfer (TR-FRET) assay that monitors GTP cyclohydrolase 

1 (GTPCH-1)/GTP cyclohydrolase feedback regulatory protein (GFRP) interaction was 

validated for uHTS using the Library of Pharmacologically Active Compounds (LOPAC) 

library in four replicates. Signal-to-background (S/B) ratios (A) and Z′ factors (B) were 

evaluated for four plates. (C) The percentage of control is calculated as defined in the 

Materials and Methods section and plotted against compound ID. The potential positives are 

defined by the compound with % inhibition >30. Representative dose-response curves of the 

potential positive compounds determined by the TR-FRET assay are shown in panels D, E, 

and F.
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FIG. 5. 
Validation of positive compounds in the glutathione S-transferase (GST) pull-down assay. 

GST–GTP cyclohydrolase feedback regulatory protein (GFRP) was bound to glutathione 

agarose beads, and then His-tagged GTP cyclohydrolase 1 (GTPCH-1) was added. These 

experiments were performed in the presence of various concentrations of compounds 

identified by initial high-throughput screening (HTS) of the Library of Pharmacologically 

Active Compounds (LOPAC) library. The Western blot in the lower panel shows the 

amount of GFRP used as “bait,” whereas the “trapped” GTPCH-1 is shown in the upper 

blot. The disappearance of a band in the upper panel indicates disruption of GTPCH/GFRP 

binding. Panels A, B, and C show the representative GST pull-down assay testing the 

potential positive compounds. Panels D, E, and F show the representative dose-response 

curves determined from the densitometry of the GST pull-down assays.
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FIG. 6. 
Effect of the primary hits on endothelial cell biopterin levels. Human aortic endothelial cells 

were treated with compounds at the concentrations indicated for 24 h, and biopterin levels 

were measured using high-performance liquid chromatography (n = 6). Insets on the right 

show representative biopterin peaks for cells treated with DMSO, carboplatin, or 

protoporhyrin XI at indicated concentrations. Values were compared using analysis of 

variance, and selected comparisons were made using a Dunnett post hoc test.
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