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Abstract

L-Cystine bismorpholide (1a) and L-cystine bis(N′-methylpiperazide) (1b) were seven and 

twenty-four times more effective than L-cystine dimethyl ester (CDME) in increasing the 

metastable supersaturation range of L-cystine, respectively, effectively inhibiting L-cystine 

crystallization. This behavior can be attributed to inhibition of crystal growth at microscopic 

length scale, as revealed by atomic force microscopy. Both 1a and 1b are more stable than CDME, 

and 1b was effective in vivo in a knockout mouse model of cystinuria.
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INTRODUCTION

Cystinuria is an autosomal recessive disorder caused by mutations in gene SLC3A1 on 

chromosome 2 or an incompletely dominant disorder caused by mutations in gene SLC7A9 
on chromosome 19. Each gene codes for a component of the major proximal renal tubular 

cystine and dibasic amino acid transporter.1–3 These mutations result in abnormal 

reabsorption of L-cystine and dibasic amino acids from the luminal fluid of the renal 

proximal tubule, leading to elevated concentrations of these amino acids in the urine of 

affected individuals. Defective expression in the small bowel leads to reduced absorption of 

these amino acids from the intestinal lumen. Because of its limited aqueous solubility, L-

cystine crystallizes readily in urine and forms L-cystine stones in the kidney, ureter, and 

bladder. Although the incidence of L-cystine stones is much lower than that of calcium 

oxalate stones, L-cystine stones are larger, occur at a young age, recur more frequently, and 

are more likely to cause chronic kidney disease.4 Cystine stones account for 1% of all stones 

and as many as 7% of stones in children. Cystinuria is a chronic, lifelong condition, and 

patients with cystinuria have a >50% chance of stone formation during their lifetime, most 

experiencing onset and diagnosis between the ages of 2 and 40.5

Current clinical treatment of cystinuria has not changed over the last 30 years and is aimed 

at reducing the concentration of free L-cystine in urine and increasing its solubility.6,7 A 

high fluid intake of around 4–5 L a day and alkalinization of urine pH with citrate or 

bicarbonate salt can suppress but may not completely prevent stone formation. Drug therapy, 

based on disulfide exchange with D-penicillamine or α-mercaptopropionylglycine with L-

cystine to generate more soluble mixed disulfides, has been used for severe cases.4,8 These 

drugs, however, have side effects that include loss of taste, fever, proteinuria, serum 

sickness-type reactions, and even frank nephritic syndrome.8

Recently, Ward and his co-workers reported an alternative approach to prevent cystinuria 

based on crystal growth inhibition, which is achieved through the binding of tailored crystal 

growth inhibitors (aka molecular imposters), L-cystine dimethyl ester (CDME) and L-

cystine methyl ester (CME), to L-cystine crystal surfaces.9–12 Real-time in situ atomic force 

microscopy (AFM) revealed that CDME and CME dramatically reduce the growth velocity 

of six symmetry-equivalent {100} steps because of specific binding to crystal growth sites, 

which frustrates the further attachment of L-cystine molecules.9 CDME was found to 

significantly reduce stone burden in cystinuria mice compared with a water-treated group 

accompanied by the formation of smaller stones, but did not prevent stone formation.13 

Herein, we report the discovery of two novel L-cystine diamides, L-cystine bismorpholide 

(CDMOR, LH707 1a) and L-cystine bis(N′-methylpiperazide) (CDNMP, LH708, 1b),14 
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which are more effective inhibitors of L-cystine crystallization and exhibit significantly 

better stability. Moreover, both 1a and 1b are orally bioavailable and 1b is effective in vivo 

in inhibiting L-cystine crystallization and stone formation.

RESULTS AND DISCUSSION

Design Principle

CDME inhibits the crystallization of L-cystine in water at micromolar concentrations, which 

is below the concentrations needed to produce toxic effects in cells and animals.9 CDME 

was shown to be effective in reducing stone size and overall mass in a knockout mouse 

model of cystinuria.13 Its in vivo effectiveness after oral administration may be 

compromised by esterase-mediated hydrolysis; indeed, esters are commonly used prodrug 

forms and are readily converted in vivo to their precursor carboxylic acids.15,16 This 

prompted us to synthesize and evaluate more stable analogues of L-cystine that may serve as 

inhibitors of L-cystine crystallization. Out of a panel of Nα-methyl and diamide derivatives 

of L-cystine, 1a and 1b were selected and shown to be substantially more potent than 

CDME with respect to inhibiting bulk crystallization. They also are more stable than 

CDME, and preliminary in vivo studies in a knockout mouse model of cystinuria indicate 

that both 1a and 1b are orally bioavailable and 1b is effective in inhibiting L-cystine 

crystallization and stone formation.

Chemical Synthesis

As illustrated in Scheme 1, L-cystine diamides 1a and 1b were readily synthesized through 

the amidation of Boc-protected L-cystine 2 using HOBt-activated ester followed by 

deprotection of the Boc groups using 4 equiv of 4 N HCl in dioxane. Amidation using 

activated esters afforded higher yields and fewer side products than other coupling methods. 

The overall yields of the straightforward three-step synthesis were 40–50%. All compounds 

were characterized fully using 1H, 13C NMR and HRMS and were >95% pure based on 

NMR and HPLC.

Determination of L-Cystine Solubility Using a Fluorescence Assay after OPA/NBC 
Derivatization

A fluorescence-based assay using O-phthaldialdehyde (OPA) and N-Boc-cysteine (NBC) 

was used to measure the solubility of L-cystine in water based on a similar protocol reported 

previously for the analysis and resolution of L- and D-amino acids.17 OPA/NBC 

derivatization is fast and simple, but the reaction of OPA with cystine and NBC yielded 

derivatives with decreased fluorescence. In the protocol of Scheme 2, the disulfide bond in 

L-cystine (3) was reduced to L-cysteine (4) and the sulfhydryl group was then alkylated with 

iodoacetic acid to form S-carboxymethyl L-cysteine (5), which afforded the OPA/NBS 

derivative 6 with normal fluorescence.18

Effect on the Metastable Supersaturation Range of L-Cystine

A highly supersaturated solution of L-cystine was prepared in Millipore water according to 

the literature method.9 Solutions of 1a, 1b, or CDME were then added to the supersaturated 

solution of L-cystine in water to give supersaturated solutions of L-cystine containing 
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various concentrations of 1a, 1b, or CDME. After incubation of the mixtures at 25 °C for 72 

h, the solubility of L-cystine in the presence of a given concentration of each test compound 

was determined using the aforementioned fluorescence assay.

As illustrated in Figure 1, the concentration of L-cystine in the presence of 1a, 1b, and 

CDME is greater than the equilibrium solubility of L-cystine. This is a consequence of these 

crystal growth inhibitors increasing the metastable supersaturation range of L-cystine. In the 

absence of inhibitor, the concentration of L-cystine in the supernatant is approximately 1 

mM, somewhat greater than the reported equilibrium concentration of 0.7 mM,19 and 

identical to the value measured as part of a kinetic study of L-cystine crystal growth.11 The 

higher-than-expected concentration can be attributed to the limited time of incubation for 

crystallization and/or unknown adventitious impurities that inhibit crystallization, which is 

not unusual. At low inhibitor concentrations, the L-cystine concentration slightly exceeds the 

equilibrium concentration, corresponding to minimal inhibition. At high inhibitor 

concentration, the L-cystine concentration reaches a plateau at or near the initial L-cystine 

concentration in the supersaturated solution. The data reveal that 1a and 1b inhibit bulk 

crystallization more effectively than CDME. The concentration of an inhibitor that elevates 

the level of L-cystine supersaturation (aka L-cystine concentration in our assay) to twice the 

concentration of the lower plateaus, denoted as EC2x, is a useful metric for comparing the 

effectiveness of the crystallization inhibitors. The EC2x values for 1a and 1b were measured 

to be 0.86 and 0.26 μM, respectively, which are seven and twenty-four times that observed 

for CDME (EC2x = 6.37 μM). The upper plateau for 1a is lower than those for 1b and 

CDME, but this can be attributed to a lower L-cystine concentration in the initial 

supersaturated solution used to test 1a.

Atomic Force Microscopy (AFM) Study of L-Cystine Crystal Growth Inhibition

In situ AFM measurements of step velocities, which are known to correspond with crystal 

growth rates, were performed for hexagonal L-cystine crystals in aqueous solutions 

containing 2 mM L-cystine. The average step velocity of L-cystine in 2 mM L-cystine 

solution, without additives, was 9.44 ± 0.17 nm/s. The effect of additives was expressed by 

the quantity V/V0, where V is the step velocity measured in the presence of additives and V0 

is the velocity measured initially in the absence of additives (a lower V/V0 corresponds to 

greater inhibition). Like CDME, the V/V0 measured in the presence of 1a or 1b decreased 

with increasing additive concentration (Table 1). This is accompanied by a reduction in 

crystal mass yield as well as changes in morphology from plates to rods (in vitro). Step 

roughening was observed in the presence of 1a and 1b, like that reported previously for 

CDME.9 The extent of step roughening increases with additive concentration (Figure 2), 

consistent with the Cabrera–Vermilyea mechanism, in which adsorbed impurity particles 

block step propagation.20,21 The data reveal that the inhibition efficacies for 1a, 1b, and 

CDME, as deduced solely from the reduction of the {100} step velocities on the (001) basal 

plane, are comparable. The values of V/V0 are best represented as the range that is indicative 

of crystal growth inhibition. The range of V/V0 values corresponds to measurements made 

on different L-cystine crystals in different 2 mM L-cystine solutions by several operators. 

The observation of a range of V/V0 values reflects inherent uncertainty in the actual L-

cystine concentrations when working with metastable supersaturated L-cystine solutions as 
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well as small uncertainties in the very low inhibitor concentration. Moreover, measurement 

of V/V0 becomes more difficult when the step advancement rate becomes very slow due to 

higher inhibitor concentrations. Nonetheless, the V/V0 values for CDME, 1a, and 1b are 

comparable, supporting a common mechanism for crystal growth inhibition.

Chemical Stability

The chemical stabilities of 1a and 1b were determined in pH 7.4 phosphate buffered saline 

at 37 °C using LC-MS by following the disappearance of the test compounds (Figure 3). The 

half-life for CDME is shorter (t1/2 = ~2.7 h) than that measured for 1a and 1b (t1/2 = 19.8 

and 46.2 days, respectively), indicating that these L-cystine diamides are >170 times more 

stable than CDME under physiologically simulated conditions.

In Vivo Activity in a Genetic Mouse Model of Cystinuria

Slc3a1 knockout male mice were used to test the effectiveness of L-cystine diamides for the 

treatment of cystinuria. Two groups of six or seven mice were treated with either 1a or 1b at 

29.3 μmol/kg through daily gavage for 4 weeks, and a third control group of seven mice 

received water only. Five out of the seven mice in the control group formed stones. All six 

mice treated with 1a formed stones, but only one out of the group of seven mice treated with 

1b formed stones. These results indicate that 1b is effective while 1a is ineffective in 

preventing stone formation in cystinuria mice. In a previous study, CDME was shown to be 

effective in reducing stone size and stone burden in a knockout mouse model of cystinuria 

but had no effect on the number of mice that formed stones.13 Our preliminary in vivo study 

here suggests that 1b is a better candidate for stone prevention than CDME.

L-Cystine Diamides in Mouse Urine after Oral Dosing

Two groups of 4–5 wild-type male mice and two groups of Slc3a1 knockout male mice were 

treated with either 1a or 1b at 29.3 μmol/kg through daily gavage for 1 week and the urine of 

each mouse was collected individually during the 4 h period immediately after the last 

dosing. The amounts of L-cystine diamides in the urine samples were determined using LC-

MS/ MS and shown in Figure 4. While no test compounds were found in urine samples 

collected prior to oral dosing (data not shown), micromolar concentrations of 1a and 1b 
were found in the urine of each mouse after dosing, suggesting that these compounds are 

orally bioavailable. Interestingly, significantly higher concentrations of 1b were found in 

urine samples collected from the Slc3a1 knockout cystinuria mouse group than those from 

the normal mouse group (7.59 ± 1.34 μM vs 2.10 ± 0.57 μM for 1b). Significantly higher 

concentrations of 1b were found in mice with cystinuria as compared to 1a at equivalent oral 

doses (7.59 ± 1.34 μM for 1b vs 2.09 ± 0.62 μM for 1a). These unexpected results may 

indicate that the activities of other transporters are elevated after knocking out the Slc3a1 
gene which worked in our favor in the case of 1b but not in the case of 1a.

Molecular Modeling

Crystal morphology and adsorption/docking calculations were performed using BIOVIA’s 

Materials Studio software suite. Bravais–Friedel Donnay–Harker (BFDH) calculations 

provided a plausible explanation for the hexagonal plate habit observed experimentally,9 
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with a large (001) basal face and six small {100} faces, which have been identified as the 

fast-growing faces (i.e, fast growth normal to the {100} plane). Crystal growth inhibition 

will be most effective for additives that slow the advance of the {100} steps, as demonstrated 

previously.9

Crystal surfaces, such as those observed for L-cystine (Figure 2), are complex, decorated 

with steps and kinks that serve as sites for binding of solute molecules during crystal growth.
20 One approach to screening prospective crystal growth inhibitors is to calculate binding 

energies associated with adsorption to morphologically important crystal surfaces. Binding 

energies of the L-cystine diamides onto the fast growing {100} surface of L-cystine in an 

explicitly solvated environment (Figure 5) are listed in Table 1. Compounds 1a and 1b have 

binding energies greater in magnitude than L-cystine (−85.8 kcal/mol). The magnitude of the 

binding energy for 1b was greater than those of 1a and CDME, which is consistent with 

smaller EC2x observed for 1b (Figure 1).

CONCLUSIONS

In summary, L-cystine diamides 1a and 1b are potent inhibitors of L-cystine crystallization. 

These compounds reduce the {100} step velocities to an extent comparable to CDME but 

are more effective than CDME with respect to sustaining higher concentrations of L-cystine 

in solution, which is tantamount to inhibition of crystal growth. The inhibition of L-cystine 

crystallization in vitro by these two L-cystine diamides occurs at submicromolar 

concentrations, which are seven and twenty-four times lower than that of CDME. In situ 

AFM studies indicate that 1a, 1b, and CDME reduce step velocities by comparable amounts, 

accompanied by step roughening that is consistent with a step-pinning mechanism due to 

binding of the additives to {100} step sites on the (001) basal face. The observation that 1a 
and 1b are significantly more effective than CDME in inhibiting the bulk crystallization of 

L-cystine despite comparable step velocity reduction on the (001) face suggests that 1a and 

1b exert much stronger inhibition of growth on the {100} faces, which is supported by 

binding energy calculations on the flat {100} surface. The small size of the (100) faces has 

precluded AFM studies of the (100) faces and characterization of the active growth steps on 

the (100) faces. A reduction in the (100) step velocities on the (001) basal plane is an 

indicator of a good inhibitor, but we have found recently (using a combination of SEM and 

optical microscopy) that certain inhibitors, including 1a and 1b, are more effective with 

respect to inhibiting growth on the (100) face than CDME, which can account for the greater 

effectiveness of 1a and 1b. Furthermore, both 1a and 1b are more stable than CDME at 

physiological pH and temperature and are expected to be more resistant to proteolytic 

degradation. 1b effectively inhibited L-cystine stone formation in vivo in a genetic mouse 

model of cystinuria. At present, we have no data to indicate that there is disulfide metathesis 

that might possibly affect their in vivo activity. Both 1a and 1b were found in micromolar 

concentrations in mouse urine after seven daily oral gavage, indicating that they are orally 

bioavailable and can reach their site of action in the urine. L-Cystine bis(N′-
methylpiperazide), 1b, seems to be better absorbed in Slc3a1 knockout cystinuria mice than 

in normal mice. These results suggest that the L-cystine diamides may have utility as oral 

therapy for the prevention of L-cystine stones in people with cystinuria.
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EXPERIMENTAL SECTION

Synthesis of L-Cystine Diamides 1a–1b

L-Cystine bis(N′-methylpiperazide) (1b): To a solution of N,N′-bis(tert-butoxycarbonyl)-L-

cystine (8.81 g, 20 mmol) in DMF (80 mL) were added HOAt (8.01 g, 52.0 mmol), EDC 

(9.97 g, 52.0 mmol), 1-methylpiperazine (4.01 g, 40.0 mmol), and DIEA (17.47 mL, 100 

mmol). The reaction mixture was stirred at room temperature overnight. Then 200 mL of 

cold water was added (no precipitate formed). The solution was extracted with 

dichloromethane three times. The combined organic extracts were washed with brine, dried 

over MgSO4, filtered, concentrated, and purified by ISCO flash silica gel chromatography 

(DMF was removed by blowing nitrogen before column), eluted with dichloromethane–

6%MeOH in dichloromethane containing 0.5 M NH3 to give 7.21 g (60% yield) of the 

desired intermediate N,N′-bis(tert-butoxycarbonyl)-L-cystine bis(N′-methylpiperazide).

To a solution of N,N′-bis(tert-butoxycarbonyl)-L-cystine bis(N′-methylpiperazide) (5.2 g, 

8.60 mmol) in 50 mL of dichloromethane at 0 °C was added 4 M HCl in 1,4-dioxane (12.90 

mL, 51.6 mmol). Solid precipitate formed. The reaction mixture was stirred at room 

temperature for 2 h. The solid was collected by filtration, rinsed with cold ether, and dried in 

a vacuum oven at 50 °C to give 2.45 g (71% yield) of the desired product 1b. 1H NMR (500 

MHz, DMSO-d6, 100 °C) δ 2.80 (s, 6H), 3.31 (b, 4H), 3.31–3.46 (m, 8H), 3.98 (b, 8H), 4.7 

(t, 2H), 9.5 (b, 6H). 13C NMR (500 MHz, CD3OD) δ 167.36, 68.20, 54.88, 53.92, 51.01, 

43.73, 40.66. LC-MS (ESI+) m/z 404.9 [M + H]+. HRMS (ESI+) m/z calculated for 

C16H33N6O2S2
+ [M + H]+ 405.2101, found 405.2095.

L-Cystine bismorpholide (1a) was synthesized following the same procedure as that for 1b 
above. 1H NMR (400 MHz, CD3OD, δ): 3.26 (dd, 2H), 3.37 (dd, 2H), 3.55–3.76 (m, 8H), 

3.72–3.85 (m, 8H), 4.78 (dd, 2H). 13C NMR (500 MHz, CD3OD) δ 166.97, 68.21, 67.63, 

67.53, 50.70, 47.50, 44.13, 39.45. LC-MS (ESI+) m/z 378.8 [M + H]+. HRMS (ESI+) m/z 
calculated for C14H27N4O4S2

+ [M + H]+ 379.1468, found, 379.1480.

Fluorescence Assay for the Inhibition of L-Cystine Crystal Formation

First, 5 μL of each solution was added to 500 μL of L-cystine supersaturated solution as 

previously reported.9 The mixtures were allowed to stand at 25 °C for 72 h. At the end of 

incubation, the mixtures were centrifuged at 10000 rpm for 4 min and the supernatants were 

diluted 2-fold for concentration measurement. Each diluted mixture (10 μL), 0.1 M dibasic 

sodium phosphate solution (90 μL), and 10 μL of DTT solution (12.5 mM) were mixed at 

room temperature for 10 min before the addition of 10 μL of iodoacetic acid (100 mM) and 

continued incubation at room temperature for an additional 15 min. Derivatization was 

performed by the addition of 10 μL of OPA (100 mM in methanol) and 10 μL of NBC (100 

mM in methanol) for 3 min. Then 40 μL of the derivatized mixture was plated in a 384-well 

plate and fluorescence was read at Ex 355 nm/Em 460 nm to derive the concentrations of the 

original mixtures. More details can be found in Supporting Information.
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Molecular Modeling

Adsorption Locator in BIOVIA’s Materials Studio was used in docking the inhibitors onto 

the target surface and computing the sorption energies as Ebinding = Etotal interaction − 

Eslab.solvent − Esolvent.sorbate, where slab and sorbate refer to the surface slab of cystine crystal 

and the candidate inhibitor molecule, respectively. Possible adsorption configurations were 

identified by performing Monte Carlo searches of the configurational space through a 

simulated annealing procedure.22,23 The COMPASS force field24 was used in the evaluation 

of interaction energies. Binding energies without and with the presence of solvent (water) 

were computed and, in the latter case, water molecules were introduced explicitly into the 

model for binding energy calculations, with a nominal density of 1.0 g/cm3. The Bravais–

Friedel Donnay–Harker (BFDH) method25 was used in computing the crystal morphology 

and identifying fast growing crystal faces.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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ABBREVIATIONS USED

AFM atomic force microscopy

BFDH Bravais–Friedel Donnay–Harker

CDME L-cystine dimethyl ester

CDMOR L-cystine bismorpholide

CDNMP L-cystine bis(N′-methylpiperazide)

CME L-cystine methyl ester

LC-MS liquid chromatography mass spectrometry

MRM multiple reaction monitoring

NBC N-Boc-cysteine

NHS N-hydroxysuccimide

OPA O-phthaldialdehyde
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Figure 1. 
Effect of CDME and L-cystine diamides 1a and 1b on the aqueous concentration of L-

cystine. The errors bars represents the standard deviation calculated from the triplicate 

measurements.
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Figure 2. 
AFM images of crystal growth on the (001) basal plane in the presence of 1a, (A) 15 μM, 

(B) 30 μM, and (C) 45 μM, and 1b, (D) 15 μM, (E) 30 μM, and (F) 45 μM. All images were 

taken ~25 min after injection of inhibitor. The roughening of the {100} steps in the presence 

of 1a and 1b is evident.
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Figure 3. 
Chemical stability of L-cystine diamides 1a and 1b in PBS at 37°C in comparison to 

CDME.
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Figure 4. 
Drug concentration in mouse urine after 7 daily oral dosing of L-cystine diamides 1a and 

1b.
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Figure 5. 
Structure configurations of L-cystine (A), CDME (B), and 1b (C) when adsorbed onto the 

{100} surface of L-cystine crystal (in ball-and-stick presentation). Cystine and its derivatives 

are in space-filling representation at 60% of vdW radii; solvent (H2O) molecules are in line 

representation. Dashed blue lines represents selected hydrogen bonding between molecules.
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Scheme 1. Synthesis of 1a and 1b from Boc-L-cystinea

aReaction conditions: (i) HOAt, EDC, DIEA, (ii) morpholine or N-methylpiperazine, (iii) 4 

N HCl/dioxane
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Scheme 2. Fluorescence-Based Assay for L-Cystine Concentration Measurementa
aReaction conditions: (i) DTT, rt, 10 min, (ii) iodoacetic acid, rt, 15 min, (iii) O-

phthaldialdehyde (OPA)/N-Boc-cysteine (NBC), rt, 3 min
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