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SUMMARY: 34 

NMR-based activity assays have been developed to identify and characterize inhibitors of two 35 

nucleoside ribohydrolase enzymes. Protocols are provided for initial compound assays at 500 M 36 

and 250 M, dose-response assays for determining IC50 values, detergent counter screen assays, 37 

jump-dilution counter screen assays, and assays in E. coli whole cells.  38 

 39 

ABSTRACT: 40 

NMR spectroscopy is often used for the identification and characterization of enzyme inhibitors 41 

in drug discovery, particularly in the context of fragment screening. NMR-based activity assays 42 

are ideally suited to work at the higher concentrations of test compounds required to detect 43 

these weaker inhibitors. The dynamic range and chemical shift dispersion in an NMR experiment 44 
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can easily resolve resonances from substrate, product, and test compounds. This  contrasts with 45 

spectrophotometric assays, in which read-out interference problems often arise from 46 

compounds with overlapping UV-vis absorption profiles. In addition, since they lack reporter 47 

enzymes, the single-enzyme NMR assays are not prone to coupled-assay false positives. This 48 

attribute makes them useful as orthogonal assays, complementing traditional high throughput 49 

screening assays and benchtop triage assays. Detailed protocols are provided for initial 50 

compound assays at 500 M and 250 M, dose-response assays for determining IC50 values, 51 

detergent counter screen assays, jump-dilution counter screen assays, and assays in E. coli whole 52 

cells. The methods are demonstrated using two nucleoside ribohydrolase enzymes. The use of 1H 53 

NMR is shown for the purine-specific enzyme, while 19F NMR is shown for the pyrimidine-specific 54 

enzyme. The protocols are generally applicable to any enzyme where substrate and product 55 

resonances can be observed and distinguished by NMR spectroscopy. To be the most useful in 56 

the context of drug discovery, the final concentration of substrate should be no more than 2–3x 57 

its Km value. The choice of NMR experiment depends on the enzyme reaction and substrates 58 

available as well as available NMR instrumentation.  59 

 60 

INTRODUCTION: 61 

 62 

Nuclear magnetic resonance (NMR) spectroscopy is well-established for characterizing and 63 

monitoring enzyme reactions1,2. Differences in chemical shifts and coupling patterns are used to 64 

distinguish substrate and product resonances, and relative resonance intensities are used to 65 

quantify the percent of reaction. Both the consumption of substrate and the creation of product 66 

are directly observed in the NMR spectrum. This contrasts with spectrophotometry or 67 

fluorescence spectroscopy, in which the reaction time course is indicated by a change in 68 

absorbance attributable to some chemical species being consumed or created. Just as with the 69 

other methods, NMR can be used to study enzyme reactions as a function of temperature, pH, 70 

or other solution conditions, and the effects of inhibitors can be determined.  71 

 72 

More recently, NMR-based enzyme activity assays have been demonstrated for fragment 73 

screening3,4.  NMR-based assays are ideally suited to work at the higher concentrations of test 74 

compounds (often as high as 1 mM) required to detect these weaker inhibitors. The dynamic 75 

range and chemical shift dispersion in the NMR experiment can easily resolve resonances from 76 

substrate, product, and test compounds. This compares favorably to spectrophotometric assays 77 

where read-out interference problems often arise from compounds with overlapping UV-vis 78 

absorption profiles. In addition, since they lack reporter enzymes, the single-enzyme NMR assays 79 

are not prone to coupled-assay false positives. This advantage makes them useful as orthogonal 80 

assays, complementing traditional high throughput screening assays and benchtop triage assays5.   81 

 82 

In our research laboratory, NMR-based activity assays are used to identify and evaluate inhibitors 83 

of Trichomonas vaginalis nucleoside ribohydrolases. The T. vaginalis parasite causes the most 84 

prevalent non-viral sexually transmitted disease6. Increasing resistance to existing therapies7 is 85 

driving the need for novel, mechanism-based treatments, with essential nucleoside salvage 86 

pathway enzymes representing prime targets8. NMR-based activity assays have been developed 87 

for both pyrimidine- and purine-specific enzymes, uridine nucleoside ribohydrolase (UNH)9, and 88 
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adenosine/guanosine preferring nucleoside ribohydrolase (AGNH)10. The reactions catalyzed by 89 

these two enzymes are shown in Figure 1. The NMR assays are being used to screen fragment 90 

libraries for chemical starting points, determine IC50 values, and weed out aggregation-based or 91 

covalent binding inhibitors11. The same assays are also being translated to assess enzyme activity 92 

in whole cells12.  93 

 94 

Detailed protocols are provided for initial compound assays at 500 M and 250 M, dose-95 

response assays for determining IC50 values, detergent counter screen assays, jump-dilution 96 

counter screen assays, and assays in E. coli whole cells. The protocols are generally applicable to 97 

any enzyme in which substrate and product resonances can be observed and distinguished by 98 

NMR spectroscopy. Three assumptions have been made for simplicity. First, the substrate is not 99 

specified. For NMR-based activity assays to be useful, the final concentration of substrate should 100 

be no more than 2–3x the Km value4. In the examples shown, the final concentrations of 101 

adenosine and 5-fluorouridine are 100 M (Km = 54 M) and 50 M (Km = 15 M), respectively. 102 

In the protocols, achieving these concentrations corresponds to 12 L of 5 mM adenosine or 12 103 

L of 2.5 mM 5-fluorouridine.  104 

 105 

Second, the amount of enzyme provided for in the protocols, 5 L, was chosen to correspond to 106 

the amount required to result in approximately 75% conversion of substrate to product in 30 107 

min. This quantity typically represents a large dilution from a purified enzyme stock, and the 108 

dilution must be determined in advance for each enzyme. Purified AGNH and UNH enzyme stock 109 

solutions are stored at -80 °C in aliquots that provide enough enzyme for several thousand 110 

reactions. Thus, the dilution factor ideally only needs to be determined or validated every few 111 

months. Third, the specific 1D NMR experiment is not specified. In the representative results, 1H 112 

NMR is shown for AGNH10 and 19F NMR is shown for UNH9, with the NMR experiment described 113 

in the corresponding references. The choice of NMR experiment depends on the enzyme reaction 114 

and substrates available as well as available NMR instrumentation. Finally, it should be pointed 115 

out that the experimental approach described does not adhere to the strict requirements of 116 

quantitative NMR (qNMR)13,14. In the protocol, a percent reaction is determined using the relative 117 

changes in intensity of the same resonance in each spectrum, rather than by determining 118 

absolute concentrations. This approach eliminates the need for data acquisition and processing 119 

modifications as well as internal or external standards, which are required for qNMR.   120 

 121 

PROTOCOLS:  122 

 123 

1. Initial test compound assays at 500 M and 250 M 124 

 125 

1.1. Prepare substrate and test compound for reactions. 126 

 127 

1.1.1. Prepare stock solutions of substrate (adenosine or 5-fluorouridine) in water and 50 mM 128 

test compound in deuterated dimethyl sulfoxide (DMSO). Refer to the introduction section for 129 

concentrations of substrate solution to use. 130 

 131 
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1.1.2. Add 12 L of substrate (adenosine or 5-fluorouridine ) to each of four 1.5 mL microfuge 132 

tubes, 1–4. 133 

 134 

1.1.3. Add 6 L of deuterated DMSO to tubes 1 (0 min control) and 4 (30 min control).  Add 6 L 135 

of test compound to tube 2. Add 3 L of test compound and 3 L of deuterated DMSO to tube 3. 136 

 137 

1.2. Prepare sufficient reaction stock solution.  138 

 139 

NOTE: The stock solution is for five reactions that each contain 517 L of buffer, 60 L of 140 

deuterium oxide, and 5 L of enzyme solution (AGNH or UNH). Refer to the introduction section 141 

for concentrations of enzyme solution to use. 142 

 143 

1.2.1. Add 2.59 mL of reaction buffer (50 mM potassium phosphate, 0.3 M KCl, pH 6.5) to a 15 144 

mL conical tube. Add 300 L of deuterium oxide to the conical tube. Add 25 L of enzyme solution 145 

(AGNH or UNH) to the conical. 146 

 147 

1.2.2. Gently invert the conical tube twice to mix. 148 

 149 

1.3. Simultaneously initiate and quench the 0 min control reaction. Transfer 582 L of the 150 

reaction stock solution to a clean microfuge tube. Add 10 L of 1.5 M HCl to this microfuge tube. 151 

Transfer the combined 592 L to microfuge tube 1. Aspirate and dispense the sample twice in a 152 

slow but deliberate fashion. 153 

 154 

1.4. Initiate and run the remaining three reactions in staggered fashion. At time 0 min, transfer 155 

582 L of the reaction stock solution to microfuge tube 2. Aspirate and dispense the sample twice 156 

in a slow but deliberate fashion. Repeat at 30 s intervals for microfuge tubes 3 and 4. Wait 30 157 

min. 158 

 159 

1.5. Quench the reactions. At time 30 min, add 10 L of 1.5 M HCl to microfuge 2. Repeat at 160 

30 s intervals for microfuge tubes 3 and 4. Transfer 600 L of solution from each microfuge to 161 

NMR tubes. 162 

 163 

1.6. Acquire a 1D NMR spectrum on each sample. Process the data to ensure correct phasing 164 

and flat baselines. 165 

 166 

1.7. Calculate the percent conversion of substrate for control spectra. 167 

 168 

1.7.1. Overlay the spectra for 0 min and 30 min controls. Scale the substrate signal in the 0 min 169 

control to match the 30 min control. Note this percentage. 170 

 171 

1.7.2. Calculate the percent conversion as (100 – percentage determined in step 1.7.2). 172 

 173 

1.8. Calculate the percent conversion of substrate for reactions containing test compound. 174 
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 175 

1.8.1. Overlay spectra for the 0 min control and first reaction containing the 500 M test 176 

compound. Scale the substrate signal in the 0 min control to match the spectrum with test 177 

compound. Note this percentage. Calculate percent conversion as (100 – percentage determined 178 

in step 1.8.2). 179 

 180 

1.8.2. Repeat for the second reaction containing the 250 M test compound. 181 

 182 

1.9. Calculate the percent reaction and percent inhibition for each test compound 183 

concentration. 184 

 185 

1.9.1. Calculate the percent reaction as (1.8.3/1.7.3) x 100.  186 

 187 

1.9.2. Calculate the percent inhibition as (100 – percentage determined in step 1.9.1). 188 

 189 

2. Determination of IC50 values 190 

 191 

2.1. Prepare substrate and test compound for reactions. 192 

 193 

2.1.1. Prepare stock solutions of substrate (adenosine or 5-fluorouridine) in water and 10 mM 194 

test compound in deuterated DMSO. Refer to the introduction section for concentrations of 195 

substrate solution to use. 196 

 197 

2.2. Prepare serial dilutions of 10 mM test compound (in deuterated DMSO). 198 

 199 

2.2.1. Add 36 L deuterated DMSO to five 1.5 mL microfuge tubes, 1–5. 200 

 201 

2.2.2. Add 12 L 10 mM test compound to tube 1 and tap lightly to mix. Test compound is now 202 

2.5 mM. 203 

 204 

2.2.3. Transfer 12 L from tube 1 to tube 2 and tap lightly to mix. Test compound is now 0.63 205 

mM. Transfer 12 L from tube 2 to tube 3 and tap lightly to mix. Test compound is now 0.16 mM. 206 

Transfer 12 L from tube 3 to tube 4 and tap lightly to mix. Test compound is now 0.04 mM. 207 

Transfer 12 L from tube 4 to tube 5 and tap lightly to mix. Test compound is now 0.01 mM. 208 

 209 

2.3. Prepare 14 1.5 mL microfuge tubes for reactions. 210 

 211 

2.3.1. Add 12 L of substrate (adenosine or 5-fluorouridine) to each of 14 1.5 mL microfuge 212 

tubes, 1-14. 213 

 214 

2.3.2. Add 12 L of deuterated DMSO to tubes 1 (0 min control) and 14 (30 min control). 215 

 216 
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2.3.3. Add 12 L of 10 mM test compound to tubes 2 and 3. Add 12 L of 2.5 mM test compound 217 

to tubes 4 and 5. Add 12 L of 0.63 mM test compound to tubes 6 and 7. Add 12 L of 0.16 mM 218 

test compound to tubes 8 and 9. Add 12 L of 0.04 mM test compound to tubes 10 and 11. Add 219 

12 L of 0.01 mM test compound to tubes 12 and 13. 220 

 221 

2.4. Prepare sufficient reaction stock solution to run 15 reactions that contain 511 L of buffer, 222 

60 L of deuterium oxide, and 5 L of enzyme solution (AGNH or UNH) each. Refer to the 223 

introduction section for concentrations of enzyme solution to use. 224 

 225 

2.4.1. Add 7.67 mL of reaction buffer (50 mM potassium phosphate, 0.3 M KCl, pH = 6.5) to a 15 226 

mL conical tube. Add 900 L of deuterium oxide to the conical tube. Add 75 L of enzyme solution 227 

(AGNH or UNH) to the conical. 228 

 229 

2.4.2. Gently invert the conical tube 2x to mix. 230 

 231 

2.5. Follow the steps outlined in steps 1.3–1.9 to (using 576 L of reaction stock solution) to 232 

determine percent reaction for each test compound concentration. 233 

 234 

2.6. Calculate IC50 value using GraphPad Prism. 235 

 236 

2.6.1. Create a data table correlating the log of reaction test compound concentrations (200 237 

M, 50 M, 12.5 M, 3.13 M, 0.78 M, 0.20 M) with percent reaction (two values each). 238 

 239 

2.6.2. Use a nonlinear curve fit to determine the IC50 value and standard error. 240 

 241 

3. Detergent Counter Screen Assays at 100 M and 50 M 242 

 243 

3.1. Prepare substrate and test compound for reactions. 244 

 245 

3.1.1 Prepare stock solutions of substrate (adenosine or 5-fluorouridine) in water and 10 mM 246 

test compound in deuterated DMSO. Refer to the introduction section for concentrations of 247 

substrate solution to use. 248 

 249 

3.1.2. Add 12 L of substrate (adenosine or 5-fluorouridine) to each of eight 1.5 mL microfuge 250 

tubes, 1–8. 251 

 252 

3.1.3. Add 6 L of deuterated DMSO to tubes 1 and 5 (0 min controls) and 4 and 8 (30 min 253 

controls). Add 6 L of test compound to tubes 2 and 6. Add 3 L of test compound and 3 L of 254 

deuterated DMSO to tubes 3 and 7. 255 

 256 

3.2. Prepare sufficient reaction stock solution WITHOUT detergent to run five reactions that 257 

contain 517 L of buffer, 60 L of deuterium oxide, and 5 L of enzyme solution (AGNH or UNH) 258 

each. Refer to the introduction section for concentrations of enzyme solution to use. 259 
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 260 

3.2.1. Add 2.59 mL of reaction buffer (50 mM potassium phosphate, 0.3 M KCl, pH = 6.5) to a 15 261 

mL conical tube. Add 300 L of deuterium oxide to the conical tube. Add 25 L of enzyme solution 262 

(AGNH or UNH) to the conical. 263 

 264 

3.2.2. Gently invert the conical tube 2x to mix. 265 

 266 

3.3. Prepare sufficient reaction stock solution WITH 0.01% v/v Triton X-100 detergent to run 267 

five reactions that contain 517 L of buffer, 60 L of deuterium oxide, and 5 L of enzyme 268 

solution (AGNH or UNH) each. 269 

 270 

3.3.1. Add 2 L of Triton X-100 detergent to 20 mL of reaction buffer (50 mM potassium 271 

phosphate, 0.3 M KCl, pH = 6.5). Detergent solutions must be used within 1 day. 272 

 273 

3.3.2. Add 2.59 mL of reaction buffer containing 0.01% Triton X-100 detergent to a 15 mL conical 274 

tube. Add 300 L of deuterium oxide to the conical tube. Add 25 L of enzyme solution (AGNH 275 

or UNH) to the conical. 276 

 277 

3.3.3. Gently invert the conical tube 2x to mix. 278 

 279 

3.4. For tubes 1–4, using the reaction stock solution WITHOUT detergent, follow the steps 280 

outlined in steps 1.3–1.9 to determine the percent inhibition for each test compound 281 

concentration. 282 

 283 

3.5. For tubes 5–8, using the reaction stock solution WITH 0.01% v/v Triton X-100 detergent, 284 

follow the steps outlined in steps 1.3–1.9 to determine the percent inhibition for each test 285 

compound concentration. 286 

 287 

4. Jump-dilution counter screen assays 288 

 289 

4.1. Prepare the substrate and test compounds for reactions 290 

 291 

4.1.1 Prepare stock solutions of substrate (adenosine or 5-fluorouridine) in water and 10 mM 292 

test compound in deuterated DMSO. Refer to the introduction section for concentrations of 293 

substrate solution to use. 294 

 295 

4.1.2. Add 53.8 L of reaction buffer (50 mM potassium phosphate, 0.3 M KCl, pH = 6.5) to two 296 

1.5 mL microfuge tubes (each), 1 and 2. Add 5 L of enzyme (AGNH or UNH) to tubes 1 and 2. 297 

 298 

4.1.3 Add 511 L of reaction buffer to two 1.5 mL microfuge tubes, 3 and 4 (each). Add 60 L 299 

of deuterium oxide to tubes 3 and 4. Add 5 L of enzyme (AGNH or UNH) to tubes 3 and 4. 300 

 301 
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4.1.4. Add 1.2 L of deuterated DMSO to tube 1 (30 min control). Add 1.2 L of test compound 302 

to tube 2. Add 12 L of deuterated DMSO to tube 3 (30 min control). Add 12 L of test compound 303 

to tube 4. Incubate for 30 min. 304 

 305 

4.2. Prepare two 1.5 mL microfuge tubes with dilution solution. 306 

 307 

4.2.1. Add 468 L of reaction buffer to each of two 1.5 mL microfuge tubes, 5 and 6. Add 60 L 308 

of deuterium oxide to each tube (5 and 6). 309 

 310 

4.3. Prepare four 1.5 mL microfuge tubes for the reactions. 311 

 312 

4.3.1. Add 12 L of substrate (adenosine or 5-fluorouridine) to each of four 1.5 mL microfuge 313 

tubes, 7–10. 314 

 315 

4.4. Perform jump-dilutions and initiate the reactions. 316 

 317 

4.4.1. Transfer 528 L of solution from tube 5 to tube 1. Aspirate and dispense the sample twice 318 

in a slow but deliberate fashion. Transfer 528 L of solution from tube 6 to tube 2. Aspirate and 319 

dispense the sample twice in a slow but deliberate fashion. 320 

 321 

4.4.2. At time 0 min, transfer 588 L of solution from tube 1 to tube 7. Aspirate and dispense 322 

the sample 2x in a slow but deliberate fashion. At 30 s intervals, transfer 588 L of solution from 323 

tube 2 to tube 8, tube 3 to tube 9, and tube 4 to tube 10. Aspirate and dispense the sample twice 324 

in a slow but deliberate fashion. Wait 30 min. 325 

 326 

4.4. For tubes 7–10, follow the steps outlined in steps 1.5–1.9 to determine the percent 327 

inhibition for each test compound concentration. 328 

 329 

5. Compound assays in E. coli whole cells 330 

 331 

5.1. Prepare 10 mL overnight culture of E. coli on day preceding experiments. 332 

 333 

5.2. Prepare E. coli cells for NMR experiments. 334 

 335 

5.2.1. Centrifuge the cells in 1 mL aliquots for 10 min at 15,000 x g. 336 

 337 

5.2.2. Discard the supernatant and resuspend each aliquot of cells in 1 mL of reaction buffer (50 338 

mM potassium phosphate, 0.3 M KCl, pH = 6.5) by vortexing. 339 

 340 

5.3. Follow sections 1 or 2 for the desired assay with the following changes: 341 

 342 

5.3.1. Substitute 280 L of buffer in the reaction stock solution with 280 L of resuspended cells. 343 

 344 
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5.3.2. Substitute 5 L of enzyme (AGNH or UNH) in the reaction stock solution with 5 L of 345 

buffer. 346 

 347 

REPRESENTATIVE RESULTS: 348 

 349 

Figure 2 shows the results for testing two compounds against AGNH using 1H NMR following 350 

section 1. The enzyme reaction is most easily observed and quantified by the disappearance of 351 

adenosine singlet and doublet resonances at 8.48 ppm and 6.09 ppm, respectively, and the 352 

appearance of an adenine singlet resonance at 8.33 ppm as observed in the 30 min control 353 

spectrum. In the presence of 500 M compound 1, no product is formed as evidenced by the lack 354 

of an adenine resonance at 8.33 ppm. In the presence of 250 M compound 1, about 10% of the 355 

substrate has been converted to product. By contrast, neither concentration of compound 2 356 

inhibits the enzyme as evidenced by the substrate and product resonances resembling those in 357 

the 30 min control spectrum. This data identifies compound 1 as a good AGNH inhibitor. Note 358 

that resonances arising from compound 1 (7.70–8.00 and 8.50–8.60 ppm) and compound 2 359 

(7.40–7.80 ppm) are also observed. The same substrate and product resonances are used to 360 

monitor the reactions shown in Figure 4, Figure 6, Figure 8, and Figure 10. Figure 3 shows the 361 

results for testing two compounds against UNH using 19F NMR following section 1. The enzyme 362 

reaction is easily observed and quantified by the disappearance of the uridine resonance at -363 

165.8 ppm and the appearance of a uracil resonance at -169.2 ppm as observed in the 30 min 364 

control spectrum. For this enzyme, compound 2 completely inhibits the reaction at both 365 

concentrations whereas compound 1 has no effect. This data identifies compound 2 as a good 366 

UNH inhibitor. The same substrate and product resonances are used to monitor the reactions 367 

shown in Figure 5, Figure 7, Figure 9, and Figure 11.  368 

 369 

Figure 4 shows the dose-response NMR data and resulting IC50 curve obtained for a compound 370 

with AGNH activity using 1H NMR following section 2. NMR data is shown for only one of the 371 

duplicate trials. Note that resonances arising from the tested compound (6.90–7.40 ppm) do not 372 

interfere with the substrate or product resonances. The IC50 curve was fit using data from both 373 

trials and resulted in a value of 12.3 ± 5.0 M. This result is consistent with the NMR data in that 374 

significant loss of substrate signal is not observed until the compound concentration is reduced 375 

to 12.5 M. Figure 5 shows the dose-response NMR data and resulting IC50 curve obtained for a 376 

compound with UNH activity using 19F NMR following section 2. NMR data is shown for only one 377 

of the duplicate trials. The IC50 curve was fit using data from both trials and resulted in a value of 378 

16.7 ± 10.4 M. This value is consistent with the NMR data in that significant loss of substrate 379 

signal is not observed until the compound concentration is reduced to 12.5 M.  380 

 381 

Figure 6 shows the results for testing a compound at two concentrations against AGNH in the 382 

absence and presence of 0.01% Triton X-100 detergent using 1H NMR following section 3. Only 383 

minimal differences are observed in the intensities of the substrate and product signals using the 384 

two conditions, indicating that the observed enzyme inhibition is not an artifact of compound 385 

aggregation. Note that resonances arising from the tested compound (7.10–7.70 ppm) and Triton 386 

X-100 (6.90 and 7.40 ppm) do not interfere with the substrate or product resonances. Figure 7 387 
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shows the results for testing a compound at two concentrations against UNH in the absence and 388 

presence of 0.01% Triton X-100 detergent using 19F NMR following section 3. Only minimal 389 

differences are observed in the intensities of the substrate and product signals using the two 390 

conditions, indicating that the observed enzyme inhibition is not an artifact of compound 391 

aggregation. 392 

 393 

Figure 8 shows the results for testing a compound in the jump-dilution assay against AGNH using 394 
1H NMR following section 4. The reduced intensity of the substrate signal in the 20 M reaction 395 

compared to the 200 M reaction indicates that the inhibition is reversible. The tested compound 396 

has an IC50 value of 21.0 M, and its resonances are observed at 6.90–8.30 ppm. In this example, 397 

resonances from the compound interfere with those of the adenine product signal, and reaction 398 

progress is easier to monitor using the adenosine resonance at 6.09 ppm. Figure 9 shows the 399 

results for testing a compound in the jump-dilution assay against UNH using 19F NMR following 400 

section 4. The increased intensity of the product signal at -169.2 ppm in the 20 M reaction 401 

compared to the 200 M reaction indicates that the inhibition is reversible. The tested compound 402 

has an IC50 value of 16.7 M.   403 

 404 

Figure 10 shows the utility of the method for performing assays in whole cells using 1H NMR 405 

following section 5. The adenosine substrate signals are almost completely gone after 30 min in 406 

the presence of whole cells, indicating hydrolysis of the substrate. By contrast, the substrate 407 

remains unchanged after 30 min in the presence of cell growth media supernatant, indicating 408 

that the hydrolysis reaction is cell dependent. Note the presence of many background signals in 409 

the supernatant spectra, including intense triplet signals from NH4
+ ions at 6.90–7.15 ppm that 410 

are also present to a smaller degree in the whole cell spectra. Figure 11 shows the utility of the 411 

method for performing assays in whole cells using 19F NMR following section 5. The uridine 412 

substrate signal is completely gone after 60 min in the presence of whole cells, indicating 413 

hydrolysis of the substrate. By contrast, the substrate remains unchanged after 60 min in the 414 

presence of cell growth media supernatant, indicating that the hydrolysis reaction is cell 415 

dependent. 416 

 417 

FIGURE AND TABLE LEGENDS: 418 

 419 

Figure 1: Reactions catalyzed by UNH (top) and AGNH (bottom). Note that UNH will catalyze the 420 

hydrolysis of both uridine and 5-fluorouridine (shown). 421 

 422 

Figure 2: Representative initial compound assays at 500 M and 250 M against AGNH using 423 
1H NMR. Regions of the 1H NMR reaction spectra for two compounds, each at 500 M and 250 424 

M, along with 0 min and 30 min control spectra. The 0 min control spectrum contains adenosine 425 

substrate resonances at 6.09, 8.38, and 8.48 ppm. The 30 min control spectrum contains a new 426 

adenine product resonance at 8.33 ppm. Test spectra contain additional resonances arising from 427 

the compound tested.  1H chemical shifts were referenced to external trimethylsilylpropionic acid 428 

at 0.0 ppm. 429 

 430 



11 
 

Figure 3: Representative initial compound assays at 500 M and 250 M against UNH using 19F 431 

NMR. Regions of the 19F NMR reaction spectra for two compounds, each at 500 M and 250 M, 432 

along with 0 min and 30 min control spectra. The 0 min control spectrum contains a uridine 433 

substrate resonance at -165.8 ppm. The 30 min control spectrum contains a new uracil product 434 

resonance at -169.2 ppm. 19F chemical shifts were referenced to external 50 M trifluoroethanol 435 

at -76.7 ppm.   436 

 437 

Figure 4: Representative dose-response NMR data and resulting IC50 curve obtained for a 438 

compound with AGNH activity using 1H NMR. Regions of the 1H NMR reaction spectra for 439 

variable concentrations of a compound (200–0.20 M) along with 0 min and 30 min control 440 

spectra. Resonances from 6.90–7.40 ppm arise from the tested compound. The IC50 curve was fit 441 

using data from NMR data sets run in duplicate. 442 

 443 

Figure 5: Representative dose-response NMR data and resulting IC50 curve obtained for a 444 

compound with UNH activity using 19F NMR. Regions of the 19F NMR reaction spectra for variable 445 

concentrations of a compound (200–0.20 M) along with 0 min and 30 min control spectra. The 446 

IC50 curve was fit using data from NMR data sets run in duplicate. 447 

 448 

Figure 6: Representative detergent counter screen assays for a compound with AGNH activity 449 

using 1H NMR. Regions of the 1H NMR reaction spectra for a compound at 100 M and 50 M, 450 

along with 0 min and 30 min control spectra, in the presence and absence of 0.01% Triton X-100. 451 

Resonances at 7.10–7.70 ppm and 6.90 and 7.40 ppm arise from the tested compound and Triton 452 

X-100, respectively. 453 

 454 

Figure 7: Representative detergent counter screen assays for a compound with UNH activity 455 

using 19F NMR. Regions of the 19F NMR reaction spectra for a compound at 100 M and 50 M, 456 

along with 0 min and 30 min control spectra, in the presence and absence of 0.01% Triton X-100.  457 

 458 

Figure 8: Representative jump-dilution counter screen assays for a compound with AGNH 459 

activity using 1H NMR. Regions of the 1H NMR reaction spectra for a compound at 200 M and 460 

20 M, along with 30 min control spectra. Enzyme was incubated for 30 min at 200 M 461 

compound prior to the start of the reactions, with the 20 M reaction diluted immediately before 462 

initiating the reaction. Resonances at 6.90–8.30 ppm arise from the tested compound. 463 

 464 

Figure 9: Representative jump-dilution counter screen assays for a compound with UNH 465 

activity using 19F NMR. Regions of the 19F NMR reaction spectra for a compound at 200 M and 466 

20 M, along with 30 min control spectra. Enzyme was incubated for 30 min at 200 M 467 

compound prior to the start of the reactions, with the 20 M reaction diluted immediately before 468 

initiating the reaction. 469 

 470 

Figure 10: Representative assays in whole cells using 1H NMR. Regions of the 1H NMR reaction 471 

spectra for samples containing either 280 L of E. coli cells resuspended in buffer (0, 15, and 30 472 

min) or cell growth media supernatant (30 min).  473 
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 474 

Figure 11: Representative assays in whole cells using 19F NMR. Regions of the 19F NMR reaction 475 

spectra for samples containing either 280 L of E. coli cells resuspended in buffer (0, 15, 30, and 476 

60 min) or cell growth media supernatant (60 min).  477 

 478 

DISCUSSION: 479 

 480 

The protocols described are generally applicable to many enzymes, provided that the substrates 481 

and/or products have resolvable signals in the NMR spectrum.  However, it is critical that the 482 

concentration of substrate is close to its Km value and high enough to be detected in an NMR 483 

experiment within a reasonable timeframe. A substrate concentration no higher than 2–3x the 484 

Km value is optimal for detecting competitive, noncompetitive, and uncompetitive inhibitors4. As 485 

demonstrated here for UNH, substrate, Km values as low as 15 M are suitable. The use of 486 

substrates with CH3 or CF3 signals, coupled with NMR data collection on cryogenic probes, can 487 

lower this threshold even further15. Enzymes that have substrate Km values below 1 M, however, 488 

are likely difficult to study using this method because of the inherent low sensitivity of the NMR 489 

experiment. In these situations, spectrophotometry or fluorescence spectroscopy are more 490 

suitable techniques.  491 

 492 

Another limitation to the application of these methods is a suitable quenching agent. All of the 493 

protocols described here are fixed-time assays, with the reaction quenched after 30 min by the 494 

addition of HCl. For both AGNH and UNH, it had been previously determined that HCl 495 

immediately stopped the reaction, and kept it stopped for periods of weeks9, 10. This is important 496 

since dozens of reactions are often run simultaneously and then queued for NMR data collection 497 

over a period of several hours. It is also important to establish that non-enzymatic degradation 498 

of the substrate or product signals does not occur subsequent to quenching but prior to NMR 499 

data collection. In addition to HCl, other common ways to quench reactions are by the addition 500 

of a known nanomolar inhibitor16 or, in the case of reactions involving adenosine triphosphate, 501 

the addition of chelating agent ethylenediaminetetraacetic acid17. 502 

 503 

NMR-based activity assays provide added value when used for fragment screening or orthogonal 504 

assays to validate high-throughput screening hits4. In contrast to binding assays, NMR-based 505 

activity assays identify or confirm compounds as actual inhibitors. The activity assays also use far 506 

less target enzyme than do binding assays. The same methods are incredibly robust for two types 507 

of counter screens carried out to validate reversible, target-specific activity and rule out 508 

artifactual assay activity18. Detergent and jump-dilution assays are counter-screens for colloidal 509 

aggregation19 and irreversible inhibition20, respectively. Compounds that pass these tests are 510 

validated starting points for medicinal chemistry and structure-guided inhibitor optimization. The 511 

NMR-based activity assays can continue to provide compound activity data as the project 512 

progresses toward nanomolar inhibitors.  513 

 514 

Finally, the utility of these assays for monitoring reactions in whole cells is noteworthy21. 515 

Correlating inhibition of purified enzyme with inhibition of in-cell enzyme would provide 516 

definitive proof of the biochemical mechanism underlying the observed phenotypic effect22. For 517 
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the two enzymes presented here, the desired phenotypic effect is loss of viability 518 

(antitrichomonal activity). A correlation between purified enzyme inhibition, in-cell enzyme 519 

inhibition, and parasite cell death would constitute proof of the inhibitor mechanism of action.   520 

 521 

ACKNOWLEDGMENTS: 522 

We thank Dr. Dean Brown for providing compounds from the AstraZeneca fragment library and 523 

Dr. David Parkin for providing the AGNH and UNH enzymes. Research reported in this publication 524 

was supported by the National Institute of Allergy and Infectious Diseases of the National 525 

Institutes of Health under Award Number R15AI128585 to B. J. S. The content is solely the 526 

responsibility of the authors and does not necessarily represent the official views of the National 527 

Institutes of Health. Research was also supported by a Horace G. McDonell Summer Research 528 

Fellowship awarded to S. N. M., a Landesberg Family Fellowship awarded to J. A. G., and Faculty 529 

Development Grants and Frederick Bettelheim Research Award from Adelphi University to B. J. 530 

S.  531 

 532 

DISCLOSURES: 533 

The authors have nothing to disclose. 534 

 535 

REFERENCES: 536 

1.  Jardetzky, O., Roberts, G. C. K. NMR in Molecular Biology. Academic Press. New York 537 

(1981). 538 

2.  Evans, J. N. S. Biomolecular NMR spectroscopy. Oxford University Press. Oxford, UK. 539 

(1995). 540 

3.  Dalvit, C. et al. A general NMR method for rapid, efficient, and reliable biochemical 541 

screening. Journal of the American Chemical Society. 125, 14620-14625 (2003). 542 

4.  Dalvit, C. Ligand- and substrate-based 19F NMR screening: Principles and applications to 543 

drug discovery. Progress in NMR Spectroscopy. 51, 243-271 (2007). 544 

5.  Stockman, B. J. et al. Identification of allosteric PIF-pocket ligands for PDK1 using NMR-545 

based fragment screening and 1H-15N TROSY experiments. Chemical Biology & Drug 546 

Design. 73, 179-188 (2009). 547 

6.  Hirt, R. P., Sherrard, J. Trichomonas vaginalis origins, molecular pathobiology and clinical 548 

considerations. Current Opinion in Infectious Diseases. 28, 72-79 (2015). 549 

7.  Conrad, M. D., Bradic, M., Warring, S. D., Gorman, A. W., Carlton, J. M. (2013) Getting 550 

trichy: Tools and approaches to interrogating Trichomonas vaginalis in a post-genome 551 

world. Trends in Parasitology. 29, 17-25 (2013). 552 

8.  Versées, W., Steyaert, J. Catalysis by nucleoside hydrolases. Current Opinion in Structural 553 

Biology. 13, 731–738 (2003). 554 

9.  Shea, T. A. et al. Identification of proton-pump inhibitor drugs that inhibit Trichomonas 555 

vaginalis uridine nucleoside ribohydrolase. Bioorganic & Medicinal Chemistry Letters. 24, 556 

1080-1084 (2014). 557 

10.  Beck, S., Muellers, S. N., Benzie, A. L., Parkin, D. W., Stockman, B. J. Adenosine/guanosine 558 

preferring nucleoside ribohydrolase is a distinct, druggable antitrichomonal target. 559 

Bioorganic & Medicinal Chemistry Letters. 25, 5036-5039 (2015). 560 



14 
 

11.  Muellers, S. N. et al. Ligand-efficient inhibitors of Trichomonas vaginalis 561 

adenosine/guanosine preferring nucleoside ribohydrolase. ACS Infectious Diseases. 5, 562 

345-352 (2019). 563 

12.  Veronesi, M. et al. Fluorine nuclear magnetic resonance-based assay in living mammalian 564 

cells. Analytical Biochemistry. 495, 52-59 (2016). 565 

13.  Holzgrabe, U. Quantitative NMR spectroscopy in pharmaceutical applications. Progress in 566 

NMR Spectroscopy. 57, 229-240 (2010). 567 

14.  Bharti, S.K., Roy, R. Quantitative 1H NMR spectroscopy. Trends in Analytical Chemistry 35, 568 

5-26 (2012). 569 

15.  Dalvit, C. et al. Sensitivity improvement in 19F NMR-based screening experiments:  570 

Theoretical considerations and experimental applications. Journal of the American 571 

Chemical Society. 127, 13380-13385 (2005). 572 

16.  Lambruschini, C. et al. Development of fragment‐based n‐FABS NMR screening applied to 573 

the membrane enzyme FAAH. ChemBioChem. 14, 1611-1619 (2013). 574 

17.  Stockman, B. J. 2-Fluoro-ATP as a versatile tool for 19F NMR-based activity screening. 575 

Journal of the American Chemical Society. 130, 5870-5871 (2008). 576 

18.  Aldrich, C. et al. The ecstasy and agony of assay interference compounds. ACS Central 577 

Science. 3, 143-147 (2017). 578 

19.  Feng, B. Y., Shoichet, B. K. A detergent-based assay for the detection of promiscuous 579 

inhibitors. Nature Protocols. 1, 550-553 (2006). 580 

20.  Copeland, R. A., Basavapathruni, A., Moyer, M., Scott, M. P. Impact of enzyme 581 

concentration and residence time on apparent activity recovery in jump dilution analysis. 582 

Analytical Biochemistry. 416, 206-210 (2011). 583 

21.  Griveta, J. -P., Delort, A. -M. NMR for microbiology: In vivo and in situ applications. 584 

Progress in NMR Spectroscopy. 54, 1-53 (2009). 585 

22.  Nijman, S. M. B. Functional genomics to uncover drug mechanism of action. Nature 586 

Chemical Biology. 11, 942–948 (2015). 587 



O
H
N O

N O

HO
OH

OH

OH

HO

HO
O

N

N

NH2

N

N

F

O

HO
OH

OH
O

H
N O

NH
F

N
H

N

NH2

N

N

HO

O

HO
OH

OH

HO

UNH

AGNH
H2O

H2O
+

+

Figure1 Click here to access/download;Figure;Figure1.eps

https://www.editorialmanager.com/jove/download.aspx?id=1031660&guid=b10eca20-5b9b-4600-99b4-18bdc679e5a4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031660&guid=b10eca20-5b9b-4600-99b4-18bdc679e5a4&scheme=1


Figure2 Click here to access/download;Figure;Figure2.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031661&guid=66a31c3e-e6f8-4137-b4a7-a41cf1d7454f&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031661&guid=66a31c3e-e6f8-4137-b4a7-a41cf1d7454f&scheme=1


Figure3 Click here to access/download;Figure;Figure3.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031662&guid=2dcb4e38-aad1-4326-b4b7-cff16d4eab20&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031662&guid=2dcb4e38-aad1-4326-b4b7-cff16d4eab20&scheme=1


Figure4 Click here to access/download;Figure;Figure4.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031663&guid=a7d9ecee-357a-47ca-96ee-904c508aede4&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031663&guid=a7d9ecee-357a-47ca-96ee-904c508aede4&scheme=1


Figure5 Click here to access/download;Figure;Figure5.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031664&guid=f89c3017-cd00-4a2e-a9ef-e3eee254f353&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031664&guid=f89c3017-cd00-4a2e-a9ef-e3eee254f353&scheme=1


Figure6 Click here to access/download;Figure;Figure6.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031665&guid=020c6924-8556-4fca-b244-afeabfdf7f59&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031665&guid=020c6924-8556-4fca-b244-afeabfdf7f59&scheme=1


Figure7 Click here to access/download;Figure;Figure7.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031666&guid=39e1b5ea-379c-497a-a23f-56d8bc2f04c2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031666&guid=39e1b5ea-379c-497a-a23f-56d8bc2f04c2&scheme=1


Figure8 Click here to access/download;Figure;Figure8.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031667&guid=7d373d1b-d6cf-47e4-be23-3859b5be6e2e&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031667&guid=7d373d1b-d6cf-47e4-be23-3859b5be6e2e&scheme=1


Figure9 Click here to access/download;Figure;Figure9.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031668&guid=8a92a2a1-91f6-4e2d-a2dc-6c45ba7fb0f2&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031668&guid=8a92a2a1-91f6-4e2d-a2dc-6c45ba7fb0f2&scheme=1


Figure10 Click here to access/download;Figure;Figure10.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031669&guid=98e147d9-ff47-4669-bc33-137c61965cf3&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031669&guid=98e147d9-ff47-4669-bc33-137c61965cf3&scheme=1


Figure11 Click here to access/download;Figure;Figure11.tif

https://www.editorialmanager.com/jove/download.aspx?id=1031670&guid=74a233c7-b89d-43d6-920f-52d7c9659a71&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031670&guid=74a233c7-b89d-43d6-920f-52d7c9659a71&scheme=1


Name of Reagent/Equipment Company Catalog Number Comments/Description

AGNH Purified in-house N/A TVAG_213720

UNH Purified in-house N/A TVAG_092730

Adenosine Sigma A9251

5-Fluorouridine Sigma F5130

Dimethyl sulfoxide-D6 Cambridge Isotope Labs DLM-10-100 D, 99.9%

Potassium phosphate monobasic Sigma P0662

Potassium phosphate dibasic Sigma P3786

Potassium chloride Sigma P9541

Deuterium oxide Cambridge Isotope Labs DLM-4-100 D, 99.9%

Hydrochloric acid Fisher Chemical A144212

Triton X-100 Sigma X100
3-(Trimethylsilyl)propionic-2,2,3,3,-d4 

acid sodium salt (TSP) Sigma 269913 D, 98%

2,2,2-Trifluoroethanol-1,1-d2 Sigma 612197 D, 99.5%

Pipette Gilson F123602 PIPETMAN Classic P1000

Pipette Gilson F123601 PIPETMAN Classic P200

Pipette Gilson F123600 PIPETMAN Classic P20

Microfuge tubes Fisher Scientific 05-408-129

Conical tubes Corning 352099

Microcentrifuge Eppendorf 5418

Vortex mixer Fisher Scientific 02215365

NMR tubes Norell 502-7 Or as appropriate for the NMR

NMR spectrometer Bruker N/A AvanceIII500

Prism software GraphPad N/A Version 5.04

Table of Materials Click here to access/download;Table of Materials;JoVE_Materials_041119.xlsx

https://www.editorialmanager.com/jove/download.aspx?id=1031671&guid=04de8112-2364-4d31-86cd-233c353d9404&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031671&guid=04de8112-2364-4d31-86cd-233c353d9404&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 
 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

Title of Article:  
 
Author(s):  
 
 
Item 1: The Author elects to have the Materials be made available (as described at 
http://www.jove.com/publish) via: 

 Standard Access   Open Access
 
Item 2: Please select one of the following items: 

 The Author is NOT a United States government employee. 

 The Author is a United States government employee and the Materials were prepared in the 
course of his or her duties as a United States government employee. 

 The Author is a United States government employee but the Materials were NOT prepared in the 
course of his or her duties as a United States government employee. 

 
ARTICLE AND VIDEO LICENSE AGREEMENT 

 
1. Defined Terms. As used in this Article and Video 
License Agreement, the following terms shall have the 
following meanings: “Agreement” means this Article and 
Video License Agreement; “Article” means the article 
specified on the last page of this Agreement, including any 
associated materials such as texts, figures, tables, artwork, 
abstracts, or summaries contained therein; “Author” 
means the author who is a signatory to this Agreement; 
“Collective Work” means a work, such as a periodical issue, 
anthology or encyclopedia, in which the Materials in their 
entirety in unmodified form, along with a number of other 
contributions, constituting separate and independent 
works in themselves, are assembled into a collective whole; 
“CRC License” means the Creative Commons Attribution-
Non Commercial-No Derivs 3.0 Unported Agreement, the 
terms and conditions of which can be found at: 
http://creativecommons.org/licenses/by-nc-
nd/3.0/legalcode; “Derivative Work” means a work based 
upon the Materials or upon the Materials and other pre-
existing works, such as a translation, musical arrangement, 
dramatization, fictionalization, motion picture version, 
sound recording, art reproduction, abridgment, 
condensation, or any other form in which the Materials may 
be recast, transformed, or adapted; “Institution” means 
the institution, listed on the last page of this Agreement, by 
which the Author was employed at the time of the creation 
of the Materials; “JoVE” means MyJove Corporation, a 
Massachusetts corporation and the publisher of The Journal 
of Visualized Experiments; “Materials” means the Article 
and / or the Video; “Parties” means the Author and JoVE; 
“Video” means any video(s) made by the Author, alone or 
in conjunction with any other parties, or by JoVE or its 
affiliates or agents, individually or in collaboration with the 
Author or any other parties, incorporating all or any portion 

of the Article, and in which the Author may or may not 
appear. 
2. Background. The Author, who is the author of the 
Article, in order to ensure the dissemination and protection 
of the Article, desires to have the JoVE publish the Article 
and create and transmit videos based on the Article. In 
furtherance of such goals, the Parties desire to memorialize 
in this Agreement the respective rights of each Party in and 
to the Article and the Video. 
3. Grant of Rights in Article. In consideration of JoVE 
agreeing to publish the Article, the Author hereby grants to 
JoVE, subject to Sections 4 and 7 below, the exclusive, 
royalty-free, perpetual (for the full term of copyright in the 
Article, including any extensions thereto) license (a) to 
publish, reproduce, distribute, display and store the Article 
in all forms, formats and media whether now known or 
hereafter developed (including without limitation in print, 
digital and electronic form) throughout the world, (b) to 
translate the Article into other languages, create 
adaptations, summaries or extracts of the Article or other 
Derivative Works (including, without limitation, the Video) 
or Collective Works based on all or any portion of the Article 
and exercise all of the rights set forth in (a) above in such 
translations, adaptations, summaries, extracts, Derivative 
Works or Collective Works and(c) to license others to do any 
or all of the above. The foregoing rights may be exercised in 
all media and formats, whether now known or hereafter 
devised, and include the right to make such modifications 
as are technically necessary to exercise the rights in other 
media and formats. If the “Open Access” box has been 
checked in Item 1 above, JoVE and the Author hereby grant 
to the public all such rights in the Article as provided in, but 
subject to all limitations and requirements set forth in, the 
CRC License. 

 

 

NMR-based activity assays for determining compound inhibition, IC50 values, artifactual activity, 
and whole cell activity of nucleoside ribohydrolases

Brian J Stockman, Abinash Kaur, Julia K Persaud, Maham Mahmood, Samantha F Thuilot, Melissa B Emilcar, Madison Canestrari, 
Juliana A Gonzalez, Shannon Auletta, Vital Sapojnikov, Wagma Caravan, Samantha N Muellers

Author License Agreement (ALA) Click here to access/download;Author License Agreement
(ALA);Author_License_Agreement_BJS.pdf

https://www.editorialmanager.com/jove/download.aspx?id=1031672&guid=8363ac04-a8b5-4521-b046-9c2cff61629d&scheme=1
https://www.editorialmanager.com/jove/download.aspx?id=1031672&guid=8363ac04-a8b5-4521-b046-9c2cff61629d&scheme=1


ARTICLE AND VIDEO LICENSE AGREEMENT 
 

612542.6 For questions, please contact us at submissions@jove.com or +1.617.945.9051. 

4. Retention of Rights in Article. Notwithstanding 
the exclusive license granted to JoVE in Section 3 above, the 
Author shall, with respect to the Article, retain the non-
exclusive right to use all or part of the Article for the non-
commercial purpose of giving lectures, presentations or 
teaching classes, and to post a copy of the Article on the 
Institution’s website or the Author’s personal website, in 
each case provided that a link to the Article on the JoVE 
website is provided and notice of JoVE’s copyright in the 
Article is included. All non-copyright intellectual property 
rights in and to the Article, such as patent rights, shall 
remain with the Author. 
5. Grant of Rights in Video – Standard Access. This 
Section 5 applies if the “Standard Access” box has been 
checked in Item 1 above or if no box has been checked in 
Item 1 above. In consideration of JoVE agreeing to produce, 
display or otherwise assist with the Video, the Author 
hereby acknowledges and agrees that, Subject to Section 7 
below, JoVE is and shall be the sole and exclusive owner of 
all rights of any nature, including, without limitation, all 
copyrights, in and to the Video. To the extent that, by law, 
the Author is deemed, now or at any time in the future, to 
have any rights of any nature in or to the Video, the Author 
hereby disclaims all such rights and transfers all such rights 
to JoVE. 
6. Grant of Rights in Video – Open Access. This 
Section 6 applies only if the “Open Access” box has been 
checked in Item 1 above. In consideration of JoVE agreeing 
to produce, display or otherwise assist with the Video, the 
Author hereby grants to JoVE, subject to Section 7 below, 
the exclusive, royalty-free, perpetual (for the full term of 
copyright in the Article, including any extensions thereto) 
license (a) to publish, reproduce, distribute, display and 
store the Video in all forms, formats and media whether 
now known or hereafter developed (including without 
limitation in print, digital and electronic form) throughout 
the world, (b) to translate the Video into other languages, 
create adaptations, summaries or extracts of the Video or 
other Derivative Works or Collective Works based on all or 
any portion of the Video and exercise all of the rights set 
forth in (a) above in such translations, adaptations, 
summaries, extracts, Derivative Works or Collective Works 
and (c) to license others to do any or all of the above. The 
foregoing rights may be exercised in all media and formats, 
whether now known or hereafter devised, and include the 
right to make such modifications as are technically 
necessary to exercise the rights in other media and formats. 
For any Video to which this Section 6 is applicable, JoVE and 
the Author hereby grant to the public all such rights in the 
Video as provided in, but subject to all limitations and 
requirements set forth in, the CRC License. 
7. Government Employees. If the Author is a United 
States government employee and the Article was prepared 
in the course of his or her duties as a United States 
government employee, as indicated in Item 2 above, and 
any of the licenses or grants granted by the Author 
hereunder exceed the scope of the 17 U.S.C. 403, then the 
rights granted hereunder shall be limited to the maximum 

rights permitted under such statute. In such case, all 
provisions contained herein that are not in conflict with 
such statute shall remain in full force and effect, and all 
provisions contained herein that do so conflict shall be 
deemed to be amended so as to provide to JoVE the 
maximum rights permissible within such statute. 
8. Protection of the Work. The Author(s) authorize 
JoVE to take steps in the Author(s) name and on their behalf 
if JoVE believes some third party could be infringing or 
might infringe the copyright of either the Author’s Article 
and/or Video. 
9. Likeness, Privacy, Personality. The Author hereby 
grants JoVE the right to use the Author’s name, voice, 
likeness, picture, photograph, image, biography and 
performance in any way, commercial or otherwise, in 
connection with the Materials and the sale, promotion and 
distribution thereof. The Author hereby waives any and all 
rights he or she may have, relating to his or her appearance 
in the Video or otherwise relating to the Materials, under 
all applicable privacy, likeness, personality or similar laws. 
10. Author Warranties. The Author represents and 
warrants that the Article is original, that it has not been 
published, that the copyright interest is owned by the 
Author (or, if more than one author is listed at the beginning 
of this Agreement, by such authors collectively) and has not 
been assigned, licensed, or otherwise transferred to any 
other party. The Author represents and warrants that the 
author(s) listed at the top of this Agreement are the only 
authors of the Materials. If more than one author is listed 
at the top of this Agreement and if any such author has not 
entered into a separate Article and Video License 
Agreement with JoVE relating to the Materials, the Author 
represents and warrants that the Author has been 
authorized by each of the other such authors to execute this 
Agreement on his or her behalf and to bind him or her with 
respect to the terms of this Agreement as if each of them 
had been a party hereto as an Author. The Author warrants 
that the use, reproduction, distribution, public or private 
performance or display, and/or modification of all or any 
portion of the Materials does not and will not violate, 
infringe and/or misappropriate the patent, trademark, 
intellectual property or other rights of any third party. The 
Author represents and warrants that it has and will 
continue to comply with all government, institutional and 
other regulations, including, without limitation all 
institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy, and all other rules, regulations, 
laws, procedures or guidelines, applicable to the Materials, 
and that all research involving human and animal subjects 
has been approved by the Author's relevant institutional 
review board. 
11. JoVE Discretion. If the Author requests the 
assistance of JoVE in producing the Video in the Author’s 
facility, the Author shall ensure that the presence of JoVE 
employees, agents or independent contractors is in 
accordance with the relevant regulations of the Author's 
institution. If more than one author is listed at the 
beginning of this Agreement, JoVE may, in its sole 
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discretion, elect not take any action with respect to the 
Article until such time as it has received complete, executed 
Article and Video License Agreements from each such 
author. JoVE reserves the right, in its absolute and sole 
discretion and without giving any reason therefore, to 
accept or decline any work submitted to JoVE. JoVE and its 
employees, agents and independent contractors shall have 
full, unfettered access to the facilities of the Author or of 
the Author’s institution as necessary to make the Video, 
whether actually published or not. JoVE has sole discretion 
as to the method of making and publishing the Materials, 
including, without limitation, to all decisions regarding 
editing, lighting, filming, timing of publication, if any, 
length, quality, content and the like.  
12. Indemnification. The Author agrees to indemnify 
JoVE and/or its successors and assigns from and against any 
and all claims, costs, and expenses, including attorney’s 
fees, arising out of any breach of any warranty or other 
representations contained herein. The Author further 
agrees to indemnify and hold harmless JoVE from and 
against any and all claims, costs, and expenses, including 
attorney’s fees, resulting from the breach by the Author of 
any representation or warranty contained herein or from 
allegations or instances of violation of intellectual property 
rights, damage to the Author’s or the Author’s institution’s 
facilities, fraud, libel, defamation, research, equipment, 
experiments, property damage, personal injury, violations 
of institutional, laboratory, hospital, ethical, human and 
animal treatment, privacy or other rules, regulations, laws, 
procedures or guidelines, liabilities and other losses or 
damages related in any way to the submission of work to 
JoVE, making of videos by JoVE, or publication in JoVE or 
elsewhere by JoVE. The Author shall be responsible for, and 
shall hold JoVE harmless from, damages caused by lack of 
sterilization, lack of cleanliness or by contamination due to 

the making of a video by JoVE its employees, agents or 
independent contractors. All sterilization, cleanliness or 
decontamination procedures shall be solely the 
responsibility of the Author and shall be undertaken at the 
Author’s expense. All indemnifications provided herein 
shall include JoVE’s attorney’s fees and costs related to said 
losses or damages. Such indemnification and holding 
harmless shall include such losses or damages incurred by, 
or in connection with, acts or omissions of JoVE, its 
employees, agents or independent contractors. 
13. Fees. To cover the cost incurred for publication, 
JoVE must receive payment before production and 
publication of the Materials. Payment is due in 21 days of 
invoice. Should the Materials not be published due to an 
editorial or production decision, these funds will be 
returned to the Author. Withdrawal by the Author of any 
submitted Materials after final peer review approval will 
result in a US$1,200 fee to cover pre-production expenses 
incurred by JoVE. If payment is not received by the 
completion of filming, production and publication of the 
Materials will be suspended until payment is received. 
14. Transfer, Governing Law. This Agreement may be 
assigned by JoVE and shall inure to the benefits of any of 
JoVE’s successors and assignees. This Agreement shall be 
governed and construed by the internal laws of the 
Commonwealth of Massachusetts without giving effect to 
any conflict of law provision thereunder. This Agreement 
may be executed in counterparts, each of which shall be 
deemed an original, but all of which together shall be 
deemed to me one and the same agreement. A signed copy 
of this Agreement delivered by facsimile, e-mail or other 
means of electronic transmission shall be deemed to have 
the same legal effect as delivery of an original signed copy 
of this Agreement.
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April 18, 2019 

 
Bing Wu, Ph.D. 
Review Editor 
Journal of Visualized Experiments 
 
Dear Dr. Wu:  
 
The 3rd revised manuscript titled ‘NMR-based activity assays for determining compound inhibition, 
IC50 values, artifactual activity, and whole cell activity of nucleoside ribohydrolases’ authored by Brian 
J. Stockman, Abinash Kaur, Julia K. Persaud, Maham Mahmood, Samantha F. Thuilot, Melissa B. 
Emilcar, Madison Canestrari, Juliana A. Gonzalez, Shannon Auletta, Vital Sapojnikov, Wagma 
Caravan, and Samantha N. Muellers is being submitted for publication in JoVE Chemistry.  The 
following changes have been made in response to editorial comments: 

 
1. This has been done.  Please advise if there are remaining specific concerns. 
 
2. I specified that the substrate that we use is either adenosine or 5-fluorouridine, and also that the 
enzyme is either AGNH or UNH.  However, these will be different for anybody else that uses the 
protocol on their own enzyme.  Regarding the ‘test compound’ I am not sure what to do here.  We test 
thousands of compounds, many of which we do not even know the chemical identity.  I am wondering 
if you can send me a PDF of any other ‘screening’ protocols that have been published in JoVE.  How 
has this issue been handled by others?  For instance, how was this handled in doi: 10.3791/50908 or  
doi: 10.3791/53575?  I do not have access to these documents from my library. 
 
3. I have combined a number of shorter steps while still trying to maintain clarity. 
 
4. I reduced the amount of text in the longer steps as much as possible. 
 

 
Sincerely, 
 

 
Brian J. Stockman 
Associate Professor and Chair 
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