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SUMMARY: 12 
Techniques to measure the activity of key enzymes of glycogen metabolism are presented, using 13 
a simple spectrophotometer operating in the visible range. 14 
 15 
ABSTRACT: 16 
Glycogen is synthesized as a storage form of glucose by a wide array of organisms, ranging from 17 
bacteria to animals. The molecule comprises linear chains of α1,4-linked glucose residues with 18 
branches introduced through the addition of α1,6-linkages. Understanding how the synthesis and 19 
degradation of glycogen are regulated and how glycogen attains its characteristic branched 20 
structure requires the study of the enzymes of glycogen storage. However, the methods most 21 
commonly used to study these enzyme activities typically employ reagents or techniques that 22 
are not available to all investigators. Here, we discuss a battery of procedures that are technically 23 
simple, cost-effective, and yet still capable of providing valuable insight into the control of 24 
glycogen storage. The techniques require access to a spectrophotometer, operating in the range 25 
of 330 to 800 nm, and are described assuming that the users will employ disposable, plastic 26 
cuvettes. However, the procedures are readily scalable and can be modified for use in a 27 
microplate reader, allowing highly parallel analysis. 28 
 29 
INTRODUCTION: 30 
Glycogen is widely distributed in nature, with the compound being found in bacteria, many 31 
protists, fungi, and animals. In microorganisms, glycogen is important for cell survival when 32 
nutrients are limiting and, in higher organisms such as mammals, synthesis and degradation of 33 
glycogen serve to buffer blood glucose levels1–3. The study of glycogen metabolism is, therefore, 34 
of importance to such diverse fields as microbiology and mammalian physiology. Understanding 35 
glycogen metabolism requires studying the key enzymes of glycogen synthesis (glycogen 36 
synthase and the branching enzyme) and glycogen degradation (glycogen phosphorylase and 37 
debranching enzyme). The gold standard assays of glycogen synthase, phosphorylase, branching, 38 
and debranching enzyme activities employ radioactive isotopes. For example, glycogen synthase 39 
is generally measured in a stopped radiochemical assay by following the incorporation of glucose 40 
from UDP-[14C]glucose (in the case of animal and fungal enzymes) or ADP-[14C]glucose (in the 41 
case of bacterial enzymes) into glycogen4,5. Similarly, glycogen phosphorylase is measured in the 42 
direction of glycogen synthesis, following the incorporation of glucose from [14C]glucose-1-43 
phosphate into glycogen6. The branching enzyme is assayed by measuring the ability of this 44 
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enzyme to stimulate the incorporation of [14C]glucose from glucose-1-phosphate into α1,4-linked 45 
chains by glycogen phosphorylase7, and debranching enzyme activity is determined by following 46 
the ability of the enzyme to incorporate [14C]glucose into glycogen8. While very sensitive, 47 
allowing their use in crude cell extracts with low levels of enzyme activity, the radioactive 48 
substrates are expensive and subject to the regulatory requirements attendant to radioisotope 49 
use. These barriers place the use of certain assays out of the reach of many workers. However, 50 
over the course of many years, an impressive variety of spectrophotometric approaches to the 51 
measurement of these enzymes have been described. In general, these approaches ultimately 52 
rely upon measuring the production or consumption of NADH/NADPH, or the generation of 53 
colored complexes between glycogen and iodine. Thus, they are straightforward and can be 54 
carried out using simple spectrophotometers equipped with only tungsten or xenon flash lamps. 55 
 56 
Spectrophotometric assays of glycogen synthase rely upon measuring the nucleoside 57 
diphosphate released from the sugar nucleotide donor as glucose is added to the growing 58 
glycogen chain9,10. The procedure for measuring glycogen synthase activity described in section 59 
1 of the protocol, below, is a modification of that outlined by Wayllace et al.11, and the coupling 60 
scheme is shown below: 61 
 62 
(Glucose)n + UPD-glucose → (Glucose)n+1 + UDP 63 
UDP + ATP → ADP + UTP 64 
ADP + phosphoenolpyruvate → pyruvate + ATP 65 
Pyruvate + NADH + H+ → Lactate + NAD+ 66 
 67 
Glycogen synthase adds glucose from UDP-glucose onto glycogen. The UDP generated in this 68 
process is converted to UTP by nucleoside diphosphate kinase (NDP kinase), in a reaction that 69 
generates ADP. The ADP, in turn, then serves as a substrate for pyruvate kinase, which 70 
phosphorylates the ADP using phosphoenolpyruvate as a phosphate donor. The resulting 71 
pyruvate is converted to lactate by the enzyme lactate dehydrogenase in a reaction that 72 
consumes NADH. The assay can, therefore, be performed in a continuous fashion, monitoring the 73 
decrease in absorbance at 340 nm as NADH is consumed. It is readily adapted for use with 74 
enzymes that require ADP-glucose as a glucose donor. Here, the coupling steps are simpler since 75 
the ADP released by the action of glycogen synthase is directly acted upon by pyruvate kinase. 76 
 77 
There are a variety of spectrophotometric assays available for the determination of glycogen 78 
phosphorylase activity. In the classical version, the enzyme is driven backward, in the direction 79 
of glycogen synthesis, as shown below: 80 
 81 
(Glucose)n + Glucose-1-phosphate → (Glucose)n+1 + Pi 82 
 83 
At timed intervals, aliquots of the reaction mixture are removed, and the amount of phosphate 84 
liberated is quantified12,13. In our hands, this assay has been of limited use due to the presence 85 
of readily measurable free phosphate in many commercial preparations of glucose-1-phosphate, 86 
combined with the high concentrations of glucose-1-phosphate required for phosphorylase 87 
action. Rather, we have routinely employed an alternative assay that measures the glucose-1-88 



 

phosphate released as glycogen is degraded by phosphorylase13. A coupled reaction scheme, 89 
illustrated below, is employed. 90 
 91 
(Glucose)n + Pi → (Glucose)n-1 + Glucose-1-phosphate 92 
Glucose-1-phosphate → Glucose-6-phosphate 93 
Glucose-6-phosphate + NADP+ → 6-phosphogluconolactone + NADPH + H+ 94 
 95 
The glucose-1-phosphate is converted into glucose-6-phosphate by phosphoglucomutase, and 96 
the glucose-6-phosphate is then oxidized to 6-phosphogluconolactone, with the concomitant 97 
reduction of NADP+ to NADPH. The procedure detailed in section 2 of the protocol, below, is 98 
derived from methods described by Mendicino et al.14 and Schreiber & Bowling15. The assay can 99 
be readily performed in a continuous fashion, with the increase in absorbance at 340 nm over 100 
time, allowing the determination of the reaction rate. 101 
 102 
Spectrophotometric determination of debranching enzyme activity relies upon the measurement 103 
of the glucose released by the action of the enzyme on phosphorylase limit dextrin16. This 104 
compound is made by treating glycogen exhaustively with glycogen phosphorylase. Since 105 
glycogen phosphorylase action stops 4 glucose residues away from an α1,6-branch point, the 106 
limit dextrin contains glycogen, the outer chains of which have been shortened to ~4 glucose 107 
residues. Preparation of phosphorylase limit dextrin is described here, using a procedure derived 108 
from those developed by Taylor et al.17 and Makino & Omichi18. 109 
 110 
Debranching is a two-step process. The 4-α-glucanotransferase activity of the bifunctional 111 
debranching enzyme first transfers three glucose residues from the branch point to the 112 
nonreducing end of a nearby α1,4-linked glucose chain. The single, α1,6-linked glucose residue 113 
remaining at the branch point is then hydrolyzed by the α1,6-glucosidase activity19. The assay is 114 
typically performed in a stopped fashion, the glucose released after a given time (or series of 115 
times) being measured in a coupled enzyme assay as shown below: 116 
 117 
(Glucose)n → (Glucose)n-1 + Glucose 118 
Glucose + ATP → Glucose-6-phosphate + ADP 119 
Glucose-6-phosphate + NADP+ → 6-phosphogluconolactone + NADPH + H+ 120 
 121 
The determination of NADPH produced gives a measure of glucose production. The procedure 122 
outlined in section 3 of the protocol, below, is based upon one described by Nelson et al.16. Like 123 
the other methods that rely upon the consumption or generation of NADH/NADPH, the assay is 124 
quite sensitive. However, the presence of amylases or other glucosidases, which can also liberate 125 
free glucose from phosphorylase limit dextrin, will cause significant interference (see Discussion). 126 
 127 
The colorimetric determination of branching enzyme activity relies upon the fact that α1,4-linked 128 
chains of glucose adopt helical structures that bind to iodine, forming colored complexes20. The 129 
color of the complex formed depends upon the length of the α1,4-linked chains. Thus, amylose, 130 
which consists of long, largely unbranched chains of α1,4-linked glucose forms a deep blue 131 
complex with iodine. In contrast, glycogens, the outer chains of which are generally in the order 132 



 

of only 6 to 8 glucose residues long, form orange-red complexes. If a solution of amylose is 133 
incubated with branching enzyme, the introduction of branches into the amylose results in the 134 
generation of shorter α1,4-linked glucose chains. Thus, the absorption maximum of the 135 
amylose/iodine complexes shifts toward shorter wavelengths. The procedure discussed here is 136 
derived from that detailed by Boyer & Preiss21 and branching enzyme activity is quantified as a 137 
reduction in absorption of the amylose/iodine complex at 660 nm over time. 138 
 139 
As should be readily apparent from the discussion above, the fact that the color of the complexes 140 
formed between iodine and α1,4-glucose chains varies with the chain length, which means that 141 
the absorbance spectra of glycogen/iodine complexes should vary with the degree of glycogen 142 
branching. This is indeed the case, and less-branched glycogens/glycogens with longer outer 143 
chains absorb light at a longer wavelength than glycogens that are more branched/have shorter 144 
outer chains. The iodine staining reaction can therefore be used to gain rapid, qualitative data on 145 
the degree of glycogen branching22. The orange-brown color forms when glycogen complexes 146 
with iodine is not particularly intense. However, color development can be enhanced by the 147 
inclusion of saturated calcium chloride solution22. This boosts the sensitivity of the method some 148 
10-fold and allows ready analysis of microgram quantities of glycogen. The assay for the 149 
determination of branching described in section 4 of the protocol, below, is adapted from a 150 
procedure developed by Krisman22. It is conducted simply by combining the glycogen sample with 151 
iodine solution and calcium chloride in a cuvette and collecting the absorption spectrum from 152 
300 nm to 800 nm. The absorbance maximum shifts toward longer wavelengths as the degree of 153 
branching decreases. 154 
 155 
Collectively, the methods described here provide simple, reliable means of assessing the 156 
activities of the key enzymes of glycogen metabolism, and for obtaining qualitative data on the 157 
extent of glycogen branching. 158 
 159 
PROTOCOL: 160 
 161 
1. Determination of glycogen synthase activity 162 
 163 
1.1. Prepare stock solutions of required reagents as indicated in Table 1 (prior to the 164 
experimental day). 165 
 166 
[Place Table 1 here] 167 
 168 
1.2. On the day of the assay, prepare a fresh working solution of 4 mM NADH by dissolving 4.5 169 
mg of NADH in 1.5 mL of 50 mM Tris-HCl, pH 8.0. Store on ice, protected from the light. 170 
 171 
1.3. Thaw stock solutions of UDP-glucose, ATP, phosphoenolpyruvate, and NDP kinase on ice. 172 
 173 
1.4. Pre-heat a water bath to 30 °C. 174 
 175 



 

1.5. Set up each glycogen synthase assay in a 1.5 mL tube by adding the reaction mixture 176 
reagents listed in Table 2. 177 
 178 
[Place Table 2 here] 179 
 180 
NOTE: To facilitate the set-up, a master mix can be made containing enough of each of the above-181 
listed reagents to complete the number of assays planned. 182 
 183 
1.6. Prepare a blank reaction, where the NADH in the above mixture is replaced with water. 184 
Transfer to a disposable methacrylate cuvette and use this to set the zero on the 185 
spectrophotometer at 340 nm. 186 
 187 
1.7. Take one 770 µL of the aliquot of reaction mixture in a 1.5 mL tube. Add 2 µL of NDP 188 
kinase and 2 µL of pyruvate kinase/lactate dehydrogenase mixture, mix gently, and incubate at 189 
30 °C for 3 min to pre-warm the reaction mixture. 190 
 191 
1.8. Add 30 µL of the sample containing glycogen synthase in 20 mM Tris buffer, pH 7.8; mix, 192 
and transfer the reaction mixture to a disposable methacrylate cuvette. 193 
 194 
1.9. Place the cuvette into the spectrophotometer and record the absorbance at 340 nm at 195 
timed intervals for 10 to 20 min. Plot the absorbances obtained against time. 196 
 197 
NOTE: A reaction in which the glycogen synthase sample is replaced with 20 mM Tris buffer 198 
should be conducted to control for non-enzymatic oxidation of NADH. Depending upon the purity 199 
of the sample, other control reactions may be required. See Discussion for details. 200 
 201 
1.10. Determine the reaction rate (see Results for details). 202 
 203 
2. Determination of glycogen phosphorylase activity 204 
 205 
2.1. Prepare stock solutions as indicated in Table 3 (prior to experimental day). 206 
 207 
[Place Table 3 here]. 208 
 209 
2.3. Pre-heat a water bath to 30 °C 210 
 211 
2.4. Set up each glycogen phosphorylase assay in a 1.5 mL tube by adding the reaction mixture 212 
reagents listed below (Table 4). 213 
 214 
[Place Table 4 here]. 215 
 216 
NOTE: To facilitate the set-up, a master mix can be made containing enough of each of the above-217 
listed reagents to complete the number of assays planned. 218 
 219 



 

2.5. Prepare a blank reaction containing the components listed in Table 4 but add an 220 
additional 30 µL of 25 mM PIPES buffer, pH 6.8 (prepared by diluting 125 mM PIPES buffer 1/5 221 
with water). Transfer to a disposable methacrylate cuvette and use to set the zero on the 222 
spectrophotometer at 340 nm. 223 
 224 
2.6. Take one 770 µL aliquot of reaction mixture in a 1.5 mL tube. Add 1 µL of glucose-6-225 
phosphate dehydrogenase and 1 µL of phosphoglucomutase, mix gently, and incubate at 30 °C 226 
for 3 min to pre-warm the reaction mixture. 227 
 228 
2.7. Add 30 µL of the sample containing glycogen phosphorylase in 25 mM PIPES buffer, pH 229 
6.8. Mix and transfer the reaction mixture to a disposable methacrylate cuvette. 230 
 231 
2.8. Place the cuvette into the spectrophotometer and record the absorbance at 340 nm at 232 
timed intervals for 10 to 20 min. Plot the absorbances obtained against time. 233 
 234 
NOTE:  A reaction in which glycogen phosphorylase is replaced with 25 mM PIPES buffer should 235 
be included. Depending upon the purity of the glycogen phosphorylase sample, other controls 236 
may also be needed (see Discussion for details). 237 
 238 
2.9. Determine the reaction rate (see Representative Results for details). 239 
 240 
3. Determination of glycogen debranching enzyme activity 241 
 242 
3.1. Prepare stock solutions as indicated in Table 5 (prior to the experimental day). 243 
 244 
[Place Table 5 here]. 245 
 246 
3.2 Prepare phosphorylase limit dextrin 247 
 248 
3.2.1. Dissolve 0.3 g of oyster glycogen in 10 mL of 50 mM sodium phosphate buffer, pH 6.8. 249 
 250 
3.2.2. Dissolve sufficient lyophilized phosphorylase A powder to yield 60 U of activity in 50 mM 251 
phosphate buffer, pH 6.8. 252 
 253 
NOTE: Depending upon the lot of phosphorylase A purchased, the mass needed will vary but is 254 
generally between 5 and 10 mg of powder. 255 
 256 
3.3. Add 60 U of phosphorylase A to the glycogen solution and transfer to a dialysis bag. 257 
Dialyze at room temperature against 1 L of 50 mM sodium phosphate buffer, pH 6.8 for 8 h. 258 
Change to the fresh dialysis buffer and continue the incubation overnight. 259 
 260 
3.4. Add another 10 U of phosphorylase A and change to fresh dialysis buffer. After 8 h, again 261 
change to fresh dialysis buffer and continue the incubation overnight. 262 
 263 



 

3.5. Transfer the contents of the dialysis bag to a centrifuge tube and boil for 10 min. Chill on 264 
ice, and then centrifuge at 10,000 x g for 15 min. 265 
 266 
3.6. Transfer the supernatant to a dialysis bag and dialyze for 8 h against three changes of 2 L 267 
of distilled water. 268 
 269 
3.7. Transfer the contents of the dialysis bag to a 50 mL centrifuge tube. Measure the volume 270 
and add two volumes of ice-cold absolute ethanol to precipitate the limit dextrin. Let the tube 271 
stand on ice for 30 min. 272 
 273 
NOTE: A white precipitate should begin to form immediately upon the addition of ethanol but, if 274 
it does not, add a drop of 3 M NaCl. 275 
 276 
3.8. Centrifuge at 15,000 x g for 15 min and discard the supernatant. Rinse the white pellet of 277 
limit dextrin twice with 66% v/v ethanol, using ~30 mL for each rinse. 278 
 279 
3.9. Transfer the limit dextrin to a mortar and allow to air dry completely. When the limit 280 
dextrin is dry, grind to a powder with a pestle and transfer to a suitable vessel for storage; dry at 281 
4 °C. 282 
 283 
3.10. For use as debranching enzyme substrate, prepare a 1% w/v solution in water. 284 
 285 
3.11. Pre-heat a water bath to 30 °C. 286 
 287 
3.12. Pre-heat a heating block or water bath to 95 °C. 288 
 289 
3.13. Prepare four 1.5 mL tubes each containing 100 µL of maleate buffer, 80 µL of 290 
phosphorylase limit dextrin, and 10 µL of water. These tubes will be used to conduct the 291 
debranching enzyme assay. Label two of the tubes Reaction and the other two tubes Control. 292 
 293 
3.14. At timed intervals, add 10 µL of the debranching enzyme sample to the Reaction tubes 294 
and 10 µL of buffer which was used to prepare the branching enzyme sample to the Control 295 
tubes. Incubate at 30 °C. 296 
 297 
3.15. At defined time points (e.g., 5-, 10-, and 20-min incubation), withdraw 50 µL from each 298 
Reaction and Control tube and immediately place into the heating block or water bath at 95 °C. 299 
Heat for 3 min. 300 
 301 
3.16. Centrifuge at 15,000 x g for 2 min in order to remove precipitated protein. 302 
 303 
NOTE: At this point, the procedure can be halted if needed. The heated samples can be stored 304 
frozen at -20 °C until proceeding to the measurement of released glucose (step 4, below). 305 
 306 
3.17. Measurement of released glucose 307 



 

 308 
3.17.1. Transfer 40 µL of the supernatant from the heated samples to disposable methacrylate 309 
cuvettes and add 833 µL of triethanolamine hydrochloride/magnesium sulfate buffer, 67 µL of 310 
NADP/ATP mix, and 60 µL of water. Mix by pipetting up and down gently, being careful not to 311 
introduce air bubbles. 312 
 313 
NOTE: To facilitate the set-up, a master mix can be made containing enough of each of the above-314 
listed reagents to complete the number of assays planned. 315 
 316 
3.17.2. Prepare a blank reaction by combining 100 µL of maleate buffer, 80 µL of phosphorylase 317 
limit dextrin, and 20 µL of water. Mix well, and transfer 40 µL to a disposable methacrylate 318 
cuvette. Add 833 µL of triethanolamine hydrochloride/magnesium sulfate, etc. as described in 319 
step 3.17.1. 320 
 321 
3.17.3. Set the zero on the spectrophotometer at 340 nm using the blank reaction. 322 
 323 
3.17.4. Add 0.5 µL of glucose-6-phosphate dehydrogenase to each cuvette. Mix gently by 324 
pipetting up and down slowly. Incubate at room temperature for 10 min, and then record the 325 
absorbance at 340 nm. 326 
 327 
NOTE: The absorption values should be low, signifying little contamination of the samples with 328 
glucose-6-phosphate. 329 
 330 
3.17.5. Add 0.5 µL of hexokinase to each cuvette. Mix gently by pipetting up and down slowly. 331 
Incubate at room temperature for 15 min, and then record the absorbance at 340 nm. 332 
 333 
3.17.6. Continue the incubation at room temperature for an additional 5 min. Record the 334 
absorbance at 340 nm once again. If the absorption has increased from that recorded at 15 min, 335 
continue incubation for a further 5 min and again check the absorption. Record the final 336 
absorption at 340 nm obtained. 337 
 338 
3.17.7. For each sample, subtract the absorbance at 340 nm recorded after the addition of 339 
glucose-6-phosphate dehydrogenase from the final absorbance obtained after addition of 340 
hexokinase. Plot the values obtained against the length of time that the corresponding sample 341 
had been incubated with debranching enzyme. 342 
 343 
4. Determination of glycogen branching enzyme activity 344 
 345 
4.1. Prior to the experimental day, prepare iodine/KI solution by first dissolving 2.6 g of KI in 346 
10 mL of water. In a fume hood, weigh out 0.26 g of iodine and add to the KI solution. 347 
 348 
CAUTION: Iodine is harmful when in contact with the skin or if inhaled. Mix to dissolve the iodine 349 
and store at 4 °C, protected from the light. Also prepare 125 mM PIPES buffer, pH 6.8 (see Table 350 
3). 351 



 

 352 
4.2. When beginning experiments, make a working stock of acidified iodine reagent. 353 
 354 
4.2.1. Take 45.7 mL of water in a 50 mL tube and add 150 µL of iodine/KI solution followed by 355 
150 µL of 1 M HCl. 356 
 357 
4.2.2. Mix well and store at 4 °C, protected from the light. The solution is stable for at least 3 358 
days under these conditions. 359 
 360 
4.3. On the day of the experiment, make a fresh 10 mg/mL solution of amylose. 361 
 362 
4.3.1. Weigh out 50 mg of amylose and transfer to a 15 mL tube. 363 
 364 
4.3.2. Add 200 µL of absolute ethanol and shake gently. 365 
 366 
4.3.3. Add 500 µL of 2 M KOH and shake gently.  367 
 368 
CAUTION: KOH causes severe skin burns and eye damage. Use appropriate personal protective 369 
equipment. 370 
 371 
4.3.4. Add 0.5 mL of water while shaking gently. If the amylose does not dissolve completely, 372 
add an additional 0.5 mL of water. 373 
 374 
4.3.5. Adjust the pH to ~6.5 to 7.0 with 1 M HCl. 375 
 376 
CAUTION: HCl may cause eye, skin, and respiratory tract irritation. Use appropriate personal 377 
protective equipment. 378 
 379 
4.3.6. Add water to reach a final volume of 5 mL. 380 
 381 
4.3.7. Sterilize by passage through a 0.2 µm syringe end filter and store at room temperature. 382 
Do not chill or freeze. 383 
 384 
4.4. Pre-heat a water bath to 30 °C. 385 
 386 
4.5. Prepare twelve 1.5 mL tubes, each containing 1 mL of acidified iodine reagent. Set aside 387 
on the bench. These will be used to stop the branching enzyme reaction. 388 
 389 
4.6. Prepare four 1.5 mL tubes each containing 150 µL of amylose, 150 µL of PIPES buffer, and 390 
45 µL of water. These tubes will be used to conduct the branching enzyme assay. Label two of 391 
the tubes Reaction and the other two tubes Control. 392 
 393 



 

4.7. At timed intervals, add 5 µL of branching enzyme sample to the Reaction tubes and 5 µL 394 
of buffer which was used to prepare the branching enzyme sample to the Control tubes. Incubate 395 
at 30 °C. 396 
 397 
4.8. At defined time points (e.g., 5, 10, and 15 min incubation), withdraw 10 µL from each 398 
Reaction and Control tube and add to the 1.5 mL tubes that contain 1 mL of acidified iodine 399 
reagent. Add an additional 140 µL of water and mix well. Transfer to disposable cuvettes. 400 
 401 
NOTE: The samples should be blue in color and the solution should be free of any precipitate. 402 
The color formed is stable for at least 2 h at room temperature. 403 
 404 
4.9. Prepare a sample that contains 1 mL of acidified iodine reagent and 150 µL of water. Mix 405 
well and transfer to a cuvette. Use this cuvette to set the zero on the spectrophotometer at 660 406 
nm. 407 
 408 
4.10. Read the absorbance of each of the twelve samples at 660 nm. Determine the rate of the 409 
branching enzyme reaction by subtracting the absorbance obtained in the presence of branching 410 
enzyme (Reaction) from the absorbance when no branching enzyme is present (Control) at each 411 
time point. See Representative Results for details. 412 
 413 
5. Qualitative assessment of glycogen branching 414 
 415 
5.1. Prepare saturated calcium chloride solution by adding 74.5 g of anhydrous calcium 416 
chloride to ~40 mL of water and stirring. Add a little more water and continue to stir. Make the 417 
volume up to 100 mL with water and continue stirring until the CaCl2 is fully dissolved. 418 
 419 
5.2. Prepare a working stock of iodine/CaCl2 color reagent by mixing 50 µL of KI/iodine stock 420 
solution (see step 4.1, above) with 13 mL of saturated CaCl2 solution in a 15 mL tube. Mix well 421 
and store at 4 °C, protected from the light. The solution is stable for at least 1 week under these 422 
conditions. 423 
 424 
5.3. Determination of branching 425 
 426 
5.3.1. In a 1.5 mL tube, combine 650 µL of iodine/CaCl2 color reagent stock with 100 µL of water 427 
and mix thoroughly. Transfer the solution to a disposable methacrylate cuvette. 428 
 429 
NOTE: The solution in the cuvette should be clear and pale yellow in color. 430 
 431 
5.3.2. Place in the spectrophotometer and, running in a wavelength scanning mode, collect a 432 
background spectrum from 300 nm to 800 nm. 433 
 434 
5.3.3. In a 1.5 mL tube, combine 650 µL of working iodine/CaCl2 color reagent with 50 µg of 435 
oyster glycogen. Bring the final volume to 750 µL with water and mix thoroughly. Transfer the 436 
solution to a disposable methacrylate cuvette. 437 



 

 438 
NOTE: The solution in the cuvette should be clear and a deep orange/brown color. 439 
 440 
5.3.4. Place in the spectrophotometer and collect an absorption spectrum from 330 nm to 800 441 
nm. 442 
 443 
5.3.5. Repeat steps 4.4.3 through 4.4.4 with 50 µg of amylopectin and 30 µg of amylose. 444 
 445 
NOTE: The amylopectin sample should be yellow/green and the amylose sample should be 446 
green/blue. Both samples should be clear. The colored complexes formed are stable, with no 447 
change in absorption spectrum, for at least 1 h at room temperature. 448 
 449 
5.3.6. To obtain an indication of the branched structure of an uncharacterized glycogen sample, 450 
combine 25 µg to 50 µg of glycogen with 650 µL of working iodine/CaCl2 color reagent. Proceed 451 
as above, bringing the volume to 750 µL with water, mixing thoroughly, and transferring to a 452 
methacrylate cuvette. 453 
 454 
NOTE: The glycogen sample should yield a yellow/orange to orange/brown color depending upon 455 
the degree of branching (length of outer chains) of the glycogen present. Again, the sample 456 
should be clear. See Representative Results for details. 457 
 458 
5.3.7. Collect the absorption spectrum. 459 
 460 
REPRESENTATIVE RESULTS: 461 
Determination of glycogen synthase activity 462 
Figure 1 shows representative results from glycogen synthase assays using purified enzymes. In 463 
panel A, following a slight lag, there was a linear decrease in the absorption at 340 nm over time 464 
for a period of around 12 min. The rate of change in absorption in Figure 1A was ~0.12 465 
absorbance units/min. A rate of change in absorbance between ~0.010 and ~0.20 absorbance 466 
units/min is optimal and the amount of glycogen synthase added should be adjusted to yield 467 
rates within this range. In panel B, the result of adding too much glycogen synthase to the assay 468 
is shown. Here, the reaction was complete within the first 2 min. The Control reaction, which in 469 
these cases contained no glycogen synthase, showed no measurable decrease in absorbance over 470 
time. As elaborated upon in the Discussion, the use of tissue homogenates in this assay is 471 
perfectly feasible, although additional Control reactions are required. 472 
 473 
The protocol described here uses oyster glycogen as a substrate, which works well with glycogen 474 
synthases from many different species. However, it should be noted that glycogen synthases may 475 
display quite variable activity depending upon the type of glycogen employed. Therefore, it is 476 
advisable to survey a variety of forms of glycogen prior to beginning any detailed study. 477 
 478 
The protocol given includes glucose-6-phoposphate in the reaction mixture, since many glycogen 479 
synthases are allosterically activated by this compound9,23–26. Conducting assays in the presence 480 
and absence of glucose-6-phosphate (making up the reaction volume with water), allows 481 



 

calculation of the -/+ glucose-6-phosphate activity ratio, which is a useful indication of the 482 
phosphorylation state of mammalian and fungal glycogen synthases1,27. 483 
 484 
The determination of glycogen synthase activity from the change in absorbance is rather 485 
straightforward. The extinction coefficient of NADH is taken as 6220 M-1 cm-1, allowing 486 
calculation of the rate of change in NADH concentration from the rate of absorbance change as 487 
follows: 488 
 489 
A rate of change in absorption of 0.12 units/min corresponds to 0.12/6220 = 1.93 x 10-5 490 
mol/L/min change in NADH concentration. The volume in the cuvette was 0.8 mL, meaning that 491 
the change in amount of NADH was: 1.93 x 10-5 x 0.8 x 10-3 = 3.46 x 10-8 mol/min. The volume of 492 
enzyme added was 60 µL, 3.46 x 10-8 x (1000 / 60) = 5.76 x 10-7 mol NADH consumed/min/mL 493 
enzyme. 494 
 495 
Since there is a one-to-one relationship between the NADH consumed and the glucose 496 
incorporated into glycogen, the rate of reaction can be expressed as 5.76 x 10-7 mol glucose 497 
incorporated/min/mL. 498 
 499 
When the protein content of the enzyme sample is known, the specific enzyme activity can be 500 
expressed as µmol glucose incorporate/min/mg protein or nmol glucose incorporated/min/mg 501 
protein, as appropriate. 502 
 503 
As mentioned in the Introduction, the protocol is easily adapted to measure the activity of 504 
glycogen synthases that use ADP-glucose as a glucose donor. This is achieved by the simple 505 
substitution of UDP-glucose with ADP-glucose in the reaction mixture. Furthermore, both NDP 506 
kinase and ATP are omitted from the reaction mixture, since the ADP that is released during 507 
glycogen synthase action is a direct substrate for pyruvate kinase. [Place Figure 1 here]. 508 
 509 
Determination of glycogen phosphorylase activity 510 
Figure 2 shows representative data from a glycogen phosphorylase assay using purified enzyme. 511 
With the preparation used here, the assay was linear for approximately 3 min. The inset shows a 512 
regression line drawn through the points from time 0 to 2.5 min. The slope of this line shows the 513 
rate of absorbance change to be 0.022 absorbance units/min. A rate of absorbance increase of 514 
around 0.01 to 0.04 is optimal, since the assay will deviate from linearity quite rapidly if too much 515 
enzyme is present. The rate of NADPH formation is calculated from the extinction coefficient 516 
which, like that of NADH, is 6220 M-1 cm-1. For every 1 mol of NADPH formed, one mol of glucose-517 
1-phosphate had been produced by the action of glycogen phosphorylase. Enzyme activity can 518 
therefore be expressed as the amount of glucose-1-phosphate released from glycogen per unit 519 
time, following a calculation similar to that outlined above. 520 
 521 
The reaction conditions are readily adaptable for those phosphorylases that are sensitive to 522 
allosteric modulation. The requisite effectors are simply included in the reaction master mix, 523 
replacing some of the water. An important caveat is that the effector itself must be shown not to 524 



 

influence the activity of the coupling enzymes, phosphoglucomutase, and glucose-6-phosphate 525 
dehydrogenase. 526 
 527 
Lastly, as with glycogen synthase described above, the type of glycogen used as the substrate 528 
may impact the rate of the reaction. While oyster glycogen works well with phosphorylases from 529 
many species, it may not always be the optimal choice. [Place Figure 2 here]. 530 
 531 
Determination of glycogen debranching enzyme activity 532 
The data shown in Figure 3 are representative of a glycogen debranching enzyme assay using 533 
purified debranching enzyme. At each time point, the change in absorption that occurred in the 534 
absence of added branching enzyme (Control) was subtracted from the change in absorption that 535 
occurred in the presence of branching enzyme (Reaction). The resulting absorbance values were 536 
then plotted. As above, a rate of change of NADPH concentration is calculated from the initial 537 
slope of the curve by regression analysis. In this example, the increase in NADPH per unit time 538 
was linear for 10 min, with a slope of 0.0079 absorbance units/min. While these data are perfectly 539 
useable, the addition of slightly less enzyme would have given a shallower slope and allowed for 540 
a longer linear phase. Alternatively, additional readings could be taken by removing aliquots for 541 
measurement at 2 min and 7 min incubation. Determination of debranching enzyme activity is 542 
very straightforward, since 1 mol of NADPH is formed for every 1 mol of glucose released by the 543 
α1,6-glucosidase activity of debranching enzyme. Thus, reaction rate can be expressed as amount 544 
of glucose released from phosphorylase limit dextrin per unit time, following the same type of 545 
calculation as was used for the glycogen synthase and phosphorylases assays, above. [Place 546 
Figure 3 here]. 547 
 548 
Determination of glycogen branching enzyme activity 549 
Figure 4 shows data from glycogen branching enzyme assays. At each of the indicated time 550 
points, the absorbance of the Control and Reaction samples were measured. The absorbance of 551 
the Reaction sample at 660 nm was subtracted from that of the corresponding Control sample, 552 
and the absorbance difference was plotted against time. A regression line was then drawn 553 
through the points (panel A). Reaction rate can be expressed simply as the change in absorbance 554 
at 660 nm per unit time. The maximum change in absorbance that can occur in this assay is only 555 
~0.4 absorbance units, representing maximal branching of the added amylose by the branching 556 
enzyme (panel B). Furthermore, when the absorbance of the Reaction tubes drops more than 557 
~0.2 absorbance units below that of the Control, the assay is no longer within the linear range 558 
and no estimation of reaction rate can be made (panel B). 559 
 560 
The amylose used as a substrate in this procedure will begin to leave solution quite readily if 561 
chilled or frozen and then thawed. Therefore, it is important to make the amylose substrate 562 
solution fresh and to ensure that no precipitate has formed prior to use. [Place Figure 4 here]. 563 
 564 
Qualitative assessment of the extent of glycogen branching 565 
Amylose, amylopectin, phosphorylase limit dextrin, glycogen isolated from yeast were combined 566 
with iodine/saturated calcium chloride solution and the absorption spectra of the resulting 567 
complexes were collected (Figure 5). Using the masses of glycogen, amylopectin, and amylose 568 



 

given in the protocol described above, the maximum absorbance reading obtained should be 569 
around 0.7 to 0.8, as shown here (panels A and B). The absorbance maxima for amylose and 570 
amylopectin are around 660 nm and 500 nm, and 385 nm respectively. Phosphorylase limit 571 
dextrin was included here, since collecting the absorbance spectrum of phosphorylase limit 572 
dextrin/iodine complexes provides a quick check of the extent of phosphorylase digestion 573 
achieved during the preparation of this debranching enzyme substrate. Glycogen from most 574 
sources produces two peaks, one at approximately 400 nm and a second peak at 460 nm (Figure 575 
5B). Leftward shifts in the absorbance spectra of glycogen indicate increased 576 
branching/decreased outer chain length. Conversely, rightward shifts indicate decreased 577 
branching/increased outer chain length. 578 
 579 
The saturated calcium chloride solution is dense and the added glycogen samples will form a 580 
layer across the top when added. Therefore, careful mixing is needed to obtain a homogenous 581 
solution. In addition, if the carbohydrate samples used are not fully dissolved before mixing with 582 
the calcium chloride solution, dark-staining aggregates will form in the cuvette. These aggregates 583 
will obviously impede collection of an absorption spectrum and it is important to ensure that the 584 
solution in the cuvette is clear before proceeding with any measurements. [Place Figure 5 here] 585 
 586 
FIGURE AND TABLE LEGENDS: 587 
Table 1: Stock solutions required for the assay of glycogen synthase activity. 588 
 589 
Table 2: Composition reaction mixture for assay of glycogen synthase activity. 590 
 591 
Table 3: Stock solutions required for the assay of glycogen phosphorylase activity. 592 
 593 
Table 4: Composition reaction mixture for assay of glycogen phosphorylase activity. 594 
 595 
Table 5: Stock solutions required for the assay of glycogen debranching enzyme activity. 596 
 597 
Figure 1: Representative results from assays of glycogen synthase activity. The 598 
spectrophotometer was set to take one reading per min for a total time of 20 min. Panel A shows 599 
the expected short lag phase followed by a linear decrease in absorbance with time 600 
(Experimental). There was no decrease in the absorption noted in the Control reaction. Reaction 601 
rate is calculated from the slope of the absorbance change in the linear phase (from 5 to 16 min). 602 
Panel B shows the result of adding too much enzyme. Here, the NADH is exhausted within 2 min. 603 
 604 
Figure 2: Representative results from assays of glycogen phosphorylase activity. The 605 
spectrophotometer was set to take one reading every 30 s for a total time of 10 min. There was 606 
a steady increase in absorbance recorded in the presence of glycogen phosphorylase 607 
(Experimental), while the reaction without added phosphorylase remained at baseline (Control). 608 
The inset shows an enlargement of the initial reaction period, demonstrating the linearity of 609 
product formation with respect to time. 610 
 611 



 

Figure 3: Representative results from assays of glycogen debranching enzyme activity. Samples 612 
of phosphorylase limit dextrin were treated with debranching enzyme for 5, 10, 20, or 40 min. 613 
The increase in absorbance at 340 nm, produced as NADP was reduced to NADPH in a coupled 614 
enzyme assay, was measured in samples taken at each of these time points. The reaction showed 615 
a linear phase, persisting for at least 10 min. 616 
 617 
Figure 4: Representative results from assays of glycogen branching enzyme activity. Samples of 618 
amylose were treated with branching enzyme. Aliquots were removed at the time points shown 619 
and added to an acidified iodine reagent. The absorbance of amylose/iodine complex formed 620 
was then measured at 660 nm. The data shown represent the difference in absorbance between 621 
control incubations that lacked branching enzyme and reactions that contained branching 622 
enzyme. Panel A shows a decrease in absorbance at 660 nm due to debranching enzyme activity, 623 
which was linear for ~20 min. Panel B illustrates the narrow dynamic range of the assay, where 624 
the maximum change in absorbance that can be produced is ~0.4 absorbance units and linearity 625 
is lost when the change in absorption is ~0.2 absorbance units. 626 
 627 
Figure 5: Representative results from the qualitative assessment of glycogen branching. 628 
Samples of purified phosphorylase limit dextrin, amylopectin, amylose (Panel A) or glycogen 629 
(Panel B) were combined with iodine/saturated calcium chloride solution and the absorption 630 
spectra of the resulting complexes were measured from 330 nm to 800 nm. 631 
 632 
DISCUSSION: 633 
In general, the key advantages of all of the methods presented are their low cost, ease, speed, 634 
and lack of reliance upon specialized equipment. The major disadvantage that they all share is 635 
sensitivity compared to other available methods. The sensitivity of the procedures that involve 636 
production or consumption of NADH/NADPH are easy to estimate. Given that the extinction 637 
coefficient of NADH/NADPH is 6.22 M-1 cm-1, simple arithmetic indicates that ~10–20 µM changes 638 
in concentration can be readily detected. With the assay volumes described in the current article, 639 
this corresponds to the ability to measure quantities in the range of ~10–20 nmol. Arguably, this 640 
is fairly sensitive. However, it is possible to adjust the specific activity of radiolabeled substrates 641 
such that sensitivity can be increased beyond the limit of the spectrophotometric assays quite 642 
readily. Although the branching enzyme assay and the qualitative assessment of glycogen 643 
branching both rely upon the formation of complexes between iodine and α1,4-linked glucose 644 
polymers, the output from each assay is different and their sensitivities are likewise different. 645 
Specific considerations for each of the assays described are discussed below. 646 
 647 
Determination of glycogen synthase activity 648 
The coupled enzyme assay described here allows for continuous assay of glycogen synthase 649 
activity, which is useful in the determination of kinetic parameters. It is also readily scalable and 650 
a very similar procedure has been described for use in microtiter plates, allowing for highly 651 
parallel measurements of enzyme activity to be made28. We routinely use this assay with purified, 652 
recombinant glycogen synthases29. However, the procedures described were originally 653 
developed for use in tissue homogenates (for examples, see Danforth10 and Leloir et al.9). A 654 
caveat here is that the tissue homogenate must be appropriately diluted prior to use. The dilution 655 



 

is necessary to reduce the turbidity of the homogenate interference from competing 656 
enzymes/substrates in the homogenate. Furthermore, to account for NADH consumption that is 657 
not dependent upon glycogen synthase activity, blank reactions that contain all reaction 658 
components except UDP-glucose should be included. The glycogen synthase activity is then 659 
determined by subtracting the rate of change in NADH absorbance in the absence of UDP-glucose 660 
from that obtained in the presence of this compound. 661 
 662 
Determination of glycogen phosphorylase activity 663 
Like the glycogen synthase assay, the spectrophotometric measurement of phosphorylase 664 
activity can be performed in a continuous manner, while other phosphorylases assays are 665 
stopped assays13. It is also readily adaptable for use in microtiter plates or other high-throughput 666 
applications15. Again, its use with tissue homogenates requires appropriate dilution to reduce 667 
turbidity/interfering reactions. For example, glucose-6-phosphate is a rather abundant 668 
metabolite and its presence in a tissue homogenate will result in NADPH production via the 669 
glucose-6-phosphate dehydrogenase coupling enzyme independent of phosphorylase activity. 670 
When working with tissue homogenates, Control reactions that contain appropriately diluted 671 
tissue homogenate and all other assay components except phosphate and glycogen should be 672 
included. Phosphorylase activity is then calculated by subtracting the NADPH production in the 673 
absence of glycogen/phosphate from that which occurs in the presence of these compounds. 674 
Specific recommendations relating to the appropriate degree of dilution of various types of 675 
mammalian tissue extract can be found in Mezl et al.13. 676 
 677 
Determination of glycogen debranching enzyme activity 678 
Although described here as a stopped assay, this procedure can be readily adapted and 679 
performed in a continuous fashion16. Since the assay relies upon the production of glucose, its 680 
use in crude tissue extracts must consider the release of glucose from phosphorylase limit dextrin 681 
by enzymes other than debranching enzyme, and the generation of glucose by the action of such 682 
enzymes on endogenous glycogen present in the tissue extract. The question of endogenous 683 
glycogen is easily addressed with a control reaction to which no phosphorylase limit dextrin is 684 
added. The presence of other α-glucosidase activities can be estimated in parallel reactions 685 
where maltose, rather than phosphorylase limit dextrin, is present as a substrate. 686 
 687 
Determination of glycogen branching enzyme activity 688 
Of the various quantitative assays discussed, the colorimetric branching enzyme assay is by far 689 
the least sensitive. Indeed, it has been estimated that the sensitivity is around 50–100 fold less 690 
than that achieved with the radiochemical method, where stimulation of the glycogen 691 
phosphorylase reaction by the addition of branching enzyme is measured21. Similar to the 692 
debranching enzyme assay, the branching enzyme assay is also sensitive to the presence of 693 
contaminating glucosidase activities, since digestion of the amylose will impact iodine binding. 694 
Some workarounds have been proposed to allow the use of assays similar to that described here 695 
in the presence of contaminating glucosidase activities30. However, in our view this assay is best 696 
suited to the study of purified or partially purified glycogen branching enzymes, where such 697 
interfering activities are minimal or absent. 698 
 699 



 

Qualitative assessment of the extent of glycogen branching 700 
The detailed analysis of glycogen branching is rather laborious, typically involving a combination 701 
of enzymatic digestion, chemical modification, and a variety of separation techniques to analyze 702 
the products generated31. While the colorimetric assay described here clearly cannot yield 703 
comparable information on the fine structure of glycogen, it does provide a simple and rapid 704 
measure of more or less branching. Furthermore, the spectra obtained do contain some 705 
additional information. For example, as discussed under Representative Results, samples of 706 
glycogen are typically present with absorbance peaks at ~400 nm and ~460 nm. The peak at ~400 707 
nm apparently represents short outer chains in glycogen particles, since it is enhanced in 708 
glycogen isolated from yeast mutants lacking branching enzyme relative to wild type yeast32. 709 
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Component Directions

50 mM Tris pH 8.0
Dissolve 0.61 g of Tris base in ~ 80 mL of water.  Chill to 4 °C.  Adjust 

the pH to 8.0 with HCl and make the volume up to 100 mL with water.

20 mM HEPES 

buffer

Dissolve 0.477 g of HEPES in ~ 80 mL of water.  Adjust the pH to 7.0 

with NaOH and make up the volume to 100 mL with water.

132 mM Tris/32 

mM KCl buffer pH 

7.8

Dissolve 1.94 g of Tris base and 0.239 g of KCl in ~90 mL of water.  

Adjust pH to 7.8 with HCl and make up the volume to 100 mL with 

water.

0.8% w/v oyster 

glycogen

Weigh out 80 mg of oyster glycogen and add to water.  Make the final 

volume up to 10 mL with water and warm gently/mix to fully dissolve 

glycogen.

100 mM UDP-

glucose

Dissolve 0.31 g of UDP-glucose in water and make the final volume up 

to 1 mL.  Store in aliquots, frozen at -20 °C.  Stable for several months.

50 mM ATP

Dissolve 0.414 g of ATP in ~ 13 mL of water.  Adjust the pH to 7.5 with 

NaOH and make up the volume to 15 mL with water.  Store in aliquots 

frozen at -20 °C.  Stable for several months.

100 mM glucose-6-

phosphate pH 7.8

Dissolve 0.282 g of glucose-6-phosphate in ~ 7 to 8 mL of water.  Adjust 

the pH to 7.8 with NaOH.  Make the volume up to 10 mL with water.  

Store frozen in aliquots at -20 °C.  Stable for at least six months.

40 mM 

phosphoenolpyruv

ate

Dissolve 4 mg of phosphoenolpyruvate in 0.5 mL of 20 mM HEPES 

buffer pH 7.0.  Store at -20 °C.  Stable for at least 1 week.

0.5 M MnCl2 Dissolve 9.90 g of MnCl2 in a final volume of 100 mL water.

NDP kinase

Reconstitute lyophilized powder with sufficient water to give 1 U/µl 

solution.  Prepare aliquots, freeze in liquid nitrogen, and store at -80 

°C.  Stable for at least 1 year.
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Component
Volume 

(µl)

160 mM Tris/32 mM KCl buffer pH 7.8 250

Water 179

100 mM glucose-6-phosphate, pH 7.8 58

0.8 % w/v oyster glycogen 67

50 mM ATP 80

4 mM NADH 80

100 mM UDP-glucose 28

40 mM phosphoenolpyruvate 20

0.5 M MnCl2 8

Final volume 770
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Component Directions

125 mM PIPES pH 6.8
Dissolve 3.78 g of PIPES in water.  Adjust the pH to 6.8 with 

NaOH and make up the volume to 100 mL with water.

8% w/v oyster glycogen

Weigh out 0.8 g of oyster glycogen and add to water.  Make 

the final volume up to 10 mL with water and warm gently/mix 

to dissolve glycogen.  Store frozen at -20 °C.

200 mM Na phosphate 

pH 6.8

Dissolve 2.63 g of Na2HPO4.7H2O and 1.41 g of NaH2PO4.H2O in 

water.  Bring the volume up to 100 mL with water.

1 mM glucose-1,6-

bisphosphate

Dissolve 2 mg of glucose-1,6-bisphosphate in 4 mL of water.  

Aliquot and store frozen at -20 °C.  Stable for at least several 

months.

10 mM NADP
Dissolve 23 mg of NADP in 3 mL of water.  Aliquot and store 

frozen at -20 °C.  Stable for at least several months.  
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Component
Volume 

(µl)

125 mM PIPES buffer pH 6.8 160

Water 70

8% w/v oyster glycogen 100

200 mM Na phosphate 6.8 400

1 mM glucose-1,6-

bisphosphate
20

10 mM NADP 20

Final volume 770
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Component Directions

100 mM maleate buffer
Dissolve 1.61 g of maleic acid in ~ 80 mL of water.  Adjust the pH to 6.6 

with NaOH and make the final volume up to 100 mL with water.

300 mM triethanolamine 

hydrochloride/ 3 mM 

MgSO4 pH 7.5

Dissolve 27.85 g of triethanolamine hydrochloride and 0.370 g of 

MgSO4.7H2O in ~ 400 mL of water.  Adjust the pH to 7.5 with NaOH and 

make up to a final volume of 500 mL with water.

150 mM ATP/12 mM NADP

Dissolve 1.24 g of ATP in ~ 10 mL of water.  Monitor the pH and add 

NaOH to maintain a pH of ~ 7.5 as the ATP dissolves.  Add 0.138 g of 

NADP.  Adjust the pH to ~ 7.5 with NaOH and make up to a final volume 

of 15 mL with water. Store in aliquots at – 20 °C. Stable for several 

months.

50 mM Na phosphate 

buffer pH 6.8

Dissolve 32.81 g of Na2HPO4.7H2O and 17.61 g of NaH2PO4.H2O in water.  

Bring the volume up to a final volume of 5 L with water.
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Response to Editorial and Reviewer Comments 
 
Editorial comments: 
 
1. Please take this opportunity to thoroughly proofread the manuscript… 
I have proofread the manuscript and did not find any grammatical or spelling errors.  I did, 
however, note that the phosphorylase assay procedure (line 199 onwards in the revised 
manuscript) had been partially truncated when I was adjusting formatting immediately prior to 
initial submission.  Steps 2.5 through 2.9 have been added back.  Only one non-standard 
abbreviation is used, NDP kinase, which is defined at first use.  The other abbreviations used, 
such as ATP, NAD etc., are considered ‘standard’ per IUPAC-IUB and are typically used without 
further definition. 
 
2. Please make sure the word count of the abstract is 150-300 words. 
The abstract has been modified to address point 3, below, and is 160 words long. 
 
3. Please revise the following lines to avoid overlap with previously published work… 
Lines 14-15:  Addressed 
Lines 103-105:  Addressed, see lines 110-113 in the revised manuscript 
Lines 226-227, 233:  I have not changed the language here.  The technique of dialysis is being 
described.  Essentially the same language will inevitably appear in any discussion of dialysis: 
material is dialyzed for a time in a dialysis bag, then transferred to another receptacle for 
further processing. 
589-590:  Addressed, see lines 630-633 in the revised manuscript. 
 
4. Please ensure that all text in the protocol section is written in the imperative tense... 
Addressed throughout. Text that could not be worded in the imperative has been moved into 
‘Notes’.  Additional ‘caution’ statements have been added for use of caustic agents. 
 
5. The Protocol should contain only action items that direct the reader to do something... 
Addressed throughout the text. 
 
6. Please note that your protocol will be used to generate the script for the video… 
I believe that there is sufficient detail given in the protocol to allow easy replication. 
 
7. In case you would like to include a few key steps for measurement of released glucose... 
Agreed.  Some steps in glucose measurement would be good to show and have been 
highlighted accordingly. 
 
8. Please sort the Materials Table alphabetically by the name of the material. 
Addressed.  The table now in alphabetical order. 
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Reviewer’s comments 
 
I thank the reviewers for their careful appraisal of the manuscript and the thoughtful 
suggestions for revision that they have provided.  Below, I address each point raised and detail 
how the manuscript has been modified in response.   
 
Reviewer 1 
 
The reviewer pointed out that the methods discussed focus on the enzymes of eukaryotic 
glycogen metabolism, rather than glycogen metabolism in a more general sense.  I agree that 
this is the case and support changing the title of the manuscript to ‘Spectrophotometric 
methods for the study of eukaryotic glycogen metabolism’. 
 
The reviewer asked if there were any issues with employing crude extract or semi-purified 
enzymes in the assays described.  Actually, most of the assays discussed were originally 
developed for use with crude extracts or partially purified enzymes.  I have added language to 
clarify this point (lines 671-672).  Language relating to the need to appropriately dilute cell 
extracts, and the requirement for additional control reactions when such samples are used, is 
already present in the manuscript (lines 673-679, 684-692, 698-704,714-716). 
 
I indicated that allosteric effectors could be added to the buffers, should the enzyme under 
study require them (e.g. glucose-6-phosphate, in the case of glycogen synthase).  The reviewer 
questioned if such effectors might impact the activity of the auxiliary enzymes used in the 
assay.  This is an excellent point, which one must be cognizant of whenever a coupled enzyme 
assay is employed.  Using the coupling enzymes described in the manuscript, purchased from 
the sources specified, glucose-6-phosphate at the concentrations typically employed does not 
impact coupling enzyme activity.  Similarly, AMP can be added into the phosphorylase assay, at 
the concentrations typically used, without impacting coupling enzyme activity.  If other 
effectors are to be investigated, then suitable control experiments will be required to ensure 
that it is the enzyme under study, and not one of the auxiliary enzymes, that is impacted.  A 
clarifying note to this effect has been added to the text (lines 545-547).   
 
Regarding the source of glycogen, yes, there are differences in the rate at which different 
glycogen synthases and phosphorylases act upon glycogen from different sources.  Work in my 
own laboratory uses oyster glycogen as a ‘standard’ since the enzymes that we study show 
good activity towards this substrate and it is relatively inexpensive.  As the reviewer suggested, 
I have added notes to the text to clarify the need to investigate different forms of glycogen 
(lines 500-504, lines 555-557). 
 
The modification of the assays for use in a plate reader format has both advantages and 
disadvantages.  We have used a plate reader ourselves for enzymatic glucose determinations 
very successfully, allowing rapid and highly parallel sample processing.  Other workers, such as 
Goselin et al. (Anal. Biochem. 220:92-97, reference 26 in the manuscript) have described 96-
well plate assays for certain enzymes of glycogen metabolism.  Our experiences with the use of 



plate readers for kinetic analysis have been rather mixed, perhaps reflective of the 
instrumentation we were using, much reduced sample volumes, or even plate quality.  For the 
current manuscript, I chose to focus on the simplest possible approaches that still yield high 
quality data. 
 
Reviewer 2 
 
1.  The reviewer suggested inclusion of a brief sentence in the introduction about the 
relevance/importance of the study of glycogen metabolism.  Such a statement has been added 
(lines 30 to 35). 
2.  The reviewer suggested adding an image, showing the different colors of glycogens with 
different degrees of branching.  Given the visual nature of the Journal, I believe this is an 
excellent suggestion.  However, while it is easy to see the difference between 
amylopectin/iodine and glycogen/iodine complexes by eye, a spectrophotometer is needed to 
detect the more subtle difference between, for example, oyster glycogen/iodine and rabbit 
liver glycogen/iodine complexes.  Therefore, I do not believe that it would be possible to 
capture an image that was helpful to a reader or viewer.   
 


