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SUMMARY:  20 
We describe here a method for growth of Neisseria gonorrhoeae in metal-restricted liquid 21 
medium to facilitate the expression of genes for metal uptake. We also outline downstream 22 
experiments to characterize the phenotype of gonococci grown in these conditions. These 23 
methods may be adapted to be suitable for characterization of metal-responsive genes in other 24 
bacteria. 25 
 26 
ABSTRACT:  27 
Trace metals such as iron and zinc are vital nutrients known to play key roles in prokaryotic 28 
processes including gene regulation, catalysis, and protein structure. Metal sequestration by 29 
hosts often leads to metal limitation for the bacterium. This limitation induces bacterial gene 30 
expression whose protein products allow bacteria to overcome their metal-limited environment. 31 
Characterization of such genes is challenging. Bacteria must be grown in meticulously prepared 32 
media that allows sufficient access to nutritional metals to permit bacterial growth while 33 
maintaining a metal profile conducive to achieving expression of the aforementioned genes. As 34 
such, a delicate balance must be established for the concentrations of these metals. Growing a 35 
nutritionally fastidious organism such as Neisseria gonorrhoeae, which has evolved to survive 36 
only in the human host, adds an additional level of complexity. Here, we describe the preparation 37 
of a defined metal-limited medium sufficient to allow gonococcal growth and the desired gene 38 
expression. This method allows the investigator to chelate iron and zinc from undesired sources 39 
while supplementing the media with defined sources of iron or zinc, whose preparation is also 40 
described. Finally, we outline three experiments that utilize this media to help characterize the 41 
protein products of metal-regulated gonococcal genes. 42 
 43 
INTRODUCTION:  44 
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Neisseria gonorrhoeae causes the common sexually-transmitted infection gonorrhea. During 45 
infection, pathogenic Neisseria express a repertoire of metal-responsive genes that allow the 46 
bacteria to overcome metal restriction efforts by the human host1-3. Trace metals like iron and 47 
zinc play key roles in many cellular processes, such as binding to enzymes in catalytic sites, 48 
participation in redox reactions, and as structural factors in various proteins4,5. In metal-limited 49 
conditions, metal-responsive loci are derepressed and their resultant proteins can aid the 50 
acquisition of these nutrients. Characterization of these genes and proteins presents a unique 51 
technical challenge for the investigator. Metal ions must be withheld from bacteria in order to 52 
induce transcription of these genes from their native loci, but effective chelation of these ions 53 
from metal-laden media can be difficult to optimize. The different metal profiles of source water 54 
and inherent lot-to-lot variation6 of powdered ingredients means that the amount of chelator 55 
required to remove a specific metal from a rich medium will vary between different locations, 56 
ingredient vendors, and even over time within a single laboratory as chemical inventory is 57 
replaced.  58 
 59 
To circumvent this challenge, we describe the preparation of a defined medium that is treated 60 
with Chelex-100 resin during preparation to remove trace metals from the solution. This medium 61 
is sufficiently nutrient dense to allow for the growth of gonococcus, which is difficult to culture 62 
outside of the human host, and allows the investigator to introduce a specific metal profile by 63 
addition of their own defined sources and concentrations of metals. The method of controlled 64 
add-back of desired metals to depleted medium increases experimental consistency and allows 65 
for robust, replicable experiments regardless of factors such as water source and chemical lot 66 
numbers. Moreover, this media can be deployed as either a liquid or solid with only minor 67 
modifications, making it quite versatile. 68 
 69 
In order to demonstrate the utility of the this medium, we outline a protocol for its use for 70 
gonococcal growth and describe three successful experiments to characterize metal-responsive 71 
Neisseria genes. First, we prepare gonococcal whole-cell lysates from metal-depleted or 72 
supplemented cultures and demonstrate variable levels of protein production from metal-73 
responsive loci. We then outline a zinc-restricted growth assay in which gonococcal growth is 74 
controlled by supplementation of specific, useable zinc sources. Finally, we show binding assays 75 
that demonstrate whole gonococcal cells expressing metal-responsive surface receptors binding 76 
to their respective metal-containing ligands. Successful surface presentation of these receptors 77 
requires growth in metal-depleted medium. 78 
 79 
The present protocol was optimized specifically for Neisseria gonorrhoeae, but numerous other 80 
bacterial pathogens employ metal acquisition strategies during infection7, so this protocol may 81 
be adapted for the study of metal homeostasis in other bacteria. Optimizing this media and these 82 
experimental protocols for use in other bacteria will likely require slight modification of metal 83 
chelator concentrations and/or treatment time with Chelex-100, as other bacteria may have 84 
slightly different metal requirements than gonococcus. Iron and zinc are the primary metals of 85 
concern for the described investigations, but other metals (e.g., manganese) have been 86 
demonstrated as critical for bacteria, including Neisseria8-12. Furthermore, similar methods have 87 
been described for metal characterizations in eukaryotic cell culture work, which may also be 88 



    

considered.13 89 
 90 
PROTOCOL: 91 
 92 
1. Preparation of Chelex-treated defined medium (CDM) stock solutions 93 
 94 
1.1. Stock solution I 95 

 96 
1.1.1. Combine NaCl (233.8 g), K2SO4 (40.0 g), NH4Cl (8.8 g), K2HPO4 (13.9 g), and KH2PO4 (10.9 g) 97 
in deionized water to a final volume of 1 L. 98 

 99 
1.1.2. Filter sterilize the solution and aliquot into 50 mL conical tubes. 100 
 101 
1.1.3. Store at -20 °C. 102 
 103 
1.2. Stock solution II 104 

 105 
1.2.1. Combine thiamine HCl (0.2 g), thiamine pyrophosphate-Cl (0.05 g), calcium pantothenate 106 
(0.19 g), and biotin (0.3 g) in 50% (vol/vol) ethanol to a final volume of 1 L.  107 

 108 
1.2.2. Aliquot into 50 mL conical tubes and store at -20 °C. 109 
 110 
1.3. Stock solution III 111 

 112 
1.3.1. Combine L-aspartate (4.0 g), L-glutamate (10.4 g), L-arginine (1.2 g), glycine (0.2 g), L-serine 113 
(0.4 g), L-leucine (0.72 g), L-isoleucine (0.24 g), L-valine (0.48 g), L-tyrosine (0.56 g), L-proline (0.4 114 
g), L-tryptophan (0.64 g), L-threonine (0.4 g), L-phenylalanine (0.2 g), L-asparagine-H2O (0.2 g), L-115 
glutamine (0.4 g), L-histidine-HCl (0.2 g), L-methionine (0.12 g), L-alanine (0.8 g), L-lysine (0.4 g), 116 
and reduced glutathione (0.36 g) in 500 mL deionized water.  117 

 118 
1.3.2. Dissolve L-cysteine (0.44 g) and L-cystine (0.28 g) in a minimal volume (~1 mL) of 1 M HCl 119 
and add to the above amino acid solution. 120 
 121 
1.3.3. Adjust the pH of the solution with 10 N NaOH until all particulate is dissolved. The final pH 122 
will be 10.0–11.0. 123 
 124 
1.3.4. Bring the final volume to 1 L with deionized water. 125 
 126 
1.3.5. Filter sterilize the solution and aliquot into 250 mL volumes. 127 
 128 
1.3.6. Store at -20 °C. 129 
 130 
1.4. Stock solution IV 131 

 132 



    

1.4.1. Dissolve glucose (200 g) in deionized water to a final volume of 1 L.  133 
 134 
NOTE: The solution may have to be heated to dissolve the glucose. 135 
 136 
1.4.2. Filter sterilize and aliquot the solution into 50 mL conical tubes. 137 
 138 
1.4.3. Store at -20 °C. 139 
 140 
1.5. Stock solution V 141 

 142 
1.5.1. Combine hypoxanthine (5.0 g), uracil (5.0 g), and NaOH (4.0 g) in deionized water to a final 143 
volume of 1 L.  144 

 145 
1.5.2. Filter sterilize and aliquot into 50 mL conical tubes. 146 
 147 
1.5.3. Store at -20 °C. 148 
 149 
1.6. Solution VI 150 
 151 
1.6.1. Prepare a 1 M CaCl2-2H2O (147 g/L) solution in deionized water. Filter sterilize and store at 152 
room temperature (RT).  153 

 154 
1.7. Stock solution VII 155 
 156 
1.7.1. Prepare a 1 M anhydrous MgSO4 solution in deionized water. Filter sterilize and store at 157 
RT. 158 
 159 
1.8. Stock solution VIII 160 
 161 
1.8.1. Prepare a 1 M NaHCO3 solution in deionized water. Filter sterilize and store at RT. 162 
 163 
2. Preparation of 4x sterile concentrate and 1x CDM  164 
 165 
NOTE: This procedure is to be performed in either acid treated sterile glassware or plastic to 166 
prevent leaching of metals into the solutions. 167 
 168 
2.1. Combine stock solutions I (50 mL), II (20 mL), III (250 mL), IV (50 mL), and V (20 mL) with 20.0 169 
g of HEPES and stir to mix. 170 
 171 
2.2. Adjust pH to 7.4, then bring the final volume to 500 mL with deionized water. 172 
 173 
2.3. Wash Chelex-100 resin in 1 L deionized water to remove preservatives prior to adding it to 174 
the 4x sterile concentrate. Do this by adding 50 g of resin to 1 L deionized water and stirring for 175 
at least 1 h. Remove the water by vacuum filtration and use this washed resin for step 2.4. 176 



    

 177 
2.4. Add 50 g of resin and slowly stir for exactly 90 min. 178 
 179 
2.5. Remove resin by filter sterilization and store the 4x sterile concentrate at 4 °C. 180 
 181 
2.6. To prepare a 1x working concentration of CDM, first dilute the 4x concentrate with sterile 182 
deionized water, then add solution VI (125 µL per 500 mL of 1x solution), solution VII (535 µL per 183 
500 mL), and solution VIII (10 mL per 500 mL). 184 
 185 
NOTE: Although all stock solutions have already been sterilized, it is recommended to filter 186 
sterilize the 1x solution again after preparation. 187 
 188 
3. Preparation of CDM plates 189 
 190 
NOTE: The recipe below makes 1 L media for plates, but it is best to prepare these in smaller 191 
volumes. Everything scales down proportionally. 192 
 193 
3.1. Washed agarose 194 
 195 
3.1.1. Dissolve 50 g of agarose in 1 L deionized water, stirring for 1 h. 196 
 197 
3.1.2. Transfer the solution to a centrifuge bottle and centrifuge at 1,200 x g for 15 min at RT. 198 
Carefully pour off the supernatant and discard. 199 
 200 
3.1.3. Add sufficient deionized water to resuspend the agarose pellet, then transfer to a 1 L flask. 201 
Bring to a final volume of 1 L with deionized water and then stir and centrifuge as in step 3.1.2. 202 
Discard the supernatant. 203 
 204 
3.1.4. Add sufficient 100% ethanol to resuspend the pellet, then transfer to a new 1 L flask. Bring 205 
to a final volume of 1 L with ethanol. Stir and centrifuge as in step 3.1.2. 206 
 207 
3.1.5. Repeat step 3.1.4. 208 
 209 
3.1.6. Add methanol to the agarose pellet to resuspend, then transfer to a 1 L flask. Bring to a 210 
final volume of 1 L with methanol. Stir and centrifuge as in step 3.1.2. 211 
 212 
3.1.7. Repeat step 3.1.6. 213 
 214 
3.1.8. Transfer washed agarose to a tray lined with aluminum foil and allow to dry in a fume 215 
hood. When dry, transfer to a metal-free container for long-term storage. 216 
 217 
3.2. Add 10 g of washed agarose and 5 g of potato starch to 750 mL of deionized water. 218 
 219 
3.3. Autoclave for 30 min at 121 °C, 100 kPa above atmospheric pressure. 220 



    

 221 
3.4. Allow media to cool to ~65 °C, then add 250 mL of 4X CDM, 250 µL of solution VI, 1.07 mL of 222 
solution VII, and 20 mL of solution VIII. 223 
 224 
3.5. If desired, add the metals of choice before pouring plates. The addition of chelators is not 225 
necessary to maintain metal-free conditions. 226 
 227 
3.6. Pour into Petri dishes and allow to solidify. 228 
 229 
4. Metal limited growth of Neisseria gonorrhoeae 230 
 231 
NOTE: For most applications, it is not necessary to metal stress the bacteria prior to inoculation 232 
of CDM. The initial doubling step in CDM and the subsequent dilution is sufficient to deplete the 233 
gonococci of their internal iron and zinc stores. As such, the first two steps of the following 234 
procedure are conducted using agar plates made from GC medium base that have been 235 
supplemented with Kellogg’s supplement I14 and 12.5 μM Fe(NO3)3. If early metal stress is 236 
desired, we recommend preparing GC medium base plates without Fe(NO3)3 and with 5 μM TPEN 237 
(N,N,N’,N’-tetrakis (2-pyridylmethyl) ethylenediamine) for zinc chelation or 10 μM deferoxamine 238 
for iron chelation. All incubation is conducted at 37 °C with 5% CO2. 239 

 240 
4.1. Two days prior to the experiment, on day -2, streak gonococci from freezer stocks onto GC 241 
medium plates and incubate for no more than 24 h. 242 
 243 
4.2. On day -1, streak single colonies onto fresh GC medium plates. Try to do this 14–16 h prior 244 
to the growth experiment. 245 
 246 
4.3. On the day of the experiment, add 5–10 mL 1x CDM to an acid washed 125 mL baffled 247 
sidearm flask (Supplemental Figure 1) and use this to blank a Klett colorimeter.  248 
 249 
4.4. Use a sterile, cotton-tipped swab to inoculate CDM from healthy, single colonies. Aim for 20 250 
Klett units.  251 
 252 
NOTE: If a Klett colorimeter is not available, a spectrophotometer is suitable as well. There is no 253 
universal conversion formula for Klett units to OD, but a rough guide is available 254 
(https://support.hunterlab.com/hc/en-us/articles/214490283-Klett-Color-Scales). 255 
 256 
4.5. Incubate with shaking at 250 rpm until approximately one mass doubling (40 Klett units). 257 
This should take between 1–2 h. 258 
 259 
4.6. At this point, the cultures are back diluted by addition of a sufficient volume of CDM to reach 260 
half of the initial culture density (e.g., if 5 mL of culture has gone from 20 to 40 Klett units, 15 mL 261 
of CDM will bring it back down to 10 Klett units) and growth will continue as in step 4.5. The 262 
specific amount of back dilution, metal treatments, etc. depend on downstream applications. We 263 
give three examples below (sections 5, 6, or 7). 264 

https://support.hunterlab.com/hc/en-us/articles/214490283-Klett-Color-Scales


    

 265 
5. Western analysis of metal responsive gene products 266 
 267 
5.1. Beginning at step 4.6, back dilute the cultures with three volumes of CDM (e.g., 15 mL of 268 
CDM if starting with 5 mL). At this point, add metal treatments if desired.  269 
 270 
5.1.1. Iron-sensing genes can be derepressed with 12.5 μM Fe(NO3)3. Zinc-responsive genes may 271 
be derepressed with 10 μM ZnSO4. 272 
 273 
5.1.2. Additional iron or zinc stress is not necessary, as the media is already depleted, so 274 
responsive genes will already be expressed. If further stress is desired, we recommend no more 275 
than 1–2 μM of deferoxamine or TPEN, as excessive stress will prevent cultures from growing. 276 
 277 
5.2. Grow cultures as in step 4.5 for 4 h and record the final cell density of the samples. Less 278 
metal-stressed cultures will grow to higher final densities. 279 
 280 
5.3. Standardize cultures to a suitable density and prepare lysates.  281 
 282 
5.3.1. Standardize whole-cell lysates to a density equivalent to 100 Klett units in 1 mL of culture. 283 
To accomplish this, divide 100 by the Klett unit density of your sample. The number you get is 284 
the volume, in mL, of culture that will be used to make the cell pellet. 285 
 286 
5.4. Follow standard SDS-PAGE and Western blotting procedures15 to probe for proteins of 287 
interest. 288 
 289 
6. Metal-limited growth assays 290 
 291 
NOTE: These assays describe premade growth premixes. The preparation of these mixes is 292 
described in section 8. 293 
 294 
6.1. During the mass doubling in step 4.5, pretreat the wells of a 96 well microplate with 10x 295 
premixes. Additionally, designate three wells to serve as blanks. To these wells, add 10 µL of 10x 296 
premix and 90 µL of CDM. 297 
 298 
6.2. Once the cultures in the sidearm flasks have doubled, add 100 µL of each culture to an 299 
unused well in the microplate and measure the optical density at 600 nm (OD600). This may be 300 
done with cuvettes in a spectrophotometer, but with larger numbers of strains within an assay 301 
this can become cumbersome and is generally not advised unless your spectrophotometer can 302 
measure directly from the arm of the side arm flask (Supplemental Figure 2).  303 
 304 
6.2.1. While measuring the OD, place the flasks back in the incubator to ensure the gonococci 305 
remain viable. 306 
 307 
6.3. Calculate the correct amount of dilution required to bring the cultures to OD600 = 0.02. The 308 



    

10x premixes have a negligible effect on OD and can be omitted from calculation. 309 
 310 
6.4. Dilute cultures with CDM in small culture tubes and add sufficient volume to dilute the 10x 311 
premixes to 1x in the plate. If a plate warmer is available, keep the plate at 37 °C while working. 312 
 313 
6.5. Incubate the plate for 8–12 h with shaking in a plate reader, taking OD600 measurements at 314 
desired intervals.  315 
 316 
7. Detection of ligand binding by outer membrane metal transporters 317 
 318 
7.1. Treat cultures as desired as in step 5.1, then incubate with shaking for 4 h. 319 
 320 
7.2. Shortly before the 4 h mark, cut three pieces of filter paper and a piece of nitrocellulose to 321 
the approximate size needed to fit into a dot blot apparatus (Supplemental Figure 3). Presoak 322 
the nitrocellulose in deionized water, then assemble the apparatus with filter paper below the 323 
nitrocellulose. 324 
 325 
7.3. At 4 h, record the cell densities and standardize to an appropriate final density. It is 326 
recommended to use ~10% of the density used for the preparation of the cell lysates in step 5. 327 
For example, if using 100 KU in 1 mL for the lysates, this means ~10 KU in 1 mL for these blots. 328 
The calculation is otherwise the same as described in 5.3.1, and cultures are added directly to 329 
the nitrocellulose in the calculated volumes rather than made into lysates. 330 
 331 
7.4. Pipet cell cultures onto the nitrocellulose and allow sufficient time for the filter paper to 332 
absorb all the liquid. 333 
 334 
7.5. Disassemble the apparatus, allow the blot to dry, and block the nitrocellulose membrane for 335 
1 h in 5% bovine serum albumin or nonfat milk (w/v) in Tris-buffered saline. 336 
 337 
7.6. Reassemble the dot blot apparatus, replacing the filter paper with paraffin film to create a 338 
leak-proof seal under the nitrocellulose. 339 
 340 
7.7. Dilute the metal-binding ligand of interest to 0.2 μM in blocker and probe cells for 1 h. 341 
 342 
7.8. Siphon off the liquid with a vacuum, wash the blot, then follow standard immunological 343 
procedures to develop the signal16. The wash steps may be done in or out of the apparatus. 344 
 345 
8. Metal loading of transferrin, S100A7, and calprotectin, and preparation of 10x premixes 346 
 347 
NOTE: As with CDM preparation, use acid washed glass or plastic for solution preparation. 348 
 349 
8.1. Dissolve human transferrin at 10 mg/mL (125 μM) in initial buffer (100 mM Tris, 150 mM 350 
NaCl, 20 mM NaHCO3, pH = 8.4). S100A7 and calprotectin are suspended in buffer consisting of 351 
20 mM Tris, 100 mM NaCl, 10 mM 2-Mercaptoethanol, and 1 mM CaCl2, pH = 8.0). 352 



    

 353 
8.1.1. Add ferration solution (100 mM sodium citrate, 100 mM NaHCO3, 5 mM FeCl3-6H2O, pH = 354 
8.4) to the transferrin solution to achieve 30% iron saturation (e.g., 75 µL of ferration solution is 355 
suitable for 5 mL transferrin if made at 10 mg/mL). 356 
 357 
8.1.2. Add ZnSO4 to S100A7 or calprotectin at a 50% molar ratio to the protein to create 25% 358 
saturation (each protein molecule has two metal binding sites). Preparations of 100 μM S100A7 359 
or calprotectin with 50 μM ZnSO4 can be used. 360 
 361 
8.1.3. For both cases, allow end-over-end mixing for at least 1 h for metal loading.  362 
 363 
8.2. Prepare 4 L of dialysis buffer (40 mM Tris, 150 mM NaCl, 20 mM NaHCO3, pH = 7.4). Split this 364 
into two separate 2 L volumes and place one at 4 °C. 365 
 366 
8.3. Add the metal loaded proteins to a dialysis cassette using a syringe and dialyze against the 367 
first buffer volume for 4 h at RT.  368 
 369 
8.4. Move the cassette to the second buffer volume and dialyze overnight at 4 °C. After these 370 
steps, any unbound metals should be removed. 371 
 372 
NOTE: We advise a bicinchoninic acid assay to determine protein concentrations after dialysis. 373 
 374 
8.5. Use a 10x transferrin premix for transferrin utilization as a sole iron source.  375 
 376 
8.5.1. Prepare this premix by diluting 30% human Fe-transferrin and bovine apo-transferrin 377 
(prepared at 125 μM as described for human transferrin, without the iron loading step) to 75 μM 378 
and 30 μM, respectively, in PBS. A positive control premix replaces 30% Fe-transferrin with 75 379 
μM Fe(NO3)3, and a negative control premix omits any added iron, retaining only the bovine apo-380 
transferrin. In the growth assay, dilute 10 µL of these concentrates with 90 µL of culture. Final 381 
concentrations are 7.5 μM 30% human Fe-transferrin and 3 μM bovine apo-transferrin. 382 
 383 
8.6. Use a modified version of the transferrin 10x premix for S100A7 or calprotectin utilization as 384 
a sole zinc source.  385 
 386 
8.6.1. For a positive control premix, incorporate 50 μM ZnSO4 into the transferrin premix. For a 387 
negative control, incorporate 50 μM TPEN and omit the zinc. Then, take 10 µL of each of these 388 
for every sample well needed, and move that volume to a new tube. Add to this half as much 389 
volume of sterile PBS. For example, if 10 wells will receive the positive control premix, take 100 390 
µL of premix, move it to a new tube, and add 50 µL of PBS. Do the same for the negative control.  391 
 392 
8.6.2. To make the S100A7 or calprotectin premix, take 10 µL of the negative control premix per 393 
well needed, move to a new tube, and add half that volume of the 25% Zn-S100A7 or calprotectin. 394 
In the growth assay, use 15 µL of premix and dilute with 85 µL of culture. Final concentrations for 395 
the transferrins remain the same as in step 8.5, with an added 5 μM of Zn, TPEN, or 396 



    

S100A7/calprotectin. 397 
 398 
REPRESENTATIVE RESULTS:  399 
A specific defined medium in the absence of trace metals for the growth of Neisseria gonorrhoeae 400 
was developed and implemented for the characterization of metal-responsive genes and their 401 
gene products. In the optimized protocol, the metal profile of media is controlled by adding 402 
metals back at the discretion of the investigator, rather than by titrated chelation of a metal 403 
target, allowing for increased control and consistency from lab to lab and experiment to 404 
experiment. This media can be employed in both liquid and solid state, making it versatile across 405 
many experimental setups. 406 
 407 
Differential protein production in variable metal concentrations can be seen in the included 408 
representative Western blots (Figure 1). The image shows the zinc-responsive outer-membrane 409 
transporters TdfJ and TdfH, which were upregulated in response to zinc chelation by TPEN. TdfJ 410 
was essentially undetectable when zinc was added back to the media, and TdfH was scarce. 411 
Moreover, the tdfJ promoter is known to be induced, rather than repressed, by iron. This is also 412 
visible in the blot. These blots utilized the iron-responsive lipoprotein TbpB2 as a loading control. 413 
In conditions of iron add-back, TbpB production was reduced. 414 
 415 
Metal-restricted growth assays demonstrate the utilization of specific, defined zinc sources by 416 
the gonococcus (Figure 2). Figure 2A shows N. gonorrhoeae growing in the presence of Zn-loaded 417 
calprotectin (CP), which requires the action of the zinc-responsive TdfH17,18. When no useable 418 
zinc source was available, either through no zinc add-back or by the absence of TdfH, growth was 419 
restricted. Figure 2B shows similar results in the presence of S100A7, which can serve as a sole 420 
zinc source when the outer membrane transporter TdfJ is produced19. In the presence of TPEN 421 
alone or when TdfJ was absent, growth was hampered, but addition of Zn-S100A7 recovered 422 
growth in a TdfJ-dependent manner. Finally, Figure 2C shows an experimental error. In this 423 
example, the dilution step of the gonococcal cultures was not sufficient to deplete the bacteria 424 
of internal zinc pools relative to the total culture volume in the microplate. As such, growth in 425 
the negative control exceeded the desired OD. 426 
 427 
Specific binding of whole gonococcal cells to their respective ligands is demonstrated by dot 428 
blots from cultures prepared in metal-limiting and metal replete conditions (Figure 3). Figure 429 
3A,B shows that gonococci grown in CDM were able to bind CP and S100A7 when producing 430 
TdfH and TdfJ, respectively, as a result of zinc scarcity. Figure 3C compares transferrin binding, 431 
which is accomplished by the cognate proteins made from the iron-sensing genes tbpA and 432 
tbpB20, when gonococci are grown in CDM alone vs. GC medium broth treated with the iron 433 
chelator deferoxamine. This figure shows increased binding of transferrin by cultures grown in 434 
CDM, which is indicative of higher levels of protein expression due to the more iron-depleted 435 
nature of CDM compared to chelated GC broth. 436 
 437 
FIGURE AND TABLE LEGENDS:  438 
Figure 1: Representative Western blot showing differential production of metal responsive 439 
proteins. (A) Neisseria gonorrhoeae wild type strain FA19 was grown in CDM supplemented with 440 



    

ZnSO4, Fe(NO3)3, or TPEN in the indicated concentrations. After treatment, cultures were grown 441 
for 4 h before whole-cell lysates of standardized density were produced and subjected to SDS-442 
PAGE and Western blotting. Differential production levels for TdfJ, which is both repressed by 443 
zinc and induced by iron, can be clearly seen in response to zinc addition/depletion and iron 444 
addition. (B) Relative signal intensities for the Western blot were quantitated via densitometry. 445 
This figure is adapted from Maurakis et al19. 446 
 447 
Figure 2: Zinc-restricted growth of gonococci. Wild type strain FA19, or isogenic mutants of this 448 
strain that do not produce tdfJ or tdfH, were grown in (A) untreated CDM until the exponential 449 
phase was reached, (B) then back diluted to OD600 = 0.02 and (C) OD600 = 0.1. The samples in A 450 
were treated with premix containing calprotectin (top) or no added zinc (bottom) and grown for 451 
8 h. The samples in B and C were supplemented with premix containing free zinc, no zinc (5 μM 452 
TPEN), or S100A7, and grown for 6 h. Growth in these conditions was only recovered upon 453 
supplementation of media with a useable zinc source, such as CP, S100A7, or free zinc in A and 454 
B, while C was not sufficiently diluted to deplete internal cellular zinc pools. Figure 2A is adapted 455 
from Jean et al.17 Figure 2B is adapted from Maurakis et al19. 456 
 457 
Figure 3. Representative binding assays show host ligands binding to metal-stressed gonococci. 458 
(A) Wild type strain FA1090, or mutants of this strain that do not produce tdfJ, tdfH, or both, 459 
were grown in CDM without supplemental metals and were dotted onto nitrocellulose in 460 
standardized densities. Cells were probed with calprotectin, which is recognized by the zinc-461 
responsive TdfH, and binding was assessed by detection with an anti-calprotectin antibody (top). 462 
Relative calprotectin binding was quantitated via densitometry, shown here on a log scale 463 
(bottom). (B) Binding experiments were performed as described in A, but instead using the FA19 464 
wild type strain and tdfJ mutant and complemented strains in that background. Cells were probed 465 
with HRP-labeled S100A7, which is recognized by the zinc-responsive TdfJ. (C) Wild type strain 466 
FA19 was grown side-by-side in CDM or GC medium broth with 25 μM deferoxamine added to 467 
chelate free iron, dotted to nitrocellulose in standardized amounts, and probed with transferrin, 468 
which binds the iron-sensitive TbpA. These side-by-side tests show that CDM, unlike GC medium 469 
broth, required no additional chelation to achieve an iron-limited environment. Figure 3A is 470 
adapted from Jean et al. and the bottom from Maurakis et al19. 471 
 472 
DISCUSSION:  473 
Growth media serves a variety of roles in microbiological research. Specialized media are used 474 
for selection, enrichment, and various other applications for many unique types of study. One 475 
such application is the induction of metal-responsive genes, which is typically accomplished by 476 
addition of a specific chelator that targets a particular metal ion. This method is limited, as the 477 
amount of chelation necessary for various trace metals is likely to be variable due to different 478 
water sources containing unique metal profiles, and two lots of the same media ingredient 479 
containing different metal concentrations6. To avoid this inherent shortcoming, we have 480 
described the preparation and use of a defined medium that is treated with Chelex-100 resin to 481 
remove all trace metals in bulk, allowing controlled addition of specified metals back into the 482 
medium as needed.  483 
 484 



    

In the current protocol, the first important point of discussion is the source water. The protocol 485 
describes a Chelex treatment that is sufficient to remove metals from laboratory Type 2 (1.0 486 
megaOhms-cm according to ISO 3696 specifications) water. Different water sources will likely 487 
require shorter or longer Chelex treatments. We have found that water of higher purity than 488 
Type 2, such as molecular biology grade water, will not support bacterial growth in this 489 
application. The choice of vessel for media preparation is just as important as the water source. 490 
We highly recommend clean plastic containers, as glassware may leach metal ions into the 491 
solution. If plasticware is not available, glassware must be acid washed to minimize 492 
contamination risk. The same acid washing is required for culture flasks when using CDM. 493 
 494 
Growth of Neisseria gonorrhoeae in an in vitro setting can be quite challenging, as this organism 495 
has evolved to thrive specifically in human hosts21. While CDM is suitable to support growth for 496 
the duration of experiments, care must be taken during the inoculation and dilution steps to 497 
ensure that gonococci are not in atmospheric conditions longer than necessary. Due to the 498 
capnophilic nature of gonococci22 and its predilection for temperatures found within human 499 
hosts, we do not recommend keeping cultures in atmospheric conditions for longer than ~15 min. 500 
If the initial mass doubling event described in step 4.5 of the method takes longer than 2 h, it is 501 
likely that gonococcal cultures have not been handled properly and the experiment should be 502 
aborted.  503 
 504 
While the focus of this method is on methods for growth and characterization of Neisseria 505 
gonorrhoeae specifically, usage of this specific CDM is likely also suitable for study of other 506 
Neisseria species. Moreover, it can be easily applied to the characterization of other metal-507 
sensing systems in other bacteria. For example, a similar metal-free media has been used to 508 
characterize metal uptake in Staphylococcus aureus23 and Escherichia coli24. Utilization of the 509 
described recipe for other bacteria will likely involve small modifications or additions, depending 510 
on the specific nutritional needs of the bacteria in question. For example, supplement VIII is 511 
included in the recipe to aid with the gonococcus’ need for supplemental CO2. As described 512 
above, growth is performed at 37 °C with a 5% CO2 atmosphere, but we have found that addition 513 
of supplemental bicarbonate in the media aids the initial stages of gonococcal growth in defined 514 
medium. For organisms without such a requirement, this ingredient may be omitted. 515 
Unfortunately, further examples of these modifications have to be empirically determined.  516 
 517 
Despite the need to adapt the method somewhat for use with other bacteria, the basic 518 
framework should be appropriate for broad use. Characterization of metal-responsive genes and 519 
metal transporters is an ongoing endeavor in microbial study, with bacteria including Neisseria 520 
meningitidis18,25-28, S. aureus9, Haemophilus influenzae29, Salmonella enterica30, and E. coli31 all 521 
receiving attention in this niche. Our own future utilization of this technique will aim to further 522 
the understanding of other gonococcal metal uptake systems beyond those already mentioned, 523 
which allow the gonococcus to acquire iron from host proteins such as lactoferrin32,33, 524 
hemoglobin34,35, and also from bacterial xenosiderophores36, and to expand our studies into the 525 
effects of other metals such as manganese, which has been implicated in oxidative stress defense 526 
by Neisseria12,37. 527 
  528 
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Name of Material/ Equipment Company Catalog Number

125 mL sidearm flasks Bellco 2578-S0030

2-Mercaptoethanol VWR M131

3MM Paper GE Health 3030-6461

Agarose Biolone BIO-41025

Ammonium chloride Sigma-Aldrich A9434

Biotin Sigma-Aldrich B4501

Blotting grade blocker Bio-Rad 170-6404

Bovine serum albumin Roche 3116964001

Bovine transferrin Sigma-Aldrich T1428

Calcium chloride dihydrate Sigma-Aldrich C5080

Calcium pantothenate Sigma-Aldrich C8731

Calprotectin N/A N/A

Chelex-100 Resin Bio-Rad 142-2832

Cotton-tipped sterile swab Puritan 25-806

Deferoxamine Sigma-Aldrich D9533

D-glucose Sigma-Aldrich G8270

Dialysis cassette Thermo 66380

Dot blot apparatus

Schleicher & 

Schwell 10484138

Ethanol Koptec V1016

Ferric chloride Sigma-Aldrich F7134

Ferric nitrate nonahydrate Sigma-Aldrich F1143

GC medium base Difco 228950

Glycine Sigma-Aldrich G8898

HEPES Fisher L-15694

Human transferrin Sigma-Aldrich T2030

Hypoxanthine Sigma-Aldrich H9377

Klett colorimeter Manostat 37012-0000

L-alanine Sigma-Aldrich A7627

L-arginine Sigma-Aldrich A5006

L-asparagine monohydrate Sigma-Aldrich A8381
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L-aspartate Sigma-Aldrich A9256

L-cysteine hydrochloride Sigma-Aldrich C1276

L-cystine Sigma-Aldrich C8755

L-glutamate Sigma-Aldrich G1251

L-glutamine Sigma-Aldrich G3126

L-histidine monohydrochloride Sigma-Aldrich H8125

L-isoleucine Sigma-Aldrich I2752

L-leucine Sigma-Aldrich L8000

L-lysine Sigma-Aldrich L5501

L-methionine Sigma-Aldrich M9625

L-phenylalanine Sigma-Aldrich P2126

L-proline Sigma-Aldrich P0380

L-serine Sigma-Aldrich S4500

L-threonine Sigma-Aldrich T8625

L-tryptophan Sigma-Aldrich T0254

L-tyrosine Sigma-Aldrich T3754

L-valine Sigma-Aldrich V0500

Magnesium sulfate Sigma-Aldrich M7506

Methanol VWR BDH1135-4LP

Nitrocellulose GE Health 10600002

Potassium phosphate dibasic Sigma-Aldrich 60356

Potassium phosphate monobasic Sigma-Aldrich P9791

Potassium sulfate Sigma-Aldrich P0772

Potato starch Sigma-Aldrich S4251

Reduced glutathione Sigma-Aldrich G4251

S100A7 N/A N/A

Sodium bicarbonate Sigma-Aldrich S5761

Sodium chloride VWR 470302

Sodium citrate Fisher S279

Sodium hydroxide Acros Organics 383040010

Thiamine hydrochloride Sigma-Aldrich T4625



Thiamine pyrophosphate Sigma-Aldrich C8754

TPEN Sigma-Aldrich P4413

Tris VWR 497

Uracil Sigma-Aldrich U0750

Zinc sulfte heptahydrate Sigma-Aldrich 204986
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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.

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


