
Journal of Visualized Experiments
 

Bacterial expression and purification of human matrix metalloproteinase-3 using affinity
chromatography
--Manuscript Draft--

 
Article Type: Methods Article - JoVE Produced Video

Manuscript Number: JoVE63263R3

Full Title: Bacterial expression and purification of human matrix metalloproteinase-3 using affinity
chromatography

Corresponding Author: Maryam Raeeszadeh Sarmazdeh
University of Nevada Reno
Reno, NV UNITED STATES

Corresponding Author's Institution: University of Nevada Reno

Corresponding Author E-Mail: maryamr@unr.edu;mraiszadeh@gmail.com

Order of Authors: Alexander Bolt

Linh Do

Maryam Raeeszadeh-Sarmazdeh

Additional Information:

Question Response

Please specify the section of the
submitted manuscript.

Biochemistry

Please indicate whether this article will be
Standard Access or Open Access.

Standard Access ($1400)

Please indicate the city, state/province,
and country where this article will be
filmed. Please do not use abbreviations.

Reno, NV, USA

Please confirm that you have read and
agree to the terms and conditions of the
author license agreement that applies
below:

I agree to the Author License Agreement

Please confirm that you have read and
agree to the terms and conditions of the
video release that applies below:

I agree to the Video Release

Please provide any comments to the
journal here.

Powered by Editorial Manager® and ProduXion Manager® from Aries Systems Corporation

https://www.jove.com/files/Article_License_Agreement_1-29-21.pdf
https://www.jove.com/files/Video_Release_1-29-21.pdf


1 
 

TITLE: 1 
Bacterial Expression and Purification of Human Matrix Metalloproteinase-3 Using Affinity 2 
Chromatography 3 
 4 
AUTHORS AND AFFILIATIONS: 5 
Alexander J. Bolt1, Linh D. Do1, Maryam Raeeszadeh-Sarmazdeh1 6 
 7 
1Department of Chemical & Materials Engineering, University of Nevada-Reno, Reno, Nevada, 8 
USA 9 
 10 
E-mail addresses of co-authors: 11 
Alexander Bolt     (alexanderbolt@unr.edu) 12 
Linh D. Do      (linhd@nevada.unr.edu) 13 
 14 
Corresponding author: 15 
Maryam Raeeszadeh-Sarmazdeh   (maryamr@unr.edu) 16 
 17 
KEYWORDS: 18 
Matrix metalloproteinase, MMP-3cd, Bacterial expression, Solubilization and refolding of human 19 
proteins in E. coli, His-tag affinity protein purification. 20 
 21 
SUMMARY: 22 
His-tag purification, dialysis, and activation are employed to increase yields of soluble, active 23 
matrix metalloproteinase-3 catalytic domain protein expression in bacteria. Protein fractions are 24 
analyzed via SDS-PAGE gels. 25 
 26 
ABSTRACT: 27 
Matrix metalloproteinases (MMPs) belong to the family of metzincin proteases with central roles 28 
in extracellular matrix (ECM) remodeling and degradation, as well as interactions with several 29 
growth factors and cytokines. Secreted as inactive zymogens, MMPs are primarily responsible for 30 
extracellular matrix turnover; however, when dysregulated, they are also responsible for several 31 
diseases such as cancer, neurodegenerative diseases, and cardiovascular disease. Human MMPs 32 
have been the center of attention for decades while studying these diseases and developing 33 
therapeutics that target them efficiently. However, even the catalytic domain of most MMPs 34 
cannot be expressed in Escherichia coli (E. coli) in soluble form due to lack of posttranslational 35 
machinery, whereas mammalian expression systems are usually costly and have lower yields.  36 
 37 
To study the MMP mechanism in solution, more facile and robust methods are needed for the 38 
production of active, soluble MMPs. Though relatively pure, MMP inclusion bodies must undergo 39 
the tedious and laborious process of extensive purification and refolding, significantly reducing 40 
the yield of MMPs in native conformation. This paper presents a protocol using 41 
Rosetta2(DE3)pLysS (hereafter referred to as R2DP) cells to produce active matrix 42 
metalloproteinase-3 catalytic domain (MMP-3cd), which contains an N-terminal His-tag for use 43 
in affinity purification. R2DP cells enhance the expression of eukaryotic proteins through a 44 
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chloramphenicol-resistant plasmid containing codons normally rare in bacterial expression 45 
systems. Compared to the traditional cell line of choice for recombinant protein expression, 46 
BL21(DE3), purification using this new strain improved the yield of purified Hisx6-pro-MMP-3cd. 47 
Upon activation and desalting, the pro domain is cleaved along with the N-terminal His-tag, 48 
providing active MMP-3cd for immediate use in countless in vitro applications. This method does 49 
not require expensive equipment or complex fusion proteins and, instead, rapidly facilitates 50 
testing needed for the growing development of MMP inhibition-based therapeutics. 51 
 52 
INTRODUCTION: 53 
Most complex recombinant proteins undergo elaborate posttranslational modifications after 54 
expression, requiring highly assisted protein folding and co-factors to be functional1. Producing 55 
high yields of active protein remains a significant challenge due to high costs and the lack of 56 
robust purification methods, even for smaller-scale laboratory experiments2-3. MMPs, human 57 
endopeptidases with large molecular weight, are overwhelmingly expressed as insoluble 58 
inclusion bodies when recombinantly expressed in E. coli. Extraction of soluble MMP protein 59 
leads to a laborious, time-consuming solubilization and refolding process4. 60 
 61 
MMPs have critical roles in both physiological and pathogenic processes. In humans, they are a 62 
family of 23 zinc endopeptidases, categorized by structure and substrate specificity, and 63 
differentially expressed in spite of a highly conserved catalytic domain5-6. MMPs are secreted as 64 
inactive zymogens, regulated via posttranslational activation and their endogenous inhibitors, 65 
tissue inhibitors of metalloproteinases (TIMPs)7-10. Though initially recognized for their role in 66 
ECM turnover, MMPs are substantially involved in development, morphogenesis, tissue repair, 67 
and remodeling8. When dysregulated, MMPs have been notably linked to cancer along with 68 
neurodegenerative, cardiovascular, and fibrotic disease, among other illnesses5,7.  69 
 70 
The development of large-scale MMP production methods is critical to ensure the success of 71 
future studies of MMP mechanisms through biochemical and cell-based assays. Traditionally, 72 
MMP overexpression is carried out in E. coli, human plasma, or mammalian cells11. Various MMPs 73 
have been previously expressed in bacteria, including Hisx6-tagged MMPs, without altering MMP 74 
activity12-15. However, these methods include tedious, long steps that might be difficult to 75 
replicate. Mammalian cells can be used to express milligram quantities of many different human 76 
proteins while ensuring the proper posttranslational modifications16.  77 
 78 
Although the mammalian expression system is an ideal choice to produce human proteins, the 79 
main disadvantages of this method are low initial yields, expensive growth media, long wait times 80 
to reach stable expression lines, and risk of contamination with other species such as fungi or 81 
bacteria2,11. MMP production in mammalian cell lines yields impurities from associated cellular 82 
proteins such as TIMPs or fibronectins11. Unlike the slow cell growth observed in mammalian 83 
cells, the bacterial expression system offers large-scale protein production in a short period along 84 
with simpler media and growth requirements. However, due to the lack of other associated 85 
cellular proteins (i.e., TIMPs) in bacterial expression systems, active MMPs at higher 86 
concentrations are subject to degradation through autoproteolysis, resulting in poor MMP 87 
yield17.  88 
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 89 
This paper describes a detailed method for bacterial expression of recombinant pro-MMP-3cd-90 
Hisx6 utilizing E. coli as an expression host due to its accessibility, simplicity, and success in 91 
producing milligram quantities of MMPs2-3,18. However, E. coli lack the protein folding machinery 92 
and posttranslational processing required for recombinant MMPs and other complex proteins. 93 
Many E. coli strains have been engineered to overcome these limitations16,19-20. For instance, 94 
R2DP cells enhance eukaryotic expression by supplying a chloramphenicol-resistant plasmid 95 
containing codons rarely used in E. coli.  96 
 97 
As described in the protocol, after overexpression of relatively pure inclusion bodies from the 98 
pET vector (Figure 1) in R2DP cells, Hisx6-pro-MMP-3 catalytic domain (MMP-3cd) proteins are 99 
extracted and denatured4. Affinity tag chromatography is utilized to purify His-tagged pro-MMP-100 
3cd3,19. Upon refolding and dialysis, the MMP-3cd zymogens are activated by 4-101 
aminophenylmercuric acetate (APMA), and SDS-PAGE analysis is used to evaluate yields and the 102 
need for further purification5,21. This protocol will describe expression, purification, and 103 
activation of soluble, active MMP-3cd as an example. However, it may be used as a rough guide 104 
for other MMPs and human proteases with similar activation mechanisms (Figure 2). If not 105 
purifying MMP-3cd, the reader is advised to determine optimal buffer compositions and methods 106 
for their target protein before attempting this protocol. 107 
 108 
[Place Figure 1 here] 109 
[Place Figure 2 here] 110 
 111 
PROTOCOL: 112 
 113 
1. MMP expression 114 
 115 
1.1. Cloning and transformation of pET-Hisx6-pro-MMP-3cd into R2DP cells 116 
 117 
1.1.1. Digest the pET plasmid (see the Table of Materials) with NdeI and BamHI restriction 118 
enzymes in Digest Buffer (see the Table of Materials). In a total reaction volume of 40 µL, add 4 119 
µL of Digest Buffer, 33 µL of plasmid, and 1.5 µL of each restriction enzyme and allow the reaction 120 
to proceed for ~2 h until completion at 37 °C. 121 
 122 
1.1.2. Perform a PCR reaction on the MMP-3cd sequence to insert an N-terminal His-tag. Use 25 123 
µL of PCR Mix (see the Table of Materials), 2.5 µL of primers (Supplemental Figure S1), and 1.25 124 
µL of the insert sequence. Add sterile water to a final reaction volume of 50 µL. 125 
 126 
1.1.3. Run the PCR product and digested vector on a 1% agarose gel. Purify the gel bands using a 127 
Gel Recovery Kit (see the Table of Materials) per the manufacturer’s protocol. 128 
 129 
1.1.4. Clone the amplified PCR product into the digested vector between the NdeI and BamHI 130 
restriction sites using DNA Assembly Mix (see the Table of Materials). Use online tools to 131 
determine the required volume of the insert and cut vector for a total reaction volume of 15 µL. 132 
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 133 
1.1.5. Per number of assembly reactions, thaw 50 µL aliquots of high-transformation efficiency 134 
cells (see the Table of Materials) on ice until thawed. Prewarm SOC Growth Medium (see the 135 
Table of Materials) to 37 °C and LB-ampicillin (LB Amp) plates (see the Table of Materials).  136 
 137 
1.1.6. Add 1–2 µL of the pET-pro-MMP-3cd assembly reaction to each 50 µL aliquot. Incubate on 138 
ice for 30 min. 139 
 140 
1.1.7. Heat-shock the cells by incubating at 42 °C for 30 s. Incubate on ice for 2 min. 141 
 142 
1.1.8. Add 950 µL of SOC growth medium to each transformant mixture. Shake for 1 h at 250 rpm 143 
and 37 °C. 144 
 145 
1.1.9. Plate 250 µL of the transformants on LB Amp plates and incubate overnight at 37 °C. 146 
 147 
1.1.10. Inoculate each isolated colony in 10 mL of LB Amp medium. Shake overnight at 250 rpm 148 
and 37 °C. 149 
 150 
1.1.11. Extract plasmid DNA per manufacturer’s protocol for the miniprep kit (see the Table of 151 
Materials). Confirm the sequence of the construct using T7 forward and reverse primers 152 
(Supplemental Figure S1). 153 
 154 
1.1.12. Thaw one 50 µL aliquot of R2DP cells (see the Table of Materials) on ice for 2–5 min. 155 
Prewarm SOC growth medium to room temperature and LB Amp CamR plates to 37 °C (see the 156 
Table of Materials). 157 
 158 
1.1.13. Add 1 µL of sequence-confirmed pET-Hisx6-pro-MMP-3cd to the 20 µL aliquot. Stir gently 159 
to mix and return the tube to ice. 160 
 161 
1.1.14. Incubate the tube on ice for 5 min. 162 
 163 
1.1.15. Heat-shock the cells by incubating at 42 °C for exactly 30 s. Do not shake.  164 
 165 
1.1.16. Place the cells on ice for 2 min. 166 
 167 
1.1.17. Add 950 µL of room-temperature SOC medium to the transformant mixture. Shake for 1 168 
h at 250 rpm and 37 °C. 169 
 170 
1.1.18. Plate the transformants on LB Amp CamR plates and incubate overnight at 37 °C.  171 
 172 
1.2. Growth and induction 173 
 174 
1.2.1. Inoculate a single, isolated colony of pET-Hisx6-pro-MMP-3cd transformant from an LB 175 
Amp CamR plate in 5 mL of LB Amp CamR media at 37 °C. Shake at 250 rpm overnight (~16 h). 176 
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Save aliquots from each culture and prepare 40% (v/v) glycerol (see the Table of Materials) stocks 177 
if desired. 178 
 179 
1.2.2. Per overnight culture, inoculate a 1 L flask containing 500 mL of LB Amp CamR medium to 180 
an optical density at 600 nm (OD600) of 0.05–0.1.  181 
 182 
NOTE: This should return the cells to logarithmic growth. 183 
 184 
1.2.3. Measure the OD600 at several time points, typically for 3–4 h, until it falls between 0.4 and 185 
0.6.  186 
 187 
1.2.4 Before induction, aliquot a fraction of culture into a 1.5 mL microfuge tube (see the Table 188 
of Materials ) and label it Un-induced Fraction. Store it at -80 °C. If not running an SDS-PAGE gel, 189 
skip this step and proceed to step 1.2.5. 190 
 191 
1.2.5. Induce the cultures to a final concentration of 1 mM using 1 M isopropyl-ß-D-192 
thiogalactopyranoside (IPTG) stock (see the Table of Materials). Continue to incubate in the 37 193 
°C shaker for an additional 3–4 h.  194 
 195 
NOTE: During expression, the reader should determine the optimal OD600 at the time of induction 196 
and the IPTG concentration. If the yield drops substantially after purification, the imidazole 197 
concentration in purification buffers may require adjustment, or the cell pellet may need to be 198 
sonicated further.  199 
 200 
1.2.6. Before centrifuging the cultures, aliquot a fraction of culture into a second 1.5 mL 201 
microfuge tube and label it Induced Fraction. Store it at -80 °C. If not running an SDS-PAGE gel, 202 
skip this step and proceed to step 1.2.7. 203 
 204 
1.2.7. Centrifuge the cells in 250 mL conical bottles (see the Table of Materials ) at 13,000 × g 205 
and 4 °C for 10 min. 206 
 207 
1.2.8. Repeat step 1.2.7 until the cultures are completely pelleted. 208 
 209 
NOTE: PAUSE: Cell pellets can be frozen at -80 °C and thawed later for further processing. 210 
Otherwise, skip this step and proceed to step 1.3.1. 211 
 212 
1.3. Inclusion body extraction and solubilization 213 
 214 
NOTE: Prepare 10 M urea freshly and no earlier than one day in advance, stirring thoroughly until 215 
dissolved completely. Do not heat or autoclave urea; store it at room temperature.  216 
 217 
1.3.1. Resuspend the pellet (from step 1.2.8) in lysis buffer (see the Table of Materials). Per gram 218 
of pellet, add 3 mL of lysis buffer and resuspend by vortexing or pipetting. Shake overnight at 4 219 
°C. 220 
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 221 
1.3.2. Add 1.25 mL of 10% (w/v) sodium deoxycholate (see the Table of Materials) per 1 L of 222 
culture. Shake at room temperature for 30 min at 150 rpm. 223 
 224 
1.3.3. Add 10 µL of DNase I (see the Table of Materials) per 1 L of culture. Shake at room 225 
temperature for 30 min at 150 rpm. 226 
 227 
1.3.4. Centrifuge for 10 min at 13,000 × g and 4 °C. 228 
 229 
1.3.5. Set aside a fraction of Lysed MMP for gel analysis. Store it at -80 °C. If not performing gel 230 
analysis, proceed to step 1.3.6. 231 
 232 
NOTE: After centrifugation, the pellet may be stringy and not compactly packed, making it risky 233 
to discard the supernatant. If this is the case, then skip step 1.3.6 and proceed to step 1.3.7. 234 
 235 
1.3.6. Discard the supernatant from the centrifuged samples. 236 
 237 
NOTE: The protocol can be paused at this point and the cell pellets frozen at -80 °C and thawed 238 
later. Otherwise, skip this step and proceed to step 1.3.7. 239 
 240 
1.3.7. Resuspend the pellet in 100 mL/L culture of Inclusion Body Buffer (see the Table of 241 
Materials) by pipetting up and down. 242 
 243 
1.3.8. During sonication, keep the samples on ice to prevent overheating. Sonicate each sample 244 
for 6 cycles of 15 s, output 5, and 50% pulse. Allow 15 s rest periods for cooling between cycles. 245 
 246 
1.3.9. Transfer the samples into 50 mL conical tubes (see the Table of Materials). Centrifuge for 247 
10 min at 13,000 × g and 4 °C. 248 
 249 
1.3.10. Set aside a fraction of Sonicated MMP for gel analysis. Store it at -80 °C. If not performing 250 
gel analysis, proceed to step 1.3.11. 251 
 252 
1.3.11. Check the pellet. If stringy, repeat steps 1.3.8–1.3.10. If the pellet is compact, discard the 253 
supernatant and proceed to step 1.3.12. 254 
 255 
NOTE: Sonication in Inclusion Body Buffer can be repeated to recover more protein from the 256 
lysed cell debris. However, too much sonication can cause shearing, which harms MMP yield. The 257 
protocol can be paused at this stage, and the cell pellets can be frozen at -80 °C and thawed later. 258 
 259 
1.3.12. Resuspend each pellet from a 1 L culture in 5 mL of Solubilization Buffer (see the Table of 260 
Materials) by pipetting. Incubate for at least 30 min on ice to allow the proteins to solubilize. 261 
 262 
1.3.13. Set aside a fraction of Solubilized MMP for gel analysis. Store it at -80 °C. If not performing 263 
gel analysis, proceed to step 1.3.14. 264 
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 265 
1.3.14. Centrifuge the cells for 10 min at 13,000 × g and 4 °C. DO NOT DISCARD THE 266 
SUPERNATANT.  267 
 268 
1.3.15. If a pellet forms after centrifugation, pour the supernatant into a separate 50 mL conical 269 
tube. Resuspend the pellet in another 5 mL of Solubilization Buffer (per 1 L of culture) by pipetting 270 
up and down. 271 
 272 
1.3.16. Centrifuge for 10 min at 13,000 × g and 4 °C. DO NOT DISCARD THE SUPERNATANT. 273 
 274 
1.3.17. Repeat steps 1.3.14 and 1.3.15 until a pellet no longer forms after centrifugation or only 275 
gray precipitate remains. Pool the supernatants. Discard or store the pellet at -80 °C for additional 276 
sonication. 277 
 278 
2. MMP purification and refolding 279 
 280 
2.1. His-tag affinity purification 281 
 282 
2.1.1. Per the manufacturer’s protocol, fill a gravity-flow column (see the Table of Materials) with 283 
well-mixed Ni-NTA resin (see the Table of Materials). Allow the resin to settle and separate from 284 
the storage buffer such that a distinct line forms between the two layers. 285 
 286 
NOTE: Never allow the resin to dry, as air will penetrate the resin and harm protein yield. In 287 
between uses, perform the resin regeneration procedure described in section 2.2. 288 
 289 
2.1.2. Allow the storage buffer to drain. Fill the column with two resin-bed volumes of HT 290 
Equilibration Buffer. 291 
 292 
2.1.3. Drain the HT Equilibration Buffer and discard. As the column is draining, centrifuge the 293 
protein extract at maximum speed for 1 min and filter-sterilize using a 0.22 µm filter (see the 294 
Table of Materials). 295 
 296 
2.1.4. Swap the waste container for a 50 mL conical tube labeled HT Flowthrough. Add the 297 
prepared protein extract to the column. 298 
 299 
2.1.5. Reapply the flowthrough to maximize binding. 300 
 301 
2.1.6. Set aside a fraction of Flowthrough Fraction for gel analysis. Store it at -80 °C. If not 302 
performing gel analysis, proceed to step 2.1.7. 303 
 304 
2.1.7. Immediately wash the resin with 15 mL of HT Wash Buffer (see the Table of Materials). 305 
Collect the flowthrough in 15 mL conical tubes (see the Table of Materials) labeled HT Wash. 306 
 307 
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NOTE: Absorbance values at 280 nm (A280) were obtained via spectrophotometry and used 308 
along with molecular weight and extinction coefficient, ε, to estimate protein concentrations. For 309 
denatured Hisx6-pro-MMP-3cd, the molecular weight is 29.86 kDa, and ε is 34.38 M-1 cm-1. 310 
 311 
2.1.8. Blanking against HT Wash Buffer, measure and record the A280. Repeat steps 2.1.7 and 312 
2.1.8 with additional wash fractions. Once the A280 approaches baseline and contamination has 313 
been minimized, proceed to step 2.1.9. 314 
 315 
2.1.9. Set aside a fraction of Wash Fraction for gel analysis. Repeat for multiple wash fractions. 316 
Store the fractions at -80 °C. If not performing gel analysis, proceed to step 2.1.10. 317 
 318 
2.1.10. Immediately elute His-tagged proteins by adding 5 mL of HT Elution Buffer (see the Table 319 
of Materials). Collect the flowthrough as 0.5–1 mL fractions in microfuge tubes labeled HT 320 
Elution.  321 
 322 
2.1.11. Set aside a fraction of Elution Fraction for gel analysis. Repeat for multiple elution 323 
fractions. Store the fractions at -80 °C. If not performing gel analysis, proceed to step 2.1.12. 324 
 325 
2.1.12. If the A280 is >0.3 mg/mL, dilute the fraction with HT Equilibration Buffer (see the Table 326 
of Materials). 327 
 328 
NOTE: The eluted fraction must be diluted to an A280 of 0.3 mg/mL or less to prevent 329 
precipitation during dialysis. The protocol can be paused here and the pooled fractions frozen at 330 
-80 °C and thawed later. Otherwise, skip this step and proceed to step 2.2.1. 331 
 332 
2.2. Resin regeneration 333 
 334 
2.2.1. Wash the resin with ten resin-bed volumes of HT Regeneration Buffer (see the Table of 335 
Materials) and ten resin-bed volumes of sterile water.  336 
 337 
2.2.2. Store the resin as a 50% slurry in 20% (v/v) ethanol. 338 
 339 
3. Protein refolding 340 
 341 
NOTE: For smaller volumes, dialysis cassettes can be used at a lower risk of sample loss. Dialysis 342 
tubing is required if larger volumes are used (see the Table of Materials). 343 
 344 
3.1. Dialysis 345 
 346 
NOTE: The optimum protein concentration for dialysis is ~0.3 mg/mL. If significant precipitation 347 
occurs during dialysis, reduce the urea concentration gradient between each dialysis using a 348 
stepwise dialysis method and add more intermediate steps (e.g., from 6 M to 5 M, and then 5 M 349 
to 4 M, rather than skipping the 5 M stage). As freeze-thaw cycles damage the cellular and protein 350 
structure, it is vital to minimize pauses in the protocol. 351 
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 352 
3.1.1. Per the manufacturer’s protocol, use the appropriate amount of dialysis tubing according 353 
to the volume of Elution Fraction samples.  354 
 355 
3.1.2. Submerge the eluted MMP fractions in dialysis tubing in 1 L of Dialysis Buffer 1 (see the 356 
Table of Materials). Stir the tubing and its contents on a magnetic stirrer for no less than 8 h at 357 
4 °C. 358 
 359 
3.1.3. Transfer to 1 L of Dialysis Buffer 2 (see the Table of Materials). Stir the tubing and its 360 
contents on a magnetic stirrer for no less than 8 h at 4 °C. 361 
 362 
3.1.4. Transfer to 1 L of Dialysis Buffer 3 (see the Table of Materials). Stir the tubing and its 363 
contents on a magnetic stirrer for no less than 8 h at 4 °C. 364 
 365 
3.1.5. Transfer the sample into new 1.5 mL microfuge tubes and label them as Dialyzed MMP. 366 
 367 
3.1.6. Examine the tube for any precipitate. If precipitate has formed, centrifuge the sample for 368 
1 min at 13,000 × g and 4 °C. 369 
 370 
3.1.7. Transfer the supernatant into new 15 mL conical tubes and label them as Refolded MMP. 371 
 372 
3.1.8. Set aside a fraction for gel analysis and label it as Refolded MMP. Store it at -80 °C. If not 373 
performing gel analysis, proceed to step 3.1.9. 374 
 375 
NOTE: If yields are low, the precipitate can be dissolved in HT Equilibration Buffer and steps in 376 
section 3.1 repeated with dialysis tubing. If gel analysis is not to be performed or if the protocol 377 
must be paused here, freeze the samples at -80 °C and thaw them later. If yields are in the desired 378 
range, proceed to step 3.2.1. 379 
 380 
3.2. Reconcentration 381 
 382 
NOTE: The extinction coefficients for refolded and denatured Hisx6-pro-MMP-3cd are expected 383 
to be the same; hence, A280 calculations are not affected. 384 
 385 
3.2.1. Reconcentrate the sample up to 0.5 mg/mL. Use a 400 mL stirred cell (see the Table of 386 
Materials) to concentrate the sample to 15 mL and a 50 mL reconcentration tube to concentrate 387 
further if needed. 388 
 389 
NOTE: If a precipitate forms, it can be pelleted and dissolved in HT Equilibration Buffer. Then, 390 
repeat sections 3.1 and step 3.2.1. Otherwise, continue to step 3.2.2.  391 
 392 
3.2.2. Set aside a fraction for gel analysis and label it as Concentrated MMP.  393 
 394 
NOTE: The protocol can be paused here and the samples frozen at -80 °C and thawed later.  395 
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 396 
4. Activation 397 
 398 
4.1. 4-Aminophenylmercuric acetate (APMA) activation 399 
 400 
NOTE: APMA is highly toxic. Make a fresh stock solution of 20 mM APMA before activation, and 401 
always work under a fume hood when using APMA. Discard the APMA waste into its container. 402 
 403 
4.1.1. Per 1 mL aliquot of MMP (1 mg/mL), add 50 μL of 20 mM APMA (see the Table of Materials) 404 
to reach a final APMA concentration of 1 mM. Incubate overnight at 37 °C. 405 
 406 
4.1.2. If a precipitate forms, centrifuge it at maximum speed for 10 min at 4 °C. Store the 407 
supernatant in a 1.5 mL microfuge tube labeled Activated MMP. Discard the precipitate into a 408 
container marked for APMA waste.  409 
 410 
4.1.3. Set aside a fraction for gel analysis and label it Activated MMP.  411 
 412 
NOTE: The protocol can be paused here and the samples frozen at -80 °C and thawed later. If not 413 
performing gel analysis, proceed to step 4.2.1. After activation, the molecular weight and 414 
extinction coefficient of MMP-3cd are 19.40 kDa and 28.42 M-1 cm-1, respectively. 415 
 416 
4.2. Desalting 417 
 418 
4.2.1. Remove APMA from the activated MMP-3cd sample with a 2 mL desalting column (see the 419 
Table of Materials), following the manufacturer’s protocol. 420 
 421 
4.2.2. Set aside a fraction for gel analysis and label it Desalted MMP. Store it at -80 °C. If not 422 
performing gel analysis, proceed to section 4.3 with the remaining samples. 423 
 424 
NOTE: The protocol can be paused here and the samples frozen at -80 °C and thawed later.  425 
 426 
4.3. Running the SDS-PAGE gels 427 
 428 
4.3.1. Run all protein fractions on SDS-PAGE gels: Un-induced Fraction, Induced Fraction, Lysed 429 
MMP, Sonicated MMP, Solubilized MMP, Flowthrough Fraction, Wash Fraction, Elution Fraction, 430 
Refolded MMP, Concentrated MMP, Activated MMP, and Desalted MMP. 431 
 432 
4.4. Long-term storage of MMP-3 433 
 434 
4.4.1. Add 0.05% (v/v) nonionic surfactant (see the Table of Materials) to the desalted MMP-3cd 435 
samples and store them at -80 °C. 436 
 437 
REPRESENTATIVE RESULTS: 438 
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When running samples on SDS-PAGE, because the protein is expressed in the form of insoluble 439 
inclusion bodies, the lysed and sonicated fractions should contain little to no Hisx6-pro-MMP-3cd 440 
extract, as the protein has not yet been resolubilized in urea. Figure 3 compares the His-tag 441 
purification elution fractions of Hisx6-pro-MMP-3cd from BL21(DE3) cells and R2DP cells. Elution 442 
fractions were pooled separately for both BL21(DE3) and R2DP cells before dialysis. Fractions 443 
from each step were run after the proteins were desalted (Figure 4). All Hisx6-pro-MMP-3cd 444 
samples display a band at 29.86 kDa, and active MMP-3cd displays a band at 19.40 kDa upon 445 
removal of the His-tag and pro-peptide (Figure 4 and Supplemental Figure S1).  446 
 447 
The total yield of protein in mg/L of E. coli culture was determined after purification and desalting 448 
of BL21(DE3) and R2DP cultures (Table 1). Using R2DP cells yields substantially higher levels of 449 
MMP expression. Whereas regular BL21(DE3) cells yielded only 3.5 mg of purified Hisx6-pro-450 
MMP-3cd per liter of culture, R2DP cells produced 45 mg /L culture. Similarly, yields of functional, 451 
desalted MMP-3cd increased from 0.13 mg/L culture to 6.2 mg/L culture for BL21(DE3) and R2DP 452 
cells, respectively. Human pro-MMP-3cd overwhelms the cellular machinery of the standard 453 
BL21(DE3) strain because of its size (approximately 30 kDa) and the elaborate posttranslational 454 
modifications required that are exclusive to eukaryotes. The R2DP strains are BL21(DE3) 455 
derivatives, designed to enhance the expression of eukaryotic proteins. The R2DP strain carries 456 
tRNAs for AGA, AGG, AUA, CUA, GGA, CCC, and CGG, which are rarely used in E.coli but abundant 457 
in the pro-MMP-3cd DNA sequence. This is potentially a key factor in the increased levels of 458 
protein expression observed in R2DP cells. 459 
 460 
FIGURE AND TABLE LEGENDS: 461 
Figure 1: Plasmid map of the protein expression vector pET-Hisx6-pro-MMP-3cd. An N-terminal 462 
Hisx6-tag sequence is cloned into the pET-3a-based vector, including pro-MMP-3cd, to yield the 463 
pET-Hisx6-pro-MMP-3cd construct. The pET vector also includes an ampicillin resistance gene to 464 
ensure plasmid stability.  465 
 466 
Figure 2: Bacterial expression of pro-MMP-3cd, purification, refolding, and activation. 1.1: pET-467 
Hisx6-pro-MMP-3cd plasmid was transformed into BL21(DE3) or R2DP Cells. 1.2: Pro-MMP-3cd 468 
protein expression was induced using IPTG. 1.3: Chemical lysis and sonication are used to extract 469 
Hisx6-pro-MMP-3cd proteins that are mainly insoluble and found in the inclusion bodies. Urea 470 
was used to denature and solubilize protein from inclusion bodies. 2.1. Denatured Hisx6-pro-471 
MMP-3cd protein was purified via affinity chromatography purification. 3. The eluted Hisx6-pro-472 
MMP-3cd was slowly refolded during dialysis through gradual removal of urea from the buffer. 473 
4. Finally, refolded MMP-3cd protein was activated using APMA by removing the N-terminal pro-474 
peptide domain. APMA is later removed from the solution through desalting. The numbers 475 
correspond to protocol sections describing these steps. Abbreviations: MMP-3 = Matrix 476 
metalloproteinase-3; APMA = 4-aminophenylmercuric acetate.  477 
 478 
Figure 3: SDS-PAGE gel of purified Hisx6-pro-MMP-3cd from BL21(DE3) and R2DP cells. (A)The 479 
first eight elution fractions of Hisx6-pro-MMP-3cd in BL21(DE3) cells. (B) The first eight elution 480 
fractions of Hisx6-pro-MMP-3cd in R2DP cells. Following extraction and solubilization of MMP 481 
inclusion bodies in urea, Hisx6-pro-MMP-3cd samples were purified through Ni-NTA 482 
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chromatography column using batch-gravity flow technique. Gels are truncated to show only the 483 
elution fractions. Initially, due to high concentrations of protein, fractions 1–5 are 1 mL. Later 484 
fractions (6–8) are between 5 and 8 mL each. The Hisx6-pro-MMP-3cd band is observed at ~30 485 
kDa. Abbreviations: MMP-3 = Matrix metalloproteinase-3; SDS-PAGE = sodium dodecylsulfate 486 
polyacrylamide gel electrophoresis; Ni-NTA = nickel–nitrilotriacetic acid; FT = flowthrough.  487 
 488 
Figure 4: Proteolytic cleavage of His-tag and pro-domain upon activation of MMP-3cd. The 489 
induced, refolded, concentrated, activated, and desalted fractions of MMP-3cd in R2DP cells are 490 
shown. After dialysis, Hisx6-pro-MMP-3cd is concentrated and activated using APMA. Upon 491 
activation, the molecular weight of the activated MMP-3cd band is approximately 20 kDa, as 492 
opposed to the His-tagged zymogen, which remains at ~30 kDa. Impurities are removed in the 493 
activation and desalting stages. Abbreviations: MMP-3 = Matrix metalloproteinase-3; APMA = 4-494 
aminophenylmercuric acetate. 495 
 496 
Table 1: Table of volumes and concentrations across stages of MMP-3cd purification. Hisx6-497 
pro-MMP-3cd was expressed either in 2 L of a culture of BL21(DE3) or in 2 L of R2DP cells. Volume, 498 
concentration, and yield (mg per liter) culture are reported for BL21(DE3) and R2DP cells. Yield 499 
(mg per liter of culture) was obtained by dividing the total yield of protein (mg) obtained by 500 
volume of culture, which was 2 L for both the BL21(DE3) and R2DP cases. Protein amounts yields 501 
are reported for two stages: Hisx6-pro-MMP-3cd following Hisx6-tag purification and active 502 
MMP-3cd after desalting. 503 
 504 
Supplemental Figure S1: Sequences of T7 primers and MMP-3cd protein before and after 505 
activation.  506 
 507 
DISCUSSION:  508 
This protocol describes a detailed method to express and purify Hisx6-pro-MMP-3cd in R2DP E. 509 
coli cells, along with the activation and refolding of MMP-3cd. As the protocol takes several days 510 
to complete, careful planning is critical to minimize the loss of functional MMPs due to multiple 511 
freeze-thaw cycles. As R2DP cells are the key improvement in this method, it is paramount to 512 
optimize expression yield, as large quantities can be lost through refolding and activation. During 513 
expression, the operator should determine the optimal OD600 and IPTG concentration prior to 514 
induction. After His-tag purification, if yield drops substantially, then MMPs are possibly not 515 
binding to the resin, or the cell pellet may need to be sonicated further.  516 
 517 
If significant precipitation occurs during dialysis, reduce the changes in urea concentration 518 
between stages in stepwise dialysis by adding more stages (e.g., from 6 M to 5M, and then 5 M 519 
to 4 M, rather than skipping the 5 M stage). Once refolded, and particularly after activation, 520 
MMPs are substantially more prone to precipitation or degradation through autoproteolysis17. 521 
After pH and salt concentrations of all buffers have been optimized and desired tests have been 522 
performed, all steps following dialysis should be completed with urgency.  523 
 524 
The large-scale production of soluble, human, recombinant MMPs remains a challenging task. 525 
Mammalian cells can express functional MMPs at high costs and long wait times, whereas E. coli 526 
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rapidly produce high quantities of MMP inclusion bodies that must be purified and refolded11,16. 527 
R2DP cells significantly increase the yield of MMP inclusion bodies, enabling a more cost-effective 528 
and productive MMP refolding process. However, E. coli lack the posttranslational machinery 529 
needed to fold MMPs, and though engineered strains show greatly improved expression levels, 530 
only some intermediates are properly folded upon denaturant removal4. Consequently, 531 
occasional precipitation of MMPs is still expected during refolding and activation. These results 532 
show that a significant portion of purified Hisx6-pro-MMP-3cd yield is lost after refolding, 533 
activation, and desalting.  534 
 535 
These stages can be further optimized by adding more dialysis stages along with testing 536 
concentrations of MMP-3cd and APMA. However, per liter of culture, the yield of functional 537 
MMP-3cd is 49-fold higher in R2DP cells than BL21(DE3) cells. Additionally, the proportion of 538 
functional, desalted MMP-3cd recovered from purified Hisx6-pro-MMP-3cd rose from 3.7% for 539 
BL21(DE3) cells to 14% for R2DP cells. Therefore, R2DP cells offer a viable alternative to current 540 
MMP production options, such as expression in mammalian cells, offering more competitive 541 
yields per liter of culture. 542 
 543 
Growing attention toward MMPs as potential targets for therapeutics has been met with rapid 544 
innovations in protein engineering for improving binding, inhibition, and selectivity of MMP 545 
therapeutics22. Consequently, once-ambitious prospects in the field of MMP therapeutics are 546 
steadily becoming more attainable6. The need for fast, reliable methods to recover soluble, active 547 
MMPs undoubtedly will become more imperative with time. 548 
 549 
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Volume (mL) Concentration (mg/mL) Yield (mg/L culture) Volume (mL) Concentration (mg/mL) Yield (mg/L culture)

Purification 23 0.30 3.5 42 2.1 45

Desalting 1.5 0.17 0.13 72 0.17 6.2

Stages
BL21(DE3) cells R2DP cells
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Reviewers' comments: 
Reviewer #1: 
Manuscript Summary: 
Authors have addressed most of the concerns. However, table 1 does not make sense. Also 
Figure legends are poorly described. 
Response: Figure legends have been updated. 
Major Concerns: The table shows a comparison of BL21 and R2CD. However, this table does not 
make sense. It would be best if you described what the starting culture volume for each in the 
legend is.  
Response: As requested, this has been added to the legend. 
Also, the final yield is low for both after desalting. We obtained at least 5-10 mg of the folded 
proMMP-3 catalytic domain in BL21(DE3) using the pET3a vector.  
Response:  More precipitation is common after activation of proMMP-3. Additionally, we 
expect that precipitation during dialysis can be fixed with more optimization, for example by 
increasing the number of stages in dialysis. 
Why is the desalting volume of BL21 so small?  
Response: After dialysis, it is necessary to re-concentrate the MMP-3cd to 0.3-0.5 mg/mL, 
which reduces the volume. Precipitation from dialysis and activation also reduces the volume. 
Also, if the solution is 0.17 mg/ml and the volume is 1.5 ml, the total protein should be 0.255 
mg. Why do you state that it is 0.13mg/L culture? Does this mean the culture was 2L?  
Response: Correct. There are 2 L of culture, so the total yield in mg was divided by 2. This gives 
the new unit of “mg/L culture” shown in the table. 
Why is the volume for R2DP bigger than the purification volume? Did you dilute them?  
Response: Before dialysis, pro-MMP-3cd must be diluted to 0.3 mg/mL to prevent precipitation. 
Also, if the concentration is 0.17 and the volume is 72 ml, the yield is 12.24mg. Is this mean that 
the starting culture was 4L?  
Response:  The R2DP culture was also 2 L. This has been updated. 
Are these the same purification batch?  
Response: We had a 2 L culture of BL21(DE3) cells, and a 2 L culture of R2DP cells. These were 
grown separately. All ensuing purification steps were also performed on each 2 L culture 
separately. 
Please describe the condition in the legend. Otherwise, showing this table does not help. Also, 
discuss why there is a significant amount of protein loss after desalting. 22mg/l to 3.1 is a loss 
of over 85%. Even considering propeptide removal, this is a considerable loss. 
Response: This has been mentioned in the discussion section as something that can be further 
optimized by troubleshooting the dialysis and activation stages. 
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Supplementary Figure S1. 
 
Hisx6-pro-MMP-3cd protein sequence (29.86 kDa) 
MHHHHHHMYP LDGAARGEDT SMNLVQKYLE NYYDLKKDVK QFVRRKDSGP 

VVKKIREMQK FLGLEVTGKL DSDTLEVMRK PRCGVPDVGH FRTFPGIPKW 

RKTHLTYRIV NYTPDLPKDA VDSAVEKALK VWEEVTPLTF SRLYEGEADI 

MISFAVREHG DFYPFDGPGN VLAHAYAPGP GINGDAHFDD DEQWTKDTTG 

TNLFLVAAHE IGHSLGLFHS ANTEALMYPL YHSLTDLTRF RLSQDDINGI 

QSLYGPPPDS PET 

 
Active MMP-3cd protein sequence (19.40 kDa) 
FRTFPGIPKW RKTHLTYRIV NYTPDLPKDA VDSAVEKALK VWEEVTPLTF 

SRLYEGEADI MISFAVREHG DFYPFDGPGN VLAHAYAPGP GINGDAHFDD 

DEQWTKDTTG TNLFLVAAHE IGHSLGLFHS ANTEALMYPL YHSLTDLTRF 

RLSQDDINGI QSLYGPPPDS PET  

 
pET3a-Hisx6-MMP-3-FOR primer for cloning 
TACTTTAGAGGAGATATAATGCATCACCATCACCATCATATGTATCCATTGGATG 

 
pET3a-Hisx6-MMP-3-REV primer for cloning 
CGGGCTTTGTTAGCAGCCGGATCCTCATCCATAGAGGGAC 
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