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ABSTRACT 13 

Microbial transglutaminase (MTG) from Streptomyces mobaraensis is a powerful biocatalytic glue 14 

for site-specific crosslinking of a range of biomolecules and synthetic molecules that have an MTG-15 

reactive moiety. The preparation of active recombinant MTG requires post-translational proteolytic 16 

digestion of a propeptide that functions as an intramolecular chaperone to assist the correct folding 17 

of MTG zymogen (MTGz) in the biosynthesis. Herein, we report engineered active zymogen of 18 

MTG (EzMTG) that is expressed in soluble form in the host Escherichia coli cytosol and exhibits 19 

crosslinking activity without limited proteolysis of the propeptide. We found that saturation muta-20 

genesis of residues K10 or Y12 in the propeptide domain generated several active MTGz mutants. 21 

In particular, the K10D/Y12G mutant exhibited catalytic activity comparable to that of mature 22 

MTG. However, the expression level was low possibly because of decreased chaperone activity 23 

and/or the promiscuous substrate specificity of MTG, which is potentially harmful to the host cells. 24 

The K10R/Y12A mutant exhibited specific substrate-dependent reactivity toward peptidyl sub-25 

strates. Quantitative analysis of the binding affinity of the mutated propeptides to the active site of 26 

MTG suggested an inverse relationship between the binding affinity and the catalytic activity of 27 

EzMTG. Our proof-of-concept study provides insights into the design of a new biocatalyst using 28 

the MTGz as a scaffold, and a potential route to high-throughput screening of EzMTG mutants for 29 

bioconjugation applications. 30 

 31 

KEYWORDS: Microbial transglutaminase, Propeptide, Protein labeling, Substrate specificity, 32 

Zymogen.  33 
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Introduction 34 
 35 

Enzymes are natural proteinaceous catalysts that show diverse reaction specificity and thus are 36 

widely used from basic science to practical applications. Transglutaminase (TGase, protein-gluta-37 

mine γ-glutamyltransferase, EC 2.3.2.13), widely found in microorganisms4, plants5, insects6, and 38 

mammals7,8, works as a natural glue by crosslinking the γ-carboxyamide groups of glutamine and 39 

a variety of primary amines, including the ε-amino group of lysine4,9. Microbial transglutaminase 40 

(MTG) from Streptomyces mobaraensis is a stable, Ca2+-independent enzyme10–12. Because of its 41 

promiscuous specificity for proteinaceous substrates, MTG has rapidly been applied in the food 42 

industry as edible glue12. MTG has also been recognized as a powerful tool in bioconjugation ap-43 

plications, such as crosslinking of single-chain antibodies and enzymes13, and bioconjugation of 44 

protein of interest with small chemical entities14–17. MTG can also recognize synthetic macromol-45 

ecules such as polymers bearing MTG-reactive moieties18–20 or chemically-modified nucleic ac-46 

ids21. Recently, MTG has been actively employed in the preparation of antibody-drug conjugates 47 

(ADCs) and bioimaging22–24, suggesting further biological and biotechnological applications in bi-48 

opharmaceutical industries.  49 

However, the promiscuity of substrate recognition by MTG limits its utility as a biocatalytic glue, 50 

especially for in vivo applications that requires high substrate specificity R2, R3. MTG is expressed 51 

as an inactive zymogen, a precursor of the mature form, with a propeptide that functions as an 52 

intramolecular chaperone that assists correct folding25–28 and shields the host cells from deleterious 53 

crosslinking of endogenous proteins by the MTG. The expression of active MTG is thus associated 54 

with proteolytic cleavage of the propeptide upon secretion29,30. Proteases from Streptomyces mo-55 

baraensis such as TGase-activating metalloprotease (TAMEP)29 and tripeptidyl aminopeptidase 56 

(SM-TAP)30 were identified to cleave the C-terminus of the propeptide with the recognition sites 57 
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of S↓FRAPDSD and FRAP↓DSD, respectively. In Escherichia coli-based expression systems, in 58 

vitro31 or in vivo32,33 post-translational treatment by a specific protease is required to obtain active 59 

recombinant MTG. Alternatively, co-expression of genes encoding the propeptide and mature 60 

MTG was found to yield the active form R4, R5, though additional purification steps were needed to 61 

separate the two components. 62 

To dissect the substrate specificity of MTG, researchers explored highly reactive peptidyl sub-63 

strates by using a phage display system34 and designed a pair of engineered small proteinaceous 64 

substrates and MTG mutants by protein engineering.35 Although the combination of rational design 65 

and screening is an important option for further engineering of MTG, direct expression of the gene 66 

encoding mature MTG in the cytosol of host cells such as E. coli33 is difficult, which hampers the 67 

construction of mutant libraries to tune its substrate specificity.36 To overcome this limitation, a 68 

protease-mediated self-cleavable systemR6 (Ref.49) and an intein-mediated self-splicing systemR7 69 

were designed for intracellular production of active MTG from its zymogen in E. coli and Coryne-70 

bacterium glutamicum, respectively. High-throughput screening (HTS) of active MTG by post-71 

translational proteolysis of zymogen mutants displayed on the yeast surface was investigated,37 but 72 

it is still difficult to validate the substrate specificity of soluble MTG mutants by HTS. In this 73 

context, other “glue enzymes” with narrower substrate specificities in comparison with MTG such 74 

as sortase A, have increased utility for researchers.38 Searching other organisms producing TGases 75 

that are potentially applicable to highly specific bioconjugation is also an important option and 76 

KalbTG isolated from Kutzneria albida was reported to be more compatible with the preparation 77 

of ADCs than MTG.39  78 

The control of enzymatic activity is vital for the spatio-temporal control of both activation and 79 

inhibition to sustain the cellular physiology in the host organisms. For example, proteases are often 80 



 

 

5 

present as a zymogen to control the proteolytic digestion of proteinaceous endogenous constituents 81 

in the host organisms.1,2 Interestingly, zymogens can show weak reactivity toward specific sub-82 

strates3, implying that modulation of the interaction of the propeptide with the enzyme active site 83 

may increase the frequency of substrate entry into the active site. In fact, the enzymatic activity of 84 

some proteases was markedly enhanced by the deletion of several amino acids adjacent to propep-85 

tide3. Accumulated knowledge about natural and artificial strategies to modulate the activity of 86 

zymogens motivated us to engineer the scaffold of zymogen as a base structure for the design of a 87 

new biocatalyst. 88 

Herein, we propose novel engineered active zymogen of MTG (EzMTG) (Figure 1). Our concept 89 

to create active, soluble recombinant MTGs that can be expressed in the E. coli cytosol is to simply 90 

substitute two amino acids in the propeptide (residues K10 and Y12) to suppress the self-crosslink-91 

ing (K10) and relieve the interaction with the active site of MTG40 (Y12) to allow substrate entry 92 

while keeping the intramolecular chaperone functionality of the propeptide. Saturation mutagene-93 

sis of each amino acid led to the K10D/Y12G mutant, which exhibits crosslinking activity compa-94 

rable to that of the mature counterpart. We also found that the K10R/Y12A mutant exhibits higher 95 

reactivity toward peptidyl substrates than small molecular substrates, by which the possibility of 96 

substrate-dependent switch-on crosslinking activity was shown. Our results open a way to generate 97 

new MTG mutants with altered substrate specificity, and illustrate the potential of engineering the 98 

scaffold of naturally occurring enzyme precursors toward new enzymatic functions. 99 
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 100 

Figure 1 EzMTG constructs evaluated in this study. (A) Schematic illustration of DNA constructs 101 

encoding EzMTG. (B) Schematic illustration of the preparation of recombinant active mutants 102 

from MTG zymogen (MTGz) (i) by proteolytic cleavage using thrombin, and (ii) by designing a 103 

mutated propeptide to modulate the interaction with the active site. 104 

 105 

Results and discussion 106 

 107 
Design of EzMTG based on the zymogen scaffold 108 

To validate our concept (shown in Figure 1), a series of mutants of recombinant MTG zymogen 109 

was designed (Figure S1). First, we designed the base protein scaffold of EzMTG by replacing 110 

part of the C-terminal sequence (AGPSFR) of the propeptide domain with a thrombin cleavage site 111 

surrounded by a Gly-Ser flexible linker (GGGS LVPRGS GGGS). The insertion of the flexible 112 

linker is expected to facilitate proteolysis by thrombin to produce recombinant mature MTG with 113 

a C-terminal His6-tag (ΔproMTG). We selected the C-terminus of the propeptide for the insertion 114 

of the protease cleavage site by referring the maturation process of native MTG. Previously, pro-115 

tease from Streptomyces mobaraensis such as TGase-activating metalloprotease (TAMEP) was 116 

identified to cleave the C-terminus of the propeptide in the host cell29. Dispase was also used to 117 

Propeptide (ΔAGPSFR) GGGSLVPRG↓SGGGSAP MTG H65’ 3’
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(inactive)

(ii) Mutation 
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cleave the propeptide in the production of active recombinant MTG31. In addition, we selected 118 

LVPRG↓SG sequence to avoid the generation of α-amino group at the N-terminal Gly after the 119 

cleavage, which can be a reactive site for MTG-catalyzed crosslinkingR1. ΔproMTG was used as 120 

the positive control in this study. Next, by referring to the results of crystal structure analysis of the 121 

MTG precursor, which showed that residue Y12 in the propeptide is crucial for strong binding 122 

between the propeptide and the active site of the mature form,40 we selected Y12 as the starting 123 

point to engineer the scaffold of the zymogen. Unexpectedly, we found that point mutation of Y12 124 

to Ala (Y12A) made MTG self-reactive as this mutant was self-labeled with an MTG-reactive 125 

fluorescent peptidyl substrate, FITC-β-Ala-QG (Figure S2). These results indicate that the single 126 

mutation Y12A could promote the activation of the MTG zymogen. Further studies showed that 127 

the replacement of K10 totally suppressed the self-labeling (Figure S3). The replacement of K10 128 

is useful to suppress the self-labeling of MTG with a small molecule that could reduce the active 129 

fraction of the catalyst in the reaction mixture and the self-crosslinking with a substrate protein that 130 

would increase the heterogeneity of reaction products. On the basis of these serendipitous findings, 131 

residues K10 and Y12, located in the propeptide domain, were selected as the mutation sites to 132 

design EzMTGs.  133 

 134 

Expression and enzymatic activity of K10X/Y12A mutants 135 

We first prepared the series of K10X/Y12A mutants by saturation mutagenesis of K10 to the 136 

other 19 natural amino acids normally found in proteins. The initial screening of catalytic activity 137 

was done by a standard hydroxamate assay using benzyloxycarbonyl-L-glutaminylglycine (Z-QG) 138 

and hydroxylamine (Figure S4 (i)). Figure 2 showed that replacement of K10 with D or E in-139 

creased the catalytic activity, although much smaller than that of mature MTG (ca. 23 U/mg49). 140 
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The results imply the presence of electrostatic repulsion around the K10 position on the protein 141 

surface, thereby facilitating the recognition of small substrates. The K10G/Y12A mutant showed 142 

comparable activity to that of K10E/Y12A mutant. By contrast, the low catalytic activity of the 143 

K10R/Y12A and K10H/Y12A mutants suggests that mutated propeptide remained the native-like 144 

structure if K10 was substituted by a basic amino acid. The other 14 mutants showed low catalytic 145 

activities. 146 

 147 

 148 

Figure 2 Enzymatic activity assay of K10X/Y12A MTGz mutants by hydroxamate assay. Where 149 

X = K, the protein was the Y12A single mutant (n.d.: Not detected, below the detection limit). Data 150 

are presented as the mean ± standard deviation of three experiments (n = 3). 151 

 152 

In terms of the protein expression, all mutants were found in the soluble fraction although each 153 

mutant showed a different yield, implying variation of the chaperone functionality of the mutated 154 

propeptides (Figure S5(i)). Notably, K10X/Y12A (X = D, E, G) mutants showed lower protein 155 

yields but higher catalytic activities than the other mutants. This trade-off relationship between the 156 

expression level of the soluble protein and its catalytic activity is likely due to cytotoxicity caused 157 

by the lack of activity regulation of MTG mutants in the E. coli cytoplasm (Figure S6). The yield 158 
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of the Y12A single mutant decreased possibly due to self-crosslinking and/or intermolecular cross-159 

linking with endogenous proteins in the purification steps. 160 

 161 

Expression and enzymatic activity of K10R/Y12X mutants 162 

We next focused on residue Y12 combined with K10R mutation where K10 was replaced with 163 

Arg to minimize the effect of the substitution by keeping a positive charge. In addition, since the 164 

K10R mutation sufficiently suppressed crosslinking activity whereas it showed sufficient protein 165 

expression in E. coli, the generation of K10R/Y12X double mutant library would be the most suit-166 

able for the evaluation of the second-round mutation at Y12 position. A series of double mutants 167 

(K10R/Y12X, X = 19 natural amino acids) was expressed in E. coli and the enzymatic activity of 168 

the purified enzymes was measured by a continuous GLDH-coupled assay (Figure S4 (ii)).41 After 169 

the addition of MTG (0.15 µM) to the substrate solution containing cadaverine (primary amine 170 

substrate, 10 mM) and Z-QG (Gln-donor substrate, 20 mM), the catalytic activity was evaluated 171 

by the initial rates. The K10R/Y12G mutant exhibited the highest activity (Figure 3). Since Y12 172 

constitutes part of the α-helical structure of the propeptide, substitution with Gly decreased the 173 

stability of the α-helix and may increase the accessibility of the active site by the substrate. The 174 

Y12D mutation also resulted in higher catalytic activity than the other mutants. Both of these mu-175 

tants (K10R/Y12G and K10R/Y12D) showed low protein yields (Figure S5(ii)), so the activ-176 

ity/yield trade-off relationship was observed as for the K10X/Y12A mutants. The low yield of the 177 

K10R/Y12P mutant indicated that the substitution of Y12 by Pro, which is classified as an α-helix 178 

breaking amino acid due to the lack of forming hydrogen bonds inside α-helicesR8, significantly 179 

reduced the intramolecular chaperone functionality of the propeptide domain. 180 

 181 
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 182 

Figure 3 Enzymatic activity assay of K10R/Y12X mutants assessed by a continuous glutamine 183 

dehydrogenase -coupled assay for MTG activity. Where X = Y, the protein was the K10R single 184 

mutant. Data are presented as the mean ± standard deviation of three experiments (n = 3). 185 

 186 

Characterization of K10X1/Y12X2 double mutants 187 

Encouraged by the results for the K10X/Y12A and K10R/Y12X series of MTGz mutants, we 188 

investigated combined mutation at positions K10 and Y12 with R/D replacing K10 and A/G re-189 

placing Y12, respectively. We first compared the susceptibility of two mutants, K10R (single mu-190 

tation) and K10R/Y12A, to thrombin digestion. SDS-PAGE analysis of the purified mutants before 191 

and after thrombin treatment suggested that the propeptide was cleaved off from the zymogen scaf-192 

fold after substitution at Y12. By contrast, the K10R single mutant was found to be resistant to 193 

thrombin treatment (Figure 4A). The K10R mutant was not fully activated by thrombin digestion, 194 

whereas the specific activity of the K10R/Y12A mutant was the same as that of ΔproMTG after 195 

thrombin digestion (Figure 4B). These results suggest that the importance of the Y12 position for 196 

the susceptibility of the linker containing the thrombin-cleavage site to thrombin, which would also 197 

reflect the conformational flexibility around the propeptide. 198 

 199 
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 200 

Figure 4 (A) SDS-PAGE analysis of purified K10R and K10R/Y12A MTGz mutants. (B) Specific 201 

activity of the mutants assessed by hydroxamate assay before and after thrombin digestion. Data 202 

are presented as the mean ± standard deviation of three experiments (n = 3). 203 

 204 

Next, we conducted detailed kinetic analyses of four different types of EzMTG. From inspection 205 

of the relationship between the initial reaction rates and the substrate concentration, specificity 206 

constants (kcat/Km) were determined from the initial slope and were shown in Figure 5A. Y12G 207 

mutation had more impact on the increase in crosslinking activity than Y12A mutation for both of 208 

the K10R and K10D double mutants. The difference was markedly enhanced by the integration of 209 

mutation at K10 position, and interestingly the K10D/Y12G mutant exhibited a comparable spec-210 

ificity constant to that of ΔproMTG. 211 

For further analysis of the substrate recognition by MTGz mutants, two mutants (K10D/Y12A 212 

and K10D/Y12G) were selected and kinetic parameters for the Gln-donor substrate (Z-QG) were 213 

determined (Figure 5B). The value of the specificity constant of the K10D/Y12G mutant was ca. 214 

85% that of ΔproMTG and the Km values were comparable even in the presence of propeptide in 215 
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the protein scaffold. By contrast, the K10D/Y12A mutant showed a ca. 80% decrease in the spec-216 

ificity constant compared with that of ΔproMTG, mainly owing to a ca. five-fold increase in the 217 

Km value. These results suggest that the K10D/Y12A mutant is more susceptible to steric hindrance 218 

of substrate binding by the propeptide than the K10D/Y12G mutant. 219 

 220 

 221 

Figure 5 (A) Specificity constants (kcat/Km) of EzMTGs and ΔproMTG. (B) Kinetic parameters 222 

determined by using 2.5―30 mM Z-QG, 10 mM cadaverine and 0.15 µM enzyme in 0.2 M MOPS-223 

EDTA buffer (pH 7.2). Data are presented as the mean ± standard deviation of three experiments 224 

(n = 3), **p < 0.01, ***p < 0.005, ****p < 0.001, n. s. = not significant. 225 

 226 

The stability of enzymes is a crucial factor for their practical application. Several point mutations 227 

have been reported to increase the thermal stability of mature MTG were reported.42,43 We found 228 

that a significant decrease in the catalytic activity of the K10D/Y12G mutant upon thermal treat-229 

ment (Figure S7). By contrast, the K10R and K10R/Y12A mutants showed comparable thermal 230 
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stability to that of ΔproMTG. These results imply the potential of MTGz mutants showing low 231 

activity as a target scaffold for protein engineering of EzMTG. 232 

 233 

Binding affinity of mutated propeptide to the enzyme active site 234 

To gain further insight into the effects of the mutated propeptides on substrate recognition by 235 

EzMTG, we designed fusion proteins composed of EGFP and mutated propeptide, EGFP-236 

Pro(K10X1/Y12X2), and they were subjected to bio-layer interferometry (BLI) analysis (Figure. 237 

S7).44,45 To eliminate non-specific binding to the Ni-NTA-modified surface for BLI, ΔproMTG 238 

lacking the C-terminal His-tag (Figure S1) was prepared and used as the analyte (Figure 6A).  239 

On the basis of the foregoing observations, K10R, K10R/Y12A and K10D/Y12G mutants, which 240 

showed different catalytic performance (Figure 5A) were selected for the analysis. As expected, 241 

EGFP-Pro(K10R) showed high affinity (dissociation constant; Kd = 19.0 nM) for ΔproMTG (Fig-242 

ures 6B and 6E), which explains the low catalytic activity of the K10R mutant. Interestingly, the 243 

additional mutation of Y12 to Ala resulted in a ca. 410-fold reduction in the affinity (Kd = 7.85 244 

µM) (Figures 6C and 6E). This result indicates that the marked reduction of the binding affinity 245 

of mutated propeptide to the enzyme active site, leading to the generation of crosslinking activity 246 

towards small molecular substrates (Z-QG and cadaverine). Furthermore, quantitative analysis of 247 

EGFP-Pro(K10D/Y12G) was impossible (Figure 6D), indicating disruption of the tertiary struc-248 

ture of the propeptide, accounting for the comparable catalytic activity of the K10D/Y12G mutant 249 

to that of ΔproMTG and the low protein yield. These results demonstrate again that we must take 250 

both chaperone functionality and active site-binding affinity of the mutated propeptide into account 251 

in the design of EzMTGs. 252 

 253 
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 254 

Figure 6 Evaluation of binding affinity of mutated propeptide to the active site of MTG by bio-255 

layer interferometry (BLI) analysis. (A) Schematic illustration of BLI analysis. (B)-(D) Association 256 

and dissociation profiles of ΔproMTG without His-tag to EGFP-Pro(K10R), EGFP-257 

Pro(K10R/Y12A) or EGFP-Pro(K10D/Y12G) immobilized on the detection surface via Ni-NTA 258 

interaction. (E) Rate constants for association (ka) and dissociation (kd) and dissociation constants 259 

(KD) determined from the profiles in (B) and (C). 260 

 261 

Blood coagulation Factor XIII and TG2 are representative examples of mammalian TGases in 262 

which the catalytic activity is controlled by endogenous Ca2+ ions. Mammalian TGase consists of 263 

several domains that undergo large conformational changes upon activation.46,47,48 Our results with 264 

EzMTG demonstrated that introduction of key mutations in propeptide domain could relieve the 265 

strong binding of the propeptide to the enzyme active site, enhancing the entry of substrates, 266 

thereby generating crosslinking activity of the MTG zymogen. 267 
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 268 

Application of EzMTG in site-specific protein labeling 269 

Finally, we explored the potential of EzMTGs in protein labeling applications (Figure S4 (iii)). 270 

Figure 7 shows SDS-PAGE analysis of the cross-linking reaction between tumor necrosis factor-271 

alpha (TNF-α) fused with the N-terminal MRHKGS sequence (Ktag-TNF-α) and FITC-β-Ala-QG 272 

catalyzed by various forms of MTG. Fluorescence imaging showed that Ktag-TNF-α was success-273 

fully labeled with the fluorescent probe by ΔproMTG and all the EzMTGs except for the K10R 274 

mutant. Time-dependent increases in the fluorescence signal revealed that the trend of the cross-275 

linking reaction was consistent with the order of catalytic activity shown in Figure 5. Notably, the 276 

K10R/Y12A mutant showed > 50% yield after incubation for 1 h, though this mutant exhibited ca. 277 

1/10th of the crosslinking activity of toward small molecular substrates (Figure 5A). These results 278 

indicate that the substrate recognition of EzMTG depends on the type of substrate and the affinity 279 

of the substrate for the active site of MTG (Table 1). This also suggests that the substrate preference 280 

can be further tuned by designing an HTS system with EzMTGs. Since the promiscuity of substrate 281 

recognition by MTG limits its utility for applications that necessitate homogeneous reaction prod-282 

ucts, it should be interesting to apply EzMTGs to construct an HTS of reactive peptide pairs in the 283 

E. coli cytosolR9 because soluble expression of active mutants is possible. Further manipulation of 284 

EzMTGs would also extend extending our concept to other precursor enzymes. 285 

 286 

Table 1 Characteristics of selected EzMTG mutants in this study. 287 

Mutation Activity a 
(for small substrates) 

Activity b 
(for large substrates) 

Expression in E. coli c 
(cell wet weight) 

K10R Low Low High 

K10R/Y12A Low Moderate Moderate 
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K10R/Y12G Moderate Moderate Low 

K10D/Y12A Moderate High Low to moderate 

K10D/Y12G High High Low 
a Based on the GLDH assay (Fig. 5A); b Based on the protein labeling assay (Fig. 7); c Fig. S6. 288 

 289 

 290 

 291 

Figure 7 SDS-PAGE analysis of ΔproMTG- or EzMTG-mediated labeling of Ktag-TNFα with 292 

FITC-β-Ala-QG. The results of Coomassie Brilliant Blue staining (left) and the fluorescence (right) 293 

of the gel. *FITC-labeled Ktag-TNFα, **Non-labeled Ktag-TNFα. 294 

 295 

Conclusion 296 

Our concept of EzMTG is a straightforward way to promote the activation of MTG zymogen 297 

without limited proteolysis by either inducing conformational fluctuation in the propeptide domain 298 

or keeping the chaperone functionality. Our proof-of-concept study will lead to generation of com-299 

parable catalytic performance to that of mature MTG but with altered substrate specificity, as 300 
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exemplified by the K10R/Y12A mutant that exhibited improved crosslinking activity toward pep-301 

tidyl substrates. Tuning of the substrate preference by modulating the intramolecular inhibitory 302 

domain of an enzyme provides insight for the design of a new biocatalyst from these precursors. 303 

Since EzMTGs can be expressed in soluble form in the E. coli cytosol, our results provide an op-304 

portunity for HTS of active MTG zymogen mutants for in vivo bioconjugation applications. 305 

 306 

Materials and methods  307 

1. Materials  308 

PrimeSTAR® MAX DNA Polymerase and an In-Fusion® HD Cloning Kit were purchased from 309 

Takara Bio Inc. (Shiga, Japan). LB broth (Miller) was purchased from Merck Millipore Corp 310 

(Billerica, MA, USA). Tryptone, dried yeast extract, tris(hydroxymethyl)aminomethane (Tris) and 311 

a Rapid Stain CBB Kit were purchased from Nacalai Tesque, Inc. (Kyoto, Japan). Hydrochloric 312 

acid, sodium chloride, potassium chloride, disodium hydrogen phosphate 12-H2O, dipotassium hy-313 

drogen phosphate, and potassium dihydrogen phosphate were purchased from Fujifilm Wako Pure 314 

Chemical Corporation (Osaka, Japan). Benzyloxycarbonyl-L-glutaminylglycine (Z-QG), α-ke-315 

toglutarate, glutamine dehydrogenase (GLDH) and cadaverine were purchased from Sigma Aldrich 316 

(St. Louis, USA). β-NADH were purchased from Oriental Yeast Inc. (Shiga, Japan). Gradient gels 317 

(5-20%) for SDS-PAGE was purchased from Atto Corporation (Tokyo, Japan). N-Ethylmaleimide 318 

was purchased from Kishida Chemical Co., Ltd. (Osaka, Japan). Ultrapure water supplied by a 319 

Milli-Q® Reference Water Purification System (Merck Millipore Corp.) was used for buffer prep-320 

aration. MTG was recombinantly prepared by Escherichia coli BL21 star (DE3) as previously re-321 

ported49.  322 

 323 
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2. Construction of MTG zymogen (MTGz) mutants 324 

The pET22b+ vector carrying the gene encoding K10R/Y12A MTGz49 was used as the template 325 

DNA for vector construction of K10X/Y12A and K10R/Y12X mutants (X = 20 natural amino 326 

acids). To construct the vector containing the MTGz mutants, some mutations were introduced by 327 

inverse PCR and self-ligation of the PCR products, introducing a DNA sequence encoding a throm-328 

bin cleavage sequence (LVPRGS) between the propeptide and mature MTG. The amino acid se-329 

quences and schematic illustrating of all the MTGz mutants used in this study are summarized in 330 

Table S1.  331 

 332 

3. Expression and purification of recombinant proteins 333 

3.1 K10X/Y12A and K10R/Y12X MTGz mutants 334 

The expression of the MTGz mutants was conducted with E. coli BL21 star (DE3). The plasmid 335 

vectors encoding MTG mutants were transformed into the cells by heat shock and cultured on a 336 

lysogeny broth plate containing 100 μg/mL sodium ampicillin. A single colony was inoculated into 337 

3.5 mL of lysogeny broth containing the same amount of sodium ampicillin and shaken at 220 rpm 338 

at 37 ˚C for 4 h. Preculture of cells expressing K10X/Y12A MTGz were placed into 25 mL of 339 

Terrific broth medium containing 100 µg/mL ampicillin and cultured with shaking at 220 rpm at 340 

37 ˚C until OD600 nm reached 0.5. The expression of K10X/Y12A MTGz mutants was induced by 341 

the addition of 1 mM isopropyl-β-D-thiogalactoside (IPTG) and followed by shaking at 18 ˚C. 342 

K10R/Y12X MTGz mutants were cultured with Auto Induction Medium. The cells were harvested 343 

by centrifugation at 5,000 × g for 20 min and the supernatant was discarded. The pellet was resus-344 

pended in phosphate-buffered saline (PBS, pH 7.4) and frozen at −80 ˚C until protein purification. 345 
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For the purification of MTGz mutants, the cell pellet was thawed in running water. The cell 346 

suspension was sonicated on ice for 3 min. The cell debris was removed by centrifugation at 16,000 347 

× g for 10 min at 4 ˚C. The supernatants were initially applied to a HisGraviTrap column (GE 348 

Healthcare Life Sciences, Chicago, IL, USA), which was pre-equilibrated with HisTrap binding 349 

buffer (20 mM Tris-HCl, 500 mM NaCl, 35 mM imidazole, pH 7.4). The columns were washed 350 

with the same buffer until all the unbound proteinaceous substances were eluted, and then the pep-351 

tide tag fused proteins were eluted with a HisTrap elution buffer (20 mM Tris-HCl, 500 mM NaCl, 352 

500 mM imidazole, pH 7.4). The fractions containing MTGz were concentrated, and the buffer 353 

was exchanged to binding buffer (1×PBS with 0.1 mM dithiothreitol, pH 7.4) by membrane filtra-354 

tion using 10 kDa MWCO Amicon Ultra-15 Centrifugal Filter Units (Billerica, MA, USA). The 355 

purified MTGz were concentrated using the ultrafiltration membrane that was suitable for each 356 

protein. Final protein concentrations of MTG mutants were quantified using YabGelImage soft-357 

ware (https://sites.google.com/site/yabgel/home) using bovine serum albumin (BSA) as a standard 358 

protein. 359 

3.2 MTGz mutants selected for kinetic analysis 360 

The expression of K10R, K10R/Y12A, K10R/Y12G, K10D/Y12A, K10D/Y12G MTGz were 361 

conducted with E. coli BL21 star (DE3). The plasmid vector encoding the MTGz mutant was trans-362 

formed into the cells by a heat shock method and transformants were cultured on lysogeny broth 363 

plates containing 100 μg/mL sodium ampicillin. A single colony was inoculated into 3.5 mL of 364 

lysogeny broth containing the same amount of ampicillin sodium and shaken at 220 rpm at 37 ˚C 365 

for 6 h. This preculture medium was transferred into 1 L of Terrific Both medium containing the 366 

same antibiotics and cultured with shaking at 220 rpm at 37 ˚C until OD600 reached around 0.5. 367 

Protein expression was induced by addition of IPTG to a final concentration of 0.1 mM, and the 368 
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cells were cultured overnight at 18 ˚C. The cells were harvested by centrifugation at 5,000 × g for 369 

20 min and the supernatant was discarded. The pellet was resuspended in PBS (pH 7.4) and frozen 370 

at −80 ˚C until protein purification. To follow the cell growth, samples were withdrawn from the 371 

cell culture medium every few hours and the OD600 was measured. The wet weight of cells was 372 

calculated by subtracting the weight of an empty bottle from that of the harvested cell pellet. 373 

For the protein purification, the pellet was thawed with running water. The cell suspension was 374 

sonicated on ice for 12.5 min. The cell debris was removed by centrifugation at 15,000 × g for 10 375 

min at 4 ˚C. The supernatants were initially applied to a HisTrap FF crude 5 mL column (GE 376 

Healthcare UK Ltd.), which was pre-equilibrated with HisTrap binding buffer (20 mM Tris-HCl, 377 

500 mM NaCl, 35 mM imidazole, pH 7.4). The column was washed with the same buffer until all 378 

of the unbound proteinaceous substances eluted, and MTG mutant was eluted by a gradient of 379 

HisTrap elution buffer (20 mM Tris-HCl, 500 mM NaCl, 500 mM imidazole, pH 7.4) up to 100% 380 

over 13 column volumes. The fractions containing the MTG mutant was concentrated, and the 381 

buffer was exchanged to HiTrap binding buffer (10 mM Tris-HCl, pH 8.0) by membrane filtration 382 

of 10 kDa MWCO Amicon Ultra-15 Centrifugal Filter Units. The desalted solution containing 383 

protein of interest was applied to a HiTrap Q HP 5 mL column (GE Healthcare UK Ltd.) pre-384 

equilibrated with HiTrap binding buffer. The column was washed with five column volumes of the 385 

same buffer, and peptide tag fused proteins were eluted by a gradient of elution buffer (10 mM 386 

Tris-HCl, 500 mM NaCl, pH 8.0) up to 100% over 13 column volumes. The fractions containing 387 

peptide tag fused proteins were concentrated to approximately 5 mL using ultrafiltration membrane, 388 

and MTGz was then further purified with size exclusion chromatography using ProteoSEC-D 389 

16/60 6-600 HR column (Protein Ark) with PBS (pH 7.4) including 0.1 mM dithiothreitol as the 390 

running buffer. The purified protein was concentrated using a suitable ultrafiltration membrane. 391 
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Protein concentration was determined by measuring the UV absorbance at 280 nm using NanoDrop. 392 

The extinction coefficient predicted by ExPASy ProtParam (https://web.expasy.org/protparam/) 393 

was used for calculation. 394 

3.3 EGFP-Propeptide fusion proteins 395 

The expression of the EGFP-Propeptide fusion proteins (EGFP-Pro(K10X1/Y12X2), X1 = R or 396 

D, X2 = A or G) were conducted with E. coli BL21 star (DE3). The plasmid vectors encoding 397 

EGFP-Propeptide mutants were transformed into the cells by heat shock and cultured on a lysogeny 398 

broth plate containing 100 μg/mL sodium ampicillin. A single colony was inoculated into 3.5 mL 399 

of lysogeny broth containing the same amount of sodium ampicillin and shaken at 220 rpm at 37 400 

˚C for 4 h. The precultured medium of EGFP-Propeptide were placed into 25 mL of Terrific broth 401 

medium containing 100 µg/mL ampicillin and cultured with shaking at 220 rpm at 37 ˚C until 402 

OD600 nm reached around 0.5. The expression of them were induced by the addition of 1 mM IPTG 403 

and followed by shaking at 18 ˚C. The cells were harvested by centrifugation at 5,000 × g for 20 404 

min and the supernatant was discarded. The pellet was resuspended in PBS (pH 7.4) and frozen at 405 

−80˚C until protein purification. 406 

For the purification of EGFP-Propeptide mutants, the pellet was thawed in running water. The 407 

cell suspension was sonicated on ice for 3 min. The cell debris was removed by centrifugation at 408 

15,000 × g for 10 min at 4 ˚C. The supernatants were initially applied to a HisGraviTrap column 409 

(GE Healthcare Life Sciences, Chicago, IL, USA), which was pre-equilibrated with HisTrap bind-410 

ing buffer (20 mM Tris-HCl, 500 mM NaCl, 35 mM imidazole, pH 7.4). The column was washed 411 

with the same buffer until all the unbound proteinaceous substances were eluted, and then the pep-412 

tide tag fused proteins were eluted with HisTrap elution buffer (20 mM Tris-HCl, 500 mM NaCl, 413 

500 mM imidazole, pH 7.4). Fractions containing EGFP-Propeptide mutant were concentrated, and 414 
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the buffer was exchanged to HiTrap binding buffer (10 mM Tris-HCl, pH 8.0) by membrane fil-415 

tration of 10 kDa MWCO Amicon Ultra-15 Centrifugal Filter Units. The desalted solution contain-416 

ing the protein of interest was applied to a HiTrap Q HP 5 mL column  pre-equilibrated with the 417 

HiTrap binding buffer. The column was washed with five column volumes of the same buffer, and 418 

peptide tag fused proteins were eluted by a gradient of elution buffer (10 mM Tris-HCl, 500 mM 419 

NaCl, pH 8.0) up to 100% over 13 column volumes. The fractions containing an EGFP-Propeptide 420 

mutants was concentrated, and the buffer was exchanged to PBS (pH 7.4) by membrane filtration  421 

(10 kDa MWCO). Protein concentration was determined by measuring the UV absorbance at 280 422 

nm using NanoDrop with the theoretical extinction coefficient of each protein. 423 

3.4 K-tagged TNF-α  424 

The synthetic gene encoding matured human TNF-α with an N-terminal K-tag sequence 425 

(MRHKGS) synthesized by and purchased from IDT Technologies was amplified by PCR and 426 

cloned into the pCold 4 vector using In-Fusion Cloning to construct the expression vector for K-427 

tagged TNF-α (Ktag-TNFα). The vector was transformed into competent cells of E. coli BL21 star 428 

(DE3) using the heat shock method (42 ˚C for 30 sec) and cultured on an LB agar plate containing 429 

100 µg/mL of ampicillin sodium. After incubating overnight at 37 ˚C, a single colony was picked 430 

and inoculated into 5 mL of LB medium containing the same amount of antibiotics and cultured 431 

overnight at 37 ˚C with shaking at 180 rpm. The precultured cell suspension was then transferred 432 

into 1 L of LB medium containing 100 µg/mL ampicillin sodium and cultured at 37 ̊ C with shaking 433 

at 180 rpm until the OD600 reached 0.5. The cultured cell suspension was then cooled on ice for 434 

approximately 10 minutes to reduce the temperature to below 17 ˚C. Then, IPTG was added at a 435 

final concentration of 0.1 mM and the culture was continued for 12 h at 17 ˚C. The cells were 436 

collected by centrifugation at 5,000 × g for 20 min. The cells were washed with PBS(-) twice and 437 
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frozen at -80 ˚C until purification. The cells were then thawed and lysed by sonication for 3 min, 438 

three times, with a 3 min interval for each cycle. The cell lysate was centrifuged at 15,000 × g for 439 

30 min to separate the insoluble debris. The supernatant was filtered through a 0.45 μm membrane 440 

filter and then applied to a 5 mL HisTrap FF crude column, which was pre-equilibrated with His-441 

Binding buffer (25 mM Tris-HCl pH 7.4, 500 mM NaCl, 25 mM imidazole). The column was 442 

washed with His-Binding buffer until the absorbance of the column eluate at 280 nm stabilized, 443 

and then the Ktag-TNFα was eluted from the column using a gradient of the His-Elution buffer (25 444 

mM Tris-HCl pH 7.4, 500 mM NaCl, 500 mM imidazole) from 0% to 100% over a volume of 25 445 

mL. The fractions containing proteins were analyzed by SDS-PAGE to confirm the presence of the 446 

Ktag-TNFα. The fractions containing Ktag-TNFα were collected and subjected to buffer exchange 447 

into 10 mM Tris-HCl pH 7.4 using a HiPrep 26/10 Desalting column. The buffer-exchanged solu-448 

tion was then applied to a HiTrap SP HP column pre-equilibrated with 10 mM Tris-HCl pH 7.4. 449 

The column was washed with 25 mL of the same buffer, and then Ktag-TNFα was eluted using a 450 

gradient of the same buffer containing 500 mM NaCl from 0% to 100%. The fractions containing 451 

the target protein were collected and concentrated to about 5 mL using an ultrafiltration membrane 452 

(10 kDa MWCO). The concentrated solution was applied to a size exclusion column (HiLoad 453 

16/600 Superdex 200 pg) that had been pre-equilibrated with 10 mM Tris-HCl (pH 8.0) and further 454 

purified by size exclusion chromatography. The fractions were analyzed with SDS-PAGE. The 455 

fractions containing Ktag-TNFα were collected and concentrated to approximately 3 mL using an 456 

ultrafiltration membrane (10 kDa MWCO) and stored at -80˚C in aliquots. Protein concentration 457 

was determined by measuring the UV absorbance at 280 nm using NanoDrop with the theoretical 458 

extinction coefficient. 459 

 460 
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4. Activity measurement of the MTG mutants 461 

4.1 Hydroxamate assay 462 

K10X/Y12A MTG mutants were assessed by quantifying the amount of hydroxamate resulting 463 

from MTG reaction using complex formation of hydroxamate and Fe-(III) ions50. Substrate solu-464 

tion containing 30 mM Z-QG, 100 mM hydroxylamine hydrochloride, and 10 mM glutathione in 465 

0.2 M Tris-Acetate (pH 6.0) was added to MTG variants. After 10 min of incubation at 37 ˚C, stop 466 

solution (200 mM trichloroacetic acid in 50 mM HCl) containing 50 mM Fe-(III) chloride hexahy-467 

drate was added to the reaction mixture and the absorbance at 525 nm was measured using a Syn-468 

ergy HTX Multi-Mode Reader (BioTek, Winooski, USA). A standard curve was made by using L-469 

glutamic acid γ-monohydroxamate solution of known concentrations. One unit of MTG was de-470 

fined as the amount of MTG that catalyzed formation of 1 µmol of hydroxamic acid in 1 min. 471 

4.2 GLDH-coupled assay 472 

To determine the activity of K10R/Y12X mutants, a continuous GLDH-coupled assay of MTG 473 

activity was applied41. For glutamine substrate evaluation, the assay was performed in a 96-well 474 

half plate in the presence of 10 mM α-ketoglutarate, 2 U of GLDH, 500 µM NADH, 10 mM ca-475 

daverine (as amine donor substituting for a Lys peptide), 20 mM Z-Gln-Gly (as acyl-acceptor sub-476 

stituting for a Gln peptide), 1 mM EDTA and 200 mM MOPS buffer (pH 7.2) in a final volume of 477 

90 µL. The reaction solution was preincubated for 10 min at 37 ˚C. Reaction was started by the 478 

addition of 1.5 µM K10R/Y12X MTGz (in a volume of 10 µL) to give a final volume of 200 µL, 479 

and the oxidation of NADH was continuously recorded at 340 nm for 60 min using a microplate 480 

reader (SpectraMax i3x, Molecular Device), controlled at 37 ̊ C, with short shaking intervals before 481 

each measurement. After a short lag phase during which sufficient ammonia was produced to 482 
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saturate GLDH, linear slopes of absorbance versus time were measured, then the activity of MTG 483 

was determined by the initial rates of NADH oxidation. 484 

For the kinetic analysis of EzMTGs and an active mature MTG (ΔproMTG)48, initial reaction 485 

rates were measured by varying the concentration of Z-QG at a constant concentration of cadaver-486 

ine. Initial rate data were fitted to Michaelis-Menten kinetics, then kinetic parameters were deter-487 

mined using KaleidaGraphTM software. 488 

4.3 Thermal stability measurements 489 

Thermal stability of selected EzMTG mutants was evaluated by incubating the aqueous solution 490 

of the enzyme in PBS buffer (pH 7.4) at 60 ˚C for 1 h, then the activity of MTG was determined 491 

using GLDH-coupled assay. 492 

 493 

5. Binding affinity of mutated propeptide to the MTG active site 494 

Binding kinetics of EGFP-Propeptide mutants with ΔproMTG (without His-tag) were measured 495 

using a biolayer interferometry system (BLItz) with Ni-NTA biosensors (ForteBio Inc.). Sensor 496 

tips were prehydrated for 10 min in Milli-Q water and then equilibrated in K buffer (150 mM NaCl, 497 

0.1% BSA, 0.002% Tween20). EGFP-propeptide mutants (100 µg/mL) were immobilized onto Ni-498 

NTA sensor tips for 2 min until the binding of protein reached saturation. A concentration series 499 

of 62.5, 125, 250, 500, 1000 nM of ΔproMTG (without His-tag) was allowed for 2 min followed 500 

by a 2-min dissociation step. Wild-type EGFP (100 µg/mL) and ΔproMTG (1 µM) were used as 501 

negative control (data not shown). Assays were performed according to the instrument manual. 502 

Data were exported from BLItz pro software and replotted. Values of binding as reflected by 503 

changes in optical thickness (nm) were used to calculate each kinetic and binding constants (ka, kd, 504 

and KD) using nonlinear curve fitting for the entire concentration of ΔproMTG. 505 



 

 

26 

 506 

6. MTG-mediated labeling of K-tag TNF-α with fluorescent substrate 507 

The reaction mixture contained TNF-α-Ktag (10 µM) and FITC-β-Ala-QG (200 µM) in PBS 508 

buffer (pH 7.4)51. The protein labeling reaction was initiated by the addition of MTG (0.1 µM) at 509 

37 ˚C. To follow the time course of MTG-mediated labeling of TNF-α-Ktag with FITC-β-Ala-QG, 510 

a small aliquot of 4 × SDS-PAGE sample buffer was added to the reaction solution to terminate 511 

the MTG reaction. The reaction was followed by the increase in the fluorescence of protein bands 512 

in images of SDS-PAGE. With respect to the fluorescein derivatives, 6 µL of the reaction samples 513 

were applied to the gel. Before staining the gel with Coomassie Brilliant Blue (CBB), an image of 514 

the gel fluorescence was obtained using a Molecular Imager FX Pro (Bio-Rad Laboratories, Inc.). 515 

An excitation wavelength of 488 nm with a 530 (±15) nm band pass filter was used for the fluo-516 

rescein-derivatives. 517 
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