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Abstract 13 

The M42 aminopeptidases are a family of dinuclear aminopeptidases widely distributed in 14 

Prokaryotes. They have been proposed to be associated to the proteasome, achieving the 15 

complete destruction of peptides. Their most peculiar characteristic is their quaternary 16 

structure, a tetrahedron-shaped particle made of twelve subunits. The catalytic site of M42 17 

aminopeptidases is defined by seven conserved residues. Five of them are involved in metal 18 

ion binding which is important to maintain both the activity and the oligomeric state. The sixth 19 

conserved residue is the catalytic glutamate acting as a general base deprotonating the water 20 

molecule during peptide bond hydrolysis. The seventh residue is an aspartate whose function 21 

remains poorly understood. This aspartate residue, however, must have a critical role as it is 22 

strictly conserved in all MH clan enzymes. In addition, it takes part to some kind of catalytic 23 

triad with the histidine residue and the metal ion of the M2 binding site. We assess its role in 24 

TmPep1050, an M42 aminopeptidase of Thermotoga maritima, through a mutational 25 

approach. Asp-62 was substituted with alanine, asparagine, or glutamate residue. The three 26 

Asp-62 substitutions completely abolished TmPep1050 activity and impeded dodecamer 27 

formation. They also interfered with metal ion binding as only one cobalt ion is bound per 28 

subunit instead of two. The structural data showed that the Asp62Ala substitution has an 29 

impact on the active site folds becoming similar to TmPep1050 dimer. We propose a structural 30 

role for Asp-62, helping to stabilize a crucial loop in the active site. In its absence, the loop will 31 
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remain unstructured failing to position correctly the catalytic base and a metal ion ligand of the 32 

M1 site. 33 

1. Introduction 34 

The M42 aminopeptidases are dinuclear enzymes proposed to achieve peptide degradation 35 

downstream the proteasome in Bacteria and Archaea [1, 2]. In Pyrococcus horikoshii, four 36 

M42 aminopeptidases (PhTET1, PhTET2, PhTET3, and PhTET4) have been described, each 37 

having a different, but complementary, substrate specificity[3–6]. PhTET2 and PhTET3 have 38 

even been shown to form heterocomplexes, suggesting that peptidasome particles may 39 

exist[7, 8]. The M42 aminopeptidases are characterized by a genuine quaternary structure 40 

made of twelve subunits organized spatially as a tetrahedron[1, 3–6, 9–13]. The association 41 

of the twelve subunits is often described as the assembly of six dimers, each dimer being 42 

located at a tetrahedron edge[1]. Four gates are found at the middle of the tetrahedron faces, 43 

leading to a wide inner chamber. The gate size (between 12 Å and 20 Å) probably restricts 44 

the access to the inner chamber to unfolded peptides only[1, 10, 13, 14]. The twelve catalytic 45 

sites are oriented inward the chamber, compartmentalizing the activity. The amino acids, 46 

generated after peptide hydrolysis, exit the catalytic sites through four channels located at the 47 

tetrahedron vertexes. The oligomerization of M42 aminopeptidases is controlled by their metal 48 

ion cofactors, as shown for PhTET2, PhTET3, PfTET3 of Pyrococcus furiosus, and 49 

TmPep1050 of Thermotoga maritima[1, 12, 13, 15, 16]. Indeed, active dodecamers 50 

disassemble into inactive dimers upon the depletion of metal ions. The disassembly is 51 

although reversible as adding metal ions to dimers restores the dodecamer formation and 52 

activity.  53 

The M42 family, ubiquitous to Bacteria and Archaea[17], belongs to the MH clan 54 

alongside the M18, M20, and M28[18]. All MH clan enzymes share a common / globular 55 

fold for their catalytic domain, the archetypal model being the aminopeptidase Ap1 of Vibrio 56 

proteolyticus[19]. The typical subunit of M42 aminopeptidases possesses a PDZ-like 57 

dimerization domain in addition to the catalytic domain[1]. Seven residues define the catalytic 58 

site of MH clan enzymes[18, 20]. Five of them are involved in the binding of two metal ion 59 

cofactors. The first metal ion binding site, M1, consists of three conserved residues, a histidine 60 

and two aspartates. One of the aspartates is shared with the second metal ion binding site, 61 

M2. Two other residues define the M2 site: a conserved histidine and a glutamate/aspartate. 62 

These five residues impose the tetrahedral coordination geometry to the two bound metal ions. 63 

The implication of both metal ions in the catalytic mechanism has been thoroughly studied in 64 

V. proteolyticus aminopeptidase Ap1[21–23]. Indeed, they interact with the free N-terminal 65 

amine and the first carbonyl of the peptide substrate. The M2 has been proposed to assist the 66 
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water molecule deprotonation. The hydroxide is then transferred to the M1 for peptide bond 67 

hydrolysis. In M42 aminopeptidases, the two metal ions are also involved in the dimer-68 

dodecamer transition. We previously showed that the M1 strictly controls the oligomerization 69 

of TmPep1050 while M2 could have a stabilizer role[13]. Intriguingly, their roles were swapped 70 

in PfTET3[12], suggesting that other factors may influence oligomerization. 71 

In addition to the five metal ion ligands, two other residues, a glutamate and an 72 

aspartate, define MH clan enzymes. These two residues are not involved directly in metal ion 73 

binding but are strictly conserved in the whole clan. The glutamate residue acts as a general 74 

base deprotonating the water molecule during the peptide bond hydrolysis[24]. It may also 75 

play a role in decreasing the Lewis acidity of the M2. As proposed for V. proteolyticus 76 

aminopeptidase Ap1, the catalytic base Glu-151 is within hydrogen bond distance to interact 77 

with His-97[21, 25]. The aspartate residue is not directly involved in hydrolysis but may have 78 

a role in decreasing the Lewis acidity of the M2[26]. In V. proteolyticus aminopeptidase Ap1, 79 

Asp-99 has been proposed to form some kind of catalytic triad (hereafter mentioned as Asp-80 

His-Me) with His-97 and Zn2+ in the M2 binding site[21, 23, 25, 27]. Indeed, a strong hydrogen 81 

bond links the O1 atom of Asp-99 with the N atom of His-97, forcing the imidazole ring to be 82 

deprotonated. As a result, the Lewis acidity of Zn2+ would be decreased sufficiently to allow 83 

the transfer of the hydroxide to the M1 site, which is closer to the peptide bond to be 84 

hydrolyzed.    85 

Still, how the aspartate residue participates in peptide bond hydrolysis remains 86 

intricate. Its role has only been hypothesized for V. proteolyticus aminopeptidase Ap1. To our 87 

knowledge, nothing has been well established about its implication in metal ion binding or 88 

active site stabilization for MH clan enzymes. In this work, we propose to study the Asp-His-89 

Me triad of TmPep1050, an M42 aminopeptidase from T. maritima.  TmPep1050 is a leucyl-90 

aminopeptidase whose activity depends on its oligomeric states: inactive dimer and active 91 

dodecamer[13]. The transition between dimers and dodecamers is regulated by its metal ion 92 

cofactor, Co2+. We present the characterization of three TmPep1050 variants for which Asp-93 

62, equivalent to Asp-99 of V. proteolyticus aminopeptidase Ap1, was substituted with alanine, 94 

asparagine, or glutamate residue. All substitutions completely abolished the activity and 95 

dodecamer formation of TmPep1050. The Asp-62 variants were still able to bind one cobalt 96 

ion per subunit. As dodecamer formation relies on the M1 site, we propose that the M2 site 97 

remained functional despite the substitution. The structure of TmPep1050D62A was solved and, 98 

by comparing with the dimer and dodecamer structures, a structural role was inferred for Asp-99 

62. 100 
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2. Materials and Methods 101 

2.1. Mutagenesis of Tm_1050 102 

Site-directed mutagenesis was performed following the single-primer reactions in parallel 103 

protocol (SPRINP)[28] using the pCEC43 as template vector. This vector allows the production 104 

of TmPep1050 under the regulation of PBAD promoter in E. coli[13]. The primers used to 105 

generate the Asp-62 variants of TmPep1050 are described in Table S1. Phusion DNA 106 

polymerase (ThermoFisher Scientific) was used for DNA polymerization reactions. Cloning 107 

was carried out in the E. coli MC1061 strain[29]. The genetic constructs were checked by 108 

sequencing (Genetic Service Facility, University of Antwerp). 109 

2.2. Production and purification 110 

The Asp-62 variants of TmPep1050 were produced and purified to homogeneity according to 111 

the protocol described elsewhere[13]. It consists of four steps: (i) a heat treatment of crude 112 

cell extract at 70°C for 15 min., (ii) an anion-exchange chromatography using Source 15Q 113 

resin (GE Healthcare Life Sciences), (iii) an hydrophobic interaction chromatography using 114 

Source 15Phe resin (GE Healthcare Life Sciences), and (iv) a size-exclusion chromatography 115 

using a Superdex200 (GE Healthcare Life Sciences, XK16/20 column of 120-ml volume). 116 

During the last step of purification, an elution peak was observed at 95 ml for the three Asp-117 

62 variants. The purified Asp-62 variants were concentrated to 250 µM using an Amicon Ultra-118 

15 ultrafiltration unit with 30-kDa cutoff (Merck Millipore). Protein concentration was estimated 119 

by measuring the absorbance at 280 nm and applying the mass extinction coefficient of 18,910 120 

M-1 cm-1. For molecular weight determination, 50 µM of purified protein was loaded on a 121 

Superdex200 (GE Healthcare Life Sciences, XK16/20 column of 120-ml volume) using 50 mM 122 

MOPS, 0.5 M (NH4)2SO4, 1 mM CoCl2, pH 7.2 as running buffer. The size exclusion column 123 

was calibrated using Gel-filtration standard (Biorad) and High-molecular-weight gel filtration 124 

calibration kit (GE Healthcare Life Sciences) under the same running conditions.   125 

2.3. Mass spectrometry 126 

Sample preparation and native MS analysis were performed as previously described[13]. 127 

TmPep1050D62A was conditioned in 20 mM Ammonium acetate, pH 7.2 using Zeba 7-kDa 128 

desalting columns (Thermo Fisher Scientific). Prior to MS analysis, the sample was diluted to 129 

5 µM in 20 mM Ammonium acetate, pH 7.2. The spectrum was recorded in positive ion mode 130 

on a traveling-wave ion mobility Q-TOF instrument (Synapt G2 HDMS, Waters). 131 

2.4. Enzymatic and cobalt binding assays 132 

The specific activity of Asp-62 variants was assayed using L-leucine-p-nitroanilide (L-Leu-133 

pNA, Bachem AG) as substrate. 10 µl of 1 µM enzyme was added to 990 µl of reaction mix 134 
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containing 2.5 mM L-Leu-pNA in 50 mM MOPS, 10 % methanol, 1 mM CoCl2, pH 7.2. The 135 

reaction was performed at 75°C during 1 h and stopped by adding 1 ml of 20% acetic acid. 136 

Released p-nitroaniline was quantified by measuring the absorbance at 410 nm. Prior to cobalt 137 

binding assays, apo-enzyme was prepared as followed for the three Asp-62 variants. 200 µl 138 

of 250 µM enzyme was diluted in 1.8 ml of 50 mM MOPS, 0.5 M (NH4)2SO4, 10 mM 1,10-139 

phenanthroline, pH 7.2. The sample was then dialyzed four times against 200 ml of 50 mM 140 

MOPS, 0.5 M (NH4)2SO4, pH 7.2. After the dialysis, the sample was concentrated to 100 µl 141 

using an Amicon Ultra-15 ultrafiltration unit with 30-kDa cutoff (Merck Millipore). Protein 142 

concentration was determined as described above. To study the metal binding, apo-enzyme 143 

was diluted to 20 µM in 50 mM MOPS, 0.5 M (NH4)2SO4, pH 7.2 and CoCl2 at a concentration 144 

ranging from 0 to 1280 µM. The reaction volume was 140 µl and the samples were incubated 145 

at 50°C for 24 h. The thermostability of the samples was determined by Thermal Shift Assay 146 

using SyproOrange (Thermofisher Scientific) as described previously[13]. Bound Co2+ was 147 

quantified using Amplex UltraRed fluorescent probe (ThermoFisher Scientific) as described 148 

previously[13].    149 

2.5. X-ray crystallography 150 

TmPep1050D62A was crystallized in 0.1 M citric acid, 5% PEG3350, pH 5.2 using the hanging 151 

drop diffusion method. Drops containing 2 µl of 250 µM TmPep1050D62A and 2 µl of 152 

crystallization reagent were set up in EasyXtal Tool plates (Qiagen). Fully grown crystals were 153 

obtained after a week at 292 K. Crystal shape and size were improved by microseeding. 154 

Diffraction data were collected on the FIP-BM30a beamline at the European Synchrotron 155 

Research Facility (Grenoble, France)[30, 31]. Data collection and refinement statistics are 156 

presented in Table 1. XDS program package[32] was used for indexing diffraction data. The 157 

phase was determined by molecular replacement using Phaser[33] with the monomer A 158 

coordinates of TmPep1050 dodecamer structure (PDB code 4P6Y). The model was build 159 

using phenix.autobuild in PHENIX software package[34]. The model was iteratively refined 160 

manually with Coot[35] and automatically with phenix.refine. Model stereochemical quality 161 

was assessed using MolProbity[36]. Protein structures were analyzed with PDBe Pisa[37], 162 

Arpeggio[38], and PyMOL Molecular Graphics System version 2.2 (Schrödinger,LLC). 163 

3. Results and discussion 164 

3.1. The role of Asp-62 in the activity and oligomerization of TmPep1050 165 

Asp-62, equivalent to Asp-99 of V. proteolyticus aminopeptidase Ap1, was substituted with 166 

alanine, asparagine, or glutamate residue. The resulting variants were named 167 

TmPep1050D62A, TmPep1050D62N, and TmPep1050D62E, respectively. The variants were 168 

recombinantly produced in E. coli and purified to homogeneity. Their molecular weights were 169 
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determined by size-exclusion chromatography (Figure 1). The substitution of Asp-62 had a 170 

dramatic impact on the TmPep1050 oligomerization state as only dimers were observed even 171 

in the presence of Co2+. The oligomerization state of TmPep1050D62A was confirmed by native 172 

MS showing dimers mainly (Figure 2). MS experiments also highlighted a minor tetrameric 173 

form. Minor intermediate oligomers (tetramer, hexamer, and octamer) were reported 174 

previously for the wild-type enzyme[13]. These oligomers were inferred as intermediate forms 175 

occurring during the dimer-dodecamer transition. For TmPep1050D62A, only tetramers were 176 

observed as intermediates, supporting the impaired oligomerization of the Asp-62 substitution. 177 

The three variants displayed less than 0.04% of relative activity on L-Leu-pNA compared to 178 

the dodecameric wild-type enzyme. 179 

The loss of activity subsequent to Asp-62 substitution was expected according to the 180 

putative function of Asp-99 in V. proteolyticus Ap1. The negative charge and the side chain 181 

length are critical for the activity. Intriguingly, Asp-62 substitution prevents the self-assembly 182 

of dimers into dodecamers. Such an observation contrasts with the known role of the two metal 183 

ion binding sites in TmPep1050 oligomerization. Indeed, we previously demonstrated that the 184 

M1 binding site strictly controls the oligomerization as the His307Ala substitution prevented 185 

the self-assembly of dimers[13]. The substitution of His-60, a residue of the M2 binding site, 186 

perturbed the oligomerization to a lesser extent as both dimers and dodecamers were 187 

observed. As Asp-62 interacts with His-60, we could have expected that the Asp-62 188 

substitution would have a rather small impact on oligomerization like His-60 substitution. 189 

Unexpectedly, the Asp-62 variants behaved as if the M1 binding site had been impaired as 190 

only dimers were observed. Therefore, Asp-62 substitution could somehow interfere with the 191 

metal ion binding in both M1 and M2 binding sites. 192 

3.2. Asp-62 substitution partly impaired the Co2+ binding 193 

To show the potential impact of Asp-62 substitution on Co2+ binding, thermal stability of Asp-194 

62 variants were measured by thermal shift assay in presence of various concentrations of 195 

Co2+. Using such a method, we previously showed that TmPep1050 dimers depleted of cobalt 196 

were more prone to thermal denaturation than TmPep1050 dodecamers, with melting 197 

temperatures of 91°C and 97°C, respectively. The addition of Co2+ restored the thermal 198 

stability of TmPep1050 dimers[13]. Prior to the binding assays, the Asp-62 variants were 199 

treated with 1,10-phenanthroline to remove any bound Co2+. Then 20 µM of each apo-enzyme 200 

was incubated in presence of Co2+ at a concentration ranging from 0 to 1280 µM for 24 h. The 201 

melting temperatures were subsequently determined to monitor an eventual cobalt binding. 202 

Apo-TmPep1050D62N had a melting temperature of 89.1 ± 0.4°C, close to that of the wild-type 203 

dimer. Apo-TmPep1050D62A and apo-TmPep1050D62E had a melting temperature of 86 ± 0.1°C 204 

and 83.2 ± 0.2°C, respectively, indicating that the Asp62Ala and Asp62Glu substitutions 205 
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destabilized partly the structure. As the thermal stability increased with the cobalt 206 

concentration (Figure 3), the three variants were found to bind cobalt ions. Of note, none of 207 

them exhibited a thermostability comparable to the dodecamer upon Co2+ binding. Indeed, the 208 

maximal melting temperature of TmPep1050D62N, TmPep1050D62E, and TmPep1050D62A was 209 

95.1°C, 91.1°C, and 90.7°C, respectively, for a Co2+-to-protein molar ratio of 50. 210 

 Bound Co2+ was quantified to define how many metal ion binding sites are occupied in 211 

each variant. 20 µM of apo-enzyme was incubated with varying Co2+ concentration ranging 212 

from 0 to 1280 µM. The concentration of bound Co2+ was determined at the equilibrium using 213 

Amplex Ultra Red fluorescent probe for quantification. The results are showed in Figure 4. 214 

TmPep1050D62A, TmPep1050D62N, and TmPep1050D62E were able to bind Co2+ with an 215 

apparent association constant of 70 ± 12, 86 ± 2 µM, and 87 ± 13 µM, respectively. Only one 216 

cobalt ion was bound per monomer (maximal bound Co2+ being 1.3), suggesting that one of 217 

the two metal binding sites is impaired in the Asp-62 variants. In comparison, wild-type 218 

TmPep1050 could bind two cobalt ions with an apparent association constant of 50 µM[13]. 219 

For the Asp-62 variants, the cobalt quantification did not allow to determine whether both M1 220 

and M2 sites were partially occupied or one of them remained vacant. The second hypothesis 221 

is the likeliest based on (i) the dimeric state of Aps-62 variants and (ii) the M1 site controlling 222 

the dimer-dodecamer transition. Thus, the M2 site was inferred to be functional even when 223 

Asp-62 was substituted. Our results contrast with what has been reported for the human 224 

copper/zinc superoxide dismutase. This enzyme displays an Asp-His-Me triad analogous to 225 

that of the MH clan enzymes. The substitution of the aspartate residue with an asparagine or 226 

alanine residue completely abolished both the activity and the metal ion binding[39]. 227 

3.3. The structure of TmPep1050D62A reveals how Asp-62 maintains the 228 

structural fold of the active site 229 

To understand how Asp-62 could influence Co2+ binding in the M1 site, we solved the structure 230 

of TmPep1050D62A at 1.5 Å.  The crystallization condition was 0.1 M citric acid, 5% PEG3350, 231 

pH 5.2.  Unfortunately, X-ray fluorescence scanning of crystals did not detect any trace of 232 

metal ion, probably due to cobalt chelation by citric acid[40]. According to PDBe Pisa, the 233 

crystal structure confirmed the dimeric state of TmPep1050D62A. When compared to 234 

TmPep1050 dodecamer, the subunit structure of TmPep1050D62A presents the same structural 235 

dissimilarities as TmPep1050 dimer (Figure 5A)[13]. Two segments, Lys-229 – Ala-235 and 236 

Lys-247 – Ser-254, diverge greatly between both structures. For instance, the backbone is 237 

displaced by 3 Å and 11 Å for Lys-232 and Arg-249, respectively. Both segments were 238 

described as critical in the oligomerization as they are involved in the interaction between 239 

dimers. The Asp-62 substitution also affects the catalytic pocket fold as the 8 and 10 helices 240 
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are too flexible to be modelled. Furthermore, the Gln-196 – Val-202 loop is displaced outwards 241 

the catalytic site, explaining the lack of activity of TmPep1050D62A. 242 

 Because of Gln-196 – Val-202 loop displacement, Glu-197 and Glu-198 are not 243 

correctly positioned to fulfill their function (Figure 5B). The former is the catalytic base, 244 

assisting the deprotonation of a water molecule during the first step of the peptide bond 245 

hydrolysis. The latter is involved in the binding of a cobalt ion at the M1 site, along with His-246 

307 and Asp-168. In the TmPep1050D62A structure, the His-307 side chain adopts a m-70° 247 

rotamer, compared to the m170° rotamer observed in the dodecamer structure. Consequently, 248 

the imidazole ring is tilted by about 28° between both structures. Asp-168 belongs to both M1 249 

and M2 sites as it bridges the two cobalt ions. The Asp-62 substitution did not have any effect 250 

on the Asp-168 position. Regarding the M2 site, the side chains of Asp-220 and His-60 are 251 

oriented differently in TmPep1050D62A compared to dodecameric TmPep1050. The Asp-220 252 

side chain adopts an m-20° rotamer instead of a t0° rotamer found in the dodecamer structure. 253 

Due to side chain orientation change, the carboxylate center is displaced by 2.4 Å and 254 

interacts with the carbonyl of Ile-221. In the monomer A of TmPep1050D62A, the imidazole ring 255 

of His-60 is correctly positioned with a p-80° rotamer but is rotated by 180°. Consequently, N1 256 

and N2 of His-60 are found interacting with two water molecules which are not observed in 257 

the dodecamer structure. In the monomer B, His-60 side chain adopts two alternate rotamers, 258 

m90° and p-80°, with an occupation of 0.57 and 0.43, respectively.  259 

Excepting the alternate rotamers of His-60, the TmPep1050 dimer structure shows the 260 

same dissimilarities in the active site as TmPep1050D62A. Despite being structurally similar, 261 

TmPep1050 dimers are still able to bind two cobalt ions and revert to dodecamers while 262 

TmPep1050D62A cannot. Hence the Asp-62 substitution must have a structural role for 263 

stabilizing the metal-bound form. In the dodecamer structure, O1 and O2 of Asp-62 are in 264 

tight H-bond interaction with the backbone nitrogen of Glu-197 and Glu-198, respectively 265 

(Figure 5B). Thus, Asp62Ala substitution probably prevents this interaction and, consequently, 266 

could not stabilize the Gln-196 – Val-202 loop. It has a dramatic impact on the M1 site as Glu-267 

198 cannot be correctly positioned to allow the binding of a cobalt ion. The side chain length 268 

and charge of residue 62 are critical since TmPep1050D62N and TmPep1050D62E are also 269 

inactive dimers. The position of the Asp-62 carboxylate is probably imposed by H-bond 270 

interactions with Ser-15 and His-60. In the TmPep1050D62A structure, Ser-15 hydroxyl is 271 

rotated by 107.2° compared to wild-type dimer and dodecamer. In addition, charge repulsion 272 

may occur between Glu-18 and Asp-62. Placing a glutamate residue at position 62 would not 273 

allow the correct alignment of the carboxylate with Ser-15 and His-60. In the case of an 274 

asparagine residue at position 62, the amide group would not sustain the charge repulsion 275 
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from Glu-18. Furthermore, the amine group would clash with either the Ser-15 or His-60 due 276 

to short H-H distance. 277 

4. Conclusion 278 

The carboxylate-histidine-metal ion triad is commonly encountered in metalloenzymes. 279 

Christianson and Alexander reported that at least 35% of histidine residues bound to a metal 280 

ion interacts with either a glutamate or an aspartate residue[26]. The supposed role of the 281 

carboxylate is to modulate the basicity of the neighbor histidine residue, affecting the Lewis 282 

acidity of bound metal ion. It may also have an impact of metal ion binding affinity and 283 

nucleophilicity of the water molecule bound to the metal ion[41, 42]. The MH clan enzymes 284 

display such a carboxylate-histidine-metal ion triad at the M2 site. Both the aspartate and 285 

histidine residues of the triad are strictly conserved in the whole clan. A function of the 286 

aspartate residue has been postulated for the MH clan archetypal enzyme, the V. proteolyticus 287 

aminopeptidase Ap1[21–23, 25, 27]. Asp-99 has been described to decrease Lewis acidity of 288 

the M2 site Zn2+ via a strong H-bond between Asp-99 and His-97. Consequently, the 289 

interaction between the nucleophilic hydroxide and the M2 site Zn2+ is disfavored and may 290 

transitorily alter the coordination geometry of the metal ion. 291 

 In this work, we showed that the aspartate residue of the Asp-His-Me triad could have 292 

another function for the M42 aminopeptidases. Using TmPep1050 as a case of study, Asp-293 

62, equivalent to Asp-99 of V. proteolyticus aminopeptidase Ap1, was substituted with alanine, 294 

asparagine, or glutamate residue. This substitution completely abolished the activity, as 295 

expected, but also interfered in dodecamer formation. We suppose that the Asp-62 296 

substitution affects the M1 binding site as the oligomerization of TmPep1050 strictly relies on 297 

the M1. The structure of TmPep1050D62A presented the same structural dissimilarities as 298 

observed for the wild-type dimer. Notably, the Gln-196 – Val-202 loop is disordered, preventing 299 

the correct positioning of Glu-197 and Glu-198 (the catalytic base and a ligand of the M1 site). 300 

Asp-62 has probably a structural role for stabilizing this active site loop since its carboxylate 301 

function is in close interaction with the backbone nitrogen of Glu-197 and Glu-198. 302 

Nevertheless, we could not ascertain the structural role of Asp-62 to all MH clan enzymes, as 303 

no structure of equivalent variant has been reported in other families. It would be interesting 304 

to know whether substituting the aspartate residue would destabilize the active site of a 305 

monomeric enzyme like V. proteolyticus aminopeptidase Ap1. If the destabilization is also 306 

observed for such an enzyme, it will support the structural role of this strictly conserved 307 

aspartate residue thorough the whole MH clan. If not, it will indicate that the destabilization of 308 

the active site as observed for TmPep1050D62A could be an adaptation to oligomerization. 309 
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Nevertheless, both hypotheses agree with the dependency of M42 aminopeptidase 310 

oligomerization on the active site fold.   311 
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 430 

 TmPep1050D62A 
Data collection  
Temperature (K) 100 
Radiation source ESRF BM30A 
Wavelength 0.9797 
Detector ADSC QUANTUM 315r 
Oscillation range (°) 0.5 
Exposure time (s)  
Space group C 2 21 1 
Unit cell parameters  
, ,  (°) 90.00, 90.00, 90.00 
a, b, c (Å) 42.18, 113.96, 267.23 
Resolution 48.00 – 1.50 (1.58-1.50) 
Unique reflections 103,939 
Rmerge (%) 0.09 
Redundancy 5.8 
<I/> 14.80 (3.34) 
Completeness (%) 99.7 (89.4) 
CC1/2 (%) 99.8 (87.6) 
Refinement  
Resolution 48.00 – 1.50 
Reflections 103,177 
Rfree set test count 5,158 
Rwork/Rfree 0.183/0.215 
Protein molecules per ASU 2 
VM (Å3/Da) 2.27 
Solvent content (%) 45.79 
Protein/solvent atoms 4,950/820 
r.m.s.d. bond lengths (Å) 0.36 
r.m.s.d. bond angles (°) 0.55 
Average B-factors (Å2) 20.0 
Favored/disallowed Ramachandran / (%) 97.71/0.00 
PDB code 5L6Z 

Table 1 Data collection and refinement statistics. Values in parentheses are for the highest-431 

resolution shell. 432 
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 433 

Figure 1 Size exclusion chromatography of TmPep1050D62A (plain line), TmPep1050D62N 434 

(dot line), and TmPep1050D62E (dashed line). An elution peak was observed at 95 ml for the 435 

three variants using a Superdex 200 column (V = 120 ml).  Inset: The column was calibrated 436 

using albumin (Ab), conalbumin (C), aldolase (Ad), ferritin (F), and thyroglobulin (T) as 437 

standards. The correlation between the logarithm of the relative mass and the elution volume 438 

is linear, with a R2 of 0.91. The 95% confidence intervals are represented as dots.  439 

 440 

Figure 2 Native mass spectrum of TmPep1050D62A. Dimers are the major observed species. 441 

The sample was conditioned in 20 mM Ammonium acetate and diluted to 5 µM prior to native 442 

MS analysis. 443 

  444 
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 445 

 446 

Figure 3 Thermal shift assay showing Co2+ binding effect on Asp-62 variant 447 

thermostability. The thermostability of TmPep1050D62A (circle), TmPep1050D62N (square), and 448 

TmPep1050D62E (triangle) was determined by measuring Tm at each Co2+ concentration. From 449 

our previous study, the thermostability of wild-type TmPep1050 dimer is presented as 450 

rhombi[13]. Error bars represent standard error with n = 3. 451 

 452 

Figure 4 Co2+ binding of apo-TmPep1050D62A (circle), apo-TmPep1050D62N (square), and 453 

apo-TmPep1050D62E (triangle). The results are expressed as the number of bound Co2+ per 454 

molecule of enzyme (mol. enz.) in response to a varying concentration of Co2+ ranging from 0 455 

to 1280 µM. Error bars represent standard error with n = 3. 456 
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 457 

Figure 5 The structure of TmPep1050D62A. (A) Structural alignment of TmPep1050D62A 458 

subunit (PDB code 5L6Z, light grey) with TmPep1050 dodecamer subunit (PDB code 6NW5, 459 

green), and TmPep1050 dimer subunit (PDB code 5NE6, light blue). The structural 460 

dissimilarities are indicated with arrows. Zn2+ and Co2+ are represented as grey and pink 461 

spheres, respectively. (B) Close-up view of the active sites of TmPep1050D62A (light grey), 462 

TmPep1050 dodecamer (green) and dimer (light blue). The water molecules interacting with 463 

His-60 in the TmPep1050D62A structure are showed as red spheres. 464 


