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Mechanistic pathways of mercury removal from the

organomercurial lyase active site

Pedro Silva, Viviana Rodrigues

Bacterial populations present in Hg-rich environments have evolved biological mechanisms

to detoxify methylmercury and other organometallic mercury compounds. The most

common resistance mechanism relies on the H+-assisted cleavage of the Hg-C bond of

methylmercury by the organomercurial lyase MerB. Although the initial reaction steps

which lead to the loss of methane from methylmercury have already been studied

experimentally and computationally, the reaction steps leading to the removal of Hg2+

from MerB and regeneration of the active site for a new round of catalysis have not yet

been elucidated. In this paper, we describe an MP2/CBS//B3PW91/6-31G(d) study of the

final steps of the reaction catalyzed by MerB. While conceptually simple, these reaction

steps occur in a complex potential energy surface where several distinct pathways are

accessible and may operate concurrently. The only pathway which clearly emerges as

forbidden in our analysis is the one arising from the sequential addition of two thiolates to

the metal atom, due to the accumulation of negative charges in the active site. Addition of

two thiols, in contrast, leads to two feasible mechanistic possibilities. The most

straightforward pathway proceeds through proton transfer from the attacking thiol to

Cys159 , leading to its removal from the mercury coordination sphere, followed by a slower

attack of a second thiol, which removes Cys96. The other pathway involves Asp99 in an

accessory role similar to the one observed earlier for the initial stages of the reaction and

affords a lower activation enthalpy, around 14 kcal.mol-1, determined solely by the

cysteine removal step rather than by the thiol ligation step. Addition of one thiolate to the

intermediates arising from either thiol attack occurs without a barrier and produces an

intermediate bound to one active site cysteine and from which Hg(SCH3)2 may be removed

only after protonation by solvent-provided H3O
+. Thiolate addition to the active site (prior

to any attack by thiols) leads to pathways where the removal of the first cysteine becomes

the rate-determining step, irrespective of whether Cys159 or Cys96 leaves first.

Comparisons with the recently computed mechanism of the related enzyme MerA further

underline the important role of Asp99 in the energetics of the MerB reaction.
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2

3 Introduction

4

5 Mercury is naturally present in the environment, especially at specific geologically enriched regions 

6 along tectonical plate boundaries (Varekamp & Buseck, 1986), where it can be found as the 

7 characteristically colored cinnabar ores (HgS). Though quite insoluble in water (≈10 μg/L), the 

8 solubilized species (Hg2+) may be readily uptaken by methanogens and sulfate-reducing bacteria, 

9 which then methylate it to methylmercury (Barkay, Miller & Summers, 2003; Lin, Yee & Barkay, 

10 2012) through the combined action of the reductive acetyl-CoA pathway (Choi, Chase & Bartha, 1994) 

11 and two novel proteins: a methyl-binding corrinoid-containing protein (HgcA) and a corrinoid-

12 reducing protein with unknown physiological function(Parks et al., 2013). The methylmercury thus 

13 formed is highly soluble in lipids and therefore tends to accumulate in living tissues and to be 

14 concentrated along the food chain. The solution reactivity of mercury towards soft ligands(Riccardi et 

15 al., 2013) like the thiols present in cysteine-containing proteins is responsible for the high toxicity of 

16 methylmercury(Eto, Marumoto & Takeya, 2010), especially towards lipid-enriched cells (like those of 

17 the nervous system) where its solubility is the highest. Bacterial populations present in Hg-rich 

18 environments have therefore evolved biological mechanisms to detoxify methylmercury and other 

19 organometallic mercury compounds. The most common resistance mechanism relies on proton-assisted 

20 cleavage of the Hg-C bond of methylmercury by the organomercurial lyase MerB(Begley, Walts & 

21 Walsh, 1986a,b), and sequential transfer of the remaining Hg2+ ion to a flavoprotein (MerA) which 

22 reduces the cation to its metallic form(Fox & Walsh, 1982; Ledwidge et al., 2005, 2010). 

23 Extensive experimental studies(Begley et al., 1986a,b; Pitts & Summers, 2002),(Di Lello et al., 2004; 

24 Lafrance-Vanasse et al., 2009) have elucidated the structure of MerB and established that this enzyme 

25 does not require any cofactors and uses two thiols (like cysteine or glutathione, but not 

PeerJ PrePrints | https://dx.doi.org/10.7287/peerj.preprints.909v1 | CC-BY 4.0 Open Access | rec: 19 Mar 2015, publ: 19 Mar 2015

P
re
P
ri
n
ts



26 dithiothreytol(Pitts & Summers, 2002)) as co-reactants for every mercury organic compound cleaved. 

27 A pioneering computational study(Parks et al., 2009) has shown that in the active site any one of two 

28 conserved Cys residues (Cys 96 and Cys 159) may, upon deprotonation, complex the Hg moiety of the 

29 substrate. A proton is then transferred from the other conserved Cys to a conserved acidic residue (Asp 

30 99), which subsequently acts as a proton donor to the leaving alkyl or aryl group. That study did not, 

31 however, address the reaction steps leading to the loss of Hg2+ from MerB and regeneration of the 

32 active site for a new round of catalysis.

33

34 Methods

35

36 The active site geometry was built from PDB:3F0P, the crystal structure of the mercury-bound form 

37 of MerB(Lafrance-Vanasse et al., 2009). The active site included the conserved residues Cys96, Asp 

38 99, Cys 159, the mercury ion and Hg-complexing water molecule. To prevent unrealistic motions of 

39 the active site, the Cα and Cβ atoms of every aminoacid were constrained to their crystallographic 

40 positions. All calculations were performed at the B3PW91 level of theory(Perdew, 1991; Becke, 1993), 

41 which has been commonly used in the study of Hg-containing complexes(Barone et al., 1997; Ni et al., 

42 2006; Parks et al., 2009; Li et al., 2010; Riccardi et al., 2013). Autogenerated delocalized 

43 coordinates(Baker, Kessi & Delley, 1996) were used for geometry optimizations, using the SDD 

44 effective core-potential and associated basis set(Küchle et al., 1991) for Hg and the 6-31G(d) basis set 

45 for all other atoms. More accurate DFT energies of the optimized geometries were calculated with a 

46 triple-ζ quality basis set, 6-311+G(d). Zero point (ZPE) and thermal effects (T=298.15 K, P=1 bar) 

47 were evaluated using a scaling factor of 0.9804 for the computed frequencies. All computations were 

48 performed with the Firefly quantum chemistry package, which is based  Environmental contributions 

49 to the energies of the stationary points and transition states were computed with the polarizable 
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50 conductor model(Tomasi & Persico, 1994; Mennucci & Tomasi, 1997; Cossi et al., 1998), with 

51 dielectric constants ranging from 4 (usually chosen for protein-embeded active sites) to 78.36 

52 (mimicking a completely exposed active site). Dispersion and repulsion effects were evaluated as 

53 described by Amovilli and Mennucci(Amovilli & Mennucci, 1997). MP2 single-point energies were 

54 computed on the optimized geometries using the aug-cc-pVDZ-PP (or aug-ccpVTZ-PP) basis 

55 set(Peterson & Puzzarini, 2005) for mercury and cc-pVDZ (or cc-pVTZ basis sets) for all other 

56 elements, and extrapolated to the complete basis set limit (CBS-MP2) as described by Truhlar(Truhlar, 

57 1998). Solution MP2 values were obtained by applying the DFT solvation energies to the gas-phase 

58 CBS-MP2 energies.

59
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60

61 Results

62

63

64 Figure 1: Pathways for Hg removal from MerB, starting from an attacking thiol (�thiol-based� 

65 mechanism) or an attacking thiolate (�thiolate-based� mechanism). In both mechanisms, primed-
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66 numbered intermediates arise from the attack of a thiol and a thiolate, whereas intermediates numbered 

67 with unprimed numbers arise from the attack of two species with the same protonation state (either two 

68 thiols or two thiolates).

69

70 A large number of mechanistic pathways for Hg2+ removal from the active site of MerB is possible 

71 (Fig. 1), depending on the protonation state of each mercury-attacking ligand (thiol vs. thiolate), on 

72 whether Cys96 or Cys159 is first ejected from the coordination sphere of the Hg ion, and on whether 

73 the protonation state of Asp99 changes throughout the cycle. Our density-functional computations 

74 show that extraneous methanethiol is not nucleophilic enough to directly the attack of the enzyme-

75 bound Hg2+. The moderate acidity of the thiol, however, allows it to transfer a proton to one of the 

76 Hg2+ ligands (either Cys159 or Asp 99), in a process which both weakens the ligand-to-metal bond and 

77 transforms the thiol into a (much more nucleophilic) thiolate (Figure 2). Proton transfer to Cys159 

78 (Figure 2B) occurs with a small barrier (12.3 � 12.8 kcal.mol-1 in MP2, 7.8 � 8.0 kcal.mol-1 using DFT) 

79 and is moderately exergonic by 7 � 9 kcal.mol-1. 

80
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81

82 Figure 2: Cys-assisted thiol addition to Hg2+. A) pre-reactional complex (Int1); B) H+ transfer to Cys 

83 159 (transition state); C) Thiol-based Int2 (Cys96-bound). D) Thiol-based Int2 (Cys96- bound) + 

84 CH3SH; E) H+ transfer to Cys 96 (transition state); F) Thiol-based Int4 (Asp99-bound). Relevant 

85 distances (in ångstrom) are highlighted.

86

87 Addition of a second thiol to the singly-cysteinated Hg2+ is quite similar to that of the first thiol, as 

88 expected from the identical composition of coordination sphere around the metal atom (a carboxylate 

89 and two thiols). The most interesting difference arises from the possibility of proton transfer to Cys96 

90 (in the Cys96-bound Int2) due to the newly-found flexibility of the freed Cys159 sidechain. This step 

91 (Figure 2D-F) has a larger barrier (15.8 � 18.1 kcal.mol-1  using MP2, 14.5 � 14.8 kcal.mol-1 in DFT) 

92 than the addition of the first thiol because the larger thiol(ate)-Hg distance in the latter transition state 

93 (2.875 vs 2.685 Å) entails a smaller stabilization due to lower overlap between thiol(ate) and Hg 
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94 orbitals. In the gas phase, regeneration of the active site through the removal of Hg(SCH3)2 from 

95 Asp99 leads to a continuous increase in electronic energy of approximately 26 kcal.mol-1. In solution, 

96 however, the reaction is only moderately endergonic (1 � 6 kcal.mol-1,depending on the dielectric 

97 constant) since the presence of a compact negative charge in the Asp99 residue in the product state 

98 leads to a stronger solvation of the separated fragments, which largely offsets the gas-phase energy 

99 increase due to the severing of the Hg-carboxylate bond.

100 If the initial conformation of the attacking thiol, in contrast to that depicted in Figure 2, has the S-H 

101 bond aligned towards Asp99, H+-transfer to Asp99 occurs instead, without any thermodynamic barrier 

102 (Figure 3A). This transfer is favorable by 15 kcal.mol-1 and may be followed by a further movement of 

103 the proton from Asp99 to the distal Cys96 Hg-ligand (Figure 3B), which is thus released from the 

104 metal (Figure 3C). This proton-transfer step has a moderate barrier around 12-14 kcal.mol-1, and should 

105 therefore occur at arate similar to that of the direct protonation and removal of the Cys159 ligand 

106 depicted in the alternative mechanism above (Figure2A-C). Addition of a second thiol may again 

107 proceed in an Asp99-assisted fashion (Figure 3D-F): proton transfer from the thiol to the Asp99 ligand 

108 of the Cys159-bound Int2 is favored by 10 � 11 kcal-mol-1 but must now overcome a small barrier (4 

109 kcal.mol-1), in contrast to the barrier-free process observed when this movement is the first step of the 

110 reaction sequence. 
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111

112 Figure 3: Asp99-assisted thiol addition to Hg2+. A) Asp 99 receives H+ from the attacking thiol. B) 

113 H+ transfer from Asp99 to Cys96 (transition state). C) Thiol-based Int2 (Cys159-bound). D) Thiol-

114 based Int2 (Cys159-bound) + CH3SH. E) H+ transfer from thiol to Asp99 (transition state). F) Thiol-

115 based Int4 (Cys159-bound). Molecules D-F are depicted as seen from a point of view approximately 

116 opposite that used in the depiction of molecules A-C. Relevant distances (in ångstrom) are highlighted.
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117

118 Table 1: Relative enthalpies (kcal.mol-1) of the reaction intermediates in the Cys-assisted thiol addition to MerB-bound Hg2+, computed at 

119 the MP2/CBS // B3PW91/6-31G(d) level of theory. 

ε=4 ε=10 ε=20 ε=78.36

Reagent + CH3SH 0.0 0.0 0.0 0.0

Int 1 -0.6 -1.2 -1.5 -1.7

TS Int1 to Int2 (Cys-96 bound) 11.7 11.4 11.3 11.1

Int2 (Cys-96 bound) -8.3 -9.3 -10.0 -10.8

Int2 (Cys-96 bound)+ CH3SH -11.8 -12.4 -13.1 -14.0

TS Int2 to Int4 4.1 4.4 4.4 4.2

Thiol-based Int4 (Asp99-bound) -12.8 -12.8 -13.5 -14.3

Infinitely separated products -7.3 -10.7 -12.1 -13.3

120

121
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122

123 Table 2: Relative enthalpies (kcal.mol-1) of the reaction intermediates in the Asp99-assisted thiol addition to MerB-bound Hg2+, computed 

124 at the MP2/CBS // B3PW91/6-31G(d) level of theory. 

125

ε=4 ε=10 ε=20 ε=78.36

Reagent + CH3SH 0.0 0.0 0.0 0.0

Int 1 (protonated  Asp99) -15.4 -15.2 -15.2 -15.2

TS Int1 → Int2 (H+ moves from Asp99 to   Cys96) -1.7 -2.4 -2.8 -3.2

Int 2 (Cys-159 bound) -1.0 -0.9 -1.0 -1.1

Int 2 (Cys-159 bound) + CH3SH -9.6 -8.6 -8.3 -8.2

TS Int2 (Cys-159 bound) to Int4 (Cys159-bound).  -5.5 -4.7 -4.5 -4.4

Thiol-based Int4 (Cys159-bound) -19.8 -19.4 -19.4 -19.5

126

127
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128
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129

130 In contrast to the addition of thiols analyzed above, addition of a thiolate to the MerB-bound Hg2+ 

131 proceeds unhindered, i.e. without any energetic barrier. The tetra-coordinated intermediate formed 

132 (Int1) lies 12 � 13 kcal.mol-1 below the infinitely-separated reactants (in MP2; 6 � 7 kcal.mol-1 below 

133 reactants in DFT), and may then shed any of its Cys-ligands upon overcoming a moderate 14.0 � 15.5 

134 kcal.mol-1 barrier. Addition of a second thiolate to this complex, however, is much costlier due to the 

135 electrostatic repulsion between the freed, deprotonated, Cys and the negatively-charged thiolate. The 

136 precise cost depends very steeply on the chosen dielectric constant (Table 3), as expected for a reaction 

137 involving highly localized charges, but the transition state for this step always remains more than 25 

138 kcal.mol-1 above Int1, far above the 16 �20 kcal.mol-1 expected(Parks et al., 2009) for the rate-limiting 

139 step of this enzyme from the application of the Eyring equation, ,  to the RT

G

B
cat e

h

Tk
k

�




140 experimentally observed reaction rate(Begley et al., 1986b).

141
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142 Figure 4: Addition of deprotonated thiol to MerB-bound Hg2+. A) Thiolate-based Int1. B) breaking 

143 the Cys159-Hg bond (transition state). C) Thiolate-based Int2 (C96-bound). D) breaking the Cys96-Hg 

144 bond (transition state) E) Thiolate-based Int2 (C159-bound) Molecules E-F are depicted as seen from a 

145 point of view approximately opposite that used in the depiction of molecules A-C. Relevant distances 

146 (in ångstrom) are highlighted.

147

148
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149 Table 3: Relative enthalpies (kcal.mol-1) of the reaction intermediates in thiolate addition to MerB-bound Hg2+, computed at the 

150 MP2/CBS // B3PW91/6-31G(d) level of theory. 

ε=4 ε=10 ε=20 ε=78.36

Reactant + CH3S- 0.0 0.0 0.0 0.0

Thiolate-based Int1 -13.1 -12.6 -12.3 -12.1

Thiolate-based TS 1 →2 (C96-bound) 1.8 1.8 1.8 1.9

Thiolate-based Int2 (C96-bound) -3.7 -2.6 -2.2 -1.9

Thiolate-based Int2 (C96-bound) + CH3S- TS 26.8 17.1 14.0 11.8

Thiolate-based Int3 (C96-bound) 10.6 1.5 -1.3 -3.2

Reactant + CH3S- 0.0 0.0 0.0 0.0

Thiolate-based Int1 -13.1 -12.6 -12.3 -12.1

Thiolate-based TS 1 →2 (C159-bound) 1.5 2.4 2.8 3.2

Thiolate-based Int2 (C159-bound) -0.6 0.5 1.0 1.5

Thiolate-based Int2 (C159-bound) + CH3S- TS 32.3 21.0 17.3 14.6

Thiolate-based Int3 (C159-bound) 14.3 3.4 -0.1 -2.5

151
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152 So far, we have only described the reaction mechanism arising from the addition of two thiols with 

153 the same protonation state. We now turn to the analysis of mechanism involving distinct protonation 

154 states of the attacking thiols: inded, the two N-terminal cysteines of MerA which catalyze removal of 

155 Hg2+ from MerB in vivo (Ledwidge et al., 2005) have been shown to possess widely separated pKa�s 

156 (Ledwidge et al., 2010) which entail that at physiological pH one of them is expected to remain mostly 

157 unprotonated while the other only deprotonates at high pH.

158 Addition of a thiolate to any of the forms of thiol-based intermediate 2 (where Hg2+ is bound to 

159 either of Cys159 or Cys96) occurs spontaneously without any energetic barrier. In the Cys159-bound 

160 form the reaction product has a slightly lower energy than in the Cys96-bound form and adopts a more 

161 exposed conformation (Figure 5, panel D). The metal ion in the resulting intermediate 3� has a sulfur-

162 only coordination sphere in both instances, as the interactions with Asp99 have disappeared (Figure 5). 

163 Like the thiol-based intermediate 2, the thiolate-based intermediate 2 is susceptible to attack by a thiol 

164 in an Asp99-dependent manner. As in the other Asp99-assisted thiol attacks analyzed above, the 

165 electronic barrier to this process is negligible (Figure 5, panel C) and yields an intermediate where 

166 Asp99 is protonated and the mercury ion remains coordinated by three ligands (two external thiolates 

167 and Cys159). This Cys159-bound/Cys96-deprotonated/Asp99-protonated intermediate (Int3a� in Figure 

168 5, panel E) spontaneously decays, through a negligible energetic barrier (< 1 kcal.mol-1), to the Cys159 

169 bound/ Cys96-protonated/Asp99-deprotonated state. The overall reaction barrier for all of the 

170 mechanisms involving attack of the Hg2+ ion by a thiol and a thiolate therefore depends on the barrier 

171 of the first attack, which was computed above (Tables 1-3) to lie between 12 and 15 kcal.mol-1 in all 

172 instances. Since the 3-4 kcal.mol-1 difference between these barriers is equivalent to the intrinsic error 

173 of the computational protocols used, further discrimination between these three possibilities is 

174 unfortunately not possible at this stage. 
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175  

176

177 Figure 5: MP2/CBS//B3PW91/6-31G(d) energetic profiles (with ε=20) and representative structures 

178 of intermediates arising from attack of Hg2+ by a thiol and a thiolate. A) Energetic profile of Cys159-

179 assisted thiol attack followed by thiolate addition; B) Structure of Int3� arising from Cys159-assisted 

180 thiol attack; C) Energetic profile of Asp99-assisted thiol attack followed by thiolate addition; D) 
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181 Structure of Int3� arising from Asp99-assisted thiol attack followed by thiolate addition; E) Energetic 

182 profile of an initial thiolate attack followed by Asp99-assisted thiol addition to Hg2+; F) Structure of the 

183 transition state of Asp99-assisted thiol addition to thiolate-based Int 2. Relevant distances (in 

184 ångstrom) are highlighted.

185

186 Regeneration of the initial state of the active site from the Int3� intermediate now requires the severing 

187 of the remaining Hg-Cys bond. Preliminary attempts at the characterization of this reaction step 

188 showed that direct stretching of the Hg-Cys bond is energetically quite costly. Our results above (Table 

189 2), however, show that protonation of the metal-bound Cys dramatically weakens the Hg-S bond. We 

190 have therefore analyzed the feasibility of removing Hg(SCH3)2 from the active site cysteine through 

191 direct protonation by solvent-provided H3O+. A few explicit water molecules were also added to the 

192 model to provide an appropriate description of the solvated hydronium ion (Figure 6). 

193

194

195 Figure 6: H3O+-assisted removal of Hg(SCH3)2 from the MerB active site (compact conformation). A) 

196 Cys96-bound Int3� surrounded by water-solvated H3O+; B) Proton transfer from H3O+ to Cys96 

197 (Transition state); C) Asp-bound Hg(SCH3)2 (Int4). Relevant distances (in ångstrom) are highlighted

198
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199 As mentioned above, two different conformations of the Int3� intermediate exist: an extended 

200 conformation (Figure 5D) where Hg(SCH3)2 is bound to Cys159 and a compact conformation where 

201 the product is bound to Cys96, instead (Figure 5B). In the compact conformation (Figure 6) this proton 

202 transfer is spontaneous by 6.6 kcal.mol-1 (according to MP2; 2.7 kcal.mol-1 according to DFT) and 

203 diffusion-controlled: the very small energetic barrier found during the geometry optimization 

204 completely disappears upon inclusion of solvation, zero-point and vibrational effects. Upon removal of 

205 Cys96, Asp99 weakly attaches to the mercury ion, preventing the product from freely diffusing away 

206 from the active site. Complete removal of Hg(SCH3)2 occurs upon stretching this very weak Asp-Hg 

207 bond.

208 In the �extended� conformation of Int3�, the Hg(SCH3)2 moiety lies quite far from Asp99, which 

209 modifies the mechanistic analysis due to the impossibility of Asp99-attachment to the metal upon the 

210 release of Cys159. In contrast to the previous analysis, in this conformation the solvated H3O+ is 

211 unstable even before including bulk solvation effects implicitly through the PCM model. Instead, two 

212 separate minima arise: an unproductive intermediate featuring a proton on the Asp99 residue (Figure 

213 7A), and the Cys159-protonated product featuring a free Hg(SCH3)2 (Figure 7C). Both minima lie 10 

214 kcal.mol-1 below the postulated initial (meta-stable) conformation featuring a solvated H3O+ (Figure 

215 7B). 
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216

217 Figure 7: H3O+-assisted removal of Hg(SCH3)2 from the MerB active site (extended conformation). A) 

218 Asp99-protonated Int3� surrounded by water  molecules; B) Proton transfer from Asp99 to Cys159 

219 (Transition state); C) Regenerated active site with released Hg(SCH3)2. Relevant distances (in 

220 ångstrom) are highlighted

221

222 Discussion

223

224 Our computations show that the final steps of the reaction catalyzed by MerB, while conceptually 

225 simple, occur in a complex potential energy surface where several distinct pathways are accessible and 

226 may operate concurrently. The only pathway which clearly emerges as forbidden in our analysis is the 

227 one arising from the sequential addition of two thiolates to the metal atom, due to the accumulation of 

228 negative charges in the active site. Addition of two thiols, in contrast, leads to two feasible mechanistic 

229 possibilities. The most straightforward pathway proceeds through proton transfer from the attacking 
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230 thiol to Cys159 (activation ΔH=13 kcal.mol-1), leading to its removal from the mercury coordination 

231 sphere, followed by a slower attack of a second thiol, which removes Cys96 (activation ΔH=16�18 

232 kcal.mol-1). Entropic effects, which we could not analyze due to the need of enforcing geometric 

233 constraints on our active site model, may, however, easily place this pathway above the experimentally 

234 determined activation ΔG (16 �20 kcal.mol-1). The other pathway involves Asp99 in an accessory role 

235 similar to the one observed earlier for the initial stages of the reaction(Parks et al., 2009) and affords a 

236 lower activation enthalpy, around 14 kcal.mol-1, determined solely by the cysteine removal step rather 

237 than by the thiol ligation step. Addition of one thiolate to the intermediates arising from either thiol 

238 attack occurs without a barrier and produces an intermediate (Int3�) bound to one active site cysteine 

239 and from which Hg(SCH3)2 may be removed only after protonation by solvent-provided H3O+. This 

240 protonation event is quite spontaneous and occurs without an energetic barrier, making it subject only 

241 to H3O+ availability. Its activation energy in solution is therefore determined by the solution pH, and 

242 corresponds to ΔG�= -RT ln 10-pH.

243 Thiolate addition to the active site (prior to any attack by thiols) leads to pathways where the removal 

244 of the first cysteine becomes the rate-determining step (activation ΔH=14�15 kcal.mol-1, irrespective of 

245 whether Cys159 or Cys96 leaves first). Asp99-assisted addition of a thiol to this intermediate then 

246 occurs without an energy barrier and yields the familiar Int3� intermediate discussed above.

247

248 A comparison of these results with the recently published computational analysis of the transfer of 

249 Hg2+ from the C-terminal cysteine pair of MerA to the buried cysteine pair in the active site of 

250 MerA(Lian et al., 2014) is very instructive. In that work, which included (unlike ours) the influence of 

251 the remainder of the enzyme through a QM/MM formalism, thiol addition to a Hg2+ ion coordinated by 
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252 two cysteines was observed to proceed through a relatively high-energy transition state (20.4 kcal.mol-

253 1) and to be endergonic by 9.0 kcal.mol-1, in contrast to the 12-13 kcal.mol-1 barrier and 9-10 kcal.mol-1 

254 exergonicity we computed for the related addition of a thiol to the MerB active site. Whereas the 

255 change in activation energy may be attributed to our neglect of the surrounding protein environment 

256 and to the absence, in the MerA study, of a direct proton transfer from the attacking thiol to the leaving 

257 Cys residue, further analysis points to another reason. Indeed, the QM-only results reported by Lian et 

258 al. in their Figure 7 show that neglect of the electrostatic influence of the protein brings the activation 

259 energy down to 12.6 kcal.mol-1 (in perfect agreement with our data) but only lowers the reaction 

260 energy by 10 kcal.mol-1 (instead of the 19 kcal.mol-1 needed for agreement with our study). This 

261 observation allows us to attribute this 9 kcal.mol-1 energy difference to the additional interaction, in 

262 MerB, of Asp99 with the mercury ion. The influence of Asp99 is also noticeable in the steps involving 

263 thiolate addition to mercury, which occur without a barrier in MerB but have an activation energy of 9 

264 kcal.mol-1 in the QM-only MerA model and (in a smaller extent) in the removal of a cysteine from a 

265 thiolate-attacked mercury, which has an activation energy of 11 kcal.mol-1 in the QM-only MerA 

266 model, compared to 15 kcal.mol-1 in MerB. 

267
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