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Abstract 22 

Beta-lactam antibiotics are the mainstay for the treatment of bacterial infections. However, 23 

elevated resistance to these antibiotics mediated by metallo-β-lactamases (MBL) has become 24 

a global concern. New Delhi metallo-β-lactamase-1 (NDM-1), a newly added member of the 25 

MBL family that can hydrolyze almost all β-lactam antibiotics, has rapidly spread all over the 26 

world and posed serious clinical threats. Broad-spectrum and mechanism-based inhibitors 27 

against all MBLs are highly desired, but the differential mechanisms of MBLs towards 28 

different antibiotics pose a great challenge. To facilitate the design of mechanism-based 29 

inhibitors, we investigated the active-site conformational changes of NDM-1 through the 30 

determination of a series of 15 high-resolution crystal structures in native form and in 31 

complex with products, biochemical and biophysical studies, site-directed mutagenesis and 32 

molecular dynamics computation. The structural studies reveal the consistency of the active 33 

site conformations in NDM-1/products complexes and the fluctuation in native NDM-1 34 

structures. The enzymatic measurements indicate a correlation between enzymatic activity 35 

and  the active site fluctuation with more fluctuation favoring higher activity. This correlation 36 

is further validated by structural and enzymatic studies of the Q123G mutant. Our 37 

combinational studies suggest that active site conformational fluctuation promotes the 38 

enzymatic activity of NDM-1, which may guide further mechanism studies and inhibitor 39 

design. 40 

  41 
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Introduction 42 

Beta-lactam antibiotics, including penicillins, cephalosporins and carbapenenms, 43 

constitute more than half of the antibiotics prescribed in clinical settings(1). However, the 44 

efficiency of these antibiotics is being continuously challenged by the emergence of resistant 45 

pathogenic bacteria, among which resistance to carbapenems is of extreme concern for that 46 

carbapenems are considered as the last resort for multidrug resistant infections. Beta-47 

lactamases, which inactivate β-lactam antibiotics through hydrolyzing the β-lactam bonds(2), 48 

play a major role in antibiotic resistance(3, 4). Based on sequence similarity, β-lactamases 49 

can be divided into four classes (A, B, C and D)(5). Enzymes in classes A, C and D are 50 

serine-β-lactamases which harbor a serine residue at the active site to facilitate catalysis. And 51 

members of class B are metallo-β-lactamases (MBLs) that retain one or two zinc ions at the 52 

active site to facilitate β-lactam cleavage. MBLs are broad-spectrum β-lactamases, active 53 

against almost all β-lactams including carbapenems and even the clinically used inhibitors of 54 

serine-β-lactamases(6). Furthermore, most of the circulating MBLs are encoded in a 55 

transferable plasmid which may be rapidly disseminated in different strains and even 56 

different species of bacteria through horizontal gene transfer(7). For example, New Delhi 57 

metallo-β-lactamase-1 (NDM-1) is a newly added member of the MBL B1 subclass and since 58 

its first identification in 2009(8), NDM-1 positive bacteria have been identified in all 59 

continents except Antarctica(9).    60 

NDM-1 shows broad activity at all β-lactam antibiotics except monobactams(8). Because 61 

of its rapid dissemination not only in clinical settings but also in community environments(10, 62 

11), NDM-1 positive bacteria have posed a serious threat to our health care system. Since it 63 

identification in 2009, much effort has been put on the biochemical characterization(12-15), 64 

structural and mechanical studies(16-30), and inhibitor screening(31-35). It is highly 65 

desirable to find some potent specific inhibitors for NDM-1 or even broad-spectrum 66 
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inhibitors for all MBLs. However, because of the structural diversity of MBL active sites, the 67 

continuous evolving of these enzymes and the fact that very few residues are tightly 68 

constrained by function, the design of broad-spectrum MBL inhibitors is very challenging(6).  69 

Therefore, the design of MBL inhibitors may be best achieved by mimicking the focused 70 

nature of interactions observed in both substrate recognition and the catalytic mechanism(6) 71 

as in the case of serine β-lactamases. Unfortunately, the catalytic mechanism of NDM-1 is 72 

subtle and some detailed roles of active site residues are still under debate, such as substrate 73 

coordination(23, 26, 36), the individual roles of the two zinc ions, the identity and source of 74 

hydroxide for nucleophilic attack(16, 23, 26, 27), the protonation of β-lactam nitrogen after 75 

C-N bond cleavage(16, 23, 26) and the source of the next hydroxide for enzymatic 76 

turnover(23, 26) etc. Recent spectroscopic and structural investigations made significant 77 

progresses in the mechanism study of MBLs, but did not get to a consistent conclusion on the 78 

hydrolysis of carbapenems by NDM-1(29, 37), suggesting further study for the sake of 79 

mechanism-based broad-spectrum inhibitor design. 80 

In this work, we investigated the conformational changes of the active site through the 81 

combination of crystallography, site-directed mutagenesis, enzymatic measurements and in 82 

silico simulation. Our results indicate a dynamic active site and its conformational fluctuation 83 

promotes the enzymatic activity of NDM-1, which may guide future inhibitor design. 84 

 85 

Results 86 

NDM-1 in complex with hydrolyzed antibiotics 87 

In our previous study(16), we solved the first NDM-1 structure in complex with a 88 

hydrolyzed ampicillin and noticed that the distance between the two zinc ions at the active 89 

site was 4.6 Å, which was much longer than those of other MBLs. We proposed that this 90 

longer distance might correlate to the relatively lower enzymatic activity of NDM-1 91 
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compared to other B1 MBLs(16). And hence the longer distance might be an intrinsic 92 

property of NDM-1 in the product binding state. However, there is also a possibility of being 93 

a crystallographic artifact. To clarify if this longer distance is an intrinsic product binding 94 

property or crystallographic artifact, we determined a series of NDM-1/Amp structures at 95 

different crystallization conditions. As showed in Table 1, we re-crystallized NDM-1 in 96 

complex with ampicillin at the same condition as our previously reported one and got the 97 

highest resolution NDM-1/product structures up to now (1.00 Å). While the improvement of 98 

resolution revealed more accurate details, we noticed that the new structures were almost 99 

identical to that of previously solved one at the active site (Figure 1A). We further compared 100 

the structures determined from crystals in different conditions, such as different pHs and 101 

different precipitants. As shown by the first four structures in Table 1, although they were 102 

crystallized in different pHs and even in high salt, the structures are almost identical and can 103 

be superimposed with rmsd values ranging from 0.1 to 0.26 Å for all visible Cα atoms 104 

(Figure S1A for overall structure superposition). And besides overall structures, the active 105 

site confirmations of these structures are also very consistent with that of previously solved 106 

one with the Zn1-Zn2 distances ranging from 4.57 to 4.61 Å in 8 NDM-1 molecules, the 107 

distances of Zn1-OH and OH-Zn2 averaged at 2.00 ± 0.05 Å and 3.01 ± 0.04 Å (Figure 1B), 108 

respectively.  109 

After our first report of NDM-1/Amp structure, several structures of NDM-1 in complex 110 

with other hydrolyzed antibiotics were also reported as listed in Table 1. For these structures 111 

of NDM-1 in complex with methicillin (4EY2)(22), oxacillin (4EYB)(22), benzylpenicillin 112 

(4EYF)(22), cephalexin (4RL2)(27) and ampicillin (4H0D(23), 4HL2(23) and 4RAW), the 113 

overall structures are very similar with rmsd values ranging from 0.10 to 0.36 Å for all the 114 

superimposed Cα atoms (Figure S1B). And for the active sites of these structures, Zn1-Zn2 115 

distances were ranging from 4.48 to 4.63 Å (average value of 4.56 ± 0.05) while the distances 116 
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of Zn1-OH and OH-Zn2 were 1.98 ± 0.07 Å and 2.96 ± 0.10 Å (Figure S2A), respectively. The 117 

active site conformations observed in these structures are almost identical to those 118 

determined in our studies. 119 

However, for structures of NDM-1 in complex with hydrolyzed meropenem (4EYL(22), 120 

5N0H and 4RBS), the Zn1-Zn2 distances were a little bit shorter (ranging from 3.83 to 4.05 121 

Å with an average 3.96 ± 0.09 Å). Inspection of these structures revealed that the hydrolyzed 122 

meropenem did not bind the active site like other hydrolyzed antibiotics (Figure S2A) with 123 

either the newly generated carboxylate group intercalating between the two zinc ions (4EYL 124 

and 5N0H) or the side ring carboxylate group not coordinated to Zn2 (4EYL and 4RBS) 125 

(Figure S2B). The intercalated conformation might be a rare binding state during product 126 

release, which was also suggested from the QM/MM calculation(38) as a rare inhibition state.  127 

The structure of NDM-1 in complex with a reaction intermediate of cefuroxime (4RL0(27)) 128 

showed shorter Zn1-Zn2 distances (3.81/3.83 Å for two monomers) and OH-Zn2 distances 129 

(2.16/2.17 Å for two monomers). Active site inspection revealed that the newly generated 130 

carboxylate group did not coordinate to Zn1 as other products did. The shorter distance 131 

observed in this structure might be attributed to the reaction intermediate which needs further 132 

investigation. 133 

Overall, in all NDM-1 structures with the hydrolyzed antibiotics coordinated to the active 134 

site in a product binding state, the Zn1-Zn2, Zn1-OH and OH-Zn2 distances are very 135 

consistent to be 4.6, 2.0 and 3.0 Å, respectively. This conformation should be an intrinsic 136 

NDM-1/product binding state and not a crystallographic artifact. 137 

NDM-1 in native form 138 

Since the identification of NDM-1 in 2009, many structures of NDM-1 in native form and 139 

in complex with antibiotics have been solved. Some of the reported structures showed no 140 

metal, mono metal(19) or not properly coordinated residue-metal interactions at the active 141 
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site(39). A Zn-Cd substituted NDM-1(20) (PDB 3ZR9) was obtained at pH7.5 with the Zn-142 

Cd distance of 3.64 Å.  While another structure(18) (PDB 3SPU) obtained at pH8.5 reported 143 

5 molecules in the asymmetric unit and the Zn1-Zn2 distances ranging from 3.56 to 3.97 Å. It 144 

was then proposed that the Zn1-Zn2 distance was affected by different pHs(23). To reveal a 145 

clear and more accurate active site of native NDM-1 and what kind of factors can affect the 146 

active site conformation, we determined a series of native NDM-1 structures in different 147 

conditions including crystal packing, buffer components and pH variations. 148 

Effect of crystal packing 149 

In our search for native NDM-1 crystallization conditions, two crystal forms were 150 

obtained with form 1 retaining one molecule in the asymmetric unit and diffracted up to 0.95 151 

Å resolution while form 2 harboring two molecules and diffracted between 1.05 and 1.55 Å 152 

depending on the crystallization precipitants (Table 2). For crystals of form 2, although they 153 

were obtained in different pHs and different buffer components (HEPES pH7.0 and pH7.5, 154 

imidazole pH7.5 and Tris pH8.0), the active site conformations are strikingly identical 155 

(Figure 2A and Figure S3) with the Zn1-Zn2, Zn1-OH and OH-Zn2 distances of 3.39 to 3.43 156 

Å, 1.93 to 2.11 Å and 1.95 to 2.13 Å, respectively (Table 2). The Zn1-Zn2 distance is also 157 

consistent with the one measured by extended X-ray absorption fine structure study (3.38Å) 158 

(21). However, when we compare the structures of NDM-1 in forms 1 and 2 obtained in the 159 

same buffer and pH (imidazole pH7.5, PDB 5ZGZ and 5ZH1), we noticed that the Zn1-Zn2 160 

distance in form1 is 3.62 Å while in form 2 it is 3.41/3.42 Å. The only difference between 161 

these two crystals is crystal packing so that the Zn1-Zn2 distance is clearly affected by crystal 162 

packing. 163 

Effect of buffer components 164 

Next, we compared the structures of form1 obtained at pH7.5 but prepared with different 165 

buffer components (imidazole, Bis-Tris and succinate). Despite of being crystallized at the 166 
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same pH, these structures showed different Zn1-Zn2 distances of 3.62 Å in imidazole, 167 

3.59/3.53 Å in succinate and 3.49 Å in Bis-tris (Table 2), respectively. Although the 168 

differences are subtle, they can be repetitively observed, indicating that different buffer 169 

components do affect the active site conformations.  170 

Effect of different pHs 171 

And then, we examined the pH effect on the active site of NDM-1. To avoid the buffer 172 

component effect, all the NDM-1 structures were determined in the same buffer component 173 

but at different pHs. The crystals could be easily obtained by seeding in Bis-Tris buffer at 174 

different pHs, but with unidentifiable electron density at the active site at a lower pH 175 

(probably Bis-Tris but cannot be clearly modelled). To avoid potential perturbation of Bis-176 

Tris to the active site, we then optimized the crystallization in succinate buffer and got the 177 

crystals at pH 5.5, 6.5 and 7.5. Although in crystals at pH5.5 and 6.5, succinate was observed 178 

at the active site, it can be clearly modelled with one hydroxyl group coordinated to Zn2 and 179 

substituting an apical water. This kind of interaction did not affect the other coordination 180 

bonds at the active site (Figure S3). Comparison of structures in succinate at pH5.5, 6.5 and 181 

7.5 (Figure 2B) depicted a prominent decrease of the Zn1-Zn2 distances from 3.95, 3.78 to 182 

3.59 Å (Table 2). To further confirm this pH effect, crystals obtained at pH5.5 were soaked in 183 

the cryo-protectant at pH7.5, which yielded a structure with the Zn1-Zn2 distance changed 184 

from 3.95 to 3.53 Å, indicating a consistent pH effect on the active site. Besides the clear 185 

tendency of Zn1-Zn2 changes according to different pHs, we also observed the decrease of 186 

OH-Zn2 distance along with the pH increase which is consistent with the Zn1-Zn2 changes 187 

(Table 2). However, Zn1-OH distances remain almost identical in all crystals we obtained 188 

and reported by others (1.99 ± 0.07 Å). Although in some structures this hydroxide was 189 

modelled as a water molecule, the shorter distance with Zn1 in all the structures indicates it 190 

should be a hydroxide. Furthermore, QM/MM study showed that if a water molecule 191 
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coordinates between the two zinc ions, the distance of Zn1-Zn2 will be 5.6 Å(23), much 192 

longer than those of all currently observed active sites. And the observed shorter Zn1-OH 193 

distance is also consistent with the mostly accepted idea that this hydroxide is mainly 194 

activated by Zn1 and acts as a nucleophile during the C-N bond break of β-lactam hydrolysis. 195 

MD simulations 196 

The distance of Zn1-Zn2 observed in different NDM-1 structures was also assessed by in 197 

silico calculations. MD simulations starting from the enzyme/hydrolyzed ampicillin 198 

structures (PDB: 5ZGE, 5ZGP, 5ZGR) were run to compare with experimental results. The 199 

energy minimized structures in different pH states presented similar Zn1-Zn2 distances of 4.7 200 

Å (pH 5.5), 4.7 Å (pH 6.2) and 4.8 Å (pH 7.3). These results are very close to the 201 

experimentally determined distance of 4.6 Å, and do not show pH-dependence. The 202 

differences of Zn1-Zn2 distance observed in native NDM-1 at different pHs were also 203 

supported by our molecular dynamics analyses. Energy minimization showed Zn1-Zn2 204 

distances of 3.9 Å, 3.7 Å and 3.5 Å for native NDM-1 at pH5.5, 6.5 and 7.5, respectively. 205 

Despite of subtle differences, the changing tendency of Zn1-Zn2 distances is consistent with 206 

the experimentally observed values. Previous QM/MM studies also calculated the Zn1-Zn2 207 

distance of 3.58 Å(12), 3.60 Å (23) or 3.62 Å(40) in native NDM-1 although pH values were 208 

not reported in these studies. We also modelled an intact ampicillin molecule into the active 209 

site of native NDM-1 and performed MD simulations at different pHs which presented Zn1-210 

Zn2 distances of 4.8Å (pH5.5), 3.8Å (pH6.5) and 3.4Å (pH7.5), respectively. The consistent 211 

decrease of Zn1-Zn2 distance in NDM-1/ampicillin models along with pH increase is similar 212 

to that observed for native unbound NDM-1, and well correlates to the enzymatic activity of 213 

NDM-1 at different pH (discussed later).  214 

Overall, our results reveal that the longer distance in enzyme/hydrolyzed penam or 215 

cephalosporin complexes is an intrinsic feature of NDM-1 and Zn1-Zn2 distance in native 216 
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enzyme is affected by crystal packing, pH and buffer components. Next, we examined if the 217 

Zn1-Zn2 distance variation affects the enzymatic activity of NDM-1. 218 

Enzymatic study of NDM-1 219 

We first measured the enzymatic activity of wild type NDM-1 at different pHs (5.5, 6.5 220 

and 7.5) prepared all with succinate to avoid the influence of buffer components. Imipenem 221 

was used as the substrate and the kcat values of NDM-1 at pH5.5, 6.5 and 7.5 are1283, 2060 222 

and 3960 S-1, respectively, roughly 2-fold for each pH increase (KM and Kcat/KM parameters 223 

are listed in Table 3). The same pattern of increase was also observed using a buffer prepared 224 

with Bis-Tris in our assays and in other reports(23) although the specific values are different 225 

depending on substrates and assay conditions. It is interesting to note that along with pH 226 

increase, the enzymatic activity increases while Zn1-Zn2 distance shortens.  In general, 227 

buffer pH may affect enzyme activity through charge changes on residues at the active site 228 

which may influence all the steps involved in enzyme catalysis including substrate binding, 229 

intermediate formation and product release. The facts that almost identical zinc coordination 230 

bonds, in particular the Zn1-OH distances (1.99 ± 0.07 Å) and geometries are kept in all 231 

native structures obtained in different pHs (Table S3) and that identical product-enzyme 232 

interactions are also observed in structures at different pHs (Figure 1), indicate that charge 233 

effect on the active site residues might be very subtle or indirect. The only obvious 234 

conformational change observed in these native structures at different pHs is the Zn1-Zn2 235 

distance variation. Through careful structural comparison, we notice that the Zn2 236 

coordination residue H250 progressively pushes Zn2 toward the active center from low to 237 

high pH (Figure 2B). Residue H250 locates at the tip of loop 12 which is relatively mobile 238 

among the structures at different pHs and has several charged residues at the other end. 239 

Through this long range interaction, we speculate that pH may fine tune Zn2 position and 240 

hence affect the enzymatic activity of NDM-1.  241 
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Mutagenesis studies to modulate the enzymatic activity and active site conformation 242 

To further validate this speculation and test if modulation of the Zn1-Zn2 distance may 243 

affect the enzyme activity, site-directed mutants of NDM-1were generated and their 244 

enzymatic activities were measured. To avoid possible perturbation of the active site 245 

coordination and substrate binding, only second shell residues of the active site were mutated. 246 

Through careful structural inspection, residues A121 and Q123 were selected for mutagenesis 247 

studies. While both A121F and Q123G showed lower enzymatic activities, only Q123G was 248 

successfully crystallized. As shown in Table 3, the Kcat value for the Q123G mutant was 686 249 

s-1, much lower than that of wild type NDM-1 with the same assay condition (1814 s-1).  250 

The active site flexibility of Q123G mutant was evaluated experimentally by measuring 251 

the Zn1-Zn2 distance in high resolution crystal structures. We have successfully got the 252 

structure of the Q123G mutant at pH7.5 in succinate buffer at the resolution of 1.2Å. The 253 

overall structure of Q123G superimposed well to that of wild type NDM-1 with rmsd value 254 

of 0.44 Å for all Cα atoms and only minor flexibility in L3 loop was observed (Figure 3A). 255 

The Q123G mutation did not perturb the active site conformations nor the interactions around 256 

Q123 in wild type NDM-1 (Figure 3B). The Zn1-Zn2 distance in the Q123G mutant was 257 

measured to be 3.84 Å, a value longer than that of wild type NDM-1 at pH7.5 (3.59/3.53Å) 258 

and near that of wild type NDM-1 at pH6.5 (3.78Å). The enzymatic activity of the Q123G 259 

mutant is much lower than that of wild type NDM-1 at pH7.5 but near the proportional value 260 

of NDM-1 at pH6.5. In our enzymatic assay, imipenem was used as substrate. Measuring 261 

from the recently published structure of NDM-1 in complex with imipenem(29), the side 262 

chain of residue Q123 makes no contacts with imipenem and therefore would not affect its 263 

binding with the active site nor the release of hydrolyzed product. The activity decrease of 264 

the Q123G mutant should be solely attributed to the increase of Zn1-Zn2 distance, validating 265 
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our notion that modulation of the Zn1-Zn2 distance will affect the enzymatic activity of 266 

NDM-1. 267 

Discussion 268 

As revealed in the crystallographic structures, the active site of NDM-1, especially the 269 

Zn1-Zn2, is in a dynamic or oscillation state, depending on the environmental factors such as 270 

crystal packing, pH and buffer components. This is also observed in a single crystal(18) 271 

(PDB 3SPU) where there are 5 molecules in the asymmetric unit with 5 different Zn1-Zn2 272 

distances ranging from 3.56 to 3.97 Å. And our enzymatic assays clearly show that the Zn1-273 

Zn2 distance correlates to the enzymatic activity of NDM-1 with shorter Zn1-Zn2 distance in 274 

native NDM-1 having higher enzymatic activity. Interestingly, the distances of Zn1-Zn2 in 275 

enzyme/product complexes are all at the same value of 4.6 Å. Thus, its relation to enzymatic 276 

activity can be conveyed that bigger fluctuation (shorter Zn1-Zn2 distance) will favor higher 277 

enzymatic activity, or in other words, the fluctuation of Zn1-Zn2 promotes the enzymatic 278 

activity of NDM-1. The oscillation of Zn1-Zn2 distance during the enzymatic turnover was 279 

observed in mechanism studies of the subclass B3 MBL L1(41) and QM/MM calculations of 280 

NDM-1(24, 36), but here we attributed for the first time that such oscillations affect 281 

enzymatic turnover.  282 

In previous mutagenesis and structural study of another B1 MBL BCII, Vila and 283 

coworkers also noticed that the active site conformational changes correlated the enzymatic 284 

activity of BCII and proposed that fine tuning of Zn2 position was responsible for the activity 285 

change of BCII(42-44). Comparison among the wild type and mutant BCII structures shows 286 

that the Zn1-Zn2 distances in activity impaired BCII (BCII/HD, PDB code 2NYP), wild type 287 

BCII (4C09/1BCII) and activity enhanced BCII (M5, PDB code 3FCZ) are 4.73, 3.50/3.85 288 

and 3.32 Å, respectively. The relationship between enzymatic activity and Zn1-Zn2 distance 289 

in BCII well supports our notions in NDM-1 with shorter Zn1-Zn2 distance favoring higher 290 
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activity. Although fine tuning of Zn2 position can also explain the structure-activity 291 

relationship, Zn1-Zn2 distance variation is more specific. Considering that Zn1 also 292 

contributes to the conformational changes albeit at a less extent than Zn2 (Figure 2B), Zn1-293 

Zn2 distance variation seems more accurate to explain current observations. 294 

It is well known that conformational fluctuations are essential for substrate binding, 295 

product release and even can be rate-limiting step in enzymatic reactions. However, the role 296 

of conformational fluctuation along the reaction pathway was not well recognized. In this 297 

study, through series of crystallographic, biochemical and biophysical studies and simulation 298 

analyses, we presented a dynamic active site of NDM-1which well correlates to its enzymatic 299 

activity and proved that conformational fluctuation of the active site facilitates the enzymatic 300 

reaction. This phenomenon was also observed in dihydrofolate reductase where 301 

conformational fluctuation of an active site loop enhances its activity(45). In contrast to the 302 

covalently bonded active site residues in dihydrofolate reductase, the conformational 303 

fluctuation of the active site in NDM-1 is mainly presented by two noncovalently bonded 304 

metal ions. The active site fluctuation may facilitate the enzyme to sample high-energy 305 

conformational substrates that are conductive to form the transition state and promote the 306 

enzymatic reaction(45). Our combinational studies reveal that modulation of the active site 307 

fluctuation do affect the enzymatic activity of NDM-1, which may provide clues for future 308 

inhibitor design. For example, Zn1-Zn2 fluctuation may be restricted to a certain state by 309 

coordinating chemicals like substrate analogues as shown in a recent study(32, 46). 310 

In summary, through the combination of crystallographic determination, biochemical and 311 

biophysical measurements, site-directed mutagenesis and in silico simulation, our results 312 

reveal that: 1) the longer distance of Zn1-Zn2 (4.6 Å) in enzyme/product complex is an 313 

intrinsic feature of NDM-1; 2) the Zn1-Zn2 distance in native NDM-1 varies depending on 314 

external factors like crystal packing, pH and buffer components; 3) the variation of Zn1-Zn2 315 
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distance affects the enzymatic activity of NDM-1 with shorter distance favoring higher 316 

enzymatic activity. 317 

Materials and Methods 318 

Protein expression, purification and site-directed mutagenesis 319 

Wild type NDM-1 (G29-R270) was cloned into a His-MBP vector to facilitate protein folding and 320 

purification. The fusion construct was expressed in E. coli BL21 (DE3) and the cells were allowed to 321 

grown up to OD600 of 0.6 followed by induction of 0.5 mM IPTG overnight at 16 °C. After 322 

centrifugation, cell pellet was suspended in lysis buffer of 20 mM HEPES pH 7.4, 0.5 M sodium 323 

chloride for sonication. The supernatant was loaded to a nickel-NTA chromatography column (GE 324 

healthcare) and NDM-1 was purified by an imidazole gradient. Effluents from nickel column were 325 

further purified by a MBP column. The fusion tag was cleaved with TEV protease and separated from 326 

NDM-1 by passing through a Ni-NTA column again. NDM-1 was in the flow-through fraction and 327 

was further purified by a Q-sepharose ion exchange column (GE healthcare) at pH 7.0 with a sodium 328 

chloride gradient from 0 to 0.3 M. The purified protein was buffer-exchanged into 50 mM NaCl and 329 

concentrated to 100 mg/ml (measured at OD280 using an extinction coefficient of 27960) for later use.  330 

For site-directed mutagenesis, wild type NDM-1 was used as the template and the mutations were 331 

introduced using the quick-change method. The mutants were confirmed by sequencing and the 332 

expression and purification of the mutant proteins were performed as same as that of wild type NDM-333 

1. 334 

Crystallization, diffraction data collection and structure refinement 335 

  Wild type NDM-1 crystals were screened by sitting drop vapor diffusion method. NDM-1 in 336 

complex with ampicillin crystals were observed in several conditions and were further optimized by 337 

hanging drop method. Crystals for native NDM-1 were obtained in two forms with form 1 having one 338 

molecule per asymmetric unit and form 2 having two molecules per asymmetric unit. The detailed 339 

crystallization and cryo-protection conditions were listed in Table S1. All crystals were cryo-340 

protected and then flash frozen in liquid nitrogen. The diffraction data were collected at 100 K on 341 

station BL17U1 or BL19U1 at the Shanghai Synchrotron Radiation Facility and processed with 342 
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HKL2000(47). The structures were solved by molecular replacement method using the previously 343 

solved NDM-1/Amp complex(16) (PDB code 3Q6X) as searching model. The models were refined 344 

with Refmac(48, 49) in the CCP4 suite(50) and then cycled with rebuilding in Coot(51). TLS 345 

refinement(52) was incorporated into the later stages of the refinement process. Solvents were added 346 

automatically in Coot and then manually inspected and modified. The final models were analyzed 347 

with MolProbity(53) showing that almost all amino acid residues were in favored regions of the 348 

Ramachandran plot while residues D90 were in a forbidden region as noticed previously(16). Data 349 

collection and model refinement statistics for all datasets were summarized in Table S2. The 350 

coordinates and structure factors were deposited in the Protein Data Bank with entry codes also listed 351 

in Table S2. 352 

Enzymatic activity measurement 353 

Hydrolysis of antibiotics by wild type and mutant NDM-1were monitored by detecting a reduction 354 

in the absorbance that resulted from the opening of the β-lactam ring using imipenem as substrate(39). 355 

Activity for the pH dependence of wild type NDM-1 was measured in a reaction buffer containing 50 356 

mM succinate (pH5.5, 6.5 or 7.5), 100 mM NaCl, 50 µM ZnCl2, 10 µg/ml BSA, 50 nM NDM-1 and 357 

varying concentrations of imipenem. The comparison of enzymatic activity between wild type and 358 

mutant NDM-1 was assayed in a reaction buffer containing 50 mM HEPES (pH7.5), 100 mM NaCl, 359 

100 µM ZnCl2, 10 µg/ml BSA, 50 nM enzymes and varying concentrations of imipenem. All the 360 

experiments were performed at 25°C and the A300 value was immediately measured using a 361 

perkinelmer spectrophotometer enspire. Kinetic parameters were determined by plotting the initial 362 

velocities against substrate concentrations and curve fitting with the Graphpad prism5 software. All 363 

measurements were repeated three times and the average values were presented. 364 

Simulation 365 

The native models were taken from the crystal structures solved in succinate buffer at 366 

pH5.5, 6.5 and 7.5, respectively. The enzyme/product models were taken from structures 367 

solved at pH5.5 (PDB code 5ZGE), pH6.2 (5ZGP) and pH7.3 (5ZGR), respectively. NDM-1 368 

in complex with hydrolyzed ampicillin was superimposed onto the native models. The 369 
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coordinates of hydrolyzed ampicillin were kept and the chemical structure was modified to 370 

generate the substrate ampicillin. Then we got the initial models of three enzyme-substrate 371 

systems at different pHs. All the water molecules, solvent and succinate molecules in crystal 372 

structures were removed from the initial models, and the shared coordination hydroxide was 373 

kept. Polar hydrogens were added to the systems using H++ web-server(54).  374 

MD simulations were carried out using Amber 12(55). The script MCPB.py(56) was 375 

applied to generate parameters of the above models for further MD simulation. The ff14SB 376 

force field was used for the protein systems(57). Each model was then solvated in a periodic 377 

box surrounded by no less than 10 Å TIP3P water molecules(58). Counter ions were added to 378 

maintain neutral charge of systems. To remove possible poor contacts between the solute and 379 

solvent, energy minimizations using a combination of the steepest descent and conjugated 380 

gradient method was performed. For models with ampicillin, each system was subjected to a 381 

slow heating process for 500 ps from 0 to 300K and then was equilibrated for 500 ps under a 382 

NPT ensemble at a constant temperature of 300 K. Finally, production MD simulations were 383 

conducted for 20ns. The Sander program was used to conduct the MD simulation at constant 384 

temperature (300 K) and pressure (1.0 atm) with a time step of 1 fs. The non-bonded cutoff 385 

was set to 12.0 Å, and electrostatic interactions were calculated using the particle-mesh 386 

Ewald method(59). The SHAKE algorithm(60) was used to constrain bonds involving 387 

hydrogen atoms. 388 
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Figure legends 600 

 601 

 602 

Figure 1. Active site conformation of NDM-1 in complex with hydrolyzed ampicillin 603 

crystallized at pH5.5 (A) and superposition of the active sites of NDM-1 crystallized at 604 

different conditions (B). Active site residues and hydrolyzed ampicillin were shown as ball-605 

and-stick models. The residues were colored with grey carbons, the hydrolyzed ampicillin 606 

was colored with green and cyan carbons in (A) and (B), respectively. Zinc ions and 607 

hydroxide were shown as grey and red balls, respectively. Coordination bonds between zinc 608 

ions and active site residues were shown as yellow dash lines. The distances between Zn1-609 

OH, OH-Zn2 and Zn1-Zn2 were 2.1, 3.0 and 4.6Å (shown as red dashed lines), respectively. 610 

  611 
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 612 

Figure 2. Active site conformations of native NDM-1. Active site residues were shown as 613 

ball-and-stick models while zinc ions and hydroxide at the active site were shown as spheres. 614 

Coordination bonds were shown as yellow dash lines. (A) Superposition of active sites of 8 615 

native NDM-1 crystallized in form2. The active site conformations are strikingly identical 616 

among structures from different crystallization conditions, especially the Zn1-OH, OH-Zn2 617 

and Zn1-Zn2 conformations and distances. (B) Superposition of active sites of native NDM-1 618 

crystallized in form1 at pH5.5, 6.5 and 7.5 in succinate buffers. The zinc ions, hydroxide ion 619 

and carbon atoms in residue H250 were colored in green, cyan, red and magenta for crystals 620 

at pH5.5, 6.5, 7.5 and 7.5 (soaked at pH7.5 from crystals of pH5.5), respectively. Residue 621 

H250 pushes Zn2 to the active center along with pH increase. Residue D124 adjusts its side 622 

chain carboxylate group accordingly to coordinate to Zn2. 623 
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 625 

Figure 3. Structural comparison between wild type and Q123G mutant NDM-1. Q123G 626 

mutant NDM-1 was superimposed onto wild type NDM-1 (succinate, pH7.5, PDB code 627 

5ZGW). Active site residues were shown as ball-and-stick models while zinc ions and 628 

hydroxide at the active site were shown as spheres. Coordination bonds were shown as 629 

yellow dash lines. (A) Overall structural superimposition. L3 loops show flexibility between 630 

these two structures. (B) Active sites superimposition. The zinc ions, hydroxide ion and 631 

carbon atoms in residue H250 were colored in cyan and magenta for Q123G and wild type 632 

NDM-1, respectively. Q123G mutation did not perturb the active site conformation obviously. 633 

The distance of Zn1-Zn2 in Q123G is longer than that in wild type NDM-1. 634 
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 636 

Table 1. NDM-1 in complex with hydrolysed products    

PDB Complex Resolution
(Å) 

M1-M2 
distance(Å) 

M1-OH 
distance(Å) 

OH-M2 
dstance(Å) 

Crystallization condition Reference and remark 

5ZGE Ampicillin 1.00 4.60/4.61 2.08/2.09 2.98/2.94 0.1M Bis-Tris pH5.5, 0.2M Li2SO4, 25% 
PEG3350 

This work 

5ZGP Ampicillin 1.15 4.59/4.59 1.97/1.94 2.99/3.04 0.1M Bis-Tris pH6.2, 0.2M Li2SO4, 15% 
PEG3350, 20 mg/ml ampicillin 

This work 

5ZGR Ampicillin 1.15 4.59/4.59 1.98/1.99 3.01/3.04 0.1M HEPES pH7.3, 20% PEG3350, 20 
mg/ml ampicillin 

This work 

5ZGQ Ampicillin 1.50 4.58/4.57 1.99/1.97 3.04/3.04 0.1M Tris-HCl pH7.5, 25% PEG4000, 
0.7M (NH4)2SO4, 20mg/ml ampicillin 

This work 

4EY2 Methicillin 1.17 4.57/4.58 1.95/1.97 2.99/3.00 0.2M MgCl2, 25% PEG3350, 0.1M bis-
tris pH5.5 

(22) 

4EYB Oxacillin 1.16 4.54/4.55 1.98/1.96 2.94/2.98 0.2M MgCl2, 25% PEG3350, 0.1M bis-
tris pH5.5 

(22) 

4EYF Benzylpenici
llin 

1.8 4.63/4.61 1.98/1.93 3.11/3.08 0.2M MgCl2, 25% PEG3350, 0.1M bis-
tris pH5.5 

(22) 

4RL2 Cefalexin 2.01 4.48/4.55 1.83/2.00 2.99/2.78 28% (w/v) PEG3350, 0.1 M Bis-Tris, pH 
5.8, 0.2 M (NH4)2SO4 

(27) 

4H0D Ampicillin 1.5 4.48/4.49 2.08/2.09 2.79/2.79 0.2 M NaCl, 0.1 M HEPES pH 7.5, 25 % 
w/v PEG 3350, 10 mM MnCl2 

(23) 

4HL2 Ampicillin 1.05 4.60/4.60 1.94/1.96 3.04/3.04 0.2 M (NH4)2SO4, 0.1 M Bis-Tris pH 5.5, 
25% PEG 3350, 100 mM ampicillin 

(23) 

4RAW Ampicillin 1.3 4.59/4.60 2.05/2.07 2.98/2.97 0.2 M NaCl, 0.1 M Tris pH 7.0, 30% 
PEG 3000, 5 mM CdCl2, 200mg/ml 

ampicillin 

Cd1-Cd2 at active site 
M67V 

4RL0 Cefuroxime 1.3 3.81/3.83 2.01/2.03 2.16/2.17 30% PEG3350, 0.1M 
Bis-Tris pH 6.0, 0.2 M Li2SO4 

(27), C8 Coo- did not 
coordinate to zn1 

4EYL Meropenem 1.9 4.05/3.88 - - 1M trisodium cacodylate, 0.1M sodium 
cacodylate pH 6.5 

(22), C7 Coo- intercalates 
between two Zn ions 

5N0H Meropenem 1.9 4.01/3.83 2.04/2.08 2.66/2.15 1M trisodium cacodylate, 0.1M sodium 
cacodylate, pH 6.5 

Intercalate between two 
Zn ions 

4RBS Meropenem 2.4 4.00/4.00 - - 2.8 M sodium acetate pH 7.0 C3 Coo- did not 
coordinate to Zn2  

5YPK Imepenem 2.0 3.87~4.15 - - 28% (w/v) PEG 3350, 0.1M Bis-Tris, pH 
5.8, 0.2M ammonium sulfate 

(29), EI2 

5YPI Imepenem 2.3 4.03~4.25 - - 28% (w/v) PEG 3350, 0.1M Bis-Tris, pH 
5.8, 0.2M ammonium sulfate 

(29), EI1 

5YPL Imepenem 1.8 3.89/3.86 - - 28% (w/v) PEG 3350, 0.1M Bis-Tris, pH 
5.8, 0.2M ammonium sulfate 

(29), EP, intercalation 

5YPM Meropenem 2.15 3.93~4.30 - - 28% (w/v) PEG 3350, 0.1M Bis-Tris, pH 
5.8, 0.2M ammonium sulfate 

(29), EI1 

5YPN Meropenem 2.12 4.08/4.31 - - 28% (w/v) PEG 3350, 0.1M Bis-Tris, pH 
5.8, 0.2M ammonium sulfate 

(29), EI2 
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Table 2. Active site conformations of native NDM-1 structures 639 

PDB Remark Resolution 

(Å) 

M1-M2 

distance (Å) 

M1-OH 

distance (Å) 

OH-M2 

distance (Å) 

Coordinate 

error (Å) 

Reference 

5XP6 native, form 1 

Succinate pH5.5 

0.95 3.95 1.92 2.55 0.009 This work 

5ZGI native, form 1 

Succinate pH6.5 

0.98 3.78 1.93 2.35 0.011 This work 

5ZGX native, form 1 

Succinate pH7.5 

0.95 3.59 1.96 2.09 0.010 This work 

5ZGW native, form 1 

Succinate pH7.5 (back 

soaked from pH5.5) 

0.95 3.53 1.97 2.02 0.011 This work 

5ZGF Q123G, form1 

Succinate pH7.5 

1.20 3.84 1.90 2.43 0.029 This work 

5ZGZ native, form 1 

Imidazole pH7.5 

0.95 3.62 1.98 2.04 0.011 This work 

5ZGY native, form 1 

Bis-Tris pH7.5 

0.95 3.49 1.96 2.00 0.011 This work 

5ZGU native, form 2 

HEPES pH7.0 

1.55 3.43/3.42 2.11/2.11 2.13/2.12 0.049 This work 

5ZGT native, form 2 

HEPES pH7.5 

1.20 3.42/3.39 2.05/2.04 2.07/2.05 0.020 This work 

5ZH1 native, form2 

Imidazole pH7.5 

1.05 3.41/3.42 1.93/1.95 1.96/1.95 0.022 This work 

5ZGV native, form2 

Tris pH8.0 

1.15 3.43/3.40 2.052.06 2.06/2.07 0.021 This work 

3SPU Amonium sulfate 

pH8.5 

2.1 3.84/3.88/3.97/

3.84/3.56 

2.54/1.93/2.11/

2.08/1.98 

2.46/2.60/2.20/

2.37/2.09 

 (18) 

3ZR9 Zn-Cd 

pH7.5 

1.91 3.64 1.93 2.38  (20) 

5JQJ Mutant, MgSO4 

pH6.75 

1.67 3.61 1.89 2.21   

4TZE NDM-5 

pH7.5 

1.57 3.49/3.56 2.05/2.05 2.07/2.07   

4TZF NDM-8 

Bis-Tris pH5.5 

1.22 3.70 2.00 2.13   

4TYF NDM-4 

pH7 

1.10 3.54 1.89 2.03   

4RM5 D124N 

Tris pH7.5 

2.1 4.01/4/.10/4.10/

4.11 

2.61/2.53/2.85/

2.58 

2.60/2.72/2.72/

2.57 

 (27) 
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Table 3 Enzymatic characterization of wild type and mutant NDM-1using imipenem as 641 

substrate 642 

 WT(pH5.5) 

succinate 

WT(pH6.5) 

succinate 

WT(pH7.5) 

succinate 

WT(pH7.5) 

HEPES 

A121F(pH7.5) 

HEPES 

Q123G(pH7.5) 

HEPES 

Kcat (s-1) 1283±85 2060±245 3960±160 1815±104 221±5.6 686±38 

KM (µM) 337±44 523±103 1415±72 560±52 55±4.6 201±28 

Kcat/KM 

(M-1 s-1) 

3.82×106 3.94×106 2.80×106 3.24×106 4.02×106 3.41×106 
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