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ABSTRACT: The Mycobacterium tuberculosis β-lactamase BlaC is a broad-spectrum β-lactamase that can 12 

convert a range of β-lactam antibiotics. Enzymes with low specificity are expected to exhibit active site 13 

flexibility. To probe the motions in BlaC, we studied the dynamic behavior in solution using NMR 14 

spectroscopy. 
15

N relaxation experiments show that BlaC is mostly rigid on the pico- to nanosecond 15 

time scale. Saturation transfer experiments indicate that also on the high millisecond time scale BlaC is 16 

not dynamic. Using relaxation dispersion experiments, clear evidence was obtained for dynamics in the 17 

low millisecond range, with an exchange rate of ca. 860 s
-1

. The dynamic amide groups are localized in 18 

the active site. Upon formation of an adduct with the inhibitor avibactam, extensive line broadening 19 

occurs, indicating an increase in magnitude of the active site dynamics. Furthermore, the rate of the 20 

motions increases significantly. Upon reaction with the inhibitor clavulanic acid, similar line broadening 21 

is accompanied by duplication of NMR signals, indicative of at least one additional, slower exchange 22 
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process (kex < 100 s
-1

), while for this inhibitor also loss of pico- to nanosecond time scale rigidity is 23 

observed for some amides in the α-domain. Possible sources of the observed dynamics, such as motions 24 

in the omega loop and rearrangements of active site residues, are discussed. The increase in dynamics 25 

upon ligand binding argues against a model of inhibitor binding through conformational selection. 26 

Rather, the induced dynamics may serve to maximize the likelihood of sampling the optimal 27 

conformation for hydrolysis of the bound ligand. 28 

29 

30 

31 

A central question in chemical biology is how enzymes can have broad specificity. Enzyme catalysis 32 

depends on efficient binding of the substrate to the enzyme and on the precise positioning of active site 33 

residues to stabilize the transition state. Substrates that are structurally diverse may require different 34 

active site conformations to efficiently bind the substrates and stabilize their respective transition 35 

states.(1–10) Consequently, a trade-off between active site rigidity for precise positioning of amino acid 36 

sidechains and flexibility for adaptation to various substrates will exist, requiring motions of parts of the 37 

enzyme. Protein motions can occur on a broad range of time scales. It has been hypothesized that 38 

enzymes that combine high catalytic efficiency with broad specificity, do so by combining high rigidity 39 

on short time scales with flexibility on longer time scales.(11) The dynamic behavior of Ambler class A 40 

β-lactamases TEM-1 and PSE-4 is in line with this idea (e.g. (11–16)). A combination of NMR 41 

backbone dynamics studies and molecular dynamics (MD) simulations has revealed that these proteins 42 

are extraordinarily rigid on the pico-nanosecond timescale, and display microsecond to millisecond 43 

timescale motions in the vicinity of the active site, in particular in the Ω-loop that encloses it on one side 44 

(Figure 1). Dynamics experiments on proposed β-lactamase ancestors(17–19) and chimera proteins(20, 45 
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21) suggested that this pattern of dynamics is a conserved feature. However, significant dynamic 46 

differences were found for individual residues, emphasizing the importance of comparing various β-47 

lactamases.(15, 22) The leading structural model to explain the active site dynamics is a slow motion of 48 

the Ω-loop into and out of the active site. This loop contains residue Glu166, which acts as a general 49 

base for deacylation, activating a conserved water molecule for nucleophilic attack of the Ser70-bound 50 

carbonyl, which leads to hydrolysis of the bond between enzyme and adduct. Glu166 is also thought to 51 

play a similar role in acylation, although Lys73 has alternatively been proposed as general base for this 52 

step.(23, 24) Furthermore, other residues in the Ω-loop, such as Asn170, also contribute favorable 53 

enzyme-substrate interactions. These interactions may require slightly different enzyme conformations 54 

with various substrates. If active site flexibility is indeed required for adaptation to various substrates, it 55 

can be hypothesized that ligand binding will lock the active site in one conformation and thus freeze out 56 

the dynamics. NMR dynamics studies on β-lactamase / ligand complexes have not been reported to date, 57 

although the potential relevance of insight into the bound state dynamics has been recognized for 58 

years.(15) The absence of such data may be due to technical difficulties, as the typical length of NMR 59 

dynamics experiments is several days, restricting such studies to extremely stable complexes. Clearly, 60 

monitoring the dynamics during normal catalysis of substrates in this way is not feasible. However, β-61 

lactamases do form stable covalent complexes with inhibitors. Inhibition of β-lactamases has clinical 62 

application(25–27) and is gaining in relevance with the increased prevalence of antibiotic 63 

resistance.(28–30) In addition to this inherent interest in β-lactamase inhibition, inhibitor-bound β-64 

lactamases may also serve as a mimic of the covalent β-lactamase substrate complex during catalysis. 65 

We recently characterized the timescale of interaction between the β-lactamase of Mycobacterium 66 

tuberculosis, BlaC (Figure 1), and the inhibitor clavulanic acid in different buffers.(31) The high 67 

stability of the complex in MES buffer opens up a window for NMR dynamics measurements. Also the 68 

effects of the inhibitor avibactam, which binds reversibly rather than being degraded,(32) can be 69 

measured using these techniques. 70 
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Here, we present the dynamic properties of BlaC and the first characterization of β-lactamase / 71 

inhibitor complex dynamics. The dynamic behavior of resting state BlaC in solution is very similar to 72 

that of other class A β-lactamases and the rate of the active site exchange process is ca. 860 s
-1

 at 298 K. 73 

The high rigidity, which is a hallmark of β-lactamases, is locally lost upon inhibition by clavulanic acid. 74 

Furthermore, upon binding to either clavulanic acid or avibactam, the effects of chemical exchange in 75 

the active site become more extensive, clearly showing that inhibitor binding does not lock the active 76 

site in one conformation. 77 

78 

79 

Pure BlaC without signal peptide and purification tag (sequence detailed in Figure S1) was obtained as 80 

described previously.(31) The Ambler standard β-lactamase numbering scheme (Figure S1) is used 81 

throughout this text.(33) Clavulanic acid from manufacturer Matrix Scientific was used, concentrations 82 

were determined using the previously determined extinction coefficient at 256 nm of 20.0 (0.1) mM
-1

 83 

cm
-1

.(31) Avibactam was used from manufacturer MedChem Express, concentration was determined 84 

using 1D 
1
H quantitative NMR with TSP as a known standard. 85 

86 

Unless mentioned otherwise, all experiments were performed on samples containing 0.38 mM 
15

N 87 

enriched BlaC in 94 mM MES/NaOH pH 6.4 and 6 % D2O, at 298 K. Measurements of inhibitor-bound 88 

BlaC were performed on samples obtained by mixing BlaC with the inhibitor in the same buffer, to 89 

concentrations after mixing of 0.38 mM BlaC and either 100 mM clavulanic acid or 2 mM avibactam, 90 

unless mentioned otherwise. NMR spectra were recorded on a Bruker AVIII HD 850 MHz (20 T) or 91 

Bruker AVIII 600 MHz (14 T) spectrometer equipped with a TCI cryoprobe or a TXI probe, 92 

respectively. 
1
H, 

15
N transverse relaxation optimized heteronuclear single quantum coherence (TROSY-93 

HSQC)(34, 35) spectra were recorded and assigned using HNCa spectra on samples containing 0.7, 0.4 94 

or 0.3 mM 
15

N, 
13

C enriched BlaC without inhibitor, with 186 mM clavulanic acid or with 2 mM 95 
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avibactam, respectively, in the same buffer. These spectra were recorded using standard Bruker pulse 96 

program ‘trhncaetgp3d’, processed with Topspin 3.2 (Bruker Biospin) and analyzed using CCPNmr 97 

Analysis.(36) Assignment was performed by comparison of the TROSY-HSQC and HNCa spectra with 98 

those of the previously assigned BlaC with a 6×His purification tag (Biological Magnetic Resonance 99 

Bank (BMRB) ID 27067).(31) Nuclear Overhauser effect (NOE) measurements were performed using 100 

standard Bruker pulse program ‘hsqcnoef3gpsi’, with a 
1
H saturation delay of 4 s. 

15
N longitudinal 101 

relaxation time (T1) measurements were performed using standard Bruker pulse program 102 

‘hsqct1etf3gpsitc3d’, with a recycle delay between experiments of 6 s and variable delays of 0.12, 0.17, 103 

0.24 (2x), 0.33, 0.46, 0.65, 0.91, 1.28 (2x), 1.78 and 2.50 s. 
15

N transverse relaxation time (T2) 104 

measurements were performed using standard Bruker pulse program ‘hsqct2etf3gpsitc3d’, with a 105 

recycle delay between experiments of 4 s and 500 Hz CPMG refocusing strength during variable T2-106 

delays of ca. 0, 17, 34 (2x), 51, 68, 85, 102, 119 (2x), 136 and 153 ms. All relaxation experiments were 107 

acquired in an interleaved manner. T1 and T2 data were processed with Topspin 3.2 and resulting peak 108 

heights were fitted to exponential decay curves using Dynamics Center 2.5 (Bruker BioSpin). NOE data 109 

were processed and analyzed with the same software. 110 

Lipari-Szabo analysis was performed with Dynamics Center 2.5. Only residues for which the NOE > 111 

0.75 and the T1 and T2 values were each within one standard deviation of their respective means were 112 

used to fit the diffusion tensor. The diffusion was found to be anisotropic, with average rotational 113 

correlation time τc = 1 / (2 × (Dxx + Dyy + Dzz))(37) in line with a prediction from subunit A of crystal 114 

structure 5NJ2, after deletion of the histidine tag and linker, using HydroNMR(38). Least-squares fitting 115 

of the reduced spectral density function, j(ω), to the relaxation parameters was performed with 1000 116 

iterations with random starting parameters, using an NH bond length of 1.02 Å and an average chemical 117 

shift anisotropy of -160 ppm. To avoid overfitting of relaxation parameters with small errors, Lipari-118 

Szabo analyses were performed with user-defined errors of 10 % (T1) and 5 % (T2 and NOE) of the 119 

respective values. Relaxation data from each residue were fitted with the five standard models for 120 

internal motions, using anisotropic overall motion.(39, 40) In Model 1, the order parameter S
2
 is fitted 121 
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for each residue, while the correlation times τj are calculated from components and orientation of the 122 

diffusion tensor, which is a global parameter. In Model 2, a local correlation time τe for fast motion is 123 

additionally fitted individually for each residue. Model 3 is the same as Model 1, except that an Rex term 124 

is added to the R2 in the calculation of the reduced spectral densities. Likewise, Model 4 is the same as 125 

Model 2 with the addition of an Rex term. In Model 5, an extra modelling parameter Sf
2
 is included for 126 

very fast local motion. The best model was selected based on the lowest AIC value, which is the sum of 127 

the χ
2
 of the fit and the number of fitted parameters × 2. The selected model for each residue is reported 128 

with the relaxation data at BMRB (vide supra). 129 

CPMG relaxation dispersion measurements were performed on 1.0, 0.8 or 0.4 mM 
15

N enriched BlaC 130 

samples, for free protein at 20 T, at 14 T or with 100 mM inhibitor at 20 T, respectively. The TROSY 131 

CPMG pulse program as detailed by Vallurupalli et al.(41) was used, with two blocks of 1 (2x), 2, 3 132 

(2x), 4, 6, 8, 10 (2x), 14, 18, 22, 28, 34 and 40 
15

N 180˚ pulses in 40 ms relaxation time, respectively. 133 

The length of the CPMG refocusing pulse was 84 µs and the carrier was set to the center of the 134 

spectrum at 119 ppm. Data were acquired in interleaved manner with a recycle delay of 2 s. Data were 135 

processed with NMRPipe(42) and resulting resonances were fitted to a glore line shape using FuDa.(43) 136 

Effective transverse relaxation rates R2,eff were calculated from the fitted peak heights using R2,eff(νCPMG) 137 

= -ln( I(νCPMG) / I0 ) / Tex. In the relaxation dispersion data of BlaC bound to clavulanic acid, 29 of the 138 

208 fitted profiles showed variations that were much bigger than the experimental noise. This variation 139 

is likely due to technical imperfections, so these data points were excluded from further analysis. An 140 

exclusion cut-off of 10 s
-1

 total increase in R2,eff between subsequent pulse frequencies was used. 141 

Chemical exchange rates were determined with a grouped fit with the software CATIA,(44) using a 142 

minimum R2,eff standard deviation of 0.8 s
-1

 to avoid over-fitting. 143 

Chemical exchange saturation transfer (CEST) measurements were performed on 0.8 mM 
15

N BlaC 144 

samples, using the standard Bruker ‘hsqc_cest_etf3gpsitc3d’ pulse program, with 2.5 s recycle delay and 145 

0.8 s B1 irradiation at 8 and 25 Hz at frequencies in the 
15

N range 100.5:0.5:130 ppm. 146 
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Titration of BlaC with avibactam was performed by adding a solution of 6 mM avibactam in 94 mM 147 

MES/NaOH pH 6.4 and 6 % D2O to a sample of 0.27 mM 
15

N enriched BlaC in the same buffer, to 148 

concentrations of 0, 0.02, 0.07, 0.1, 0.2, 0.3, 0.4, 0.6, 0.7 and 0.9 mM avibactam. The final protein 149 

concentration was 0.23 mM. Affinity and off-rate were determined by fitting the peak shapes of Cys69, 150 

Arg161, Leu162, Glu168, Tyr241 and Ala274 over the course of the titration to a two-state binding 151 

model in TITAN.(45) The resulting standard deviations of the fitted KD and koff were unrealistically 152 

small, even after bootstrapping with 100 replicas, so the values are reported as an estimated confidence 153 

interval based on systematic variation of the parameters (Figure S2). 154 

Figures containing the protein structure were created using the PyMOL Molecular Graphics System, 155 

Version 2.2 Schrödinger, LLC.  156 

157 

NMR chemical shift assignments and relaxation data have been submitted to the BMRB and can be 158 

accessed under BMRB IDs 27888 (free state), 27890 (clavulanic acid adduct-bound state) and 27929 159 

(avibactam-bound state). 160 

161 

162 

The 
1
H, 

15
N correlation spectra of BlaC are well dispersed (Figure S3). The backbone amide 163 

assignment of resting state BlaC without tag was derived from the previously published assignment of 164 

the tagged protein(31) via comparison with an HNCa spectrum. In this way, 98% of the resonances of 165 

the BlaC backbone H−N moieties could be assigned. As with the tagged protein, the four residues at 166 

hydrogen-bonding distance from the active site phosphate were the only nonproline, nonterminal 167 

residues for which backbone resonances could not be found. The four missing resonances, as well as the 168 

lower peak intensities of the surrounding amides (Figure 2a, black squares), suggest that an 169 

intermediate-to-fast exchange process may be present in the active site.  170 
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To characterize the dynamics processes, the 
15

N longitudinal relaxation time (T1), 
15

N transverse 171 

relaxation time (T2) and the 
15

N-{
1
H} nuclear Overhauser effect (NOE) of the BlaC backbone amides 172 

were measured at two magnetic fields, 14 T and 20 T (Figures S4 and S5). The obtained NOE ratios 173 

show lower values for loop and surface regions of the protein as well as an unexpectedly low ratio for 174 

Val80 (Figure S4), but overall BlaC is clearly a rigid protein on the pico-nanosecond time scale. Lipari-175 

Szabo model-free analysis of the two-field T1, T2 and NOE data was performed using an anisotropic 176 

diffusion tensor, yielding an average rotational correlation time of 13.81 ± 0.04 ns. This is in agreement 177 

with an estimate using HydroNMR(38) and crystal structure 5NJ2(31) (14.5 ns). Fitting of the spectral 178 

densities resulted in an average order parameter over 0.9 and yielded very few dynamic regions, 179 

confirming that BlaC is rigid on the short time scales (Figure S6). Most amides were best fitted with 180 

anisotropic models 1-4 (see Materials and Methods). Only for Val80, model 5, including an extra local 181 

order parameter Sf
2
 for very fast motion, was used to fit the data. The resulting order parameters are Sf

2
 = 182 

0.79 ± 0.03 and S
2
 = 0.57 ± 0.02, the latter of which is the lowest order parameter in the protein. The 183 

other regions that exhibit some flexibility correspond with elements that are expected to be flexible 184 

based on the structure, such as the loop between β-strands 1 and 2 and that between α-helices 7 and 8.  185 

Several residues could not be modelled without the inclusion of a chemical exchange parameter, so the 186 

possibility of exchange on the millisecond time scale was examined using CPMG relaxation dispersion 187 

measurements at magnetic field strengths of 14 T and 20 T. Dispersion of relaxation rates over the 188 

CPMG pulse frequency, indicating millisecond chemical exchange, was observed centered clearly 189 

around the active site (Figure 3 (a) and (c), spheres in orange). 190 

Eight active site residues that showed similar dispersion profiles at both magnetic field strengths were 191 

used in a group fit (Figures 4 and S7) yielding a chemical exchange rate of (8.6 ± 0.6) × 10
2
 s

-1
. This 192 

exchange rate agrees with the (8.5 ± 2.1) × 10
2
 s

-1
 that was found for TEM-1 with single-field relaxation 193 

dispersion.(21) The excited state population and chemical shift differences could not be determined with 194 

any accuracy.  195 
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To investigate the possibility of even slower dynamic processes, chemical exchange saturation transfer 196 

(CEST) in resting state BlaC was also measured. Experiments with saturation fields of 25 Hz and 8 Hz 197 

and at temperatures of 298 K and 288 K all failed to reveal chemical exchange for any of the residues, 198 

suggesting that no significant dynamics in the CEST time scale of 20 - 200 s
-1

 are present. An example 199 

profile is provided in Figure S8. 200 

 201 

202 

The effect of BlaC inhibition on its dynamic behavior was studied by performing NMR experiments 203 

on 0.38 mM BlaC with 2 mM avibactam or 100 mM clavulanic acid. Avibactam is not hydrolyzed by 204 

BlaC, as was observed by others(32, 46) and also in our experiments (not shown). Clavulanate has a 205 

~1.2 h turnover time under these conditions,(31) so this large excess of clavulanic acid allowed the 206 

recording of multidimensional NMR experiments on the BlaC/inhibitor complex. This turnover rate is 207 

much too slow to affect the employed NMR dynamics experiments. Furthermore, the rate is much 208 

slower than the other catalytic steps, so the adduct accumulates to a fraction close to 100%. Previously, 209 

this major species was shown by mass spectrometry to be a 70 Da covalent adduct.(31) Thus, the NMR 210 

dynamics measurements report on conformational dynamics of this major species. The 
1
H-

15
N TROSY-211 

HSQC spectra of backbone amides of BlaC bound to each inhibitor were assigned by comparison to the 212 

spectra of resting state BlaC, with additional help of HNCa spectra of 
15

N, 
13

C labelled BlaC-inhibitor 213 

samples to confirm the assignments. 214 

 215 

216 

Avibactam was titrated into a BlaC sample and 
1
H-

15
N TROSY-HSQCs were recorded at various 217 

avibactam concentrations, showing chemical shift perturbations of the BlaC backbone amide resonances 218 

in the slow exchange regime. Lineshapes for the resonances of six amides were fitted with a two-state 219 

binding model using TITAN software,(45) yielding upper limits for the apparent KD and koff of 10 µM 220 
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and 10 s
-1

, respectively (Figure S2). This apparent koff is in line with the 1 × 10
-2

 s
-1

 found by Soroka et 221 

al.,(32) while the apparent KD indicates that the low efficacy of BlaC inhibition by avibactam is caused 222 

by the very slow on-rate rather than by low affinity. Interestingly, several peaks that are visible in the 223 

spectrum of resting state BlaC broaden beyond detection upon binding with avibactam (Figure 2). These 224 

peaks correspond to amides around the binding site, indicating that inhibitor binding induces enhanced 225 

chemical exchange broadening in the active site. T1, T2 and NOE experiments performed at 20 T 226 

(Figures S9 and S10) show little change in dynamic behavior relative to the resting state, other than 227 

decreased transverse relaxation times around the loop containing Ile105. Like the exchange broadening, 228 

this hints at induction of a slow or intermediate exchange process. The unexpectedly high transverse 229 

relaxation time and low NOE for Val80 were not found in the avibactam-bound state.  230 

CPMG relaxation dispersion measurements at 20 T showed an increased magnitude of the exchange 231 

relaxation in the loops of the α domain, around the residues whose resonances broadened beyond 232 

detection (Figure 3). The exchange profiles of the individual residues over the pulse frequency are 233 

visibly different from those in the free state (Figures 4 and S11), indicating a significantly faster 234 

exchange process than the 860 s
-1

 that was found for resting state. A single field global fit of the 235 

exchange profiles of 19 backbone amides (Figure S11) yielded an estimate of the active site exchange 236 

rate in avibactam-bound state of (3.4 ± 0.2) × 10
3
 s

-1
. The exchange between free and avibactam-bound 237 

BlaC is very slow (<<100 s
-1

), so the chemical exchange process measured here occurs in the bound 238 

state. The enhanced exchange effects are observed around the binding site, particularly in the loops 239 

containing Ser130 and Ile105. 240 

 241 

242 

Upon binding with clavulanic acid, like with avibactam, the resonances of several amides around the 243 

binding site broaden beyond detection (Figure 2). Moreover, in the clavulanic acid adduct-bound state, 244 

at least 21 resonances were found to split into two or more distinct peaks of similar intensity. These 245 
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peaks belong to amides around the active site and in the α-domain (Figure 5, magenta and orange 246 

spheres). Furthermore, the clavulanic acid adduct-bound state of BlaC is less stable over time than the 247 

free and avibactam-bound states. Over the course of days, a gradual appearance of broad background 248 

signal in the center of the spectrum was observed, suggesting the formation of molten globule.  249 

The T1, T2 and NOE of clavulanate-bound BlaC were measured at 20 T (Figures S9 and S10). Average 250 

relaxation times (T1 and T2, respectively) were found to have shifted from 1.7 s and 45 ms for resting 251 

state BlaC to 1.8 s and 40 ms for the adduct, which may be caused by an increase in sample viscosity 252 

due to the addition of 100 mM clavulanic acid. Strikingly higher transverse relaxation times were found 253 

for several residues in and near loops and terminal regions, as well as for six residues involved in the 254 

hydrophobic packing interface between helices 2 and 7 in the α subunit. Moreover, for these residues, 255 

the NOE is lower than in resting state BlaC. These observations indicate a severe local decrease of 256 

internal rigidity upon clavulanic acid inhibition, particularly in loop regions and on the interface 257 

between helices 2 and 7.  258 

CPMG relaxation dispersion measurements at 20 T were also performed on clavulanate-bound BlaC. 259 

However, most of the resonances that show exchange broadening in the resting state protein were 260 

broadened beyond detection in the clavulanate-bound spectra. Moreover, due to the splitting of peaks 261 

and the gradual appearance of molten globule-like background signal over time, accurate line shape 262 

fitting of the resonances proved impossible in many cases. Residues Glu168 and Asp273 were found to 263 

have dispersion profiles with shapes similar to the active site exchange of the resting state protein (e.g. 264 

Figure 4, panel (b)). Slight elevations in the Rex are observed around the loop containing Ile105, near the 265 

base of the Ω-loop and for residue Asp273, but overall the profile of exchange relaxation over all 266 

residues, keeping in mind the larger error and the missing data, looks rather similar to that of resting 267 

state BlaC (Figure 3). Thus, it seems that the resting state BlaC dynamics are still present upon 268 

formation of the clavulanic acid adduct and at the same time additional states are being populated, 269 

causing line broadening and peak splitting. 270 
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271 

We show that resting state BlaC is mostly rigid on the pico- to nanosecond time scale, similar to the 272 

behavior of the other class A β-lactamases for which NMR dynamics studies have been performed, 273 

TEM-1(11, 13, 14) and PSE-4.(15) Only Val80 was found to exhibit fast motion, as modelled from the 274 

low NOE ratios and elevated T2 relaxation times for its backbone amide. This is surprising, as this amide 275 

is located in the long α-helix 2 and the Val80 side chain does not face the outside of the protein but 276 

rather the interface between helices 2 and 7.  277 

The BlaC active site exhibits flexibility on the millisecond time scale, as observed by both CPMG 278 

relaxation dispersion studies and the broadening beyond detection of several important active site 279 

residues (Ser70, Ser130, Thr235 and Thr237). This behavior is also similar to that of other class A β-280 

lactamases,(11–20) and the localization of this chemical exchange in the active site suggests that the 281 

dynamics may play a role in catalysis. This can only be the case if the dynamics are as fast as or faster 282 

than the maximum catalytic turnover rate of the enzyme. The observed exchange rate of (8.6 ± 0.6) × 283 

10
2
 s

-1
 -obtained under the assumption of a two-state exchange model- is faster than the fastest kcat that 284 

was reported for BlaC, 111 ± 4 s
-1

 for nitrocefin hydrolysis,(47) which implies that enzyme dynamics 285 

may be relevant for catalysis. On the basis of the Bloch-McConnell equations for chemical exchange, it 286 

can be shown that at an exchange rate of 860 s
-1

, the population of the minor state must be sizeable (>15 287 

%) for the resonances of Ser70, Ser130, Thr235 and Thr237 to broaden beyond detection. The chemical 288 

shift difference between the major and minor state must be larger than 0.1 ppm for 
1
H and/or 1 ppm for 289 

15
N at 20 T. The link between these four residues is that in every BlaC crystal structure published to 290 

date, their respective sidechains each contribute to the hydrogen bonding with either the carboxyl group 291 

of a ligand or a phosphate or acetate ion from the buffer. However, upon titration with phosphate, the 292 

resonances do not appear,(31) meaning that the binding and dissociation of phosphate cannot explain the 293 

chemical exchange broadening of these peaks.  294 
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We also report the first dynamics study of a class A β-lactamase dynamics upon inhibitor binding. On 295 

the pico-nanosecond time scale the reaction with avibactam stabilizes the Val80 amide, while that with 296 

clavulanic acid leads to fast motions for various residues, notably including several that are involved in 297 

the hydrophobic packing interface between helices 2 and 7, similar to what was observed for Val80 in 298 

resting state BlaC. This result resembles the observation by Stivers et al. that several residues of 4-299 

oxalocrotonate tautomerase show a decrease in the order parameter upon inhibitor binding.(48) The 300 

authors suggest that the increased flexibility of these residues serves as an entropic contribution to the 301 

overall free energy change upon binding, which may well be the same for BlaC. An increase in fast 302 

dynamics of backbone amides generally indicates increased flexibility of the peptide bond. Many of the 303 

amides for which we observe this phenomenon are on the interface of helices 2 and 7. An increase of 304 

backbone flexibility implies reduced stability of the hydrophobic core in that region of the α-domain. 305 

On the millisecond time scale, binding of BlaC to either avibactam or clavulanic acid leads to 306 

increased effects of dynamics. In the avibactam-bound state, we observe broadening beyond detection of 307 

some peaks and relaxation dispersion of others. All affected amides surround the active site. For the 308 

broadening beyond detection to be caused by the ~3400 s
-1

 exchange process identified using CPMG 309 

experiments, would require chemical shift differences between the two states that are larger than ca. 0.3 310 

ppm for 
1
H and/or 3 ppm for 

15
N at 20 T. Alternatively, it is possible that multiple exchange processes 311 

take place in the same region of the protein. In any case, the relaxation dispersion results suggest that 312 

avibactam binding speeds up the active site exchange process in BlaC significantly. 313 

Inhibition of BlaC with clavulanic acid was likewise accompanied by a broadening of many 314 

resonances, in and around the active site of BlaC. These experiments were performed in the presence of 315 

a high initial concentration of clavulanic acid, so it cannot be excluded entirely that non-covalent 316 

binding of an additional clavulanic acid molecule to the BlaC adduct could cause line broadening. 317 

However, an earlier study on such binding to a catalytically inactive mutant of BlaC (S70A) showed 318 
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that, if binding occurs at all, the affinity must be very low indeed and line broadening in the BlaC NMR 319 

spectrum was not observed.(49) Therefore, we attribute the increased dynamics to the adduct formation. 320 

The chemical environment of all the catalytic residues as well as residues in all the nearby regions 321 

appears to be affected by the motions. Interestingly, β-lactam binding was previously reported to also 322 

cause increased millisecond dynamics in the active site of an L,D transpeptidase(50) as well as in that of 323 

a signal transducer β-lactam sensing domain,(51) suggesting that this behavior might be conserved 324 

across a wide range of β-lactam binding proteins. 325 

The question arises how these relatively small adducts, especially the clavulanic acid adduct, which is 326 

a mere 70 Da (5 heavy atoms), can have such a major impact on such a broad region of the protein. 327 

Sagar et al.(52) reported small angle X-ray scattering (SAXS) data yielding an unexpectedly large 328 

solvation radius for free BlaC in solution, while BlaC bound to clavulanic acid was found to have a 329 

solvation radius closer to that which is expected based on the crystal structure. The authors proposed 330 

that free BlaC in solution adopts an ‘open’ conformation, whereas inhibitor binding locks BlaC in the 331 

‘closed’ conformation that is observed in all crystal structures so far. If resting state BlaC were indeed to 332 

adapt an open conformation in solution, it would likely exhibit a larger rotational correlation time and 333 

thus higher transverse and lower longitudinal relaxation times than in the canonical closed 334 

conformation. The correlation time measured for the free BlaC on the basis of the relaxation data 335 

matched the one calculated from the crystal structure. Binding avibactam did not change the relaxation 336 

times much and the sample with clavulanic acid bound even yielded relaxation times indicating an 337 

increase of the correlation time. However, the latter was likely caused by an increase in sample viscosity 338 

due to the high concentration of the inhibitor. Summarizing, our data provide no evidence for an open 339 

state of resting state BlaC. For related β-lactamases, it has been suggested (e.g. (11, 15, 16)) that the 340 

process underlying the chemical exchange effects is movement of the tip of the omega-loop into and out 341 

of the active site. Such movement could facilitate the flow of solvent and substrate, and aid in 342 

positioning of the substrate in the active orientation. If so, the motion would likely affect amides in all 343 
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regions that are in contact with the tip of the Ω-loop, such as helix 7 and the loops containing Ser130 344 

and Ile105. This model thus fits well with our data.  345 

To gain more insight into what the various states may look like structurally, we compared bound and 346 

unbound β-lactamase crystal structures. Most structures show little variation between bound and 347 

unbound forms. In structure 6H2H(49) of BlaC bound to avibactam, however, the Ω-loop was observed 348 

in a slightly ‘open’ conformation, with the Cα atoms of Asn170 and Arg171 positioned ~2 Å further 349 

away from the active site than its canonical position, providing further support for the model of Ω-loop 350 

movement (Figure 6). Our data suggest the presence of multiple dynamic processes in the bound state. 351 

Recently, Olmos et al.(53) reported an XFEL study with snapshots at 30, 100, 500 and 2000 ms of the 352 

catalytic reaction of ceftriaxone hydrolysis by BlaC. The structures obtained during the reaction show 353 

almost no structural variation compared to that of BlaC in the resting state. The only active site residues 354 

of which the orientation varies between the structures are Lys73 and Ser130. The Lys73 orientations are 355 

similar to those reported by Vandavasi et al. for class A β-lactamase Toho-1,(24) except that the non-356 

canonical conformation is oriented towards Ser130, whereas in BlaC it is oriented towards Glu166. One 357 

of these conformations allows an extra water molecule to penetrate deep into the active site, between 358 

helix 2 (Lys73) and helix 7 (Met135, which is an alanine in BlaC), suggesting a defect of the 359 

hydrophobic core such as we observe upon clavulanic acid binding in BlaC. The occupancies of the 360 

observed states, 41 and 59 %, respectively, also match the relative occupancies of the doubled peaks of 361 

42 ± 3 % that we observe in our clavulanic acid adduct-bound state spectra. An increasing body of 362 

evidence suggests that Lys73 can act as a general base for catalysis (e.g. (24, 54–57)). Langan et al. 363 

even found that in Toho-1 β-lactamase, Lys73 and several other active site residues alter their 364 

conformations in reaction to substrate binding.(58) It therefore seems possible that the chemical 365 

exchange we observe upon clavulanic acid binding is related to the interconversion of Lys73 between 366 

different conformations (Figure 7). As has been suggested before (e.g. (56, 58, 59)), the Lys73 sidechain 367 

may need to be in one conformation for efficient substrate binding and another for efficient product 368 

release. Thus, it seems possible that the two conformations observed in crystal structures of Toho-1(24, 369 
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57–60) and BlaC,(53) are the cause of the two forms that we observe in the NMR spectra of the BlaC-370 

clavulanic acid adduct. In this way the effects of addition of the small adduct to Ser70 can be 371 

transmitted further into and around the active site.  372 

In conclusion, we show that BlaC is highly rigid on the pico-nanosecond time scale, but exhibits 373 

flexibility on the millisecond time scale in and around the active site, with an exchange rate of ca. 860 s
-

374 

1
. The dynamic behavior of free BlaC is very similar to that of the other class A β-lactamases for which 375 

dynamics studies were performed and therefore appears to be conserved amongst class A β-lactamases. 376 

We also show that upon inhibition with clavulanic acid, pico-nanosecond stability of the hydrophobic 377 

core in the α-domain is disturbed. Moreover, upon binding of either clavulanic acid or avibactam, the 378 

prevalence of millisecond dynamics around the active site increases dramatically. In this work we 379 

studied the dynamics in BlaC-inhibitor complexes, so the question remains what effect this phenomenon 380 

has on the time scale of substrate catalysis. We hypothesized that active site flexibility of β-lactamases 381 

represents exchange between respective binding modes for the various substrates. The observation that 382 

inhibitor binding does not lock the active site in one conformation but rather increases the dynamics, 383 

argues against a model of inhibitor binding through conformational selection. Rather, the induced 384 

dynamics may serve to maximize the likelihood of sampling the precise conformation that lowers the 385 

hydrolysis transition state energy barrier for this substrate the most.  386 

387 

388 

389 

Supplemental material for this article may be found in the enclosed document. 390 
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561 

Figure 1. Crystal structure of BlaC (subunit A of PDB entry code 5NJ2).(31) (a) Cartoon representation 562 

with indication of α-helices, β-strands and the Ω-loop. Several active site residues are shown in stick 563 

representation. (b) Detail of the active site, showing both stick representation and transparent cartoon 564 

representation for clarity. Several active site residues and the conserved active site water molecule are 565 

indicated.  566 

 567 

Figure 2. Peak intensities. (a) Relative peak intensities of assigned backbone amides in a 
1
H,

15
N TROSY 568 

spectrum, for BlaC in resting state (black squares), bound to clavulanic acid (red circles), and bound to 569 

avibactam (blue triangles). The resonance of the C-terminal amide was used for normalization. The 570 

break on the horizontal axis represents a BlaC-specific G-G-G-T-loop which is not present in the 571 

Ambler numbering. Several active site residues are indicated with grey bars. Secondary structure is 572 
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indicated above the graph, light and dark grey boxes represent α-helices and β-strands, respectively. 573 

Error bars have been omitted for clarity, propagated error from the spectral noise is in all cases <0.03. 574 

(b)-(c) Visualization of binding effects on BlaC crystal structure with PDB entry code 5NJ2. Non-575 

proline backbone amides for which no resonance was found in free BlaC are indicated with red spheres. 576 

Amides for which the resonance was lost upon inhibitor binding are indicated with orange spheres for 577 

clavulanic acid (b) and avibactam (c). Amides for which a resonance could be assigned for resting state 578 

as well as bound BlaC are indicated with blue spheres. Proline nitrogen atoms are indicated with black 579 

spheres. Amides of several active site residues are indicated for reference. 580 

 581 

Figure 3. CPMG relaxation dispersion data. (a) Contribution of chemical exchange to the R2 relaxation 582 

of backbone 
15

N resonances in BlaC resting state (black), bound to clavulanic acid (red) and bound to 583 

avibactam (blue), as measured by CPMG relaxation dispersion analysis at 20 T. Rex is defined as the 584 

R2,eff at νCPMG = 25 s
-1

 minus that at 1000 s
-1

. Error bars represent the 95% confidence interval based on 585 

three duplicate delays per experiment. The break on the horizontal axis represents a BlaC-specific G-G-586 

G-T-loop which is not present in the Ambler numbering. Several active site residues are indicated with 587 

grey bars. Secondary structure is indicated above the graph; light and dark grey boxes represent α-588 

helices and β-strands, respectively. (b)-(d) Visualization of millisecond dynamics on BlaC structure 589 

5NJ2,(31) for BlaC bound to clavulanic acid (b), in free state (c) and bound to avibactam (d). Backbone 590 

amides for which Rex < 3 s
-1

 are displayed as blue spheres, those with Rex > 3 s
-1

 as orange spheres. 591 

Residues whose resonances were broadened beyond detection are displayed as red spheres, while those 592 

for which Rex could not be determined for another reason (e.g. prolines or too much peak overlap) are 593 

displayed as black spheres. 594 

 595 

Figure 4. Example CPMG relaxation dispersion profiles, as measured at 20 T. Data obtained in the free 596 

state, bound to clavulanic acid adduct and bound to avibactam are represented in black squares, red 597 
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circles and blue triangles, respectively. Error bars represent the standard deviation based on three 598 

duplicate CPMG frequencies, with a user-defined minimum of 0.8 s
-1

 to avoid overfitting. Lines 599 

represent global fits to a two-state exchange model as described in the text.  600 

 601 

Figure 5. Dynamics of BlaC upon reaction with clavulanic acid. Backbone amides for which the 602 

resonance has broadened beyond detection are displayed in red, those for which multiple resonances 603 

could be assigned in magenta, those for which a transverse relaxation time T2 > 60 ms was found in 604 

cyan, those for which the cyan and magenta conditions are both true in orange and those for which no 605 

severe dynamics were detected in blue. Proline nitrogen atoms are displayed in black. 606 

 607 

Figure 6. Ω-loop displacement model. Cartoon representation of the BlaC active site in an alignment of 608 

BlaC crystal structures in free form (5NJ2 and 5OYO(31)) in green, bound to clavulanic acid adduct 609 

(3CG5,(61) 6H2C and 6H2G(49)) in yellow and bound to avibactam (4DF6(46) and 6H2H(49)) in 610 

orange. Active site residues Ser70 and Glu166 are shown in stick representation, adducts are omitted for 611 

clarity. Structure 6H2H of BlaC bound to avibactam displays a more ‘open’ conformation of the Ω-loop. 612 

 613 

Figure 7. Alternative model involving reorientation of Lys73. BlaC structures observed by Olmos et al., 614 

representing bound (PDB 5A92, green carbons) and unbound states (PDB 5A91, yellow carbons), show 615 

different orientations for the sidechain of Lys73.(53) Indicated distances are in Ångström.  616 

 617 
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