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Supplementary Table S1. Natural TEM variants at the 19 positions that differ 
between TEM-1 and cTEM-19m 1. 
 

TEM-1 cTEM-19m TEM variant  
M68 L I TEM-192 
M69 T I TEM-32, TEM-37, TEM-40, TEM-159, TEM-182 

  L 

TEM-33, TEM-35, TEM-39, TEM-45, TEM-50, 
TEM-77, TEM-80, TEM-81, TEM-83, TEM-109, 
TEM-125, TEM-154, TEM-158, TEM-169, TEM-
185, TEM-189, TEM-190 

  V 
TEM-34, TEM-97, TEM-36, TEM-38, TEM-78, 
TEM-82, TEM-151, TEM-152, TEM-160 

A150 D -  
H153 R R TEM-21, TEM-56, TEM-112, TEM-215 
N154 Q -  
M155 I I TEM-156, TEM-199 
H158 K N TEM-127 
V159 E -  
W165 I C TEM-83 

  G TEM-169, TEM-190 
  L TEM-182 
  R TEM-39, TEM-78, TEM-125, TEM-185 

E168 D K TEM-193 
A172 G -  
I173 K V TEM-132 
P174 L -  
N175 G H TEM-193, TEM-194, TEM-195 

  I TEM-138 
E177 T -  

M182 L T 

TEM-20, TEM-32, TEM-43, TEM-52, TEM-63, 
TEM-72, TEM-87, TEM-88, TEM-91, TEM-92, 
TEM-93, TEM-94, TEM-106, TEM-107, TEM-113, 
TEM-124, TEM-126, TEM-131, TEM-135, TEM-
149, TEM-153, TEM-159, TEM-161, TEM-165, 
TEM-177, TEM-184, TEM-205, TEM-211, TEM-
220 

A184 K V 
TEM-116, TEM-157, TEM-162, TEM-181, TEM-
187, TEM-197, TEM-205 

M186 I V TEM-193, TEM-194, TEM-195 
T188 S K TEM-148 

  N TEM-193 
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Supplementary Table S2. (a) Data collection and refinement statistics and (b) Cα 
RMSD and secondary structure matching RMSD (in parentheses) comparison for 
crystal structures of the chimeras cTEM-2m (PDB 4MEZ) and cTEM-19m (PDB 4R4R 
and 4R4S). Although the classical β-lactamase inhibitor tazobactam was included during 
crystallization for cTEM-19m (PDB 4R4S), no corresponding electron density was 
observed. The crystal of cTEM-19m grown in the absence of tazobactam (PDB 4R4R) 
provided a nearly identical structure (Cα-RMSD 0.04 Å).  
 
(a) 
 cTEM-19m cTEM-2m 
 PDB 4R4R PDB 4R4S PDB 4MEZ 
Data collection    
Space group P 21 21 21 P 21 21 21 P1 
Unit-cell parameters (Å)    

a 36.69 36.71 34.33 
b 58.79 58.71 55.07 
c 109.83 109.77 77.68 

Resolution (Å) 1.20 1.10 2.05 
Completeness (%) 98.3 (91.6) 98.3 (84.5) 99.2 (97.2) 
Average redundancy 3.0 (2.6) 5.6 (3.2) 7.9 (5.9) 
I/σ(I) 16.3 (4.3) 21.3 (3.4) 11.8 (3.5) 
R-merge (%) 3.6 (23.6) 4.1 (28.6) 15.2 (39.2) 
Refinement    
R-work (%) 10.5 10.4 19.2 
R-free (%) 13.8 12.8 24.8 
No. of water 408 464 346 
r.m.s. deviations    

Bond lengths (Å) 0.021 0.021 0.020 
Bond angles (°) 2.0 2.0 2.0 

 
(b) 

 TEM-1 
(1XPB - 1.9 Å) 

cTEM-2m 
(4ID4 - 1.05 Å) 

cTEM-19m 
(4R4S - 1.12 Å) 

TEM-1 
(1XPB - 1.9 Å) -- 0.71 (0.42) 0.93 (0.51) 

PSE-4 
(1G68 - 1.95 Å) 1.35 (1.01) 1.42 (1.12) 1.44  (1.11) 

cTEM-17m 
(4MEZ - 2.05 Å) 0.93 (0.55) 0.80 (0.59) 0.14 (0.28) 

*Crystal structure resolution indicated next to PDB code.  
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Supplementary Table S3. Dynamics of the naturally evolved class A β-lactamases 
TEM-1 and PSE-4 and chimeric b-lactamases cTEM-2m, cTEM-17m and cTEM-
19m. Protein-averaged, squared generalized order parameters (S2) obtained by MD 
simulations and NMR relaxation for the amide NH bonds and Ca-RMSF extracted from 
the MD simulations. 
 
 
 
 
 
 
 
 
N.D.: not determined. 
 
 
Supplementary Table S4. Ca-RMSD between the average structure from each 2 µs 
simulation and the crystal structure used for that simulation: TEM-1 (PDB 1XPB), 
PSE-4 (PDB 1G68), cTEM-2m (PDB 4MEZ), cTEM-17m (PDB 4ID4) and cTEM-19m 
(PDB 4R4S). 
 

 Repetition 1 Repetition 2 Repetition 3 Average 
PSE-4 1.21 1.11 1.40 1.24 ± 0.12 
TEM-1 1.18 0.84 0.82 0.95 ± 0.20 

cTEM-2m 1.14 1.03 1.18 1.12 ± 0.06 
cTEM-17m 1.67 0.915 1.01 1.20 ± 0.34 
cTEM-19m 1.69 1.624 1.52 1.61 ± 0.07 

 
Supplementary Table S5. Per residue S2 extracted from MD simulations for TEM-1, 

PSE-4, cTEM-2m, cTEM-17m and cTEM-19m compared to the NMR-determined S2 
for TEM-1, PSE-4 and cTEM-17m.  

 
See EXCEL document 
 
Supplementary Table S6. Per residue Ca-RMSF extracted from triplicate MD 

simulations of 2 µs each for TEM-1, PSE-4, cTEM-2m, cTEM-17m and cTEM-19m. 
 
See EXCEL document 
 
Supplementary Table S7. Differences in measured R2 (1/ tcp) at fast (tcp = 0.625 ms) 

and slow (tcp = 10 ms) pulsing rates (ΔR2 values ≥ 7s-1), derived from TROSY-based 
15N-CPMG relaxation dispersion experiments, and unassigned residues (NA) for the 
chimeras cTEM-2m and cTEM-19m. 

 
See EXCEL document 

 NMR S2 MD simulation S2 RMSF (nm) 
TEM-1 0.90 ± 0.05 0.87 ± 0.05 0.07 ± 0.03 
PSE-4 0.87 ± 0.05 0.86 ± 0.05 0.08 ± 0.04 

cTEM-2m N.D. 0.87 ± 0.05 0.09 ± 0.04 
cTEM-17m 0.89 ± 0.05 0.87 ± 0.05 0.09 ± 0.05 
cTEM-19m N.D. 0.86 ± 0.05 0.10 ± 0.04 



S 2 RMSF (nm) k ex (s
-1) S 2 RMSF (nm) k ex (s

-1) S 2 RMSF (nm) k ex (s
-1) S 2 RMSF (nm) k ex (s

-1) S 2 RMSF (nm) k ex (s
-1)

Protein average 0.87 ± 0.05 0.07 ± 0.02 - 0.86 ± 0.05 0.08 ± 0.04 - 0.87 ± 0.05 0.09 ± 0.04 - 0.87 ± 0.05 0.09 ± 0.05 - 0.86 ± 0.05 0.10 ± 0.04 -

S70 (69-73) 0.91 ± 0.01 0.05 ± 0.01 - 0.90 ± 0.01 0.06 ± 0.01 - 0.89 ± 0.01 0.06 ± 0.01 940 ± 250 
(69)

0.90 ± 0.01 0.06 ± 0.02 480 ± 110 
(69, 72)

0.89 ± 0.01 0.06 ± 0.01 670 ± 140 (66, 
72, 73)

Y105 (103-106) 0.86 ± 0.01 0.08 ± 0.02 - 0.85 ± 0.01 0.10 ± 0.03 - 0.85 ± 0.01 0.14 ± 0.05 - 0.86 ± 0.01 0.08 ± 0.01 300 ± 90 
(105, 106)

0.85 ± 0.01 0.11 ± 0.04 1,220 ± 230 
(105)

SDN (129-132) 0.89 ± 0.01 0.06 ± 0.02 - 0.87 ± 0.01 0.06 ± 0.01 - 0.88 ± 0.01 0.09 ± 0.02
480 ± 210 
(130, 131)

0.88 ± 0.01 0.07 ± 0.01
780 ± 270 
(128, 129)

0.87 ± 0.02 0.07 ± 0.02
980 ± 200 (128, 
129, 130, 131)

Ω-loop (162-179) 0.85 ± 0.01 0.07 ± 0.01 - 0.85 ± 0.02 0.09 ± 0.02
2,020 ± 

810 (173)
0.85 ± 0.02 0.10 ± 0.03 - 0.85 ± 0.03 0.14 ± 0.09

590 ± 130 
(166, 170)

0.82 ± 0.03 0.17 ± 0.09
330 ± 100 (166, 
170) ; Gly172: 
2,110 ± 840

Hinge leading in Ω-loop 
(155-160)

0.79 ± 0.02 0.13 ± 0.01 - 0.80 ± 0.03 0.14 ± 0.07 - 0.81 ± 0.03 0.12 ± 0.02 - 0.80 ± 0.03 0.12 ± 0.04 - 0.79 ± 0.03 0.15 ± 0.02 -

Tip of the Ω-loop (171-
178)

0.79 ± 0.01 0.10 ± 0.01 - 0.80 ± 0.03 0.13 ± 0.02
2,020 ± 

810 (173)
0.78 ± 0.04 0.13 ± 0.03 - 0.80 ± 0.04 0.21 ± 0.15 - 0.78 ± 0.03 0.23 ± 0.12 -

214-218 0.80 ± 0.04 0.15 ± 0.05 - 0.85 ± 0.01 0.07 ± 0.02 - 0.76 ± 0.04 0.25 ± 0.10 1,320 ± 
870 (212, 

0.77 ± 0.02 0.24 ± 0.08 - 0.78 ± 0.03 0.17 ± 0.04 1,130 ± 420 
(213, 217)

connector (214-225) 0.81 ± 0.04 0.14 ± 0.05
1,390 ± 

370 (225)
0.85 ± 0.01 0.07 ± 0.02 - 0.78 ± 0.04 0.21 ± 0.06

1,340 ± 
780 (212, 
217, 221)

0.78 ± 0.02 0.21 ± 0.07
1,100 ± 

440 (225)
0.78 ± 0.03 0.17 ± 0.04

820 ± 210 (213, 
217, 225)

234-244 0.88 ± 0.01 0.06 ± 0.01
650 ± 30 

(241)
0.89 ± 0.01 0.06 ± 0.01 - 0.88 ± 0.01 0.07 ± 0.01

610 ± 220 
(238, 241, 
243, 245, 

246)

0.88 ± 0.01 0.07 ± 0.02 - 0.86 ± 0.02 0.09 ± 0.01 -

β-strand 3 (230-237) 0.88 ± 0.01 0.06 ± 0.01 - 0.90 ± 0.01 0.05 ± 0.01 - 0.89 ± 0.01 0.07 ± 0.01 - 0.89 ± 0.01 0.07 ± 0.02
910 ± 210 
(231, 232, 

233)
0.88 ± 0.01 0.06 ± 0.01

800 ± 250 (230, 
231, 233)

Turn β-strand 3/β-
strand 4 (238-242)

0.88 ± 0.01 0.07 ± 0.01
650 ± 30 

(241)
0.88 ± 0.01 0.06 ± 0.01 - 0.88 ± 0.01 0.08 ± 0.01

600 ± 270 
(238, 241, 

243)
0.87 ± 0.01 0.08 ± 0.03 - 0.84 ± 0.02 0.12 ± 0.02 -

H1 (26-41) 0.88 ± 0.01 0.08 ± 0.01 - 0.85 ± 0.01 0.10 ± 0.01 - 0.88 ± 0.01 0.09 ± 0.01
470 ± 210 

(38)
0.87 ± 0.01 0.09 ± 0.01

450 ± 60 
(29, 32, 37, 
38, 39, 41)

0.87 ± 0.01 0.10 ± 0.02
290 ± 50 (28, 29, 

32, 38, 41)

H11 (272-288) 0.88 ± 0.01 0.10 ± 0.04
1,190 ± 

340 (287)
0.86 ± 0.02 0.09 ± 0.02 - 0.87 ± 0.02 0.11 ± 0.02

800 ± 140 
(276-277)

0.87 ± 0.01 0.13 ± 0.04

440 ± 50 
(277, 278, 
279, 281, 
284, 287)

0.87 ± 0.01 0.12 ± 0.03

840 ± 60 (275, 
276, 277, 278, 
279, 280, 284, 

287)

Supplementary Table S8. Comparison of the dynamism of the active-site walls using the S2 (ps-ns), Cα RMSF (ns-µs) and kex (µs-ms) on the different timescales.

k ex  : residues used for the fitting are indicated between bracket

TEM-1 PSE-4 cTEM-17m cTEM-19mcTEM-2m

Sophie Gobeil
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Supplementary Table S9. Kinetic parameters for hydrolysis of the cephalosporins cephalothin 
(CF), cefazolin (CZ) and cefotaxime (CTX) and penicillins benzylpenicillin (BZ) and carbenicillin 
(CB) by the β-lactamases TEM-1 and PSE-4, the chimeras cTEM-2m, cTEM-17m and cTEM-19m and 
the deconvoluted mutants (cTEM-17m context = cTEM-18m(M68L), cTEM-18m(M69T); TEM-1 
context = TEM-1(M68L), TEM-1(M69T)). 

  Variant kcat KM kcat/KM 
(s-1) (µM) (M-1s-1) 

CF 

TEM-1a 84 ± 12 180 ± 28 4.3 × 105 
cTEM-17ma 120 ± 8 470 ± 80 2.4 × 105 

TEM-1(M68L) 31 ± 7 100 ± 30 3.0 × 105 
cTEM-18m(M68L) 34 ± 5 80 ± 38 5.0 × 105 

TEM-1(M69T) 7 ± 4 130 ± 11 5.2 × 104 
cTEM-18m(M69T) 1.4 ± 0.3 12 ± 3 1.2 × 105 

cTEM-2m 2.8 ± 0.8 46 ± 19 6.1 × 104 
cTEM-19m 6 ± 0.5 68 ± 14 8.8 × 105 

PSE-4a 0.80 ± 0.01 64 ± 34 1.3 × 104 

CZ 

TEM-1a 55 ± 8 130 ± 9 4.2 × 105 
cTEM-17ma 75 ± 21 600 ± 90 1.2 × 105 

TEM-1(M68L) 59 ± 21 500 ± 178 1.2 × 105 
cTEM-18m(M68L) 23 ± 5 170 ± 43 1.4 × 105 

TEM-1(M69T) 9 ± 2 300 ± 121 3.0 × 104 
cTEM-18m(M69T) 4 ± 0.6 83 ± 18 5.0 × 104 

cTEM-2m 3.3 ± 0.1 75 ± 1 4.4 × 104 
cTEM-19m 6 ± 0.3 120 ± 5 5.0 × 104 

PSE-4a 1.9 ± 0.3 140 ± 39 1.3 × 104 

CTX 

TEM-1a 0.74 ± 0.1 840 ± 160 8.8 × 102 
cTEM-17ma 0.14 ± 0.04 260 ± 100 5.6 × 102 

TEM-1(M68L) 0.06 ± 0.02 170 ± 72 3.6 × 102 
cTEM-18m(M68L) 0.07 ± 0.03 260 ± 73 2.5 × 102 

TEM-1(M69T) 0.03  ± 0.02 280 ± 151 1.1 × 102 
cTEM-18m(M69T) 0.06 ± 0.02 430 ± 78 1.4 × 102 

cTEM-2m 0.02 ± 0.01 240 ± 40 8.2 × 101 
cTEM-19m 0.008 ± 0.002 110 ± 37 7.0 × 101 

PSE-4a 0.03 ± 0.01 200 ± 30 1.5 × 102 

BZ 

TEM-1a 450 ± 100 20 ± 3 2.3 × 107 
cTEM-17ma 480 ± 46 28 ± 8 1.7 × 107 

TEM-1(M68L) 310 ± 19 11 ± 3 2.8 × 107 
cTEM-18m(M68L) 400 ± 50 31 ± 17 1.3 × 107 

TEM-1(M69T) 120 ± 3 7 ± 1 1.7 × 107 
cTEM-18m(M69T) 20 ± 5 6 ± 4 3.3 × 106 

cTEM-2m 83 ± 2 7 ± 1 1.2 × 107 
cTEM-19m* 230 ± 19* < 1* - 

PSE-4a 630 ± 110 16 ± 2 3.9 × 107 

CB 

TEM-1a 92 ± 4 49 ± 12 1.9 × 106 
cTEM-17ma 37 ± 2 22 ± 4 1.7 × 106 

TEM-1(M68L) 51 ± 3 28 ± 5 1.8 × 106 
cTEM-18m(M68L) 65 ± 13 37 ± 14 1.8 × 106 

TEM-1(M69T) 31 ± 3 12 ± 5 2.6 × 106 
cTEM-18m(M69T) 10 ± 5 26 ± 21 3.9 × 106 

cTEM-2m 24 ± 1 16 ± 3 1.5 × 106 
cTEM-19m 25 ± 6 27 ± 10 9.3 × 105 

PSE-4a 500 ± 92 64 ± 5 7.8 × 106 
a Data from Clouthier et al. 2 
*kcat (apparent) and estimated KM due to saturation at a substrate concentration ≥ 5 µM. 
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Supplementary Table S10. Crystal contacts for each of the β-lactamases under study. 
 
See EXCEL document 
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Residue    68 69 150 153 154 155 158 159 165 168 172 173 174 175 177 182 184 186 188 
TEM-1 M M A H N M H V W E A I P N E M A M T cTEM-2m L T 

cTEM-17m M M 
D R Q I K E I D G K L G L T K I S cTEM-19m L T 

PSE-4 L T 
 

 
Supplementary Figure S1. Sequence relation in the exchanged regions of the chimeras (residues 
66-73 and 150-190) to the parental TEM-1 and PSE-4 class A β-lactamases and generalized 
squared order parameters (S2) along the protein sequence for the amide NH bonds. MD-derived 
(red) and NMR relaxation (black) S2 are compared for TEM-1 and PSE-4 and the chimera cTEM-17m. 
MD-derived S2 (red) are shown for cTEM-2m and cTEM-19m. The mean MD-NMR S2 difference (or 
Δ) was the highest for Asp176 (Δ = 0.22 in TEM-1, 0.21 in PSE-4 and 0.16 in cTEM-17m), Asp115 (Δ 
= 0.17 in TEM-1; no value in cTEM-17m), Gly143 (Δ = 0.16 in TEM-1 and 0.13 in cTEM-17m) and 
Trp229 (Δ = 0.21 in TEM-1 and 0.22 in cTEM-17m). Examples of the autocorrelation functions for all 
residues for one among the 100 analyzed 10 ns segments is shown on the right. Error bars are the S2 
difference between all 10 ns segments of the simulations, for each residue. 
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Supplementary Figure S2. Ca RMSF derived from triplicate 2 µs MD simulations for the 
parental class A β-lactamases TEM-1 and PSE-4 and the chimeras cTEM-2m, cTEM-17m and 
cTEM-19m. Error bars are the RMSF difference between replicas for each residue.  
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Supplementary Figure S3. Effect of the recombination of regions 66-73 and 150-190 on 
the backbone chemical shifts. Comparison of the chimeras cTEM-2m, cTEM-17m and cTEM-
19m to the parental TEM-1 class A β-lactamases and comparisons of cTEM-2m and cTEM-
17m to cTEM-19m. Exchanged residues relative to TEM-1 sequence are colored red while 
residues in the exchanged regions (66 to 73 and 150 to 190) are colored grey. 
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Supplementary Figure S4a. 15N-CPMG relaxation dispersion curves for cTEM-2m at 800 
MHz (full line) and 500 MHz (dashed line). The residue number appears above each plot.  
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Supplementary Figure S4b. 15N-CPMG relaxation dispersion curves for cTEM-19m at 800 
MHz (full line) and 600 MHz (dashed line). The residue number appears above each plot.  
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SUPPLEMENTARY MATERIALS AND METHODS 
Materials. All DNA-modifying enzymes were purchased from New England Biolabs 
(Mississauga, ON) or Bio-Rad (Mississauga, ON). Nitrocefin was purchased from Calbiochem 
(Mississauga, ON). Kanamycin (Kan), isopropyl-1-thio-β-D-galactopyranoside (IPTG), 
components for growth media and purification materials were from Bioshop Canada 
(Burlington, ON). 99% Ammonium chloride (15NH4Cl) and 99% deuterium oxide (D2O) were 
purchased from Cambridge Isotope Laboratories (Tewksbury, MA). 99% D-glucose-13C, 
benzylpenicillin (BZ), carbenicillin (CB), cephalotin (CF), cefazolin (CZ), cefotaxime (CTX), 
DEAE-Sepharose Fast Flow, Tris-HCl, PEG 4000, HEPES, ammonium sulfate and MgCl2 used 
for protein crystallization were purchased from Sigma-Aldrich (Oakville, ON). Tazobactam 
was purchased from Molekula (Dorset, UK). 
Mutagenesis and subcloning. Subcloning of the chimera cTEM-19m into pET-24 with the 
OmpA signal sequence was performed as previously described 2. Oligonucleotide primers used 
for mutagenesis of TEM-1 and cTEM-19m were synthesized by Alpha DNA (Montréal, QC). 
To generate the mutants, the QuickChange site-directed mutagenesis method 3 was used with 
the I-Proof High Fidelity DNA polymerase (Bio-Rad, Mississauga, ON). The PCR product was 
DpnI-digested for 1 hour at 37°C to eliminate the starting DNA template. The digested product 
was butanol-precipitated and transformed into E. coli XL1 Blue. Cells were propagated for 1h 
in Luria-Bertani broth (LB) then plated on LB-agar containing 50 µg/mL Kan. Colonies were 
picked and propagated overnight. DNA extraction was performed for confirmation of DNA 
sequence of the entire coding region and for retransformation into E. coli BL21(DE3).  
β-Lactamase expression and purification. Protein expression for enzymatic assays and 
crystallisation was performed as previously reported 2,4-6. Briefly, cells were propagated in auto-
inducing ZYP-5052 medium 7 (50 µg/mL Kan) with agitation at 37°C for two hours, then 
overnight at 22°C. Induced cells were sedimented by centrifugation (5,000 × g, 30 min, 4°C) 
and resuspended in 10 mM Tris-HCl buffer pH 7.0. Lysis was performed using a Constant 
Systems cell disrupter (Northants, UK). Cellular debris were sedimented by centrifugation 
(20,000 × g, 30 min, 4°C), the supernatant was filtered through a 0.2 µm filter and the protein 
was purified. The chromatography was undertaken at 4°C using an ÄKTA FPLC (GE 
Healthcare). Following sample application, the DEAE-Sepharose Fast Flow column (1.6 cm × 
30 cm) was washed with 3 column volumes (CV) of 10 mM Tris-Cl pH 7.0. A linear gradient 
to 200 mM Tris-Cl pH 7.0 was achieved over 4 CV, and the column was further washed over 3 
CV. Fractions containing β-lactamase were identified first using a qualitative nitrocefin 
hydrolysis essay and then by SDS-polyacrylamide gel electrophoresis (15% (w/v) 
polyacrylamide gel) with Coomassie Brilliant Blue staining. Analysis of the purity was 
performed with Image Lab 5.0 (Bio-Rad, Hercules, CA). Enzyme concentration was determined 
by Bradford assay using the Bio-Rad protein assay solution (Bio-Rad, Hercules, CA), with 
bovine serum albumin as the standard. For protein crystallization assay, a second purification 
step was added. Fractions containing ≥ 75% β-lactamase following the first purification step 
were concentrated to a volume of 1.5 mL using a 10,000 MWCO Amicon concentrator 
(Millipore, Billerica, MA) and applied to a Superose 12 column (1.6 cm × 55 cm) that had been 
pre-equilibrated with 50 mM Tris-HCl pH 7.0. Elution was performed at a flow rate of 1 
mL/min. Fractions containing β-lactamase were identified by SDS-polyacrylamide gel 
electrophoresis (15% (w/v) polyacrylamide gel) with zinc-imidazole staining 8. Purity and 
concentration were determined as above. Fractions containing β-lactamase with a purity of ≥ 
95% were concentrated to 25 mg/mL (0.8 mM). For NMR assays, uniformly [15N]- and [2H, 
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15N]-labeled cTEM-19m and cTEM-2m samples were produced by overexpression in modified 
M9 minimal media containing 15NH4Cl and deuterium oxide D2O (99%) 2,4-6,9. For [2H, 15N]-
labeled samples, cells were progressively acclimatised to deuterium oxide using M9 media with 
30, 60, 75, 85 and 99% D2O. Purification was performed as described for protein crystallization 
assay. Samples were dialyzed against distilled, deionized water overnight at 4°C. Purity of the 
final samples was verified by SDS-PAGE stained by the zinc-imidazole method. Typical yields 
were 25 mg/L of > 98% pure protein.  
cTEM-19m crystallization and data collection. cTEM-19m was concentrated to 25 mg/mL in 
50 mM Tris-Cl (pH 7.0) in the presence and absence of 4 mM tazobactam (5-fold molar excess 
relative to the protein concentration). Crystals were grown at 22°C in hanging drops prepared 
by mixing 1 µL of the protein solution and 1 µL of the reservoir solution (100 mM Tris-Cl (pH 
8.0), 26% PEG 4000, and 0.25 M MgCl2). Two single crystals, one grown in the presence of 
tazobactam and the other in its absence, were isolated and flash-frozen in liquid nitrogen. 
Diffraction data were collected from each crystal at the Canadian Macromolecular 
Crystallography Facility Beamline 08ID-1 (Canadian Light Source, Saskatoon, SK). Although 
the classical β-lactamase inhibitor tazobactam (turnover rate of 1.4 s-1) 10 was included during 
crystallization for cTEM-19m, no corresponding electron density was observed in 4R4S. 
cTEM-2m crystallization and data collection. cTEM-2m was concentrated to 25 mg/mL in 50 
mM Tris-Cl (pH 7.0). Crystals were grown at 22°C in hanging drops prepared by mixing 1 µL 
of the protein solution and 1 µL of the reservoir solution, which contained 100 mM HEPES (pH 
7.5) and 1.5 M ammonium sulfate. A rod-shaped crystal was removed from a crystal cluster, 
transferred to a cryoprotectant solution containing 10% (v/v) glycerol, 100 mM HEPES (pH 
7.5) and 1.5 M ammonium sulfate, and flash-cooled in a nitrogen gas cold-stream. Diffraction 
data were collected at 100K as 0.5° oscillation images, with a Rigaku MicroMax 007 HF X-ray 
generator and a Rigaku Saturn 944 HG CCD detector. 
Crystallization data processing and refinement. The collected diffraction images were 
indexed, integrated, and scaled either with HKL2000 11 or the xia2 package 12. Initial phases 
were calculated by molecular replacement with the program PHASER 13, with a previously 
determined TEM-1 structure (PDB code: 1ZG4) 14 as a search model. The structure models 
were further improved through iterative rounds of manual model building with COOT 15 and 
automated refinement with PHENIX 16 and REFMAC5 17. Data collection and refinement 
statistics are summarized in Supplementary Table 2. The refined structures of cTEM-19m 
(PDB IDs 4R4R and 4R4S) and cTEM-2m (PDB ID: 4MEZ) have been deposited to the Protein 
Data Bank. 
Active-site Volume Estimation. The active-site cavity volume of TEM-1 (PDB 1XPB), PSE-4 
(PDB 1G68), cTEM-2m (PDB 4MEZ), cTEM-17m (PDB 4ID4) and cTEM-19m (PDB 4R4S) 
was estimated using 3V: Voss Volume Voxelator 18. The estimation was made with a small 
sphere of 1.5Å radius and a large sphere of 8 Å radius. 
Molecular dynamics simulations. Crystal structures with the best ratio of resolution and 
completeness of the sequence were chosen for the two parents (TEM-1: 1XPB, 1.9 Å resolution 
and PSE-4: 1G68, 1.95 Å resolution) and the three variants (cTEM-2m: 4MEZ, 2.05 Å 
resolution, cTEM-17m: 4ID4, 1.05 Å resolution and cTEM-19m: 4R4S, 1.1 Å resolution). 
These structures were used as a starting point for all molecular dynamics (MD) simulations. 
Missing side-chains in 4MEZ (LYS32, LYS55, LYS111, ASP115, LYS146, LYS1192 and 
ARG277), 4ID4 (LYS32, LYS55, LYS111, LYS146, GLN154, LYS158, LYS173, ASP254 
and LYS256) and 4R4S (LYS 111, GLN 154, LYS 158, LYS215 and LYS256) were 
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reconstructed using the rotamer explorer in the Structure Preparation plugin of MOE 19. All 
following steps were executed using GROMACS 5.0.1. The protonation and orientation of 
histidines was verified using the high-resolution crystal structure of TEM-1 variant M182T 
(1M40), MolProbity 20 and PROPKA 21,22. For each system, crystallographic water molecules 
were conserved in a truncated dodecahedron periodic water box of SPC/E water molecules with 
a minimum distance of 10 Å between the box boundary and the protein. The total number of 
water molecules and net charge for the different systems were: 1XPB: 12,812, -7; 1G68: 12,475, 
-5; 4MEZ:  9,952, -7; 4ID4: 10,177, -4; 4R4R: 10,703, -4. Each system was neutralized by 
adding the respective number of sodium counterions. The total size of the systems, in atoms, 
was: 1XPB: 42,507; 1G68: 41,501; 4MEZ: 33,926, 4ID4: 34,619; 4R4R: 36,196.  
For energy minimization and MD simulations, GROMACS 5.0.1 was used with the 
AMBER99SB-ILDN force field 23,24. The LINear Constraint Solver (LINCS) algorithm was 
applied to all bonds containing hydrogen atoms. Each 1 ps frame was saved in a compressed 
XTC trajectory and each 100 ps in a full precision TRR trajectory. The Nose-Hoover thermostat 
and the Parrinello-Rahman barostat were used to couple the system to a constant temperature 
of 304.65 K and a pressure of 1 bar. The electrostatic interactions were evaluated by the particle-
mesh Ewald method, and Lennard-Jones interactions were evaluated using a 1.2 nm cutoff. 
Each system was energy minimized using the method of the Steepest Descent to a target Fmax 
of no greater than 1,000 kJ mol-1 nm-1. The time step was chosen to be 2 fs. Initial equilibration 
for conformation generation: All systems were subjected to 2 ns NVT ensemble to gradually 
heat up the system from 10 K to 304.65 K. Next, a 20 ns NPT ensemble was generated and 
three conformations with the highest, average and lowest root mean-square deviation (RMSD) 
were chosen as starting conformations for three individual replicates. A second equilibration 
for each replica was used to generate new and independent velocities: a 2 ns NVT ensemble 
was performed for each repetition to heat up the system and used as starting point for the 2 µs 
production run. This results in a total of three 2 µs simulations with 1 ps compressed and 100 
ps full precision trajectories for each of the five proteins.  
Analysis of protein structure and dynamics. Analysis was performed using GROMACS 5.0.1 
on 2 µs for each MD simulation, unless otherwise stated. All protein figures were created using 
PyMOL 25 or MOE (Chemical Computing Group, Montréal, QC). The stability of the system 
was evaluated after 100 ns and 1,000 ns by calculating the RMSD of the backbone atoms 
between each frame and the initial conformation. In addition, the radius of gyration was 
calculated for each replicate over 2 µs to ensure overall structural integrity. The root mean-
square fluctuation (RMSF) was calculated based on the Ca atom for each residue and converted 
into B-factors after removal of the overall translational and rotational motion of the protein by 
superimposition onto a common reference frame.  
S2 order parameters were calculated applying the model-free approach of Lipari and Szabo 26,27. 
After removal of translational and rotational motion for each 2 µs run, the trajectory was split 
into 10 ns segments. For every second segment, the autocorrelation function was calculated for 
each N-H internuclear vector. The final S2 value was obtained by averaging all 10 ns segments, 
thus representing the S2 value over 2 µs.  
Solution NMR experiments. All NMR experiments were performed as previously reported 4,5. 
Briefly, [15N] and [2H,15N]-Labeled samples were concentrated to 0.6 mM using a 10,000 
MWCO Amicon concentrator and buffer exchanged to 3 mM imidazole, 0.01% NaN3, and 10% 
D2O, pH 6.7. The final pH was verified using a pH meter with a microprobe. The temperature 
was calibrated to 31.5°C with a standard methanol sample 28 on Agilent 800 MHz (18.8T – 
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cTEM-2m and cTEM-19m), Agilent 600 MHz (14.1T, cTEM-19m) and Agilent 500 MHz 
(11.7T, cTEM-2m) NMR spectrometers, each equipped with a triple-resonance probe and a 
pulse-field gradient. Microsecond-millisecond protein dynamics for cTEM-2m and cTEM-19m 
were characterized using 15N TROSY relaxation-compensated Carr-Purcell-Meiboom-Gill 
(rcCPMG) experiments 29. Transverse spin-relaxation data using the TROSY rcCPMG 
experiment were acquired in an interleaved fashion with interpulse delays, τcp, of 0.0, 0.625, 
0.714 (× 2), 1.0, 1.25, 1.67, 2.0, 2.50 (× 2), 3.33, 5.0, and 10.0 ms during the nitrogen relaxation 
period for a constant, total relaxation time of 20 ms. All heteronuclear NMR data were 
processed using NMRPipe 30, in-house scripts and further analyzed with Sparky (T. D. Goddard 
and D. G. Kneller, SPARKY 3, University of California, San Francisco). Previously acquired 
and analysed NMR backbone assignments of cTEM-2m (BMRB 26586) and cTEM-19m 
(BMRB 26590) were used to identify the N-H resonances 5. Conformational exchange was 
considered significant when the difference in measured R2 (ΔR2 (1/τcp)) at fast (τcp = 0.625 ms) 
and slow (τcp = 10 ms) pulsing rates on the 18.8T data set was greater than 7 s-1 in relaxation 
dispersion profiles. This threshold was selected based on relaxation dispersion error estimation, 
to eliminate false positives resulting from a poor fit and to be consistent with the previously 
reported dynamics of TEM-1, PSE-4 and cTEM-17m 4. Global residue fits and model analyses 
were performed using the 800 MHz (cTEM-2m and cTEM-19m) in combination with the 500 
MHz (cTEM-2m) or 600 MHz (cTEM-19m) relaxation dispersion data and fitting them using 
GraphPad Prism 5 to the full single-quantum 15N-CPMG equation 31. Residues were selected 
for global fitting as a region, first according to structural proximity and second according to 
statistically overlapping kex. 
Enzyme kinetics. KM and kcat parameters were determined at room temperature in 50 mM 
sodium phosphate buffer, pH 7.0. The following extinction coefficients (and concentration 
ranges) were used: Δε232 nm = 900 M-1cm-1 for BZ (5-240 µM) 32, Δε232 nm = 1,190 M-1cm-1 for 
CB (5-240 µM) 33, Δε262 nm = 7,960 M-1cm-1 for CF (5-250 µM) 32, Δε260 nm = 7,900 M-1cm-1 for 
CZ (5-250 µM) 34, and Δε264 nm = 7,250 M-1cm-1 for CTX (10-240 µM) 35. Substrate hydrolysis 
was monitored according to initial steady-state velocities by using a Cary100 Bio UV-visible 
spectrophotometer (Agilent Technologies Canada, Montréal, QC) and quartz cuvettes with a 
path length of either 1 cm (CF, CZ, and CTX) or 10 cm (BZ and CB). Six substrate 
concentrations were used, generally flanking the KM values for TEM-1. The enzyme 
concentrations were maintained within 5 to 30 nM. The kinetic parameters were determined 
from the hydrolysis rates calculated from the initial linear portion of the curve. Data fitting to 
the Henri Michaelis-Menten equation for the substrates CB and BZ was carried out with 
GraphPad Prism (GraphPad Software, San Diego, CA). For CF, CZ, and CTX a Lineweaver-
Burk model (1/V vs 1/[S]) was used with Microsoft Excel due to inability to saturate the 
enzyme, a common issue with these substrates.  
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