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Experimental
General
B-Lactams were from Apollo Scientific Ltd. (ampicillin), ChemCruz (cefapirin), Fluka
(cefotaxime), Glentham Life Sciences (ertapenem, meropenem, oxacillin, ticarcillin), Molekula
(imipenem), MP Biomedicals (piperacillin), Selleckchem (faropenem), or TOKU-E (cephalothin).
Protein Production

The plasmid pNIC28-Bsa4-Ldty, A1-55 was prepared by ligation independent cloning,!"
using a codon-optimised synthetic gene as template (GeneArt, Thermo Fisher Scientific), and
transformed with Escherichia coli BL21(DE3). An overnight culture of E. coli BL21(DE3)
pNIC28-Bsa4-Ldty, A1-55 was grown at 37 °C, 180 rpm in 2TY media supplemented with 50
pg/mL kanamycin. This culture was used to inoculate (1 %) a larger 2TY culture (with 50 pg/mL
kanamycin), which was grown at 37 °C, 180 rpm to an ODgyp of 0.6. Isopropyl B-D-
thiogalactopyranoside (IPTG) was then added to a final concentration of 0.5 mM, and the culture
was incubated at 18 °C, 180 rpm overnight. The cells were harvested by centrifugation (11,000 x
g, 10 min), and stored at -80 °C.

Cell pellets were resuspended in HisTrap Buffer A (50 mM Tris, pH 8, 500 mM NacCl, 20
mM imidazole) with added DNase I, and lysed by sonication (SONIC Vibra-Cell, 60 % amplitude).
Lysates were centrifuged (32,000 x g, 30 min), clarified with a 0.45 pum filter, and loaded onto a 5
mL HisTrap column (GE Life Sciences) pre-equilibrated in HisTrap Buffer A. The column was
washed with HisTrap Buffer A, then protein was eluted with a gradient running from 0 % to 100
% HisTrap Buffer B (50 mM Tris, pH 8, 500 mM NaCl, 500 mM imidazole). Fractions containing
Ldtme (as observed by SDS-PAGE) were combined, concentrated using a 30 kDa molecular

weight cut-off (MWCO) Amicon centrifugal filter (EMD Millipore), and loaded onto a 300 mL
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Superdex 200 column (GE Life Sciences) pre-equilibrated in gel filtration buffer (50 mM Tris, pH
8, 100 mM NaCl). Ldtyp, was eluted using gel filtration buffer; the desired fractions were
combined and concentrated as above, and frozen using liquid nitrogen. The identity and purity of
Ldty, was confirmed by mass spectrometry (calculated 40444 Da, observed [M+H]" 40441) and
SDS-PAGE (>95% purity).

Plasmids encoding for Ldtyy, C354S, OXA-48 S70C and KPC-2 S70C were prepared by
site-directed mutagenesis according to standard protocols, using pNIC28-Bsa4-Ldty, A1-55,
pNIC28-Bsa4-OXA-48 and pOPINF-KPC-2 as templates, respectively. Ldtyn C354S was purified
as described above for Ldty, while OXA-48 and KPC-2 were purified according to previously
described methods;** the His-tag of KPC-2 was cleaved using 3C protease, while the His-tag of
OXA-48 was not cleaved. The OXA-48 S70C and KPC-2 S70C variants were purified according
to the same protocol as the wild-type enzymes (note that the His-tags were not removed). The
identities and purities of the isolated proteins were confirmed by mass spectrometry (Ldtm
C3548S: calculated 40428 Da, observed [M+H]" 40420; OXA-48: calculated 30831 Da, observed
[M+H]" 30832; OXA-48 S70C: calculated 30846 Da, observed [M+H]" 30847; KPC-2: calculated
28332 Da, observed [M+H]" 28330; KPC-2 S70C: calculated 30203 Da, observed [M+H]" 30201)
and SDS-PAGE (>95% purity).

NMR Spectroscopy

NMR experiments were performed using a Bruker AVIIIHD 600 MHz spectrometer
equipped with a Prodigy N2 broadband cryoprobe and a Bruker AVIII 700 MHz spectrometer
equipped with an inverse TCI cryoprobe. Samples were prepared using 50 mM sodium phosphate,
pH 7.5, 10 % D,0. The water signal was suppressed using pre-saturation or excitation sculpting

with perfect echo. B-Lactam degradation assays were performed using 2 mM substrate (ampicillin,
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faropenem, oxacillin, piperacillin, ticarcillin) and enzyme (Ldty, — 10 pM; OXA-48 — 10 uM;
OXA-48 S70C — 100 uM; KPC-2 — 1 uM; KPC-2 S70C — 10 uM). Chemical shift assignments
were made on the basis of IH, COSY, HSQC, and HMBC spectra.
Mass Spectrometry

LC-MS experiments were performed using a Waters Xevo G2-S QTof mass spectrometer
equipped with an Acquity UPLC system. An Aeris 3.6 pum WIDEPORE C4 200 A LC column (50
x 2.1 mm; Phenomenex) was used, with solvents A (water with 0.1 % formic acid) and B
(acetonitrile with 0.1 % formic acid) as mobile phases. The solvent gradient started at 5 % B for 1
min, then was increased to 95 % B over 5 min. Protein mass spectra were acquired using a Waters
Micromass LCT Premier XE spectrometer equipped with an Acquity UPLC system. Protein
spectra were deconvoluted using the MaxEnt 1 function in MassLynx 4.0 (Waters). Samples
consisted of enzyme (1 uM) and substrate (100 uM) prepared in 50 mM sodium phosphate, pH
7.5.
Enzyme Kinetics

Kinetic assays were performed in, at least, triplicate, using 384-well black-walled
microplates (Greiner Bio-One, PS, F-bottom, uCLEAR, black) and monitored on a BMG
LABTECH PHERAstar FS instrument. The indicated concentrations of enzyme and fluorogenic
substrate FC5"*! were prepared in 100 mM sodium phosphate, pH 7.5, 0.01 % Triton X-100.
Fluorescence intensity was measured (Acx = 380 nm and A, = 460 nm) at 298 K every 2.5 min.

Non-linear regression analysis was performed with Prism 5 (GraphPad Software).
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Synthesis of the Ampicillin-Derived Dipeptide

Ph Ph Ph Ph
: 2, : N : H\)J\ 9, - _N._COOH
H,N~ >COOH BocHN™ “COOH BocHN™ 0By HN
o) o)
2 3 1

Scheme S1: Synthesis of fragment 1: a) NaOH, Boc,0, ‘BuOH/H,0; b) i. EDCI, Et;N, ii. H-Gly-

O'Bu; ¢) TFA, CH,Cl,.

Synthesis of (S)-2-((tert-butoxycarbonyl)amino)-2-phenylacetic acid 2

NaOH (635 mg, 15.9 mmol, 1.2 equivalents) was added to D-phenylglycine (2 g, 13.2 mmol, 1
equivalent) dissolved in ‘BuOH/H,O (1:1, 15 mL), affording a clear colourless solution. To this
solution, di-tert-butyl dicarbonate (3.17 g, 14.5 mmol, 1.1 equivalents) was added. The solution
was stirred for 16 hours, before addition of EtOAc (40 mL), H,O (30 mL), and HCI (1 M, 15 mL,
1.1 N, pH ~ 3). The aqueous layer was extracted with EtOAc (3 x 50 mL), and the combined
organic extracts were washed with brine (100 mL), dried over Na,SOy, filtered and concentrated.
The crude product was purified by column chromatography (25 g cartridge, EtOAc in c-hexane
with 0.1% formic acid): 5% (3 CV) 5-30% EtOAc (over 20 CV), affording puritfied compound 2
as a clear colourless oil (2.5 g, 75%). [0]*p -119.8 (¢ 1.35, CHCl3). FT-IR vmax (cm™): 3302,
2979, 2932, 2360, 1724, 1659, 1498, 1396, 1369, 1294, 1164, 1053, 699. 'H NMR (600 MHz,
Acetone-ds) o: 7.34 (d, J= 7.5 Hz, 2H), 7.24 (t, J= 7.5 Hz, 2H), 7.19 (t, J= 7.5 Hz, 1H), 6.40 (d,
J=5Hz, 1H), 5.17 (bs, 1H), 1.27 (s, 9H). >*C NMR (151 MHz, Acetone-ds) &: 171.6, 155.0, 137.8,
128.5,128.0, 127.5, 78.6, 57.6, 27.7. HRMS (ESI") C3H;704NNa, ([M+Na]") requires 274.1055;

found 274.1045.
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Synthesis of zert-butyl (8)-(2-((tert-butoxycarbonyl)amino)-2-phenylacetyl)glycinate 3

Compound 2 (251 mg, 1 mmol, 1 equivalent), EDCI.LHCI (170 mg, 1.1 mmol, 1.1 equivalents),
and EtzN (278 puL, 2 mmol, 2 equivalents) were dissolved in CH,Cl, (5 mL). After stirring for 5
min, H-Gly-O'Bu.HCI (167 mg, 1 mmol, 1 equivalent) was added. After stirring for 16 h, H,O (15
mL) and CH,Cl;, (15 mL) were added. The aqueous layer was extracted with CH,ClI, (2 % 20 pL).
The combined organic extracts were dried over Na,SOy, filtered, and concentrated. The crude oil
was purified by column chromatography (10 g cartridge, EtOAc in c-hexane): 0% (5 CV), 0-30%
over 20 CV, affording purified compound 3 as a clear colourless oil (321 mg, 88%). [a]*p -89.7
(¢ 0.43, CHCL3). FT-IR vmax (cm™): 3316, 2979, 2933, 2361, 2341, 1715, 1666, 1497, 1392, 1368,
1247, 1161, 1049, 698. "H NMR (600 MHz, CDCl3) 8: 7.36 — 7.27 (m, 4H), 7.27 — 7.23 (m, 1H),
6.14 (s, 1H), 5.66 (s, 1H), 5.11 (s, 1H), 3.92 (dd, J=18.5, 4.5 Hz, 1H), 3.76 (dd, J=18.5, 4.5 Hz,
1H), 1.37 (s, 9H), 1.34 (s, 9H). >C NMR (151 MHz, CDCl;) &: 170.0, 168.4, 155.1, 138.2, 129.1,
128.4,127.3, 82.6, 80.2, 58.7, 42.3, 28.3, 28.0. HRMS (ESI") C;5sH»00sN,Na, ((M+Na]") requires

331.1270; found 331.1254.

Synthesis of (S)-(2-amino-2-phenylacetyl)glycine 1

Compound 3 (321 mg) was dissolved in trifluoroacetic acid (TFA) (3 mL) and CH,ClI;, (3 mL),
and stirred for 3 h, before coevaporating the TFA with CH,Cl, (3 x 10 mL). The crude oil was
purified by preparative scale HPLC, affording a white solid (. 13 min). [0]*p -83.7 (¢ 1.07,
MeOH). FT-IR vmax (cm™): 3070, 2938, 2637, 1668, 1539, 1192, 1140, 724, 699. "H NMR (600
MHz, D,0) &: 7.50 — 7.43 (m, 5H), 5.16 (s, 1H), 3.93 (dd, J = 18.0, 7.5 Hz, 2H). *C NMR (151

MHz, D,0) 6: 173.1, 169.0, 131.6, 130.4, 129.6, 128.2, 56.6, 41.4. These NMR data are consistent
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with the previously characterised enantiomer of 1, i.e., (R)-(2-amino-2-phenylacetyl)glycine.

HRMS (ESI") CioH,03N,Na, ([M+Na]") requires 231.0746; found 231.0734.
Computational Methodology

Density functional theory (DFT) calculations were performed with Gaussian09'® and
quasi-harmonic corrections were applied to the energy outputs using the GoodVibes script
developed by Paton and Funes-Ardoiz.[”) A linear regression model (Figure S12) was calculated
comparing experimental pK, values® of 11 compounds against pK, values obtained at the M06-
2X/6-31++g(d,p) ! level of theory with implicit polarizable continuum model (PCM) solvation!'”’
in DMSO. Following benchmarking with DMSO, the calculations were repeated in aqueous
conditions. The pK, values were calculated from AG for acid dissociation in solution where:

AG =G (HY)+ G(A) — G(AH)
and
pKa = AG/2.303RT

Values of -273.3 kcal/mol and -265.9 kcal/mol were used for the H' solvation term''!! i

n
DMSO and water, respectively; the temperature was set at 298.15 K. A strong correlation
coefficient was obtained (R* = 0.95, RMSE 1.8). This model (y = 1.028x — 0.733) was then used
to calculate pK, values of models of the predicted thioester and ester enolate fragmentation

products of ampicillin and faropenem in DMSO. Once the DFT level of theory and basis set were

benchmarked, they were applied to these systems in water.
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Figure S1. Mass spectra for the complexes derived from incubation of Ldty,; with a panel of
B-lactams. Purified Ldty, (1 pM) was treated with a 100-fold excess of (A) ampicillin for 140
min, (B) piperacillin for 2 h, (C) ticarcillin for 2 h, (D) sulopenem for 20 min, (E) cephalothin for
3 h, (F) cefapirin for 3 h, (G) cefotaxime for 3 h, (H) meropenem for 10 min, (I) imipenem for 30
min, and (J) ertapenem for 30 min. Samples were prepared in 50 mM sodium phosphate, pH 7.5.
The black chromatograms represent Ldty, alone, while the red chromatograms represent the
mixture of Ldtyy, with a B-lactam antibiotic. Proposed structures consistent with the observed mass
shifts for the acylated products are highlighted in pink. Note that the tautomeric

states/stereochemistries of the imipenem and ertapenem-derived pyrroline rings are not known.
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Figure S2. C5-C6 fragmentation of the oxacillin-derived Ldty; acyl-enzyme complex. Mass
spectra showing the accumulation over time of Ldtwy, acylated with the oxacillin C5-C6

fragmentation product. Ldtye (1 uM) and oxacillin (100 uM) were prepared in 50 mM sodium

phosphate, pH 7.5. The signals observed are consistent with the masses of the proposed adducts.
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Figure S3. Characterization of Ldty, C354S. Mass spectra showing the absence of acylation of
Ldtye C354S (2.2 uM), in comparison to wild-type Ldtye (1.6 uM; ertapenem measured with 4.4
uM enzyme), upon treatment with (A) ertapenem (100 uM) for 10 min (wild-type) or 50 min
(C354S variant), (B) oxacillin (100 uM) for 50 min (wild-type) or 70 min (C354S variant) (see
Figure S2 for more detail), (C) ceftidoren (100 uM) for 5 min (both enzymes), and (D) faropenem
(100 uM) for 20 min (wild-type) or 50 min (C354S variant). Samples were prepared in 50 mM
sodium phosphate, pH 7.5. The proposed structures of the acyl-enzyme complexes are shown with
a pink background. Wild-type Ldtuy, in the absence of B-lactam was observed at 40440 Da, while
Ldtye C354S in the absence of B-lactam was observed at 40420 Da. Black spectra: wild-type

Ldtyme with the indicated B-lactam; red spectra: Ldtyen C354S with the indicated B-lactam.
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Ser337
His336 /

Ldt,,, (253-385) PBP5 (3-251)

Figure S4. Comparison of the active sites of Ldtyi; and PBPS. View of the active sites derived
from crystal structures of (A) Ldtyy from Mycobacterium tuberculosis (PDB 3VYO)!' and (B)
PBP5 from Pseudomonas aeruginosa (PDB 4K91).'"" Active site residues, including the
nucleophiles Cys354 (Ldtm) and Ser4l (PBPS), are shown in blue. The N- and C-termini are

indicated by N and C, respectively.
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Table S1. Michaelis-Menten kinetic constants for the enzyme-catalysed hydrolysis of FC

by OXA-48 and OXA-48 S70C.

Enzyme OXA-48 OXA-48 S70C
[E]/nM 5 25

Kn/ uM 56+6 6.8+0.9

Viax/ pM ! 0.100 + 0.006 0.0167 + 0.0007
keat /8 20+ 1 0.667 + 0.029
kea/ K / pM™ s 1036 +0.06 0.098 £ 0.017

5141
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Table S2. Chemical shift assignments for ampicillin.

Position | °C (ppm) H (ppm)
1

2 66.8

3 76.1 4.17

4

5 69.1 5.48

6 60.9 5.47

7 177.0

8,9 29.2,33.0 1.44,1.49
10 177.1

11

12

13

14

15,16,17 | 130.4,131.9 | 7.46 (m)

Table S3. Chemical shift assignments for the ampicillin-derived hydrolysis product.

Position | °C (ppm) H (ppm)
1

2 61.4

3 78.2 3.14

4

5 68.5 5.07

6 62.6 4.26

7 178.9

8,9 28.8,29.0 1.15,1.24
10 178.1

11

12 174.7

13 60.6 4.92

14 138.9

15,16,17 | 130.1, 132.2 | 7.50 (m)
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Table S4. Chemical shift assignments for the ampicillin-derived dipeptide.

-

Position | ”C (ppm) | "H (ppm)
1 179.5

2 46.1 3.67.3.86
3

4 174.0

5 60.3 5.04

6 138.2

7.8.9

Table S5. Chemical shift assignments for the ampicillin-derived dihydrothiazole.

Position | °C (ppm) H (ppm)
1

2 61.7

3 89.8 4.50

4

5 164.4 8.20

6,7 28.0,32.2 1.42,1.65
8 178.6
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Figure S5. Degradation of ampicillin by KPC-2 and KPC-2 S70C. 'H-NMR spectra (600 MHz)
showing the methyl group resonances of the products formed by KPC-2 (1 uM), KPC-2 S70C (10
uM), and OXA-48 S70C (100 uM) with ampicillin (2 mM) in 50 mM sodium phosphate, pH 7.5,
10 % D,0O. Chemical shift assignments are listed in Table S2 (ampicillin), Table S3 (ampicillin-
derived hydrolysis product), and Table S5 (ampicillin-derived dihydrothiazole product). These

signals correspond to the methyl group protons indicated by asterisks in the structures on the right.
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Figure S6. LC-MS analyses of the products formed by OXA-48 S70C with ampicillin.

Extracted ion chromatograms at (A) m/z 160 and (B) m/z 209, for ampicillin, the mixture of OXA-

48 with ampicillin, and the mixture of OXA-48 S70C with ampicillin. Peaks corresponding to the

ampicillin-derived dihydrothiazole (calculated 159.04 Da, observed [M+H]" 160.05) and dipeptide

(calculated 208.08, observed [M+H]" 209.10) products were observed for the mixture of OXA-48

S70C and ampicillin. In-source fragmentation of ampicillin yielded a signal at m/z 160, while in-

source fragmentation of the ampicillin hydrolysis product (formed by OXA-48 and OXA-48

S70C) yielded peaks at m/z 160 and m/z 209. Samples consisted of 100 uM ampicillin and 1 uM

enzyme in 50 mM sodium phosphate, pH 7.5, and were incubated for 10 min before injection onto

the LC-MS. Chromatogram intensities are normalised to the intensity of the strongest peak.
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NHy |,

N vCOzH
o ampicillin hydrolysis product o
0 / OXA-48 S70C + ampicillin

(EIC m/z 209)

d A_A OXA-48 S70C + ampicillin
D-Phg-Gly dipeptide
D-Phg-Gly dipeptide (EIC m/z 209)

T T T T T T T T T J v ' ! ' ' ' !
395 390 3.85 3.80 375 370 3.65 3.60 355 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0
1 (ppm) Retention time (min)

Figure S7. Comparison of OXA-48 S70C products with synthetic D-phenylglycine (Phg)-Gly
dipeptide. (A) NMR spectra (700 MHz) comparing the synthetic D-Phg-Gly dipeptide to the
ampicillin fragmentation product formed by OXA-48 S70C. The NMR signals correspond to the
methylene position indicated with an asterisk in the chemical structure. The chemical shift
assignments for the synthetic dipeptide are consistent with the assignments for the ampicillin-
derived dipeptide (Table S4). (B) Extracted ion chromatograms (m/z 209) of the synthetic D-Phg-

Gly dipeptide and the mixture of OXA-48 S70C with ampicillin.
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Figure S8. NMR profiles of penicillin hydrolysis and fragmentation products. 'H NMR
spectra (600 MHz) showing the products formed following the treatment of the penicillins (A)
ampicillin, (B) oxacillin, (C) piperacillin, and (D) ticarcillin (all 2 mM) with OXA-48 (10 uM),
OXA-48 S70C (100 uM), KPC-2 (1 uM), KPC-2 S70C (10 uM), and Ldtymp (10 uM). Samples
were prepared in 50 mM sodium phosphate, pH 7.5, 10 % D,O. See Figure S5 for the structures

of ampicillin, the ampicillin hydrolysis product, and the ampicillin fragmentation products.
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Table S6. Chemical shift assignments for faropenem.

Position | ”C (ppm) | "H (ppm)
1

2

3

4

5 65.0 5.52 .
6 714 381

7 178.8

8 67.7 417

9 22.9 1.24

10

11 776 5.44

2 36.0 1.84,231
13 285 1.89, 1.99
14 725 378, 3.88

Table S7. Chemical shift assignments for the faropenem-derived hydrolysis products.

Major Product” Minor Product
Position® | °C (ppm) H (ppm) H (ppm)
1
2 142.1
3 171.6
4
5 84.6 5.95 5.93
6 66.1 2.58 2.61
7 180.2
8 71.2 4.18 4.07
9 22.2 1.20 1.20
10 181.5
11 129.5 6.07 6.02
12 32.6 2.15 2.15
13 31.9 1.68 1.67
14 64.0 3.56 3.56

*Note that the stereochemistry of the exocyclic double bond is unclear based on these NMR data.
®Note that two sets of signals were observed for the faropenem hydrolysis product. The coupling
between the protons on C-5 and C-6 differed between the major (J/ = 9.6 Hz) and minor (J = 7.6
Hz) products. Additionally, long range coupling between the C-5 and C-11 protons gave rise to
similar coupling constants for the major (J = 1.4 Hz) and minor (J = 1.6 Hz) products. Based on
these observations, we have assigned these two products as likely C-5 epimers.
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Table S8. Chemical shift assignments for faropenem-derived 3-hydroxybutyrate.

Position | ”C (ppm) | "H (ppm)
1 183.24

2 49 4 231,240
3 68.9 415

4 24.7 1.20

OH
. _coH
4 8 2 1

Table S9. Chemical shift assignments for the faropenem-derived thiazole.

Position | °C (ppm) | 'H (ppm)
1

2 154.8 8.77

3

4

5 149.5

6

7 78.1 5.76

8 38.3 1.87,2.53
9 283 2.06

10 72.1 391,4.11

é Q 10
2( 5 ~ 9
\ 7
N / 5
N CO.H
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A B oxacillin oxacillin

oxacillin hydrolysis (401 Da)
product (419 Da)

oxacillin fragmentation oxacillin hydrolysis thiazoline
product (260 Da) product (419 Da) product

(159 Da)
: S .
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e EoH
o) COQHH
Oxacillin Oxacillin
EIC m/z 261 EIC m/z 160
OXA-48 + oxacillin OXA-48 + oxacillin
EIC m/z 261 EIC m/z 160
OXA-48 S70C OXA-48 S70C
EIC m/z 261 l I EIC m/z 160
OXA-48 S70C + oxacillin OXA-48 S70C + oxacillin
EIC m/z 261 EIC m/z 160
—_
Ldt,,, Ldt,,,
EIC m/z 261 EIC m/z 160
Ldt,,, + oxacillin Ldt,,, + oxacillin
EIC m/z 261 EIC m/z 160
T T T T 1 T T T T 1
1 2 3 4 5 1 2 3 4 5
Retention time (min) Retention time (min)

Figure S9. LC-MS analyses of the products of Ldty and oxacillin. Extracted ion
chromatograms at (A) m/z 261 and (B) m/z 160, comparing the assigned products of OXA-48 (1
uM), OXA-48 S70C (1 uM) and Ldtye, (1 pM) with oxacillin (100 pM). Samples were prepared
in 50 mM sodium phosphate, pH 7.5, and were incubated for 10 min (OXA-48, OXA-48 S70C)
or 30 min (Ldty) before injection. These results imply that OXA-48 S70C and Ldtyy, form the
same fragmentation products from oxacillin, i.e., an N-acylated glycine (m/z 261) and a

dihydrothiazole (m/z 160). Note that in-source fragmentation was observed for oxacillin (m/z 160)
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and the oxacillin-derived hydrolysis product (m/z 160, m/z 261). The intensities of the
chromatograms are normalised according to the intensity of the most intense peaks (with the

exception of the Ldtwvp/oxacillin m/z 160 extracted ion chromatogram).
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faropenem 3-hydroxybutyrate
HO |, H HO
N s 0 .
)j;u'// ' )j\

o COH 07 0OH

m

HO S{\—J
AL p-cou

faropenem
hydrolysis product
OH

GO,H

KPC-2 S70C + Faropenem

Jh_

KPC-2 + Faropenem

M Faropenem

T T T T T T T T T !
1.40 1.35 1.30 1.25 1.20 115
1 (ppm)

Figure S10. Products of KPC-2 and KPC-2 S70C with faropenem. 'H-NMR spectra (600 MHz)
showing the assigned products formed by KPC-2 (125 nM) and KPC-2 S70C (10 uM) with
faropenem (1 mM) in 50 mM sodium phosphate, pH 7.5, 10 % D,0. Chemical shift assignments
are listed in Table S6 (faropenem), Table S7 (faropenem-derived hydrolysis product), and Table
S8 (faropenem-derived 3-hydroxybutyrate). The peaks correspond to the methyl groups indicated
with asterisks on the chemical structures. Note that evidence for epimerisation was observed of the

faropenem-derived hydrolysis product (see Table S7).
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Figure S11. Comparison of "H-*C-HSQC NMR spectra for the products formed by Ldtwy
and OXA-48 S70C with faropenem. 'H-">C-HSQC spectra (700 MHz) showing the thiazole
product formed by (A) Ldtmy, with faropenem, and (B) OXA-48 S70C with faropenem. (C)
Structure of the faropenem-derived thiazole product. The correlation indicated in panels A and B
corresponds to the proton and carbon indicated with asterisks. (D) "H NMR spectra (600 MHz)
comparing the products formed by Ldtyy, (100 uM) and OXA-48 (2.5 uM) with faropenem (1
mM). After 20 h incubation of Ldtyy, with faropenem, signals corresponding to 3-hydroxybutyrate
were observed. Low levels of the hydrolysis product could also be observed in this sample, based
on a comparison to the spectrum of OXA-48 and faropenem; these signals (in the spectrum

showing Ldtym and faropenem) likely result from non-enzymatic faropenem hydrolysis.
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Figure S12. Plot of computationally calculated pK, values vs. experimental pK, values used
to derive thioester enolate and ester enolate pK, values. The experimental pK, values are from

Zhang et al.™*
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Table S10. Calculated AG values with experimentally and computationally derived pK,

values for model compounds.

Compound AG (kcal/mol)* Expt. pK,’ Comp. pK,
PhSCH; 56.7 39 41.6
CH;CN 41.6 31.3 30.6
PhCOCHj; 34.5 24.7 253
CH;CONEt, 48.6 35 35.7
CH;CO,Et 41.6 29.5 30.5
CH;COCH; 37.3 26.5 27.3
PhSO,CH3 35.6 29.0 26.2
PhCHj; 56.6 43.0 41.5
CH,(CO;Et), 18.3 16.4 13.4
PhCH,SPh 42.4 30.8 31.1
PhCH,COCHj; 30.8 19.9 22.6

a. M06-2X/6-31++g(d,p) in DMSO.

b. See Zhang et al.l*!
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Table S11. Calculated AG and computationally derived pK, values for models of the

fragmentation-derived complexes. Values were obtained using the model shown in Figure S12.

DFT calculations were performed in DMSO and water for the ampicillin thioester (CAmp) and

ester (SAmp) enolate models and faropenem thioester (CFaro) and ester (SFaro) enolate models

(in which the cysteine and serine side chains were replaced with methyl groups).

DMSO Water
AG AG
Compound (kcal/mol)® Comp. pK, Extrapol. pK, | (kcal/ mol)”  Comp. pK,°
CAmp 24.8 18.2 19.5 352 23.3
SAmp 34.5 25.3 26.7 45.1 30.5
CFaro 31.7 233 24.7 42.1 28.3
SFaro 40.5 29.7 31.2 50.8 34.7

"M06-2X/6-31++g(d,p) in DMSO.
"M06-2X/6-31++g(d,p) in water.

‘RMSE = 1.8.
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Table S12. XYZ coordinates and quasi-harmonic corrected Gibbs energy of compounds

optimized using M06-2X/6-31++g(d,p) in DMSO.

CH,(CO,Et),
E=-574.527408 a.u.
Atom

C

I T T I T o000 o000 ITITo0oo0onoo0OITITITIT T O

X
4.468
3.034
5.056
4.899
4.526
2.965
2.593
2.304
1.013
0.438
0.331
0.808
0.419
-1.123
-1.558
-1.863
-3.263
-3.896
-3.702
-3.342
-4.961
-3.789
-3.435

Y
-0.548
-0.17
-0.481
0.129
-1.572
0.858
-0.847
-0.288
0.037
-0.093
0.57
1.504
-0.155
0.845
1.932
-0.256
-0.119
-1.483
0.615
0.264
-1.417
-1.851
-2.201

z

-0.378
-0.672
-1.296
0.363
-0.001
-1.036
-1.41
0.569
0.657
1.715
-0.59
-0.899
-1.404
-0.283
0.028
-0.386
-0.061
-0.209
-0.741

0.96
0.025
-1.233
0.474

PhCH,SPh
E =-900.401501 a.u.
Atom

C

I T T O I OIIT O OOOw I T O I T OO0 O0O0

X
4.064
2.693
2.016
2.731
4.103
4.772

4.58
2.141
2.21
4.649
5.84
0.531
0.205
0.234
-0.334
-2.03
-2.608
-2.784
-3.928
-2.024
-4.109
-2.331
-4.681
-4.371
-4.691
-5.711

Y
-1.218
-1.153
0.068

1.225
1.163
-0.059
-2.171
-2.056
2.177
2.068
-0.107
0.128
-0.661
1.099
-0.12
-0.044
1.187
-1.216
1.24
2.098
-1.157
-2.169
0.069
2.197
-2.07
0.113

z

0.247
0.489
0.419
0.092
-0.151
-0.074
0.311

0.74
0.033
-0.398
-0.262
0.651
1.333
1.054
-0.956
-0.395
-0.066
-0.291
0.378
-0.159
0.142
-0.545

0.48
0.636
0.217

0.82

PhCH,COCH;

E=-423.914283 a.u.

Atom

C

I T T o0 OO I T OII I I I T OOO0O0O0

X
2.303
0.971

0.3
0.988
2.321
2.982
2.812
0.446
0.476
2.842

4.02
-1.148
-1.375
-1.397
-2.126
-1.758
-3.583
-4.209
-3.764
-3.841

Y
1.211
1.233
0.046
-1.166
-1.193
-0.003
2.142
2.182
-2.095
-2.142
-0.021
0.069
-0.752
0.992
-0.062
-0.29
0.114
-0.18
1.167
-0.469
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Z
0.215
-0.196
-0.503
-0.393
0.017
0.323
0.447
-0.281
-0.632
0.096
0.64
-0.911
-1.603
-1.448
0.252
1.388
-0.096
0.746
-0.334
-0.984



E =-1085.286470 a.u.

Ato

(@]

oOocOOITIT ZIT T T O WLWIIOIZIOTIIIIITOOOnN O o

CAmp

m X

0.002
1.082

1.098

0.042
-1.044
-1.057
-0.024
1.942
0.065
-1.869
-1.896
2.247
3.173
1.369
1.44
0.154
-0.112
0.316
-2.527
-3.58
-4.546
-3.137
-3.698
2.201

3.02
2.257
2.271
3.124
-1.024
-0.954

Y

1.213
1.128

1.939

2.804
2.876
2.083
0.591
1.883
3.424
3.55
2.132
0.172
0.736
-1.894
-2.496
-1.982
-3.036
-1.557
-1.365
-0.342
-0.269
0.65
-0.807
-0.46

-1.049
0.258
-0.88

-0.801

-1.275

-0.712

Zz

1.262
0.383

-0.758

-1.026
-0.15
0.995
2.152

-1.441

-1.917

-0.358
1.683
0.608
0.439

-0.508
-1.32
0.263
0.396
1.256
0.545

-0.514

-0.015

-0.619

-1.492
1.924

2.048
2.643
-0.514
-1.396
-0.406
-1.472

SAmp
E=-762.335973 a.u.
Atom

C

OO0OnNmMONDh IT IT Z I I I ONOIIOTI2ZZIOTIIIIIOO O OO0

X
-2.012
-2.081
-2.955

-3.752

-3.678
-2.805
-1.336
-3.016
-4.431
-4.297
-2.745
-1.193
-1.510
0.521
-0.227
1.876
1.872
2.393
4.831
5.843
4.705
4.597
-1.231
-0.510
-2.129

0.278
1.182
2.666
2.186
3.972

Y
-0.478
0.397
0.110

-1.037

-1.904
-1.622
-0.250
0.787
-1.247
-2.795
-2.295
1.623
2.229
0.193
-0.461
-0.160
-0.989
0.683
-1.023
-0.949
-0.372
-2.053
2.365
3.082
2.832

1.291
2.038
-0.591
-0.915
-0.590

z
1.124
0.033

-1.017

-0.983

0.105
1.159
1.944
-1.864
-1.804
0.134
2.009
-0.021
-0.887
-1.063
-1.247
-1.390
-2.101
-1.855
0.641
0.250
1.508
0.914
1.234
1.212
1.324

-0.316
0.054
-0.163
0.899
-0.425

CFaro
E=-744.918819 a.u.
Atom X

C 0.873
1.742
3.201

1.581

-0.628
-1.348
1.139
1.383
3.325
3.554
3.822
1.984
1.069
-1.304
-3.041
-3.151
-3.587
-3.417

I T T O W I T T T T T T O O oo

Y
0.937
-0.154
0.277

-1.308

0.808
1.786
1.914
-0.376
1.138
0.546
-0.539
-2.067
0.970
-0.835
-0.386
0.220
-1.323
0.163

z

0.311
-0.302
-0.360

0.520

0.130
0.092
-0.100
-1.318
-1.022
0.641
-0.741
0.080
1.392
-0.005
-0.253
-1.153
-0.366
0.610
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SFaro

E=-421.964707 a.u.

Atom
C

I I T OIOIIIIITIITOOO0OOO

PhCOCH;

E =-384.645468 a.u.

Atom

I T ITOO0OOIIIIITOOOOOON

X
-0.481
-1.630
-2.980
-1.406

0.845
1.064
-0.595
-1.575
-3.145
-3.029
-3.787
-2.051
1.777
-0.482
3.079
3.022
3.694
3.478

X
-1.966
-0.579

0.204
-0.421
-1.812
-2.584
-2.568
-0.082

0.169
-2.291
-3.668

1.696

2.212

2.544

3.595

2.327

2.328

Y
-0.837
0.124
-0.522
1.240
-0.207
0.420
-1.730
0.455
-1.369
-0.877
0.200
1.928
-0.429
-1.149
0.108
1.194
-0.170
-0.321

Y
-1.135
-1.224
-0.062

1.190
1.279
0.118
-2.038
-2.189
2.101
2.252
0.188
-0.201
-1.308
1.047
0.764
1.657
1.656

z
0.043
-0.223
0.049
0.638
-0.305
-1.321
-0.582
-1.268
-0.623
1.083
-0.109
0.434
0.627
1.090
0.356
0.260
1.208
-0.564

z
0.000
0.000
0.000
-0.000
-0.000
-0.000

0.000

0.000
-0.000
-0.000
-0.000
-0.000
-0.000

0.000
-0.000
-0.882

0.883

PhSCH; CHsCN
E =-669.508004 a.u. E=-132.686570 a.u.
Atom X Y z Atom X Y
C -1.833 1.275 -0.089 C 0.000 0.000
C -0.466 1.131 -0.321 N 0.000 0.000
C 0.128 -0.133  -0.245 C 0.000 0.000
C -0.657 -1.251 0.050 H 0.000 1.028
C -2.027 -1.105 0.267 H 0.890 -0.514
C -2.616 0.157 0.203 H -0.890 -0.514
H -2.287 2.260 -0.149
H 0.141 1.998 -0.567
H -0.193 -2.231 0.112
H -2.632 -1.977 0.495
H -3.681 0.271 0.376
S 1.878 -0.332  -0.552
C 2.552 0.455 0.946
H 2.215 -0.076 1.837
H 3.639 0.390 0.874
H 2.258 1.504 0.997
CH3CONEt, CH3CO,Et
E=-366.161128 a.u. E =-307.502556 a.u.
Atom X Y z Atom X
C 2.136 -0.959  -0.300 C 2.133
H 1.680 -1.640 -1.023 H 1.994
H 2.372 -1.529 0.603 H 2.090
H 3.060 -0.559 -0.714 H 3.097
C 1.230 0.213 0.021 C 1.034
0] 1.649 1.374 -0.078 0] 1.195
N -0.039 -0.044 0.419 0] -0.176
C -0.594 -1.387 0.582 C -1.311
C -1.574 -1.765  -0.524 C -2.556
H -1.095 -1.422 1.556 H -1.253
H 0.223 -2.106 0.625 H -1.255
H -1.929 -2.788 -0.376 H -3.442
H -2.444 -1.103  -0.524 H -2.587
H -1.091 -1.700  -1.505 H -2.589
C -0.925 1.092 0.681
C -1.424 1.771  -0.592
H -0.383 1.813 1.299
H -1.767 0.713 1.268
H -2.067 2.618 -0.337
H -0.579 2.143  -1.176
H -1.999 1.078 -1.211

Zz
0.280
1.436

-1.182
-1.548
-1.548
-1.548

Y
-0.885
-1.584
-1.457
-0.388

0.138
1.342
-0.434
0.455
-0.404
1.103
1.081
0.236
-1.027
-1.050
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z
0.001
-0.827
0.931
-0.083
-0.004
-0.003
-0.001
0.008
-0.004
-0.870
0.903
0.003
-0.901
0.876



CH;COCH;

E=-193.022725 a.u.

Atom
C

I T ToIITIToOO

X
-0.000
-0.000

1.284
2.137
1.393
1.250
-1.284
-1.393
-1.250
-2.137

Y
0.179
1.398
-0.612

0.047
-1.114
-1.392
-0.612
-1.114
-1.392

0.047

z
0.000
-0.000
-0.003
-0.169
0.964
-0.769
0.003
-0.965
0.769
0.169

PhSO,CH3

E =-819.843320 a.u.

Atom
C

I I ITO00WLWIIIIITOOOOON

X
-2.431
-1.041
-0.326
-0.968
-2.363
-3.091
-3.000
-0.518
-0.411
-2.876
-4.175

1.451
1.849
1.849
2.116
1.804
1.804
3.198

Y
-1.157
-1.203
-0.004

1.231
1.262
0.074
-2.081
-2.155
2.161
2.217
0.105
-0.164
-0.820
-0.820
1.487
2.007
2.007
1.344

Z
0.000
0.000
0.000

-0.000
-0.000
0.000
0.000
0.000
-0.000
-0.000
0.000
-0.000
1.255
-1.255
0.000
-0.905
0.905
0.000

PhCH;

E=-271.355550 a.u.

Atom
C

I T T OIITITITITOOOOO

X
-1.201
0.194
0.913
0.197
-1.197
-1.902
-1.740
0.734
0.740
-1.734
-2.988
2421
2.795
2.823
2.822

Y
1.204
1.203
0.002

-1.201
-1.206
-0.002
2.147
2.146
-2.143
-2.150
-0.003
0.001
-0.103
-0.832
0.932

z
0.002
-0.009
-0.011
-0.009
0.002
0.008
0.002
-0.017
-0.017
0.002
0.013
0.009
1.033
-0.574
-0.398
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Table S13. XYZ coordinates and quasi-harmonic corrected Gibbs energy of compounds

optimized using M06-2X/6-31++G(d,p) in water.

CAmp
E = -1085.286773a.u.

Atom
C

OO 0O IIZIIIOWVWIIOIZIOIIIIITIOOOOO

X
0.001
1.080
1.092
0.035

-1.050
-1.061
-0.024
1.936
0.055
-1.877
-1.899
2.247
3.171
1.372
1.444
0.157
-0.107
0.320
-2.524
-3.579
-4.545
-3.136
-3.697
2.203
3.023
2.257
2.274
3.127
-1.022
-0.953

Y
1.213
1.129
1.938
2.800
2.872
2.081
0.593
1.882
3.418
3.544
2.130
0.176
0.742
-1.891
-2.492
-1.981
-3.035
-1.556
-1.368
-0.346
-0.275

0.645
-0.812
-0.456
-1.043

0.262
-0.876
-0.797
-1.275
-0.712

Zz
1.263
0.383

-0.759
-1.028
-0.150
0.996
2.154
-1.444
-1.921
-0.359
1.685
0.608
0.439
-0.508
-1.321
0.263
0.395
1.256
0.545
-0.513
-0.014
-0.619
-1.491
1.924
2.048
2.643
-0.513
-1.395
-0.406
-1.472

Atom
C

OCO0OOCO0OOIITZIIIOIIOIZITOIIIIITIOOOOO

SAmp

E= -762.336314 a.u.

X
-2.003
-2.079
-2.957
-3.751
-3.670
-2.793
-1.323
-3.024
-4.433
-4.287
-2.727
-1.194
-1.512

0.522
-0.224
1.879
1.877
2.398
4.823
5.837
4.688
4.590
-1.236
-0.514
-2.133
0.277
1.180
2.662
2.177
3.970

Y
-0.486
0.395
0.112
-1.037
-1.910
-1.632
-0.261
0.795
-1.244
-2.803
-2.310
1.624
2.232
0.207
-0.448
-0.144
-0.965
0.704
-1.031
-0.948
-0.393
-2.065
2.363
3.080
2.829
1.297
2.041
-0.591
-0.929
-0.585

Zz
1.120
0.035

-1.013
-0.982
0.100
1.153
1.938
-1.856
-1.800
0.128
1.998
-0.016
-0.880
-1.069
-1.257
-1.394
-2.115
-1.846
0.643
0.260
1.518
0.900
1.241
1.223
1.331
-0.311
0.068
-0.168
0.887
-0.423

CFaro

E= -744.918988 a.u.

Atom
C

T I T OWIIIIIIITOOOOO

X
0.873
1.742
3.201
1.581

-0.628
-1.347
1.139
1.383
3.324
3.555
3.822
1.984
1.069
-1.304
-3.041
-3.151
-3.587
-3.417

Y
0.936
-0.154
0.277
-1.308
0.808
1.786
1.914
-0.375
1.139
0.545
-0.538
-2.067
0.968
-0.835
-0.386
0.220
-1.322
0.163

0.312
-0.302
-0.360

0.519

0.131

0.092
-0.097
-1.318
-1.021

0.641
-0.742

0.079

1.393
-0.004
-0.254
-1.154
-0.367

0.610
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SFaro
E=-421.964896 a.u.
Atom

I I IOIOIIIIIIOOOOOO

X
-0.489
-1.622
-2.983
-1.367

0.843
1.078
-0.623
-1.569
-3.168
-3.032
-3.776
-2.012
1.755
-0.492
3.055
2.986
3.654
3.482

Y
-0.810
0.066
-0.450
1.371
-0.315
-0.049
-1.835
0.093
-1.448
-0.502
0.215
1.986
-0.209
-0.826
0.239
1.234
0.263
-0.456

Zz
0.268
-0.249
0.193
0.269
-0.240
-1.401
-0.095
-1.346
-0.216
1.285
-0.160
-0.101
0.730
1.360
0.324
-0.118
1.232
-0.400
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