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This file includes Supplementary Results (Supplementary Figures/Legends 1 − 3, 

Supplementary Tables 1 − 7).  

 



Supplementary Results 

 

Supplementary Figure 1. Collateral sensitivities underlie suppression of adaptation 

to β-lactam combinations in MRSA N315. MRSA N315 adapted to single β-lactam 

drugs, or drugs in combinations after 11-day passage, with the concentrations of drug 

adaptation, is listed along the Y-axis. Subsequent screening of the adapted MRSA N315 

strains against β-lactam combinations or single drugs is shown along the X-axis, along 

with the wild-type MIC of the drug(s) against MRSA N315. Blue shades indicate 

collateral sensitization of a MRSA N315 strain to single drugs and/or combinations, after 

prior adaptation to single and/or double drug combinations. Red shades indicate collateral 

resistance. Grey shading indicates no change in MIC. Darker shading indicates increased 

fold-change for the MIC of adapted MRSA N315 to the drug(s) tested after adaptation. 

For example, adaptation of MRSA N315 to piperacillin (PI) after growth in CAMHB+PI 

100 µg/ml yields collateral sensitivity to meropenem (ME), as shown by a 9-fold drop in 

MIC of ME. Adaptation of MRSA N315 to CAMHB+ME 33.3 µg/ml results in a 3-fold 

drop in MIC of PI, indicative of reciprocal collateral sensitivity of MRSA N315 to these 

two β-lactam drugs. MIC values for ME/PI/TZ against MRSA N315 from each 

compound or combination in column 1 is reflected in Supplementary Table 6, Row 11. 



ME = meropenem, PI = piperacillin, TZ = tazobactam, AX = amoxicillin, CF = cefdinir, 

CP = cefepime, CX = cefoxitin, DC = dicloxacillin, IM = imipenem.  

 

Supplementary Figure 2. Genomic duplication in MRSA N315 adapted to 

piperacillin/tazobactam. Histogram showing the total read coverage across the genome 

of N315 adapted to a, meropenem/tazobactam for five days, b, tazobactam alone for two 

days, c, piperacillin/tazobactam for six days, and d, piperacillin/tazobactam for 11 days. 

Average per-base read coverage across the entire genome and only in the region indicated 

by the red box are, respectively: a) 116.6 reads/bp and 126.6 reads/bp; b) 124.5 reads/bp 

and 128.9 reads/bp; c) 157.8 reads/bp and 302.2 reads/bp; and d) 120.1 reads/bp and 

230.6 reads/bp. Clones in a and b were chosen to be representative of all non-

piperacillin/tazobactam adaptations.  



 

Supplementary Figure 3. Proposed mechanism of synergy of 

meropenem/piperacillin/tazobactam (ME/PI/TZ) against MRSA. Our data support 

the proposed synergistic mode of action against cell-wall synthesis in MRSA involving: 

I.) suppression of transpeptidation by PBP1 at the division septum by carbapenems, II.) 

suppression of transpeptidation by PBP2 by penams (penicillins), III.) suppression of β-

lactamase activity against penams by β-lactamase inhibitors, and IV.) allosteric opening 

of the active site of PBP2a by meropenem, allowing inhibition by meropenem or by other 

β-lactams. 

 



Supplementary Table 1. 23 antibacterial compounds used to formulate 

combinations in this study. Compounds are grouped by target mechanism of action. 

*Compound not formally classified as an antibiotic drug, but has known antibacterial 

properties. 



 

 



Supplementary Table 2. Fractional Inhibitory Concentration Index (FICI) profiling 

of combinations. a, Interpretive criteria for FICI scoring. b, FICI profiles of various 

triple combinations of carbapenems/penicillins/β-lactamase inhibitors against MRSA and 

MSSA strains. c, MIC profiles of same combinations (µg/ml). Constituent double 

combinations are shown for comparison.   



Supplementary Table 3. Compiled FICI data for ME/PI/TZ against MRSA N315 

and 72 clinical MRSA isolates. a, b, 72 clinical MRSA isolates (with SCCmec type, if 

known) and FICI scores for ME/PI/TZ against 72 clinical MRSA isolates.  



 



Supplementary Table 4. Compiled MIC and MBC data for ME/PI/TZ against 

MRSA isolates. a, Distribution of MIC resistance profiles of studied MRSA isolates 

against ME/PI/TZ. b, Confirmation of minimum bactericidal concentration (MBC) for 

ME/PI/TZ in MRSA N315. MRSA N315 was grown overnight at 37 °C in CAMHB 

media + indicated concentrations of ME/PI/TZ per well, in triplicate. * indicates liquid 

MIC of MRSA N315. 100 µl aliquots of 1:100 dilutions of 50 µl MRSA N315 culture 

from wells containing ME/PI/TZ at indicated concentrations were plated in duplicate 

onto MHA plates and incubated for 24 h. No colony growth at or two dilutions above the 

MIC confirmed bactericidal activity. 



Supplementary Table 5. Xylose induction of hypersusceptibility to β-lactams in 

MRSA COL antisense (AS) strains confirms mechanism of action against critical 

PBPs. Targeted repression of critical PBPs in a MRSA COL background showed 

increased susceptibility for β-lactams in the ME/PI/TZ combination when under xylose 

induction, resulting in differential zones of inhibition (ZOI) size (+++, more than twofold 

increase in zone diameter with xylose induction. ++, twofold increase in zone diameter. 

+, less than twofold increase. −, no change in zone diameter.). TZ showed no inhibition 

of any growth on any plate ± xylose. Targeted repression of PBP2a showed increased 

susceptibility for meropenem, piperacillin, and all combinations. Targeted repression of 

PBP1 showed increased susceptibility to meropenem, piperacillin, and for the ME/PI, 

ME/TZ, and ME/PI/TZ combinations. Targeted repression of PBP2 showed increased 

susceptibility to meropenem, piperacillin, and for all combinations. Targeted repression 

of PBP3 showed a slight increase in susceptibility for the ME/PI combination; no change 

in susceptibility was observed for any of the single drugs, or other combinations.  

     



Supplementary Table 6. Change in ME/PI/TZ resistance phenotype of MRSA N315 

over 11 days after repeated exposure to constituents of ME/PI/TZ. a, Wild-type MIC 

of ME/PI/TZ against MRSA N315 is 3.7 µg/ml each. Isolates were selected on days 

when an increase in MIC or growth rate was noted. Antibacterial concentrations listed (in 

µg/ml) show the adaptation conditions for MRSA N315. Post-adaptation MICs to each 

component of ME/PI/TZ are shown in selected isolates versus passage day. Outlined 

isolates from passage-day 11 were used in the adaptation assay shown in Fig. S1. b, FICI 

of MRSA N315 against ME/PI/TZ after adaptation to components in vitro. 



Supplementary Table 7. a, Statistics of in vivo treatments with β-lactams. b, in vitro 

MICs and FICI scores for MRSA N315 after passage in vivo under indicated drug 

conditions.  

  

 



Supplementary Dataset  

In vivo data for ME/PI/TZ, constituent compounds, and controls in neutropenic 

mice. This supplementary dataset comprises the in vivo testing of ME/PI/TZ, its 

constituent compounds, vehicle (−), and linezolid (+) controls, against neutropenic mice, 

over the 48 h time course of drug administration. Also included are final results of drug 

treatments in the replicate mice (n = 6 per treatment).  

 


