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Supplemental methods

Bacterial strains, plasmids and conditions
Details of all the strains, plasmids and primers used in this study are listed in
Supplementary Table S1 and Table S2. The pBAD33-carrying K. pneumoniae was

cultivated in Luria-Bertani (LB) broth medium at 37 , supplemented with

chloramphenicol (30 ug/mL). Due to pBAD33 containing an arabinose-induced
promotor, araBAD, 0.2% (w/v) of arabinose added to the culture was used to induce
araBAD expression, while glucose (0.2%, w/v) was used to inhibit.
Plasmid construction

To construct plasmids for tolerance assay and western-blot, the single kacT gene
(KPHS_05890) and the entire kacAT operon (KPHS_05880-KPHS _05890) were cloned
into pPBAD33 plasmid, respectively. Briefly, the kacT gene and kacAT operon, including
their native ribosome binding sites, were amplified from the genomic DNA of K.
pneumoniae HS11286 and the corresponding primers used are shown in Table S2. The
PCR products were digested with enzyme (Sacl-Hindlll) and then cloned into pBAD33
using T4 DNA ligase, resulting in the plasmids pBAD33-kacT, pBAD33-kacAT, pBAD33-
6xHis-kacA, pBAD33-6xHis-kacAT, and pBAD33-Myc-kacT, respectively. The plasmids
were transformed into HS11286-RR2 or HS11286-RR2AkacAT.
Point mutation

To construct the point mutation plasmids for pPBAD33-kacAR®A (at the eighth amino
residue of KacA) and pBAD33-Myc-kacTY145F (at the 145" amino residue of KacT),
pBAD33-kacA and pBAD33-Myc-kacT were first constructed. Then, the

QuickMutation™ Site-Directed Mutagenesis Kit (Category No.: D0206), provided by
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Beyotime Biotechnology (Shanghai, China), was used to construct the point mutation
plasmids. We performed the point mutation assay following the manufacturer’s
instructions in the Kkit.
Strains construction

The K. pneumoniae HS11286-RR2Alon and HS11286-RR2AkacAT strains were
constructed by A-Red to replace the lon or kacAT genes with hygromycin resistance
(hph) cassette with homology flanking the lon or kacAT regions. The hygromycin
resistance cassette was removed by pFLP2 excision. The antibiotic resistance
cassettes were amplified using SOE-PCR (Gene splicing by overlap extension PCR).
The DNA-binding mutant (kacAR®A) was constructed by allelic exchange (Figure 2A),
wherein the kacAT locus was first replaced with the hph-sacB cassette. Then the DNA-
binding mutant allele was amplified from pBAD33-kacARéA with a flanking homology
region through SOE-PCR. Furthermore, the hph-sacB cassette was finally replaced by
the kacAR®A cassette. The tool plasmid used for A-Red recombination is pKOBEG.* All
the primers used for strain construction are listed in Table S2.
Fluorescent Microscopy

All the fluorescence pictures were taken on an inverted microscope (Leica TCS
SP8 STED). Firstly, the kacA and kacT genes (fused with eGFP and mCherry,
respectively) were cloned into the pCDFDuet plasmid. Then the pCDFDuet plasmid
expressing kacA-eGFP and mCherry-kacT was transformed into E. coli BL21(DE3).
Overnight cultured strains were re-inoculated into fresh LB broth medium (1:100) to an
ODsoo = 0.5. 10 uL of the bacterial culture was transferred to an LB agar block

supplemented with 0.5 mM IPTG and placed into the microscope chamber of a Leica
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inverted microscope.? The illumination was provided by different lasers, at 488 nm for
eGFP and 587 nm for mCherry.
Microplate reader

pBAD33 plasmids that express kacA or kacT fused to fluorescent protein were
transformed into wild-type RR2 or lon-deletion (RR2Alon) cells. The transformants were
grown in the LB medium at 37 , when ODsoo = 0.3, 0.2 % (w/v) of arabinose was
added. After 90 minutes of induction, 0.2 % (w/v) of glucose was added to inhibit
pBAD33 expression together with meropenem. The fluorescence values of samples
collected at the indicated time points were read by a microplate reader (SpectraMax
iD5, Molecular Devices, USA).
A quantitative model of kacAT expression dynamics

We consider transcript m expression from a promoter with transcription activity ¢,

which is degraded with rate 4 _:
—=p—-A M (1.2)

By using the common assumption that transcripts are in quasi-equilibrium, i.e.,

dm/dt =0, we obtain:

m=2. (1.2)

In overexpression experiments, when transcripts are expressed from a constitutive

promoter with transcript activity ¢, , the above expression leads to:
m=% (1.3)

In the native (wild-type) system, the promoter is regulated (repressed) by 4A2T (A
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standing for antitoxin and T for the toxin) so that the transcription activity corresponds

to:

Do
Qp=—"", (1.4)
14 [4A2T]
KD
Where ¢, is the basal promoter transcription rate, [4A2T] is the complex

concentration, and K, is the dissociation constant of the complex binding to the

promoter.
The protein (antitoxin and toxin) dynamics is determined by:

‘Z_’: = K,m— (A, +AL)A-4 [4A2T] (1.5)

dT

= KM= AT -2 [4A2T], (1.6)

Where K,and K, are, respectively, the antitoxin and toxin translation rates, A.is the

protein dilution rate, and AA is the rate of the active antitoxin degradation (through e.g.,
Lon activation).

The terms on the right-hand-sides of Egs. (1.5) and (1.6) are (in the order from left
to right): protein translation from the transcript, protein clearance by either dilution or
active degradation (for A under stress conditions), and complex clearance (here
assumed also by dilution). Complex clearance leads to the loss of 4 Aunits and 2T
units, leading to the prefactors 4 and 2 in the last terms on the right-hand-sides of the
differential equations.

In the differential equations above, we assume that the formation of 4A2T

complex is in quasi-equilibrium, i.e., that for the reactions:
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4A+ 2T —=[4A2T]—2 >0, (1.7)
K

d[4A2T]/dt =0, so that:
K, AT? —K_[4A2T]- A, [4A2T]=0. (1.8)
By further assuming that the complex kinetics is much faster than the protein
dilution ( - ), we obtain:

A4T2
K® '

[4A2T]:%A4T2 = (1.9)

Where K®=K_/K,is the complex dissociation constant (K having the dimension of

concentration).
To obtain a steady state (equilibrium) for the system, we equate dA/dt and
dT /dt with zero. Given that A’s translation rate is larger than T's, we further assume

K, =2K,, reflecting the stoichiometric ratioof A and T in 4A2T complex, and

allowing to considerably simplify further mathematical relations.
From Egs. (1.5) and (1.6) we further obtain (A" and T" indicate the equilibrium
values):

* — Zﬂzc T*'
Ac + AL

(1.10)

Note that by using the relation above, we can simplify finding A" and T~ from Egs.
(1.5) and (1.6), by finding roots of only one non-linear equation — rather than by solving
the system of two non-linear differential equations. To reduce the number of parameters
and make the quantities dimensionless, we rescale the equations in the way described
below.

Numerically solving the model
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To reduce the number of parameters and make the quantities dimensionless, we
rescale the equations in the following way: M=m/K, A=A/K,and T=T/K,
corresponding to rescaled concentrations of kacAT transcript, KacA and KacT; time is
made dimensionless by 7 =/.t, while the other two rates are made dimensionless by
rescaling with 4., K; =K; /A, and Al=AA1//..Finally, K,=K/K, is the rescaled
binding affinity of 4A2T to the promoter DNA and ¢ =g,/ (4, K) is the rescaled

(dimensionless) expression rate.

With such rescaling, the differential equations for KacA and KacT expressions become:

j—ﬁzzKTm—(nM)A—M“fZ (1.11)
9T R m-T-2aT2 (1.12)
dr T

XPPAUT? is used to simulate the dynamics of the system above, with the preferences
nmash=100, dt=0.005, total=50, bounds=1e3, maxtor=1 000 000. XPPAUT was also
used to calculate and display KacA and KacT nullclines, whose intersection determines
the system's steady state. Trajectories were shown in the phase plane by simulating the
system dynamics for different initial conditions. The stability of the steady state was
analyzed through ‘sing pts’ (singular points) option in XPPAUT. The phase plane
analysis was visualized in XPPAUT.

To investigate how the equilibrium values of KacA, KacT proteins and kacAT

transcripts depend on KB (binding strength of 4A2T complex to the promoter) and A
(the rate of KacA active degradation), we numerically solve the following equation for

T" (see Egs. (1.1), (1.12) at equilibrium and corresponding rescaled quantities, plus
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Egs. (1.4), (1.10); here " indicates equilibrium value):

4
0=K, ¢ o1 ol 2 Vi (1.13)
2 ] 1 2

Roots (zeros) of this equation are found by using the MATLAB ‘fsolve' function. Once

T" isfound, A"and " are found by:

A" = 2~'I:*, (1.14)
1+ A
and
M = g, (1.15)
R [ 2| T
1+ A

as derived in the previous subsection. Note that the solutions above for K, =0

correspond to the constitutive (unregulated) case. The dependence of the equilibrium
for values for A", T" and m on K, and Alwas visualized in MATLAB.

Statistical analysis

All the results were expressed as means = SD. Furthermore the statistical
significance of differences between different groups was analyzed by unpaired
Student’s t-test using the R program (https://www.r-project.org/). P < 0.05 was

considered to be statistically significant.
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Table S1. Strains and plasmids used in this study

Strain/plasmid Description Source or
Reference

Strain

K. pneumoniae:

HS11286-RR2 Ablakpc2AKPHS_p300510-KPHS_p300880 (Ablakpc- 4
2AMDR)

HS11286-RR2Alon HS11286-RR2 lon in frame deletion derivative This study

HS11286-RR2AkacAT HS11286-RR2 kacAT in frame deletion derivative This study

HS11286-RR2A(kacAT lacZ) HS11286-RR2 kacAT and lacZ in frame deletion derivative This study

HS11286-RR2A(lon kacAT lacZ) HS11286-RR2 kacAT, lon and lacZ in frame deletion This study
derivative

E. coli:

E. coli BL21 (DE3) F—, ompT, gal, dcm, lon, hsdSB, (rB- mB-) A(DE3) Novagen

Plasmid

pBAD33 p15A ori; araC; Para promoter, CmiR 5

pBAD33+kacT pBAD33 bearing kacT and its SD sequence as an Sacl- This study
Hindlll insert

pBAD33+kacAT pBAD33 bearing kacAT and its SD sequence as an Sacl- This study
Hindlll insert

pBAD33+6xHis-kacA pBAD33 bearing 6xHis labeled kacA and its SD sequence as  This study
an Sacl-Hindlll insert

pBAD33+6xHis-kacA-kacT pBAD33 bearing 6xHis labeled kacA with kacT and its SD This study
sequence as an Sacl-Hindlll insert

pBAD33+Myc-kacTY45F pBAD33 bearing Myc labeled kacTY145F and its SD sequence This study
as an Sacl-Hindlll insert

pBAD33+kacT-mCherry pBAD33 bearing kacT-mCherry as an Sacl-Hindlll insert This study

pBAD33+mCherry-kacT pBAD33 bearing mCherry-kacT as an Sacl-Hindlll insert This study

pBAD33+kacT+eGFP-kacA pBAD33 bearing kacT with eGFP-kacA as an Sacl-Hindlll  This study
insert

pBAD33+kacT+kacA-eGFP pBAD33 bearing kacT with kacA-eGFP as an Sacl-Hindlll  This study
insert

pBAD33+mCherry-kacT+kacA pBAD33 bearing mCherry-kacT with kacA as an Sacl-Hindlll  This study
insert

pBAD33+mCherry-kacT+eGFP-kacA  pBAD33 bearing mCherry-kacT with eGFP-kacA as an Sacl-  This study
Hindlll insert

pBAD33+mCherry-kacT+kacA-eGFP  pBAD33 bearing mCherry-kacT with kacA-eGFP as an Sacl-  This study
Hindlll insert

pBAD33+kacA-eGFP pBAD33 bearing kacA-eGFP as an Sacl-Hindlll insert This study

pBAD33+kacA-eGFP-kacT pBAD33 bearing kacA-eGFP with kacT as an Sacl-Hindlll  This study
insert

pCD (pCDFDuet) T7 promoter, KanaR Novagen

pCD+mCherry-kacT+kacA-eGFP pCD bearing mCherry-kacT with kacA-eGFP as an Sacl- This study
Hindlll insert

pLacZ-Pxacat pLACZ derivative with promoter of kacAT operon inserted This study

upstream of lacZ




165 Table S2. Oligonucleotides used in this study.

Name Sequence (5'-3")

KacTF CGAGCTCAGGTAAGGTAGAGCTAATGGAGC

KacTR CAAGCTTTTAGCTGCTGCCTGACTCATCGTCAGTAAAGAGCT
KacATF GAGCTCAACAGGCCGGAGATAACGTA

KacATR CAAGCTTTTAGCTGCTGCCTGACTCATCGTCAGTAAAGAGCT

6xHis-kacAF GAGCTCATGCATCACCATCATCACCACATGCCCGCACTTAAAAAGC
6xHis-kacAR CCAAGCTTTTACCTGGTTTGTAGACGCTTCGCTGCACG

6xHis-kacATF GAGCTCATGCATCACCATCATCACCACATGCCCGCACTTAAAAAGC
6xHis-kacATR CAAGCTTTTAGCTGCTGCCTGACTCATCGTCAGTAAAGAGCT
Myc-kacTY145FF  ATCACCATCATCACCACTAAGGTAGAGCTAATGGAGCAGC
Myc-kacTY145FR  TCTCATCCGCCAAAACAGCCAAGCTTTTACAGATCCTCTTCTGAGATGAG

RTkacTF TAAGGGGTTATGCGCTGGTC

RTkacTR TTACGCTTGGCGCATTTTGA

RTkacAF AGAGCATCATCGAGGAAGCTGC

RTkacAR CCTCCATCACCAGGCTCCATGAT

RTgapAF GCGCTAACTTCGACGCTTAC

RTgapAR GGTCATCAGGCCTTCAACGA

KacAEF CGAGCTCATGCCCGCACTTAAAAAGCAG

KacAER TGCTCCATTAGCTCTACCTTACTTGTACAGCTCGTCCAT
KacTEF CAAGTAAGGTAGAGCTAATGGAGCAGCAACTGACGAT
KacTER CCAAGCTTTTATGACTCATCGTCAGTAAAG
mkacTF GAGCTCATGGTGAGCAAGGGTGAGGA

mkacTR AAGCTTTTATGACTCATCGTCAGTAAAG

KacTmF CGAGCTCATGGAGCAGCAACTGACGAT

KacTmR CCAAGCTTCTACTTGTACAGCTCGTCCATG
ekacAF CGAGCTCATGGCCACAACCATGGTGAG

ekacAR CCAAGCTTTTACCTGGTTTGTAGACGCT

NkacAEF GACGAGCTGTACAAGATGCCCGCACTTAAAAAGCAG
NkacAER TTTAAGTGCGGGCATCTTGTACAGCTCGTCCATGC
CkacAEF CGTCTACAAACCAGGATGGTGAGCAAGGGCGAGGAG
CkacAER GCCCTTGCTCACCATCCTGGTTTGTAGACGCTTCG
NkacTMF GACGAGCTGTACAAGATGGAGCAGCAACTGACGAT
NkacTMR CAGTTGCTGCTCCATCTTGTACAGCTCGTCCATGC
CkacTMF CTGACGATGAGTCAATGGTGAGCAAGGGTGAGGAG
CkacTMR CCCTTGCTCACCATTGACTCATCGTCAGTAAAGAG
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Figure S1. Different K. pneumoniae strains were treated with meropenem or imipenem.
(A) Growth curves of different K. pneumoniae strains. The overnight culture was
inoculated into fresh LB at 1:100, and then 5 pg/mL of meropenem was added at 150
minutes (logarithmic phase). The ODsoo of each culture was measured every 30 minutes
until 390 minutes. (B-C) Growth curves of K. pneumoniae HS11286-RR2AkacAT strain
expressing KacT, KacAT or empty pBAD33 plasmid. (D) The kacAT knockout strain

RR2AkacAT that harbors the empty vector pBAD33, KacT-expressing vector (0BAD33-

11



175

176

177

178

179

kacT), or KacAT-expressing vector (pBAD33-kacAT) was exposed to a differential
concentration of meropenem for four hours. (E) Enzymatic activity by colorimetric assay
(WST-1-based) of K. pneumoniae HS11286-RR2AkacAT expressing KacT, KacAT or
empty pBAD33 plasmid in the presence of meropenem. The enzymatic activity was
measured by using WST-1 protocol (Beyotime Biotechnology, Shanghai, China) (F) The

survival of RR2AkacAT harboring pBAD33-

12
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Figure S2. The influence of fluorescent protein on the function of KacA and KacT. (A-C)
Growth of K. pneumoniae HS11286-RR2AkacAT containing the different plasmids. The
strain was serially diluted and plated on LB agar supplemented with 30 pg/mL
chloramphenicol and 0.2 % arabinose (w/v). (D) LacZ activity of K. pneumoniae
HS11286-RR2A(kacAT lacZ) harboring Pkacat promoter-lacZ fusions in the presence of
various combinations of KacA and KacT. LacZ activity was measured 5 h after the

addition of IPTG (0.5 mM) to induce kacA and kacT.
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Fluorescence microscope showed the expression of KacA-eGFP and mCherry-KacT in
E. coli BL21 (DE3). After transforming the pCDFDuet plasmid expressing KacA-eGFP
and mCherry-KacT into E. coli BL21 (DES3), the strain was incubated on LB agar
supplemented with 0.5 mM IPTG, and the expression of KacA and KacT was
photographed using fluorescence microscopy. Wild-type RR2 and lon-deletion
(RR2Alon) strains harboring the pBAD33 vector that expresses (B-C) only KacA-eGFP
or eGFP and (D-E) with KacT. The strains were grown in LB medium at 37 , when
ODsoo = 0.3, 0.2 % (w/v) of arabinose was added. After 90 minutes of induction, 0.2 %
(w/v) of glucose was added to inhibit KacA-eGFP expression together with meropenem.
The fluorescence intensity of samples collected at the indicated time points was
measured by a microplate reader. SHX was used to compare with meropenem. Data

were presented as mean + SD; n = 3.
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212 Figure S4. Imipenem induces KacA-eGFP degradation through Lon protease. Wild-type
213 RR2 (A) or RR2Alon (B) containing the pBAD33 vector that expresses KacA-eGFP. The
214  fluorescence intensity of K. pneumoniae cells after treatment with imipenem was

215 measured in the same method as Figure S3. SHX was used to compare with imipenem.
216  Data were presented as mean + SD; n = 3.
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Figure S5. KacT was not degraded under the condition of exposure to meropenem. The
wild-type strain RR2 and the Lon protease gene deletion strain RR2Alon harboring
KacTYF (A-B) or mCherry-KacTY145F (C-D) on pBAD33 vector were grown in LB
medium at 37 , at ODsoo = 0.3, 0.2 % (w/v) of arabinose was added. After 90 min
induction, 0.2 % (w/v) of glucose was added to inhibit the expression of KacT. Then,
meropenem (MEM) was added to the culture medium, and samples for western-blot and
fluorescence intensity were collected at the indicated time (0-, 15-, 30- and 60-minutes).
The fluorescence intensity were measured by a microplate reader. SHX was used to

compare with meropenem. Data were presented as mean = SD; n = 3.
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232  Figure S6. Meropenem reduces the ratio of KacA: KacT. The ratio of remaining KacA-
233  eGFP to mCherry-KacT in RR2 (A) or RR2Alon (B) under the treatment of meropenem.
234  pBADS33 vector that expresses both KacA-eGFP and mCherry-KacT was transformed

235 into RR2 or RR2Alon. The strains were grown in LB broth at 37 , 0.2 % (w/v) of

236  arabinose was added in the medium when ODsoo = 0.3. After 90 minutes of induction,
237 0.2 % (w/v) of glucose and 5 pyg/mL meropenem were added. The fluorescence values
238  of samples collected at the indicated time points were measured by a microplate reader.
239  SHX was used to compare with meropenem. Data were presented as mean + SD; n =
240 3.
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Figure S7. Transcription analysis of kacAT promoter by lacZ fusions. kacAT promoter
(Pkacat) and the downstream lacZ were cloned on the pLACZ-Pkacar plasmid. The
combinations of pLACZ-Pkacat and empty pBAD33 were co-transformed into the
RR2A(kacAT lacZz) cells (A) and the RR2A(lon kacAT lacZz) cells (B). Meropenem and
0.2% of glucose were added after 3 h of induction of KacA and KacT by arabinose
(0.2%). Samples for enzymatic activities were collected at the indicated time points (0-,

15-, 30-, and 60-minutes).
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