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Background: Bacterial toxin-antitoxin (TA) modules respond to various stressful conditions. The Gcn5-related N- 
acetyltransferase-type toxin (GNAT) protein encoded by the GNAT-RHH TA locus is involved in the antibiotic tol-
erance of Klebsiella pneumoniae. 

Objectives: To investigate the transcriptional mechanism of the GNAT-RHH operon kacAT under antibiotic stress. 

Methods: The transcriptional level of the kacAT operon of K. pneumoniae was measured by quantitative real- 
time (qRT) PCR assay. The degradation of antitoxin KacA was examined by western blot and fluorescent protein. 
The ratio of [KacA]:[KacT] was calculated by the fluorescence intensity of KacA-eGFP and mCherry-KacT. 
Mathematical modelling predicted protein and transcript synthesis dynamics. 

Results: A meropenem-induced increase in transcript levels of kacA and kacT resulted from the relief from tran-
scriptional autoregulation of the kacAT operon. Meropenem induces the degradation of KacA through Lon pro-
tease, resulting in a reduction in the ratio of [KacA]:[KacT]. The decreased ratio causes the dissociation of the 
KacAT complex from its promoter region, which eliminates the repression of kacAT transcription. In addition, 
our dynamic model of kacAT expression regulation quantitatively reproduced the experimentally observed re-
duction of the [KacA]:[KacT] ratio and a large increase in kacAT transcript levels under the condition of strong 
promoter autorepression by the KacAT complex. 

Conclusions: Meropenem promotes the degradation of antitoxin by enhancing the expression of Lon protease. 
Degradation of antitoxin reduces the ratio of intracellular [antitoxin]:[toxin], leading to detachment of the TA 
complex from its promoter, and releasing repression of TA operon transcription. These results may provide an 
important insight into the transcriptional mechanism of GNAT-RHH TA modules under antibiotic stress.

© The Author(s) 2023. Published by Oxford University Press on behalf of British Society for Antimicrobial Chemotherapy. All rights reserved. For 
permissions, please e-mail: journals.permissions@oup.com

Introduction
After the discovery of the toxin-antitoxin (TA) modules on bacter-
ial plasmids,1 these TA modules were also found on prokaryotic 
chromosomes.2,3 Depending on the nature of the antitoxin and 
its interaction with the toxin, TA modules have been recently di-
vided into eight types (types I–VIII).4 A typical type II TA module 
consists of a stable toxin protein and a metabolically unstable 
antitoxin protein, forming a non-toxic TA complex.5,6 Some toxins 
contain a Gcn5-related N-acetyltransferase (GNAT) domain that 
can inhibit protein translation by acetylating aminoacyl tRNAs, 
such as AtaT,7 AtaT28 and ItaT9 from Escherichia coli, TacT, 

TacT2 and TacT3 from Salmonella enterica10–12 and GmvT from 
Shigella flexneri.13 Their cognate antitoxin proteins possess a 
ribbon-helix-helix (RHH) domain. Our previous study showed 
that KacAT is a typical GNAT-RHH TA module present in the 
K. pneumoniae clinical isolate HS11286, where KacT can halt 
K. pneumoniae growth and induce antibiotic tolerance.14,15

Because TA modules are usually transcriptionally up-regulated 
under stressful conditions, many studies have proposed them as 
stress-response elements.16–18 The transcription of type II TA op-
erons is usually autoregulated by the toxin-antitoxin complex.4 In 
such TA modules, toxin-antitoxin complexes with different affin-
ities for the operon region are formed due to different ratios of 
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antitoxin to the toxin, with antitoxin-saturated complexes show-
ing a high affinity for their promoter.19–21 When the ratio of anti-
toxin to the toxin becomes smaller, the repression of TA 
complexes on their promoter is alleviated, the autoregulation of 
TA operons is relieved and the translation of TA modules is in-
creased.16,19–21 We have previously confirmed that antibiotics 
can increase the transcription of kacT, and the transcriptional level 
of kacAT was automatically regulated by the KacA:KacT ratio.15,21

However, the transcriptional mechanism and autoregulation of 
the kacAT operon under antibiotic conditions are still unclear.

The C-terminal domain or the entire antitoxin protein is often 
irregular and highly sensitive to cellular protease. ATP-dependent 
proteases have been identified as the most important intracellu-
lar proteolytic enzymes, including the Lon (La) and ClpP protease 
families.17,22 Although proteases can degrade antitoxins, evi-
dence also shows that once the antitoxin forms a stable complex 
with its cognate toxin, it will either not be degraded or degraded 
very slowly.23,24 Recently, a study reported that the presence of 
toxin protein YoeB and MpsR enhances the stability of antitoxin 
YefM and MqsA under a heat-shock condition.16 However, no 
study has yet explored whether KacA in the GNAT-RHH family 
can be degraded under the antibiotic condition, and whether 
the degradation of KacA is related to kacAT transcription.

In this study, we found that the increase in kacAT transcription 
induced by the carbapenem antibiotic meropenem resulted from 
the deregulation of kacAT operon autoregulation. Degradation of 
KacA under the meropenem condition by Lon protease reduced 
the ratio of KacA to KacT, which caused the dissociation of the 
KacAT complex from its promoter region. Eventually, the repres-
sion of kacAT transcription by the KacAT complex was relieved.

Materials and methods
Strains and plasmids
Details of all the strains and plasmids used in this study are provided in 
Table S1 (available as Supplementary data at JAC Online), and all the oli-
gonucleotides used in this study are listed in Table S2.

Tolerance assay
The tolerance to meropenem was tested by the cfu/mL count after ex-
posure to meropenem. Overnight cultures of K. pneumoniae strains con-
taining different pBAD33 derivatives were diluted in fresh LB medium at a 
ratio of 1:100. Cells were incubated at 37°C for 1 h, and 0.2% arabinose 
was added to the cultures to induce the expression of the araBAD pro-
moter. After 90 min of incubation, meropenem was added to the cultures 
at 5 μg/mL. The cultures were incubated for another 4 h at the 37°C sha-
ker. To determine cfu/mL, aliquots of 100 μL culture were serially diluted 
and spotted on the LB solid plates to calculate the surviving cells. The sur-
vival rate was calculated by dividing the cfu/mL in the culture after 4 h of 
incubation with the meropenem by the cfu/mL before adding the 
meropenem.15,25,26

Western blot
The cells treated with meropenem or serine hydroxamic acid (SHX) were 
collected and lysed by sonication in lysis buffer (25 mM Tris, 500 mM 
NaCI, 500 μM phenylmethylsulfonyl fluoride, pH 8.0). After centrifugation, 
the cleared supernatant was boiled with a loading buffer for 10 min. As 
for SDS-PAGE and immunoblotting, 60 µg protein was loaded per lane 
and separated by SDS-PAGE using 10% polyacrylamide gels. After 

transferring the separated protein to the polyvinylidene fluoride mem-
branes (PVDF; Merck Millipore, Germany), the PVDF membrane was 
blocked with 2.5% BSA in TBST (Tris-buffered saline with Tween-20: 
30 mM Tris-base, 0.8% NaCl w/v, 0.1% Tween-20, pH 7.5) for 1 h at 
room temperature. Then, the PVDF membrane was washed three times 
with TBST and incubated with 6×His primary antibody at 4°C for a whole 
night. Following incubation, the PVDF membrane was washed three times 
using TBST and incubated with the corresponding second antibody at 
room temperature for 1 h. Finally, the PVDF membrane was washed 
with TBST and visualized by an automatic chemiluminescence image 
analysis system (Tanon 4600SF; Tanon, Shanghai, China).

LacZ activity assay
To construct the lacZ reporter plasmid, the kacAT promoter sequence was 
inserted upstream of the lacZ gene of a promoterless plasmid, pLACZ, 
forming the fusion plasmid pLACZ-PkacAT. Different combinations of 
pLACZ-PkacAT and pBAD33 plasmid were co-transformed into 
RR2Δ(kacAT lacZ) and RR2Δ(lon kacAT lacZ) cells. The transformants 
were grown in an LB broth medium supplemented with 0.2% of arabinose 
for 3 h, then meropenem (5 μg/mL) and glucose (0.2%) were added. 
Samples for enzymatic activities were collected at the indicated time 
points (0, 15, 30 and 60 min). The β-galactosidase activity was measured 
according to the standard Miller method using chloroform and SDS to per-
meabilize the cells.27

Quantitative real-time (q-RT)-PCR experiments
The total RNA of cells was extracted according to the manufacturer’s in-
structions using the RNeasy Kit (Qiagen, Germany). After the digestion of 
genomic DNA using DNase I, 1000 ng RNA was converted to cDNA using 
PrimeScript™ RT Reagent Kit (Takara, Japan). qPCR reaction mix 
(BeyoFast™ SYBR Green qPCR Mix, Category No.: D7260-1 mL) was pur-
chased from Beyotime Biotechnology (Shanghai, China), and the reac-
tions were performed on an ABI 7500 instrument (Applied Biosystems). 
Each reaction was performed in triplicate simultaneously, and the fold 
change of gene expression was calculated using the 2−ΔΔCT method.28

The housekeeping gene (glyceraldehyde-3-phosphate dehydrogenase, 
KPHS_20800) was used to normalize the expression levels of the different 
samples.

Results and discussion
Meropenem induces the transcription of kacA and kacT
We first explored the growth state of different K. pneumoniae 
strains under the meropenem condition. Figure S1a shows that, 
except for the wild-type K. pneumoniae HS11286 containing 
the carbapenemase gene (blaKPC-2), the OD600 of blaKPC-2 gene 
deletion strain HS11286-RR2 and its derived strains was de-
creased gradually after 1 h of treatment, meaning that cells be-
gan to die and lyse. Thus, we treated the strains with meropenem 
for 0, 15, 30 and 60 min.

To see the effect of meropenem on kacAT’s transcription level, 
we examined the transcription of kacA and kacT in K. pneumoniae 
HS11286-RR2 (referred to as RR2 hereafter) under the exposure 
of meropenem (5 μg/mL). At the same time, as a chemical that 
can stimulate a stringent response in bacteria,29 SHX (100 μg/ 
mL) was used to represent stress other than antibiotic stress 
and was used as a comparison with meropenem. As shown in 
Figure 1, meropenem caused a significant increase in kacT’s tran-
scriptional level, which is consistent with our previous study.15

Meropenem also increased the transcriptional level of kacA 
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(Figure 1b). On the other hand, the transcriptional levels of kacA 
and kacT were also obviously enhanced by SHX (Figure 1c). These 
results indicated that, similar to other families of TA modules, the 
GNAT-RHH type TA module, KacAT, also responded to different 
stress conditions.

Overexpression of kacAT operon enhances the tolerance 
of K. pneumoniae to meropenem
The expression of the toxin gene kacT significantly inhibited the 
growth of K. pneumoniae, whereas the expression of kacAT or 

Figure 1. kacAT is involved in the response of K. pneumoniae to meropenem. (a) Schematic of acetyltransferase-type toxin-antitoxin pair, kacAT. kacA 
and kacT are co-transcribed. Two KacT molecules bind with four KacA molecules, forming a KacAT heterohexamer complex. The KacAT complex later 
binds and represses the kacAT promoter. KacT independently halts the growth of K. pneumoniae, whereas KacA can neutralize the toxicity of KacT. 
Proteases such as Lon can degrade KacA. Changes in kacA and kacT transcriptional levels responding to meropenem (b) or SHX (c) are depicted as 
measured by qRT-PCR. (d) The survival percentage of wild-type RR2 or kacAT knockout strain RR2ΔkacAT, treated by meropenem (5 μg/mL) for 4  h. 
(e) The survival percentage of RR2ΔkacAT strains harbouring empty vector pBAD33, KacT-expressing vector (pBAD33-kacT) or KacAT-expressing vector 
(pBAD33-kacAT) after exposure to 5 μg/mL meropenem for 4 h. The transcriptional levels of kacA and kacT genes were normalized using the house-
keeping gene, gapA. The survival percentage was calculated by dividing the cfu/mL of the meropenem-treated culture by the cfu/mL of the culture 
before adding meropenem. SHX was used to compare with meropenem. The bar represents the mean of three independent experiments, and the 
error bar indicates the SD (*P value <0.05). This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.

1068

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/78/4/1066/7066362 by N

ational Science & Technology Library user on 19 April 2023



Meropenem affects kacAT transcription                                                                                                           

empty pBAD33 plasmid did not (Figure S1b and c). Additionally, 
we previously found that KacT overexpression induced merope-
nem tolerance in K. pneumoniae.15 However, the effect of the 
kacAT operon on meropenem tolerance remains to be elucidated. 
We examined whether the kacAT operon affects meropenem tol-
erance in RR2. As Figure 1d shows, the survivability of RR2 under 
meropenem exposure was not affected, disregarding the pres-
ence of the kacAT operon. It is worth noting that, except for 
KacT, overexpression of KacAT also induced meropenem toler-
ance in RR2
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(Figure 3a and b). Using the wild-type RR2 and RR2Δlon strains, 
we further examined the effect of lon on kacAT’s transcription 
after meropenem exposure. Our results showed that the tran-
scription levels of kacA and kacT in the RR2Δlon strain were 
remarkably lower than in the wild-type RR2 strain after merope-
nem or SHX exposure (Figure 3c and d). These results suggest that 
lon is transcribed at a higher rate under meropenem exposure, 
possibly translating more Lon protease that could affect kacA 
and kacT transcription.

Meropenem leads to KacA degradation through Lon 
protease
The in vivo degradation rate of KacA was examined. We first used 
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meropenem or SHX, the fluorescence intensity of KacA-eGFP was 
significantly decreased in the wild-type RR2 compared with 
RR2Δlon cells (Figure S3b and c). Despite the presence of KacT, 
the fluorescence intensity of KacA-eGFP in wild-type RR2 was still 
significantly reduced after meropenem treatment compared 

with the RR2Δlon strain (Figure S3d and e), which is consistent 
with the results of western blot. Besides, we also found that imi-
penem caused reduced fluorescence intensity of KacA-eGFP in 
wild-type RR2 compared with RR2Δlon cells, which implies that 
imipenem can also induce the degradation of KacA (Figure S4).

Figure 4. Meropenem induces KacA degradation through Lon protease. Wild-type RR2 and lon-deletion (RR2Δlon) strains harbouring the pBAD33 vec-
tor that expresses (a, b) only 6×His-KacA and (c, d) with KacT. The strains were grown in LB medium at 37°C, OD600 = 0.3, with 0.2% (w/v) of arabinose. 
After 90 min of induction, 0.2% (w/v) of glucose was added to inhibit KacA expression together with meropenem. Samples for western blot were col-
lected at the indicated time points (0, 15, 30 and 60 min). (a) and (b) show that the free KacA is degraded by Lon protease after meropenem exposure. 
(c) and (d) show that KacT could not stabilize KacA under meropenem exposure. SHX was used to compare with meropenem. Data are presented as 
mean ± SD (error bars); n = 3. GAPDH, Glyceraldehyde-3-phosphate dehydrogenase.

Figure 5. Meropenem promotes the dissociation of the KacAT complex from its promoter. kacAT promoter (PkacAT) and the downstream lacZ were 
cloned on the pLACZ-PkacAT plasmid, whereas kacA and kacT were on the pBAD33 plasmid. pLACZ-PkacAT and pBAD33 in combination expressing 
KacA and KacT were co-transformed into RR2Δ(kacAT lacZ) (a) and RR2Δ(lon kacAT lacZ) (b) cells. Meropenem and 0.2% 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 timepoints (0, 15, 30 and 
60 min). MU, miller unit. This figure appears in colour in the online version of JAC and in black and white in the print version of JAC.
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Additionally, we studied whether meropenem could induce KacT’s 
degradation. Under meropenem treatment, the non-toxic KacTY145F 

in RR2 or RR2Δlon did not degrade much (Figure S5a and b). 
Likewise, the fluorescence intensity of mCherry-KacTY145F in wild-type 
RR2 did not change after meropenem treatment (Figure S5c and d).

Meropenem promotes dissociation of the KacAT complex 
from its promoter
Because meropenem can promote the degradation of KacA but 
not KacT, meropenem likely alters the intracellular ratio of 
[KacA]:[KacT]. To our knowledge, the change in antitoxin to toxin 

ratio has not been successfully investigated in vivo although 
some approaches have been tried such as the pulse-chase as-
say.16 We initially used western blotting to explore changes in 
the [KacA]:[KacT] ratio but also failed (data not shown). Hence, 
we fused KacA and KacT with eGFP and mCherry, respectively. 
The fluorescence intensity of KacA-eGFP and mCherry-KacT, un-
der meropenem stress, was measured by a microplate reader. 
Our results showed that the ratio of remaining KacA-eGFP to 
mCherry-KacT was significantly reduced in the wild-type RR2 un-
der the meropenem condition (Figure S6a). Meanwhile, the ratio 
of [KacA]:[KacT] in the lon deletion strain remained unchanged 
(Figure S6b).

Figure 6. Result of modeling kacAT expression dynamics. Phase plane analysis of the system dynamics for the rescaled parameter values φ̃ = 1, K̃T = 
1, K̃B = 100, Δλ̃ = 3 (see Materials and methods). The orange and green curves correspond to KacA and KacT nullclines, respectively, with their inter-
section determining the system’s steady state. Solid black curves present trajectories for different system initial conditions (a). Equilibrium values of 
KacA versus KacT (b) and kacAT mRNA versus KacT (c). Different curves correspond to different K̃B values indicated in the legend. Points on each curve 
correspond to changing Δλ̃ from 0 (left edge) to 6 (right edge), and the values on the axes are rescaled. This figure appears in colour in the online version 
of JAC and in black and white in the print version of JAC.

1072

D
ow

nloaded from
 https://academ

ic.oup.com
/jac/article/78/4/1066/7066362 by N

ational Science & Technology Library user on 19 April 2023

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad048#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad048#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad048#supplementary-data
http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad048#supplementary-data


Meropenem affects kacAT transcription                                                                                                           

Due to the reduced ratio of [KacA]:[KacT] caused by merope-
nem, we suggest that meropenem can promote the dissociation 
of the KacAT complex from its promoter region. We performed a 
LacZ activity experiment in the kacAT promoter (PkacAT). Our re-
sults showed that, with the prolongation of meropenem treat-
ment time, LacZ activity in RR2Δ(kacAT lacZ) harbouring KacA 
and KacT increased, whereas the RR2Δ(lon kacAT lacZ) did not 
(Figure 5). Additionally, in RR2Δ(kacAT lacZ) and RR2Δ(lon kacAT 
lacZ) containing the empty pBAD33 plasmid, LacZ activity was 
also unchanged under the meropenem conditions (Figure S7). 
A plausible explanation is that, under meropenem conditions, 
the KacAT complex dissociates from its promoter PkacAT, leading 
to the transcription of LacZ.

A quantitative model of kacAT expression dynamics 
explains experimental observations
Based on the experimental results presented above, we devel-
oped a quantitative model that can predict protein and transcript 
synthesis dynamics (see Supplemental methods). We aimed to 
achieve the following through the model: (1) Check if and under 
what conditions (parameter range) the model can explain the ex-
perimentally observed system response to antibiotic stress, in 
particular, the significant increase in kacAT transcript amounts 
and the decrease in [KacA]:[KacT] ratio. (2) Predict the dynamics 
of KacT under antibiotic stress, i.e. upon an increase in KacA deg-
radation. In particular, we aimed to understand the somewhat 
perplexing observation that KacAT overexpression induces anti-
biotic stress tolerance, whereas kacAT deletion does not affect 
this tolerance. (3) Infer general properties of kacAT expression 

dynamics, such as the steady state’s number and stability, and 
how the steady states change with changing parameter values 
(which is also related to the two previous points).

We start with (3) above, with Figure 6a presenting the phase 
space analysis of the system dynamics. The system has one stea-
dy state corresponding to the intersection of the two nullclines 
(the orange and the green curves). Linear stability analysis leads 
to two negative real eigenvalues for this steady state, corre-
sponding to a stable node. Figure 6a shows that trajectories 
with different initial conditions converge to this stable node. As 
the system parameters are changed, the phase space topology 
does not change, but the position of the steady state changes 
its location in the phase space (not shown in Figure 6a).

We next analyse how the steady state changes as Δλ̃ (scaled 
degradation rate of KacA) and K̃B (scaled binding affinity of KacAT 
complex to the promoter) are changed. Δλ̃ is variable as the ex-
perimental analysis found that, via this parameter, the antibiotic 
stress influences the system dynamics, where Δλ̃ is changed from 
0 (the absence of antibiotic stress) to the relatively high value of 
Δλ̃  = 6. It is also clear that K̃B is a crucial parameter controlling 
system behaviour, given the reported derepression of the pro-
moter upon antibiotic stress. K̃B = 0 corresponds to a constitutive 
(unregulated) promoter, allowing investigation of the system’s 
behaviour during overexpression experiments. Similarly, high va-

http://academic.oup.com/jac/article-lookup/doi/10.1093/jac/dkad048#supplementary-data
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right edge to Δλ̃ = 6, and different curves correspond to different 
K̃B values (see the legend). In Figure 6b, we see that irrespective 
of K̃B, the ratio [KacA]:[KacT] decreases as Δλ̃ increases, consist-
ent with experimental observations. Moreover, we obtain a ro-
bust (independent of parameter values) prediction that 
antibiotic stress leads to decreased KacA and increased KacT. 
This prediction is non-trivial because the decrease of the 
[KacA]:[KacT] ratio can also be realized through other scenarios, 
e.g. if KacT remains constant or even decreases, accompanied by 
a faster decline of KacA.

Figure 6c shows kacAT mRNA versus KacT steady-state values. 
Different lines correspond to different K̃B values, and points on 
each line correspond to increasing (from left to right along the 
lines) Δλ̃ values. The horizontal (topmost) line corresponds to the 
constitutive promoter (K̃B=0), i.e. to the conditions of the overex-
pression experiment. The figure shows that smaller K̃B values do 
not lead to a significant increase in the transcript amounts, con-
trary to what was experimentally observed. Consequently, the 
strong binding of the complex to the promoter (high K̃B values) 
is consistent with the experimental results. Interestingly, for high 
K̃B values (see the bottommost line corresponding to K̃B = 104), 
the highest value of KacT (the right edge of the line, obtained for 
the highest value of Δλ̃) is still smaller than the lowest KacT value 
(the left line edge corresponding to Δλ̃ = 0) in the constitutive case. 
This prediction might explain the naively surprising result that the 
overexpression experiment led to antibiotic stress tolerance, which 
is not the case for the native (autoregulated) system. That is, due 
to the strong binding affinity of the repression complex to pro-
moter DNA, even a significant increase in KacA degradation rate 
might not be enough to achieve large enough KacT levels neces-
sary to observe antibiotic tolerance.

Transcriptional mechanism of the kacAT operon under 
meropenem stress
Based on the above, we propose a putative model that explains 
the transcriptional mechanism of the kacAT operon under the 
meropenem condition (Figure 7). In normal circumstances, the 
relatively lower translation efficiency of KacT ensures the amount 
of KacA molecules is more than that of KacT. KacA molecules 
counteract all KacT molecules to form the KacAT complex with-
out releasing the toxicity of KacT. The KacAT complex can bind 
to its promoter DNA region and block the transcription of kacAT. 
Once the living conditions are changed, such as in meropenem 
stress, the transcriptional level of the Lon protease gene is in-
creased, resulting in the degradation of unstable KacA. Due to 
the degradation of KacA, the ratio of [KacA]:[KacT] becomes 
<1, and the KacAT complex subsequently dissociates from the 
promotor region of the kacAT operon, thereby relieving repression 
of kacAT transcription.
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Supplemental methods 17 

Bacterial strains, plasmids and conditions 18 

Details of all the strains, plasmids and primers used in this study are listed in 19 

Supplementary Table S1 and Table S2. The pBAD33-carrying K. pneumoniae was 20 

cultivated in Luria-Bertani (LB) broth medium at 37℃, supplemented with 21 

chloramphenicol (30 μg/mL). Due to pBAD33 containing an arabinose-induced 22 

promotor, araBAD, 0.2% (w/v) of arabinose added to the culture was used to induce 23 

araBAD expression, while glucose (0.2%, w/v) was used to inhibit. 24 

Plasmid construction 25 

To construct plasmids for tolerance assay and western-blot, the single kacT gene 26 

(KPHS_05890) and the entire kacAT operon (KPHS_05880-KPHS_05890) were cloned 27 

into pBAD33 plasmid, respectively. Briefly, the kacT gene and kacAT operon, including 28 

their native ribosome binding sites, were amplified from the genomic DNA of K. 29 

pneumoniae HS11286 and the corresponding primers used are shown in Table S2. The 30 

PCR products were digested with enzyme (SacI-HindIII) and then cloned into pBAD33 31 

using T4 DNA ligase, resulting in the plasmids pBAD33-kacT, pBAD33-kacAT, pBAD33-32 

6×His-kacA, pBAD33-6×His-kacAT, and pBAD33-Myc-kacT, respectively. The plasmids 33 

were transformed into HS11286-RR2 or HS11286-RR2ΔkacAT. 34 

Point mutation 35 

To construct the point mutation plasmids for pBAD33-kacAR8A (at the eighth amino 36 

residue of KacA) and pBAD33-Myc-kacTY145F (at the 145th amino residue of KacT), 37 

pBAD33-kacA and pBAD33-Myc-kacT were first constructed. Then, the 38 

QuickMutation™ Site-Directed Mutagenesis Kit (Category No.: D0206), provided by 39 
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Beyotime Biotechnology (Shanghai, China), was used to construct the point mutation 40 

plasmids. We performed the point mutation assay following the manufacturer’s 41 

instructions in the kit.  42 

Strains construction 43 

The K. pneumoniae HS11286-RR2Δlon and HS11286-RR2ΔkacAT strains were 44 

constructed by λ-Red to replace the lon or kacAT genes with hygromycin resistance 45 

(hph) cassette with homology flanking the lon or kacAT regions. The hygromycin 46 

resistance cassette was removed by pFLP2 excision. The antibiotic resistance 47 

cassettes were amplified using SOE-PCR (Gene splicing by overlap extension PCR). 48 

The DNA-binding mutant (kacAR8A) was constructed by allelic exchange (Figure 2A), 49 

wherein the kacAT locus was first replaced with the hph-sacB cassette. Then the DNA-50 

binding mutant allele was amplified from pBAD33-kacAR8A with a flanking homology 51 

region through SOE-PCR. Furthermore, the hph-sacB cassette was finally replaced by 52 

the kacAR8A cassette. The tool plasmid used for λ-Red recombination is pKOBEG.1 All 53 

the primers used for strain construction are listed in Table S2. 54 

Fluorescent Microscopy 55 

All the fluorescence pictures were taken on an inverted microscope (Leica TCS 56 

SP8 STED). Firstly, the kacA and kacT genes (fused with eGFP and mCherry, 57 

respectively) were cloned into the pCDFDuet plasmid. Then the pCDFDuet plasmid 58 

expressing kacA-eGFP and mCherry-kacT was transformed into E. coli BL21(DE3). 59 

Overnight cultured strains were re-inoculated into fresh LB broth medium (1:100) to an 60 

OD600 = 0.5. 10 μL of the bacterial culture was transferred to an LB agar block 61 

supplemented with 0.5 mM IPTG and placed into the microscope chamber of a Leica 62 
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inverted microscope.2 The illumination was provided by different lasers, at 488 nm for 63 

eGFP and 587 nm for mCherry. 64 

Microplate reader 65 

pBAD33 plasmids that express kacA or kacT fused to fluorescent protein were 66 

transformed into wild-type RR2 or lon-deletion (RR2Δlon) cells. The transformants were 67 

grown in the LB medium at 37℃, when OD600 = 0.3, 0.2 % (w/v) of arabinose was 68 

added. After 90 minutes of induction, 0.2 % (w/v) of glucose was added to inhibit 69 

pBAD33 expression together with meropenem. The fluorescence values of samples 70 

collected at the indicated time points were read by a microplate reader (SpectraMax 71 

iD5, Molecular Devices, USA).  72 

A quantitative model of kacAT expression dynamics 73 

We consider transcript m expression from a promoter with transcription activity , 74 

which is degraded with rate m : 75 

 
d

.
d

m

m
m

t
     (1.1) 76 

By using the common assumption that transcripts are in quasi-equilibrium, i.e., 77 

d / d 0m t  , we obtain:  78 

 .
m

m



   (1.2) 79 

In overexpression experiments, when transcripts are expressed from a constitutive 80 

promoter with transcript activity 0 , the above expression leads to: 81 

 0 .
m

m



   (1.3) 82 

In the native (wild-type) system, the promoter is regulated (repressed) by 4A2T (A 83 
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standing for antitoxin and T for the toxin) so that the transcription activity corresponds 84 

to: 85 

 0 ,
[4 2 ]

1
D

A T

K


 



  (1.4) 86 

Where 
0  is the basal promoter transcription rate, [4 2 ]A T  is the complex 87 

concentration, and 
DK  is the dissociation constant of the complex binding to the 88 

promoter. 89 

The protein (antitoxin and toxin) dynamics is determined by: 90 

 
d

( ) 4 [4 2 ]
d

A C C

A
K m A A T

t
         (1.5) 91 

 
d

2 [4 2 ],
d

T C C

T
K m T A T

t
      (1.6) 92 

Where 
AK and 

TK  are, respectively, the antitoxin and toxin translation rates, 
C is the 93 

protein dilution rate, and  is the rate of the active antitoxin degradation (through e.g., 94 

Lon activation).  95 

The terms on the right-hand-sides of Eqs. (1.5) and (1.6) are (in the order from left 96 

to right): protein translation from the transcript, protein clearance by either dilution or 97 

active degradation (for A  under stress conditions), and complex clearance (here 98 

assumed also by dilution). Complex clearance leads to the loss of 4 A units and 2T 99 

units, leading to the prefactors 4 and 2 in the last terms on the right-hand-sides of the 100 

differential equations. 101 

In the differential equations above, we assume that the formation of 4 2A T  102 

complex is in quasi-equilibrium, i.e., that for the reactions: 103 
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 4 2 [4 2 ] 0,C
K

K
A T A T





    (1.7) 104 

d[4 2 ] / dt 0A T  , so that: 105 

 4 2 [4 2 ] [4 2 ] 0.CK A T K A T A T      (1.8) 106 

By further assuming that the complex kinetics is much faster than the protein 107 

dilution (𝐾− ≫ 𝜆𝑐), we obtain: 108 

 
4 2

4 2

5
[4A 2T] ,

K A T
A T

K K





    (1.9) 109 

Where 5 /K K K  is the complex dissociation constant ( K  having the dimension of 110 

concentration). 111 

To obtain a steady state (equilibrium) for the system, we equate d / dA t  and 112 

d / dT t with zero. Given that A ’s translation rate is larger than T ’s, we further assume 113 

2A TK K , reflecting the stoichiometric ratio of A  and T  in 4 2A T  complex, and 114 

allowing to considerably simplify further mathematical relations. 115 

From Eqs. (1.5) and (1.6) we further obtain (A* and T* indicate the equilibrium 116 

values): 117 

 * *2
.C

C

A T


 


 
  (1.10) 118 

Note that by using the relation above, we can simplify finding *A  and *T  from Eqs. 119 

(1.5) and (1.6), by finding roots of only one non-linear equation – rather than by solving 120 

the system of two non-linear differential equations. To reduce the number of parameters 121 

and make the quantities dimensionless, we rescale the equations in the way described 122 

below.  123 

Numerically solving the model 124 
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To reduce the number of parameters and make the quantities dimensionless, we 125 

rescale the equations in the following way: /m m K , /A A K , and /T T K , 126 

corresponding to rescaled concentrations of kacAT  transcript, KacA and KacT; time is 127 

made dimensionless by 
Ct  , while the other two rates are made dimensionless by 128 

rescaling with 
C , /T T CK K   and / C     . Finally, /B DK K K  is the rescaled 129 

binding affinity of 4 2A T  to the promoter DNA and 
0 / ( K)m    is the rescaled 130 

(dimensionless) expression rate. 131 

With such rescaling, the differential equations for KacA and KacT expressions become: 132 

 4 2d
2 (1 ) 4

d
T

A
K m A A T


       (1.11) 133 

 4 2d
2 .

d
T

T
K m T A T


     (1.12) 134 

XPPAUT3 is used to simulate the dynamics of the system above, with the preferences 135 

nmash=100, dt=0.005, total=50, bounds=1e3, maxtor=1 000 000. XPPAUT was also 136 

used to calculate and display KacA and KacT nullclines, whose intersection determines 137 

the system's steady state. Trajectories were shown in the phase plane by simulating the 138 

system dynamics for different initial conditions. The stability of the steady state was 139 

analyzed through ‘sing pts’ (singular points) option in XPPAUT. The phase plane 140 

analysis was visualized in XPPAUT. 141 

To investigate how the equilibrium values of KacA, KacT proteins and kacAT 142 

transcripts depend on BK (binding strength of 4 2A T complex to the promoter) and 143 

(the rate of KacA active degradation), we numerically solve the following equation for 144 

*T  (see Eqs. (1.1), (1.12) at equilibrium and corresponding rescaled quantities, plus 145 
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Eqs. (1.4), (1.10); here * indicates equilibrium value): 146 

 

4

* *6

4

*6

2
0 2 .

12
1

1

T

B

K T T

K T







 
   (1.13) 147 

Roots (zeros) of this equation are found by using the MATLAB 'fsolve' function. Once 148 

*T  is found, *A and *m are found by: 149 

 * *2
,

1
A T




 
  (1.14) 150 

and 151 

 *

4

*62
1

1
B

m

K T






 

  
  

, (1.15) 152 

as derived in the previous subsection. Note that the solutions above for 0BK 153 

correspond to the constitutive (unregulated) case. The dependence of the equilibrium 154 

for values for *A , *T  and *m on 
BK  and  was visualized in MATLAB. 155 

Statistical analysis 156 

All the results were expressed as means ± SD. Furthermore the statistical 157 

significance of differences between different groups was analyzed by unpaired 158 

Student’s t-test using the R program (https://www.r-project.org/). P < 0.05 was 159 

considered to be statistically significant. 160 

 161 

  162 
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Table S1. Strains and plasmids used in this study 163 

Strain/plasmid Description Source or 

Reference 

Strain 

K. pneumoniae: 

HS11286-RR2 ΔblaKPC-2ΔKPHS_p300510-KPHS_p300880 (ΔblaKPC-

2ΔMDR) 

4 

HS11286-RR2Δlon HS11286-RR2 lon in frame deletion derivative This study 

HS11286-RR2ΔkacAT HS11286-RR2 kacAT in frame deletion derivative This study 

HS11286-RR2Δ(kacAT lacZ) HS11286-RR2 kacAT and lacZ in frame deletion derivative This study 

HS11286-RR2Δ(lon kacAT lacZ) HS11286-RR2 kacAT, lon and lacZ in frame deletion 

derivative 

This study 

E. coli: 

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

Plasmid 

pBAD33 p15A ori; araC; Para promoter, CmlR 5 

pBAD33+kacT pBAD33 bearing kacT and its SD sequence as an SacI-

HindIII insert 

This study 

pBAD33+kacAT pBAD33 bearing kacAT and its SD sequence as an SacI-

HindIII insert 

This study 

pBAD33+6×His-kacA pBAD33 bearing 6×His labeled kacA and its SD sequence as 

an SacI-HindIII insert 

This study 

pBAD33+6×His-kacA-kacT pBAD33 bearing 6×His labeled kacA with kacT and its SD 

sequence as an SacI-HindIII insert 

This study 

pBAD33+Myc-kacTY145F pBAD33 bearing Myc labeled kacTY145F and its SD sequence 

as an SacI-HindIII insert 

This study 

pBAD33+kacT-mCherry pBAD33 bearing kacT-mCherry as an SacI-HindIII insert This study 

pBAD33+mCherry-kacT pBAD33 bearing mCherry-kacT as an SacI-HindIII insert This study 

pBAD33+kacT+eGFP-kacA pBAD33 bearing kacT with eGFP-kacA as an SacI-HindIII 

insert  

This study 

pBAD33+kacT+kacA-eGFP pBAD33 bearing kacT with kacA-eGFP as an SacI-HindIII 

insert 

This study 

pBAD33+mCherry-kacT+kacA pBAD33 bearing mCherry-kacT with kacA as an SacI-HindIII 

insert 

This study 

pBAD33+mCherry-kacT+eGFP-kacA pBAD33 bearing mCherry-kacT with eGFP-kacA as an SacI-

HindIII insert 

This study 

pBAD33+mCherry-kacT+kacA-eGFP pBAD33 bearing mCherry-kacT with kacA-eGFP as an SacI-

HindIII insert 

This study 

pBAD33+kacA-eGFP pBAD33 bearing kacA-eGFP as an SacI-HindIII insert This study 

pBAD33+kacA-eGFP-kacT pBAD33 bearing kacA-eGFP with kacT as an SacI-HindIII 

insert 

This study 

pCD (pCDFDuet)  T7 promoter, KanaR  Novagen 

pCD+mCherry-kacT+kacA-eGFP pCD bearing mCherry-kacT with kacA-eGFP as an SacI-

HindIII insert 

This study 

pLacZ-PkacAT pLACZ derivative with promoter of kacAT operon inserted 

upstream of lacZ 

This study 

164 
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Table S2. Oligonucleotides used in this study. 165 

Name Sequence (5'-3') 

KacTF CGAGCTCAGGTAAGGTAGAGCTAATGGAGC 

KacTR CAAGCTTTTAGCTGCTGCCTGACTCATCGTCAGTAAAGAGCT 

KacATF GAGCTCAACAGGCCGGAGATAACGTA 

KacATR CAAGCTTTTAGCTGCTGCCTGACTCATCGTCAGTAAAGAGCT 

6×His-kacAF GAGCTCATGCATCACCATCATCACCACATGCCCGCACTTAAAAAGC 

6×His-kacAR CCAAGCTTTTACCTGGTTTGTAGACGCTTCGCTGCACG 

6×His-kacATF GAGCTCATGCATCACCATCATCACCACATGCCCGCACTTAAAAAGC 

6×His-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 

  166 
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 167 

Figure S1. Different K. pneumoniae strains were treated with meropenem or imipenem.  168 

(A) Growth curves of different K. pneumoniae strains. The overnight culture was 169 

inoculated into fresh LB at 1:100, and then 5 μg/mL of meropenem was added at 150 170 

minutes (logarithmic phase). The OD600 of each culture was measured every 30 minutes 171 

until 390 minutes. (B-C) Growth curves of K. pneumoniae HS11286-RR2ΔkacAT strain 172 

expressing KacT, KacAT or empty pBAD33 plasmid. (D) The kacAT knockout strain 173 

RR2ΔkacAT that harbors the empty vector pBAD33, KacT-expressing vector (pBAD33-174 
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kacT), or KacAT-expressing vector (pBAD33-kacAT) was exposed to a differential 175 

concentration of meropenem for four hours. (E) Enzymatic activity by colorimetric assay 176 

(WST-1-based) of K. pneumoniae HS11286-RR2ΔkacAT expressing KacT, KacAT or 177 

empty pBAD33 plasmid in the presence of meropenem. The enzymatic activity was 178 

measured by using WST-1 protocol (Beyotime Biotechnology, Shanghai, China) (F) The 179 

survival of RR2ΔkacAT harboring pBAD33-
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 185 

Figure S2. The influence of fluorescent protein on the function of KacA and KacT. (A-C) 186 

Growth of K. pneumoniae HS11286-RR2ΔkacAT containing the different plasmids. The 187 

strain was serially diluted and plated on LB agar supplemented with 30 μg/mL 188 

chloramphenicol and 0.2 % arabinose (w/v). (D) LacZ activity of K. pneumoniae 189 

HS11286-RR2Δ(kacAT lacZ) harboring PkacAT promoter-lacZ fusions in the presence of 190 

various combinations of KacA and KacT. LacZ activity was measured 5 h after the 191 

addition of IPTG (0.5 mM) to induce kacA and kacT. 192 

 193 

  194 
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 195 

Figure S3. Meropenem induces KacA-eGFP degradation through Lon protease. (A) 196 
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Fluorescence microscope showed the expression of KacA-eGFP and mCherry-KacT in 197 

E. coli BL21 (DE3). After transforming the pCDFDuet plasmid expressing KacA-eGFP 198 

and mCherry-KacT into E. coli BL21 (DE3), the strain was incubated on LB agar 199 

supplemented with 0.5 mM IPTG, and the expression of KacA and KacT was 200 

photographed using fluorescence microscopy. Wild-type RR2 and lon-deletion 201 

(RR2Δlon) strains harboring the pBAD33 vector that expresses (B-C) only KacA-eGFP 202 

or eGFP and (D-E) with KacT. The strains were grown in LB medium at 37℃, when 203 

OD600 = 0.3, 0.2 % (w/v) of arabinose was added. After 90 minutes of induction, 0.2 % 204 

(w/v) of glucose was added to inhibit KacA-eGFP expression together with meropenem. 205 

The fluorescence intensity of samples collected at the indicated time points was 206 

measured by a microplate reader. SHX was used to compare with meropenem. Data 207 

were presented as mean ± SD; n = 3. 208 

 209 
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 211 

Figure S4. Imipenem induces KacA-eGFP degradation through Lon protease. Wild-type 212 

RR2 (A) or RR2Δlon (B) containing the pBAD33 vector that expresses KacA-eGFP. The 213 

fluorescence intensity of K. pneumoniae cells after treatment with imipenem was 214 

measured in the same method as Figure S3. SHX was used to compare with imipenem. 215 

Data were presented as mean ± SD; n = 3. 216 
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 219 

Figure S5. KacT was not degraded under the condition of exposure to meropenem. The 220 

wild-type strain RR2 and the Lon protease gene deletion strain RR2Δlon harboring 221 

KacTY145F (A-B) or mCherry-KacTY145F (C-D) on pBAD33 vector were grown in LB 222 

medium at 37℃, at OD600 = 0.3, 0.2 % (w/v) of arabinose was added. After 90 min 223 

induction, 0.2 % (w/v) of glucose was added to inhibit the expression of KacT. Then, 224 

meropenem (MEM) was added to the culture medium, and samples for western-blot and 225 

fluorescence intensity were collected at the indicated time (0-, 15-, 30- and 60-minutes). 226 

The fluorescence intensity were measured by a microplate reader. SHX was used to 227 

compare with meropenem. Data were presented as mean ± SD; n = 3. 228 
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 231 

Figure S6. Meropenem reduces the ratio of KacA: KacT. The ratio of remaining KacA-232 

eGFP to mCherry-KacT in RR2 (A) or RR2Δlon (B) under the treatment of meropenem. 233 

pBAD33 vector that expresses both KacA-eGFP and mCherry-KacT was transformed 234 

into RR2 or RR2Δlon. The strains were grown in LB broth at 37℃, 0.2 % (w/v) of 235 

arabinose was added in the medium when OD600 = 0.3. After 90 minutes of induction, 236 

0.2 % (w/v) of glucose and 5 μg/mL meropenem were added. The fluorescence values 237 

of samples collected at the indicated time points were measured by a microplate reader. 238 

SHX was used to compare with meropenem. Data were presented as mean ± SD; n = 239 

3. 240 

 241 
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 243 

Figure S7. Transcription analysis of kacAT promoter by lacZ fusions. kacAT promoter 244 

(PkacAT) and the downstream lacZ were cloned on the pLACZ-PkacAT plasmid. The 245 

combinations of pLACZ-PkacAT and empty pBAD33 were co-transformed into the 246 

RR2Δ(kacAT lacZ) cells (A) and the RR2Δ(lon kacAT lacZ) cells (B). Meropenem and 247 

0.2% of glucose were added after 3 h of induction of KacA and KacT by arabinose 248 

(0.2%). Samples for enzymatic activities were collected at the indicated time points (0-, 249 

15-, 30-, and 60-minutes). 250 

 251 
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