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Abstract: f-Lactamase inhibitor sulbactam has unique activity against Acinetobacter baumannii, but its direct
target protein has not been fully elucidated. In this research, thermal proteome profiling and surface plasmon
resonance technologies were applied to identify and validate RNA 5’ pyrophosphohydrolase (RppH) as the direct
target of sulbactam against 4. baumannii. And further, using the checkerboard method, we found that sulbactam
could synergize with carbapenem antibiotics to battle A. baumannii. The research results supplement the new
molecular mechanism of action of sulbactam and provide an effective combined regimen for its combination with
other antibiotics to combat clinical intractable drug-resistant bacteria infections.
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Figure 2 Thermal proteome profiling experiments of A, B, C groups. A: The experimental flowchart; B: Principal component scores of A

and C groups; C: Pearson's correlation coefficients analysis of A, B and C groups respectively. n = 9, x £ 5. "P < 0.05, "P < 0.01, "P <

0.001; D: Clustering proteome analysis of A and C groups



- 1278 - 242224 Acta Pharmaceutica Sinica 2026, 61(4): 1276-1282

HANELIERLF; HPC1TTHRZRIE 70.2%, $27~ 3 411
BAEBEF X 3B AHRPES T (B12C) 2w, 2 1R %
A B IEAH K, (R RE AR 22 S /N 2B R) 22 S 80K, R W
A FE A AR X ST o SRR KI5 R o, MHBLC A,
A HE AR RIS TR, HREZES 2
B IRIRHE, WA 2 MR R (K2D). 45 AR, SEie
H 5N H A AE W25 2% 5, BIEY X 4. baumannii
(1 FH R 5 B 000 381, Oy J 4 SR oy B 1R AL T R
i — P BT ER B S AT AN 2 e A A s
KL E (B 3A), B ek L&A, EEAET
WEA, BIOHERERZE R TR E, A LIREERO
FUBRE 73 9 0F . 72 S P N 2 1 2 e A OB K .
AHE 5T LL P < 0.05 A1 FC (Foldchange) = 2.0 {F N % 575
H R Fii e br e, XTEE AZH 5 C 4], JLfiak il 921 N 2 7
FikEA, K308 M8 BIHRIE, 613402 TR,
et bl 2 5 ik | A 1% FCAE AR 70 #r, 45 R &
N MR T CH, AHF ) GTP 454 & 1 (probable
GTP-binding protein EngB, EngB). 5 JI £& 1 (trans-
membrane protein, TP) 1 RNA £ % iR /K i i (RNA 5’
pyrophosphohydrolase, RppH) 11383k & # i, FC{E
7 W ON I 267.06.34.54 F1 3441, A5 B AN,
EngB 1A ] & 11 (FC 154 65.20), 1 TP A1 RppH 7%
AKX, #7275 EngB A e A2 &7 LA F B B3R A
KEGG & &0 irai B (K 3B) R, Ad5Cdr

F) DR F8 43 b 1 22 08 o 1 i 2 AR TR 5l
B (UK R AR L SE AL B 1h) A OB AL (S AL AR
JIE S (WAZ MR VRNA R, H Bk %3 B 4
THEE L (P<0.05).

TP %2/ 75 40 it 1) 95 ) o e 12 L R R e Ak M3
GG RARAS YRS T T R AR WY, R TP RIX
FRE LR, HAH S S B R AR R A
5, BIESCBR K i AF Ol % 5 KEGG & 4 71 &
TN S il 45 A — 3. RppH I 5 mRNA [§
iR, I I S 2 B mRINA 573 (1 B B R 3L (41, o 5'3%
() = Tl T2 Bl — W R 45 M A D R B TR, AT BN
mRNA MY X —HLH 25 R e 4 Bl
1, 5 KEGG & %7t 4 A — 3.

T8 STRING # 4 P =5 %% 72 57 308 8 ot [8) 1)
FHEAER, JECL R g 7 & B EAE R 4% (8] 30).
RppH 4t T Z M 25 (1% A B, KRB BHEE, R
N log, (FC) (a5 =, HAES HoAh 8 A o (1) AR h kK 4%
KETREH . DL R4 $27R, RppH & F Al g 2 %7 1
WRAEPLA. baumannii VEFF) 808 A o
12 #FEIEERppHHHEEMERMR NP
B UE &7 L 40 5 RppH B B #4240 BAE H, A8 5tk H
Discovery Studio 4.5 # {1 %} #7 I 41 5 RppH (PDB ID:
2KDV) #4177 CDOCKER % ¥ %f #2156, -CDOCKER
ENERGY $743 4 7.89 kcal-‘mol™. 2D Fl13D 45 (K 4A)

A Volcano plot Top KEGG terms
151 §ig:613 : : Sig: 308 Adipo;yltokine 'signaling [;'atl}way . Com
P<0.05 : : P<005 | o Significantly down rimary immunodeficiency . 1
logy(FC) <-1 log,(FC)> 1 i Y Thermogeneslxs . o7
Down ' : Up Down Photosyntl13§1s ° o 13
—r H H i e RNA degradation . e 19
= I . Lol i Fat digestion and absorption
7 i 1. RppH : Up Monobactam biosynthesis P-value
E‘;: u {, o | s Nucleotide excision repair
= o . 5 « Significantly up 3 I 0.12
& . . i Benzoate degradation | @
2 . .2 : 0.09
) o ey - K Tryptophan metabolism
o of el S Alanine,aspartate and glutamate metabolism i 0.06
. .: s Butanoate metabolism 0.03
SRR R VIR . - XY R . Arginine biosynthesis |e
. pryahies0cs Oxidative phosphorylation [o
0 | H
2 4 6 8
-5 0 5 2
logy(FC) Enrichment_score
L KdsC @
C -
Top protein rank S-adenosylmethionine Degree
C-terminal processing peptidase family protein O OmpA family r‘} oprotein ‘ ;
RppH % lipoprotein o
OmpA family lipoprotein S . . G 7
S-adenosylmethionine C-temmal DIOCessing Y
Ghy peptidase family proteip log, FoldChange
5.0
YecA family protein [===@ I 25
Glycosyl transferases group 1 family protein I ?205
Lactonase i . . 50
5-Dehydro-4-deoxyglucarate dehydratase jm=® z{elxx?mm-ltle.llx :c{)tselir/thbY domgi
CRS1/YhbY domain protein e omatn protein L
Helix-turn-helix domain protein [==® YecA family protein N
KdsC = Glycosyl transferases
Lipoprotein [==® group 1 family protein

0.0 2.5 5.0 7.5 10.0

5-Dehydro-4-deoxyglucarate
Degree dehydratase  @—~__

Lactonase

Figure 3  Analysis of differentially expressed proteins. A: Differentially expressed proteins shown by volcano plot; B: Bubble plot

visualization of signaling pathways; C: Protein interaction network plot of differentially expressed proteins
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Figure 4 The interaction between sulbactam and RppH. A: 3D molecular docking results between sulbactam and RppH (expressed as H-bond

receptor surface) and 2D diagram of docking result; B: Molecular dynamics simulations of RMSD value changes for sulbactam’s bonding to RppH;

C: SPR sensorgrams obtained on RppH at different concentrations of sulbactam. SUL: Sulbactam
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Table 1 In vitro antibacterial activities of sulbactam combined with 14 antibiotics against A. baumannii. MIC: Minimal inhibitory concen-

tration; FIC: Fractional inhibitory concentration

MIC used alone/pg-mL" MIC of SUL MICs in combination/pg-mL" FIC
Antibiotic MIC /ug-mL" Antibiotic MIC (MIC®")
Meropenem 8 1 Meropenem (SUL) 2 (0.125) 0.375
Imipenem 4 1 Imipenem (SUL) 1(0.25) 0.5
Faropenem 16 1 Faropenem (SUL) 4(0.125) 0.375
Amikacin 4 1 Amikacin (SUL) >16 (0.063) >2.06
Clarithromycin 16 1 Clarithromycin (SUL) 0.062 5 (0.5) 0.504
Azithromycin 4 1 Azithromycin (SUL) 0.25 (0.5) 0.56
Ceftazidime 16 1 Ceftazidime (SUL) 4(0.5) 0.75
Tigecycline 0.25 1 Tigecycline (SUL) 0.5 (0.03) 2.03
Minocycline 1 1 Minocycline (SUL) 0.5 (0.015) 0.53
Polymyxin B 16 1 Polymyxin B (SUL) 32 (0.063) 2.06
Polymyxin E 2 1 Polymyxin E (SUL) 4(0.125) 2.125
Levofloxacin 0.5 1 Levofloxacin (SUL) 0.03 (0.5) 0.56
Ciprofloxacin 0.5 1 Ciprofloxacin (SUL) 0.5 (0.03) 1.03
Linezolid >1024 1 Linezolid (SUL) 1024 (0.125) <0.675
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Figure 5 The synergistic effect of sulbactam with antibiotics against 4. baumannii by the checkerboard method. A: The flowchart of the

checkerboard method; B-D: In vitro synergistic activity results of carbapenem antibiotics combined with sulbactam against A. baumannii

A. baumannii WG FHFE—2 0 7 & EEE L A
RppH B4 0 74 SMsa3 Ve, 3 1T & 42 19 U FH B L
A FEAN 78 T RppH AF 4 &7 B3 A 38 2 ) 4 %
HLHI LA K RppH 1T 4 40 55388 575 4 8 4 7 41 7 i 24 34

PP R A, 2 T 42 T B 25 L R
Foo R, 0T F038 A B 24 5B L A 0 CRAB
R AR T AT IR 2T W, NIE R el T
KB B A PR G T A R A



PR &7 CHE USSR B B R U P F BT E R T - 1281 -

ISMUE D
1 HEENE N EEM

AT 5 2 R 5 LI PR AN SE 46 = bR AE P22 (Clinical
and Laboratory Standards Institute, CLSI) #x i, K F i
B R E AT PRI M e ARG . A7 I
FFH 2 7 18715 1Y Mueller-Hinton A3 (CAMH W7, &
H20~25mgmL" Mg*, 10~12.5 mg-mL" Ca®™) 7£ 96 fL
BV N A KR 2 F5 6 R, B 2= DA IRIRE 75 SR A AL A
i, BEFLZARFR N 100 ulo I3k 5§ ¥k 4. baumannii
ATCC 19606 7£ 37 °C[] Luria-Bertani A7 (LB A7)
R 722 ODMEA T 0.5~0.8. ¥4 % 0.5 McFarland
(1.5x10° CFU-mL™), Jf- F§ CAMH W7 LA 1:30 # B &
5x10° CFU-mL"s 4R 5% 10 uL 4 1 2 37 i\ % 5L
o, A R TR L EE N 1x10° CFU-mL™ . % 96 LI B
T 37 °CIEIF E 20 ho WS B bR AR KAB B0, W 5E &7 2
5 H A4 2 1 s AR B IR FE 1 H 5 FIC A, FIC = MIC
(A in combination with B)/MIC (A alone) + MIC (B in
combination with A)/MIC (B alone), FIC < 0.5 i, P 24
& F NI FICAE A F 0.5~ 1 iF, P54 B A i
FIC{EA T 1~2, NI RAER; FIC > 2, NfEHUEH
2 TPPiRIE

4 A. baumannii ATCC 19606 7% 5 fh 254 LB
R gR R MR B b, 46 37 °C 85 3H 220 r-min (94644 T
i A O, BRSO SR B A, F PBS S R DT
TEE B VE 2~3 K, 514 B BL1586A 40T & [ $2 B
7 &% (Biosharp, ) 8 & A FIE W IR H Bradford
BHHTEAEE. BEEE (ZKRE 1 pgml") 5E&A
E3EW S 5T 60 °C (A 4H) 530 °C (B4H) % & 10 min,
[ IS 15 B AN N4 T2 316 60 °C o 1 E3s R (Z0) 1E NI
PEXTRE . B 5 2H 2 8 & 53 #T K Pro DIA J5 3%, 7
FH 23 #2254 tims TOF HT 58 3 8 3% 0 55 5 o i
& Wl (Bruker, 3€ ). fff H KEGG il # (http://www.
genome.jp/kegg/) B FEXT BT A 45 € 10 B A AT
T YifReE R, I String 204 FE (https:/string-db. org/)
AT T EAMEAER 5T
3 oFXE

{4 1 Discovery Studio 4.5 3 {45 &F L 4H A RppH i2F
17 CDOCKER 73T #25256 . & [ 1 CHARMM
135 FBCAR ¥ CGenFF 71371t 58 (1 o F T A4 2 8] 11
AHEAE FH RE B A N H VP20 eR AR, BN o X 2 21 52 A 25
A S TS 52 AR - FC AR A BAE R EAT 20T, 45 2IEC
PR —SZ AR A AR F 4P B R sz ks A D AS R
4 TIIFEH

KW 5% % FH GROMACS 2020.6 (MODIFIED i)
TR T3 SR St . B LA A R - B

(AL GAE N BNAS 73 W B AL 4R M4 5, B J 13 FH Sobtop 1.0
(dev3.1 FRAR) 2B /oy 1 [ ZE A B4R SCF; 4 RppH &
H 43 Amber99 Parmbscl 7137 DL 5E S $HE &, FK
F SPC /KA RURALL 2 1 JA BBl /K IR 88 . i hf R i
FELSPAA, SO0 AR I IE B SN E B B . 7R A
PLFFLRTT, R 50T £ AT 1P 72, DA R BN, 2R 42
AR e, e LR HER IS, AW 7T RE T 200 ns 1453
T2 )1 BERIEAT, ZAE LR AT 52 R - AR
A WAE BT A RUBE R AT N, dEMIR A i A 5
A4 R 2 A AH BLAE FH R 2 G 4 & fee .
5 SPRIEARSLLE

{ F Reichert 2SPR #f 17 SPR 73 #fr, Wl i€ &7 [ 4H
5 RppH ERI SRR ) K fE . B AR FE pHAE N 5.0
{10 s JR0 00 Y v, ) PR 2 R B B 1 g =T 8 7E CM
& F (AMETEK Reichert, 3¢ [E) . B £ 58t
Reichert 2SPR % 4t # # (AMETEK Reichert, 3¢ [H) 1
(15 ) AR BEAT 537 o

Bgt: B L RR S A B R R A BR A | B R
T 2H 500

fEE TR 2 TSR M0 KRIRA B S s ORI
S A A AL T SRR 7% L 4R T RPHE R SRS I
T b H IR i B0 SCER S AR 1A e AR T A ST T
VB3 220 £LRJF A2 50 47 B SE SR W E FIAE G (R 412 0% TAE

FIEEHSE: AT AEE BN EER G TR R.

References

[1] Zhang ZM, You XF, Pang J. Mechanisms of Acinetobacter
baumannii iron acquisition and antimicrobial strategies based on
the inhibition of iron uptake [J]. Acta Pharm Sin (% % % #),
2024, 59: 1113-1125.

[2] Jesudason T. WHO publishes updated list of bacterial priority
pathogens [J]. Lancet Microbe, 2024, 5: 100940.

[3] Karaba SM, Hirsch EB, Heil EL. In a pinch: Cefiderocol for
CRAB infections [J]. Antimicrob Agents Chemother, 2022, 66:
€0006522.

[4] Qin XH, Ding L, Hao M, et al. Antimicrobial resistance of
clinical bacterial isolates in China: Current status and trends [J].
JAC Antimicrob Resist, 2024, 6: dlac052.

[5] Betrosian AP, Douzinas EE. Ampicillin-sulbactam: An update on
the use of parenteral and oral forms in bacterial infections [J].
Expert Opin Drug Metab Toxicol, 2009, 5: 1099-1112.

[6] Chu HQ, Zhao L, Wang MG, et al. Sulbactam-based therapy for
Acinetobacter baumannii infection: A systematic review and
meta-analysis [J]. Braz J Infect Dis, 2013, 17: 389-394.

[71 Marino A, Augello E, Stracquadanio S, et al. Unveiling the

secrets of Acinetobacter baumannii: Resistance, current treat-



1282 - 242 %4} Acta Pharmaceutica Sinica 2026, 61(4): 1276-1282

(8]

(]

[10]

(1]

[12]

[13]

ments, and future innovations [J]. Int J Mol Sci, 2024, 25: 6814.
Bassetti M, Magné¢ F, Giacobbe DR, et al. New antibiotics for
Gram-negative pneumonia [J]. Eur Respir Rev, 2022, 31:
220119.

Fonseca EL, Scheidegger E, Freitas FS, et al. Carbapenem-resis-
tant Acinetobacter baumannii from Brazil: Role of carO alleles
expression and blaOXA-23 gene [J]. BMC Microbiol, 2013,
13: 245.

Penwell WF, Shapiro AB, Giacobbe RA, et al. Molecular mecha-
nisms of sulbactam antibacterial activity and resistance determi-
nants in Acinetobacter baumannii [J]. Antimicrob Agents Che-
mother, 2015, 59: 1680-1689.

Lin CH, Su SC, Ho KH, et al. Bactericidal effect of sulbactam
against Acinetobacter baumannii ATCC 19606 studied by 2D-
DIGE and mass spectrometry [J]. Int J Antimicrob Agents, 2014,
44: 38-46.

Beninger P. Sulbactam/durlobactam [J]. Clin Ther, 2024, 46:
82-83.

Tovleva A, Fowler VG Jr, Doi Y. Treatment approaches for

[14]

[15]

[16]

[17]

(18]

carbapenem-resistant Acinetobacter baumannii infections [J].
Drugs, 2025, 85: 21-40.

Mateus A, Kurzawa N, Becher I, et al. Thermal proteome
profiling for interrogating protein interactions [J]. Mol Syst Biol,
2020, 16: €9232.

Ryu H, Fuwad A, Yoon S, et al. Biomimetic membranes with
transmembrane proteins: State-of-the-art in transmembrane
protein applications [J]. Int ] Mol Sci, 2019, 20: 1437.

Gao A, Vasilyev N, Kaushik A, et al. Principles of RNA and
nucleotide discrimination by the RNA processing enzyme RppH
[J]. Nucleic Acids Res, 2020, 48: 3776-3788.

Zhu X, Ma XC, Zhang XT, et al. Synthesis of ornithine peptido-
mimetic efflux pump inhibitors and synergistic antibiotic activity
against Pseudomonas aeruginosa [J]. Acta Pharm Sin (25 %% %%
), 2024, 59: 1720-1729.

Amruthavarshini I, Rajshekar D, Rao R, et al. Synergistic activity
of meropenem and sulbactam against carbapenem-resistant

Acinetobacter baumannii [J]. Indian J Pharmacol, 2025, 57:

322-328.



