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Abstract: With the increasing severity of bacterial resistance issues, f-lactamase, as the key enzyme mediating
resistance to S-lactam antibiotics, requires rapid and accurate detection that plays significant importance for clinical
treatment and antimicrobial resistance surveillance. In recent years, the rapid development of proteomic technologies
has provided novel strategies for high-throughput identification of f-lactamases. This article reviews the application
progress of mass spectrometry-based proteomic technologies in f-lactamase detection, compared with traditional
phenotypic detection and genetic sequencing methods, proteomic technologies enable direct capture of enzyme
expression-level information, offering multidimensional data support for elucidating the association between resistant

phenotypes and protein functions. Furthermore, advancements in targeted proteomics have enhanced detection
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sensitivity and specificity, facilitating the exploration of personalized anti-infective therapies. Looking forward,

through the integration of artificial intelligence-assisted analysis and the development of miniaturized high-

throughput detection devices, proteomic technologies are expected to play a more prominent role in real-time

antimicrobial resistance monitoring and precision medicine.
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Figure 1 The workflow of detecting f-lactamase using proteomics technology. The "Data analysis" column presents representative analytical

software. SRM: Selected reaction monitoring; MRM: Multiple reaction monitoring; PRM: Parallel reaction monitoring; MALDI-TOF MS:

Matrix-assisted laser desorption ionization time-of-flight mass spectrometry; LC: Liquid chromatography; MS: Mass spectrometry; QQQ:
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Table 1 Peptide markers of targeted proteomics in the detection of f-lactamase. “Methodological data are presented herein; refer to the

literature for detailed peptide results. CI: Confidence intervals; NA: Not applicable

Sample Sensitivity/%, Specificity/%,

Category Subtypes included Peptide Method Sample size CI% CI% Ref.

Ambler A

TEM Uncovered subtypes: 60, 139, 178,210  VGYIELDLNSGK PRM  Strains 188 91, 83-96 74, 64-83 [79]
Uncovered subtypes: 60, 147, 167, 176, SALPAGWFIADK PRM  Blood 241  98,93-100" 96, 90-98* [77]
183 and 4 unannotated subtypes culture
NA VDAGQEQLGR SRM  Strains 39 NA NA [75]
NA VLLC[CAM]GAVLSR SRM  Strains 39 NA NA [75]
Uncovered subtypes: 101, 104, 151, 164 QIAEIGASLIK PRM  Blood 241 98,93-100° 96, 90-98" [77]
and 6 unannotated subtypes culture
1,4-6,9, 10, 12, 15, 17, 19, 20, 26, 28-37, DAEDQLGAR SureQu Strains 102 NA NA [80]

39, 40, 43, 45, 47-49, 52-55, 57, 63, 68,
70, 71, 76-88, 90-99, 102-112, 115, 116,
120, 122-128, 131-133, 135-138, 142-154,
156-159, 163, 166-169, 171, 176, 181-
191, 193-198, 201, 205-208, 210-215,
217,219, 220, 224-226, 228-240, 242-252

ant
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Continued
. . Sample Sensitivity/%, Specificity/%,
Category Subtypes included Peptide Method Sample size CI% CI%
1-4, 15,17, 19-22, 30-37, 40, 45, 47-49,  WEPELNEAIPNDER SureQu Strains 102 NA NA [80]
52,54,55,57,67,68,70-72, 76,77, 79- ant
82, 84, 88,90, 92-99, 101-106, 108, 110-
113, 116, 120, 122-124, 126-128, 135,
139, 141, 142, 145, 146, 148, 150, 153,
156, 157, 159, 160, 162-164, 166-168,
171, 176, 181, 183, 188, 189, 191, 196-
198, 201, 206-217, 219, 220, 225-231,
233-235, 237, 239, 240, 243, 244, 246-249
SHV Uncovered subtypes: 75, 103, 137, 150 GIVALLGPNNK PRM Blood 241 89, 79-95° 97, 92-99* [77]
and 9 unannotated subtypes culture
Uncovered subtypes: 15, 135, 156 and4 VDAGDEQLER PRM Blood 241 89, 79-95° 97, 92-99* [77]
unannotated subtypes culture
1, 1b-b, 2a, 2-9, 11-16, 18, 19, 24-32, 34-38, SVLPAGWFIADK SureQu Strains 102 NA NA [80]
40-46, 48-52, 55, 57, 59, 60-67, 69-71, 74- ant
82, 85, 86, 89, 92-111, 115, 116, 119-121,
122b, 128, 129, 132-135, 137, 141-165, 168,
171-173, 175, 178-180, 182, 183, 185-191,
193-207, 209-230, 232-237, 239-244
1, 1b-b, 2a, 2-5,7-9, 11-16, 18, 24-36, 38, NQQIAGIGAALIEHWQR SureQu Strains 102 NA NA [80]
40-46, 48-52, 55-57, 59-67, 69-82, 85, ant
86, 89, 92-111, 115, 116, 119-121, 122b,
132-135, 137, 141-147, 149-154, 156-
162, 164, 165, 168, 171-173, 175, 178-
180, 182, 183, 185-189, 191, 193-195,
197-210, 212-218, 220-225, 227-243
1, 1b-b, 2a, 2-9, 11-16, 18, 24-38, 40-46, WETELNEALPGDAR SureQu Strains 102 NA NA [80]
48-50, 52, 55, 56, 59-67, 69-78, 80-82, ant
84-86, 89, 92-110, 115, 116, 119-121,
128, 129, 132-135, 137, 141, 142, 144-
165, 168, 171-173, 175, 178-180, 182,
183, 185-187, 189-191, 193, 194, 196-
234,238-242, 244, 245
CTX-M 1, 3,10, 12, 15, etc. (CTX-M-1 group) APLILVTYFTQPQPK PRM  Strains 188 98, 89-100 99, 95-100 [79]
1,2,5,12, 15, etc. (CTX-M-1 group SDLVNYNPIAEK PRM  Strains 188 76, 83-86 95, 89-98 [79]
partial)
Uncovered subtypes: 68, 177 and 3 QLGDETFR PRM Blood 241 100, 94-100° 100,97-100" [77]
unannotated subtypes (CTX-M-1 group) culture
Uncovered subtypes: 4 anonymous types AQLVTWMK PRM  Blood 241 100,94-100° 100,97-100" [77]
(CTX-M-1 group) culture
9,13,14,17,21, 19, 24, 65, 81, etc. QLTLGHALGETQR PRM  Strains 188 39,27-51 100, 96-100  [79]
(CTX-M-9 group)
9,13,14,16,21,17,19, 81, etc. (CTX- LIAQLGGPGGVTAFAR PRM  Strains 188 81, 70-89 100, 96-100  [79]
M-9 group)
Uncovered subtypes: 4, 6, 7, 19, 23,35, TEPTLNTAIPGDPR PRM  Strains 188 98,93-100 97, 89-100 [79]
42,52, 54,58, 62,74, 87,93, 99, 117,
126, 144, 147, 151, 155, 157, 168, 204,
219,212,221
GES NA AAEIGVAIVDPQGEIVAGHR SRM  Strains 39 NA NA [75]
NA DWVVGEK SRM  Strains 39 NA NA [75]
NA DYAVAVYTTAPK SRM Strains 39 NA NA [75]
NA LSYGPDMIVEWSPATER SRM  Strains 39 NA NA [75]
NA NDIGFFK SRM  Strains 39 NA NA [75]
PER NA EQIESIVIGK SRM  Strains 39 NA NA [75]
NA FPMQSVFK SRM Strains 39 NA NA [75]
NA GAAEILK SRM  Strains 39 NA NA [75]

NA GLLPAGTVVAHK SRM Strains 39 NA NA [75]
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Category Subtypes included Peptide Method Sample SarT1p1e Sensitivity/%, Specificity/%, Ref.
size Cl/% Cl/%
NA LDLNQTVIVNR SRM  Strains 39 NA NA [75]
NA TAATNDLGIILLPDGR SRM  Strains 39 NA NA [75]
NA TQLSETSQALLWK SRM  Strains 39 NA NA [75]
NA VLQNTWAPIMK SRM  Strains 39 NA NA [75]
NA WMVETTTGPER SRM  Strains 39 NA NA [75]
VEB NA IEITPQDLLPK SRM Strains 39 NA NA [75]
NA IISDIAK SRM  Strains 39 NA NA [75]
NA LLIDTYNNK SRM  Strains 39 NA NA [75]
KPC 2-15,25 APIVLAVYTR SRM  Strains 100 100" 100° [71]
NA APIVLAVYTR MRM  Strains 111  96.07" 100° [74]
Uncovered subtypes: none APIVLAVYTR PRM  Blood 241 100, 52-100° 99,97-100" [77]
culture
2-15,25 LTLGSALAAPQR SRM  Strains 100 100" 100" [71]
NA LTLGSALAAPQR MRM  Strains 111 96.07° 100 [74]
NA LALEGLGVNGQ MRM  Strains 111 96.07° 100° [74]
2-15,25 GFLAAAVLAR SRM  Strains 100 100" 100° [71]
NA GFLAAAVLAR MRM  Strains 111 96.07* 100* [74]
Uncovered subtypes: none GFLAAAVLAR PRM  Blood 241 100, 52-100° 99,97-100" [77]
culture
1-19, 21, 22, 24-26, 28 and 1 unannotated SIGDTTFR PRM  Strains 83 100, 76-100 100, 93-100  [76]
subtype
1-19, 21, 22, 24-26, 28 and 1 unannotated FPLCSSFK PRM  Strains 83 100,76-100 100,93-100  [76]
subtype
1-95 AAVPADWAVGDK PRM  Strains 188 100,91-100 100,97-100  [79]
1-95 except for 13, 45, 59 SQQQAGLLDTPIR PRM  Strains 188 98, 88-100 100,97-100  [79]
Ambler B
VIM 1-12, 14-20, 23-46, 49-51 and 11 VGGVDVLR PRM  Strains 83 100,72-100 100, 94-100  [76]
unannotated subtypes
1-12, 14-20, 23-46, 49-51 and 11 VGGVDVLR PRM  Blood 241 100,46-100" 100, 98-100" [77]
unannotated subtypes culture
1-6, 8-12, 14-20, 23-46, 49-51 and 11 NTAALLAEIEK PRM  Strains 83  92,62-100 100, 94-100  [76]
unannotated subtypes
1-6, 8-12, 14-20, 23-46, 49-51 and 11 NTAALLAEIEK PRM  Blood 241 100,46-100" 100, 98-100" [77]
unannotated subtypes culture
1,4, 5, etc. LAEAEGNEIPTHSLEGLSSS PRM  Strains 188 100,20-100 100,97-100  [79]
GDAVR
Uncovered subtypes: 7, 13,47, 61, 69 DGDELLLIDTAWGAK PRM  Strains 188 100,20-100 100,97-100  [79]
IMP 1,5,7, 10, 28, 30, 34, 40, 42, 43,52, 55, LVVPSHSEVGDASLLK PRM  Strains 188 100,60-100 100,97-100  [79]
60, 61, 66, 70, 73, 76, 77, 79, 81, 85, 88
(IMP-1)
1, 3,6, 10, 25, 30, 34, 40, 42, 52, 55, 60, VQATNSFSGVNYWLVK PRM  Strains 188 100, 60-100  100,97-100  [79]
61, 66, 70, 76-80, 88 (IMP-1)
4,26, 38, 59, 89 (IMP-4) NSFGGVNYWLVK PRM  Strains 188 58,37-77 100, 97-100  [79]
1,3,4,5,6,7,15,25,28,29,34,38,51, LDEGVYVHTSFEEVNGWG PRM  Strains 188 92, 73-99 85, 79-90 [79]
52, 60, 61, 62, 59, 70, 79, 81, 82, 85 VVPK
NDM  1,2,3,4,5,7,8,9,10,11,13, 14 SLGNLGDADTEHYAASAR MRM  Strains 100 87.5, 67.6- 100, 95.3-100* [72]
97.3*
1-15 ASMIVMSHSAPDSR MRM  Strains 100 87.5, 67.6- 100, 95.3-100" [72]
97.3*
1-15 AFGAAFPK MRM  Strains 100 87.5, 67.6- 100, 95.3-100" [72]
97.3*
1-31 AFGAAFPK PRM  Strains 188 100,80-100 100,97-100  [79]
Uncovered subtypes: none AFGAAFPK PRM  Blood 241 100, 75-100° 100, 98-100" [77]
culture
1-16 and 1 unannotated subtype FGDLVFR PRM Strains 83 100, 76-100 100, 93-100 [76]
1-16 and 1 unannotated subtype FGDLVFR PRM  Blood 241 100, 75-100" 100, 98-100"  [77]
culture
1 FGDLVFR SRM Strains 39 NA NA [75]
1-16 and | unannotated subtype QEINLPVALAVVTHAHQDK PRM Strains 83 25,8-53 100, 93-100 [76]
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Continued
. . Sample Sensitivity/%, Specificity/%,
Category Subtypes included Peptide Method Sample size CI% CI% Ref.
Ambler C
CMY  2,4,5,6,7, etc. (CMY-2 family) ADIANNHPVTQQTLFELGS PRM  Strains 188 27, 12-50 100, 97-100  [79]
VSK
2,4,5,6,7, etc. (CMY-2 family) TLQQGIALAQSR PRM  Strains 188 82,59-94 100, 97-100  [79]
36, 55, 60, 145 (CMY-2 like) TFNGVLGGDAIAR PRM  Blood 241 100, 66-100° 99, 96-100" [77,
culture 78]
40, 45, 49, 144, 157 (CMY-2 like) TGSTGGFGSY VAFVPEK PRM  Blood 241 100, 66-100° 99, 96-100" [77,
culture 78]
cAmpC 14,20, 75, 112, 113, 121, 157-159, 169,  SSSDLLR PRM  Blood 241 7,4-12° 100, 95-100"  [77,
212,225, 247-249, 254, 272, 281, 292, culture 78]
325,333, 374, 384-395
14,36, 75, 112, 113, 121, 169, 223, 237, QPVTQQTLFELGSVSK PRM  Blood 241 7,4-12° 100, 95-100"  [77,
247,248,249, 281, 291, 297, 333, 374, culture 78]
384-395
NA AVNSSTIFELGSVSK SRM  Strains 39 NA NA [75]
NA HSYVNVPK SRM  Strains 39 NA NA [75]
NA ISFDDTPGK SRM  Strains 39 NA NA [75]
NA LFTATAGGYAK SRM  Strains 39 NA NA [75]
NA LVDQNFKPLLEK SRM  Strains 39 NA NA [75]
NA TGSTNGFGTY VVFIPK SRM  Strains 39 NA NA [75]
NA DLGLVILANR SRM  Strains 44 NA NA [70]
NA FVDANLHPER SRM Strains 44 NA NA [70]
NA LPAPQALEGQR SRM  Strains 44 NA NA [70]
NA SLGQPFER SRM  Strains 44 NA NA [70]
NA TGSTNGFGAY VAFVPGR SRM  Strains 44 NA NA [70]
NA TSAADLLR SRM  Strains 44 NA NA [70]
NA VGPGPLDAEGYGVK SRM  Strains 44 NA NA [70]
Ambler D
OXA-1- 1,4,31,47,224, 320,392, 534, 675 NNGLTEAWLESSLK PRM  Strains 188 78, 52-93 100, 97-100  [79]
like 1,4,31,47,224, 320, 392, 534, 675 IINHNLPVK PRM  Strains 188 78,52-93 100, 97-100  [79]
Uncovered subtypes: none TLQNGWFEGFIISK PRM  Blood 241 100, 90-100"° 100, 98-100"  [77]
culture
Uncovered subtypes: 1 unannotated TGAGFTANR PRM Blood 241 100,90-100" 100, 98-100" [77]
subtype culture
OXA-  48,54,162,163, 181, 199, 204, 232, 244, ANQAFLPASTFK MRM  Strains 98 100° 100* [73]
48-like 245,247,370
48,162, 163, 181, 199, 204, 232, 244, ANQAFLPASTFK PRM  Strains 83 100, 81-100 100, 93-100  [76]
245, 247, 370 and 3 unannotated subtypes
48,162, 163, 181, 199, 204, 232, 244, ANQAFLPASTFK PRM  Blood 241 100, 60-100° 100,97-100° [77]
245,247, 370 and 3 unannotated subtypes culture
48, 54, 162, 163, 181, 199, 204, 232, 244, YSVVPVYQEFAR MRM  Strains 98 100° 100* [73]
247,370
48,162, 163, 181, 204, 232, 244, 245, SWNAHFTEHK PRM  Strains 83 100, 81-100 100, 93-100  [76]
247,370
Uncovered subtypes: 199 and 3 unanno- SQGVVVLWNENK PRM  Blood 241 100, 60-100° 100,97-100° [77]
tated subtypes culture
OXA 23 ANTEYVPASTFK SRM  Strains 39 NA NA [75]
23 DMTLGEAMK SRM  Strains 39 NA NA [75]
23 INLYGNALSR SRM Strains 39 NA NA [75]
23 LSAVPVYQELAR SRM  Strains 39 NA NA [75]
23 MLNALIGLENQK SRM  Strains 39 NA NA [75]
23 NMLLLEESNGYK SRM  Strains 39 NA NA [75]
23 NTSGVLVIQTDK SRM  Strains 39 NA NA [75]
23 TDINEIFK SRM  Strains 39 NA NA [75]

24 ATTNEIFK SRM Strains 39 NA NA [75]
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Sample Sensitivity/%, Specificity/%,

Category Subtypes included Peptide Method Sample size CI% CI%
24 EGMSGSIR SRM Strains 39 NA NA [75]
24 IPFSLNLEMK SRM Strains 39 NA NA [75]
24 ITPVQEVNFADDLAHNR SRM Strains 39 NA NA [75]
24 MLNALIGLENHK SRM Strains 39 NA NA [75]
24 NLSTYGNALAR SRM Strains 39 NA NA [75]
24 TGLELMQK SRM Strains 39 NA NA [75]
51 ASTEYVPASTFK SRM Strains 39 NA NA [75]
51 ATTTEVFK SRM Strains 39 NA NA [75]
51 ITPQQEAQFAYK SRM Strains 39 NA NA [75]
51 VQDEVQSMLFIEEK SRM  Strains 39 NA NA [75]
58 AGDDIALR SRM Strains 39 NA NA [75]
58 TANALIGLENHK SRM Strains 39 NA NA [75]
58 TAYIPASTFK SRM Strains 39 NA NA [75]
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Table 2 The comparison of proteomics technology in the detection of f-lactamase

Comparison Fingerprinting . Targeted proteomics Targeted proteomics .
. . . A . Bottom-up proteomics Top-down proteomics
dimension identification (SRM/MRM) (PRM)

Analyte Protein or peptide Total digested peptides.  Predefined precursor- Predefined precursor Intact proteins.

solution. product ion pairs of ions of targeted peptides.
targeted peptides.

Instrument MALDI-TOF MS High-resolution LC-MS/ LC-MS/MS (e.g., High-resolution LC-MS/ High-resolution MS

requirements  (e.g., Bruker MS (e.g., Q-Orbitrap”). QQQ"*™). MS (e.g., (e.g., Q-Orbitrap!™- ),
Microflex! 34446481y Q-Orbitrap™).

Spectrum Characteristic peaks of ~ Unbiased full MS' and ~ Spectra of selected Spectra of all product Spectra of proteins and

features p-lactamase. MS? spectra. precursor-product ion ions (full MS? scans). product ions.

Output format

Sensitivity
Specificity
Throughput
p-Lactamase
types per run
Subtype
discrimination

Turnaround
time

Data analysis
Advantages

Limitations

Typical
applications

Peak lists.

Low.

Low.

Very high.

Limited (< 10 types).

Possible inability to
discriminate.

Very fast

(= 30 min'*).

Simple.

Fast, cost-effective, easy
to operate.

Low detectability and
reproducibility; risk of
missing low-abundance
f-lactamases; limited
subtype discrimination;
poor quantification.
Rapid f-lactamase
screening; preliminary
large-scale

epidemiological surveys.

Protein lists with peptide
coverage (quantifiable in

comparative proteomics).

Medium-high.
Medium.
Medium.
Dozens.

Medium-high (specific
peptide identification
dependent).

Medium

(5-6 h™%),

Medium.

Unbiased screening;
database-supported
identification of
[-lactamases and
resistance-related
proteins (e.g., efflux
pumps).

Prone to missing low-
abundance enzymes;
limited subtype
discrimination.

Preliminary research on
resistance mechanisms;
detection of multiple
p-lactamase in complex
samples (e.g., mixed
infections).

pairs.
Qualitative and
quantitative peptide lists.

Very high.

High.

High.

Dozens to hundreds.

Medium-high (dependent
on whether the selected
transitions cover the
variant site).

Fast

(<90 min!""7),

Medium.

High sensitivity; accurate
and reproducible
quantification.

Targeting only
predefined transitions;
challenges in the
selection of precursor-
product ion pairs.

Rapid qualitative/
quantification of
f-lactamase peptides;
large-cohort validation;
biomarker verification.

Qualitative and
quantitative peptide lists.

High.

High-very high.
High.

Dozens to hundreds.

High (all product ions
analyzed; capable of
discriminating most
peptide variants; specific
peptide dependent).

Fast

(= 1 0™,

Medium.

High sensitivity; accurate
and reproducible
quantification; capable of
discriminating most
peptide variants.

High-resolution MS
requirements; targeting
predefined peptides only.

Precise quantification of
p-lactamase peptides;
large-cohort validation;
biomarker verification.

Protein sequences and
modifications.

Low-medium.

Very high.

Low.

Limited (< 10 types).

Very high (full-length
protein sequences).

Slow.

Complex.
Digestion-free direct
identification of
full-length f-lactamases;
intact protein structural
information including
post-translational
modifications; excellent
subtype discrimination.
High-resolution MS
requirements; low
throughput; complex
data analysis; poor
protein ionization
efficiency.

f-Lactamase

structure -function
studies; analysis of
protein cleavage/
degradation mechanisms.
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