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Abstract
Methicillin-resistant Staphylococcus aureus (MRSA), a multidrug-resistant variant of S. aureus, was
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initially documented in the United Kingdom in 1961. Characterized by its elevated morbidity, mor-
tality rates, and resistance to multiple antibiotic classes, MRSA rapidly emerged as a major global
health threat following its discovery. The molecular basis of its broad-spectrum f-lactam resistance
is attributed to the penicillin-binding protein 2a (PBP2a), encoded by the mecA gene. Ceftaroline
fosamil, a fifth-generation cephalosporin approved by the U.S. Food and Drug Administration (FDA)
in 2010, demonstrates exceptional antibacterial efficacy against MRSA through a unique dual mech-
anism involving both allosteric modulation and active site inhibition. By binding to the allosteric
domain of PBP2a, ceftaroline induces conformational changes that expose the catalytic pocket, en-
abling subsequent interaction with the active site to irreversibly block its transpeptidase activity—
a critical enzyme for bacterial cell wall biosynthesis. This dual-targeting strategy significantly en-
hances the compound’s bactericidal potency, establishing it as a cornerstone therapy for MRSA in-
fections. Paradoxically, surveillance studies revealed the existence of high-level ceftaroline-re-
sistant MRSA strains as early as 1998, predating the drug’s clinical approval by over a decade. These
observations underscore the limitations of relying solely on ceftaroline as a definitive solution for
MRSA management. The premature emergence of resistance necessitates a deeper investigation
into the dynamic molecular interactions between ceftaroline and its bacterial targets, particularly
the structural plasticity of PBP2a and compensatory mutations in auxiliary resistance determi-
nants. Elucidating these mechanisms at atomic resolution is imperative for optimizing therapeutic
regimens, designing next-generation S-lactams, and ultimately delaying the trajectory toward pan-
resistance in MRSA populations.
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1. &t

TR FF 420 P8 PR 4 8 €6 7 %2 BK BRI (MRS A) A2 — Fhont AU P AR S LA 2 Fh - B- R TR A S e 28 25 1A T 245 12 1)
ZEMZIH, 25 ANBRYRE R IR 2 —. RE S 2R 2 A, ¥ WOH ¥l s
AN ZITE[1]. MRSA AI 5|22 Fid e, AHE R RAIRASURGe, flife . MmmEg. OWBER. &
BE 4%, T H N ] SRR AR RN 2 2% B BE (2], MRSA X £ R AR R 251, SRR G & AR,
A T A S SR B AR R (T R 3R IR LS, (HOX B 25440 7T B8 51 R B F 80— 215 Tt
2Pt . MRSA YRR A, AR, BB REMA N RITE ML A48, 12 2021 4, £8kA
KT MRSA HIZET: A0y 13 Jif5l, MRSA AHGHIZET: NEUA R 55 T5[3]. X — IR ILse, (AL
255 MRSA, JLH & PBP2a i 4L

2. BB E4 S EH(Penicillin-Binding Proteins, PBPs)
2.1. ARG

ST A T BK B (Staphylococcus aureus) & — PP % FORHPE AN, FL 40 M0 BE 3= 22 B K 2R B (peptidogly-
can) 4 . TR SRBE & 41 b 20 H RE (1) 1 BELE R oy, P RP BB (N- CBE R AT 8, GIeNAc; N-Z W fuBEfg
MurNAC) A & T ) 2 06, PRl i 0 KA (GBS HH 4~5 AU RR A R F X 8 22 e A AT B, TR Ak
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—ANZLERRIREE A PR S R — N E R, A2 RS, T 5 & 455 B A (Penicillin-
Binding Proteins, PBPs) | f& F /1 1) R 8 [4] -

2.2. PBPs BYThEE

T8 R 4O I (PBPs) £ 5 AW R &4 1 & (HMM) PBPs ML) &(LMM) PBPs. HMM PBPs
eI R I, ARYE I N A S MR Th RERE— 2D 0 A S A BRI B 2K, XK REH
HE. A KBV IIRERE, W& — /N IKEE LS MR B IL R4S Mt . B 28 HMM B2 L 0Rels, (F
FEIRBEEE I, 1 N uidE s 5SS S RS S TR C[5]. LMM PBPs FZ vl 1R, 2 5%k
“UEBY” [Ni. PBPs FEIREGMIRINT :

1) FLRKEELE Mk 57 ST A K SR RE 2 1R S e S N o ELAR R, PBPs K — 25 A R BESE b 1 J kR
Ui 5 o — 2Rk LR OR iRk, T SO, AT R R A B R RS E M . R IR R PR AL AU =AM
SEREFPA R SXXK (AR 2 Z R A R) (S/Y) XN FI(K/H) (S/T) G 4Rk[6]-

2) BEWEREEELE R AT BB B IG(GleNAc 1 MurNAC) 7 N3 IE 78 A4 K i Ik S piet -, Mg K
ZWEE

3) FRIKEELEIR: AE YRR RE I IROIEE, 215 20 M BE (& 0 A I [ 7]

2.3. p-AEEREIME RS PBPs HI{ERHLEI

£ 1965 4F, Tipper F Strominger $&H T H 3 AU, BD g- MRy st #i) & & R 4 5 H H
(PBPs) (4% IR iE:,  BELIT 41 B4 4 PREE 15 7, ANTTT S SR A0 T o B- A IR JHe 28 Bt A 26 5 I SR IR il (14 75t
F-D-TRHEBE-D- TN Z R I 5 FARLE R PBP 5% IR (R ER JE JIR I ) 45 M I R I 4R At T LIkt . 24 p- ATk
JER P R GERL KRR AR KB PBP S5 M3y,  FH T AL IR R AR [R) 22 R R A% R By B- A Tt M
WAL, SBLERML . 5 D-INEBE-D- BT A IR LR 2 S AR, 1XFh B- N B b e
RUTEMBERE SV EREN, BRI TRRMN, AL IEE ZARK KR AN S 28R . X
FTh A8 AN AT 30 (9 9k A 23 BE 1L A= 045 1l PBPs [ IR B 1 FH 2 15 40 i B 45 #4 BCEATY) PBPs T2 IR 14
(8]

3. PBP2a
3.1. PBP2a B9 &I

£ 1985 4F, Utsui Al Yokota 1F5E | PBP AR I T~ 4 240 €6 7] 4 BR B 0 FF AP AR Sk 70 B 3R 24,
%7 PBP2a[9]. BJo, 1%HIBAKILAERT 2 Ak h, T LT 24 R AL S FAAELE T “HMIRIXIL” o 1%k
[ 1) 55 B M1 %% 5 8 PBP2a )57 Y528 . Song %5 AKHZIE BT I 5 WA 1% L F 4w i PBP, HJm izt
DA iy 4 9 mecA [10], Tomasz SE5GZF L | HAE A PRI 25 R AR 1], FHREAT 7 %l 715 A8 st
B UESE mecA PRI T 1 0 TR0 FRAAUPE AR 24 FL /S S mecA JE IR (RIS A7)t A 4 4 4R - mecC 2E [ (2007
) [12]+ mecB FE[H (2009 ) [13]. mecD £ (2017 4E) [14].

3.2. PBP2a HUZE#I LA

2002 %, Lim 1 Strynadka &3 T Al £ PBP2a 25—/ A S5 #(PDB ID: 1 VQQ), #87F T PBP2a
FEANFH R TFH. ZEANFKEERA, B0, HIREES WIRGRE 327 — 668), dE
HRE B HIR(PB) (5% 27 — 326)LL M N K {7 &5 M7 5L 27 — 138). 2KEHESHE
JEEA 8 Fr B (R 3E 1 — 23), WTLATEAREM B- N R IG R B e 45 & 30 15 s L T LB B[ 15
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AL A A I 5 ) S 2 BRI M 5 A 8 Il A AR A ) S5 KT B o E |l T 3 PR s 1R 7 R
e, J6F B-NBERESSIUAE R SRR AR, R B3 3 IR A el bk B LY Ser 403.
X2 PBP2a fe) 2 Bl - Nk IZ R P4 R a5 M ZEAt [ 16] [17].

PBP2a [1) 55— /N5 ) 0 S R AIE 2 52 AR M%) o 7EXF PBP 2a- kS MRE SR 7o b, TEMPIRS5 44 1
(&2 166 — 240). WRIRZEH 2 (B 258 — 277). MHIRZEM 3 (BhHE 364 — 390)H1 N A S iE {25 14 355
TR 58 ST AL R T A T A6 B R 45 M 0RO . B AERRRNE 50 THEE B R 45 A 45 A
PG, 9IRS, FTHREPERL s DAY BRI S & o (5] B 3 12 28 AR Sk 0 Sk 7 7 25 BB K MRSA
(& R SERt16] [18].

3.3. PBP2a-PBP2 E4 &

PBP2a A &k Z FEREILAN RIS M, VAU B S 5E KBRS & R, Bk, 7 MRSA 1, H B-NTk
FesiAE =M 7 PBPs L AKEETG 14, {H PBP2a Ml #fHiff 5 PBP2 LR 1k, DUIRGLFERREE 45 M)
. LR, MRSA HR4ifEE YA R 5E &R T PBP 2a #5 kg5 PBP 2 4 bE S A0 45 45 1 B [0 48 FH
[19].

4. SR
4.1. EXER

SLAE MR BT B B ISR R BB AE 3R, WK K 2 Bl 24 75 22 PQRH PR AT I 22 IR PR B, G
TR FF 40 P8 PR 4 2 €076 46 BR TR (MRS A) T 22 245 i 98 % R 17 (MDR SP) A i 7 85 2= Mili 98 55 BK 1% (PRSP) . 2010 4F
FHZE[E FDA b L. 2012 F=HERIM EMA SEfEAE LT, $5RP422], 769097 MSSA (AT MUK &
T (0] 207 BR 1A ) B I R G {5 T R R

R B RIAIT T RE S B MRSA X T I B R AW 2. RN AR, B-NBEI AR S
R JOR 28 BRI IR SR 0 A 3 (A 5 v 85 3R BUA B85 ) R A A0 FH P 4t v Sk flis Ak o sk . IRLE[20], HoAL
MRSA JF P S ABIE AR TE T MRSA 2Rk .

4.2. kMg 5 PBP2a BU{ER L&

5L AR S PBP2a AR S 454, 18 PBP2a M9 R AL S BUSMEAL ST IF, M58 — A3kl
ISP S RRBG A5 M3 A &, PTGV . BRI SRME S R, R KA .

1) TEARIAT AT R B 5 — AN SIS AR R2 214153005 Arg298 TR R FH B - A EAE A . 5 Asnl46
AR 5 Tyrl105 Bl r-r HHHAEH .

2) TEVEPEAL RS B 55 AL A1 MR R2 5: 4 Tyrdd6 T i m-n AH BAE F R IR 73 71 5 Ser462
A1 Ser598 T A ShIBM 2SS Thre00 RS . R1 £:H150 715 Glu602 I Gly520 JE R A «

AL SN IS B E B R AT a2~a3 IR Tyrd46 (] Co JE T 10 LN 2.5 A). p3~p4 3k [ Ti%
I LR BN, JIRA)-PBP2a G5 Kt RO SR B, AL Sk A& AR -PBP2a &2 &4 i %231 Arg612 1) Ca
5 GIn607 ] Ca ZIAIIFEEIZHIZ) 10 AY LUK f5~al0 3. iXELIEH)NHIA /BRI 45 & Gl T 25 1)
[19].

FERRTE B3 BEAT a2 WRHE N i WL B I35 PE AL s ) AR 22 S BRI AL R  R A o TEVEA S g bk
MU, S403 PSR, M EVEAE N R IEE A

SLALE IR 5IEVEAL I EE A 51 Q521 E602 M1 R612 Z[A]fFAH AR, 8 4 ol 0 (4 % 25 4k,
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R612-+---D635 ThHF BN, R612 MEEREEN S E602 45 A T RGHT M. fJ5 a2~a3 3K L1 Y446 (1B1F
FETEYEAL AT B TIN)S Me41 AHEAER, S PAIVE DL i, 8 Sk TS MR E — AR A IR BR I [16].

3) LA ELAE A 16— TR A A SO P W 1] 21 B0 7 AR RN B 1) B 45 A A LA
R . F128 TARMI ZIEE 2/ T 3.2 A (IERMFECHT . 36 125 AN 3%FE(Asp. Glu. Lys. Arg #ll His)%
57 79 AN MR . Fo, 59 ANEEMFAE TMD i F2 il st 3 A, R B A I sh & W AT B . TMD
WU T — BB (0 SRR AH FLAEF, X SRR S S AR 45 A R SR B X B (1 SRR 04 E150-K153
E294-K273, WEIINL TN AP . TEREAERIRIE S, E150K A T] 5] 42 MRSA i R 73 Bk 0 ki
EHRINZ . )5, ZBF ST T T PBP2a X SR 45 M SR AR, W iX s ghfy or 2. — 41
RPERBICREOTIEMR), H—HERBBEORSFHAEGHER). —RMUERMRE FHFE, &
B E M P & 21 R TR SR 70 o v A BT T S e TE A AT SR AR R 7 5 35 W52 3] 1 ks R4
[21].

IXPPRRR AL, A Sk A ARAE T BEAE 1) B- N BEIG S P22, %t PBP2a 43 7 S BR[AISE AN /7, T
RETE G R 5 K B AEF -

4.3. LR HRBIERATTEIR

— TG Sk IS AR B A FE 5 R S AR HE SR 25907 (T B R BUAFESR 3)7E MRSA YL 1 T T8hn %
RCT HIbrAEHAE T NS 2 e a2 1k[22]. Bk, Sk sRAOCH [t s - /£ “CAPTURE” #H5tH,
MRSA 0> P JIE 98 B3 IR IR DN 77.3% [20]. [FIFE, Zasowski 5 AAIE BH Sk 78 7% MR 7E 8 % MRSA B IfiL
YT ROT TR 5T I5FE 8 5 (p = 0.264) [23]. (HTESLALIE WA B RAFRIIRIRIAIT BCR MRS, i
SLHTIE AR MRSA P56 11 &

5. THZARTIHARIMR
5.1. L& Hk MRSA BIRITRHRS

TERFFEH, b3 PRBR G th 98.4% AT 24 V4 4 T €64 4 BR 1 70 B Ao Sk PRV AR R UK [24], T T 3%
P 83.3% [25], BK#N N 83% [26], KRBV 4 ANE K E)/NUER T 9 16.7% [27], TPH/EE R F ¥ E K
N 78.8% [28]. M ZPEIAT B F M BE 72 S 1T R0 20 A ThE S &% R i 247 448 40 B 6 7 6 B TR BRI AR SR Y 40 25
25

H AT S Ay bR g AR B BT, DRk o0 Sk A v bR 24 MRSA Bk RaE R />, 2k E T E PR
2y IS MM (CHINET), 7EH 2018 RIS IIHRIE S, FEAN 411 Bk MRSA IG5 25tk Hoh 7 & i i
BURMIC {8 =2 pg/ml) 8 ¥k, MHZ5(MIC 14 =4 pg/ml) 1 ¥k[29]. [FIFELE 2018 4E, H—TikEdE 17 4
UL “ATLAS” &, JE99N 155 ¥k MRSA 5 IR 7> B0k, MRSA X Sk filig pRBURIE 83.9%, T &
IRIFPERUR 16.1%, A% Kk % MRSA [30].

5.2. PBP2a 4514 % MRSA T #2514 495200

S FELE AR BRI 24 P08 2 BT mecA JEPRI AORE CRAZ L IERAE, FEL PBP2a MIRIEIR ¥ 91 R A28
ft. ¥ PBP2a AKX, PBP2a RN B m] 73 AR, — KR T HFHERE SR, B
FEES PBP2a HVEPTEAL AU, AEAEXS MRSA i 2454 7 A 58 R FEME , IR XS SR AIs AR S K P 2
ML TARE B RS NRAL, X SRR 2GRS A — o XA R85 A R RAR AL RO AR F iz )
SRR, W 1.
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Table 1. Typical PBP2a mutations associated with ceftaroline resistance

F 1. 5B AR R PBP2a 3REE

RAR AL ST4r3d E PN
Asnl104Lys ST5 [31]
Valll7lle ST5 [31]
Met1221le STS [36]
Aspl139Trp ST764 [28]
Asnl46Lys STS5. ST8. ST15. ST111. ST247. ST764. ST228. ST239 [27] [28] [31] [36]-[38]
Glul50Lys STS5. ST22. ST239. ST247 [36] [38]
Glul70Lys STS [28]
Vall17Ile STS [31]
Asn204Lys ST239. ST241. ST15 [27][28] [39]
Asp208Glu ST239 [39]
Ser225Arg ST6. ST8. ST45 [27]
Ala228Val STS [28] [31]
Asn236Lys STS5. ST8 [28] [36]
Glu239Lys ST5. STS. ST22. ST228. ST239 [36]-[40]
Gly246Glu ST239. ST247. ST22 [27] [39]
Lys281Arg ST5 [28]
Lys290GIn ST5 [28]
His351Asn ST239 [28]
His351GIn ST5 [28]
Leu3571le STS [31]
Tyr446Asn N [40]
Glu447Lys STS5. ST228 [31] [36] [37] [40]
11e563Thr STS5. ST228 [28] [31] [36]
Ser649Ala ST5 [31]

B RAATAT AN FROR AR, FEIGIR 2 BEAR T8 W R I A, L2 = HRAE PBP2a. fEFHE T
—Iiwtsed, KIL T PBP2a Hf) 8 MEIEIRIUR, BFEEH H R GIH(PBD)H 1 4 N SRR HUR (L3571,
E447K. I1563T #1 S649A)F1 PBP2a F PBD (nPBD)"' ] 4 M AR IAA(N104K. V1171, N146K Hl A228V)
5 BRI 25 ARG . I HAR ) PBP2a iU AR 2 S ECEL IS AR MICs (97 mr: 1 % 2 mg/L 1 14K
U, 2 % 4 mg/L (12 8 3 KBS, PAK 4 8% 16 mg/L ) 5 XU . MRSA H [k 3% AR 24 7] B2 v
BEdE 5 PBP2a 2 &M LA & PBD FI nPBD & (45 5, JF H Sk H1iE AR MICs TH -5 B 447 s A5 40

RAK[31].
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5.3. ®ME MRSA T SLfEgHFHEE R

GBI, 4% F I SE50 & B Ak COL 7E LAV Ak sp AT AR S IR0, B T KPSk v bk 2
PE(>32 B 64 pg/ml), FHEFEE SRS PBP2. PBP4. gdpP JERAIZRAE, 1fi mecA KRR AR, X
UCRIIM 2500 5 PBP2a RAZTR[32]. KM, ) —BUEkAEMAE R T EIR, —SSRARTE mecA K
R AR R AEAT AT BRI G0 T =2 T i 20, T AR R AR U R BT 22 Ak 22 RE I R R EROBUA mecA FRAR[33 ],

DRI, IRV K 22 B0 S A0 AR 11 MRSA I R 73 Bk 1T 25 R A5 175 5 R 45 & 8 1 PBP2a [T LR
A, AR R HARE AR AR S R 2 1 (B [FIAE G2 4t PBP4 SR . BRAER, B2 mecA
L TR P S 6 25 A AX 4 2 6070 26 B A A7 PSR IR s /KA 24 o 3 — 20 0 M RO, 2R B AR 477E PBP4 AH
KIBAE T, 45 PBP4 & HI4E XRAL J H AL N J5 3+ XS Bl 5 46 [34] . Basuino [ B o #4) g ik
Z mecA F blaZ F:H(J5 # gl vl /K ff B- N I RERH02E ZR I 2 28 B- P TG TG ) (1 B A B R AR AR L, R4
FLBE T PBP4 AR AR LAY (i 245 DTk . 25T IG R, PBP4 H R M 2 /KF, i3 301
XIRA)RAZ A @ T 1 PBP4 3RIA B3 S 241, 1K $27s 4 i €78 47 BR B 0 Sk AUV bR R 2 ML) B
M 1 2 B s AR IE[35].

6. B4

N=A

H 1961 £ Hk MRSA KEILLLK, K E MRSA I H R iZETHE. HAl, MRSA CCNEERE L
e fot e PRI e Y B bR 2 — o FLT 25 M AT 4 s S HU B 29 ) i A E R I E A O, g
SRS EAL, FERRE R PUE I . AEEZE. 55 AL R B N MRSA [ETT
MR T —2BE, (RN 25 MRSA FIH BN AR 72458, X35 5@ MRS58 . M 1958 4575
W LT, ] 2002 N 770 B R 0 45 08 2 BRI (VRSA) L, A AIRG 44 4. A IR LA |
BT A LB MRSA 53k AR BAE R, A REE i ihig Fix — “HraQas” , o2yl A
(R 455
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