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Fig.1 Schematic diagram of response mechanism of one—component and two—component systems
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FIEIR T A (AR A A TCS B 28 1 it T F2 3R
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5T, BRI Z 3L F TCS B9 4 W14 s v o &
K, IFIZ N TR R . B WD RR T A
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1.2 ARERHES
1201 AR R G

HK AT LU O 98 1515 5l i, RrE
TCS Ry “Hi A" B3 HK AT DR
HA5Hg R ) DHp DL S 2 R TR B 245 #4038 (histidine
kinases domain, HisKA) 43k 5 fiZ& 7. HisKA
(Pfam family PF00512) . HisKA 2 (Pfam family
PF07568) . HisKA 3 (Pfam family PF07730) .
H kinase dim A M HWE HK (Pfam family
PF07536). H, HWE_HK H') HWE JEf5 {1k 45
R ) 3 5% 3, BV N-box &5 F H A — P H AR
(H) 1 Gl-box HH T — P EEK (W) Hl—
MR (E). JREAR B HK KA Y) e85

HA PR

FHHAFEZES, (HERT HisKA_ 2 24, HAEA
Frtf HA AR T AR RIS o I —Fh 3 2607 2 AR 4
HK (st 1, I, &, Hrb, 126HK
J2 1 2H S R A = W TR IR 45 A S (histidine
kinase-like ~ adenosine  triphosphate =~ domain,
HATPase c¢) F1HisKA P~ EARZH 18 Y [R]YR — 2R {4
P Y, gORZHHK R T, 128HK Y
N (N-terminal) Ay B 0] 28 (1 (2 A (sensor
module, SEN), ZMEHR i #5502 e 32 42 514 &
HEAEHLHI A9 C g (C-terminal) 40 3K 4y, C i
)2 — PR SF B9 5 42 W (receiver domain,

RD), MARIEEX . 128 HK A4 Bt e i i J& i/
AMIShAEIR], ST T B Y R, B
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Fig. 2 Different types of histidine kinases in TCS
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HKGEF B = IR A K. SEN. &Hi/f% S
i (transmission/transduction module, TRA) Al
fEAEBE (catalytic module, CAT) "'*', SEN bt

/e T

(d) AR SRR TEG . H: dETR;

SRR S SN 2 A R O ET L SFOR BRI IE M e RS . ATP: =BERRIRTT; ADP: “BERRIRTT .
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PEER RS B 1 — SR h 4k 2549 350) . PAS
(Per-Amnt-Sim & 1) 2% GAF (cGMP 5 PEwER —
B . IR RRPRLEG A FhlA) 45 160, CAT b )
128 HK 4338 i fe/ME OS5, 4435 DHp LA K
ATP %5451, (ATP-binding domain, ABD), J5#& X
PR CALE A,

CAT B i) DHp Z5F9 41, i — X o B2 E
IR AR AR, —H T RIKIE N, DHp it
PR T — A B2 1] AT 0 DU R SR, i 3 e B e
al BN IGLEM, BN AT I AR BELS T . ] B IR
A ZRIR AL T ol FILRSFEEY (H-box) W, K
240 F DHp fY R [E  17Y CAT HH i ABD 2544
I Bergerat Jr& 454, RI—ABRIRAT o/p S5 3K,
HAZ AR g — 0 ) = BEE S5 4 0 o — I T e 45
L BIT B 45K ' ABD 454 ATP-Mg™, 5
FE SRS RF R E SRR (N-, Gl-, F-. G2-F1G3-
box) F%fih . & F-box I (Loop) FLME
IERY ATP 3% 7 (ATP cover/ATP-lid) 4544, JERL T
BAT RS & 1 A8E5H, HREAARZEE A
BERTAR,

B4 I & SEN-TRA-CAT £5#9 i) HK 4b, b A5 —
SETE A R HK 2548 o B, Ak 41 & R P
(hybrid histidine kinase, HHK) ', B[ 4F 455k 1)
P F sk LA K HPt 45 M 38 (0 HK Z k07 2. B
A HHK Z5#4 1 TCS — ek AR M7 TCS . 7F HHK
BRI A S S B LN 7E Y REC 25 Mk, 71
i o HP 45 K4 388 7% B8 21 AR v i RR . HPE Al L2
HHK [ —&B4r, ] DUZRBSr i ik, HHK 2%
Z 5 TCS W R TP 4k 72, 7T LA R E Mz ik
BERS, IFIE A L SR TCS B IR 1k 5% 7% 1 7 SRS 41
(R V8 ML R 22 1 ) A e 7 05 . U, HHK
2 5 (N RER L B VA5 T RE ST AN B 76 S A BE
P LR ek 1) M
1.2.3 SR i L BB (SEN)

SEN —f# LA —BAKRMIE A7 e, Heh 7 T H
) TM B . —MIREE i Bl — A5 45435
B, FEIRANBNSNAIRET s, H R kL5
DLW MRS AR SE BUE S gk . il
Cheung %5 ' 7% HK NarX 25 (9o 2 8, 4
NarX 5 H AL AR LS A, 8500 N i 1 C i 152 e
ZEEAT 0.0 nm iSRS “THIE” 17
Rt ol B IR NE (L 32, JPRHE 5 2 TRABIEL,
124 FREHZARBEE LSS (TRA)

KEZHHK W5 5 AL #0248 g s o

1A 12%~27% B 40T HK F163% 81 B HK 3504 15
EEX 241 ZEHK Y, TRAMEHGE i /AR k5
5 M SEN #4322 CAT, [FIBTRESS & 155 /N 5k
W, PEMTRRAS IR Y BRI T HK (55 K%
TEPE 20 BG5S I A% 366 3 03t 10 e T A O
X —af A8 B R AT AR 945 5 th 4k G5 i S =
IXLEEERBOREE 5 N I35 2] ComfiE ik, tn]
YE R IG5 A, TRABH b EE(ES
rh kLS R B4 HAMP 25458 . PAS. GAF L) M
2 R A TCS %% 4 A 56 45 #4938, (SLC and TCST-
associated component, STAC).,

HHTIF 9858 2 19 & HAMP 25 K98 7' . HAMP
SR TE HK R aEE 0L, #4417 HES 1 HB
LA, R HB B M A 2 P A
YEIE ASTFTAS2 ), BIAEC 24 W& T HAMP
GER AR . SCRSAF 55 BB ) A s
R, SUREAF 55 SEALA R, H HAMP 4544 5§
A EEL . XHALREYY) . 6 ZERS Bl LA A e o
TR, TEANFRR Z A TAH B4, AT 52
G AR 0 S AN, HHAMP 45
MEUEARIA P RENE NS, B A 56
A RS e . WM RDEA TR, i HAARS
tH HAMP 4544 Bifs e MR R o 0 LRI #T
RS IR ER/ S R £ HK NarQ (09 HAMP R 1], 7
RIEEPRE T, NarQ ) HAMP 254438k e 4l - i
AHER R, AHOCHRILMIEEA BT PR, FERGE )
RET, ERAE5155 2 5 B HAMP 2584 5l 2
AN 2 GE  (transmembrane helice, TMH) #
AS1IZHEsS A BRI ECHE (pre-hinge) Ab HBEWI{A{S
FHE 3, XEEAIFTFTZ B TER, 25 58 AS2 15 iE
(AR JHE AR o ) AH S 7 10) KRS o IR, 7E NarQ
t, HAMP Z5 R 508 TMH 89Xk 85 A X5 k12 3y
NIRRT FRIA R A, X PR AR AR S5 14 1) 32 v
W . HAMP 25 #4380 7E HK AR [A] R B Ui B
HAMP 2544 5 £ 28 8 A8 JE LA F ol AU RN HE B X,
AT LRSS [ 0 iy A A7 5 5 48 i R 1t 80 IR 1% X6 R
ARt 1534

HAMP 45 14 58 1) ¥4 5 % 411,23 52 i) DHp 45 1)
B o 1) — A SUBR e 1% A, E TS DHp 4544
PIXTFRYE . H A 55 R A HIAE 2 IR T AUEE
AR ZE R, TGN TR nT RS sl ),
flan, £ A H AT (Bordetella pertussis) H)HK
BvgS ', PAS il DHp 45 F4 3 22 [H] it SUIR i i 422 14
TEWE IR B R T I — 258 5 i 2544 (coiled-



644 AL A B R

Prog. Biochem. Biophys. 2025; 52 (3)

coil), FEFAMPIRA N FahaX B, FkE, 1
BvgS [AlJ547H, TRA F1 DHp 25438 2 [ 77 AE 4 K
(R SR DU S A, TR MR 1 3T I A X
Heg g se st B R m B 8, RISE — A58 i
(0 F M L K A5 S 5 AN S i AN )
AT I, X AOR AR (E S T
1.2.5 AR Y e (CAT)

FEWEIRIL AL L rf, CAT " i) DHp P4 42
JHRE BRI N St XU B2 JE J2E 2 T8 1 4 T R e 225 4
L OBUBTRE A A 1) N S i 7 AT BA NS R i
IR ESS R IE LS DHp R MUEA G, o iR g h Pl
RIS R T AR (la~gfii4s) . WS a i d i
HEKMEE, E0 T AIRBER R —MEEH, JE2Ls
b K i A B AR A8 U AR AR A
PRI HER AR FAE 30T 25T IBE Sl 5 i I ie
ZERRTE R, WA OEE AT F Z5 R HES

DHp &5 38k i3 B I F Ao e, TR A i 2000
TR A7 AEIT 5 DHp I141 1Y S BRTEAE A CAT Bib iy
—FR Ay 8 a2 i TRA AR Bty ] 3 1 45 A1
S UEUIE % 4 vh [RI h Aa R T e S R4 1 LR
(LK (heptad) 2544, G5 Hh IS BEAZ O M FE
I BRI s, HaERRvEtESREIL, M
B KA G, AR TR] HK B35 it B2UE P 471 7
b2 B EOE A RRIEE CREIE7E 8 H %N o)
ERBCE AR B AR R RS . BRI AR
B KO R TRIE, 2 A AN BB 2 A A7 A
FEIRAE AR AL 7 2 i R E A v 4 155 32 Bh A Bl
T A5 BRI fGEs. XFEEsh AT o SR EERI NI
PRI 21 A 1) - ok B 0 S5 R S, & P B0 v
BRI RIEN BB 0 TR AN E KB
AL, A A A R MR 7 0 SR S5 AR A 2 1 T Y
TR AR, ™4 1) IR EE B A0 B
BB K A A5, AT AN [ 1 4 i B
KL e
1.3 REEEEA

TCS T RR AT 551 “Hith”. RREAM
Heb ik R 8540, H g N oo i B <7 9 REC #1 C
ity AT S 5 ZE R IR . — SRR AR 204
—ANREC Z5 43 fu & T i R 1k 1 KA s IR ik Ik
RR BT B A 1 REC A4 A, o AT BB A 435 I At 25 44
B, 14 DNA 255 M 4500k, A SRR Zs 4 .
EEARG A EMEMIE . NS RR (1%)
J& T H-A AmiR Fl NasR #% 5% 1 2% 1 98 % [ -+

(AmiR and NasR transcription antitermination
regulator, ANTAR) Z5#43 Y AmiR & 17 K% ,
KT A5 RNAMHZE & . RR IS 5 e TR BE R
A%, WAL RRBES 255 RO s R (F%
SRR L AP S PER SRR A ) . HETE &
A RR 23K JL+Fh, X2 RR BA T Z 1Y HE
FEE

REC /& RR i 2D Redh by, b H Jy fsy
1 o/B X W2 K45 (o/f Rossmann-like sheet) 4%
¥, 54 o iR e IS8 — > BT S 45, REC
Z 1] )5 81 [ — PRI 20%~30%,  Forhr—/NEl
3t BE DR S B 3R XTI TG AL AR “TFOET Bk
BE, R R B AL AL AL, 0 B3 C Y R A H R
(Asp) HlB-a A A HAW LA EREE . o BE DR ST A5
PRARAL s ATR] AR 4 2P JE] e 81 {4 RR AT LA B R
TRIERBNA ] R DI RE X I BR B3 H Y Asp B2
AL JLZ AN, T AL A A A0 A b 1 R A3
MR/ 2 IR (Asp/Glu) FRFE, ] DIHHE Mg i
MR (Lys) FRIERYLE G N LSt b i iz £
JE AN . RECEALIT =FIhGe: a fitfb A S
BERAL ;s b K BEMRIL A1 52 78 2 R ARG AL |
c. P BERR UM I S5 AR U TR

2 WASRFENESHSIG

2.1 ASBRHEHNESRANESTRE

TCS # #f & Wi “ W W b 4k f& i3 7
(phosphorelay) RGEGZFES, IFHREEAM
gLl R AR S R N T (B 3a) o FEBERR Th 4k
B R Gerh, HK FEZAA TN A FAfG S, 1
BIRY T &8 B T A . AR A
FULRIEL . DG ESS, i R SL A5G R8N
iAo 55 AR 7 X HK @936 3l A
ARIF R TCSFZEE . HK 22 55 5%t
FEH 3R IL I Y. 3ATIRRIRAS) . a. FIH
(HK A # MR 1k); b. SRR ILE o0, RD Ak AR 5 A
(P) W% (P~HK—P~RR¥%#); c. Bz {bLiG
(HK /31 P~RR L @R L) RS (E3b) . Hil
ERRAL N RIS EORES, S 5MBNITR; BR
ATt D05 1 HKC A JE 35 BROIR A, 67 52 G P41 3 18
HK 2% v i) DHp 1 CA 5 #4318 ) & RR f) REC 4%
P B AL[FIRE B T TCS AOMEAL SN X3k, 53 34 8%
FR Ak SN
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Fig. 3 The schematic diagram of two—component signal transduction mechanism
E3 WASESEHESIHREE
(a) BERRTAMEEBITE; (b) HKEA ZMAR WA RINERIRA . BERRILEG . HIMAGFIBERR L RS LA SRR R IK S F I I E I E 2hid
MRS NI AR . Pi: BERREEM]: (RR),: SOMIEFEE A T IRIK; ATP: =BERRIET; ADP: —BERRMEIT.

2.1.1  HEFRVLRE H R

HRHE HK — SR 44 i) DHp 25 #4388 F1 CA 25535,
HEBN (5T, LA K DHp B2 € 45 K6 14 %2 e 38 1 Tk
IO NS R & A o ) [ WER 7 & A ]
HK853 Fil VieK) FlJ = H #lg ik (11 CpxA) 5,
— BEBENE S, HK 23t AR ATP 47 A BE R
b, TR BRI RIS . HK Rk iy —A~
DHp 2 HE S 9 imZU i, X AH 15 CA S5 i iy
ATP 4312 3t DHp 2% A4 38§ 1Y) — 4~ 7] 8 2 1k His 5%
e, [T His BREEAEAZ R PE AR TR o BE DR SF A
LRI MR LA B Y, IF H CAZS B IRSF
MR EE R AR IR AR B, B iAs e MR b4
AR (P~HK) 55,
2.1.2  HEPRVABE B A 7%

i T CAT H1 11 CA FIl RR H1 () REC #7055
PR G 3 P CA 25 A 3k 25 76 His 5% L0 1R 1L 5 B2 I,
HRRIEWEHREZEZAY, NI HK 5 RRZ
[B] B LA e R S iy %, HK ZEER— AN R K
AT ARG, TR0 — IR il i R (e

% RR, HK 5 RR#ZfilJ5 I AR —RIAM S
HK ) E BB AL A7 25 1 RR BiBR A7 o5 L [ 44 i His-
Asp#%J] (His-Asp relay), R 3E A B4 D\ HK (1
His 7 3£ F2 515 RR f Asp k4L . REEF 5 RR AW
PR S AT L $4 B8 1] 5] ADP 8% P~His /K fif 1147 32X 25
iR 4k 50 e A, HHK %5 i w] DL i HisTD—
AspRD—Hismei—Asp [ i 845 8 [ R 14 356 5k &
#AE M, BB R 5L BN & B 38 (transmitter
domain, TD). RD #1 HPt B4R 5T 20 & Jig Fll K 24 2,
MR 5 AR R 3, SR P B 3] [R) U RR 2R 1Y
RD S5 P i RS R A SRkt

Wl I A B AU B HK FIRR Z [H], A
RAETEWE IR M B I REC 2 6] . WEPRFE RS BRI
H BTG M, (EAE 22 20 IR v 4k B ny AT LAFE Ry
REC Z [A] ik 2% (P~His) Hhalfk =, i
., FRIE EE £ HK YPDI (19 HPt 45 44 38% 55 H: RR
SLN1HRECIEMUE G, DL A & [T i ik
PRI RS -RR (ChpT-CtrA) E5W) . WEilRE: #i
ChpTJ& "Bk, MU T HK, {HH CAZMEARS
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ATP %54 . ChpT MICrA Y RECTE MG 2 - 282 &
YIARSE5E X FRE, H DHp-REC 51 Y 4546 Fl 50
BAXIRIERY, B DG E G0 —NEA#R
HFHe ), X5 HK SEN-REC & & W B IR %
S ARRL

HK 1) A B R A 2 7 FI IR 35k (A1 54 7% s g HAT
S IR G 1 RE 5 . Mechaly 55 'V fE G T
TCS CpxA-CpxR &5 #4 [ 5% v & 80 HA 5 A8 # FF
KLl . DHp &Mk AR S hiZ s, R CA
SE A IRAE TG T AR TS PR R 2 B S B AR A . Cai
28 1620 36k Iy — /> HK 2K 1 WalK i) DHp 25 ¥4 ik 17
THFohEEl, WA T HEAEE Sz,
22 RREFAEEAMNEBBRLERE

TEHR AL BRI A T, DHp Fl CA 458800 #rHE
51, DHp 2 BHZEHES ), HK BAXHRA R 4&
¥4, DHp 45 18 38 rp f3 <F 19 I3 2 B/ K 4% It i
(Thr/Asn) 5% FEB TG — A /K 4T, Wdi 5 RRIY
Asp FRILLE A B RR SL A, i H & A4 L w iR kit
g 2ol SR HK —#f, 1E3RA BRI ST,
HHK 1E R W 2 il , 38 &8 Asp™—His"™—>Asp"—Pi
e b s, i RR L8Rk, FEERS
TR !,
23 ASBYBEERESESTHHAKETL

HK 55 il v s B A 4l 2548 1k
NSRRI S . WH, HKABERIRES ([ A
BRI AN ) MR LRSI BRA, JERAAR
] B X B PR R sh 25401k . 250N B (1) HK A — 1R
g S IARLS A LRGSR, 55— B ik g+
AR . H UL =R ES S S AL A A5 4k
WGz g . WG R FREAER, . Teie
W RATFI R R R G iz 8, B ARG PR CAT
TR T BT RS GEXRE S, kT
R SE B (hn HAMP Z5 #9585t fin i #4 42 5K
G S AL T OGRS R RRf 4L ) e,
FEMLATHEE (1 In— M RGBT A
— ARSI L G5B HK 3 1, REAS XA 3R
AR A IR B, o), HK pOR b 25 F UL A 5
5 E A AN S AR S5 2 () R 3 A B O 45 RS Bl A
[, IXEEE B R B AR A% 328 .
231 GyYEA

KA FT B A9 HK PhoQ 25 11 2 EL A1 B VIR
Molnar 5§ ' 38 1 e A4 — B B A2 R S B A )
T Y AL, FU /R PhoQ VU iE T™M 5 LA W Ff
WA, TMIBRIERA ANFEXTALE, F0

F )0z 5. PhoQ Y SEN 7RI AIE S )5, nT LA
P TMIRIER 8Tz s, FEUER HAMP 4544
S ShASTHEY , UG A R AR S TS A
e oAh , X F 2 A W (Bacteroides
thetaiotaomicron) 1) HK BT4663 A2 FLIKH Y HK
VxrA FIF9E B, FERCIRZE A RN SS & AR S
T, I 4 AL SRR AR S ) AR SE F AT )
i & LR Com R8T VI 5y, RIAPEIAS 54
S BT ER S 07
232 HFERIR

T% ZERCRI AT LR B HK DeusS FOME SAEEHLE
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Abstract The two-component system (TCS) is a signaling mechanism extensively found in prokaryotes, playing

a pivotal role in bacterial environmental sensing and adaptive responses. Comprising histidine kinase (HK) and
response regulator (RR) components, TCS ensures appropriate bacterial reactions to various stimuli.
Understanding its structural composition, signal transduction mechanisms, and applications in synthetic biology
underscores its significance in both basic research and biotechnological applications. At its core, TCS operates
through a sequence of events initiated by the detection of environmental cues. When the HK senses specific
signals such as temperature changes, osmolarity shifts, or the presence of ligands, it undergoes
autophosphorylation at a conserved histidine residue within its kinase domain. Subsequently, this phosphoryl

group is transferred to a conserved aspartate residue on the RR’s receiver domain. This phosphotransfer event
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activates the RR, inducing a conformational change that alters its activity, often leading to changes in gene
expression or other cellular responses. The specificity and fidelity of signal transduction in TCS are critical for
bacteria to differentiate between various environmental cues and mount appropriate responses. This specificity is
achieved through mechanisms such as unique signal molecule recognition by HKs and precise phosphotransfer
from HKs to RRs. Moreover, the directional transfer of phosphoryl groups ensures tightly regulated signaling
cascades, contributing to the overall robustness of bacterial response systems. Beyond its natural role, the
versatility of TCS has been harnessed by engineers in synthetic biology to create tools like biosensors. By
integrating TCS components into synthetic circuits, researchers can develop customized biosensors capable of
highly sensitive and specific detection of environmental signals or biomolecules. These engineered biosensors
find applications across diverse fields including environmental monitoring, medical diagnostics, and industrial
biotechnology. The robustness of TCS-driven biosensors is particularly advantageous in synthetic biology. The
modular design of TCS allows for the construction of sensor systems sensitive to a broad range of signals,
adaptable to different cellular contexts. This adaptability is crucial for optimizing sensor performance under
varying conditions, ensuring reliable and reproducible results. Safety considerations are paramount in synthetic
biology, where TCS-based systems offer inherent safety features due to their reliance on natural signaling
pathways and components. Well-characterized interactions between HKs and RRs minimize risks such as
unintended cross-talk or interference with endogenous cellular processes, enhancing reliability in bioengineering
applications requiring predictable and controllable cellular responses. Looking ahead, ongoing research aims to
expand the capabilities of TCS-based biosensors through innovative engineering approaches. Advances in
synthetic biology techniques, including genome editing and high-throughput screening, facilitate rapid design and
optimization of novel sensor systems. These efforts promise next-generation biosensors with enhanced
functionalities such as multiplexed sensing and real-time monitoring in complex biological environments. In
summary, the TCS stands as a cornerstone of bacterial signal transduction, facilitating precise environmental
sensing and adaptive responses. Its structural simplicity, coupled with robust signaling mechanisms and
programmability, underpins its utility in synthetic biology for developing advanced biosensors and other
bioengineering applications. By leveraging these capabilities, researchers are poised to address critical challenges
in healthcare, environmental sustainability, and industrial biotechnology, shaping the future of biologically

inspired technologies.
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