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B = [8#]%524A%RE%EH (Pseudomonas aeruginosa) ¥ PA0847 i 45 M3k A R &
0 — B FBRIMLBEE M, TR R A ALE. [ %] AR R R T E €550 E PA0S4T AL
MR AG = B B BRIRALEEE M SRR PCR # K497 PA0847 PAS-GGDEF 4 #3k A L # & R T4k, jF4
SRR MKIFAEEE,; BRI T H BN EEO EERT RERS,; BRI R S
KX EO N =B FEBIMLBEE M, K TR R RGN & G BT R G 3B BB (cyclic
diguanylate monophosphate, c-di-GMP)#) £ i 2, Jf it 5 = 8 3F BR IR(LBR & 1 25 0 4R X 4 ZIRBR
KA, BRR 45 M T e - 2t 45 3K 4F PA0847 PAS-GGDEF — JAKVA & 45 A = BB & 3 (guanosine
triphosphate, GTP)#) £ & 4 4R, [4 R 1 PA0847 PAS-GGDEF £ Z1A — AR X &K #4410 7E
M, PAS £ MRS ARG R, ARG B FRIALEEE, REFAELIN, EREEORE
(0.6 mg/mL)F, JEMEALLLE R TR YT00A FHRFAR L FRZ; BIRHTHEHELNA, L5
T AL YT00A R EALH# GGDEF (Gly-Gly-Asp-Glu-Phe)%s #3% — ALK %; “MER ST
7, PA0847 PAS-GGDEF 5 GTP #4& 2ARF, HF K722 #9 R M 4k 454 GTP e9BrBIL A F &
BEEBAER, 7 Y700 FAIRMEEL K722 ety o 322 H 5K EAE, Bk Y700A RETARKET
K722 P e $37% 49 = 1A B &), ket K722 5 /&4 GTP 494 &A% GGDEF =4k, [4546] 4A41R
$ 0 PA0SAT 69 AEMEALAL & Y700 T 184248 45 — B 3 BR IRL B & 1.

KR AREREILH; PA0S4T; K EF B (c-di-GMP); = AR & %
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The non-catalytic site Y700 regulates diguanylate cyclase
activity of PA0847 in Pseudomonas aeruginosa

XIAO Wangxin', YANG Tingting', HUANG Weidong®, YUAN Wensu', ZHANG Yan"",
LIN Zhi"

1 School of Life Sciences, Tianjin University, Tianjin 300072, China
2 School of Basic Medical Science, Ningxia Medical University, Yinchuan 750003, Ningxia, China

Abstract: [Objective] To identify the diguanylate cyclase activity of the intracellular domain and
its mutants of PA0847 from Pseudomonas aeruginosa and preliminarily probe into its catalytic
mechanism. [Methods] Congo red plate staining was employed to verify the diguanylate cyclase
activity of the intracellular domain of PA0847. PCR was employed to construct the PA0847
PAS-GGDEF domain and its single-point mutants, and the corresponding proteins were expressed
and purified. Gel filtration chromatography was utilized to analyze the aggregation states of
proteins in solution. The diguanylate cyclase activity of the proteins was identified by in-vitro
enzymatic reactions. Based on thiazole orange fluorescence staining, the production of cyclic
diguanylate monophosphate (c-di-GMP) was determined after the enzymatic reactions, and the
amino acid residues closely related to the activity of diguanylate cyclase were screened. The
structural models of PA0847 PAS-GGDEF and its complex with guanosine triphosphate (GTP)
were obtained by structure prediction combined with molecular docking. [Results] PA0847
PAS-GGDEF primarily exerted its catalytic activity as a dimer, with the PAS domain facilitating
the dimer formation and increasing the activity of the diguanylate cyclase. Mutant screening
revealed a significant increase in the activity of the non-catalytic site mutant Y700A compared
with the wild type at a low protein concentration (<0.6 mg/mL). Gel filtration chromatography
indicated that the heightened activity may be attributed to the enhanced GGDEF
(Gly-Gly-Asp-Glu-Phe) dimerization driven by Y700A. Structural modeling revealed that PA0847
PAS-GGDEF had a conserved GTP binding site, in which the amino side chain of K722 played an
important role in binding to the phosphoryl group of GTP. The aromatic ring of Y700 engaged in a
hydrophobic interaction with the alpha-helix containing K722. Therefore, the mutation Y700A
may alter the spatial orientation of the K722-containing helix, which promoted the binding of K722
to the substrate GTP and the dimerization of GGDEF. [Conclusion] The non-catalytic site Y700 of
PA0847 from Pseudomonas aeruginosa can indirectly regulate the diguanylate cyclase activity.
Keywords: Pseudomonas aeruginosa; PA0847; cyclic diguanylate monophosphate (c-di-GMP);
Guanosine triphosphate (GTP)
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c-di-GMP)E N — RO RIS — (5 fl, S50 &
FhAZ 22 ANy 3, iAW s . & IR
Rk, 1z PE . A oAb R R i AR v Y S g
PR AR, Horp Ak 32 05 S R 14 2R W) R
ao R SR ol ) o 15 B A T L A8 R R T 24 7 )
JRH . c-di-GMP 15 = B AT B AR ST A2
JEWR ¥4 GGDEF (Gly-Gly-Asp-Glu-Phe)45 14 15}
) SRR IMLEEAE AL 2 50 T 19 GTP kA7 1™,
PRI , A 2o {1 B TR SR g e ) AR e P e I
SR AT B E B ASETS, HEUR T S A
c-di-GMP ¥ 45 8 £ YIA B H ik,
FET c-di-GMP e B2 Aot A= W IR AR T
] B c-di-GMP 74 & B 5 i T v i At A
RE 6 Ay fifp DR A ) FEE T T B30 2 A1 S B T T 2
P35 X DAAR B 7 ) R4 (4 3 1) JEL 2% o
fif U5 s o

PA0847 >k H fl4¢ B LM PAOL, 22—
£ T GGDEF 253 i) & 115 A4l 2 wif
RS B ZIESE, PA0847 PAS-GGDEF % [ .
A ARG, GRS (A-site) b
() 24 R 2 — S T PR P L BTG 1R i oG, JFH
% ¥ PA0847 PAS-GGDEF H 4R fig % 5
c-di-GMP 254, (H 2 = Wl il 157 55 (I-site) 3
SR 5 P 55 2 g R B O, X — B ARR
PA0847 A3 A il £ Kt c-di-GMP A T.

x1 FEARERTHKRIIYFT

Table 1  Wild-type and mutant primer sequences

HolPi . WFoE %W, c-di-GMP ] IR Ky fa s i
TR R A] L GEIRYT . R T R
WA NS R sh B e R E T %
c-di-GMP AT LE R FAA (A, TR AT 220t Hik
Froders DR s b s, ATAA R, i)
G A ROV AR L], R
WF5% PA0847 7E c-di-GMP {55518 f& h A 1 FH 24
EHLA

AR

1.1 EHRF R

T b AR [ KT (Escherichia coli) DHSa]
JSZ A5 AN . FIREHK[E. coli BL21(DE3))igk5z
AHMLY pET-32a(+) Bk A L 50 = R A7 5l
Yir Wk 1, 514 TAY TR(EHE)
B A BR S Wl
1.2 FERFIFLE

Trans 100 bp Plus DNA Marker. Protein
Marker, JU 2G4 WH ARG R 7] ; Q5 DNA
B4 W . T4 DNA Ligase, Hind III, BamH I,
Dpnl, ZimfeAta) EMRHARA R HRER
Ji. WERRERICY) . NaCl, kg Sy 2E-B-D-mift
Nt g 2 2L M (isopropyl  B-D-thiogalactoside,
IPTG) . — ¥ W & 2 & W 5 [tris

(hydroxymethyl)aminomethane, Tris]. Z "~ F &

Primer

Sequences (5'—3")

PA0847 GGDEF-F

PA0847 GGDEF-R

PA0847 PAS-GGDEF-F

PA0847 PAS-GGDEF-R

PA0847 PAS-GGDEF_Y700A-F
PA0847 PAS-GGDEF_Y700A-R
PA0847 PAS-GGDEF_Y700W-F
PA0847 PAS-GGDEF_Y700W-R

CGCGGATCCCAGATCGCCTACCAGCAGCAATTG
TAGCAAGCTTTCAGGCTGGCGCCTGGTAC
CGGATCCCGCGACCGGGCGATCCTCCAGT
TAGCAAGCTTTCAGGCTGGCGCCTGGTAC
AGCATCGGCATCGCTCTCGCACCGCGGCATGC
GCCGGCATGCCGCGGTGCGAGAGCGATGCC
AGCATCGGCATCGCTCTCTGGCCGCGGCATGC
GCCGGCATGCCGCGGCCAGAGAGCGATGCC
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% (ampicillin, Amp)., B-FiH LM, WKL, %
=S G250, MgCly, B T AW THE( 1)
WA FRAF 5 Bilgky, bt REERHEE RA
Fl; GTP. c-di-GMP FRifE i S WEMEHE , Merck
/NT); High Affinity Ni-NTA Resin, 15 504 1735
YR FRA ] SR INZ IR & SRS
i R B, RARA AR R AL ) A BR A .

HLDKAX . BE SRR PCR {X, Bio-Rad
ovuls R REL.OML, Eppendorf A H]; B
F A LAY | BERC L U8 )2 AT A, GE HealthCare
O]y BEPRYL, HARRERL A R )A R
ONEl R TT AR TS, RSB EY
Bz A BR 2> 7l 42 Sanger £ AR 58 B0 P B 41E
1.3 #HAEHESERRIEGE K

PA0847 :[X GGDEF }% PAS-GGDEF %5 #h
B7 5] PCR P35 . H4l PA0S4T Jifd PN 454 i
BRSNS 51 4. F Hind T A1 BamH T X
YIH 0 Bof 584k pET-32a(+)ffi | T4 DNA
Ligase £ 20 °Cif #: 1 %5 % A K ¥ i
(Escherichia coli) DHSa Ji3Z 2541 il . PA0847
PAS-GGDEF Z5 #4374 A2 SR 5847 . fiff
FHZRARN S 5180, LL PA0847 FE[H PAS-GGDEF
SRR A R A AR EAT PCR, 77 43l 1 Bt
PEAHEEE I el s ml e, [Rllso™ #28 Dpn 1
AL L BRI MR, BOBOE LA R AT &
(Escherichia coli) DHSa /&2 23400 . B30 0%,
Ik E 4 JFokiE A E. coli BL21(DE3) ik ik
%M. PA084AT JL N &R 11 S Lo AR IR H 41 2 1115
SFIRMIERAE S5 IPTG ¥ EEH 0.05 mmol/L,
BRI 20 °C, iBREE] 14-16 h., iRE
KGR E R 4 °C. 4 000 r/min 25.0> 20 min,
+ B, WHGE &2 (20 mmol/L Tris-HCI,
300 mmol/L NaCl, 1.4 mmol/L B-#iktZ %,
10 mmol/L Bk, pH 8.0)5t/r B EVLHE, #EfT
AN SIBERE, 4 °C. 18 000 r/min &.0> 40 min

<l actamicro@im.ac.cn, & 010-64807516

o3 B ST

T PA0847 FE 11 _L 3 4T Ni-NTA 4fi{b#:
1E: K& A BREAR EFHZL 022 um fHfLEE
ity )5, 5 A Binding buffer (20 mmol/L
Tris-HCl, 300 mmol/L NaCl, 1.4 mmol/L B-#i3&
ZFE, 5 mmol/L BEME , pH 8.0) - ff- i) T )1 4%
F:4 % F Washing buffer (20 mmol/L Tris-HCI,
300 mmol/L NaCl, 1.4 mmol/L B-FiJEZ %, 50 mmol/L
WK, pH 8.0)Fe /i LA, ARG . i
i Elution buffer (20 mmol/L Tris-HCI, 300 mmol/L
NaCl, 1.4 mmol/L B-3ii %2, 500 mmol/L B
M, pH 8.0)UEIE H A . Ve B &
TFBEMAREEE 4T85 3 000-14 000 Da)f,
PL1:30 (FRFREL) B EL I TEV 2 AR, 7E3 L
BEHTI (50 mmol/L Tris-HCI, 100 mmol/L NaCl,
pH 8.0)H1F 4 °CiEA it &M S gV, BYIIE
EFIEREL 4°C, 18 000 r/min &> 30 min 25
DLVE Ja i — P 8 alifh .

14 BESFHIMEBBRERS

Superdex 75 BERJZ T ETERE L 1 AR
A9 2% #H% (20 mmol/L Tris-HCI, 100 mmol/L NaCl,
pH 8.0)° -4 J5 , ¥ 5 mL £ Ni-NTA 4lifb 5 (1 7&
FIRE b B sl o o BT R ovs 485K
X, S A GraphPad Prism 10.0.2 H 47 ] 410
FEALER, A5 2RI, A R T
i 356 15 J2 BT e i A A v BT 3 R BUA B
1.5 EMERALELT PAISYT EHE
HERINL B IR %

WEMRE B . T 1.5 mL EP &, K
UHIA 600 pL AN ]k B 1% 2 1% W (bufffer 10530
20 mmol/L Tris-HCI1, 100 mmol/L NaCl, pH 8.0).
10 mmol/L MgCl,, 200 umol/L GTP, #%ZZHi{#
RAIE, T 37 °CFEIR 200 r/min )% 1 h, ¥ |
WREE S AR R BEAT 95 °CKIB I 15 min, =
JRACE 15 min, ZEJE 12 000 r/min #.L> 10 min,
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WEHL 160 uL 25.00 f5 13 2 kEE 96 fLARH, X
3R AL TEREDE 96 FLAR H 43 F N ALK U BE
1 mol/L ) NaCl, 30 pmol/L [JBEMsHE , A AR
4200 pL, K 96 FLAR I E F 4 °CHOEIFF L 7%,
BEE L EW AN 508 nm, &G KR 533 nm
PEATIAE . AR A 30s, RCRIAIEE 1 nm;
FHHEH BE 50 nm/min; M 8 s; A TE 1 nm. M
TRGE IR R 10 °C (n=3), W26 B 5 S
A GraphPad Prism 10.0.2, {# F Student’s t test
o AN [R) 2 POV B, 3 A R 5 5 AR (R 2 () 1 ¢
6 BB AP B 22 S, FeeeROR
P<0.000 1. #FAR & HBUE R Y8 45 fE 3R
(standard error, SE).
1.6 R RLF#REEFEBESNER
c-di-GMP 7k

Beiil 20 mg/mL 4 NIER 212 1 By 2 i i
o FCHIWIR 2T A B SR 121 CIRHUK TR
BN i, R 205 A NI R 21 F0 2% 5
SEWE (R 435 M 40 ng/mL A1 10 pg/mL), ]
ABEFEIL, R ALBERVRA . W2 pL 1:100 7
BIG5 F R RO, AR A MR g
s I R R SR BE 3R THT , F 30 °CIE B 7YY
3d, JFEREAD,
1.7 g

K = H AR AT T35 {X (Allen-Bradley 2\ )
HEAT c-di-GMP FRifE i K bE A = 4 e o i
SofF: MBI TR, SR E TR, £
AR -4 500 V, AT RN 10 unit, 2
FALAR N 14 unit, LFERETE N-90 eV, I8N
N 20 pL/min. FH 50% - K TS VA 1%
FET KK o-di-GMP FRifE SRR R 10 65, B 6
B 100 5, 1RAS, Rl IGsh % e
1.8 &4 PA0847 PAS-GGDEF
LR E

PA0847 Z5#:383E 1+ uniprot ¥ 5 (https:/www.

uniprot.org/)i#EA T I . PA0847 PAS-GGDEF —
RIKM G BIRITAN . F PA0847 PAS-GGDEF
B BB i A github “F-A FAY AlphaFold2
(https://colab.research.google.com/github/sokrypton/
ColabFold/blob/main/AlphaFold2.ipynb) 345 PA0847

PAS-GGDEF 1) SR GE AR

PA0847 PAS-GGDEF 5t {4 & A 457 () 35k
i3 AR S O il K AT L B a0 A AR A
JH 1% 5% HE W R #0R 24 o (ambiguous interaction
restraints, AIRs), /N3 FIVE R 29 0 1 2 SE R
FEBEE N fully flexible, il HADDOCK2.2 43
%% H GTP .c-di-GMP 5 PA0847 PAS-GGDEF
TIRIRGE G 1000 MR E AR, IRk
BE 100 P E—2L A0k, e BRI R A OR AL
1) 10 MBS VE R S GHERL; SR RI R AT
AL Pymol #47

2 HZRE5OM

2.1 PA0847 5 GGDEF £HigiEAM 5
FERINMUES T 30 uE

BT X PAOSAT Fty 25 A4 s 00 5 7% , L A ik
WA ity 43 391 R — A I B AR 25 A, BN — A
PASPAC-GGDEF Z5t I 5% —1> HAMP %5
FaIm e il SBIFSE PA0S4T 1Y c-di-GMP it
TEYE , ARFEHIEE T PAS .GGDEF #il PAS-GGDEF
X 3 F N IR F AL A, WA LA R, BT
W SR LT G 75 BE A% (A1 A DU L DY c-di-GMP (17K
S HYL @ TR S c-di-GMP KE- S IE AL,
AT WSR2 A e e SE B WA N T PA0847T
GGDEF HI PA0847 PAS-GGDEF 4 HA — 54
FREMEEGIE P, QiR 1B FiR, S5 AZS k0
KIGFFE L , 75 215 PA0847 GGDEF , PA0847
PAS-GGDEF 2543 (1) K AT I B B 41 YL sE IR,
AT ULAELIN c-di-GMP BH 2 FHi5 o Stk — 25 o 4
2T e M c-di-GMP 7K FH s ol e e 7

http://journals.im.ac.cn/actamicrocn
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A c C-di-GMP Reaction
] [][HAMP | PAS [PAC [_ 1.6E+6| standard 3.0E+6rsample
GGDEF domain 601 INCGRERN 733 o
1.2E+6| 22E+6 } 6832
PAS domain 444 569 L1IE+6| 20E+6F |
1.OE+6
: X B 2 1.8E+6 |
PAS-GGDEF domain 444 _733 G 9.0E+5} - R
2 8.0E+s| g lorToy
B = 7'0E+5_ = 1L4E+6 |
Empty vector PA0847 GGDEF PA0847 PAS-GGDEF 6.0E+5 | 68% 3 1.2E+6 |
5 OE+5} 1.0E+6 |
4.0E+5} SOER T
3.0E+5} 6.0E+5 |
2.0E+5} 4.0E+5 |
1.0E+5} 2.0E+5
0.0 :
680 700 0.0 80700
miz mlz

1 PA0847 & GGDEF BJfi W51 — BHERINLERIEMHINIE  A: PA0847 S5Hysiiill. Fr/R T4
[F] Y Z5 P B B BR Y 5, TR K A s S0 A 5 AR AR E . B dd ek WISR 20 AR A 2 ANTE R I T TR
rhid FEIk 1K PA0847 B 11— 5 A7 BRI K I 14 (PA0847 GGDEF I PA0847 PAS-GGDEF). C: MS #5ill]
c-di-GMP #R1fE S (Z8) &% PA0847 PAS-GGDEF & [ S I 77 Wk b (7)) 45

Figure 1 Validation of di-guanosine cyclase activities of two intracellular GGDEF-containing domains. A:
Domain prediction of PA0847 (https://www.uniprot.org/). The residue numbers of different domains are
indicated. Two predicted transmembrane helices are shown in light blue. B: Congo red staining results of two
recombinant PA0847 proteins (PA0847 GGDEF and PA0847 PAS-GGDEF) expressed in Escherichia coli.
The vector pET-32a(+) is used as a negative control. C: Results of c-di-GMP standard (left) and samples after

PA0847 PAS-GGDEF protein participation reaction (right) by MS.

%} PA0847 PAS-GGDEF 25 iR AL 2 i 7=
WA T T BRI (8] 10) . 1225 Rk — sk
RN AN c-di-GMP, PA0847 PAS-GGDEF
SEM IR A VA SRR ML R M, BB
TEARSMIELL GTP A2, c-di-GMP,
2.2 PA0847 PAS-GGDEF BY— BHEHEZINK
B A R T Z BRI R

5& KO AWM 51 I LB 5 —
B, AR A, RIS LT %
PIMAE . RIS R Aifb s & (] 2A 2B)
EATURINEE IR S Ny, i 20 E WA ¢ e Y (L T a2

P4 actamicro@im.ac.cn, & 010-64807516

R c-di-GMP K PS5 R ILE 2C, IRk
SEAHIRIR, Bfi%E PA0847 PAS-GGDEF & [ (1)
FEXEI, DR BE T SO e A il 2 e-di-GMP 7K
SEAEAH GBS AR U R R, [, ZRBEE
T 18 2 RS I g 1 R AR RS S R A A
2 " RIRER(E 3C. 3E). AL, R
GGDEF %54 325 11 2 A AT A 1 — 5 1 R 35
TEEHGE(FE 2C), X—&5 Rt R T %8
RAEAE LTS PE R P /R, HE DU T e Fh T8 vk B
()75 , GGDEF 45 #4388 171 4316 7 W g “Hilf
BB, SEER D HA TSR ZRIAIE .
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A B C
kDa kDa 3 4 ]
=3 PA0847 PAS-GGDEF
- = PA0847 GGDEF
50 000 -
50 ook ok EE T2 skokok
43 2z [ i 1
Z 40000 _
32 kDa 'S 30000
25 2
S 20000F
20kDa 3
L
17 § 10 000+
=
0 1 1 | pe— 1 1
10 0.1 0.3 0.6 1.0 3.0

c¢/(mg/mL)

2 T MEMAE TS S ZE 9 #T PA0847 PAS-GGDEF #1 PA0847 GGDEF B — B EHBEINMLESE M A

4lifbJ5 i PA0847 PAS-GGDEF & [ SDS-PAGE ¥, UKl 1: P ; UKkiE 2. 4ifk/5 10 PA084T
PAS-GGDEF % [4. B: 4lifk /)5 i PA0847 GGDEF % [/ SDS-PAGE &, ¥kifi 3: tpuEdE; JkiE 4. 4l
b5 B PA0847 GGDEF & [H. C: it BEMAE 20 E 5 #r PA0847 PAS-GGDEF #l PA0847 GGDEF
B T SRR IR B IS PR, IR B EFREIR 22(SE), KM t B Hr 656 2 1475 B & 2 5 (n=3),
#xxk, P<0.000 1

Figure 2 Di-guanylate cyclase activity of PA0847 PAS-GGDEF and PA0847 GGDEF analyzed by thiazole
orange fluorescence assay. A: SDS-PAGE of purified PA0847 PAS-GGDEF protein. Lane 1: Protein marker;
Lane 2: Purified PA0847 PAS-GGDEF protein. B: SDS-PAGE of purified PA0847 GGDEF protein. Lane 3:
Protein marker; Lane 4: Purified PA0847 GGDEF protein. C: Di-guanylate cyclase activity of PA0847
PAS-GGDEF and PA0847 GGDEF analyzed by thiazole orange fluorescence assay. Error bars represent
standard error (SE), and Student’s t test was used to test for significant differences (n=3), ****: P<0.000 1.

2.3 PAS ZHIE{E T PA0847 N ERRY
ZBIRRZ R

TATZ B RE S LB, ERANRE T,
PA0847 PAS-GGDEF 7E{& P 75 HA B 8.1 —
AT RRAMLEGEE, MY GGDEF {44k
S ERIME R I AN R AT, 48
UT Y PAS Z5F 38 AT BB R T REE R B DI BE .
TRt PAS 38 7E PA0847 PAS-GGDEF —. 1 f
R AL RS PR P I E R, FRATT b T A [ v B
Y PAS S5#5E . FAY) GGDEF 4545,
DL J& PAS-GGDEF 5 #3711 ) R AR

(I 3A-3C). MBS UBIZHTE R AT IL, PAS 45
PRI HA 3-4 DNRERS, B0 ET
73 mL (31545 RT3 K HER 22 kDa,
RV T RIRAETE . SR, fEEE P alifbad AR
ORI, RIERAr Bt Y PAS IR 1 DL AU TR AT
A FRIK, AU HORNFR E sl H A W S i) SR AR ]
M= WL GGDEF 388 e 2 4 F5 7 R
(Bl 3D), 5Z AN, &Y PAS-GGDEF
WA = RIRAFTE(E 3E). 4T PAS A R4
#as, INNHATHESE PAS-GGDEF I FI7E 4L
MR BE T A5 PR K T Bl GGDEF iR A

http://journals.im.ac.cn/actamicrocn
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A 150 B 400 7|7
{ 465 73 peak 1
A
L. N A , L. ~—t D R
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100110 120
Volume (mL) Volume (mL)
C 400 65 D 600 67
| |
PeaklA 500 Peaikl
L N N L e A N " [ L s L | i N ,
0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100110120
Volume (mL) Volume (mL)
E g00 5|4 5|86|5
Peak 2
700 ’\ Peak 3
| / \

0 lb 2b 3b 46 5|0 6.0 7‘0 8‘0 96 160 1i0 12|0
Volume (mL)
E 3 @EgREIIE SR PA0S47 PAS. PA0847 GGDEF #1 PA0847 PAS-GGDEF HI4HEIR 7S
A: fRVRJE PA0847 PAS /i . W 1, 04 2. U6 3 KRB RN RMATFH0°0 99, 33, 22kDa. B: Il
i PA0847 GGDEF 73 f-fi e e . 1 1 KRB R W4T~ 20 kDa. C: fik¥ & PA0847 PAS-GGDEF
O3 TFIEE IR W 1 RO 4> 5 A 32 kDa. D: Ei v PA0847 GGDEF 4 T BEC . 16 1 K3
SR WAy T-H ok 40 kDa. E: E5HEEE PA0847 PAS-GGDEF 4 Tt (<10 mg/mL). W& 1, W2, W 3 K
O RS> F 1300 96, 64, 32 kDa

Figure 3 Assembly states of PA0847 PAS, PA0847 GGDEF, and PA0847 PAS-GGDEEF in solution analyzed
by gel filtration. A: PA0847 PAS in low concentration (~3.5 mg/mL). Peak 1, peak 2, and peak 3 correspond
to apparent molecular weights of 99, 33, and 22 kDa, respectively. B: PA0847 GGDEF in low concentration
(~3.5 mg/mL). Peak 1 at ~20 kDa. C: PA0847 PAS-GGDEF in low concentration (~3.5 mg/mL). Peak 1 at
~32 kDa. D. GGDEF in high concentration (~10 mg/mL). Peak 1 at ~40 kDa. E: PA0847 PAS-GGDEF in
high concentration (~10 mg/mL). Peak 1, peak 2, and peak 3 correspond to apparent molecular weights of
approximately 96, 64, and 32 kDa, respectively.

<l actamicro@im.ac.cn, & 010-64807516
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- 622 626 629 641 644 648 652
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PA0575 52
PA1120 60 L

ALERTVAERVRSTLRQPDKAY
LEEKATAERLRDQLRDVDTVA
VNIAMRIRGQLRESDLVA
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AVL - LAPLASGADALRIADNEIASM 118

PA2771 104 L SVLREAASRLRAALRPEDLLA VAM-VRV-RETTELTMIANRERELM 160
tphB 45 L LVNIAMRIRGQLRESDLVA AVL - LAPLASGADALRIADNEIASM 103
dgcB 60 RYVASVIGRVAAPPRFAA AMI - FPR-EAASVVATTLEERVSSR 117
dosC 48 RKVSQAFYDNVRSSDYVF IIV-LTE-ASENETLRTAERERSRV 105

R
E
G
E
A
AVE-LED- SQENI\PQRLAERIL,\AI. 677

T™M_1788 62Y KTVSKRILDRVRRSDVVA TIL-LYD-MKEEYLKSLLERELSTF 119

700 722
PA0847 PAS-GGDEF 678 VQPIA-LNGERIDFVTPSIGIA-L, PRHAGDAEGLVRA . RQRNHYCLY 731
PA0575 111 TAPFQ-ADGHEF - FVSASVGIA-L PKDGDDAPTLVKN \ SRGRHACLF 163
PA1120 119QAPIRLSDGSTV-STSLTIGIA- LLUPEHADTPAALLHD J RQAR- - - - - 167
PA2771 162EAPIDCAGTSV - -PVTISAGBCT-L- -GSGEEPERALAR 7 RAGR - - - - - 207
tpbB 104QAPIRLSDGSTV-STSLTIGIA - LIJPEHADTPAALLHD J RQAR - - - - - 152
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dosC 106 EKKLKAANGED I - ALSLS IGAA-MUN-GHPDYERLIQI £ A RRGRHH - - - 155
TM_ 1788 J120REPVRVENKHL - - SVIPNIGVA - RIPEDGENLEELLKYV K ARE - - - - - - - - 164

4 PA0847 PAS-GGDEF 5 2 M4 # 8 — BHEEINLEGF 5 L3t

Figure 4 Sequences comparison between PA0847 PAS-GGDEF with di-guanosine cyclase with known
structures. PA0575 (PDB ID: 5M3C!"*)) from Pseudomonas aeruginosa, PA1120 (PD ID: 7A7E!"*)) from
Pseudomonas aeruginosa, PA2771 (PDB ID: 4ZMM) from Pseudomonas aeruginosa, tpbB (PDB ID:
410B"* from Pseudomonas aeruginosa; dgcB (PBD ID: 6TTS) from Caulobacter vibrioides, dosC (PDB ID:
4zVH"®)) from Escherichia coli, and TM 1788 (PD ID: 4URS"” from Thermotoga maritima. Conserved
residues are highlighted in grey and Y700 in orange. Key residues involved in cyclase activity are labeled
above the sequences.
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5 JE T E MR AE T L TE 4 47 PA0847 PAS-GGDEF WT F1ZE T K (Y700A 0 Y700W) &Y — BHEZ IR (L
BEiEME A 4ifb&HE A9 SDS-PAGE K. Jkil 1: #rMEfE; VKiE 2: PA0847 PAS-GGDEF WT & [1;
VKIE 3: Y700A [ VKIE 4: Y700W £5 1. B: i FHEEMERS 226 & 125 40 B PA0847 PAS-GGDEF WT #
GBI — S IR PR M DR 22 AR AR HEIR 22(SE), R t K30 /0 MG I A A7 7E (35 22 7 (n=3),,
k%, P<0.000 1

Figure 5 Di-Guanylate cyclase activity of PA0847 PAS-GGDEF WT and mutants (Y700A and Y700W)
analyzed by thiazole orange fluorescence assay. A: SDS-PAGE of purified proteins. Lane 1: Protein marker;
Lane 2: PA0847 PAS-GGDEF WT protein; Lane 3: Y700A protein; Lane 4: Y700W protein. B: Analysis of
di-guanylate cyclase activity of PA0847 PAS-GGDEF WT and mutants using thiazole orange fluorescence
assay. Error bars represent standard error (SE) and Student’s t test was used to test for significant differences

(n=3), ****: P<0.000 1.
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Figure 6 Molecular sieve analysis of the effect of Y700A mutation on PA0847 PAS-GGDEF assembly. The
expanded view highlights the differences in peak positions.
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O e S, T 4 N -

7 PA0847 PAS-GGDEF HZE MBI 47 A. i3t AlphaFold!" il #5453 PA0847 PAS-GGDEF
TR, Bl if HADDOCK?2.2P 315 i) PA0847 PAS-GGDEF R {AL5 & GTP Y4 A ¥,
C: ifiit HADDOCK2.2"'"3}45 f) PA0847 PAS-GGDEF —- R /AZ5 4 c-di-GMP MK A W71, D: PA0847
AP GTP 2545 L5 F c-di-GMP 254 (1 a2 (1 HL#E, o GTP 45 G0 i LAZL (A i RAE R
c-di-GMP Z5 40 S LR AR R AER R, E: Y700 I L710 2 8] (B /K AH BLAE FH. GTP 454 i S LM ik 3t
K722 55 L710 4 F 5] — R 5E . F:c-di-GMP FEANIH] 17 81 E AT c-di-GMP FlAR S (57 25 375 ; PA084T
PAS-GGDEF HEZL (03K, HAEIR PS5 HIMR (R85 PleD M HZUREIR 45 ISk (075 5 WspR I
AR G5 FHIE RN

Figure 7 Structural modeling analysis of PA0847 PAS-GGDEF. A: Structure model of PA0847 PAS-GGDEF
dimer predicted by AlphaFold!"”. B: Complex model of GTP-bound PAS-GGDEF dimer obtained by
HADDOCK2.2 calculation®. C: Complex model of c-di-GMP-bound PAS-GGDEF dimer obtained by
HADDOCK2.2 calculation®®'!. D: The GTP-binding and c-di-GMP-binding sites of PA0847 PAS-GGDEF.
GTP-binding site are shown in red dashed boxes and the c-di-GMP-binding in black dashed boxes. E:
Hydrophobic interaction between Y700 and L710. GTP-binding residue K722 is located in the same helix as

residue L710. F: Analysis of ¢-di-GMP on different I-sites. For clarity, all c-di-GMP molecules are shown in tan
dots. The I-sites of PA0847 PAS-GGDEF, PleD, and WspR are colored in pink, green, and blue, respectively.
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