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The Path from Genes and Proteins to Cellular Functions:

From Solo and Duet to Orchestration

Mitsuo Ogura "

Abstract

This paper aims to review achievements in Bacillus subtilis molecular genetics research over
the past 35 years, presented in chronological order and reflecting the author’s personal research history.
The first half focuses on research into DegSU, which is a His-Asp phospho-relay system. The second half
focuses on research for the glucose induction of sigX, one of the ECF (extracellular function) sigma factors.
During this period, spanning the turn of the 21st century, two significant new developments occurred in

Bacillus genetics field. The first was the determination of the complete Bacillus subtilis genome sequence

in 1997. This enabled genome-wide analyses of various types and spurred vigorous reverse genetic

studies of homologous protein families present in the genome. The second was the publication of the first

paper using a wild and ancestral strain by R. Losick in 2004. Subsequent research using wild-type strains

has progressively revealed the functions of genes that were previously unknown. Undoubtedly, major

discoveries will continue to emerge in the future.
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RR: Response regulator

Fig. 1. His-Asp phospho-relay. This system is also known as a two-component
regulatory system. Environmental signals activate the extracellular domain of the
sensor kinase, and this signal promotes the autophosphorylation of a His residue in
the intracellular domain of kinases. This phosphate is transferred to an Asp residue
in the C-terminal domain of the regulator, enhancing the DNA-binding activity of
regulator to its target sequence. Consequently, the environmental signal activates

transcription of the corresponding gene.
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Fig. 2. DegU has different targets in phosphorylated and non-phosphorylated forms.
aprE and comK genes encode alkaline protease and competence transcription factor,

respectively.
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Fig. 3. The competence control system beginning with extracellular regulation of
ComA activity. ComA phosphorylation is regulated extracellularly by the ComX
pheromone, and the binding of phosphorylated ComA to target genes is regulated
by Phr peptides. Specifically, Phr peptides inhibit the function of their cognate Rap
proteins, which inhibit ComA, through the binding to Rap proteins. One target gene
of phosphorylated ComA is srfA (the surfactin synthase operon). The mRNA for srfA
encodes comS, shifted by one translation frame. ComS is essential for activating
ComK, the master competence regulator. ComK activates many targets, including
the rapH-phrH operon. Additionally, RapG also regulates DegU.
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Fig. 4. Two types of biofilm formation. Pellicle formation can be observed in
static liquid culture. The photograph shows the surface of the culture viewed
from above. Wrinkles are visible in the wild-type strain but not in the degU strain.
Macrocolony formation was performed on agar plates. The wild-type strain exhibits

a characteristic wrinkled morphology.
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Fig. 5. Control of PGA Synthesis. Poly-gamma-glutamic acid (PGA) synthesis
genes are directly regulated by DegU and indirectly regulated by ComA via DegQ.
Furthermore, DegU also regulates PGA degradation enzyme genes. Binding of
phosphorylated DegU to the PGA synthesis gene promoter requires SwrA.
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CcpA. Additionally, degU undergoes feedback regulation where DegU binds to its own promoter to activate
it; this circuit is finely tuned by DegU degradation via the protease ClpCP. Furthermore, the clpCP gene
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TN a— AFEIIENE IRV LIETT
WCHEZThbE, BEOLLKTNVIA—ADHIHLET L
F IV CoADHEZ TRNAKRY X5 =D Tt F 1k
DX T, FOLZORNARY) AT =YD 7~
DAL T DS H B0 %Dl e 2OT
AT TR EREZOWHEHEL L ORI TE
720 sigX-lacZ¥RIZ N T Y ARV Ve ANTiFSESE
TRICE & Xgalk v a— A AN OFEREHIZ &2
Al an=——zi&x, HLFFAYvoao=— |kt
NTHWIT = —%2 BRI TH L, 20154FEDE
WWEEH ZoFEEE 1L C20000 20 = —DLEZ2 RN
2o MARREETOFRBMZEIOHE. P TR
R VIFANEZ P2 L CGIIC B 2 (5T % i
POT20L HVOBETERELZ. T3 cshd &
V) BIETF AL DS, S ORFT e F Vb E R
LEIZTTIIRENTW/ 2L, RNAKRY X5 —F
RS T HFEDH SN Tz (Delumeau et al,
2011; Kosono, et al, 2015) Z D5TF D 7t F )Lk
A TH L) Y oERIIZT 2 F VL E mimic T A%
B 7T METELWERE AND & sigXDGI
HFAE Y 12T B O TGLO B IR 2 1572
(Ogura and Asai, 2016). & & IZFRBEARFN 72 DAL
LN TL ByRBIETIER L2 222D E LD
MR SN TVLEES LWEETTHLH, &
9 L DNA/RNAICHEAT AHETEOH L, 2
DAL FHIERE D RN A-seq T 217 > T 5 & 400
U EORBEZEEET 2 EORBADPEIT S, =

ORI, SR OCIY AT LADETIZINS
BHETHEPMVNET2EERL TV, L2l K
P CHE LSS L CDNARAMEEZRA L LD b
A RMEICIZLVE D) T, ToMmoME» S
W h W 5 Nucleoide-associated protein Tlid 72 W\ 2
& # 2 72 (Ogura and Kanesaki, 2018), Z OUEIZ7Z
%5EH9DNAYA 707 LA I3 T2 RNA-seq
IZHRTEWI2ORENDDOH 72, F72. yIxRZH
TllidtsaD &\ ) BHIZT D). T O\ T EY
IZtRNA @ 7 7 = > 5%3& @ threonyl-carbamoyl 1t %
179 (Thiaville et al, 2015). Z D5ffiid &4 T
HHEICHFEL, MEFETEIELVE VBT e Fa sy
F—VHEEASEKPDHZ ED ¥ v 87 BEIR % EH# 12
TI)7OICRETH L, SHIZYREBRET OB
B EBE 2 NI VAR VA THET S L,
WWIEBEZT DN T E 2o ZTOEMETHGLEZT
TWieo YWIEY Y XTHIX S V37 B D Arg ik
WA L7 VERE AR S S, S5 Arg) v
FRIZClpCP 7 a7 7 —X¥IZX b7 X7 5D H
FIC& 5 (Mijakovic et al, 2016) o KL% /710 D Kt
ThbHArg") YERLIEMcsB & W) BEZTIrbiLs
M, CTOBEEETF EcpCl ROy 2 H LT
TV a— A TG & A (Ishii et al, 2013)
(Fig. 6)o 2 F ) YWIEIZ % v 87 E & 500 H5F
LB RO, EEZIVa—A05 T £F L CoA
wME L EEEGIRPDHY v X7 B & TsaD ¥ » 7%
7 B 1E McsB/YWIE/CIpCP ¥ A7 A O FE T2



5 Z & &R L7z (Ogura, 2020)0 PO ED S %
A 72EF )% Fig. 712577,

73— XFEI

WIEBETF LGl EZITTW/zDT, ORI =
ALZHER A FLE LR DL N T VAR VIFEATO
R A AT, &) QIAMBIEN T LW
7Y, TOBEMBITFEID /2. ZoBEET ERICIE
I AF Y (Mn) ) ARICEBRT 5000 Ltk
WEEDLNTWIELET R H o720 €2 T, Mn®
FH ARG A B S ywlE BAR T3 BICBER T 5 D Tld 72
WEA S E TR, BEHIO Mn U 3A i 4 48
ZFORBZHMASETHIZE A MIEED 5
E RIS yWIEBIRFHBISE R L7z, 7 v a—2X
AT TOMuMEAREZIELZE A, R
DEBEICH KL TV, $§5& 70 a— A Mnlt
Dk L EH ok AR E T2 L
MnfgEE % EA S ywlEBET 258 5 &
VW) YY) A D 32D (Ogura et al, 2023). F

7oy TV F = AR B K - AhrC O #E AR T
H D CepAIFMKLF I GLE 21T 5 & v ) HIHE S
& - 7z (Heidrich et al, 2006), Z#LiZk ~ b %1%
T AhrC O MnHL Y 3A & - HEH O iy 5 A 8 (5 T 38 B
DB R CHAFEURRDO LN, S 5127
OE—% —~DAhCHEE LB L 72D T, AhrC
b MR NIEEE - ywilE En F B2 HI#H L Tw b
Z EHVHIBA L 720 AhrC & MntR (Mn i 21K & {1
FEH O T, Que and Helmann, 2006) ® RNA-
seq fBAT & 4TV, FH O MnHUY 3A & & HEH i A
YesG & YknUV & R L7z 2O AT A D4k
%% Fig. 812" L720 ZOBE, yesG O IR S N1
ELTHSNAKPRAMn ST %A get % &
i L (Wang et al, 1997). 2025 4EBi 15 O FHFE FRAR
EOPLT v & LTHEB L2, EERICIER S
WEBDOWMIREZZE AL VIZTLTFETH D, T
72 MntR#EE 2N 2 @B T, ZOFTFOMHER T
& 5 J.D. Helmann O F 9 MntR iZikIi 2Ly S 1EHZ
AR Z L C SEF DRMT L 3D 4 72 5 2 Ll
HL720 BRI Z OFLORIOPTHRED A
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Protein
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o e e ———
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Fig. 7. Schemes of glucose-response and feedback regulation including yIxR. Arrows and T-bars indicate
activation and inhibition, respectively. The dotted line represents the multi-step reaction. An association of
CshA with RNAP and glucose-stimulated CshA acetylation have been observed. CshA-dependent PyIxS
regulation drives YIxR expression and YIxR regulates the transcription of tsaEBD through its binding to the
promoter of tsaEBD. The tsaEBD products are assembled into tRNA modification enzyme that regulates
the translation of pyruvate dehydrogenase (PDH). Pyruvate dehydrogenase provides acetyl-CoA, an acetyl
moiety source for CshA acetylation. Acetylated RNAP may alter its affinity for SigX and SigM. Recently,
in cyanobacteria, YIxR-binding to RNAP was reported, which may cause a change in the affinity of RNAP
to a specific sigma factor. Glucose enhances cellular manganese concentrations, resulting in stimulation
of expression of ywilE. ywlE encodes a protein arginine phosphatase that protects PDH and TsaD from

ClpCP-dependent protein degradation.
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Fig. 8. Schematic representation of glucose-mediated regulation of Mn?*

transport. Left. T-bar and arrow indicate

inhibition and activation of gene expression, respectively. Dotted arrow and T-bar indicate indirect effects. Proteins

in red and blue represent Mn**

importer and exporter, respectively. The arrow width in the transporter indicates

putative overall effects of glucose on transporter genes expression. Direction of arrows indicates ion influx or efflux.
Right. Overall glucose-mediated effects of upshift of cellular Mn?* equilibrium is shown. YWIE is a protein arginine
phosphatase, which counteracts the arginine phosphorylation of proteins by McsB kinase, leading to protection of
the protein from degradation including glycolytic enzymes. Glucose addition results in upshift of central carbon flow
including glycolysis, TCA cycle, and respiratory chain, leading to generation of toxic reactive oxygen species (ROS).
Addition of glucose will increase the demand for superoxide dismutase (SOD).

WETHEEEE L TBELENEBEG L TE 2
B, 2 TOREEFHOBAEOMERE I CHAR LiE L7z
WD b. ZOREFREL 7 AT I &
holze HBHHNDE ) Z LIZHENDDH->TH
FNE ) F LR BT T O & IZFEE LT
VLY, EHEOMWK EZ) L TETEDEEZLTL
92 EDL v, MntRPEEREET 8T 20
KODPRDTFT=DT, GHENLDOTUE—F —
O MntRAEEEAL 2B S22 LT L 0 3ifsh 2572
HonEEZ TWh,

DnaJK ¥ ~~X0O> & YIXR

FEF1X. YIxROIEFFEN 7 DNAKE & 2 Bl L.,
VD W 5 Nucleoide-associated protein & L T YIxR
BT FEB 2 HH T 2 F 2 HE L Tz, Fnift
A2, YIxRIZIEIEESN 27 DNAF &I X 5
EEHIHIE T TlE v, 2TOT7 A4 T T, BEET
IEYIXRIZRNA KR Y X — ¥ (RNAP) % Sigma A
EHEERHTAZELL O ENLEEDbNS
(Hemm et al, 2024), 20244E\277 v F ¥ 7 v K&
D7 IV —THYIxR IZRNA 55 fi# % RNase P (% ~
737 B RnpA & RNAR T RnpB2 5 7% % 1) R A
) IHFRAICHES L ZOBRESEREH L TW5
& L RopM & Fan 44 L 72 (Wicke et al, 2024) o

RNase PIZtRNA 5 FK g D WHAALEEF 7228, JT4E
mRNA G~ B 553218 S LT % (Mohanty
and Kushner, 2022), % Z C. YIxR®D & {x T3
HfH A 7 = X 12 RNase P2OSBAfR L TW B9 &9
MEFRRDL Z L7z YIXR 2SI S 5 proB-lacZ
HCTEDREAPWATH T VAR V-
THNRDL L, yIxR & & 412 dnakK, dnad 3815 TR PR
#Wﬂf%toé%Vﬁ&®Lh%m%ﬁ%ﬁw
ETNVEEHE L2 (Fig. 9)o 22 TRWEZ &I
H DA O REE R fy SCE proB 12 E@?é%@“(?)o
to COEFIINVTIE, ¥ X7 B O ER
W2 < ¥ vty Dna]KEEMAEDYIxR% 8 LT
RNase PHEAAROBER G % HRE L T 5 FHHRIE
EN7ze & 5 Zdnad, yIxR, rnpB D RNA-seq fEHT 12
L0, ARROmEHHE LT IT Wb EBbiLs#E
T %% L 720 Dna]K 23 & FrAE~ 7 F FEEN
A FELIN 2 FENTWAH L, RNase Pistha#1z2
% O TEIIRAEITH O mRNA (X 43-F S 72\ (Ogura
et al, 2025). L2 L. 2O EATDnaJK A3
MWIARRBY V7 AT E 5 & RNase PldiEMEAL
L mRNA 73 A3 A, MBS MK 22 (LS 2179 =
INF—%HHTEDL, ZDEIRAD=ZALITS
FTHPHESINTBE Y, MOAEY T FEEZ X 7=
ALDFHET DN LI,
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Fig. 9. Schematic model for linkage of DnaJK and RNase P/YIxR(RnpM). Arrows and T-bars indicate
activation and inhibition, respectively. Dotted arrow and T-bar indicate effects that are based on
circumstantial evidence. Green ovals show ribosome sub-units. Association of YIxR(RnpM) with RnpB and
inhibition of RNase P by YIXR(RnpM) are reported. As to mRNA degradation by RNase P neither its denial

nor affirmation is in direct evidence.

EF-P & Gl

F L OIZH 7z o THAEHRRRD OWZEZ BN L 72w
sigX DGl % [HET Mk E L CepZ R A 5E
ENTWZD, GIHEIITREETH-> 2L, &
DFFHT T YIxR % CshA % & € fll 48 1] 5 & 13 a7 ©
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(21X SigA DA DS 2 o720 THUIIK LT
YIXRZEFARTIZZD & ) 2 HRIIBE S22 o
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K722 ) RV — L& 7 b7 ADRibo-seq il & 0 1E
B E LT % (Hummels and Kearns, 2019). L 7%»
L. VR —aEmsLT LbHilpo s 237K
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(Peil et al., 2013) o efpZZEARIZBITAH Y V87 EL
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e ZEEARIZOVWTITRAQ 7O 7+ 3 7 AfhIT % 5
Wil 720 BIRRA~OEE % M4 % 1213, mRNA %
FH7=VDy XN EEERET HLEVH LN,
RNA-seq EB& b 17 - 720 iTRAQFNT THH S 7z
20875 ¥ X7 EH oy b, XPPXEF— 7525
844 VN7 EMNFEIE SN, TNHIZEF-PITKA L
THIREN D Z EHBAL 720 epBRTEHRA L
2% N EIE, EEY V<IN SigA, fEEY
VRN FLUY. EEE— % — % 2327 B MotB.

FF L RFL v TrxA, < v F V%A MntG 258
FNTW/z, FLY & MotB O AL EB) 4R IE % 5|
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OB A EAERIEE YTl T ORIZETHID
THEBBEIAT &2 OB RFOMEER» S E -
72EEH OEEHIHIZES, MTEELLE L RN S,
MO MERGEL XVICETHRSNZEESH, 7o
T A — NREHT S 21 AL L 91 2 IRTTE R IKE T O
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