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Photoheterotrophic evolution of molecular hydrogen by Rhodobacter sphaeroides is mediated by nitrogenase that is regulated
transcriptionally and post-translationally by ammonium ion. Two Pll-ike proteins, GInB and GInK, play key roles in mediating
inhibition and repression of nitrogenase in the presence of ammonium ion. ginB and ginK of R. sphaeroides were interrupted
to abolish the ammonium ion effect controlling nitrogenase. Ammonium ion effect was still observed in mutant having an
interruption in either ginB or ginK. However, the nitrogenase activity of ginB-ginK double mutant is not affected by
ammonium ion. Hy evolution was improved by increasing gene dosages of nitrogenase-coding genes, nifHDK in trans in

ginB-ginK double mutant.
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nitrogenasex= W31 BAo] A A AHIHE e
Nitrogenase®] &4 A 4o FA WAl NifH7}
dinitrogenase rteductase ADP-ribosyltransferase] DraTel] 2|3}
ADP ribosylation®] ¥ HA| A #ubE=TH(3, 4). T PIAE Ty 2
<1 GInB2} GInK7| R % ©0]2¢] 81 f, DraTE &/44)7]
= Aoz 4#A Yrk5). Nitrogenase F-AAE AH 3=
nifHDK operon& HALEA] 917}l NifAe] 23 & ¥t} NifA
AR o]2o] §1& uf, GInB} GInK ol &3 HALEA 4
AL GEv5). £F, NifAe] IS tha] AxEd xSl
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AW FA F715AA
KCTCol| 7]€+3led R sphaeroides KCTC 120852 ‘:ﬂfﬁs}@l:]—
272 A SS =0]7] Y3, uptake hydrogenaseE A
ATt F5HA 2A0M A E F4 = autotrophic A &
Z AAE FAS reductantZA AL £ (1), old,
T AET = uptake hydrogenaseE £ A|E Y=
Sol2t). ¥, 44 %% [-ketothiolase, acetoacetyl-CoA
reductase, poly-3-hydroxybutyric acid (PHB) synthase2] 1<%
28-S 3| A PHBE AT 4 JohE-11). ofn], &
AP 5L o|HI S uptakedt PHB €Al E4E coding

R
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e RS FIAA w2 AEE SH AATI2).
A B AT T3 HE F Ae AT =
Y-g o] &L nitrogenase?] AT WL ZA4A7IY B oo
T nitrogenaseol] T A& dRUEL o] 74 FEHE ¢
§71 AN ginB, gink7} 24z}, 52 nF BI¥E WHolFE
AARGL. 1 AR, FEUS ol EH} ginkginB

double mutantol A VERLA] okgktt, ginK mutant &
ginB mutantol| XM= o3 RUE o] AFHIL vetkith
f- A2 nifHDKS] gene dosageE 5 7ZIA]
HE B, g2 WA F20) gk mutant 52 ginB
mutantol] A= WERGR] 99k o, glnK-gInB double mutanto]]
A A AN ZEFA o] 259 1ok

rE
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Y3}, nitrogenase |-

xHE ol ”Hi
4L X od

dF24 R sphaeroides KCTC 12085(11)¢] uptake
hydrogenase (hupSL)$} PHB synthase (phbC)7} o3 F M o)
9ol HP1E X775 (parental strain)® AT R
sphaeroides 24.1 2 FAA AR P AHH FFEA
R &L Y TFE LAY F o#F EF
succinate’} FH ©4APo=  EIH  Sistrom’s minimal
medium& ARE-EA AFAAARATAD. T A YAS 9
3 H&EE Sistrom’s minimal medium @ & (NHy):S0,& A #
8l AAYOF  glutamate?] %S =% 37, ammonium
molybdate TH2! sodium molybdateZ A}&-3FTh ©AYo
Z ¥ succinate W4l DL-malate® AFL3tgTh 912U $ o
£ NHCIE ARg3te] 33k A" @59 plasmid
= Table 1] AFej=o] qit}

H8E 79, kanamycin (Km)< 25 lg/ml, tetracyclin (Tc)
& 1 pg/mle] FE 2, ampicillin (Ap)& 50 ug/mle] %
ARERITHI3, 14). AMES AL Klett  Summerson
colorimeter (No. 66 filter, Manostat Co., USA)S A}-&3] A
2481, AF 44 FEE Klett Unit (KU)E by
BEE 10 Wim', 8jF2 5% R spharoides®] 7% 28C,
E. coli= 37CE #AATU3, 14).

A EE

f=]
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43t ZAA AR AEZ (80~100 KU)E side-arm
serum vial (60~70 ml)oll 800 pl& HEF & Zgko] 8 ml
o] A WA A9 Sistrom’s mediumS A$Ith 1
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rubber capg H-& &, 1E7F vacuums Z o1, argon gas
ADE YE272 1873 3adch. F=E 10 Wn's
FA AT

FA FFS gas-tight microsyringe® side-arm serum vial
o] head space®] gasE 300 pl ¥o} gas chromatography
(Shimazu 17ATT ver. 3)& 4359 t}. Molecular sieve 5A
(Supelco)z ZXE 2 mm x 2 m columne AR OH,
thermal conductivity detector (TCD)Z #4138} 1L, carrier
gas (flow rate : 50 ml/min)= Arg AH83t4ch Column &
T 80T, injector &% 100T, detector 2% 120To|3Th
(12).

Table 1. Bactetial strains and plasmids

Strains or Relevant characteristic(s) Source or
plasmids reference
Strains
E. coli
F 080dlacZAMIS  A(lacZYA-argF)U169 17
DH5aphe  recAl endAl hsdRI7(nmy') supE44X thil
gyrA relAl phe:Tnl0dCm
S17-1 C600:RP-4 2-(Te:Mu) thi pro hsdR hsdM’ 18
recA
R. sphaeroides
241 wild type W. Sistrom

HP1 KD131 derivative A(hupSL phbC) 12

HPIAgInK ~ HP1 derivative Aglnk This study
HPlAglnB  HP1 derivative AginB This study
HP1AginBK  HP1 derivative A(ginK ginB) This study
Plasmids
pUIR352  pLA2917 containing nifHDK 19
pGEM-T ez Ap' lacZ flori Promega
pLOL Km" sacB', RP4 oriT, ColE ori 16
pLO1/PsA-Sal.  +  ~13-kb  Ps-Xhol  This study
pLOAgInK  fragment  containing  77-bp  Bglll-Smal
fragment with glnK deleted
pLO1/Sacl-Sall + 668-bp Sacl-Sall fragment This study
pLOAgInB  containing  internal ~ 243-bp  PsI-Nsil
fragment with ginB deleted
PRK415  tet' lac” IncP1 ori 20
. pRK415/HindIlI-Kpnl + 4160-bp :
pNifHDK Hindlll-Kpnl fragment containing nifHDK This study
genes

Nitrogenase £t =X

Nitgrogenase Z/-S- acetylene reduction Wiol s =
Atk A FACMN A MEZ) chloramphenicol
(Cm)E #HZE %7} 10 ggmlo] FHEE T3k o] o,
293 A% NHLIS Zo] BHdnt. oo, Ar /|&E At
£3te] 187 vial o) A2FE AL, & 20904
1087 soksia). o] &, 7]A 2 A] acetylene gasE vial 7|&
%9 10% F3d] FHE FoF FYIrh Nitrogenase
o o) FHUH ethylene gase] -2 gas chromatography
(Shimadzu 17A)Z o]&8|4 A}t Column (2 mm x 2
m)e  Porapack type RE  FZ% F Algstgon,
flame-ionization detector (FID)E ¥A13}4t}. Carrier gast
flow rateo] 40 mL/min7} 5% oW N, gasE AM&3}
gt} Column 2%+ 80T, injector 2% 100T, detector
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L5 E 20007} HE2 g tiIR).

ginK mutant, g/nB mutant &=t

gInB mutantZ A 2317 Y3 ginB §-H AL o] 243-bpe
Pst-Nsil DNA A49& AAAZ Z(Fig. 1), 668-bp2
Sacll-Sall AH(Fig. 1A, F2 4)& pLO1 plasmid (Km')oll
cloningd}| pLOAgInBE "HEith olE £ A4 a3
2 AME3 HPle| o] FA]A single crossoverE §E=Fr),
Plasmid #7AE ©]EA]7|= conjugationd ojm] H1uH
W] wel 4383 TH(12). Single crossover?} exconjugant®
H2E double crossover®] AZ3¥ TF, HPlAghB: 15%
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sucrose’} 3G9 Sistrom ) A oA AEF TS5, 16).

gink mutantE A7) Yall, gink F3219] C-2gt FE
D3l 77-bpe] Belll-Smal DNA AL AAAZ F
(Fig. 2), 1291-bpe] Psd-Xhol HH(Fig. 2A, thick line)S
suicide vector¢] pLO1 (Km")o| cloning3}le] pLOAglnKE ¢
A ©] plasmidE AMEIAM 19 AMEY FEE UH
d 93, gink mutant®] HPIAghKE AT}

81H, ginK-ginB double mutant= glnB mutant®] pLOA
ginKE ©)F A1zl 3, double crossoverd}le] HP1AginBKE &
21t} X E mutant: Southern hybridization ®41-& S3f &
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Figure 1. Chromosome of ginB mutant. A. Restriction map of g/nB and glnA. The deleted DNA from ginB from the chromosome of ginB
mutant is shown. B. Genomic Southern hybridization analyses of ginB mutant. The chromosomal DNA from HPI (lanes 1 and 3) and HP1A

ginB (lanes 2 and 4) were digested with Sacll (lanes 1 and 2) and Xhol (lanes 3 and 4). A 2.3-kb DNA fragment encompassing ginB and
glnA was used as a probe.
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Figure 2. Chromosome of ginK mutant. A. Restriction map of ginK and amtB. The deleted DNA from g/nK from the chromosome of ginkK
mutant is shown. B. Genomic Southern hybridization analyses of ginK mutant. The chromosomal DNA from HPI (lane 1), HP1AglnK (lane 2)

and HP1AgInBK (lane 3) were digested with Smal. Smal’ was generated by PCR. A 1.3-kb DNA fragment containing glnK and amtB was
used as a probe.
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Southern hybridization analysis

#% HPI, HPIAgK, HPIAgB, HPlAginBK ¢
chromosomal DNAE &, AFaLsE AE & 08%
agarose geld] A7]%9%F &1L Hybond-N membrane (Amersham,
UK)dl| blotting-& FTH2). DNAS UV-cross linkingS £3) 1
AAIZl 3, probe FA|9 AEL Gene Images (Amersham,
UK)E 218384 Xeray film (Agfa, Belgium)o] &AH3lsict.

Cloning of nifHDK

X, nifke] 9 650-bp] Xhol-Sphl DNAE pLO1d|
2293} 0], R sphaeroides KCTC 12085 <A A A4H<]
nifK A 9ol crossover® Yo FHT} o] crossover/} H T
o] G4 DNAE Ho} BglllZ cuttingd}e] self-ligations
53 nifHS} nifDE U3, R sphaeroides 2.4.19) cosmid
library %, pUIB3529] EcoRI-Sacl fragment® nifKE Ao
A nifHDK operon FAANE AZggT o] Hindlls}

Saclo.® #Z#} pRK4159] Hindlil-Sacl siteo] 71 2,
pNifHDK & At}
29 9 2%
HP12] ginKe} ginB |M X} uiz|
glnB= downstreamol| glutamine synthetaseE QP
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ginA -3 A9} operons o] F7) wjEol polar effects: &}
71 93] XA markerE A}E3A ¥l in-frame deletion
mutantE A 2He}H thFig. 1). R sphaeroides 2.4.18] G A
DNAE template® ginB2| upstream¥} downstream-g 32 33}
= ¢ 23kb¢ DNA HE& PCR (polymerase chain
reaction)d}] pGEM-T ez vectord] cloningdte] &Rt
glnB A Uo] 243-bpe) Psil-Nsil DNAS 2|7 }7] $13)
451-bp®) Sacl-Psl DNAS} 217-bpe] Nsil-Sall DNAZ pLO1
suicide plasmid (Km")o) S29a|A AZ% plasmide! pLOA
glnBE A z=3lth. Psd, Nsil sitts= PCREZ DNA fragmentZ
Ade o Yoz THEGTH pLOAgInBE HP1d| o] FA]A
single crossover (Km)E ®E=3F1, °JAS ©hAl 15%
sucrose’/} BH&-  Sistrom’s mediumo]] T #Ee]  levan
sucrase (sacB)o] 93k levan @A 53 negative selection
S E3§ double crossover (KmHE QoIW¥th o] double
crossover?] GA1H] T+ Southern hybridization analysisZ.
solgith ProbeZE glnBA operond ¥ &3l 2,310-bpe)
PCR DNA fragmentE AM£3t)h. 2 A3}, glnB mutant, HP1
AginBE Sacll2 A& AFolAd 22 kbo] band7} W,
HP1S o AdlE 2 kbe] band7} Vr&it) T XholO 2 A2
AlZ2 oA HP1L 1.8 kbo] bandE E. 7, HPIAghB+= 1.6
kbel bandS Hoi, HPlAghBS] AMA 7x7} s Ao
o g rhFig. D).

aga, gk mutantE A7) 43, 476-bpe) Psil-Bglll
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Figure 3. Growth (A) and hydrogen evolution (B) of HP1 (Diamond, no NH,'; square, 0.5 mM NH,"; triangle, 1 mM NH,"; cross, 2 mM NH,”
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Figure 4. Growth (A) and hydrogen evolution (B) of HP1AginK (Diamond, no NH,"; square, 0.5 mM NH,'; triangle, 1 mM NH.'; cross, 2 mM

NH.).
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DNAS} 815-bpe] Smal-Xhol DNAS PCRE 42 %, pLOl
o 2934 pLOAgInKE THEUL o] HPIo| o]FA|
ZATHFig. 2). 99 FA3F oz AL glnKk mutant?)
HPIAgInK®] GMAE Smalo 2 Ze} A3 Az}, HP1S
6.3 kb H-o] d}1}e] band7} R A% HPIAglnK+= 3.9 kb
9} 24 kb 2o F 719 band7} Y. =, PCRe] <))
ooz THE Smdl site7} =T AL FAFIY.
2 9)¢] 5% bandse blockinge] F x| gro} yehut
non-specific band®]ThFig. 2). ginB-ginK double mutant (HP1
AginBK):= HPI1AgInB straing A&3te] )9} He wiylog
ghks AP 3 G4 72 FARTFg. 2).

Z} mutantsQ| A MA

HP1z} HPIo|A &d wWol3 HPIAgnK, HPIlAgnB,
HP1AgInBKE #34 ZANA wdstd ¢4 44L 24
Jh(Fig. 3-6). ZF w59 AP £ & Aol gloy, &
HUF oo EA3IA ¥ w, Hd KUY =4 =gd
e AL ¢ 4 UYrhFig. 3A-6A). T3+ HPIZ HPIA
glnBKE $EU-E o]0l EASA ¥E AL, A F4
Aol ml vkl T 35 ml o]Fg 71 E3 o f(Fig. 3
and 6) HP1AgInK 9} HP1AgnB= 2 ml AT 9 Ao £4 A
& RYthFig. 4 and 5). HP1¥ HPIAgnK, HPl1AginB9)
AdRUSE o] Fxd WE Fi2 AAFL dEUR o
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=57 2 mMo] H-& wl, nitrogenase?| o] &AE
Qa7 9ot HPIABKS A%, 2 mM ¥Ee] ohE

g oleo] ZAsks ZAAE ml AL F o 300w
o w27t AQEE A& 2+ AUER 6. ol 4T
g ol&o] gl A% F 10%e] gt wEpA,
HPIAgnBKE HPld| Hls) F3d 4 HAS7te 47
HA Fgolx, dRUR old g FLades @ T

g orget

olnL|2 ojR0 2§t HP1AgInBK2| nitrogenase Z
A Al

HP13} HPIAgInBK 59 nitrogenase /& acetylene
M LWL AHEs AT HP1Y] B9, ¢R2YE o
£0] ¢S u, 662 nmole ethylene /KU -he] FXHEE H
H3, 2 mMe] RYE 0]&g & FHPE df, oF 129
FZskE 357 nmole ethylene /KU -he] FAEE YElW
f. wakA, 2 mMe ¢RUE olLd o3 nitrogenase T
e oF 50% Asetct ¥, HPIAgnBKE 42 U3 ol
20o] & w), BFF<) HP1¥ H]$:3k 69.4 nmole ethylene
KU - he] ZAEE Ugoy, ¢RYE o&E 2 mM

Eo31S o= 3] 67.6 nmole ethylene /KU -he] &
Aw 2 Jehl o] nitrogenase?] FAo] Aol Az ¢e
202 vrehgthFig. 7).
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Figure 5. Growth (A) and hydrogen evolution (B) of HP1AginB (Diamond, no NHi'; square, 0.5 mM NH,"; triangle, 1 mM NH,'; cross, 2

mM NH;).
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nifHDK®| gene dosage S7|12 &

Nitrogenase #2291 nifHDK®] gene dosageZ moderate
promoterZ LA Tc promoter® XA AL 2%, HP19)
TN & Z7V7b gl9ithTable 2). ©]= moderate
promotero] &3t HAALZH S Y nifHDKS gene dosage
AL %3 nitrogenase ;6/\-4 dA =7Vt A
I glEs ondt Eg R dERYSE o]L&g
7tE HolFA ¢t xR Adde gRy
& o] 93 nitrogenase A A 3] &7} HP1¢] GInK
¢t GBE %3] wi/lES on|gid). &A%, HP1AgnBKo)
X nifHDK®] gene dosageE ZZAAAS AF, < 30% o4
o FaM4 230 FAAYG o] A FRYE oL
o] 9% nitrogenase A A3 @7} GlnK9} GinBeo] I}
AE Tl oA, olE ol&d 4 AT FHo]
7Vsghe oju)gith

ol AdE T B o, dEUg 3 A &
= GlnKel GInBE 25 AAE =) vehytx, HPIA
gInBK ol A nifHDK®] gene dosageZ strong promoter® Z=3%
AZW FaA4e g 2 A0 U Ao dxd

T Atk

sS4 MM F7

-

e ol ol

Table 2. Maximum H evolution of HP1 and HPI1AglnBK in the
presence of additional gene dosages of nifHDK

Maximum H, evolution
(ml/m! culture)

HP1 (pRK415) 3.17

HP1 (pNifHDK) 3.07

HPI1AgInBK (pRK415) 3.40

HP1AglnBK (pNifHDK) 4.14

Strains

8l r

h™')

Nitrogenase aclivity

( nmole - KU -

10

HPY HP1AgINBK

Figure 7. Effect of ammonium ion on nitrogenase activities of HP1
and HP1AgInBK. Ammonium ion was added at 2 mM, and enzyme
activities were determined after 30-min reaction under illuminated
conditions at 10 W/m®. Open bar, no NH,"; Closed bar, 2 mM NH,",

2 o

Rhodobacter sphaeroides= photoheterotrophic F7o| A A
A& ahHA AAUAEALQ) nitrogenaseo] 23 FAE A
171t} o] nitrogenasex= ammonium iono] A% wl, PII A
o @<l GnB$} GInKol) ]3] negative regulationgd BHA|

>

Improvement of Photoheterotrophic Hy Production of Rhodobacter sphaeroides 423

=3 Ao M= ghBS} gink F+HAE interruptiond}e]
AAA el =L #Egtt & A3}, parental straino|iu}
ginB £ gink FAA 3 vHE interruption AH-E A,
AU o]2d) 93| nitrogenase EAgo] AFE L1 AU
o), ginB, glnk E5Z interruption A|ZE uf, EUE o]
2ol 9T A T} BolEk AL ® 4 9T =@
o)e)%} ginB-ginK double mutanto] nifHDK geneS in trans 2
o} nitrogenase®] dosage® ERE A, F4h Ao oF
0% 4 2A8ATE A2 2 5 AUt
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