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Abstract

Protoporphyrin IX is an intermediate molecule in the heme biosynthetic pathway. Intra- and extracellular concen-
trations of protoporphyrin IX in the wild type strain, Myxococcus xanthus DK1622 were measured by reverse phase
HPLC. The amount of intracellular protoporphyrin IX continuously increased and reached 6.4 picomoles/mg of
protein at the stationary phase. Extracellular protoporphyrin IX began to be detected from the mid-exponential phase.
The culture supernatant that was collected in the stationary phase contained approximately 3.0 picomoles of proto-
porphyrin IX per mg of protein. Spores formed by nutrient depletion contained about 6.5 picomole protoporphyrin
IX/mg of protein. The synthesis of protoporphyrin IX and cell growth were strongly inhibited by addition of
succinylacetone to a final concentration of 500 pM. Succinylacetone, however did not appear to interfere developmental
processes. Normal developmental behaviors including aggregation and spore formation was achieved even if
succinylacetone was added in a medium. Photolysis among cells grown on a starvation medium supplemented with
succinylacetone was also observed. These results indicate that protoporphyrin IX may be important to M. xanthus
vegetative growth, but not critical to development processes.
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o). Heme Q3439 % 7HAQ1 protoporphyrin IXE Rhodo-
bacter capsulatus 2 R. sphaeroides oA wAF =
bacteriochlorophyll9] 773 0] M[13, 34], chlorophyll %
bacteriochlorophyll A4H-& #3F AFA 24 ¢ protopor-
phyrin IX¢] d3e H FAHEA Art HATH32)
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A2 Y M Porphyromonas gingivalis®] 432 9
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o] &3}od 1 mole?] protoporphyrin 2 3 moled] H0.&
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A} 8t= protoporphyrin X9 F&& 37431, succinyl-
acetone (4, 6-Dioxoheptanoic acid)e] #H7bo <f3{A
protoporphyrin IX9] Ao A= A& AL AMEe] 4
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succinylacetone®] g3-S 47] $Jato], A A F4, EA
4 9 2 Ao dAolA YEly = photoplysis i‘ﬂ &E
#2389t} Protoporphyrin IX9] Hs|AZ o]&¥ suc-
cinylacetone&, A7FA % hemeo] Ao wWE Y-S
ZA8l7) YalA AbgEa 9l protoporphyrin 1X¢]
Z7tAE Zudl= ALA (S-aminolevulinic acid) dehy-
dratase®] As|AZ 2H&3cH11]. ALA dehydratase™
protoporphyrin IX& Zf8hs M4 FAAAM 2709 6
-aminolevulinateE §-3}t5}d porphobilinogeng AJAHal=
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ok E FF9 M. xanthus DK1622 [30]5 o]-&3ldrt.
M. xanthus= 32°C2] CTT YA W) =] [1% (w/v) casitone
(Difco Laboratories), 10 mM Tris-HCl, 1 mM KH»PO4-
KHPO,, 8 mM MgSO;, pH8.0] [16] && 1A w)A)[1.5%
(w/v) agar F7HAA wjFstAch 4 F3E AT LA
HAL CF 124 wiA] [10 mM Tris-HCl, 1 mM potassium
phosphate, 8 mM MgSO,, 0.2 mg of (NH4):504/md, 0.1%
casitone, 2 mg of sodium pyruvate/mi, 1.5% (w/v)agar]
[19]) A S5 Ae=d cm’e) WA B 107 M. xanthus 73
b ouiAe] EW So] FnE BIIEF =EEHC
Succinylacetone (Sigma)2 Z 2 Aol #F F% 500 yMZ
i Al H 7= Ao
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M. xanthus A Fo A &) FZ2 9] porphyring-& reverse
phase HPLCE Abgstel EXSHATH28]. 15 W F3d7
(GE F15T8-SW) 27|12 58 12 cm A9 Z9 oo A
AL Ze Yol JFE HAg sty Yt g7
T 3YE RAHA AFE XA wjdE AEELS TPM
buffer (10 mM Tris-HCl, 1 mM KH,PO&KHPO4;, 8 mM
MgSO,, pH7.6) [19]2 =33t9 d&ol T2 60 Ml A 45
% 702 29& microtipS A48} sonicationd}e] A}
434tk Crude extractol= 22 %9 0.9 N perchloric
acidst & WgES 42 H713t At Vortexerg 0] 88}
of 2 T 108E 7|t 3o, dA RV E o] &3}
o ME HA7E AASA 68 F3)o) sFete
FER4E 4390 Arlelel 3 4e o, AR
protoporphyrinogen?] &4& =4 3}7] Y& 147152
zgote) FU 2 Fof WghE-E 2 equilibration® Se
pak column (Millipore)E %3} A|Zit}. Porphyrino] £-&
columng 50 m¢ W &S (10% v/v)Z R Yt} Porphyring
BAE dgg 3 mE AR N, 7k27t FHEHA e
heat blockel| A 20% 5<F ¢33 72AZ . Porphyrin
o] 235 &9 (Porphyrin Products Inc.) 10 ul9} 1 N
HCl 990 & &33le) ACRODICE13L.2 o HA|AH R 7
712 A At At ControlZ mesoprophyrin IXo] #H7}d
AMZ 200 ®E Ci3 ODS silica columno] #2FE Beckman
344 HPLC AR & A}-&3} flow rate % 1.5 ml2 27
391, protoporphyrin IX & F#% 395 nm, W3 x
615 nmo| A #&EGH HPLC 54 Ao HF 5% 5%
10® Mo] 522 H7}5o] HPLCE ®a¥ mesoporphyrin
IX9} protoporphyrin IX peak’} ¥%& 4% Y3 dz2+
2 o] &=t (Fig. 1A), £ € A &&= mesoporphyrin
IXghs #7}ste HPLCE 223 F o protoporphyrin IX
238E 407 7l2o2 o 83dth 4B ©
X v BCA A %HPierce Chemical Co.)& A}&3}
3 &EY(bovine serum albumin) 7|F0 8
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HPLC profiles of protoporphyrin IX. The highest
peaks (m) indicate mesoporphyrin IX added as
control.

Mesoporphyrin IX peaks (m) were immediately followed
by protoporphyrin IX peaks (p). A: Controls of mes-
oporphyrin IX (m) and protoporphyrin IX (p). B: Cells
grown under illumination. Protoporphyrin IX peak was
not detected. C: Cells grown in CTT liquid. Letter p
indicates a protoporphyrin IX peak. D: Cells grown in
CTT supplemented with 500 uM succinylacetone. No
protoporphyrin IX peak was observed. E: Spores formed
on CF agar plate. F: Culture supernatant collected at
the stationary phase.

Fig. 1.
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M. xanthus protoporphyrin IX9 s &3
Dailey 52 M. xanthus®] protoporphyrin oxidaseE %
23lele FHAAE E22Yste] AT AM THAH e,
o] &4 & protoporphyrinogen IXE £33l 1:39] vl &
A A9 el M.
AL elslasnh.
A2k M. xanthus2 58] porphyrin®] £zl gt 244
d #EY FEE 4T BRuE U dA7A B
? Aol SAsl= porphyrin®} & 4 F2 Aty
A 71WAY s HaEFE FHLE o] FAHE
g, odZ oq=§9 UAdd F 34 Propionibacterium
acnes$} Haemophilus parainfluenzae) 73-%-o pH2| ¥ 3}oj]
& poyphyrin®] A 2beFo] HPLCH| o3|A 4= AN
tH17,20].

2 AN e

2 protoporphyrin® H,0.&
xanthusol] protoporphyrino] &3}

T& RoA S st 4G @A
o & M. xanthus NEEZHH protoporphyring #2]
A A8 reverse phase HPLCE Al&3te 552 =243}
A chFig. 1 & Table 1). Protoporphyrin IX8] =2
2457 A8 APHeE 5x10° Mo] HEE Hrtg
control2 3}o], ##H HPLC peak
ZHE protoporphyrin IXe] 24| F25 M ¥} %2 B
A7 A o A AR THTable 1). o7& ol A 433
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mesoporphyrin IX&

Table 1. Concentrations of protoporphyrin IX from various

samples
Concentations
Samples . .
(picomoles/mg of protein)

CTT-55KUa 01
CTT-115KU 3.0
CTT-210KU 6.4

CTT-Sup 30

CTT+5SA N.D.

CTT +5A-Sup N.D.

Spore 6.5
Spore+SA 11

a indicates Klett units. 55KU means that cells reached 55 Klett
units when they were collected. Sup; supernatant, +SA; addition
of succinylacetone into medium, N.D. stands for Not Detected.

Aol gl succinylacetone?] G 3k

M. xanthus T3 0L o} &3t HAFE 3 o]f = Wl 9
A protoporphyrin IX¢] 4] =}A 7} AstA W& W
7] wW&o|th(Fig. 1B). M. xanthuso| A} ol <3 pro-
toporphyrin IX9] #4 AHsje wl$ FoEdd, oe
protoporphyrin X7} Al Uo] 245 & SQdo|g 2
Escherichia coli T30l A T&fé}&]fﬂt% wol] 98 XA} B4

Rﬂiolg %L‘C E. coli Fa“ﬂ O]Xﬂ‘” o wizate] 7HAF
Ae zAbete A9 4 9% photosensitivity 84+
UetdEd, A 23 o= visA §AX7L g3stEe
ferrochelatase (EC4.99.1.1)¢] Z8 2 & protoporphyrin IX
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WA 1 mg F oF 64 picomoleZ A] 60u] o]} FEI} &
Aste oz ZAE A HFig. 1C, Table 1). oj= M Z7}
A #gko] whebA protoporphyrin IX9] §HAdo] ME A%

£ ROE WaA o]Fozs AE oudn. T3 X
Aol oF 100 Klett unite] =23 ti47]9) 2714 &

319 protoporphyrin IXZ A4 WA A #&2F £71 9
Atk ME W o ANEAZN L AUAE o] &3
B 2

of & 9gAY ARA A AR A¥HE 2
protoporphyrin IX¢] ¥ 9|29 wjZo] 3 ojfe ¢
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tructiono] Yojudtie B % A ATH16). Saccharomycopsis
lipolytica®] E@MolAE 20 &3=A F= A4 pig-
mentE #4136, o] &2 o] protoporphyrin IXZ 83
AgE Bt dgdew2] HoME dF8 H. parain-
fluenzae?] 73$-o pHe sl welA poyphyrine] 473
A Wel geht EAsteA S HUAT20]. A
M. xanthus 3% v A o] £A)3}= protoporphyrin IXo} ¥
o)) o8 AQNA F Sol 9% NE 34 7]
A RAAA= & F7} Ak M. xanthus®] 7 5o 37 i
oo Z7) 38l protoporphyrin IX FE& A&Hog
7heo] A7 =Ed AEY WgdgX s AEY &
WA djdjste] 3.0 picomoles/mg of proteino] £l
Aoz 2YYdTFg 1F). FoEAE FES 12
dsjx A" IANAME  protoporphyrin IXE 6.5
picomoles/mg of proteinZ EAsle= Aoz BAHATG
(Fig. 1E). 3kA1%t 91$] 2 Q) protoporphyrin IXS] 44 A
A Q succinylacetoneo] & vl Ao #HF F=7} 500 uM
o] §EE H7l8 ZAfoles AX UM 4% wA A
protoporphyrin X9l peak7} ##= 2] ¢rgtrh(Fig. 1D).

2 cell lysis

M. xanthus &0 0|x|= succinylacetone2

Heme_,] xgzg-/l%_o_ EH _EL,] A@Eﬂiﬂﬂ. Agttlz'ﬂ)\]--%
87 93 Y42 Ao |t} 25]. Bacteroides fragillise] 73

% heme & protoporphyrin IX7} A& HujHog 4
Q23}d wjA]o] 3.8 picomole/mio] HrtE Ao o A
A8 9] 1/2 Ex AAAo] 74538k 7(1-5]04[;].[31]
Aztel Ao1A hemed] F oAl g Hoid A7 1Y
Zdl, hemed] Aol FoAste FHA F shitel o
Aol A7 799 heme AFHE & HA s
Porphyriacl Zz]A #Hw, o] B2 A erythropoietic
porphyrias} hepatic porphyria2 +&50of th F& A
T uj g FolA AdAAQA hemed] AFAEE wafstn, 1
TS A7Y Aol = succinylacetoneo] o] &5 o] gt
{311]. #zx¢] R1Z = Ebert 59 213 malignant eryth-
roleukemia A X 2] heme A4S Wl dle] A E Al Rl o]
FEFE BEG RoltHll]. 2 Fo] SFAZAA
heme A3Ao] W= %90 globine] A nvx&
A3ke Bsty] 9 10° M9 succinylacetone 3 7}l
93} A hemed #4& SHsA FAANZ F AANeH,
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10* Mg protoporphyrin IX9] #7}e] ¢J3]4 succiny-
lacetone?] W& EHE o] AL FEIYPUe HI1E
ATH3]. HAZ Meyer 5& COS1 AMES microsomal
activity7} succinylacetone] H7}e]l jsjA A gtk A
o2 BA[21]3tE 5 hemed] HFA 9 FA & 74|
et Ae] A wsls BFae A Ed) succinylacetone] ©]
2e W% #8300 A8HT Utk

M. xanthus®] 3% o] v]X & succinylacetoned] % &)
ZAE S g, FF F57} 500 iMe] H=F CTIT 43
uj A o] succinylacetoneo] ¥7}¥|W protoporphyrin X8
Aarol BAHR Qka(Fig. 1D), MES] 4 £=7t A
A AdEHE RS B2 71 AATHFE. 2). F 443
] generation time& X0l M. xanthuse A4 44
o] ALo= wjek T ok 48A17F A X 200 Klett unitol] A
AR 7)) T@stA g, AXEHA 50| A succinylacetone
500 pMo] F7tE wjRolME Mg F o 66417 Fol=
100 Klett unit =9 HE HZEE HAoH, o] &9
2o HE AFA ojn] FA 7Y Ld Aoz i
2tk Succinylacetoneo] &0]# 2 heme®] A gtA1 S b

Hale E29L nyFgy oA 479 Ade AAA
¢l heme A4+ 349} waio] 7)Qdgcka Holop & Aol
t}. CTT 944 wjA) o) =0} IE succinylacetoned] 4L
A% Zo 179 o)A BaE Ade AX 43E A4

250 1 e

— CTT+SA

200 |
g 150 |
E
5 100 b
3

50 |

0 L L ; ) . L
6 13 20 27 34 41 48 55 62

Growth time (hr)

Fig. 2. The growth curves of M xanthus DK1622. Vegetative
cells in CTT medium grow exponentially with a
generation time of about 4 hours and divided by
binary fission (O). Freshly-made succinylacetone
strongly inhibits cell growth (0).




Myxococcus xanthus9} protoporphyrin IX9] &A1z} AL Ao} thdt succinylacetone®] %3

e 2Hgo] dASHA A EdtHdata not shown).

Photolysis ¥ ZXt g4l Cst succinylacetone?)
o
19654 Burchard S& Wo] o34 A 7o) TS0
2 & 5= @A) photolysisE B uatgoH7] A%
g Ao 98l photolysise FWd 719135t wAls}
o, o] Zgol F2We F48AE protoporphyrin IXY
Aolgte 7he Aol A7 ATHS]. 2 AE A= succiny-
lacetoneo] 9 &}4] protoporphyrin IX9] AgHAjo] W=
W0 photolysis®] WA HE7t A Ao Z o Asty
A8 St Q AT 7FA B A ZA| 7 protoporphyrin IX
° *5’\‘,% 41817 As) o2 500 uM succinylacetone 2]
M ARG dF 28R g #FF Aol
AN Z '}015 kA xstydrhTable 2). €& F24 9

& G ue 2oz} Lot 7)o 2§ 10° CFU of

e} Al 4ol Bl3HH photolysise w3 23t Al LHebst

23 21 107)9 100/ 2ohA] & A
o7} old Zo|t} Protoporphyrin IX7} F&4le] F¢&
dzAe dge e AL AU AANE WA
protoporphyrin IX7} %2} 434 sz 5 E%’i'i o2 gt
e EdwolE M. xanthusd] 293 Fo, F2d ¢
M g EE T 02 ugo F2E x0T 4 1A,
carotenogenesis [4, 6]7} 29 A FHHEA Y o
vz ggsieiorst Aot}

Protoporphyrin IX9] #44-& ®3jsle succinylacetone
o 7t 78 A FAo] dojute TAHA FFS
A EAS BFeah M xanthuse G FE 17 A
3742 Ao g FHEHE B4 AR S Fon, F
9l myxosporeE A§ARGICE A WA ZE

2~
e
Z9 dF +52 she A 2ol €AH
=
L

02

)=

¢

3 ’

= ‘rippling’ @24o] B2, o] T4

In mz

Table 2. Photolysis of cells at the stationary phase

Media Colony numbers/plate
CTT <100
CTT+SA <10

+5A indicates that succinylacetone was added in medium.

Table 3. Spore ratios

Ratios of spore number

Medi
edia Dark Light
CTT/CF 100 12
CIT/CF+SA 96 8
CTT+SA/CF 100 <1
CTT+5A/CF+5A 89 <1

+SA indicates succinylacetone was supplemented in medium.

& APo2 RoEo AAAE P43} aggregation X
A2 A & A7) (fruiting body formation)7} HE o} o, v}
Ao 2 o] AR St T Bl ATV ¥ ¥
A2 W3EE Ea g A (sporulation)o] #HZHTH10.29].
A oA Fofl Yol ZALEE M. xanthus®] ABH R E
A AL WEE weo18] £ AFAME 7Rl
g A$-o]E succinylacetone®] M7} of Foff A §lo]
YA 7L AlSHA whel 2wk Th(Table 3). dFA|Rt of
oA WA AA L AL M EE-S succinylacetoned]
22} gAo] paEYc

S
=z

u
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ot 4 N
fo o

8
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oo
)
s
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A3}, succinylacetone©]
AR WA 29 AT vl 0% 199
a‘J} G“éEE ‘%EHET?}. Eg

A4l aggregation ¥ t‘JrE’)ﬂ_/]
Ez}g—% /%}jﬂ_ 9= A AR AAAQ Ao T
ol succinylacetoned] FH7bE A W
protoporphyrin IX F&% ®$ ¥ Aoz yeEt
(data not shown). ] protoporphyrin IXo] @48 73 of
A #83 AL opdgte YvojAY, HA$ succinyl-
acetone®] ZH-&o] WA HPole A FFE v|AA ¥

L FEEER- T LS
g o

Heme @49l FhAoln] £ FrdAR e A8
protoporphyrin IX9] A U] 3% 2 A% v Ao &R
v 557t ok ¥ M. xanthus DK1622 #3232 HAHH
itk Protoporphyrin IX¢} A X W FE& vl A 7he] 4
ol whet AlE Frkste, HA7IA HuA ) ]2 A
o= vt A7) =28 AE Yoll= 6.4 picomoles/
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mg of protein®} protoporphrin IXo] &A)3le ZHoZ
& Zltt. Protoporphyrin IX& ti427] £ A|712E A=
Az Zul7t AlztE o], A7 =Ed AE Hj o
Me AL @il A ol sle 3.0 picomoles/mg of protein
of EAdte Ao ZAHUG dFe ndd 7ds
o A TAoAR protoporphyrin X9 FE& 65
picomoles/mg of proteino] &3l Hog BEFH Y}
Succinylacetone2 500 yM &2 A4 wj=|o] H7}54
73l protoporphyrin IX¢] 44h& AEo] E71ed
=2 W E Usgton, JEAYF A AE A%
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