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Ubiquinone (Coenzyme Q) Biosynthesis in Chlamydophila pneumoniae AR39:
Identification of the ubiD Gene
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Abstract

Ubiquinone is an essential electron carrier in prokaryotes. Ubiquinone biosynthesis involves at

least nine reactions in Escherichia coli. 3-octaprenyl-4-hydroxybenzoate decarboxylase (UbiD) is an important
enzyme on the pathway and deletion of the ubiD gene in E. coli gives rise to ubiquinone deficiency in vivo.
A protein from Chlamydophila pneumoniae AR39 had significant similarity compared with protein UbiD
from E. coli. Based on this information, the protein-encoding gene was used to swap its counterpart in
E. coli, and gene expression in resultant strain DY C was confirmed by RT-PCR. Strain DY C grew using
succinate as carbon source and rescued ubiquinone content in vivo, while ubiD deletion strain DY D did not.
Results suggest that the chlamydial protein exerts the function of UbiD.

Key words

Chlamydophila pneumoniae is one obligate parasitic
pathogen that causes 10% to 20% of human community-
acquired pneumonia worldwide. C. pneumoniae also plays
a role in atherosclerosis by vascular infection [1]. Micro-
biologically, Chlamydophila are characterized by a
developmental cycle involving a metabolically inactive
infectious form called the elementary body (EB) and a
metabolically active form called the reticular body. Some
researches demonstrated that Chlamydophila could
generate ATP through catabolic reaction, which was
speculated to be entire energy parasitic pathogen on host
cell previously [2]. As one critical component of electron
transport chain, ubiquinone (Q) was found to be tightly
linked with ATP biosynthesis occurring during the period
of reticular body [3-5].

Ubiquinone biosynthesis involves at least nine reactions
in Escherichia coli. 3-octaprenyl-4-hydroxybenzoate
decarboxylase (UbiD) is an important enzyme on the
pathway catalyzing the conversion of 3-octaprenyl-4-
hydroxybenzoate to 2-octaprenyl phenol [6]. Deletion of
the ubiD gene in E. coli gives rise to ubiquinone deficiency
in vivo. A low level of ubiquinone in E. coli was known to
give rise to a pleiotropic phenotype, including low growth
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rate and an inability to grow using succinate as carbon
source [7]. Researches on ubiquinone biosynthesis in genus
Chlamydophila have been reported previously. One protein
(GenBank accession No. NP_444977) from C. pneumoniae
AR39 had significant identity and similarity compared with
ubiD (yigC) gene encoding protein from E. coli [8]. The
protein was designated as protein CpUbiD whose encoding
gene was designated as CpubiD gene.

In this study, we tested whether the protein CpUbiD
had the function of UbiD. Results suggest that the protein
exert the function of UbiD engaged in ubiquinone
biosynthesis.

Materials and Methods

Bacterial strains and growth conditions

The E. coli strains DY 329 and DH5a were cultured in
Luria-Bertani (LB) medium or M9 salt medium with
succinate or glucose. Strain DY 329 used for homologous
recombination experiments was provided by Dr. Stephen
LORY (Harvard University, Cambridge, USA). For selection
and maintenance of plasmid DNA in E. coli, the medium
was supplemented with ampicillin (100 pg/ml).
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Analysis of protein CpUbiD

BLAST and multiple-sequences alignment on amino acid
sequences of protein CpUbiD and protein UbiD from other
microorganisms were performed in Swiss Institute of
Bioinformatics (http://www.expasy.org) for analysis of the
conserved domains in proteins.

Construction of plasmid pET-CpubiD

Using C. pneumoniae AR39 genomic DNA from infec-
tious form EB as template, CpubiD gene was amplified by
polymerase chain reaction (PCR) with Pfu DNA poly-
merase using the forward primer 5'-GGGGCATATGAT-
GTCTTTCTTAAGGCGTCAT-3' and the reverse primer
5-GGGGGGATCCTTAAAATAAAAAGTTTCTTTA-3..
An Ndel site and a BamHI site were introduced into
primers, respectively (underlined). The amplification
profile was 95 °C for 10 min, followed by 30 cycles at
94 °C for 0.5 min, 53 °C for 0.5 min, and 72 °C for 2 min,
and finally extended 10 min at 72 °C. The amplified DNA
was digested with Ndel and BamHI and inserted into
vector pET-15b digested with the same endonucleases.
The reconstructed plasmid pET-CpubiD was transformed
into DH5a cells for amplification. The nucleotide sequences

BamHI

, Cpubil) _ Neel
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- ——
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of the inserted CpubiD gene from the plasmid were verified
by DNA sequencing.

Preparation of recombinant linear DNA

The procedures of homologous recombination experi-
ments for construction of strains DYC and DYD were
shown (Fig. 1). To construct E. coli strains DYC (ubiD::
CpubiD, ampF) and DYD (ubiD::amp), different recombi-
nant linear DNA was prepared [9]. CpubiD recombinant
linear DNA, containing CpubiD gene and the ampicillin
resistant gene, was amplified from plasmid pET-CpubiD
using LA-Taq polymerase. PCR was carried out using
the forward primer 5'-AGATGAACGCCGTATAAT-
GGGCGCAGATTAAGAGGCTACAATGTCTTTC-
TTAAGGCGTC-3' and the reverse primer 5'-TTCTC-
TGTCGGATCGATAAATAGGGCAAAACAAACG-
CGCATCTGACAGTTACCAATGCTT-3" whose 5' ends
contained 40 nt homologous sequences (underlined) for
construction of E. coli strain DYC. The amplification
profile was 95 °C for 10 min, followed by 30 cycles at
94 °C for 0.5 min, 55 °C for 1 min, and 72 °C for 3 min,
and finally extended 10 min at 72 °C. The ampicillin
resistant gene also was amplified for construction of strain
DYD. PCR was preformed using the forward primer 5'-
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Fig. 1

E. coli strain DYD chromosome

The procedures of homologous recombination for construction of strains DYC and DYD

O©lnstitute of Biochemistry and Cell Biology, SIBS, CAS

20¢ udy 0g uo 1sanb Aq |#€/G2//01/8€/01914e/Sqqe/W0d"dNo"0jWepeo.//:SA]Y Wolj papeojumoq



Oct., 2006

Jun LIU et al.: Identification of the ubiD Gene from Chlamydophila pneumoniae AR39 727

AGATGAACGCCGTATAATGGGCGCAGATTAAGAGG-
CTACAGCGCGGAACCCCTATTTGTT-3' and the reverse
primer 5'-TTCTCTGTCGGATCGATAAATAGGGC-
AAAACAAACGCGCATCTGACAGTTACCAATGCT-3'
with vector pET-15b as template whose 5' ends contained
40 nt homologous sequences (underlined). The amplifica-
tion profile was 95 °C for 10 min, followed by 30 cycles
at 94 °C for 0.5 min, 53 °C for 1 min, and 72 °C for 1 min,
and finally extended 10 min at 72 °C. After purification of
PCR products, the template DNA was destroyed by
endonuclease Dpnl. PCR products were purified again,
quantified and stored at —20 °C.

Cell transformation and colony identification

Preparation of competent cells of E. coli strain DY 329
and electroporation were performed according to the
method described previously [9]. After electroporation,
colonies were screened on LB plate with carbenicillin
(50 ug/ml). The selected colonies were cultivated and their
genomic DNA was extracted for PCR identification.

RT-PCR analysis on gene expression

To confirm expression of the CpubiD gene in strain
DYC, cells were harvested by centrifugation during
logarithmic phase. Total RNA was isolated using a RNA
extraction kit. cDNA resulting from reverse transcription
with AMV reverse transcriptase was ethanol precipitated,
resuspended in ddH,O and stored at —20 °C. PCR reactions
were carried out using cDNA as template. Primers used
were within the coding region of each gene. 16S rRNA
gene was used as control. Primers for amplification of
16S rRNA gene were the forward primer 5'-
GATCATGGCTCAGATTGAACGCTGG-3"'andthe reverse
primer 5'-TACCTTGTTACGACTTCACCCCAGT-3".
Primers for amplification of CpubiD gene were the
forward primer 5'-GCTCCCGTAAGTCCTAACCTC-
GAG-3' and the reverse primer 5-TGGGGAAATATG-
CGTGCCATCGTT-3..

Comparison of growth rate and ubiquinone content

Strains DY 329, DYD and DYC were grown on mini-
mum salt plate with 0.5% glucose or succinate at 32 °C,
and then inoculated in minimum salt medium containing
0.5% glucose or succinate with shaking. Different strains
also were cultivated in LB medium with 0.5% glucose for
comparison of growth rate at 32 °C. Cell growth was
monitored using a Klett meter [10]. Ubiquinone was
extracted by the method described previously [11]. The
extracted sample was further purified by thin-layer
chromatography (TLC) using silica GF254 gel thin-layer

plate with chloroform/light petroleum (70:30, V/V) as a
solvent mixture. Ubigquinone was detected under ultraviolet
light, and its concentration was measured at 275 nm
following the elution with methanol [12].

Results

Analysis on protein CpUhbiD

Results showed that three conserved domains A, B and
C were detected in proteins (Fig. 2). Particularly, domain
B contained a conserved motif E-X-P in listed proteins
that was inferred to play a role in the binding or catalysis
of (hydroxyl) arylic acids [13]. Protein CpUbiD had 31%
identity and 52% similarity compared with protein UbiD
from E. coli. Based on the information, E. coli strains
DYC and DYD were constructed to detect whether the
chlamydial protein had the function of UbiD.

Analysis on expression of the CpubiD gene by RT-
PCR

Genotypes of strains DYC and DYD were identified by
PCR after extraction of genomic DNA (data not shown).
Reverse transcription-PCR (RT-PCR) was used to con-
firm the expression of the CpubiD gene in strain DYC.
RNA samples were subjected to PCR to determine that
there was no genomic DNA contamination (data not
shown). Results showed that CpubiD gene was expressed
in the complementary strain DY C (Fig. 3). This confirmed
that mMRNA of the CpubiD gene was synthesized in E. coli
strain DYC.

Comparison of growth rate

Deletion of the ubiD gene in E. coli gives rise to
ubiquinone deficiency in vivo. E. coli strains with ubiD
deletion are unable to grow with succinate as sole carbon
source. These strains also show slow growth in rich me-
dium or minimum salt medium with glucose as carbon
source. Therefore, we investigated the growth of various
strains under different conditions. On the glucose minimal
salt plate, strain DY D showed slow growth compared with
other strains. While on the succinate minimal salt plate
strain DYD did not grow, but strain DYC grew well as
expected (Fig. 4). We also investigated growth of these
strains in minimal salt medium containing glucose or
succinate. The results were similar to those on the mini-
mal salt plate. Strain DYD grew poorly in succinate-con-
taining medium while DY 329 and DY C grew in both glu-
cose- and succinate-containing medium (Fig. 5). In LB
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domain A

C. preumonige  TLPLVYTESP-—TLTIPNLGIYRWQRFN--——-QNTICLHRQIQKOCCHHL YEAEQK-—KQNLPVSVFLSCHPFLTLSA 216
B. clausii TLPQVYSEDPDEPGLMNANL GHYRVQL HGHD YEPNKEVGLHYQ IQRGIGVHQARAAKR--GEPLKVSIFIGGPPAHTLSA 223
G. sufurreducens TLPQVYSESPSRPGFRFSNLGHYRVQL SGNEYAPRQEVGIHYQ THRGIGVEHAEATAR--GEPLEVSVFVGOAPSAVAA 223
D. vulgaris TLRQVYTESPDRPGFMHSNIGMYRVQL TGDHYEPDREVGLHYQIHRGIGYHHAEALRR-—GEPLRVNIFVGGPPANTVAA 223
P. torridus TMPMVITHDP-— ETOQRNVGTYRIRVYD--———SET TGNHWHIHKGGAEQMSKYKKP-——- NDVAVVIGSDPLTFFSS 217
8. flexneri TWGLTVTRGP-—HKERQNLGIYRQQL IG-----KNKLINRWL SHRCGALDYQEWCAAHPGERFPVSVALGADPATILGA 231
E. coll TWGLTVTRGP-—HKERQNLGIYRQQL IG-——-KNKLINRWL SHROGALDYQEWCAAHPGERFPVSVALGADPATILGA 231

* « lauk *ik ek k| e 12 onik, ., 2 HIE PR J

domain B

C. preumoniae TAPLPENVSELLFATFLQGAKLL YRKTNDHPHPLL YDAEF TLVCE SPAGKRRPEGFFGDHFCYYSLQHDFPEFHCHKIYH 296
B. clausii VIPLPEGLSEMLFAGLLAGRRFRYG-—YVDGYAVSHDADFVITGDIYPDETKPEGPFGDHLGYYSLTHPFPVEKVHKVYA 301
G. sufurreducens VWPLPEGLPELSFAGLLAGRRIDMIC-RPDRLPLPAEADFVITGTIDPNRILPEGFFGDHLGYYSLAHPFPVLTVENVYH 302
D. vulgaris VHPLPEGIAEVLFAGAL CGFRIPMIR-RAGGLPIL ARADFCISCTTAPHQ-KPEGPFGDHLGYYSLAHDFPVLRVDAVEH 301
P. torridus YVAPLPNGIDEFSFRGLLARKRMDL IKGETVDLEYPRNSEIVLEGYVDPSETRLEGFFGDHTGYYSLQEQFPVFHIKKIIE 297
8. flexneri VTPVPDTLSEYAFAGLLRGTKTEVVKCI SHDLEVPASAE IVLEGY IDPGENAPEGPTGDHIGYYREVDNFPVFTVIHITG 311
E. coli VTPYPDTLSEYAFAGLLRGTRTEVVKC I SKDLEVPASAE I VLEGY IEQGETAPEGPYGDHTGYYNEVDSFPVFIVTHITQ 311

t Rk 1k ¥ ¥ H - . doekdke Bk . ¥k H

domain C

C. preumoniae  RKDAIYPATVVGKPYQEDFYIGNKLQEYL SPLFPLVMPGVRRLKSYGESGFHAL TAAVVKERYWR-—-—-—-ESLTTAL 369
B. clausii REMATYPFTVVGRPPQEDTTFGAL IHEL TGDAVTQELPGVEEVHAVDAAGVHPLLFATGSERYTPYQKVKQPMELLTMAN 381
G. sufurreducens RADATWPYTTVGRPPQEDTTFGAF HEL TGAL IPEVLPGVEAVHAVDAAGVHPLILAVGSERYVPYREERTPRELLTIAS 382
D. vulgaris RRDAVWPFTTVGRPPQEDTVFGEF THEL TAAL YPQVF AGVHEVHAVDAAGVHPLLLAVGSERYVPYAGERQPGELITCGN. 381
P. torridus KKNP TYTTTIVGKLWHEDVR IGKA TERLFLPLIQIQIPETVDLNTMEEGVFHEN IVVS TKKRYPG-—————-HAKKVIF 369
8. flexneri REDATYHSTYTGRPPDEPAVLGVALKEVFVPTLQRQFPE VDR YLPPEGC SYRL AVVTTRKQYAG-—————HAKRVI 383
E. colt REDATYHSTYTGRPPDEPAVLGYALNEVFVPILQKQFPE IVDFYLPPEGC SYRLAVVT TKKQYAG-————HAKRVION 383

HE PR B R I ST . A HEH ik

Fig. 2 Alignment between protein CpUbiD and relative proteins UbiD
Alignment is maximized by introducing gaps, which are indicated by dashes. Identical (*), high similar (:) and similar (.) amino acids are indicated. The conserved
domains and the numbers of amino acids are shown, respectively. Species names and GenBank accession numbers are as follows: Chlamydophila pneumoniae,
NP_444977; Bacillus clausii, YP_177515; Geobacter sufurreducens, NP_953053; Desulfovibrio vulgaris, YP_011533; Picrophilus torridus, YP_022943; Shigella
flexneri, NP_709647; Escherichia coli, NP_756649.

DY329 DYC

165 rRNA
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Fig. 3 Analysis of the expression of CpubiD gene in strain
DYC by RT-PCR

1493 bp

—1669 bp

Fig. 4 Growth of various strains on minimum salt plate

. . 0 . . . All strains were cultured at 32 °C for 24 h on minimum salt plate with 0.5%
medium with 0.5% glucose the generatlon time for strains glucose (A) or succinate (B). 1, strain DY329; 2, strain DYD; 3, strain DYC.

DY329 and DY C during logarithmic phase were 30.6 min
and 31.2 min, respectively. Comparatively, the generation
time for ubiD deletion strain DY D was 151.4 min. These
results suggested that protein CpUbiD substituted the func-  various strains correlated with ubiquinone content, these
tion of UbiD in E. coli. strains were cultured, and ubiquinone was extracted and
subjected to TLC. A total of 0.235 nmol of ubiquinone
from per mg-dried cell of strain DY 329, and 0.183 nmol
To further investigate if observed growth properties of ~ fromstrain DY C were detected. Comparatively, ubiquinone

Comparison of ubiquinone content
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Fig.5 Growth of different strains in minimum salt medium
with 0.5 % glucose or succinate at 32 °C

Strain DY329: @, glucose; O, succinate; strain DYD: A, glucose; A, succinate;
CpubiD strain DYC: M, glucose; [, succinate.

content of strain DYD was less than 0.05 nmol and was
not detected because of low content. These numbers
matched with their growth status in studies. These results
demonstrated that the decreased or failed growth caused
by deletion of the ubiD gene was restored in E. coli strain
DYC by CpubiD gene. So we conclude that the protein
from C. pneumoniae AR39 exerts the function of UbiD.

Discussion

Pathway of ubiquinone biosynthesis in E. coli has been
known for many years. UbiD and UbiX cooperated as
isoenzymes without amino acid sequence similarity, cata-
lyzing the conversion of 3-octaprenyl-4-hydroxybenzoate
to 2-octaprenyl phenol in ubiquinone biosynthesis. Stud-
ies on the two enzymes suggested that in wild type cells
80% of the enzyme activity was due to ubiD gene product
and 20% was due to ubiX gene product. The reason is
that the promoter strength of ubiX gene appeared particu-
larly weak [14,15]. Consequently, ubiD deletion in E. coli
gave rise to ubiquinone deficiency in vivo [7].

Ubiquinone deficiency decreased activities of enzymes
in electron transport system. For example the succinate
oxidase activity of cytoplasmic membrane from an ubiE
mutant in E. coli could be partially restored in vitro, on
addition of quinone analog [16]. Some researches also
confirmed that decreased activities of enzymes in electron
transport correlated with the inability to grow on succi-
nate as carbon source [17]. Hence we suggest that

ubiquinone deficiency caused by ubiD mutant or deletion
is the reason that the strain can not utilize oxidizable sub-
strate succinate as carbon source in prokaryotes.

Ubiquinone biosynthesis in genus Chlamydophila has
not been reported previously. So far only three enzymes
(UbiA, UbiX and UbIE) engaged in ubiquinone biosynthe-
sis in genus Chlamydophila have been identified [4]. The
complete biosynthesis of chorismate in C. pneumoniae has
been confirmed, which provided benzene ring for
ubiquinone [18]. According to the information, we sug-
gest that pathway of ubiquinone biosynthesis in C.
pneumoniae should be similar to that in E. coli. Our re-
sults support that the protein from C. pneumoniae AR39
exerts the function of UbiD engaged in the ubiquinone
biosynthesis.

Acknowledgement

We thank Dr. Stephen LORY (Harvard University,
Cambridge, USA) for providing Chlamydophila
pneumoniae genomic DNA and Escherichia coli recombi-
nation strain DY 329 for this work.

References

1 Cunha BA. The atypical pneumonias: Clinical diagnosis and importance.
Clin Microbiol Infect 2006, 12: 12-24

2 lliffe-Lee ER, McClarty G. Glucose metabolism in Chlamydia trachomatis:
The ‘energy parasite’ hypothesis revisited. Mol Microbiol 1999, 33: 177—
187

3 Brandt U, Trumpower B. The protonmotive Q cycle in mitochondria and
bacteria. Crit Rev Biochem Mol Biol 1994, 29: 165-197

4 Read TD, Brunham RC, Shen C, Gill SR, Heidelberg JF, White O, Hickey
EK et al. Genome sequences of Chlamydia trachomatis MoPn and Chlamy-
dia pneumoniae AR39. Nucleic Acids Res 2000, 28: 1397-1406

5 Gerard HC, Freise J, Wang Z, Roberts G, Rudy D, Krauss-Opatz B, Kohler
L et al. Chlamydia trachomatis genes whose products are related to energy
metabolism are expressed differentially in active vs. persistent infection.
Microbes Infect 2002, 4: 13-22

6 Meganathan R. Ubiquinone biosynthesis in microorganisms. FEMS Microbiol
Lett 2001, 203: 131-139

7 Collis CM, Grigg GW. An Escherichia coli mutant resistant to phleomycin,
bleomycin, and heat inactivation is defective in ubiquinone synthesis. J
Bacteriol 1989, 171: 4792-4798

8 Zhang H, Javor GT. Identification of the ubiD gene on the Escherichia coli
chromosome. J Bacteriol 2000, 182: 6243-6246

9 YuD, EllisHM, Lee EC, Jenkins NA, Copeland NG, Court DL. An efficient
recombination system for chromosome engineering in Escherichia coli. Proc
Natl Acad Sci USA 2000, 97: 5978-5983

10 Daruwala R, Meganathan R. Dimethyl sulfoxide reductase is not required for

trimethylamine N-oxide reduction in Escherichia coli. FEMS Microbiol Lett
1991, 67: 255-259

http://www.abbs.info; www.blackwellpublishing.com/abbs

20¢ udy 0g uo 1sanb Aq |#€/G2//01/8€/01914e/Sqqe/W0d"dNo"0jWepeo.//:SA]Y Wolj papeojumoq



730

Acta Biochim Biophys Sin

\ol. 38, No. 10

11

12

13

14

Kwon O, Kotsaakis A, Meganathan R. Ubiquinone (coenzyme Q) biosynthe-
sis in Escherichia coli: Identification of the ubiF gene. FEMS Microbiol Lett
2000, 186: 157-161

Crane FL, Dilley RA. Determination of coenzyme (ubiquinone). Methods
Biochem Anal 1963, 11: 279-306

Huang J, He Z, Wiegel J. Cloning, characterization, and expression of a novel
gene encoding a reversible 4-hydroxybenzoate decarboxylase from Clostridium
hydroxybenzoicum. J Bacteriol 1999, 181: 5119-5122

Meganathan R. Biosynthesis of the isoprenoid quinones menaquinone (vitamin
K5) and ubiquinones (coenzyme Q) in Escherichia coli and Salmonella. In:
Neidhardt FC, Curtislll R, Ingraham JL, Lin ECC, Low KB, Magasanik B,
Reznikoff WS, Riley M, Schaechter M, Umbarger HE eds. Escherichia coli
and Salmonella: Cellular and Molecular Biology. 2nd ed. Washington: ASM

15

16

17

18

Press 1996

Zhang H, Javor GT. Regulation of the isofunctional genes ubiD and ubiX of
the ubiquinone biosynthesis pathway of Escherichia coli. FEMS Microbiol
Lett 2003, 223: 67-72

Dibrov E, Robinson KM, Lemire BD. The COQ5 gene encodes a yeast
mitochondrial protein necessary for ubiquinone biosynthesis and the assem-
bly of the respiratory chain. J Biol Chem 1997, 272: 9175-9181

Jonassen T, Proft M, Randez-Gil F, Schultz JR, Marbois BN, Entian KD,
Clarke CF. Yeast Clk-1 homologue (Coq7/Cat5) is a mitochondrial protein
in coenzyme Q synthesis. J Biol Chem 1998, 273: 3351-3357

Stephens RS, Kalman S, Lammel C, Fan J, Marathe R, Aravind L, Mitchell
W et al. Genome sequence of an obligate intracellular pathogen of humans:
Chlamydia trachomatis. Science 1998, 282: 754759

Edited by
Galuszka PETR

O©lnstitute of Biochemistry and Cell Biology, SIBS, CAS

20¢ udy 0g uo 1sanb Aq |#€/G2//01/8€/01914e/Sqqe/W0d"dNo"0jWepeo.//:SA]Y Wolj papeojumoq



