
J. Biochem. 128, 261-269 (2000)

Molecular Cloning and Characterization of A Unique 60 kDa/72 kDa
Antigen Gene Encoding Enzyme I of the Phosphoenolpyruvate: Sugar
Phosphotransferase System (PTS) of Mycoplasma hyopneumoniae1

Tung-Liang Chung,* Lynn Earn/ Ya-Lei Chen,* and David Shiuan''2

'Department of Biological Sciences, National Sun Yat-Sen University, Kaohsiung, Taiwan; ^Department of Nature
Science Education, National Pingtung Teachers College, Pingtung Taiwan; and 'Department of Medical Technology,
Fooyin Institute of Technology, Kaohsiung, Taiwan

Received April 26, 2000; accepted May 26, 2000

The recombinant clone expressing a 60 kDa (P60) antigen was isolated from Escherictiia
coli by screening a lambda EMBL3 genomic library using rabbit produced antiserum
against Mycoplasma hyopneumoniae. Sequence analysis revealed that an interrupted
(by a UGA codon) open reading frame coding for a 72 kDa protein (P72) may contain the
P60 antigen gene. Western blot analysis with an anti-P60 monospecific antibody con-
finned the presence of a P72 antigen from the total protein of M. hyopneumoniae, and a
72 kDa protein was also expressed in E. coli after changing the codon (UGA to UGG) by
site-directed mutagenesis. BLAST (Basic Local Alignment Search Tool) comparison
showed that the amino acid sequences of P72 share approximately 70% homology with
the phosphotransferase enzyme I (PTSI) of bacteria and other mycoplasma species. The
biological function of the P72 cytosolic protein was further confirmed by complementa-
tion using an E. coli ptsl mutant. The bacterial phosphoenolpyruvate-sugar phospho-
transferase system (PTS) is known to mediate the uptake and phosphorylation of
carbohydrates and to be involved in signal transduction. The immune responses of spe-
cific pathogen free (SPF) pigs and farm nnimalB toward this unique antigen were ob-
served. The transcription start positions of the PTSI gene were determined in M. hyo-
pneumoniae and E. coli by primer extension experiments and the promoter site was also
predicted.
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Mycoplasma hyopneumoniae is the etdologic agent of swine
enzootdc pneumoniae, a chronic nonfatal disease affecting
pigs of all ages. Understanding of the pathogenicity as well
as efforts to control the disease by vaccination remain pre-
liminary (1, 2). In our previous work, we attempted to iso-
late the surface antigen genes to gain insights about the
gene structure and its regulation, with the ultimate goal of
developing recombinant vaccines. By screening the lambda
EMBL3 genomic library using a rabbit-produced antiserum
against M. hyopneumoniae, five clones encoding 10, 36, 38,
42, and 60 kDa antigen genes were isolated (3, 4). Among
them, the 42 kDa antigen was demonstrated to be part of a
65 kDa heat shock protein appearing on the membrane of
M. hyopneumoniae (4).

In this report, the recombinant clone expressing the 60
kDa antigen has been further studied. By subcloning and
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Western blot analysis, the entire 4.6 kb EcoBI fragment
was sequenced and analyzed. The biological function was
investigated through sequence comparison, site-directed
mutagenesis and complementation experiments using
Escherichia coli ptsl mutant (5). The possible promoter
region and ribosomal binding site (RBS) were predicted
and the transcription start positions were determined by
primer extension experiments. The immune responses of
farm animals and specific pathogen free (SPF) pigs toward
this unique antigen were also investigated.

MATERIALS AND METHODS

M. hyopneumoniae strain 232 (passage 27) was provided by
Dr. R.F. Ross, Iowa State University, USA). Rabbit anti-^f.
hyopneumoniae hyperimmune serum was prepared as
described previously for immunoscreening (3). M. hyopneu-
moniae was cultured in Friis medium (6) supplemented
with 20% (v/v) porcine serum to stationary phase, concen-
trated, and used for chromosomal DNA preparation and
Western blot analysis. The E. coli strains and plasmids
used in the study are listed in Table I. Chemicals, restric-
tion enzymes and modification enzymes were obtained
mainly from Sigma (St. Louis, Missouri, USA), Boehringer-
Mannheim (Mannheim, Germany) and Stratagene (La
Jolla, CA, USA). The porcine sera from farm animals
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TABLE I. Bacterial strains and plasmids used in this study.
Strains or
plasmids Characteristics Reference

DH5a lacZAM.15 endAl recAl hsdRYl 22
(j^va^deoR supBAA relAl

HB101 F", hsdS2(KTB-mB-)recA13 ara-14 proA2 17
lacYl galK2 rpsL20(Sma)xyl-5 nUl-1
supEAA

JTL2 ptsl-, derivative of HB101 5,18
P2392 P2 1ysogenofLE392(sup.E44 8upF58 10

hsdR5U galKZ galT22 metBl rpR55
lacYl)

pUC18 /oc+Ap* 19
pGEM-7Zf lac+A\P fl on US patent

4766072
pTL15 pUC18::1.5 kb[S-E] This work
pTL46 pUC18::4.6 kb[E-E] This work
pTL65 pUC18::6.5 kb[E-S] This work
pTLC46 pGEM-7Zf::4.6 kb[E-E] This work
pTLC46M pGEM-7Zf::4.6 kb[E-E] mutation This work
Abbreviations: E, EcoRI; S, Sail.

(which had been immunized with traditional vaccines
against M. hyopneumoniae) and the preimmune serum of
SPF pig were generously provided by Dr. J.N. Ong of the
Taiwan Pig Research Institute.

Immunoscreening and Western Blot Analysis ofRecombi-
nant Clones—M. hyopneumoniae chromosomal DNA was
prepared, assembled into the lambda EMBL3 vector and in
vitro packaged to obtain the genomic library described pre-
viously {7-9). Immunoscreening was performed by plating
the library with E. coli strain P2392 (20). Phage plaques
were lifted with nitrocellulose (NC) paper, washed with
TBST (150 mM NaCl, 50 mM Tris-HCl, 0.05% Tween20,
pH 8.1) and blocked with 5% skim milk in TBS (150 mM
NaCl, 50 mM Tris-HCl, pH 8.1). Recombinant clones were
screened with the preabsorbed rabbit anti-^f. hyopneumo-
niae serum (3). Positive clones were then lifted from the
plate and further purified to homogeneity. The size of each
of the protein antigens recognized by the antiserum was
determined by Western blot analysis. Total proteins from
each potentially positive plaque were prepared by the mini
lambda-lysate method in which the proteins on a confluent
plate are collected in 3 ml SM buffer (100 mM NaCl, 16.6
mM MgSO4, 50 mM Tris-HCl, pH 7.5, 0.01 M gelatin), pre-
cipitated by the addition of 1/10 volume of 100% trichloro-
acetic acid, and then dissolved in 80 pi 2x sample buffer
(0.2 M ditbiothreitol, 4% sodium dodecyl sulfate, 0.1 M
Tris-HCl, pH 6.8, 20% glycerol, 0.2% bromophenol blue and
the pH was adjusted to 8.0 with 1 M Tris-base, pH 9.5). The
samples were analayzed by 12% SDS-PAGE. After SDS-
PAGE and blotting onto NC paper (with semi-dry blotter),
the protein bands were visualized by an immunoscreening
procedure similar to that described above. Similar Western
blot analyses using porcine sera from various sources were
also performed to detect antibodies against the P72 antigen
of M. hyopneumoniae.

Antibodies specifically against P60 were purified from
the antiserum using the antigen-specific antibodies prepa-
ration method {11). In brief, antigens were separated by
electrophoresis, transferred to NC paper, and incubated
with rabbit antiserum against M. hyopneumoniae. The
antibodies against the specific proteins were then eluted.

DNA Sequencing and Sequence Analysis—The DNA

fragment containing the gene of interest was subcloned
into pGEM-7Zf vector for ExoBI directed deletion subclon-
ing {12, 13). Overlapping clones were collected after size
determination by 1% agarose gel electrophoresis. Single-
stranded DNA sequencing was performed by the dideoxy
nucleotide chain-termination method {14) and the sequence
was aligned using the GeneWorks programs (IntelliGenet-
ics, Mt. View, CA, USA). DNA and amino acid sequence
comparisons were also performed using the BLAST pro-
gram provided by the National Center for Biotechnology
Information (NCBI), USA.

Mapping of mRNA 5'-Termini by a Primer-Extension Ex-
periment—Primers (200 ng) with the same sequence as the
transcribed strand, 50-100 nt downstream from the possi-
ble transcription start position (tsp) were synthesized and
end labeled with fy-^ATP (>5,000 (jiCi/mmol, Amersham
life Science, Cleveland, Ohio, USA) and T4 polynucleotide
kinase and purified from unincorporated isotope by Bio-Gel
P-10 (50-100 meshes) filtration {15). Total RNAs were iso-
lated from E. coli harboring plasmid pTLC46, and from M.
hyopneumoniae using an RNA/DNA Isolation Kit (Maxim
Biotech) and the hot phenol method {15). The primer used
for the present studies was 5'-TCCGCTTGAGGCCCCGA-
TTCC-3', which is identical to nt 30 to nt 51 of the tran-
scribed strand of ORF1. The annealing mixtures contained
4 |xg cellular RNA and 2 pmol labelled primer in 10 jJ of
reverse transcription buffer (5 mM Tris-HCl, pH 8.0, 40
mM KC1, 5 mM MgCL,, and 2 mM dithiothreitol). Primers
were extended by the addition of 1 jjd of 2.5 mM dNTP and
200 units of M-MuLV reverse transcriptase. The extended
molecules were electrophoresed in a sequencing gel, in par-
allel with the extended DNA containing the 1.5 kb SaR-
HindUI fragment, using the same primer.

Site-Directed Mutagenesis—Site-directed mutagenesis of
the P60/P72 gene was carried out using a QuikChange
Site-Directed Mutagenesis Kit (Stratagene, La Jolla, CA,
USA). The primers used for the PCR mutation reaction
were: primer 1: 5'-CGAAAGGAAAATGGGTGGGAATG-3'
and primer 2: 5'-CATTCCCACCCATrTTCCTTTCG-3',
After PCR, the DNA was digested with Dpnl before trans-
formation and screening. The mutation was further con-
firmed by Western blot analysis and DNA sequencing.

Protein Fractionation—The mycoplasma total proteins
were fractionated using detergent Triton X-114 {16). The
membrane proteins and soluble cytosolic proteins were
then analyzed by Western blot analysis.

In Vivo Complementation Assay—Plasmids pTLC 46 and
pTLC46M carrying the P60 gene and P72 gene, as well as
the vector pGEM-7Zf were transformed to E. coli HB101
(27) and thepts/ mutant strain JLT2 {5,18). Complementa-
tion was observed on MacConkey agar containing 1% glu-
cose, revealing a purple red color change.

RESULTS

Molecular Cloning and DNA Sequencing of the Recombi-
nant Clone Expressing P60 Antigen in E. coli—The M. hy-
opneumoniae genomic library was constructed using the
lambda EMBL3 vector and screened with purified rabbit
anti-mycoplasma antiserum (3). Recombinant clones ex-
pressing antigen proteins with molecular mosses of 60, 42,
38, 36, and 10 kDa in E. coli were identified {4). The phage
clone expressing the P60 antigen contained a 12.6 kb Sail
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insert. Through simple restriction mapping (Fig. 1), the 1.5 pGEM-7Zf to obtain plasmid pTLC46 for DNA sequencing,
kb Sall-EcoIU., 4.6 kb EcoBI-EcoBI and the 6.5 kb EcoRI- Overlapping clones were generated using the ExoTH. unidi-
SaH fragments were subcloned into pUC18 (19), and plas- rectional deletion method (12, 13) and both strands of the
mids pTL15, pTL46, and pTL65, respectively, were ob- 4.6 kb EcoBI-EcoBI DNA were sequenced using the dide-
tained. Western blot analysis revealed that the plasmid oxy chain-termination method (14). As shown in Fig. 2, the
pTL46 can still express the P60 protein and therefore the 4.6 kb EcoKL-EcoRI fragment actually has 4,673 nucle-
4.6 kb EcoBI fragment was subcloned to phagemid vector otides. The G+C content of the 4.67 kb DNA is only 28.9%,

typical of the low G+C content in Mycoplasma genomes
(20). The 4.6 kb DNA sequence has been annotated in the

I p60 I GenBank (NCBI) with the accession number AF14O575.
' . 5 0 , . ' Using the mycoplasma codons, three open reading frames:

; || | | ORFI (from nt 676 to nt 2412, 578 aa), ORF2 (nt 2586-
— ORFKP72) L ORF2 -L ORFS J 3326, 246 aa) and ORF3 (nt 3326-4051, 242 aa) were iden-
(1737 nt, 578 aa) tified in the 4.6 kb DNA (Figs. 1 and 2). It is possible that

TGA ORFI encodes a P72 protein based on the calculated molec-
Ef"" Y"' L ^ f*"" ^ ^"f1" EcoRI ular weight. However, a unique TGA codon (nt 2229-2231)

was observed in ORF 1 and this universal termination
]0J^ ^ 3QQQ ^ J ^ codon may cause a premature termination and generate a

Fig. l. Restriction map and open reading frames (ORF) of the P60 protein in E. coli. Since many mycoplasma genes have
4.6 kb EcoRI-ficoRI DNA fragment containing the P60 pro- been reported to use UGA as a tryptophan codon (21), the
tein gene. Possible ORFs are indicated by bold arrows. TGA may represent a tryptophan instead of a stop codon in

TACXTmraTMTTOATTTlljIOTAAMTTmAGr̂ ^ 100
ATKTITTTAAAAAAAACAMTrCTCATCTAGCAAAMnTCTA 200

ATCAAGCAMTACTTTmMTCMTUAC^mTAAAMTMTWM^ 300
AAAAAjTrTAGAAAAMnAnACMAAMCCCXXMAATrGACT^TACCATCMTTTrACTAUATA rrTTACrAGATAlTITl'CAGCAAAAACAAAGT 400
TTrnrXTMTAMTinT&^CTrcMTCATnTATMTATAAAAM A 500

WXJ
jiiTrrcrrG'iTTAAAAauiAiiaiy^AA(Mi0GC>AAACTrAArr(.'rrATAAAT 700

-35 -10 > > RBS U A K L N S Y K F
ORFI

TACTlUACAAAAMTnMMTrAGTCATUAAAAGTrGAGGATATrAG 800
K G I G A S S G I A I A K V F K L V E Q K I E I S D Q K V E D I S

(XTCAMTKXWTITrTCaAGAGOGGGTAMAAMTCI^ W 0
T E I Q I F E E G V K K S V S Q 1 E K I K K L A T K L A K D E L E

ATICITGATCCrcATATrTOATrCICAAaGATCCTGTinTA^ 1000
1 L D A H I L I A T D P V L K E D T 1 N L I K Q G Y S A A Y S L K E
AAAOOOCAAAAMTCATAaMTTTmACTIGAAACaXXXJATX^TATrTAAT^^ 1100

T ' A K N H T N F L L E T G D E Y L M A R A T D I K D A S O R I I K
AMTATrrrAMTTTCMTATTTTAGATTTAAGTCCMTCGATAAG 1200

N I L N L N I L D L S A I D K D V I I V A D D L K P S D T A O L N
TCATATGTTAAACCTrTTnXAACTAATATTtfiCTCAA^ 1300
S Y V K G F A T N I G S K T S H S A I H A R S L E 1 P A I L G V S D
ATATTCnUAAAAACTTGAAMT^TCATATTn'ACCMTTAATCGOCATCTKXiCTATOGM MOO

I L E K V E N D D I L A I N G D L G Y G 1 I N P N Q E E I E E F E
GOXXAAAAAGCCMTTTIGAAOCTGAAAAACAAAMTTACAAGMTrrn'AMTAAAAA 1500

R Q K A N F E A E K E K L Q E F L N K K A T S A D G K K V V 1 A A
MTATITXIATCAGTTGAAGATTCATATClCAGCAAAAAAAGTAAAKClt̂ TGAMTlWXiC'l 111 rOGCTCAGAATITTTATATAiGGACACGTCAAA'IT 1600
N I G S V E D S Y A A K K V N A D E I G L F R S E F L Y M D R S N *
GGOCnCIGAAGAAGACC^TTnTAA<nTATAAACGXiTMTCGACiAGTCAAMTUI>MAA 1700

P S E E E Q F L S Y K A V I E S O N P K K V V V R T L D I G G D K
AACnTAAMTACTnT>TTTKCTAAGGAATrAAACU!IMTrilAGGCTAT000GOWTlXXjlt 1800

T L K Y F D F A K E L N P F L G Y R A 1 R L C L D K L E I F K T Q
(nTOaXCACTAGTAAOXiCrrCTGMTTTOjAMTITACCMTTATCT^ 1V00
L R A L V R A S E F G N L A I U F P H V A S L D E F F Q A R A V F D
ATCAamTATAATCAMTTAAGCCTAMTATOCAMTCrnO^ 2000

E V Y N Q 1 K A K Y P N V A P K S N 1 K I G 1 M 1 E I P I S A 1 L
TGCICATAACnTKXIXi^AaTCTTCATrriTrnCrATIXiCCACAM^ 2100
A D K F A E H V D F F S I G T N D L I O Y S F A A D R H N E K V A

TATn'ATATCAAAcmAAAoaxanntnTAAAACrrATrAAMTOui^Tia 2200
Y L Y Q T L N P G L L K L I K M T I D A A H A K G K W V G M C G E M
TlXX^OCOGATATCAATtXTIGTAODCCTrnAnAGGTCnTX^CrTGATCAAlTriC^ 1 i IAAAAGTTAAGAAACTAATTTC 2300

A G D I N A V P L L L G L G L D E F S V S A S S V L K V K K L I S
CGAACTAMTTATCAAAAAATTX>iXiAMTAGCAAAAAAAAOCCTTGMTriTC 2400

E L N Y Q K M 0 E I A K K T L E F S T E E Q V 1 K Y L E S L N L I
CDOCATAACTAAAAAAGCACTTAMTUAA/CACTTnTTATAHAMTACAAAAAMTATCAAAAAOCXjAAAAATTTAAAAAAAMTAATATW 111 II 2500
R H N HOP

Fig. 2 (continued on next page)
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2600
-35 -10 RBS M I N K Q

0RF2
A ( ^ ^ ^ 2700

D L I N Y F N Y L I E W 1 R Q E V K K A Q K K G V I F G L S G G V D
ATIT>OCTITAGTiantrnTrAGCAMTAAACCnTIXX>GATrcAC^ 2800

S A L V A V L A N K A F P D S H L G L I H P I R D M 1 T D H V D I
TTUTCrrmCrrAMAMTrrcCTATrAAAMTAMf^TTM^ 29O0

D L L V K K F G I K N K E I N L K P A F E N L K K C F N L K N K L
GCAMTix>MTATOO\Aa>axrrrAGMTCAaAGTTnjrATXATTnxix>AG^ 3000
A N S N I Q P R L R M T S L Y A F A Q E F E Y L V L G T D N F S E M
TGTATCTAGGATATmACAAMTATCGOGATGGaXlGCrnXATrrATrAa^TOC^ 3100

Y L G Y . F T K Y G D G G V D L L P I V N L T K V Q V W K M A A E I
TOGATTTXA(MTCMTMnAAG\AMAAa>AGTTX^ 3200

G I P E S I I K K K P S A N L W E N O T D E N E M G F S Y G D L D
CTrTTTATGCWAAAOCCAMTCnXn'AAGTAAGGAMTiaiUiWAA^ 3300
L F M E N P N L V S K E I A A K [ T K L H E I S S H K R D Q T P R P
CTnAAAAAMTTAJiGAGAMTn'MTCCXnTXWCATTCAAAATTWX^AAa 3400

RBS
L K K L G E 1 slop

M A G H S K W A N 1 K H R K G A Q D A L K A K | F
0RF3

AACAMTITnXAAAGAMTrATOnTGaGTTCCAA/U^GOOjGCTCAGATCa 3500
N K F S K E I M V A V A K G G S D P N S N P A L R L 1 I S K A R A K
AATCAATCOCAAMTCAAAaTFGAAAAaXTATOGCAAAAGOOG^^ 3600

S H P K S N 1 E K A 1 A K G E G S 1 S N G E N F K E I 1 Y S G T L
ATCIUTGGMTnCaTrMTKnTOTMTTCTrACA^ 3700

S H G I S V I V V I L T D N I N R A I A S L ( J A L F R R A N G Q I
(XX>AACAAAACTCMTTCaTATCTAT1TCMCAAAAAGaiTATCra3AMTItiAAAAAMTMT^ 3800
G K Q N S I P Y L F E Q K G Y L E I E K N N L D E D D L M L F S L D
ATMTOrTCCTCAGC^TTIXX>AAGTX^TG*GCW^^ 3900

N G A E D F Q S D E E N Y H I Y C Q P R K I S E L K N E I E K K F
T A G C C C T M T n t C O a X n X n T T ^ n A G m T n U I X i M T ^ 4000

S P N F R A V E I S Y F P N E W V E L D Q E N T E K I L N Q I D N
TTFCITCATGATXaGGATATCCAAMTGmATmMmAAM 4100
F L D D E D 1 Q N V Y H N L K F A s lop

4200
ACTiraurnGGGCAAAAGCAAAAG 4300

TCTTAAAGATAAAACTATITGATGAAOCTAGAnAMCTTXnTAO^^ 4400
TCAAGOTCnTITOX>TCTAAAA(aTAGMTCTmX^^ 4500
TMTTAATAAtoTITTCMTTCBAAATrcrK>A^^ 4600
AIITITIATACIl^TAGACAGCMriMTI'I'ITiaAAAMTriCMTA'IM'ITI'rAACAAMTKXIXIIMATrC

Fig. 2. Complete nucleotide and deduced amino acid se- transcription start position (tsp) determined by primer extension ex-
quences of ORF1 (P72), ORF2, and ORF3. The open reading periments. The UGA codons are represented by underlined bold let-
frames are indicated by bold arrows. The possible -10, -35, and ters, and the stop codons are marked by the symbol "stop."
RBS for each ORF are underlined. The symbol ">" represents the

M. hyopneumoniae. Therefore, the possibility that P60 may antibody Abg,, can indeed recognize a P72 protein band
be part of the P72 antigen molecule was further examined. from E. coli DH5ot harboring pTLC46M, which is exactly

The P60 Protein Belongs to a 72 kDa Antigen in Myco- the same size as appears among the total proteins of M.
plasma hyopneumoniae—To understand the actual size of hyopneumoniae.
the P60 related antigens in M. hyopneumoniae, monospe- Transcriptional Analysis of the P72 Gene in E. coli and
cific antibodies against P60 protein were purified (11). M. hyopneumoniae—The results of site-directed mutagene-
Western blot analysis revealed that the P60-specific antd- sis clearly demonstrated that ORF1 constitutes a P72 gene
body Abjo indeed reacts with a 60 kDa protein band in the in M. hyopneumoniae. The monospecific antibody Ab^
total protein isolated from E. coli DH5a harboring pTL46 reacted with a P60 protein from DH5a (22) harboring
(Fig. 3). However, the Ab^ antibody also identified a 72 kDa (pTLC46), while a P72 protein was recognized from the
protein from the total protein of M. hyopneumoniae. The total protein of DH5ct (pTLC46M). Through sequence corn-
results strongly suggested that TGA^j is used as a tryp- parison (23), a possible -35 region (5'-TTGATA-3' and -10
tophan cndon in M. hyopneumoniae and yields a 72 kDa region (5'-TAAATA-3', 54-29 nt upstream from ORF1 were
antigen protein. This possibility was further examined by predicted as the potential promoter of ORF1. A sequence
site-directed mutagenesis. Using the QuikChange Site- similar to RBS, 5'-GAAGGA-3', 9-4 nt from ATG of ORF1
Directed Mutagenesis Kit, T G A ^ was mutated to T C G ^ , could also be identified (Fig. 2). The assignments of these
which codes for tryptophan in E. coli, and pTLC46M was regulatory sequences would require thorough mutation
obtained, which is the mutated form of pTLC46. Western studies. However, a clear transcription start position would
blot analysis using the P60-specific antibody was then per- support the prediction. The transcription start position
formed to verify that the plasmid pTLC46M can produce a (tsp) was therefore determined by primer extension experi-
P72 protein in E. coli. As shown in Fig. 3, the monospecific ments as described in "MATERIALS AND METHODS." As
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M 1 2 3
105- '•

82-

49-

33-

Fig. 3. Identification of the antigen protein by site-directed
mutagenesis and Western blot analysis. The TGAJJJ, (see Fig. 1)
was changed from A to G (i.e. plasmid PTLC46 was mutated to ob-
tain plasmid pTLC46M) by site-directed mutagenesis, and the codon
was converted to TGG codes for tryptophan in E. coli. The plasmids
were then used to transform E. coli DH5ot and analyzed by Western
blot analysis using the monospecific antibody Aba,. Lane M, 1,2, and
3 represent protein size markers (105, 82, 49, and 33 kDa), myco-
plasma total protein, DH5a (pTLC46M) total protein, and DH5a
(pTLC46) total protein, respectively.

shown in Fig. 4 (also marked in Fig. 1), the in vivo tran-
scription initiation sites are located at nt 655 (G) and nt
661 (A) in M. hyopneumoniae and in E. coli, respectively.
The exact locations of tsp not only show where the mRNA
synthesis starts but also facilitate the prediction of the pro-
moter and RBS of the same gene.

Biological Function, Sequence Comparison, and Charac-
terization of the P72 Antigen—BLAST (Basic Local Align-
ment Search Tool) comparison showed that the amino acid
sequences of P72 share 70 and 71% similarities with the
phosphotransferase enzyme I gene (PTSI) of Mycoplasma
capricolum (24) and Staphylococcus carnosus (5). To further
characterize the biological function of the P72 protein, plas-
mids pTLC 46 and pTLC46M carrying the P60 gene and
P72 gene, respectively, as well as the vector pGEM-7Zf,
were transformed into the ptsl mutant strain JLT2 (18)
and compared with E. coli HB101 (17) carrying pGEM-7Zf
Complementation was observed on MacConkey agar con-
taining 1% glucose. The wild type E. coli HB101 exhibited
purple red color on MacConkey agar, while the colonies of
the mutant strain JTL2 were colorless. Transformation of
the JLT2 strain with plasmid pKLC46M restored the pur-
ple red color, however, plasmid pTLC46 failed to comple-
ment (data not shown). This result demonstrates that the
P72 protein (but not P60) is indeed enzyme I of the phos-
phoenolpyruvate-sugar phosphotransferase system (PTS),
and the mycoplasma enzyme can complement an E. coli
ptsl mutant.

The amino acid sequences of PTSI proteins from Strepto-
coccus mutans (25), Bacillus subtilis (26), Lactococcus lactis
(27), M. hyopneumoniae, Salmonella typhimurium (28),
Escherichia coli (29), and Mycoplasma capricolum (24)
were aligned and compared by the GeneWorks program.
The consensus sequence with a 50% cutoff value displayed
the residues in the constituent sequences that show a mini-
mum of 50% identity. Enzyme I (El) is composed of two
domains of approximately equal molecular weight (28), the
EI-N and EI-C (the NIL,- and COOH-terminal domains,
respectively). As shown in Fig. 5, the EI-Cs are more con-
served than EI-Ns and all the EI-Ns contain the highly
conserved active site His-189 (28). The nuclotide sequences

ACGT 1 2

»

I

I •

Fig. 4. Primer extension analysis of the ORF1 transcription
start positions (tsp) in E. coli and M. hyopneumoniae. The to-
tal RNA was produced from E. coli and M. hyopneumoniae, reverse
transcribed and analyzed by polyacrylamide gel electrophoresia A
sequencing ladder of plasmid pTLC46 was generated using the same
primer used for primer extension. Lane 1: E. coli DH5a harboring
pTLC46M; Lane 2: M. hyopneumoniae; Lane ACGT, the sequence
ladder.

and amino acid sequences of enzyme I of S. mutans, B. sub-
tilis, L. lactis, M. hyopneumoniae, S. typhimurium, E. coli,
and M. capricolum were also analyzed as evolutionary
markers by the GeneWorks program. Phylogenetic trees
based on UPGMA (Unweighted Pair Group Method with
Arithmetic Mean) analysis were constructed, using (A) the
DNA sequences of PTSI genes, and (B) the amino acid
sequences of PTSIs. The UPGMA tree shows the calculated
evolutionary relationships of the sequences in the align-
ments. The lengths of the horizontal lines connecting one
sequence to another are proportional to the estimated
genetic distance. As shown in Fig. 6A, the sequences of E.
coli and S. typhimurium are closely related; the sequences
of L. lactis and S. mutans are clustered and distantly
related to B. subtilis. The sequences of M. hyopneumoniae
and M. capricolum are grouped together and diverge very
early from the others. Somewhat different groupings of the
amino acid sequences of PTSI show that, as seen in Fig. 6B,
M. capriolum is predicted to be more closely related to
Gram positive bacteria, and together with M. hyopneumo-
niae, are deviated from other Gram negative bacteria.

To locate the P72 protein, Triton X-114 phase fraction-
ation experiments (16) were performed, and each fraction
was analyzed by Western blot analysis. As shown in Fig. 7,
Triton X-114 phase fractionation indicated that the major-
ity of P72 to be partitioned in the cytosolic fraction. The
monosperific antibody Abg,, can recognize P72 antigen from
the total protein and the cytosolic fraction, but not from the
membrane fraction of M. hyopneumoniae. Analysis using
the GeneWork program (prediction of prokaryotic secretory
signal sequence) also revealed no signal peptide sequence
in the N-terminal end of P72.

Immune Responses of Farm Animals and SPF Pig
toward PTSI—The phase fractionation experiments indi-
cate that P72 may not be a membrane surface protein. This
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Fig. 5. Amino acid sequence comparison of PTSI proteins. The
sequences were aligned and compared by the GeneWorks program.
The boxed residues are identical. The abbreviations, S.mut, B.sub,
L.lac, M.hyo, S.typ, E.col, and M.cap represent the amino acid se-
quences of PTSI proteins from Streptococcus mutans, Bacillus subti-
lis, Lactococcus lactis, Mycoplasma hyopneumoniae, Salmonella
typhimurium, Escherichia coli, and Mycoplasma capricolum, respec-
tively. The consensus sequence with a 50% cutoff value displays the
residues in the constituent sequences that show a minimum of 50%
identity. The star represents the Trp-502 pretermination site and
the diamond symbols represent the conserved His-189 at the active
site and Cys-506 required for coupling activity.

A. 1 2 3 M B. 1 2 3 M

A,

0.042

0.045 : (±0.010)

0.133

'• (±0.012)

as s » (±0.016) 0.241

i (±0.010)
0.278

0.278

L.lac

S. mm

B.sub

S.typ

K. col

M.cap

M. hyo

(±0.003)

0.014 S.typ

Fig. 6. Phylogenetic trees based on UPGMA (Unweighted
Pair Group Method with Arithmetic Mean) analysis of (A)
the DNA sequences of PTSI genes and (B) the amino acid se-
quences of PTSIs. To construct the trees, the nucleotide sequences
or the amino acid sequences were aligned and compared pairwise by
using the GeneWorks program to determine their identity at each
position. Then, the number of mismatches was divided by the length
of the shorter sequence. The results in scores (numbers on the hori-
zontal lines of the tree) reflect the relationships between sequences.
The laced lines at branch points in the tree represent standard error
bars of the branch position. L.lac, S,mut, B.sub, S.tyr, E.col, M.cap,
and M.hyo represent the sequences of Lactococcus lactis, Streptococ-
cus mutans, Bacillus subtilis, Salmonella typhimurium, Escherichia
coli, Mycoplasma capricolum, and Mycoplasma hyopneumoniae, re-
spectively.

result is in agreement with the PTSI location and function
of most bacterial systems. However, nonsecreted intracellu-
lar antigen was also reported to activate the host immune
response (30). To explore this potential, porcine antisera
from farm animals were screened for the presence of anti-
P60/P72 antibodies. As shown in Fig. 8, the antiserum pro-
duced from an SPF pig challenged with M. hyopneumoniae
can recognize both the P60 and P72 antigens. However,

09
10

• 1

. 4

• 7

0

Fig. 7. Protein fractionation of M. hyopneumoniae by Triton
X-114 phase-partition and Western blot analysis with mono-
specific anti-P60 antibody. (A) SDS-PAGE analysis of M. hyop-
neumoniae proteins. The proteins were stained with Coomassie
Brilliant Blue. Lanes 1, 2, 3, and M represent membrane proteins,
cytosolic proteins, total proteins, and protein size markers, respec-
tively. (B) Western analysis. Lanes 1, 2, 3, and M represent M. hyo-
pneumoniae membrane proteins (TX-114 layer), cytosolic proteins
(aqueous layer), total proteins and the protein size markers, respec-
tively.
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Fig. 8. Western blot analysis of the P60/P72 antigen using var-
ious porcine antisera. Antiserum produced from an SPF pig chal-
lenged with M. hyopneumoniae (A), preimmune serum from the SPF
pig (B), serum D8-2 from farm animals (C), and serum D18-5 from
farm animals (D) were used to check for the presence of the P60/P72
antigen. Lane T, E, 1, 2, and 3 represent the protein profiles of the
total mycoplasma protein, the E. coli total protein, the E. coli strain
DH5a harboring plasmid pTLC46 (expressing P60), pTLC46M (ex-
pressing P72), and pGEM-7Zf (vector), respectively. Lane M repre-
sents the prestained molecular weight standards.

only the antiserum D18-5 among the twelve tested antisera
isolated from farm animals can detect the antigen. All of
these farm animals had been vaccinated with a traditional
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vaccine against M. hyopneumoniae.
The Sequence Analysis ofORF2 and 0RF3—As shown in

Figs. 1 and 2, three open reading frames, ORF1 (from nt
676 to nt 2412, 578 aa), ORF2 (nt 2586-3326, 246 aa), and
ORF3 (nt 3326--4051, 242 aa), were identified in the 4.6 kb
DNA. BLAST comparison showed that the amino acid se-
quence of ORF2 shares 54% identity and 71% positives to
the NHg-dependent NAD+ synthetase of Mycoplasma geni-
talium (GenBank accession number U39720) and 40%
identity and 62% positives with a probable NHj-dependent
NAD+ synthetase of M. pneumoniae (31). The ORF3 se-
quence shares 58% identity and 72% positives with the
spore coat protein of B. subtilis (GenBank accession num-
ber Z99118) and 60% identity and 70% positives with the
conserved hypothetical protein of Treponema pallidum
(GenBank accession number AE001224), without any simi-
larity to mycoplasma proteins in the databank. The DNA
sequences upstream of ORF1 were also analysed, however,
no probable function can be assigned yet.

DISCUSSION

The present study focused on the recombinant clone ex-
pressing P60 recognized by rabbit anti-Af. hyopneumoniae
antiserum. The 4.6 kb EcdBl fragment was sequenced and
analyzed. Using the mycoplasma codons, three open read-
ing frames, ORF1 (from nt 676 to nt 2412, 578aa), ORF2
(nt 2586-3326, 246 aa), and ORF3 (nt 3326-4051, 242 aa),
were identified in the 4.6 kb DNA (Figs. 1 and 2). The
results of site-directed mutagenesis and Western blot anal-
ysis strongly suggest that the TGA^ai is used as a tryp-
tophan codon in M. hyopneumoniae and the monospecific
antibody Abg,, indeed can recognize the P72 protein band
from E. coli DH5a harboring pTLC46M, which is exactly
the same size protein as appears among the total proteins
of M. hyopneumoniae. BLAST comparison revealed that
ORF1 encodes P72 and may function as enzyme I of the
phosphoenolpyruvate-sugar phosphotransferase system.
This biological function was further confirmed by comple-
mentation studies. The nearby ORF2 and ORF3 may
encode a probable NHg-dependent NAD+ synthetase (31)
and a conserved protein of unknown function, respectively.
However, the arrangement of ORF1 (codes for the ptsl
gene), ORF2 (codes probably for a NHg-dependent NAD+

synthetase), and ORF3 (codes for a protein of unknown
function) is quite different from the reported dicistronic
operon (ptsl-crr) in M. capricolum (24), the linked ptsH,
ptsl, and err genes in E. coli (29) and the linked ptsH and
ptsl genes in S. mutans (25). In E. coli, the promoter se-
quences have been compiled and analyzed, and some
highly conserved bases have been found to be 5'-TTGACA-
3' around the -35 region and 5'-TATAAT-3' around the -10
region, with an allowed spacing of 15 to 21 nt between the
two conserved regions (23). Through sequence comparison,
a very similar -35 region (5'-TTGATA-3'), and a much less
conserved -10 region (5'-TAAATA-3')) with 13 nt spacing
were predicted for the PTSI gene of M. hyopneumoniae
(Fig. 2). The critical assignments of these regulatory se-
quences usually requires thorough mutation studies. How-
ever, a dear transcription start position (tsp) gives strong
support to the prediction. The in vivo transcription initia-
tion sites were determined to be in nt 655 (G) and nt 661
(A), in M. hyopneumoniae and in E. coli, respectively. This

is in agreement with the findings that for most E. coli pro-
moters, initiation with a purine is highly preferred (23).
The spacrings between the -10 region and the transcription
start site are usually varied from 7 to even 41 nucleotides
(15). In the present study, the spacings between the -10
region and tsp are 14 and 21 nucleotides for M. hyopneu-
moniae and E. coli, respectively.

The amino acid sequences of PTSI proteins from S.
mutans, R subtilis, L. lactis, M. hyopneumoniae, S. typh-
imurium, E. coli, and M. capricolum were aligned and com-
pared by the GeneWorks program. It has been suggested
that enzyme I is organized into two domains of approxi-
mately equal molecular weight (28), EI-N and EI-C (the
NHj- and COOH-terminal domains, respectively).

As shown in Fig. 5, the EI-Cs are more conserved than
EI-Ns and all the EI-Ns contain the highly conserved active
site His-189 (the diamond symbol). This is consistent with
the suggestion that the conserved flexible EI-C domain
may play a key role in regulating enzyme I and its catalytic
properties with respect to phosphoenolpyruvate (PEP),
while the compact EI-N domain contains the active site
His-189 and interacts with HPr, the histidine containing
phosphoryl carrier protein (28, 32). Sequence comparison
also revealed that the Trp-502s are highly conserved (the
star symbol in Fig. 5). Our complementation data indicate
that P72, but not P60 (which has only 501 amino acids),
can complement the ptsl mutation, further confirming the
critical role of Cys-506 (the diamond symbol) in phospho-
transfer coupling to HPr (25).

The nucleotide sequences and amino acid sequences of
enzyme I of S. mutans, B. subtilis, L. lactis, M. hyopneumo-
niae, S. typhimurium, E. coli, and M. capricolum were also
analyzed as evolutionary markers by the GeneWorks pro-
gram. Phylogenetic trees based on UPGMA analysis were
constructed using (A) the DNA sequences of the PTSI
genes, and (B) the amino acid sequences of PTSIs.

The results of the UPGMA tree analysis of PTSI nucle-
otide sequences are not in good agreement with the current
classification of these microorganisms (20). The situation is
reconciled as the tree which was generated by amino acid
sequences separates the Gram negative from Gram posi-
tive bacteria and groups mycoplasmas with the Gram posi-
tive bacteria.

The bacterial phosphoenolpyruvate-sugar phosphotrans-
ferase system (PTS) is a transport and signal transductdon
system that is ubiquitous in bacteria but not in eukaryotes.
It catalyzes the uptake and phosphorylation of carbohy-
drates and is involved in signal transduction, chemotaxis
(33), and allosteric regulation of metabolitic enzymes and
transporters Currently, the unique bacterial phosphotrans-
ferase systems provide potential new targets for developing
novel antibacterial agents (34). Many studies have also
shown that catabolic repression plays a role in the expres-
sion of virulence factors, and it has been suggested that the
expression of virulence genes is controlled by the PTS via
catabolite repression (35). Blocking the PTS pathway may
deplete phosphoenolpyruvate, repress the catabolite con-
trolled genes and carbohydrate transport, and should com-
promise cell growth and infectivity. It seems reasonable
that a PTSI mutant could be designed and constructed as a
potential recombinant vaccine to prevent swine enzootdc
pneumoniae. On the other hand, current studies indicate
that the SPF pig challenged with M. hyopneumoniae pro-
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duced antdserum against the intracellular PTSI, but only
one out of twelve tested farm animals which had been pre-
viously treated with a traditional vaccine showed a re-
sponse to the antigen. Therefore, further evaluation is
needed to develop reoombinant protein vaccines based on
the PTSI antigen.
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brueck and Dr. Hengstenberg of Ruhr University of Germany for
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National Sun Yat-Sen University for reading the manuscript and
many valuable suggestions.

REFERENCES

1. Fagan, P.K, Djordjevic, S.P., Eamens, G.J., Chin, J., and
Walker, M.J. (1996) Molecular characterization of a ribonucleo-
tide reductase {nrdF) gene fragment of Mycoplasma hyopneu-
moniae and assessment of the recombinant product as an ex-
perimental vaccine for enzootdc pneumoniae. Infect. Immun. 64,
1060-1064

2. Zhang, Q., Young, T.F., and Ross, R.F. (1995) Identification and
characterization of a Mycoplasma hyopneumoniae adhesin.
Infect. Immun. 63, 1013-1019

3. Ro, L.H., Chen, R.J., and Shiuan, D. (1994) Rapid purification
of antisenim against Mycoplasma hyopneumoniae by an effi-
cient absorption method. J. Biochem. Biophys. Methods 28,
155-159

4. Chou, S.Y., Chung, T.L., Chen, R.J., Ro, L.H., Tsui, P.I., and
Shiuan, D. (1997) Molecular cloning and analysis of a HSP
(heat shock protein)-like 42 kDa antigen gene of Mycoplasma
hyopneumoniae. Biochem. Mol. Biol. Int. 41, 821—831

5. Kohlbrecher, D., Eisermann, R., and Hengstenberg, W. (1992)
Staphylococcal phosphoenolpyruvate-dependent phosphotrans-
ferase system: molecular cloning and nucleotdde sequencing of
the Staphylococcus carnosus ptsl gene and expression and com-
plementation studies of the gene product. J. Bacterial. 174,
2208-2214

6. Friis, N.F. (1975) Some recommendations concerning primary
isolation of Mycoplasma suipneumoniae and Mycoplasma flocu-
lare. Nord. Vet. Med. 27, 337-339

7. Weis, J.H. (1987) Construction of recombinant DNA libraries in
Current Protocols in Molecular Biology (Ausubel, F.M., Brent,
R., Kingston, R.E., Moore, D.D., Seidman, J.G., Smith, J.A., and
Struhl, K., eds.) Ch. 5, Wiley Books, New York, NY, USA

8. Shiuan, D. and Campbell, A. (1988) Transcriptional regulation
and gene arrangements of Escherichia coli, Citrobacter freundii
and Salmonella typhimurium biotin operons. Gene 67, 203—211

9. Sambrook, J., Fritsch, E.F., and Maniatis, T. (1989) Molecular
Cloning: A Laboratory Manual (2nd ed.) Ch. 2, 4 and 8, Cold
Spring Harbor Lab Press, Cold Spring Harbor, NY, USA

10. Snyder, M., Elledge, S., Sweetser, D., Young, RA, and Davis,
R.W. (1987) Lambda gtll: gene isolation with antibody probes
and other applications. Methods Enzymol. 54, 107-128

11. Harlow, E. and Lane, D. (1988) Antibodies, Cold Spring Harbor
Lab Press, Cold Spring Harbor, New York, USA

12. Henikoff, S. (1984) Unidirectional digestion with exonudease
III creats targeted breakpoints for DNA sequencing. Gene 28,
351-359

13. Yanisch-Perron, C, Vieira, J., and Messing, J. (1985) Improved
M13 phage cloning vector and host strain; nucleotide sequence
of M13mpl8 and pUC19 vectors. Gene 33, 103-119

14. Sanger, F, Nicklen, S., and Coulson, A.R. (1977) DNA sequenc-
ing with chain-terminating inhibitors. Proc Nail. Acad. Sci.
USA 74, 5463-5467

15. Shiuan, D., Lin, K.C., and Campbell, A. (1994) Transcriptional
analysis of Escherichia coli bio operon. Gene 145, 1-7

16. Riethman, H.C., Boyer, M.J., and Wise, KS. (1987) Triton X-
114 phase fractionation of an integral membrane surface pro-
tein mediating monoclonal antibody killing of Mycoplasma

hyorhinis. Infect. Immun. 55, 1094-1100
17. Boyer, H.W. and Roulland-Dussoix, D. (1969) A complementa-

tion analysis of the restriction and modification of DNA in
Escherichia coli. J. Mol. Biol. 41,459-465

18. Titgemeier, F. (1987) Diploma thesis. Universitat Osnabrueck,
Osnabrueck, Germany

19. Messing, J. (1983) New M13 vectors for cloning. Methods Enzy-
mol. 101, 20-27

20. Razin, S., Yogev, D., and Naot, Y. (1998) Molecular biology and
pathogenicity of mycoplasmas. Microbiol. Mol. Biol. Rev. 62,
1094-1156

21. Inamine, J.M., Ho, K.C., Loechel, S., and Hu, PC. (1990) Evi-
dence that UGA is read as a tryptophan codon rather than as a
stop codon by Mycoplasma pneumoniae, Mycoplasma genitali-
um and Mycoplasma gallisepticum. J. Bacterial. 172, 504-506

22. Hannhan, D. (1983) Studies on transformation of Escherichia
coli with plasmids. J. Mol. Biol. 166, 557-562

23. Hawley, D. and McClure, W.R. (1983) Compilation and analysis
of Escherichia coli promoter DNA sequences. Nucleic Acids Res.
11, 2237-2255

24. Zhu, P., Reizer, J., and Peterkofsky, A. (1994) Unique dicistronic
operon (ptsl-crr) in Mycoplasma capricolum encoding enzyme I
and the glucose-specific enzyme TTA of the PTS system: Honing,
sequencing, promoter analysis and protein characterization.
Protein Sci. 3, 2115-2128

25. Boyd, DA, Critkovitch, D.G., and Hamilton, I.R. (1994) Se-
quence and expression of the gene for Hpr (ptsH) and enzyme I
iptsl) of the phosphoenolpyruvate-dependent phosphotransfer-
ase system for Streptococcus mutans. Infect. Immun. 62, 1156-
1165

26. Linder, C, Galinier, A., Hecker, M., and Deutscher, J. (1999)
Regulation of the activity of the Bacillus subtilis antdtermina-
tor LicT by multiple PEP-dependent, enzyme I- and HPr-cata-
lyzed phosphorylation. Mol. Microbiol. 31, 995-1006

27. Luesuik, E.J., Beumer, CM., Kuipers, O.P., and DeVos, W.M.
(1999) Molecular characterizations of the Lactococcus lactis
ptsHI operon and the analysis of the regulatory role of HPr. J.
Bacterial. 181, 764-771

28. LiCalsi, C, Crocenzi, T.S., Freire, E., and Roseman, S. (1991)
Sugar transport by the bacterial phosphotransferase system:
structural and thermodynamic domains of enzyme I of Salmo-
nella typhimurium. J. Biol. Chem. 266,19519-19527

29. Saffen, D.W., Presper, KA., Doering, T.L., and Roseman, S.
(1987) Sugar transport by the bacterial phosphotransferase
system: molecular cloniong and structural analysis of the
Escherichia coli ptsH, ptsl and err genea J. Biol. Chem. 262,
16241-16253

30. Shen, H., Miller, J.F., Fan, X., Kolwyck, D., Ahmed, R, and
Harty, J.T. (1998) Compartmentalization of bacterial antigens:
differential effects on priming of CD8 T-cells and protective
immunity. Cell 92, 535-545

31. Himmelreich, R., Hilbert, H., Plagens, H., Pirtl, E., Li, B.C.,
and Herrmann, R. (1996). Complete sequence analysis of the
genome of Mycoplasma pneumoniae. Nucleic Acids Res. 15,
4420-4449

32. Reizer, J., Sutrina, S.L., Wu, L.F., Deutscher, J., Reddy, P., and
Saier, M.H. (1992) Functional interactions between proteins of
the phosphoenolpyruvate: sugar phosphotransferase systems of
Bacillus sublitis and Escherichia coli. J. Biol. Chem. 267, 9158-
9169

33. Lux, R., Jahreis, K, Bettenbrock, K., Parkinson, J.S., and Len-
geler, J.W. (1995) Coupling the phosphotransferase system and
the methyl-accepting chemotaxis protein-dependent chemot-
axis signaling pathways of Escherichia coli. Proc Natl. Acad.
Sci. USA 92,11583-11587

34. Mukhjja, S. and Emi, B. (1997) Phage display selection of pep-
tides against enzyme I of the phosphoenolpyruvate-sugar phos-
photransferase system (PTS). Mol. Microbiol. 25,1159-1166

35. Nishikawa, Y, Scotland, S.M., Smith, H.R., Willshaw, GA, and
Rowe, B. (1995) Catabolite repression of the adhesion of Vero
cytotoxin-producing of serogroups 0157 and 0111. Microb.
Pathog. 18, 223-229

Vol. 128, No. 2,2000

 at Peking U
niversity on O

ctober 1, 2012
http://jb.oxfordjournals.org/

D
ow

nloaded from
 

http://jb.oxfordjournals.org/

