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ABSTRACT

The entire genome of the bacterium Mycoplasma
pneumoniae M129 has been sequenced. It has a size of
816 394 base pairs with an average G+C content of 40.0
mol%. We predict 677 open reading frames (ORFs) and
39 genes coding for various RNA species. Of the
predicted ORFs, 75.9% showed significant similarity to
genes/proteins of other organisms while only 9.9% did
not reveal any significant similarity to gene sequences
in databases. This permitted us tentatively to assign a
functional classification to a large number of ORFs and
to deduce the biochemical and physiological properties
of this bacterium. The reduction of the genome size of
M.pneumoniae during its reductive evolution from
ancestral bacteria can be explained by the loss of
complete anabolic (e.g. no amino acid synthesis) and
metabolic pathways. Therefore, M.pneumoniae de-
pends in nature on an obligate parasitic lifestyle which
requires the provision of exogenous essential metabo-
lites. All the major classes of cellular processes and
metabolic pathways are briefly described. For a number
of activities/functions present in M.pneumoniae accord-
ing to experimental evidence, the corresponding genes
could not be identified by similarity search. For instance
we failed to identify genes/proteins involved in motility,
chemotaxis and management of oxidative stress.

INTRODUCTION

The bacterium Mycoplasma pneumoniae has a genome size of
[BOO kb and completely lacks a cell wall. The bacterium is
surrounded by a cytoplasmic membrane only, which contains
cholesterol as an indispensable component. Mycoplasma pneumo-
niae is a human pathogen, causing ‘atypical pneumonia’ (1)
usually in older children and young adults. As a surface parasite,
it attaches to the host’s respiratory epithelium by means of a
differentiated terminal structure termed attachment organelle or tip
structure. For a long time, research activities mainly focused on
pathogenicity-related topics such as studies on cytadherence (2),
vaccination and diagnosis (3). Mycoplasma pneumoniae was not
considered as an organism suitable for basic studies partly
because of its fastidious growth requirements and partly because
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of the lack of established standard genetic tools like conjugation
or transformation with self-replicating vectors (4). These disad-
vantages can be compensated now to a large extent by the
methods of molecular biology.

Morowitz pointed out in 1984, that mycoplasmas would be
suitable candidates for defining the genetic constitution of a
minimal self-replicating cell (5). The advantage of these bacteria
for such studies (6,7), mainly due to their small genome size, was
so obvious that several initiatives were started to sequence five
different mycoplasma genomes: Mycoplasma genitalium (8,9),
M.pneumoniae (10), Mycoplasma capricolum (11), Mycoplasma
mycoides (12) and a species from the related genus Ureaplasma,
Ureaplasma urealyticum (13). So far, only the complete sequence
of the M.genitalium genome has been published (9) which, with
580 070 bp, is the smallest bacterial genome known so far. In the
genus Mycoplasma, M.pneumoniae and M.genitalium are the
closest related species. We report in this publication the complete
nucleotide sequence of the genome of M.pneumoniae, which thus
provides information on a second small bacterial genome. All
M.pneumoniae genes which had been already sequenced were
reanalyzed except for the Pl operon (14). Our sequencing
strategy, early results and a detailed description of M.pneumoniae
as an experimental system have been recently published (10).

MATERIALS AND METHODS
Mycoplasma strain

The strain Mycoplasma pneumoniae M129 (ATTC 29342) in the
18th broth passage was used to construct an ordered cosmid library
containing the complete genome (15). This cosmid library was the
basis for the DNA sequence analysis. We selected this specific
bacterial strain because it has been used in cytadherence and
pathogenicity studies (2,16,17). The strain in the 20th broth passage
was still infectious in hamsters (H. Brunner, unpublished data).

DNA sequencing

Using the enzymatic dideoxy chain-termination method (18), the
sequence data for this study were exclusively generated on a
fluorescent-based sequence-gel reader (Model 373A, Applied
Biosystems). Sequencing strategies and methods were as de-
scribed in Hilbert et al. (10).
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Computer assisted analysis

Sequence assembly, map drawing and multiple alignments were
done with the Lasergene program package (DNA STAR).

Other analyses were performed with the HUSAR (Heidelberg
Unix Sequence Analysis Resources) program package release 4.0
at the German Cancer Research Center, Heidelberg, Germany.
This package is based on the GCG program package version
Unix-8.1 of the Genetics Computer Group, Wisconsin. For
searching the DNA and protein databases [SWISS-PROT (19) and
PIR (20)] the FASTA (21) and BLAST (22) programs (BLASTX,
BLASTN and BLASTP) were used. Conserved motifs in proteins
and peptides were identified by using the program PROSITE
(23). Open reading frames (ORFs) were calculated by the
program FRAMES allowing AUG (or GUG, UUG) as start
codons using the Mycoplasma translation table where UGA
codes for tryptophan (24). The G+C content was calculated by the
program WINDOW. Codon usage was performed with the
program CODONFREQUENCY.

The programs TopPred 1.1.1 (Manuel G. Carlos, Ecole
Normale Superieure, Laboratoire de Genetique Moleculaire,
Paris, France) and PSORT (25) (http://psort.nibb.ac.jp/) were
used for the prediction of transmembrane domains and the
membrane topology of proteins.

Each ORF analysis is accessible as a File Maker Pro (Claris)
database which can be accessed at our world wide web (Www)
site (http://zmbh.uni-heidelberg.de/M_pneumoniae). It contains,
besides genome and cosmid position of each ORF/gene, data
about expression, availibility of antibodies, comments, literature,
prosite patterns, amino acid composition and database search
homology scores. All the annotations in this paper were done on
the basis of the highest score values.

Accession number

The complete M.pneumoniae sequence has been annotated in
GenBank (NCBI) with the accession number U00089.

RESULTS AND DISCUSSION

The strategy and methodology for sequencing the complete
genome has been described by us recently (10). A total of 2 415 202
nucleotides primary sequence data were provided by 6385
sequencing reactions. Each strand of the genome was completely
sequenced at least once. The direct sequencing approach,
combining primer walking with a limited shotgun strategy based
on a complete cosmid and plasmid library considerably facilitated
the assembly of the individual sequences to the entire genome
sequence. The average redundancy of the sequencing was 2.95
(calculated for both strands). This very low redundancy was
achieved by the use of 5095 oligonucleotides.

The complete M.pneumoniae genome has a size of 816 394 bp
and a G+C content of 40.0 mol%. Altogether 677 open reading
frames (ORFs) and 39 genes coding for various RNA species
were predicted. All ORFs were sorted into categories according
to their proposed functions (Tables 1 and 2; Fig. 1). Only 333
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ORFs (49.2%) were functionally assigned, based on significant
sequence similarities to genes or proteins from other organisms
with known functions (e.g. ribosomal proteins) or at least known
categories of function (e.g. proteins involved in cytadherence).
Significant similarities to proteins without known function from
other bacteria, mostly M.genitalium, were shown for 181
proposed ORFs (26.7%). We also included in this group those
M.pneumoniae proteins which were identified in protein extracts
of M.pneumoniae by monospecific antibodies or by the N-terminal
amino acid sequences of enriched proteins (26,27). The group of
ORFs without significant similarity or without indication for their
in vivo expression comprised 109 members (16.1%); 42 of them
carry characteristic motifs, which are not sufficient for defining
a function. Examples of such motifs are the leucine zipper (29
cases; refered to all predicted ORFs), the typical prokaryotic
lipoprotein sequence pattern (46 cases) or ATP- and GTP-binding
sites (73 cases). In addition all predicted gene products were
analyzed by programs for structure predictions, e.g. coiled/coiled
structures (29 cases) or transmembrane segments (275 cases).
The latter result supports the analysis of cell fractionation
experiments which indicate that the membrane fraction contains
[50% of the total proteins estimated by SDS-PAGE. About 8%
of the genome is composed of repetitive DNA elements RepMP1,
RepMP2/3, RepMP4 and RepMPS5, while only 67 of all predicted
ORFs (9.9%) code for a product without any similarity to a
known RNA or protein.

Finally, 58 gene families were defined comprising 298 proteins
with at least two but frequently with more paralogs; these are
proteins with similarities within the same species (see Www pages).

The proposed ORFs are not equally distributed over the
genome. A lower coding density coincides with regions of lower
or higher G+C content than the average. There are regions with
a G+C content of up to 56 mol%. These regions code almost
exclusively for the gene P1 and gene ORF6 of the P1 operon, the
repetitive DNA sequences RepMP4, RepMP2/3, RepMP5 and
tRNAs (for details see www pages).

The P1 protein, the main adhesin, is essential for adherence of
M.pneumoniae to its host cell (28) and the ORF6 gene product
which is only found as a cleavage product, namely a 40 and 90 kDa
protein, instead of the expected 130 kDa protein, is involved in an
as yet unknown manner in cytadherence (14). Gene P1 contains
a copy each of RepMP2/3 and RepMP4 and gene ORF6 one of
RepMP5 (29). In addition, several copies of each of these
repetitive DNA sequences can easily be recognized by their relative
high G+C content (Fig. 2).

At the other extreme is the proposed origin of replication
around nucleotide position 205 000 (pcosMPKO05, dnaA region),
with a G+C content of only 26 mol% (10).

Other regions with a low G+C content do not show a similar
obvious coding pattern, but proposed ORFs coding for lipoproteins
or the hsd modification/restriction system are frequently located
in these regions.

The total length of all coding regions is 724 174 bp. The average
coding density of 88.7% was calculated for the M.pneumoniae
genome which gives an average gene size of 1011 bp. Similar

Figure 1. (Following two pages) The gene map of the complete M.pneumoniae genome. The arrows indicate the position and the size of the predicted ORFs. The colour
refers to the functional category in which the ORFs are sorted. The complete name of an ORF can be deduced by the cosmid name above the horizontal scale-line
and the number below the arrows (e.g. the ORF name of the first complete arrow in this figure is EO7_orf1113). Rectangles above the scale-line indicate the size and

the position of different repetitive DNA sequences (see also Table 4).
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Table 1. Predicted functions and classification of all M.pneumoniae ORFs

v Elesymihesis off cofaciors, prestbetic proups snd carrier - Folic acid [5]

FI0_orf 160 G EE
HI0_ee 506 MOT03
D2 _cel259 [k
DI _pefais e
HEI_orf 1864 BG4S

dihydmiolaie reductase (dafrl LACLA

dihyredolate meduciaan (dyrh homelog proeis; ENTRC
5,1 0-aeth ylen e-tetrahiyd ol mﬂm:nﬂlkmlﬂ

serire: Rydrosymethp|rass ferass |

Syl iemadpdrefclae qteln-ll;uttﬂmtsmhfmlup FLATIN

af cafaciome, prosthetic grosps snd carrler - Heme and perphyrin [1]

= [Hamymihesis
HRl_srf253 AN

pgibile proloparpbyrinogen neidase (hemK ) BICOLI

* wum:.puuwewum Thieredasin [1]

thiceedexin (ra), YEAST
thioredaxia redootass (I E), ELBAL

petatios lipopmasiz, MOGHT omolog, MY COGE
pretatve lipoprmdsin, MOS0 bomalog, MYCGE
jretative lipaprotein, MO0 bomolog, MY OGE
peragive lipaprotsia, MOQSH bomolog. MY OGE
petadve lipoprotsia, MORSD bomolog, MYCGE
pomtve lipaprodsis, MOARS hemalog, MYCOE
p-u-nupup-uu-, MG boisalog, MYCOE
MM harrealog, MYCGE
pll:#rlllpmm MG homalog, MYCGE
peatve lipoproteis, MG bomolog, MYOGE
petstive lipoprotein
peradve lipeprotsia, MRS bomolog, MY OGE
petative lipeprocis, MO bomalog, MYCOE
petae | poproosin
petmive lipoproosis, MGIES komalog, MYCOE
petate | poprossis, MG260 omolog, MY OGE
peiatve [ poprosein
peiater |ipoprosein
petaties |ipoprosein, MO0 homolog, MY CGE
pefagies lipeprodein, M0 bomolog, MYCGE
petative lipoproteis, MG homolog, MY OGE
lipsproacin, MO bomelop, MYCOE
paative lipaproisia, MG bemelog, MYCOE
pattive lipeprooeis, M43 homelog, MYCOE
pataive lipoproesin, M9 homlog, MYCDE
patadren lipoprotein, MG200 homalog, MY OGE
patatier: lipoprosein, MO0SS bomolog, MY OGE
pratativer: lipoprosein, MRS omalog, MY OGE
patative lipoproteis, MGIES bomolog, MYOGE
patative lipoproteis, MOQSD bomolog, MY OGE
lipsaproein, MGATL bomolog, MYOGT
patative lipopratsis, MG bemelog, MYOOH
peradve |l peproteis, MGEHT bemelog, WYCOR
pamaave || poprogein, MGEHTT kemelog, MYCGE
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D2_cefidn PACEORE (MRS
3 _erisi PG9S (MOGE)
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D _orf 1060 BAG A
F0_arfitd maG2IY
AGS_orl30ay 40137
Bl _eel200y SIS
NS _ 25 L]
G2 _oef Kb AGHG
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Table 1. Continued

O _ee 217 0201 hesd shinck prodein Gepll, HAEIN

D02 _odll 16 LT hiesd shack prein QeoBS; BACEL

D2 _orf343 [ hiesd shock protein GroEL: BACSL

O Z_ow s O hieat shodl protein Dadl; BACSL)
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= Cellular precesses « Detoxifeation 1]
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MBS _ori581 W14 GTP-Eindng membrane protein {lepAl; HAEIN
FI0_pefdad 3218 tFiger Mactor (6E), HAEIM

HIO_oril g4 200 prolipopneiein sagnal pegtidase {lspl; STACA
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«  Cemdral intermediney metabalism - Other [ 5]
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D02 _orf133a MGINE ATP pynthase epsikon -:Ju.ll[.rq:l:'.ru'l'tl.‘rﬁ
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A _orfatl Hm{ﬂ phasphoglycerale kinase (pekh; THEMA

BOI_orfI8E M2 Tracicae-baphosphaie sldalase {lark; BACEL
ClE_orfl44 M43 trinssplnaphals isomesase (Bm)c BOOLL
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ClE_orfSE M0 phokphoglyeerale muiaas (ppmi; BACEL
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RO _orfl0 MY |- pheaphofnaciokinas (iradi; HAETN
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Fll _oefi%8s WG pyruvsee dehydrogenase El-wlphs sbenit (pdsaA); ACHLA
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Table 1. Continued

+  Fatty acid and phospholipid metabolism [9]

A65_orf227 MGI14 phosphatidylglycerophosphate synthase (pgsA); HAEIN
CO9_oafc00 - camitine palmitoyltransferase I precursor{cpt2); HUMAN
E30_orf393 MG437 CDP-diglyceride synihetase (cdsA), HAEIN

F11_orf84 MG287 {acyl carrier protein; STRGA)

Gl12_orf272V MGl44 triacybglycercl lipase (lip) 3; MYCMY

G12_orf328a MG368 fatey acid/phosphelipid synthesis protein (plsX), ECOLI
HOB_cif289 MG310 triacylglycerol Yipase (lip) 3, Mycoplasma sp

HI10_orf266 MG212 1-acyl-sn-glycerol-3-phosphate acylransferase (plsB). YEAST
PO1_orf268 MG327 triacylglycerot lipase {lip} 2: MYCMY

+  Purines, pyrimidines, nucleosides and nucleotides - 2'-Deoyribonocleotide metabolism (3]

F10_orf328 MG227 thymidylate synthase (thyA); STAAU

P10_of339 MG229 ribonucleotide reductase 2 (nrdF); SALTY

F10_orf721 MG231 ribonucleoside-diphasphate reductase (nrdE); SALTY

»  Purines, pyrimidines, nucleosides and nucleotides - Nucleotide and nucleoside Interconversions (2]
C12_onf235 MG434 uridylate kinase (pyrH); ECOLE

HOG_oef213 MG382 vridine kinase (udk); HAEIN

¢ Purines, pyrimidines, nucleosides and nucleotides - Purine ribonuciectide blosynthesis 3]

D09 _orfii8 MGO58 phosphoribosylpyrophosphate synthetase (prs); SYNP
GT2_orf215 MG171 adenylate kinase (adk), BACST

K04_orf23% MGILO7 5'guanylate kinase (gmky, HAEIN

+  Puorines, pyrimidines, nucleosides and nucleotides - Sulvage of nucleosides and nucleotides [9)
BOL_orf178 MG030 uracil phaspharibosyltransferase (upp); STRSL
BOI_orf191 MGQ34 thymidine kinase (tdk), BACSU

DUS_orfl33 MCK)52 cytidine deaminase {cdd), MYCPI

DO9_orf228 MGO49 purine-nucleoside phosphorylase (deoD); ECOLI

D09 _orfa21 MGO5) thymidine phosphorylase (deoA); MYCPI

Fli_otf133 MG276 adenine phosphoribosyliransferase {apt),; HAEIN
KOS5_orf175 MG458 hypoxanthine-guanine phosphoritosyltransferase (HPT);, LACLA
PO _oaf217 MG330 cytidylate kinase (cmk); BACSU

DI12_orf210 MG006 thymidylate kinase (CDC8) homolog, MYCGE

+  Puripes, pyrimidines, nucleosides and nucleotides - Sugar-nucleotide blosynthesis and conversions [2]
A65_orf138 MGI118 UDP-glucose 4-cpimerase (galE), STRTR

KO05_orf291 MG453 UDP-glucose pyrophosphorylase (graB); BACSU

+ Pyridine nucleotide synthesis [1]

HO3_orf248 M{383 probablc NH{3)-dependent NAD{+) synthetase {outB}; BACSU
+  Regulatory functlon [§)

BOL_orf362 MGO24 hypothetical protein (yyaF) homolog; BACSU
COP_orf351 MG205 protein hrcA homelog, BACSU

DOZ_orf291 MG387 GTP-binding protein era homotog, STRMU

F1l_orf733 MG278 (MG376) stringent response protein SpoT; ECOLI

HO3_orfd33 MG384 GTP-binding protein (obgk;, BACSU

K04_orf726 MGL04 virulence associated protein homolog (vacB); HAEIN
PO1_oif193 MOG335 hypothetical protein YihA (era like) homolog; ECOLI
PO1_orf292 MG329 hypothetical protein HIG136 (era like) homolog; HAEIN

¢  Replication - DNA replication, restriction, modificatlon, recombination snd repair [46]

A65_orf711 MG122 DNA tepoisomerase I (topA); BACSU

Al9_orf291 MG262 DNA polymerase I (poll, 5'-3" exoauclease) bomolog; STRPN
Al9_orfB72 MG261 D:NA polymerase I alpha subunit (dnaE); HAEIN
BO1_orf1443 MG03 DA polymerase [1[ {dnaE) alpha chain (3'-5" exonuclease), BACSU
KO05_arfag0 MGO01 DA polymerase IIE beta sabunit (dnalN); STAAU
DI12_orf253 MGOO7 DMA polymerase [l subunit delia’ {helB); ECOLIL
C12_orf81 MG420(C-Term:MG419) DA polymerase 111 subunit gamma and tan {dnaX}); ECOLI
GO7_arfd73 MG replicative DNA helicase (dnaCk BACSU

HY1_arf620 MG250 DNA primase (dnaG); BACSU

DI12_orf2i2 MGOLD DNA primase motif (dnaG), CLOAB

HYl_orf658 MG254 DNA ligase (lig); ECOLI

GO7_orfloG MGO021 single-stranded DNA binding protein (ssb), HAEIN

K05 _orf439 MG469 chromosomal replication initiator protein {dnaA); MYCCA
PO2_oaf336 MG339 recombination protein (recAY; STAAU

C09_orfs35s MG203 topoisomerase 1Y subunit B {parE}, BACSU

CO2_orf789 MG204 topoisomerase 1V subunit A {parC}, BACSU

KO5_odd650 MG003 DNA gyrase subunit B {gyrB); MYCPN

KO5_orf8390 MG004 DNA gyrase subunit A (gyrAk STAAU

G12_orf204 MG358 Holliday junction DNA helicase (ruvA), ECOLE
G12_orf307 MG359 Holliday junction DNA helicase (ruvB); HAEIN
H91_orf715 MG244 DNA helicase IT {mutB1}; HAEIN

H91_orl529 MG244 DNA helicase perA homolog; STAAU

Fi0_orf286 MG235 endonuclease IV (nfo); ECOLI

Cl12_orf948L MG421 excinuclease ABC subunit A (uvrA); ECOLI

GO7_ocf657 MGO73 excinuclease ABC subunit B (uvrB); ECOLI
CO9_orf586L MG206 excinuclease ABC subunit C {(uvrC), BACSU
Gl2_orfal2 MGIs0 UV protection protein (mucB); ECOL1

Al9_orfdr? MUG{M2) formamidopyrimidine-DMNA glycosylase (Tpg), BACFI

AG5_orf306 . PrrB homaoleg protein, ECOLI
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DO9_orf383 MGO47 S-adenosylmethionine synthetase 2 (metX); ECOLI
GO7_orf240 MGOeT uracil DNA glycosylase {ung), ECOLI

Cl12_orf249 - resricion-modification enzyme subunit 518 {hsdS);, MYCPU
GT9_arf238 - type I restriction enzyme ecokl specificity protein (hsdS) homolog; HAEIN
GT9 orf319Y MGI84 adenine-specific methyltransferase EcoRI (ratel}; ECOLI
HO3_orf191 MG380 gWcose inhibited division protein (gidB), ECOLIE

HO3_orf512 MG319 glucose inhibited division protein (gidA), ECOLI
HI10_orf145L - type | restriction enzyme ecokl specificity protein (hsdS) homolog; HAEIN
HI0. orf187V - HsdS 1B protein homolog; MYCPU

H91 _orf206 - Type 1 restriction enzyme (hsdR) homolog; ECOLI
H91_orf268 - type | restriction enzyme ecokl specificity protein (hsdS) homoloy; HAEIN
HH _orf330 - type [ restriction enzyme ecokl specificity protein (hsdS) homoleg: HAEIN
HY _orf376 - Type 1 restriction eazyme (hsdR} homolog; ECOLI
H91_oef543 - type I restriction enzyme (hsdM); ECOLL

PO2_orf363Y - type I restriction enzyme ecokl specificity pratein (hsdS) homolog; HAEIN
RO2_orf333 - type [ restriction enzyme ecokl specificity protein (hsdS) homelog; HAEIN
B30_oxf375 MG438 M(3438 homolog, MYCGE

+ Transcription - Desradatlon of RNA [2]

G12_onf282a MG ribonuclease I (me); BCOLE

KO5_orf118Y MG%S RNaseP C5 chain (mpA); MYCCA

+  Transeription - RNA synthesis, modification and DNA transcriptlon [11]

GT9_orf327 MG177 RNA pelymerase alpha core subunit {rpoA); BACSU
G12_oef13910 MG RNA polymerase beta subunit {rpoB); BACSU

PO4_orf1290 MG340 DNA-directed RNA polymerase beta' chain (rpoC); THEMA
BOI_orfl46 MG022 DMA-directed RNA polymerase delta subunit (rpoE); BACSU
HY1_orfa99 MG249 RNA polymerase sigma-A factor {sigA); BACSU

Fll_oif160 MG282 transcription elengation factor (greA); RICPR

D09_orf320 MGOD54 transcription antitermination factor {nusG), BACSU
E07_orf5400 MG141 N-utilization substance protein A homolog (nesA); BACSU
C12_orf450 MG425 ATP-dependent RNA helicase (deaD); HAEIN

HOB_ctf409 MG308 aTP-dcpmdem RNA helicase (deaD). ECOLI

D12 _orfl030 MGO18 hyp ical heli Y935 h g: YEAST

+ Translation - Amino acyl tRNA synthetnses and tRNA modification [24]

AQ5_orf200 MG292 alanyl-{RMNA synthetase (alaS); ECOLI

HO3_orf537 MG378 arginyl-tRNA synthetase {argS); BRELA

KO4_oafd S50 MG113 asparaginyl-tRINA synthetase (asnS), BCOLIL

DO%_orf557 MGO36 aspartyl-tRNA synthetase {aspS); THEAQ

H91_orf437 MG253 cysteiny-IRNA synthetase (cysS); BACSU

K05 _orf484 MG462 glutamyltRMNA synthetase (glX); BACST

H91_orf44% MG251 plycyl-4RNA synibetase (grsl); YEAST

BO1_orfdldo MG035 histidyl-tRNA synthetase (hisS); STREQ

G12_orf861 M3345 isoleucine-tRNA ligase (ileS); STAAU

Fl1_orfT930 MG266 leucyl-tRN A synthetase {leuS): BACSU

Ab65_orf489 MGI36 lysyl-tRNA synthetase {lysS); BACSU

G12_oef3N1 MG355 methionyl-tRNA formyltransferase (fmt); ECOLI

BOI_orf512 MGO2i methionyl-(RNA synthetase (metS) BACST

GO7_orf188 MGO83 peptidyl-(RNA hydrolase hemolog (pth), HAEIN

C09_orf3d] MG19%4 phenylatanyl-tRNA synthetase alpha-subunit (pheS); BACSU
C09_orf805 MG195 phenylalanyl-tRNA synthetase beta chain (pheT); BACSU
GTY_orf243V MG182 pseudauridylate synthase [ (hisT); ECOLL

Fll_ocf483 MG283 putative prolyl-tRNA synthetase (YHID, proS); YEAST
D12_orf420 MGO0S seryl-(RMNA synthetase (ser5); BACSU

Gli_orf564 MGA?5 threonyl-tRNA synilwtase (thrSv), BACSU

KO5_orf210 MGass (RNA (guatine.M | }-methyltransferase (trmD}; HUMAN
AGS_orf346 MG1256 tryptophanyl-tRNA synthetase {trpS}; HAEIN

KO5_orf19% MG455 tyrosyl IRNA synthetase (tyrS); BACCA

PO1_orf838 MG3¥4 valyl-tRNA synthetase (vaiS); BACST

=  Translation - Degudldnnufprotdm,p&pﬁdumdglympepﬂdes 18]

BOl_orf309 proline iminopeptidase (pip); NEIGO

D¥02_oefd45 MG391 nonspecified aminopeptidase; MYCSA

DOY_oef319 MGHE o-sialoglycoprotein endopeptidase (gep); PASHA

F10_orf7195 MG239 ATP-dependen proteass {lon), BACSU

Gl2_orf715 MGI55 ATP-dependent proteass binding subunit (clpB) homelog; HAEIN
GT9_oef6l 1 MG183 oligoendopeptidase F (pepF); LACLA

HO3_orfl93%0 MG377 MG3T7 homolog (put. zinc p % MYCGE

POI_caf354 MG324 X-Pro dipeptidase {(pepX); LACDE

=  Translation - Protein modification and translation factors [15]

GT9_orf78 MGI73 initiation factor 1 {infA); BACSU

VXpSPT7 orf517 MGI42 protein synthesis initdation factor 2 {infB); BACST
C0o_orf201 MG196 translation initiation factor IF3 (infC); MYCFE

GO7_orfGBE MGO89 elongation factor G {fus): THEAQ

BO1_orf190 MGO26 elongation factor P {efp} homaleg; HAEIN

CI2_orf298 MG433 elongation factor Ts (tsf); SPICT

K05. orf394 MG451 elongation factor TU (mf); MYCGE

H91_orf359V MG258 peptide chain release factor 1 (RFI; prfA),BACSU
E30_orf184 MG435 ribosome releasing factor (fir); HAEIN

GTY_onf248 MG172 methionine amino peptidase (map); BACSU

Kk _orf216 MG105 polypeptide deformylase (def); HAEIN

KM _orf259 MG108 pratein phoshatase 2C bomolog; YEAST
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Kd_orf389
K05_orfl5t
C12_of157

MGL0%
MG448
MG408

probable protein serine/threonine kinase; CAEEL
pilB homwoleg (ragmenty; HAEIN
peptide methionine sulfoxide reductase (pmsR), ECOLI

+ Translation - Ribosomal proteins: synthesls and modification [53]
GO8

GO7_otf226 ribosomal protein L1 (rpL1); BACST

VXpSPT?_of287a MGI5S4 ribosomal protein L2 (rpl.2); MYCCA

VXpSPT7_oef287b  MGI5I ribosomal protein L3 {(rpL3); MYCCA

VXpSPT?_orf212 MG152 ribosomal protein L4 {(rpL4); MYCCA

GT9_orf180b MG163 ribosomal protein LS (rpL5); HAEIN

GT9_orf184 MGl6e6 ribosomal protein L6 (rpL6k MYCCA

G12_orfl22 MG162 ribosomal protein LI/L12 (A’ type) ((pL7LI2); MICLD
GO7_orf149 MG093 ribosomal protein LY (rpL9); BACST

G12_orf161 MG361 ribosomal pretein L10 {rpL10); THEMA

GO7_orf137 MGO81 ribosomal protein L11 (RPL11); THEMA

Cl2Z_orfl46 MG418 ribosomal protein L13 {rpL.13); ECOLI

GT9_orf122 MGI16i ribosomuat protein L14 {rpL.1d}; BACST

GT9_oef15] MGI169 ribogomal protein L15 (rpL15); MYCCA

VXpSPT7_orfl3%  MGI1358 ribosomal protein L16 (rpL16y; MYCCA

GTY9_orf124a MG178 ribosomal protein L17 (mpL17); BACSU

GT9_orf116b MG167 ribosomal protein L 18 (rpL.18); BACST

K05 _orf119 MG444 ribosomal protein L 19 (rpL19); BACST

Q09_orf127 MG198 ribosomal protein £.20 (rpL20); MYCFE

FI0_orf 100k MG232 ribosomal protein 121 {rpl21); BACSU

VXpSPT?_oif184 MGi56 ribosomal protein L22 (rpL22); HAEIN

VXpSPT?_oef237 MGI153 ribosomal protein L23 (rpL23). THEMA

GT9_otfll]a MG162 ribosomat protein L24 (rpl24); BACST

F10_oif104 MG234 ribosomal protein L27 (rpl27); BACSU

CI12_orf§5 MG426 ribosomal protein L28 (rpl.28); BACSU

GT9_oif 1110 MG159 ribosomal protein L29 (pL29); THEMA

H91_orf97 MG257 ribosomal protein L31 (rpl31); ECOLI

G12_orfS7? MG363 ribosomal protein L32 (rpL32); HAEIN

PO1_orf53 MG325 ribosomal protein L33 (rpL33): BACST

KOS _orf4s MGass ribosornal protein L34 (rpL34): PROMIL

C09_orf59 MGI97 ribosomal protein L35 {epL35); BACST

GT9_orf37 MG174 ribosomal protein £.36 (rpL36); CHLTR

GO7_orf294 MGO70 ribosomal protwin $2 {rpS2); SPIPL

VXpSPT7_orf213 MG157 ribosomal protein 53 (1pS3); MYCCA

HO8_orf205 MG3I1 ribosomal protein $4 (rpS4); BACSU

GT9_orf219 MG168 ribosomal protein 55 (rpS5); BACSU

GO7_orf215 M3G90 ribosomal protein 56 (rpS6);, ECOLI

O07_orf155 MGO88 ribosomal protein 87 (rpS7); BACST

GTI_ orf142 MGI65 ribosomal protein S8 (rpS8); MYOCA

C12_orf132 MG417 ribosomal protein $9 (rpS%); BACST

VXpSPT7 _orfl08 MGis0 ribosomal protein S 10 {rpS10)y; THEMA

GT9_orf12] MG176 ribosomal protein 511 {rpS11); BACST

GO7_orfl39 MGO§7 ribosomal protein 512 (pS12); BACST

GT9_orfl24b MG178 ribosomal protein $13 (rpS13); BACSU

GT9_orf6] MG164 ribosomal protein 514 (rpS14); MYCCA

C12_oef36 MG424 ribosomal protein 515 (BS18), BACST

KO5_orf38 MG446 ribosomal protein 516 (BS17)y; BACSU

GT9_orf35 MGLS0 ribosomal protein 517 (rpS17s MYCCA

GO7_orf104b MG092 ribasomal protein S 18 {rpS18); ECOLI

VXpSPT7_orf87 MG153 ribosomal protein §19 {rpS19); MYCBO

G12_orf87 MG{M3) ribosomal protein 520 {rpsT}, ECOLI

DI2_orf2B8 MG012 ribosomal protein 56 modification protein (imK);, ECOLI
H91_orf242a MG252 hypothetical protein YacO (rRNA methylase) homolog, BACSU
VYXpSPT7_orfl 16 MG143 riboseme binding factor A homglog (thfA); ECOLI

v Transport and binding proteins - ABC transpori (] M

A05_orf382 MG303 abc l.ran.sporl ATP- bmdmg protein (artP); ECOLI

D09 _aef286a MGO44 spermidi 1 system permease (podl); ECOLI
DO9_orf286b MG043 spermldmu'pumunc lmnsport system permease (potB), HAEIN
DO9_orf560L MG42 sper tr rt ATP-binding prot (potA); ECOLI
F10_orf491 MG225 hypotheuca] pmtem (g 710&10) homolog (put amine acid permease}; CLOFE
F10_orf503 MG226 geneml a.m.lno acid permease GAPL homolog; YEAST
GOT_otf376 MGOT78 EOpey ot 5y perroease protein (amiD); STRPN
GOT_orf189a MGOT? cligopeptide tl:‘BIISpOI'l system permease protein (oppB); BACSU
GO7_orf423 MGOT9 oligopeptide transport ATP-binding protein (oppD); BACSU
GO7_orf851 MGO80 oligopeptide transpont ATP-binding protein (oppF); BACSU
GT9_orf303 MGI180 histidine transport ATP-binding protein (hisP); ECOL1
ROZ_orf465 MGOGS glutamine transport ATP-binding protein (gInQ), ECOLI
Ci2_orf225 MG4R phosphate transport system regulatory protein {pholl)y; ECOLI
C12_orf329 MG410 phosphate transport ATP-binding protein (pstB); ECOLI
Cl12_od631V MGa11 phosphate transport sysietn pertmease protein (pstA); ECOLL
GT9_orf274 MGITY sulfate wansport ATP-binding protein (cysA), SYNP
KO5_orf284 MG065 (MG467) sulfate transport ATP-binding protein (cysA), SYNP
A65_orfall MGI2E high affinity fibose transport protein (rbsC); HAEIN
A6S_odf572 MGI119 hypothetical ABC transporter (vjc'W) hemolog; ECOL!
EO7_orf219 MG189 sn-glycerol-3- phosphale transport sysiem penmease protein {ugpE), ECOLL
EO7_orf329 MG188 sn-glycerol-3-phosphate transport system p protein (ugpA), ECOL1
EQ7_orf586 MG187 smglyceml-’ hosphat tTARSPOIt sySicm penmease protein {ugpCy; ECOLI
ADS_orf270L MGI04 abe p TP-bindi g p {chi0), SALTY
GO7_orfB72V MGO71 MG(2+) transpon ATPase, P-type | (mgtA); ECOLI
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AD5_orf244
ADS_orf380V
ADS_orf542
DO2_orf660
DI2_orfe23
D12_orfti3d
F10_orf326
FLO_orf750
HOB_orf365
KO05_orfa39

MG290
MG289
MG291
MG3%0
MG014
MGO15
MGLT9

MG322
MGa67

ATP-binding protein P29; MYCHR

high affinity transpert system protein 37, MYCHR

ransport system permease protein P69; MYCHR

lactocoecin transport ATP-binding protein (lenDR3); LACLA
transport ATP-binding protein (pmdl);, SCHPO

transport ATP-binding protein (msbA); HAEIN

berd homolog protein; BACLL

putative ABC transport permease

Nai+) translocating ATPase subunit I (ntp)); ENTHR

devA protein homolog; ANASPE

+ Transport and binding proteins - PTS transport [7]

E0P_orfl43V
E05_or{379
RO2_orf694
GT9_orf3400
DD9_orfB8
PO2_orf159
Cl2_orf372

MGO062
MGO6%
MGO4]

MG429

PTS system mannitol-specific component IIA (ENA-MTLYmtF); STRMU
PTS system mannitol-specific component ILA (EILA-MTLYmtLA); STACA
fructose-permease [IBC component (fruA ), ECOLI

FTS system, glucose-specific IIABC compenent (EITABC-GLC); BACSU
phosphocarmier protein HPr (pisH), MYCCA

hypothetical phosphotransferase protein YjfU homolog; BECOLI
PEP-dependent HPr protein kinase phasphoryliransferase (Enzyme I) (psl);
STRSL

+ Transport and binding proteins - Other fransport systems [3]
MG033

glycerol uptake facilitator (glpFy, BACSU
hexcsephosphate transport protein {uhpT); SALTY
MG294 homolog{put. perrnease), MYCGE

osmotically inducible protein (osmC); ECOLL

BO1_orf264

ROZ_orf5640 MGO61

AQ5_cifd75 MG254

*  (ther categories - Adaptations and atypical conditions [3]
KO05_orf140 MG454

K5 _orf270 MGATD

KO5_orf263V MGA63

*  Other categories - Other [188)

A0S _orf102
AOS_orf129
AQS_orf290
A5 o317
A0S _orfd70
ADS_ocf195
ADS_orf982
Al19_orf200
Al9_orf282
Al9_orf292
AGS_orf10G
AGS5_orfl17
AG5_orfl44
AG5_orf145
AG5_orf166
A65_orf223
A65_orf251b
AS5_orf259
ASS5_orf266
ASS5_orf281
A65_orf285
AG5_orf377
A6S_orfd75
ASS5_orfd93
ASS5_orf517
ASS5_orf569
BOI_otf108
BOI_orfl68
BOI_orfl36L
BOI_orf203
BOY_orf338
BO1_orf666
BO1_orf672
BO1_orf673
C09_orf104
C09_orf121
C09_orf143b
09 _orfl159
C12_orf141
C12_orf172
Cl12_orf334
Cl12_orf344
C12_orf3R5
Cl2_orf404
Cl12_orf561
Cl2_orf839
CL2_orf997
DO2_orfl08
DO2_oef129
DO2_orf135L
DO2_orfl40

MG296
(MG125)
MG302

MG295

MG306

MG298

MG264

MG265

MG263

MG134

MG129

MG132

MGI127

MG260 (MG185)
MOGI17

MGLL6

MG128

MG133

MGI125

MG135

MG260 {MG185)
MG123

MGI3p

MGI20

MGI29

MGO29

MGO27

MG032

MG028

MG032

MG032

MG032

MG032

MGI%

MG202

MG1%¢

MG207

MGa27

MG428

MG413 (MG214)
MG415

MG412

MG432

MGa23

MGa22

MGa14

MG338

MG389

MG067 (MG393, MG06E)
MG395 (MO0G68)

saj homolog protein; BACSU
S-adenosylmethionine-6-N',N'-adenosy] {fRNA} dimethytransferase (ksgA);

ECOLI

hypothetical 13.2 KD protein homolog (ylxM); BACSU
MG2% homolog, MY CGE

hypothetical protein (YidA) homolog; ECOLI
MG302 homolog, MYCGE

hypothetical protein (HI0174), HAEIN
MG306 homolog, MYCGE

P1L5 protein homolog (SGC3) MYCHR
hypothetical protein {HIQB90) homolog, HAEIN
hypothetical protein {YidA) homolog; ECOLI
hypaothetical protein {YidA) homolog, ECOLI
hypathetical proein YasK homolog, BACSU
MG 29 homolog, MYCGE

hypathetical protein Hitl hemolog, YEAST
hypathetical protein Ygll homolog; STRVR
M550 homolog, MYCGE

MG117 homolog, MYCGE

MG116 homolog, MYCGE

hypothetical protein HI0O?2 homelog; HAEIN
MG133 homolog, MYCGE

hypothetical protein (gi: 973220) homolog; ECOL]
MGI135 homoleg, MYCGE

MG260 homolog, MYCGE

MG123 homelog, MYCGE

hypothetical protein Ysrl homolog, MYCMY
MG120 homolog, MY CGE

MG139 homolog, MY CGE

hypothetical protein {gi: 6b6093) homolog; ECQOLI
MG027T homelog, MY CGE

MG032 homelog, MYCGE

MG028 homolog, MYCGE

MG032 homelog, MYCGE

M(G032 homolog, MYCGE

MGO32 homolog, MYCGE

MG032 homolog, MYCGE

(MG191 homelog, MYCGE)

MG202 hemolog, MYCGE

M(G199 homolog, MYCGE

MG207 homolog, MYCGE

MG427 homolog, MYCGE

MG428 homolog, MYCGE

MG413 homolog, MYCGE

MG415 homolog, MY CGE

MG412 homalog, MYCGE

hypothetical protein (yfiB) hemolog; SPICI
MG423 homeoleg, MY CGE

M(G422 homolog, MY CGE

M414 homolog, MYCGE

MG388 homolog, MYCGE

MG389 homolog, MYCGE

MG067 homelog, MY CGE

MG395 hemolog, MYCGE
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DO2_orfl1 50
DO2_orf157L
DOZ_orf225L
DO2_orf265V
DO2_onf346
DOZ2_orf347
DOZ_orf353V
DOZ_oif569
DO9_orf125
DO9_orf147
D09 _orf178
C09_orf276
D09 _orfa51
DX9_orfS1R
DO9_orf532
D12_orf26l
D12_orf285
EO07_orfl1 113
EO7_orf265
E07_orfaz4
E07_orfd85
E09_orf136
E09_orf2040
E09_orf2870
E09_ocf302
FO4_orfl 54
FM_orf260V
Fl10_orfl00a
Fl0_orfl41b
F10_orfl153
F10_orf}58
F10_orf291
F10_orf294
F10_orf308
Fl0_orfd19
F10_orf621
Fl10_orf6320
F10_orf%0
Fll_orfl114
Fll_otf122a
Fll_orf197
Flli_of218
Fll_orf229
Fli_orf287
Fl1_orf3dé
F11_orf358b
Fll_orf582
F1l_orf887
GOT_oef1030
GO7_ocf135
GO7_orf138
GO7_oef289
GO7 _osfdl2
GO7_otf4 17
GO7_otf4730
GU7_orfd78V
GU7_orfd79
G12_oef104
G12_orfl09
GZ_oef136
G2 _crfl66a
GiZ_orfl66b
GI12_orf2 10V
G12_orf218
G2 _orf269
Gi2_orf28]
G12_orf325
G12_orf326
G12_orf328b
G12_orf348
G12_orf387
G12_orf413
G12_orf358
G12_orfo64
GT9_orfl48
GT9_orfd34
HO3_orf235
HO8_orf157b
HO8_orf193
HO8_orf231
HO8_orf263
HOB_or€287
HO8_orf314
HOB_orf3d5

MGO68 (MG393)

MG395 (MGO68)

MG06S (MG067, MG395)
MG068 (MG395, MGOST)
MGO68 (MG395)

MGO67 (MG395, MGDGE)
MGO68 (MG395)

MG397

MGO55

MGO59

MGO57

MGO5s6

MGO37

MG96

MG288 (MGO96)

MGO09

MGO11

MGL40

MG260 (MG185)

MGL90}

MG260 {MG185)

MG441

MG439
MG440
MG288 (MGO96)
MG288
MG233
MG221
MG230
MG236
MG240
MG237
MG222
MG223
MG24(
MG242
MG220
MG267
MG284
MG286
MG279
MG268
MG280
MG285
MO268
MG281
MG277
MGO75
MGO74
MGO76
MGO84
MGO8S
MG288 (MGO96)
MGI00
MGO09%
MGO098
MG376
MG353
MG354
MGM2
MG346
MG347
MQ364
MG374
MG373
MG3T71
MG370
MG350
MG343
MG372
MG349
MG369
MG366
MG260
MG18]
MG381
MG321
MG319
MG323
MG313
MG320
MG315
MG307

MGO68 homolog, MYCGE

MG395 homolog, MYCGE

MG068 hemolog, MYCGE

MG068 homolog, MYCGE

MG068 homolog, MYCGE

MG067 homolog, MYCGE

MG068 homotag, MYCGE

MG397 homolog, MYCGE

MGO55 homoleg, MY CGE

hypothetical protein A43259 hemolog; ENTHR
hypothetical protein YabF homelog, BACSU
hypothetical protein YabC homelog, BACSU

pre-B cell enhancing factor homolog (pbeF); HUMAN

MG0% homelog, MYCGE
MG258 homolog, MY CGE
hypothetical protein yabD homoleg; BACSU
MG011 homelog, MY CGE
MG 140 homolog, MY OGE
MG260 homolog, MY OGE

hypothetical 28K protein {orf4, P1 operon); MYCFN

MG260 homolog, MYCOGE

MG441 homolog, MYCOGE

protein P30, MYCPN

MG439 komolog, MYCGE

MG440 homolog, MY CGE

MG2%8 homolog, MY CGE

MG258 hamolog, MY CGE

hypothetical prodein YsxB hemolog; BACSU
hypothetical protein YabB homolog, ECOLI
MG22G homolog, MYCGE

MG234 hamolog, MYCGE

MG240 homolog, MYCGE

MG237 homolag, MYCGE

hypothetical protein YabC homolog, ECOLI
M(5223 hemolog, MYCGE

MG24]1 hemolog, MYCGE

MG242 homolog, MYCGE

MG220 homolog, MYCGE

MG267 hemolog, MYCGE

MG284 homolog, MYCGE

M§286 homolog, MYCGE

M279 homolog, MYCGE

hypothetical protein YaaF homolog; BACSU
MG280 homolog, MYCGE

MG285 homolog. MYCGE

MG26% homolog, MYCGE

MG281 homolog, MYCGE

MG277 homolog, MYCGE

protein P100; MYCPN

MG074 hemotog, MYCGE

MGO76 hemolog, MYCGE

hypothetical protein (yacA) homolog; BACSU
MGO85 homolog, MYCGE

MG288 homolog, MYCGE

FET112 protein hemolog; YEAST

amidase homolog (547454); YEAST
MG98 homolog, MYCGE

MG3T6 homolog, MYCGE

MG353 homolog, MYCGE

MG354 homolog, MYCGE

Mi3342 homolog, MYCGE

hypothetical protein Y gl3 homolog; BACST
hypothetical pratein HIO340 homolog;, HAEIN
MG364 homolog, MYCGE

MG374 homoleg, MYCGE

MG373 homolog, MYCGE

hypothetical 28K protein (Pl operon) homotog; MYCPN

hypolhetical protein (HIDI76) homelog; HAEIN
MG350 homolog, MY CGE

MG343 hamolog, MYCOGE

MG372 homelog, MYCGE

MG349 homelog, MYCGE

M(369 homolog, MYCOGE

MG366 homolog, MYOGE

MG26( homolog, MYCOGE

MGE8] homolog. MYCGE

MG38]1 homolog, MYCGE

MG321 homolog, MYCGE

MG319 homolog, MYCGE

hypaothetical protein YZAC homolog, BACSU
MG313 hemolog, MYCGE

(cytachrome C oxidase polypeptide 1 (ClaD); BACSU)

M(3315 homolog, MYCGE
MG30? homolog, MYCGE
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HO8_orf369
HOB_orfdd8
HO8_orf5720
HO8_ocf591
HO8_orf726
H10_orf149
H10_otf196
H10_of208
H10_orf309
H9 I _orf213
H9I_orf224
H91_orf239
H91_orf258
H91_cnf281
H91_onf534
H91_oef577
KO4_oef202
KO4_oef222
KO4_orf278L
KO4_orf280
KOS5 _orf169
KO5_orf234
KO5_orf237
KOS _orf251
K05 _orf271
KO5_orf345
KO5_orf383
K05 _orf401
KOS _orf425
KO5_orfd99
POI_oef1033
PO1_oef197
POI_oef209
POl_oef235
PO1_orf293
PO1_orf34]
PO2_orfl40
PO2_orf218
PO2_orf305
PO2_orf316
PO2Z_orfd08
PO2_onfd27
PO2_orfa58
PO2_orf50%
PO2_orf660
ROZ_onfE386V
R2_orf147
RiY2_orfd69
ROZ_orf524
YXpSPTT_orf269
YXpSPT?_oef377
VXpSPT7_oefd02
YXpSPT?_ocfads

1

MG316
MG314
MGI07
MG3I21
MGI07
MG211
MG208
MG214
MG209
MG248
MG243
MG247
MG256
MG246
MG255
MG260
MGLOS
MGt
MGt10
MGI103
MG459
MG449
MG450
MG452
MG442
MG456
MG464
MG443
MG46i
MGd47
MGAI28
MG333
MG331
MG332
MG326
marginal MG025
MG337

MG338
M(336
MG288 (MG9S)
MGO96 (MG288)
MG288 (MGOS6)

MGO64
MG260
MGO61
MGO68 (MGO6T)
MGl43
MGla7
MG144
MG148

+«  po classification so far [86]

Al9_orfl1140
Al9_orf129
Al9_orf204
Al9_orf229V
Al9_orf591
A85_orfl15
Ab5_arll118
BOI_orf103b
BOi_orfl16L
BO1_oxf147
b0l _orf1821
BO1_orf274
Q09_orf1 300
C09_orf 1400
Q09_orf 65
Q09 _orf172
CO9_orf223
C09_orf251
C09_orf4d4
O09_orf422
CO%_orf718
Cl12_orfl8lo
Cl2_oef247
DOZ_orf100
DO2_orf105
DOZ_orf122a
DO _orf122b
DO2_oef128
D09 _orf127a

(competence locus E (comE3}); BACSL)
MG314 homolog. MYCGE
MG307 homolog, MYCGE
MG321 hemolog, MYCGE
MG307 hemolog, MYCGE
MG211 hemolog, MYCGE
MG208 homolog, MYCGE
hiypothetical in P35155 homolog; BACSU
hypothetical protean Y cel hormolog; ECOLI
MG248 homeolog: MYCGE

MG243 homoleg, MYCGE

hypothetical protein YgiH bemolog; ECOLL
MG256 homelog, MYCGE

MG246 homolog, MYCGE

MG255 homolog, MYCGE

MG260 homolog, MYCGE

MG195 homolog, MYCGE

MG101 homolog, MYCGE

hypothetical protein YjeQ} homelog;, ECOLE
MG103 homolog, MYCGE

hypothetical protein HIDGT1 homelog, HAEIN
MG449 homotog, MYCGE

degV homolog protein; BACSU

MG452 homolog, MYCGE

MG442 homolog, MYCGE

MG456 homaleg, MYCOGE

hypothetical protein 1 ($42122). MYCCA
hypothetical protein (P27712); SPICI

MG461 homolog, MYCGE

MG447 homolog, MY CGE

M(3318 homolog, MY CGE

hypothetical protefn HI1366 homolog; HAEIN
M(331 homelog, MYCGE

hypothetical proiein HIO315 homelog; HAEIN
degV homolog protein; BACSU

hypathetical protein YibD homolog; ECOLI
MG337 homolog, MYCGE

hypathetical protein Yjif¥ homolog; ECOLI
hypathetical protein YifW homolog: ECOLI
MG238 homolog, MYCGE

nitrogen fixation protein (nif$); HAEN
MG288 homolog, MYCGE

MG096 homolog, MYCGE

MG288 homolog, MY CGE

hypotiktical protein Yjf$ homolog; ECOLI
MG064 hormolog, MY CGE

MG260 homelog, MY CGE

MGO6] homelog, MY CGE

MG068 homolog, MYCGE

hypothetical pretein (Y aaC) homelog; PSEFL
MG 47 homelog, MYCGE

MG 144 homolog, MYCGE

MG 148 homolog, MYCGE
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Table 1. Continued

D12_orf131
D12_orf335
D12 _orf257
E07_orfl33
EO7_oef140
EO7_orf163
E07_oifL66
EO7_off175
EO07_orf179
EO7_oef228 -
E09_odl36L marginal MG440
E30_orf352 -

FM_orfl 20

FM_orfI 50

F10_orf218 -

F1D_orf357 marginal MGOLI
F10_orf565 -

F10_orf741 -

F11_orfl1480 -

F11_orf879 -

G12_orf140b -

G12_orf168 -

G12_orf225 -

GT9_orf113

HO3_orf152

HO3_orfl02 -

HI0_orfl19 -

HI0_orf206 -

HI0_orf220L -

LI R T T R R |
[ T N R |

HY 1 _orfl 15

Ho1_orflG

H91_orf216

K03 _orfl01a -

K05_orfl06 -

KO5_orfl882 marginal MGO64
K05 _orf250 -

POL_oef140 -

POl _orf199 -

POL_atf243 -

PO2_orf103b -

PO2_oef126 -

PO2_oefl143 -

PD2_ocf147

PO2_orfl63 -

PO2_orfL5%6 -

PO2_orf253 -

POZ_orf474 -

ROZ_or{101 -

ROZ_orf1035 -

ROZ_orf140 -

ROZ_orf150
R2_or{1830
RO2_orf254
RO2_orf264
RO2_ozf329
RO2_orfd40 -
VXpSPT7 _orfl12 -

+  hypothetical ORFs derived from repetitve DNA elements [46]

A05_orf139 -
Al9_orf211 -
ABS_orfl 15

BO1_orfl47 -
Q09_orfl400 -
C09_orfla9a -
E07_orf163 -
Fli_orfl 430 -
G12_orfl68 -
HOB_orfl57a marginal MG321
H9 _orf180 -
PO1_orf199 -
POZ_orfl03b -
PO2_orfl96 -
RO2_orf138 -
RO2_ord140 -
RO2_arf1830 -
C0%_orfl49b -
HOB_orf329V MG321
AGS5_orf465V MGI191
E07_oefd 13 MG191
EO07_orf2561, MG191
AOS_orf278 MG191
HOZ_orf270 MG191
PO2_orfd22V MG191

1

adhesin PI {group 2} homolog: MYCPN
adhesin F1 {group 2} homolog; MYCPN
adhesin P1 (group 2) homolog; MYCPN
ADPI_MYCPN adhesin P1 precursor homolog: MYCPN
ADPI_MYCPN adhesin P1 precorsar homolog: MYCPN
ADPI_MYCPN adhesin P! precursar komolog: MYCPN
ADP!_MYCPN adhesin P1 precurser homolog: MYCPN
ADP1_MYCPN adhesin P1 precurser homolog: MYCPN
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ADFI_MYCPH adhesin Pl precunins hemalog; MYCPN
ADFI_MYCPN adiesin PY precurior hemaleg: MYCFM
ADPI_MYCPN adhesin PI precurior hamalsg; MYOPM
ADFI_MYCPH adhesin PR hmoleg; MYCFN
ADF|_MYCPH adiesin PI precursor hamoleg; MYCOFM
ADFI|_MYCPN adiesin PI precursor hamolag; MYYCOFN
AL _MYCPN adbesin PI precursor hemoleg; MOOPM
ADF]_MYCPH adbosin PI precursor homolog; MOCPH
ADF| _MYCPN adbesin I precunsor hemolkeg; MYOPH
ADF| _MYCPN adbesin PI precunsor hemolkeg; MYCPH
AL _MYCPN adbesin Pl precurser hemolkeg; MYCPH
By pathetical IEK prodein (Pl operon) bamelog: MYCPN
Eypothetical |38 protein homalog (oS, Pl opsrenk MYCPN
1306 prvibein homolog {ori, Fl operen); MYCPN
Bypothetcal 130K prossin himolog (05, Pl opensal MYCPH
By peothetical L30B protein hemnleg (orfS, F1 o MY CTH
Ry pethetical 306 protein homsolag (05, Fl operenl, MYCPN
Bypathercal 30K protsin hasolag (o, Fl eperenk MY CPH
lppothetical 130K protein homolog (oS, F eperenk MY CPM
ey pathetical 130K protein hasolog (o, Fl eperenk. MY CPN

PO _eeld22V MGIR
POL_eel52TV MGIRI
Fll_eel533L MIGLIR]
POl _eal208Y MG
OTe_eld3EY MIGIR]
OTe_oel1 27 .
OTe_mf313 MIGIR]
009 _orf&zay MiGIR
AlT_oaf?ITY MG
ENT_orf221% MG
RO2_orf®4 7L MGI91
G2 _mii2s M
EOT_orfide MGIYE
EOT_orfdd4 MG
OF_arfild MG
A5 _orfa9y MGERE
i _ar 300 -

Rl _orf 113 MGIR:
HOE_orf445 MG
POZ_ori 81 0%
HY1_orifh22 MG
H91_onrf372 G192
= HMA-rRMA 3]

SErHMA

1665 Rt A

215 rRHA

HNA - EEMA [231RNAS in 14 jpiseifep: o]
Arp-IRNA pene (COA) MYCPN
Arp-IENA gene (COC); MYCPN
Arp-IEN Agene (A0A); MYCFH

ypothetica] 130K prodein homolag (oS, Fl epsrenlc MYCPN
ypothetical 30K prodein homolag (orfS, F) eperonls MYCPN

Aan-IRNA{AAC) Qh-IRMAIGAA), Thr<IENALADG), Val-BNAJGTA), ThraRNALACAT, Lys-IBENALAAG), Leu-tRMAICTA) penss;

MY PN

Coys-IRNATRC), Pro-RREAICCA L M- REAJAT, l2-RMALATUL SertRNATTCA), IMe-IRNALATO), Asp-IRNANDAC) and Phe-

IRHACTTC) peres; MY CFH
Ghy-ARMAZGC) gene; MYCPN
Hiis- RN AICACH pene; MYCFM
lie-RNALATC), Als-IRNANGCA) genes; MY TP
Thr-tRRARIL pene; MYCPN
S R4, (A0 pere; MYCFH
e -ERMATOC), Ber-IRNAITOG) genss; MYOPN
Trp-RHRA (TOANpme MYCFN
Trp-tRKATON) gene BITCFH

Tye-IRMA (TAC), Glu-tRNA (ALY LysatRNA [AAA), Leu-tBNA (TTAL Gly-IBNA (GGA) genes; MYCPN

ENA - ather [3]
4,55 RMA; MYCPN
Hlia RMA; MY OGE
RMassF ENA MYCGE

MG is the name of the corresponding ORF in M.genitalium (9).

coding densities have been also estimated for the smaller M. genita-
lium genome (9) and for the genome of Haemophilus influenzae
which is more than twice as large (30). The length of the proposed
proteins in M.pneumoniae ranges from 37 (4.3 kDa) to 1882 (2094
kDa) amino acids (Fig. 3). One of the largest proteins is the
cytadherence accessory protein HMW2 (F10_orf1818) and the
smallest identified protein is the 37 amino acid ribosomal protein
L36 (GT9_orf37). For practical reasons we introduced at the
beginning of the sequence analysis a cut-off point of 100 amino
acids for proposed proteins unless we found smaller proteins such
as some of the ribosomal proteins during the initial BLASTX
homology search. All intergenic or non coding regions were
reanalyzed with a cut-off point of 50 amino acids and searches were
done for specific small proteins. However, we cannot exclude the
possibility that some of the smaller proteins, not showing similarities
to known proteins from other organisms, have been missed in our
analysis.

The codon usage of M.pneumoniae is sammarized in Table 3. We
compared it for all proposed genes, for the subsets of genes with a
low G+C (content below 35 mol%) and high G+C content (between

50 and 56 mol%) and for all 50 ribosomal protein genes (42.8 mol%)
as an example for frequently translated genes. Codon usage of the
low and high G+C content subfractions is clearly influenced by the
DNA composition, favouring either codons with G/C or A/T at the
third position. The codon usage pattern differs also for the complete
genome and for genes which are frequently expressed like the ones
coding for ribosomal proteins.

The most frequently used codons are AUU (Ile, 4.6%); AAA
(Lys, 4.6%); UUU (Phe, 4.3%); GAA (Glu, 4.2%) and UUA
(Leu, 3.9%) and the most common amino acids are Leu (10.3%),
Lys (8.5%), lle (6.6%), Ala (6.6%) and Val (6.5%). The high
value for Lys is in agreement with the relative high percentage of
proposed proteins with calculated isoelectric points between pH
9 and 12 (Fig. 4). The least frequently used codons are UGC (Cys,
0.2%); CGA (Arg, 0.25%); AGG (Arg, 0.29%); AGA (Arg,
0.4%) and UGU (Cys, 0.55%).

All M.pneumoniae gene products were classified (Table 1 and 2),
with some minor modifications, in accordance with criteria
introduced for Escherichia coli (31) and adapted for the
classification of putative genes from H.influenzae. We added
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Table 2. Summary of the functional classification of the ORFs

1Bl thesis of cofactors, pr

Folic acid

Heme and porphyrin

Thicredoxin

* Cell envelope

Membranes, lipopraleins and porines
Surface structures and cytadhersnce
Surfaczs pol harides, lipopolysaccharides and antig
+ Cellular processes

Cell division

Cell Xilling

Chaperones

Detoxification

Protein and peptide secrelion

+ Central intervaediary meiabolism

Qther

Phosphorous compounds

+ Energy metabolism

Aerobic

Amino acids and amines

Anacrobic

ATP-proton motive force inlerconversion

Glycolysis

Pentose Phosphate pathway

Pyruvate DHase

Sugars

+ Fatly scid and phospholipid metabollam

» Purines, pyrimidl teosides and nucleotid
2-Deoyribonuclsctide metabolism

Nucleotide and nucleoside i

Purine nbonucleotide biosynthesis

Salvage of nucleosides and nuclectides

Sugar Jeotide bi hesis and conversions

* Pyridine nucleotit Py

+ Regulatory functs

* Replication
DNA cepli

« Transeription
Degradation of RNA

RNA synihesis, modification and DMA wranseription
= Transiation

Amino acyl tRNA synth and tRNA modifi
Degradation of proteins, peptides and glycopeptides
Protein modification and translation faclors

Rik 1 protei hesis and modification

= Transport and blnding pratelns

ABC 1ransport

PTS iransport

Other Lransport systems 3

= Onher categories 191
Adaptations and atypical conditions 3
Other 188
+ hypothetical ORFs derived from repetitve DNA el 46
= no classfication so far 86

ic groups and carrier

—_ W

(=]

- IR S

resuiction, modification, recombination and repair

;&Sw-—-uuwmu

— b

SRESGITRE

«RNA a9
rRNA 3
tRNA 13
other a

‘cytadherence associated proteins’ to the category of cell
envelope—surface structures, since evidence is mounting, that
M.pneumoniae possesses a cytoskeleton-like organization which
stabilizes the bacterium and protects it against osmotic lysis (2).
The category of transport and binding proteins was altered by
subdivision into three groups namely, into PTS-, ABC- and other
transport systems. To facilitate the orientation on the gene map we
added a list which contains all proposed ORFs and RNAs in
nummerical order (Table 4).

More details on this very general analysis will be made public on
the www (http://www.zmbh.uni-heidelberg.de/M_pneumoniae).

Momber

70

60 -

27 29 31 53 55 %

33 35 37 W o4

43 45 47 49 5t

Figure 2. Distribution of the G+C content of the coding sequences of all
M.pneumoniae ORFs.

DNA replication and repair

The central enzyme for DNA replication in bacteria is the DNA
polymerase III holoenzyme (32), which consists of 10 subunits in
E.coli, a DNA polymerase subunit 0 and nine accessory proteins (€,
L, T, 0, 0, X, Yand B). Mycoplasma pneumoniae codes for two
potential a subunits (the gene name in the literature is either dnaE
or polC). Both proposed O subunits, A19_orf872 and BO1_orf1443,
differ in length and also in their degree of similarity to the O subunits
from E.coli and Bacillus subtilis. The protein from BO1_orf1443
shares the highest similarity with the o subunit from Gram-positive
bacteria including the motif for a 3'-5" exonuclease activity which
is typical for these bacteria. In contrast, the orf A19_orf872 is most
similar to the a subunit from E.coli and does not contain a 3'-5'
exonuclease domain. The 3'-5" exonuclease activity in E.coli is
encoded by a separate gene (dnaQ), which has not been found in
M.pneumoniae. Of the other subunits which build the DNA
polymerase III holoenzyme in E.coli (32) only the subunits 3
(dnaN), &'(holB), y and T (dnaX) are present in M.pneumoniae,
indicating a simplified replication complex compared with the
Gram-negative bacteria E.coli and H.influenzae. Presently, it cannot
be excluded that other proteins replace these subunits in M.pneurmo-
niae. A true comparison with a phylogenetically closer related
Gram-positive bacterium like B.subtilis is not possible since the
Bacillus DNA polymerase III holoenzyme complex has not been
defined as yet and the nucleotide sequence of the entire B.subtilis
genome has not been completed.

Mycoplasma pneumoniae does not code for a DNA polymerase
I (polA)-like DNA repair enzyme. Instead, we find a truncated
polA gene (A19_orf291) comprising only the 53" exonuclease
domain, whereas in E.coli and B.subtilis the polA gene is much
larger and codes for the 5'-3' exonuclease and a 5'-3' polymer-
ase-specific domain.

Experimental results on DNA polymerase enzymatic activities
in mycoplasmas are confusing. It was claimed that the DNA
polymerase III of Mollicutes lacks the 3'-5' exonuclease proof-
reading activity in general (33) and this was taken as an
explanation for the observed genetic instability of many Mollicutes
species (4). Recently, the nucleotide sequence of the polC gene of
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Figure 3. Distribution of all M.pneumoniae proteins according to their molecular weight.

Mycoplasma pulmonis and experimental results on enzyme
purification and characterization of enzyme activities were pub-
lished (34). The results indicated that the polC gene from
M.pulmonis also codes for a 3'-5" exonuclease, and that the size of
the predicted PolC protein, 1435 amino acids, is very similar to the
PolC homolog BO01_orf1443 in M.pneumoniae and that the
polymerase could be inhibited by compounds specific for PolC
proteins of Gram-positive bacteria. Furthermore, the authors
provided some experimental evidence for a second, smaller
enzyme with DNA polymerase activity. Considering the charac-
terization data of DNA polymerase activities in M.pulmonis and
the nucleotide sequence data on DNA polymerase genes of
M.pneumoniae and M.genitalium (9,35), one can conclude that at
least these three Mycoplasma species have two DNA polymerase
(polC) genes coding for a larger protein (=1400 amino acids) with
a 3'-5" exonuclease activity and with the highest sequence
similarities to the Gram-positive B.subtilis polymerase III. There-
fore it is unlikely that an increased mutation frequency is caused by
the DNA replication process. The nucleotide sequence of the
smaller Pol III homolog (=100 kDa) of M.pneumoniae and
M. genitalium (9,35) resembles more the polC gene from the
Gram-negative E.coli. This is also emphasized by the absence of
the 3'-5' exonuclease domain in the proposed genes. The gene for
the smaller, Gram-negative typical PolC has not yet been found in
M.pulmonis, but during the purification of the larger PolC, a second
polymerase activity lacking exonuclease activity has been identi-
fied. The function of the exonuclease negative DNA polymerase
can only be elucidated experimentally and it remains to be seen if
it can substitute for the function of the polymerase I (PolA) in
combination with the proposed 5'-3' exonuclease of the truncated
polA gene (A19_orf291). This topic has been also discussed for
M.genitalium (35).

In addition to the DNA polymerase many more gene products
are necessary for DNA replication, e.g. initiation, elongation and
termination (32). The most obvious functions missing in
M.pneumoniae according to the sequence analysis are an RNaseH
for primer removal and a protein for the termination of
replication.

The number of genes involved in DNA repair is considerably
smaller in M.pneumoniae than in the ‘standard’ eubacteria E.coli
and B.subtilis or even H.influenzae with the smaller genome.

Mpycoplasma pneumoniae codes only for 13 of the genes known
to be involved in excision repair of DNA, recombination and SOS
repair. Thus the genes recB, recC, recD, recG and ruvC involved in
recombination are missing as well as the genes recN, recO, recQ and
recR involved in SOS repair in E.coli. Nevertheless, a rudimentary
stock of enzymes has been conserved in M.pneumoniae to permit
homologous recombination [RecA, Ssb, PolA (see above), GyrA,
GyrB, RuvA and RuvB] (36), excision repair (37) and a kind of
truncated SOS repair (38). In particular missing is the lexA gene
which plays a central role in regulating the SOS response including
the expression of the recA gene in other bacteria.

We were also unable to find components of the so called
mismatch-repair system encoded by the mutS, mutL and mutH
genes. Since bacteria which normally carry the mut genes show
a reduced genetic stability, if these genes are mutated, it seems
likely that the absence of these genes in mycoplasmas causes an
increased mutation rate (65).

Transcription

The DNA dependent RNA polymerase of M.pneumoniae is
coded by the conserved genes rpoA (0 subunit), rpoB ([3 subunit),
rpoC (B’ subunit) and rpoE (&' subunit). The only sigma factor
found (H91_orf499) shares the highest similarity with the sigma
factor SigA from B.subtilis (39). Presently, not enough experimental
data are available for defining promoter sequences in M.pneurmo-
niae. The promoter of only three genes/operons have been
determined experimentally by primer extension. These genes are
the P1 operon (14), the ribosomal RNA operon (40) and
F10_orf405 (27). The —10 region and to a lesser extent the —35
region of these three examples are comparable with consensus
promoters sequences in B.subtilis (41). Termination of transcription
seems to be independent of the termination factor Rho, since the
corresponding gene could not be found. Transcription stops on
typical terminator sequences which are short interrupted palin-
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Table 3. Codon usage of different sets of M.pneumoniae ORFs: all 677
ORFs; ORFs with a G+C content <35 mol%; codon usage of the
adhesin P1 and ORF6 (high G+C content); ribosomal ORFs as
examples for frequently expressed proteins

all MP Q<I5% high GC rikosomal
RFs(677) {(Pl+orfs) CRFs
Irduid Oxden £1000 F1000 £1000 F1000
Ala ach 12.76 14.92 8.43 14.90
Ala ax 16.50 8.09 2775 16.95
Ala leae) 11.05 4.4 22.48 13.12
Ala T 25.20 22.80 26.64 30.62
Arg Fo e 4.02 11,22 2.46 5.19
Arg MG 2.8 1.7 4.21 1.37
Ay s e 2.48 1,55 2.81 3.42
Ay jacag 10,72 4.59 14.75 2.8
Arg axs 5.00 0.94 5.27 8.20
Arg aar 9.68 5.63 6.32 21.46
Asn ARG 37.01 27.91 41.80 41.89
| By RAT 25.09 45.50 24.24 15.72
Asp GAC 18.16 13.88 25.99 14.63
| Ao GAT 30.40 35.18 32.31 19.68
Cys freas 2.9 2.82 0.00 2.32
| ovs presy 5.39 5.48 0.00 3.96
Gln b 37.9G 38.55 31.56 35,85
Gn 26 15.65 7.46 21.07 8.3
Glu AR 42.01 53.22 20.02 39.64
Gl GG 14.71 12.47 12.29 11.34
Gy fe e 6.38 9.29 8.43 7.52
Gy ac 11.81 9.34 22.13 1217
Gly eec) B8.95% 2.30 25,99 8.61
Gly eeiy 27,80 22.33 7.75 34.86
His [»: o 11.86 6.16 B.08 16.54
| Hig CAT 6.17 6.16 2.81 4.24
e KR 5.46 12.84 1.40 1.78
Ile AT 14.39 13.10 11.58 13,94
Ile AT 45.9%9 48.21 16.16 47.57
Lau CTR 10.62 10.64 3.86 B8.88
Lai IC 12.23 6.47 26.69 13.81
lai L5183 9.54 5.17 10.85% 6.1
Lau CIT 10.06 18.10 8.78 7.38
La TTA 35.24 46.54 15.32 34.03
La TIG 21.48 17.48 22.48 16.54
Iys 2R 46.27 73.20 2§.24 61.92
| L= G 39.08 29.84 33.02 63.01
Mot XIG 15.60 13.98 7.38 £1.32
e TIC 1235 16.23 10.89 7.52
e TIT 43.03 53.17 25.64 24.06
Fro fas:} 10.86 9.76 16.51 12.03
Fro ax 9.05 3.13 23.18 7.11
Fro azs 6.65 2.40 14.05 7.52
Pro T 8.30 9.86 9.13 9.16
Sar f. e 10.62 10.49 11.% 8.20
Ser HOT 21.04 21.76 28.10 12,85
Ser A 8,74 13.20 8.43 8.61
Ser TX 9.59 6,73 22,48 .84
Ser jracs 6.43 318 15.10 5.06
Ser T 8.16 15.03 5.97 6.15
T - 10.38 15.18 B8.43 8.47
T AT 21.92 11.7M4 45.66 7.8
T B 7.%0 3.60 18.97 5,56
T AT 19.32 24.18 10.88 17.22
Trp & .06 8.77 9,83 2.32
Trp pLes] 5.82 3.60 5.13 4.10
Ty TRC 17.94 15.34 16.51 13.67
| Tyr TAT 14.26 20.04 10.89 §9.16
Val GIA 13,73 11,64 7.73 21.05
Val GIC 11.03 4.85 15.45 8.47
Val G 18.73 6.37 29.50 21.46
Val GIT 21.17 27.50 14.05 23.10
2000 TR 2.05 2.97 0.35 1.91
3000 TG 0.78 0.83 G.35 5.06

dromic regions followed by a run of U residues. The Nus
transcription termination factors, of which NusA (E07_orf540)
and NusG (D09_orf320) are present, may play a role in the
termination of transcription. NusB and NusC are absent. NusA is
involved in termination and NusG in antitermination in other
bacteria. Finally, GreA promotes elongation by the RNA
polymerase by utilizing a novel transcript-cleavage reaction (¢42).

Number
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Figure 4. Distribution of all M.pneumoniae proteins according to their
predicted isoelectric point (IP).

Gene expression and regulation

Regulation of gene expression in M.pneumoniae has not been
studied so far. Therefore we do not know how this bacterium
coordinates the synthesis of those gene products which are
essential for reproduction. Also, M.pneumoniae has to sense and
respond to environmental changes. This requires a signal
transduction system. The presence of only one sigma factor
(sigA, H91_orf499) which is also the only one of all proposed
proteins showing the characteristic helix—turn—helix (HTH)
motif, suggests that the response to external stimuli is not
controlled by the level of expression of alternative sigma factors.

The presence of a cis-acting conserved palindromic repeated
sequence in front of four heat shock genes, similar to the ‘CIRCE’
element first identified in B.subtilis (43) and the identification of
the proposed repressor (C09_orf351, hrcA), indicates that the
heat shock response in M.pneumoniae is regulated by the
interaction of this repressor with the CIRCE element, and
provides an example for a negative regulation of gene expression
in M.pneumoniae.

The two-component signal transduction system (44), consisting
of a sensor and a response regulator, which has been found in
many prokaryotic and eukaryotic organisms is believed to be
essential for all cells. Nevertheless, based on sequence similarity
we were unable to detect any such system in M.pneumoniae.

Concerning other proteins with regulatory functions we
identified several GTP-binding proteins and other proteins like
the virulence associated protein vacB (K04-orf726). These
regulatory proteins act by unknown mechanisms.

Translation

The translation machinery of M.pneumoniae is rather extensive.
About 15% of all proposed ORFs, are involved in translation
including 19 tRNA synthetases, 50 ribosomal proteins, various
factors and enzymes, 33 tRNAs, one ribosomal RNA operon with
one copy of each 55, 16S and 23S rRNA (45), and a gene coding
for the 10Sa RNA. The conservation of the 10Sa RNA which
functions as tRNA and mRNA and is implicated in trans-translation
(66), is interesting in evolutionary terms. Three exceptions are
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Table 4. List of the proposed ORFs, RNAs and REPs in numerical order starting with EO7_orf5400 on the gene map (Fig. 1)
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Table 4. Continued
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Table 4. Continued
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Gl o210V
GL2_orf 1650
G12_oefB6L
Gl o212V

MG homolog. MYCGE

threonyl-tRNA pynihetase (1heSv) BACSU

MG374 homolog, MYCGE

MG3T3 homolog, MYCGE

MG3T2: bomolog, MYCGE
trypoithetical 28K proein (P operon) bomalog: MYCPN
Irypothelical protein {HIO I 76) hamolog; HAEIN
MGMA bomalog, MYOGE

r_al.ty acidiphospholipid synthess protein (plaX); BOOLY

MG366 bomolog, MY OGE
ioayHRNA I {ime}; BOOLL

MG364 homoleg, MYCGE

riteomal protein 520 {rpaT); BCOLL

ribcsocnal protein L3Z (rpl32); HAEIN

ribosoenal protein LTALLZ CA’ Lype) {rpL.77L12); MECLU
ribosomal protein L0 (rpLL0); THEMA

UV prosection protein (mecH): ECOLL

Holliday jiunciian DNA helicaso (rovB); HAETN
Holliday junciion DNA belicass {rovA); ECOL1

acetale kinase (ackAJ; BACSS

LicA peewia (licA) bomolog: HAEIN

ATP-dependent protes: binding wubuandt {clpB) homedog: HAETN
MGI54 hornolog. MYCGE

MG353 homolog. MYCGE

inorganic pyrophospbatase: (ppa); THEAC

MG350 homolog. MYCGE

M homolog, MYCGE

repelilive DINA socpence REFME|

putalive Lipoprotein, MG 348 bomalog, MYCGE
His-RNACAC) gene; MYCPN

hypothetical protein (HI)380) homolog. HABIN
hypolbeiical protein {ygl5) homaolog, BACST
isoleucine-IRNA ligase (ile5); STAAU
iriscylglyceral lipase (lip} 3 MYCMY

MG343 haolog. MYCGE

MG332 hrnodog. MYCGE

RNA polymerase beta wabenil (po); BACSL
DNA-directed RNA polymerase beta’ chain {rpoCy; THEMA

MG288 homolog, MYCGE
type | restriction enryme scokl specificity protein {hedS) bomolog: HAEIN
putalive Spoprocein, MG 260 bomolog, MYCGE

\ypotbelical 130K protein {orl6, P| operon); MYCPN
repetitive DNA sequence REPMPS
ADP1_MYCPN sdhesin Pl peecursor homolog: MYCPN
repetitive DNA sequence REPMP4

repatitive DNA sequence REPMPL
ADPFI_MYCPN sdhesin P1 precursor bomotoy; MYCPN
repetilive DNA sequence REPMP2

L-ribulose-5-phosphiate 4-cpimerass (arD); ECOL]

hypothetical protein (y315) bomolog: BCOLI

bypothetical phospbotranaierase prowis (yifll) hamaolog; ECOLL
bypothetical protein (¥iT¥) bomolog: BOOL]

hypotbetical prolein (vilW) bomolog: ECOLI

recombination prodein {recA); STAAL

pulalive Lipoprotein, MG338 bomalog. MYCGE

MG33T homolog, MYCGE

nitrogen Fxalion protein (nifS); HAEIN

MG33% homaolog, MYCGE

repetitive DNA sequence REPMPI

hypotherical pestein (nibD} homolog: ECOLL
hypeathesical peoxein (yihA} (era like) homolog, BCOLL

walyHRNA synthetase (valS)y: BACST

hypothetical protein (HE | 366) homolog:; HAEIN
hypolbetical prowein (HEO3 14) bomoleg; HAEIN

MG331 bomolog, MYCGE

cytidylate kinage (cmk), BACSU

hypothetical protein (H30136) (era like) homalog: HAEIN

MG328 bomolog, MYCGE

triacylplycerad Lipase {lip) Z: MYCMY

homolog (deg V) protein, BACSU

riboeomal protein 133 (pL33); BACST

X-Pro dipeptidase (pepX); LACDE

1saRNA; MYCOGE

RNaseP RNA; MYCGE

ADPL_MYCPN adhesin P| precursor homolog, MYCPN
pul.niw lipoprolein

mpwuve DN& sequence REPMET
} T3 protein bomotog (o6, P1 operon); MYCPN

repelitive DNA sequence REPMPS
ADP1_MYCPN adbesin PI mﬂhﬂmlﬂg MYCPN
repelilive DNA sequence REFMP4

P ical protein {yzaC) bomolog: BACSE)
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Dypotherical protein (yerl) bomolog: MYCMY
MG129 homolog, MYCGE
hypotherical protein (HIDOTZ) homolog: HAEIN
hypothenical protein (ygl 1) homaolog; STRVR
tryplophanyl-tRNA syniheuse (npS); HAEIN
hypothevical peoscin (gi: 9732200 homalog: ECCLI
thdoredoxin {rx); YEAST
MG123 homoleg, MYCGE
DNA wpoisormerase [{opA), BACSU
high affinity ribose wutpoet protein (rbwiC), HABIN
MG 120 homoloy, MYCGE
hypotherical ABC p (y W} bomolog: ECOLL
UDP-ghocoss 4-coumerase (galEY STRTR
MG117 homolog, MYCGE
MG 116 bomotog, MYCGE
phosphatidy] plycerophosphae ryathase (pgrA): HAEIN
mpanginyl-IRNA synibctas {(asnS5)
D-ribulosc-5-phosphatc 3 epi {clAE}: ALCEY
phosphoglucase isomerase B (pgiB): BACST
hypotheucal protein (yje() hoolog: ECOLI
probable prodgin serincithueonine kinase (YKT3) CAEEL
protein phosbatase 2C bomolog (pcl), YEAST
polypeplide deformylase (der}; HAEIN
Fguanylate kinase (pmk); HAEIN
MG10% homalog, MYCGE

ruk Tased prolein b {og (vac B}, HAEIN
MG 103 homokog, MYCGE
thioredonin reductase (1n8); EUBAC
MG 101 bomolog, MYCGE
proiein {petl 12) hooolog, YEAST
avidase bomolog (S47454); YEAST
MGEE hoowdog, MYCGE
aracil DNA glycrstylase (ang); ECOLI
MGIER homolng, MYOGE
putative lipoprotein, MGO9S hamolog, MYCGE
replicative DNA helicase {doaT); BACSY
fibxwoesal protein L9 {rpL9); BACST
ribowonal protetn $18 (rpSE); ECOL
wingle-siranded DNA binding protein (ssb); HAEIN
riboaomal priseis 6 (6pS6); ECOLI
eloagation facior G {fusy; THEAG
ribosomal protein §7 (pS7); BACST
nbosomal procein §12 (pS12) BACST
prolipoprotein diacylglyceryl i (g ECOLY
MUH43 homelog, MYCGE
hypothetical privein (yacA) homalog: BACSU
Jeplidyi-RNA hydrolase homotog (pthy: HAEIN
ribosomal prodein L] (rpl1); BACST
ribosomal proein L1 1 {RPL 1Y THEMA
oligopeptide transpon ATP-hinding prowein {oppF); B ACSL
oligopeptide wranspon ATP-binding prcaein [oppDYy;, BACSU
oligopeplide ranspon system perroease prolein (amil); STRPN
oligopeptide trANSPOR Sysiem pentease prodein (oppB), BACSL
MG hoowolog, MYCGE
pressin PLO0: MYCPN
MG homolog, MYCGE
excinuclease ABC subanit B {uvrB): BOOLI
Preprotzin wanshocass (secA); BACSY
MG(2+} teanspon ATPase, P-typ | (mpia); ECQLI
ribosenal protein 52 (imS2% SPIPL
PTS aysem, glncose-3pecilic IARC companent (EHABC-GLC): BACSL

ADPI_MYCFN adhesin Pl precursor homolog : MYCPN
repetitive DNA soquence REPMP4

MG260 homolog, MYCGE

repetitive DNA Leguence REPMPI

ADFPI_MYCPN adhesin Pl precursor homolog; MYCPN
ADPI_MYCPN adhesin Pl precursor homolog . MYCPN
repetilive DNA sequence REPME2/1

1ype | restrction enzyme ecokl specificity protein (hedS) hivolog: HAEIN
puive lipoprotein, MG260 homeoleg, MYCGE

puwive lipoproszin, MG 135 homwotog, MYCGE

adenine -spacific methyliransferase EcoRl (nue ), BCOLT
aligoendopepidase F (pepF); LACLA

peewdouridylate syndbase | (hisTy; ECOL]

MG1E1 homolog, MYCGE

histidine usnspont ATP-binding protein (isP); ECOLT
sulfale transport ATP-hinding protein (cysA), $YNP
ribosomal proscin L17 {rpL1 7. BACSU

ENA polymerane alpha core subunit (rpaAl; BACSU
ribosgmal protein ST (pS1 1), BACST

ribosomal protzin 513 (p313); BACSU

ribosomal protein LG {rpE. 3. CHLTR

initiaion factor | (infAY BACSU

methionine aming peplidase (map). BACSU

acenylae kinase {adk). BACST

preproiein ranslocase subunil (se¢ ), MYCCA
ribosomal protein LIS (rpL15); MYCCA

fibosomal proein 85 (p55); BACSU

fibosomal prowein LIS {rpL18); BACST

ribosomal protein L6 (plbh MYCTA

ribosomal prodein SE (MSER MYCCA

ribosomal protsin $14 (MS 14y MYCCA

ribosomal protein LS {rpL.5k HAEIN

ribosomal protein L24 {rpl.24). BACST

ribosomal protein L14 {rpl. 14). BACST

ribosorl protein S17 (rpS1 7Y MYCCA

ribosomal prowin L29 (rpl.29). THEM A

ribesoal protein L16 {pl16), MYCCA

ribosoenal protein 53 {(rpS3); MYCCA

riboaoeal prodein L22 (rpl22; HAEIN

fibusomal protein S19 (rpS19); MYCBO

fibosontial protein L2 {rpl.2); MYOCA

ribosowrial protein L23 (rpl.23): THEM A
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Table 4. Continued
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noteworthy: the lack of the ribosomal protein S1, of the peptide
chain release factor 2 (RF2) and of the glutaminyl-tRNA
synthetase. So far, quite a number of Gram-positive bacteria
including Bacillus or Lactobacillus species also lack the Sl
protein and the glutaminyl-tRNA synthetase (46).

One of the functions of the S1 protein is to bind the mRNA to
the 30S small ribosomal subunit. Therefore, it was argued that
ribosomal binding sites in front of many genes (47) of B.subtilis
compensate for the missing S1 protein. The Shine-Dalgarno
sequences are so well conserved, that they could be used routinely
as a good indicator for proposing ORFs in the B.subtilis genome
sequencing projects, but this does not apply to M.pneumoniae.
The Shine-Dalgarno sequence is in many instances not well
conserved or missing altogether, even in genes for which we
know the translational initiation sites from independent studies.

Of the 20 standard tRNA-synthetases, the glutaminyl-tRNA
synthetase is the only one not detected in M.pneumoniae. Studies
on tRNA synthetases in Gram-positive bacteria have indicated
that this enzyme is dispensable. Bacillus subtilis solves this
problem by charging the tRNASI" first with glutamate which is
subsequently converted to glutamine by an amido transferase.
The glutamyl tRNA synthetase aminoacylates both tRNAS and
tRNAGIN, The corresponding amido transferase has not yet been
identified in M.pneumoniae, therefore it is still an open question
as to how glutamine is bound to its tRNA.

Finally, the modified codon usage by M.pneumoniae, reading
UGA as tryptophan instead of a stop codon, requires the absence
of the peptide chain release factor 2 (RF2) and the presence of the
release factor 1 (RF1). The latter recognizes the stop codons UAG
and UAA and RF2 the stop codons UGA and UAA. Since the
UGA codon is frequently located within a gene it is essential to
exclude RF2 to prevent the premature termination of proteins.

Surface structure, cytadherence-associated proteins and
cell division

This category comprises the adhesins and the cytadherence
associated proteins, including the components of the cytoskeleton-
like structure, the function of which is probably to stabilize and
maintain the shape of the wall-less mycoplasma, to direct proteins
to certain regions in the membrane and to keep them in these
positions (2). Adherence to the receptor(s) of the host cell depends
on the tip structure. The correct assembly of the adhesin Pl
(EO7_orf1627) and the 30 kDa adhesin-related protein on the tip
structure (HO8_orf274) is necessary for attachment. The tip structure
is an interesting example for bacterial cellular asymmetry (48).
The cytadherence-associated proteins were originally defined
by hemadsorption-negative mutants which had lost certain
proteins like the so called high molecular weight proteins HMW 1,
HMW?2 and HMW3, the adhesin P1 and the proteins named A,
B and C (2,28). B and C are most probably the gene products of

the ORF6 gene of the P1 operon (40 kDa protein = C, 90 kDa
protein = B). The gene for A is still unknown. Another criterion
for a putative protein of the cytoskeleton-like structure is its
partitioning into the Triton X-100 insoluble fraction after treating
M.pneumoniae with this detergent. This fraction is ill defined and
comprises [ B0 proteins, of which only a subfraction is associated
with the cytoskeleton and/or cytadherence. The following
proteins have been identified as most likely components of a
cytoskeleton (2): HMW 1 (HO8_orf1018), HMW?2 (F10_orf1818;
Krause, submitted), HMW3 (HO8_orf672), P200
(D02_orf10360) (49), P65 (F10_orf405) (27). These proteins,
with the exception of HMW2, share some common peculiar
features, like an extended acidic proline rich domain and an
abnormal migration in SDS-PAGE (49). The adhesin P1 is mainly
distributed in the membrane fraction and to a lesser extent in the
Triton X-100 insoluble fraction (50).

A large number of proposed ORFs contain sequences with high
similarities to subregions of either the P1 protein or the ORF6
gene product of the P1 operon. The coding DNA sequences
correspond to the repetitive DNA sequences RepMP2/3 (P1),
RepMP4 (P1) and RepMP5 (ORF6). Preliminary experiments
indicate that the proposed ORFs are not expressed under standard
laboratory conditions. It has been observed that another indepen-
dent isolate of M.pneumoniae, the strain FH, carries a different
copy of RepMP2/3, RepMP4 and RepMP5 in its P1 operon than
the M.pneumoniae strain M129 which is the subject of this paper
(51,52). All experimental data so far show that only the repetitive
sequences which are part of the P1 operon are expressed. The
exchange of these copies presumably takes place by gene
conversion as was indicated by DNA sequence analysis of the
corresponding RepMP5 sequences in M.pneumoniae strains
M129 and FH. Different is the situation with RepMP1, copies of
which seem to be part of several expressed proteins.
RepMP1-specific antibodies recognize several proteins on west-
ern blots of M.pneumoniae protein extracts (26).

Only little is known about cell division in M.pneumoniae. The
lack of mutants, especially of conditional mutants, has prevented
a detailed analysis. So far, the two proteins FtsZ and FtsH are
classified as cell division proteins in analogy to their function in
other bacteria (53). Other genes involved in chromosome
partitioning or septum formation have not been identified in
M.pneumoniae. Interesting problems to study might include the
possible interaction of FtsZ with components of the cytoskeleton-
like structure, which seems to play a key role in cell division, or
the effects of cellular asymmetry on cell division and the
formation of daughter cells. Other genes known to be involved in
cell division in E.coli, the muk and min genes or additional fts
genes were not found in M.pneumoniae (53).

Lipoproteins

Altogether 46 proteins were identified as lipoproteins based on the
following characteristic lipoprotein-specific features (54): (i) one or
more basic amino acids among the first 5-7 amino acids of the
N-terminus, (ii) a hydrophobic signal peptide and (iii) a cysteine
residue immediately downstream of the signal peptide, which is
available for modification by the transfer of the diacylglyceryl
moiety from glycerophospholipid to its sulthydryl group. The
precursor prolipoprotein with the modified cysteine is subsequently
cleaved in M.pneumoniae by a specific signal peptidase (signal
peptidase II). The modified cysteine will then be the first amino
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acid of the processed protein. The cleavage site including the
cysteine and the three (positions —3, =2 and —1) upstream located
amino acids, is to some extent conserved (=3: 37XL, 6XF, 1XA,
1xV; =2: 19x8S, 10xA, 8XT, 6XV, 2xI; —1: 37xA, 7xS, 1xG).

The number of lipoproteins in M.pneumoniae is relatively high
compared with the Gram-negative bacteria E.coli and H.influenzae.
Even in the closely related M.genitalium only 21 putative
lipoproteins could be found by analyses of the published data (9).

The lipoproteins of M.pneumoniae can be divided into six
subgroups based on sequence similarities; also included in these
groups are proteins with similarities to lipoproteins but without
the lipoprotein signature at the N-terminal end. Quite a number
of these proposed genes with high similarities are organized in
tandem. For instance seven lipoproteins and one protein without
the lipobox but with otherwise extended similarities are located
between genome positions 249 627 and 256 463 (cosmid
pcosMPEQ9). A gene family, with 13 proposed ORFs including
five lipoproteins, is located between 306 862 and 320 524
(cosmid pcosMPD02). Presently it is unclear whether all of the
proposed genes are expressed.

In vivo labelling of M.pneumoniae with 14C-labelled palmitic
acid and protein analysis by SDS-PAGE reveal, instead of the
expected 46 lipoproteins, only between 20 and 25 lipoproteins
(Pyrowolakis, unpublished data). This discrepancy could be
explained either by a regulated expression which only allows
some of the several tandemly organized lipoproteins to be
synthesized or that the labelling with palmitic acid was not
sensitive enough or that some lipoproteins carry fatty acids other
than palmitic acid. Only four of all the proposed lipoproteins
show significant similarities to other bacterial genes beside the
ones from M.genitalium. These include A05_orf380V [high
affinity transport system P37 with unknown specificity from
Mycoplasma hyorhinis (55)], D09_orf384 (aerobic glycerol-3-
phosphate dehydrogenase, glpD), HO3_orf213 (uridine kinase)
and D02_orf207 (ATP synthase b subunit (atpF).

The processing of the prolipoprotein to the mature lipoprotein in
E.coli requires the three enzymes prolipoprotein diacylglyceryl
transferase, prolipoprotein signal peptidase and apolipoprotein
transacylase. We find in M.pneumoniae only the transferase which
catalyzes the thioether linkage between the diacylglycerol and the
cysteine and the peptidase which cleaves in front of the cysteine
following the signal peptide. The transacylase could not be identified
either in M.pneumoniae nor in M.genitalium (9). Therefore it is still
an open question if a third fatty acid is linked to the cysteine by an
amide bond as has been found for lipoproteins of E.coli.

The absence of a periplasmic space provides reasons for the
existence of a large number of lipoproteins. For surface-exposed
proteins which have to function on the outside, anchoring them via
long chain fatty acids at the M.pneumoniae cell membrane is an
efficient way. Already known examples are substrate-binding
proteins of transport systems or proteins possibly involved in
antigenic variation for evasion of the immune system of the host, as
has been shown for other mycoplasmas (56). Nothing is known
about the fate of the cleaved signal peptides, as to whether they are
degraded or recycled.

Transport systems

In light of the scarcity of metabolic pathways and the marked
dependence on exogenous nutrients (Table 1, Fig. 5), we expected
M.pneumoniae to code for many transport systems to compensate
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for its inability to synthesize essential compounds like amino
acids. Three different transport systems, mainly involved in
import, were found in M.pneumoniae: (i) the ABC transporter
system (57) consisting of two ATP-binding, two membrane-span-
ning and one substrate-binding domain which are frequently
present on separate polypeptides, but sometimes also consist of
two or three different domains located on the same peptide
(D12_orf634 or DI12_orf623), (ii) the phosphoenolpyruvate:
carbohydrate phosphotransferase system (PTS), (58) and (iii)
facilitated diffusion systems with transmembrane proteins func-
tioning as specific carriers. Mycoplasma pneumoniae codes for
43 genes involved in the above mentioned transport systems
according to the present status of annotation. In addition, there are
several proposed proteins with 6 or 12 transmembrane segments
which are candidates for membrane-spanning domains of trans-
port systems. The relatively low number of proteins listed in
Table 1 indicates that at least some of the systems might not be
very substrate specific, e.g. the transport systems for amino acids.
Transport systems for histidine, glutamine, an ORF showing
significant similarity to a probable aromatic amino acid permease
from yeast and an ABC transport system for oligopeptides were
identified based on similarity of the ATP-binding domains of
ABC transporters.

Surprisingly, we could not identify a transport system for the
precursors for RNA and DNA synthesis, namely adenine,
guanine, uracil and thymine which are essential components of
mycoplasma growth media.

In this context one has to be aware of the ambiguity in the
identification of ABC transport proteins on the basis of sequence
similarity of the ATP-binding proteins with respect to the
predicted substrate to be transported, since database searches
indicate numerous candidates with different specificities but with
very similar, high score values. All the annotations in this paper
were done on the basis of the highest score values. Therefore it
might be possible that the predicted specificity disagrees with the
in vivo activity in M.pneumoniae. Additional information from
similarities to transmembrane domains or the substrate-binding
proteins is only rarely at hand, since, in general, similarities
among these domains are not well conserved. Even in positive
examples, the score values are relatively low. Sometimes
additional circumstantial evidence is derived from an operon-like
organisation of the genes coding for ABC transporters, e.g. the
unspecified ABC transporter consisting of the proteins P69, P29
and P37 from nucleotide 519 560 to 523 050 (AO05_orf542,
AO05_orf244 and AO05_orf380V). A05_orf542 could act as the
membrane-spanning domain, A05_orf244 as the ATP-binding
domain and A05_orf380V, as a putative lipoprotein which could
function as a substrate-binding protein. These proteins were also
identified by their significant similarity to the corresponding
genes in M.hyorhinis (55).

In M.pneumoniae the ABC transport system for oligopeptides
consists of two different transmembrane [GO7_orf376 = amiD (=
oppC in B.subtilis); GO7_orf389a = oppB] and ATP-binding
domains (GO7_orf851 = oppF , G07_orf423 = oppD). It is also
organized in an operon-like arrangement from nucleotide 750 865
to 756 948. In striking contrast to B.subtilis, the substrate-binding
domain (oppA) is absent in M.pneumoniae. Since an oppA
homolog is also absent in M.genitalium a sequencing or
annotation error seems unlikely. It remains to be experimentally
determined whether the substrate-binding protein is dispensable
or is part of one of the transmembrane or ATP-binding proteins.
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Figure 5. Schematic diagram of the metabolic pathways of M.pneumoniae deduced from Table 1. Shaded arrows with question marks indicate missing enzymatic

activities.



It is also possible that one or more of the lipoproteins function as
substrate-binding proteins.

There is also evidence for bacterial ABC export systems in
M.pneumoniae (59). For example DI12_orf634 (msbA),
D12_orf623 (pmdl) and D02_orf660 (IcnDR3) have the con-
served ATP binding motif and the membrane-spanning domains
on the same polypeptide. In addition DI12_orf623 and
D12_orf634 show also significant similarities to multidrug
resistance proteins of different organisms.

Among the proposed PTS transport systems, we identified one
for glucose and one for mannitol. They are similar to the
homologous systems from several Gram-positive bacteria, with
a EIIA and EIIBC domains on two separate polypeptides for the
mannitol transport system and with three domains (EITABC) of
enzyme II in one polypeptide for the glucose transport system.

Besides glucose and mannitol, fructose also seems to be
imported by the PTS system. According to our data the
fructose-permease II component RO2_orf694 (fruA) contains all
three domains of enzyme II in one gene (EIIABC). In addition,
RO2_orf694 and the 1-phosphofructokinase (fruK, R02_orf300)
are probably in one operon, but we do not find fruF which is also
part of the fructose operon in enteric bacteria (58).

Protein secretion

Both, Gram-positive and Gram-negative bacteria have a well
conserved protein translocation system. The components identi-
fied which are part of the well characterized E.coli system (60)
include cytosolic chaperones or regulators [trigger factor, SecB,
DnaK, SRP (a ribonucleoprotein composed of 4.5 S RNA and
Ffh) and FtsY] which deliver the protein to a membrane receptor
(SecA). The receptor is also supposed to function as a motor,
pushing the protein across the membrane via specific protein
channels (SecY, SecG, SecE, SecD and SecF). The secreted
proteins to be transported carry an N-terminal signal peptide
which will be removed by a signal peptidase (SPasel). Two routes
of export have been proposed either via SecB and SecA or by
SRP. The protein secretion system in M.pneumoniae is less
complex (Table 1). So far, the trigger factor, DnaK, SRP, FtsY and
SecA have been identified. From the channel-forming proteins
only SecY is present but SecG, SecF, SecE, SecD and the
cytosolic receptor protein SecB are missing. Also absent is the
signal peptidase SPasel although computer-assisted motif predic-
tion programs indicate the presence of corresponding substrates
(signal peptides). The simplified protein export system might be
a reflection of the fact that M.pneumoniae is only surrounded by
acytoplasmic membrane. Another problem concerns refolding of
secreted proteins which are normally exported in an unfolded
stage. Refolding might be catalyzed by chaperones which have to
function on the cell surface (60). This might impose a special
problem on the wall-less bacteria in general, since they do not
possess a periplasmic space which could prevent proteins from
diffusing. To anchor the proposed chaperones on the cell surface
as lipoproteins would be a possible way to solve this problem.

Nucleotide synthesis: purine and pyrimidine salvage
pathways

Guanine, guanosine, uracil, thymine, thymidine, cytidine, ade-
nine and adenosine may serve as precursors for nucleic acids and
nucleotide coenzymes, as determined in nutritional studies of
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Mollicutes. These components can be used for the synthesis of
ribonucleotides by the salvage pathway as predicted from the
enzymes listed (Table 1, Fig. 5). The ribonucleotides are converted
to deoxyribonucleotides by ribonucleoside—diphosphate reductase,
an enzyme complex formed by the gene products of nrdE
(F10_orf721) and nrdF (F10_orf339). Adenine, guanine and uracil
can be metabolized directly to the corresponding nucleoside
monophosphates by the enzymes adenine phosophoribosyl-
transferase (apt, F11_orf133), hypoxanthine-guanine phosphoribo-
syltransferase (hpt, KO5_orfl175) and wuracil phosphoribosyl-
transferase (upp, BO1_orf178). Uridylate, adenylate and guanylate
kinases catalyze the generation of ADP, GDP and UDP.
Surprisingly, we could not find the nucleoside diphosphate kinase
(ndk), the key enzyme for the conversion from NDP to NTP. This
finding is in agreement with data from the genomic sequence
analysis of M.genitalium.

Another important enzyme, the CTP synthetase which converts
UTP to CTP is also missing. Therefore the only route for the
synthesis of CTP appears to be from cytidine to CMP by uridine
kinase (HO3_orf213) and to CDP by cytidylate kinase
(PO1_orf217). Deoxythymidine monophosphate (dTMP) could
be either synthesized by thymidine kinase (tdk, BO1_orf191) or
by thymidylate synthase (thA, F10_orf328).

It will be of special interest to experimentally identify the
enzyme(s) of M.pneumoniae which convert NDPs to NTPs, since
such an enzymatic activity seems to be essential.

Carbohydrate metabolism and energy conservation

The ability to metabolize glucose and/or arginine and use it for the
ATP synthesis is one of the key features in classification of
Mollicutes. Mycoplasma pneumoniae s listed in Bergey’s manual
of systematic bacteriology as a glucose fermenter but not as an
arginine-hydrolyzing species (61). This contrasts with our
sequencing results, since the three enzymes involved in the
arginine degradation pathway, arginine deiminase (H03_orf438),
ornithine carbamoyltransferase (H10_orf273) and carbamate
kinase (F10_orf309) are present according to our sequence data.
The arginine deiminase gene occurs twice but one copy is inactive
due to a raster-mutation resulting in two proposed ORFs
(H10_orf198 and H10_orf238) corresponding to the N-terminal
and C-terminal halves of a complete deiminase. The change in
reading frame was also confirmed by sequencing of directly
amplified genomic DNA. All these proposed ORFs are organized
in an operon-like arrangement except for the deiminase
(HO3_orf438) which seems to be expressed as a single gene
located far away from the mentioned operon. Included in this
operon is a proposed protein (F10_orf565) with 12 predicted
transmembrane domains indicative of a putative permease.

Glucose, fructose and mannitol are transported by the PTS
system into the cell and further degraded by the Embden—Meyer-
hof-Parnas (EMP) pathway to pyruvate. All enzymes required
for this pathway have been identified. The second pathway for
metabolizing glucose, the pentose phosphate pathway, is incomplete
in M.pneumoniae. We found only the enzymes ribulose-5-
phosphate-3-epimerase and transketolase (Fig. 5). Glucose-6-
phosphate dehydrogenase (G6Pde), 6-phospho-gluconate dehydro-
genase (6PGde), and a transaldolase are missing. These data agree
with enzymatic studies showing that G6Pde and 6PGde are absent
in mycoplasmas (62).
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Pyruvate can be further metabolized by two alternative reactions,
either to lactate by lactate dehydrogenase (K05_orf312) or to
acetyl-CoA by the pyruvate dehydrogenase complex and further
to acetate by the phosphotransacetylase (A05_orf320, pta) and the
acetate kinase (G12_orf390, ackA). The pyruvate dehydrogenase
complex consists of Ela (F11_orf358a) E13 (F11_orf327), the
two subunits of the pyruvate dehydrogenase, the dihydrolipoamide
acetyltransferase E2 (F11_orf402) and the dihydrolipoamide
dehydrogenase E3 (F11_orf457). The corresponding genes are
clustered (nt 549 943-557 431; pcosMPF11); part of this cluster
also contains the genes coding for NADH oxidase (nox,
F11_orf479) and lipoate protein ligase (IplA, F1lorf339). The
later enzyme joins lipoic acid in an amide linkage to the € amino
group of a lysine residue of the dihydrolipoamide acetyltransferase.

Membrane phospho- and glycolipid synthesis

In M.pneumoniae strain FH the following membrane phospho-
and glycolipids have been found: digalactosyldiacylglycerol,
trigalactosyldiacylglycerol,  glucosylgalactosyldiacylglycerol,
phosphatidylglycerol (PG) and diphosphatidylglycerol (DPG)
(63). Since M.pneumoniae FH and M.pneumoniae M 129 are very
similar we assume that both strains carry essentially the same
genes for phospho- and glycolipid-synthesis.

About 10 genes are required for the synthesis of the above-
mentioned lipids; but according to our DNA sequence analysis
only three of the expected genes could be unambiguously
identified. They code (Fig. 5) for the enzymes 1-acylglycerol-3-
phosphate acyltransferase (plsC; gene name in Saccharomyces
cerevisiae is slcl), phosphatidic acid cytidyltransferase (cdsA)
and glycerolphosphate phosphatidyltransferase (pgsA). These
enzymes are involved in the biochemical pathway for the
synthesis of PG and DPG. Missing are the glycerol-3-phosphate
acyltransferase (plsB) catalysing the synthesis of 1-acylglycerol-3-
phosphate (acyl-G3P) from glycerol-3-phosphate (G3P), the
phosphatidylglycerol phosphate phosphatase which converts
phosphatidylglycerol-3-phosphate to PG and finally the cardiolipin
synthetase (cls) which synthesizes DPG from PG. Interestingly,
we find a gene homologous to the plsX gene from E.coli which
is involved in membrane lipid synthesis in an undefined manner.
The glycolipid synthesis could start with phosphatidic acid and
would probably require a phosphatidic acid phosphatase and
several UDP-glucosyl- or galactosyltransferases. None of these
enzymes could be identified by similarity searches in databases.

As expected from biochemical studies no gene involved in fatty
acid or cholesterol synthesis was determined in the sequence
analysis. These components are incorporated as such from the
medium.

An interesting enzyme is the proposed carnitine palmitoyl-
transferase encoded by C09_orf600, which might be involved in
the modifacation of exogenous phosphatidylcholine (67).

CONCLUSIONS

It is impossible to address each proposed M.pneumoniae gene in
this paper. We have tried to cover the most important categories
of functions and point to genes which should be present, but could
not be found by our applied methods. Typical examples are the
missing diphosphonucleoside kinase for the conversion of
(d)NDPs to (d)NTPs, and the substrate binding domain (oppA)
for the oligopeptide ABC transporter. In addition, we could not

find any indication for a number of genes/proteins, which should
be there based on experimental evidence. Mycoplasma pneumoniae
has been shown to be motile and to exhibit chemotactic behaviour
(64). Motility genes are difficult to identify since the motility in
M.pneumoniae is independent of pili or flagella and it is not yet
known which are potential candidates. Therefore, any progress in
this field depends on the isolation of mutants. Furthermore, none
of the components of the chemotactic signal pathway, the Che
proteins, which are well conserved among bacteria, or any other
‘two-component signal transduction system’ could be detected.
Chemotactic behaviour in M.pneumoniae is difficult to study.
While it might be possible that these bacteria are chemotaxis
negative, only additional experiments will clarify this point.

It has been reported that M.pneumoniae produces hydrogen
peroxide considered to be a pathogenicity factor (17). Therefore,
to protect itself from oxidative stress one would expect to find the
standard enzymes dealing with these stress factors like catalase,
superoxide dismutase or peroxidase, but we have no similarity
based evidence that these enzymes exist in M.pneumoniae.
Experimental data on this topic are also inconsistent (62).

The results of our sequence analysis explain quite well the kind
of changes which have led to the observed reduction of the
genome size in M.pneumoniae from the presumed genome size
of several million base pairs of the ancestral bacteria. The main
cause is the loss of complete anabolic (no amino acid synthesis)
and metabolic pathways and of genes for the synthesis of complex
structures like the bacterial cell wall which requires a large
number of genes. In addition, for several processes like DNA
repair, DNA recombination, cell division or protein secretion, the
number of genes involved is smaller than in the more complex
bacteria.

No significant changes were observed in the size of individual
genes which resemble more or less their counterparts in E.coli or
B.subtilis. The occasionally observed smaller intergenic regions,
like those found in the ATPase operon, do not appear to
significantly contribute to the overall genome size reduction.

In contrast with the loss of complete pathways we frequently
observed the amplification of complete genes or segments of
genes (see sections on lipoprotein families or on the repetitive
DNA sequences RepMP2/3, RepMP4 and RepMP5). In these two
instances the obvious advantage would be the potential of
expressing antigenic variants of surface-exposed proteins.

The various truncated genes which are also present in full
length copies e.g. arginine deiminase (HO03_orf438 and
HO03_orf238), DNA primase (H91_orf620 and D12_orf212) and
the dihydrofolate reductase (H10_orf506 and F10_orf160) might
be relics of recombination events which took place in the course
of the process of evolution.

Finally among the many proposed proteins are a few which
share the highest similarity over their entire length with a
eukaryotic protein. The most prominent examples are the pre-B
cell enhancing factor (pbeF, D09_orf451) and the carnitine
palmitoyltransferase II precursor (cpt2, C09_orf600). Both might
be candidates for examples of horizontal gene transfer, but at the
present state of analysis a definitive answer cannot be given.

It will be the main task of future studies to reconcile the
experimental evidence and the DNA sequence-based predictions,
i.e. to indentify the genes for observed functions and vice versa,
and to assign functions to proposed open reading frames with
hitherto unknown functions.
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One obvious topic is the comparative analysis between the
completely sequenced genomes of the closely related species
M.pneumoniae and M.genitalium (9). Since the present paper is
already very voluminous we decided to publish this analysis in an
additional paper (Himmelreich et al., in preparation).
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